


Magnesium –

Alloys and Technology

Edited by

K.U. Kainer

Magnesium – Alloys and Technology. Edited by K.U. Kainer

Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim

ISBN: 3-527-30570-X



Further titles of interest:

K.U. Kainer (Ed.)

Magnesium Alloys and their Applications

ISBN 3-527-30282-4

H.P. Degischer, B. Kriszt (Eds.)

Handbook of Cellular Metals

ISBN 3-527-30339-1

G. Kosterz (Ed.)

Phase Transformations in Materials

ISBN 3-527-30256-5



Magnesium

Alloys and Technology

Edited by

K.U. Kainer

Translation by Frank Kaiser

Deutsche Gesellschaft

für Materialkunde e. V.



Editor:
Prof. Dr. K. U. Kainer
GKSS-Forschungszentrum
Institut für Werkstofforschung
Max-Planck-Straße
D-21502 Geesthacht
Germany

This book was carefully produced. Nevertheless, editor, authors, and publisher do not warrant the
information contained therein to be free of errors. Readers are advised to keep in mind that
statements, data, illustrations, procedural details or other items may inadvertently be inaccurate.

British Library Cataloguing-in-Publication Data:
A catalogue record for this book is available from the British Library

Bibliographic information published by Die Deutsche Bibliothek
Die Deutsche Bibliothek lists this publication in the Deutsche Nationalbibliografie; detailed
bibliographic data is abailable in the Internet at <http://dnb.ddb.de>.
ISBN 3-527-30570-X

© 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim

Printed on acid-free paper

All rights reserved (including those of translation in other languages). No part of this book may be
reproduced in any form – by photoprinting, microfilm, or any other means – nor transmitted or translated
into machine language without written permission from the publishers. Registered names, trademarks,
etc. used in this book, even when not specifically marked as such, are not to be considered unprotected
by law.

Translator: Frank Kaiser
Composition: Strassner ComputerSatz, Leimen
Printing: betz-druck GmbH, Darmstadt
Bookbinding: Litges & Dopf Buchbinderei GmbH, Heppenheim
Printed in the Federal Republic of Germany

Lectures from a workshop of the German Association for Material Science in cooperation with the
Institute for Material Research at the GKSS Research Center Geesthacht GmbH.



V

Preface

Magnesium alloys meet the demand for a combination of low specific weight, good

machinability and handling, an interesting characteristic profile, and high recycling po-

tential. Despite this, the application of magnesium still lags behind that of competing

materials. Reasons for this are the high price, the limited availability of specific, custom-

made magnesium materials, and to some extent also a lack of know-how as regards the

handling and machining of magnesium. The automotive industry leads the way in the

growing interest in magnesium alloys since this branch in particular is under public

pressure to save scarce primary energy resources and to realize their environmentally

friendly use.

The German Association for Material Science (DGM) has responded to the growing

interest in magnesium materials by holding a workshop on this topic. At this workshop,

the present state-of-the-art in magnesium materials was extensively described. Further-

more, the lectures detailed the application possibilities and the future potential of

magnesium alloys. This book has emerged from the seminars and is based on them. The

main focus of the summary lies in the processing technology, although wrought alloys,

which are gaining interest, are also considered. Also covered is the use of progressive

processing techniques. All articles are written by experts from research and development

within the field of magnesium technology. The more application-oriented topics have

been covered by experts from the industry. Through their expertise, they have contributed

greatly to the success of the workshop.

The following topics are dealt with:

• basics of magnesium technology

• alloying systems

• melting metallurgical processing technologies (die-casting, squeeze-casting, thixo-

casting)

• extrusion, forging, sheet-metal forming

• joining (welding)

• corrosion and corrosion resistance

• progressive technologies (powder metallurgy, spray-forming, magnesium composite

materials)

• machining

• recycling

• economic aspects

• application examples and future potential

This book is addressed to engineers, scientists, and technicians from the fields of material

development, production, and engineering. It may also be used as a source of information

on magnesium for apprentice engineers and industrial engineers.

Prof. K. U. Kainer

GKSS Research Center Geesthacht GmbH

January 2003
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1 The Current State of Technology and

Potential for further Development of

Magnesium Applications
K. U. Kainer, Institute for Materials Research, Center for Magnesium Technology, GKSS

Research Center Geesthacht GmbH, Geesthacht

F. von Buch, Institute for Materials Research and Technology, Technical University of

Clausthal, Clausthal-Zellerfeld

1.1 Introduction

High-technology companies increasingly rely on the technical and economic potential of
innovative materials, as well as their workmanship and machining abilities, as a strategy for
successful competition on the market. Additionally, politics and the public are demanding a
more economical use of scarce primary energy sources.

One of the key goals for the next decades will be the further reduction of emissions to
lower the growing environmental impact. Taking this into consideration, the use of light
metals as construction materials is generally viewed as becoming of key importance in the
future.

Although magnesium alloys are fulfilling the demands for low specific weight materials
with excellent machining abilities and good recycling potential, they are still not used to
the same extent as the competing materials aluminium and plastics. One of the reasons is
the fairly high priced base material, coupled with the partial absence of recycling possibil-
ities. On the other hand, the variety of magnesium available to the consumer is still limited
to a few technical alloys. Unfortunately, there is a lack of know-how in the use of magne-
sium, not least within the companies dealing with the machining and application of con-
struction materials. As a result, the industry still tends to use “conventional” materials
instead of magnesium alloys.

Discovered in 1774 and named after the ancient city Magnesia, magnesium is found to
be the 6th most abundant element, constituting 2% of the total mass of the Earth’s crust. It
belongs to the second main group in the periodic table of elements (group of alkaline earth
metals) and is therefore not found in elemental form in nature, but only in chemical
combinations. The silicates olivine, serpentine, and talc do not play any role in refining
magnesium, although they represent the most commonly occurring natural magnesium
compounds. More important are the mineral forms magnesite MgCO

3
 (27% Mg), dolomite

MgCO
3
·CaCO

3
 (13% Mg), and carnallite KCl·MgCl

2
·6H

2
O (8% Mg), as well as sea water,

which contains 0.13% Mg or 1.1 kg Mg per m3 (3rd most abundant among the dissolved
minerals in sea water). Magnesium is recovered by electrolysis of molten anhydrous
MgCl

2
, by thermal reduction of dolomite, or by extraction of magnesium oxide from sea

water. The global production of roughly 436,000 t (1997) [1] is covered by melt electroly-
sis to 75% and by thermal reduction to 25% [2].

Considering the total energy needed to produce magnesium from its various raw materi-
als, it consumes a relative large amount of energy compared to other metals as long as the
calculation is based on the mass. Referring it to the volume of the gained primary material
magnesium shows a contrary effect: in this case, magnesium uses much less energy than

Magnesium – Alloys and Technology. Edited by K.U. Kainer
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim
ISBN: 3-527-30570-X



2 The Current State of Technology and Potential for Further Development of Magnesium

Applications

e.g. aluminium or zinc and even competes with polymers. In addition, it is assumed that the
present electrical energy of 40–80 MJ/kg (25 MJ/kg would be possible in theory) needed
for electrolysis can be reduced to 40 MJ/kg or less by all the big producers in the near
future. This would mean that the corresponding values for producing aluminium (electroly-
sis of Al

2
O

3
 to yield aluminium consumes 47 MJ/kg) could be undercut [3]. Optimization

or improvement of existing production methods and the establishment of a secondary
recirculation could open new perspectives for reducing the cost of primary magnesium
production.

1.2 Magnesium’s Characteristic Profile

Magnesium crystallizes in the hexagonal closest packed structure and is therefore not
amenable to cold forming. Below 225 °C, only {0001} <1120> basal plane slipping is
possible, along with pyramidal {1012} <1011> twinning. Pure magnesium and convention-
ally cast alloys show a tendency for brittleness due to intercrystalline failure and local
transcrystalline fracture at twin zones or {0001} basal planes with big grains. Above
225 °C, new {1011} basal planes are formed and magnesium suddenly shows good defor-
mation behaviour, suggesting that extensive deformation only occurs above this tempera-
ture [2]. Table 1 shows the most important properties of pure magnesium.

Table 1: Properties of pure magnesium [1, 3, 6].
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Most magnesium alloys show very good machinability and processability, and even the
most complicated die-cast parts can be easily produced. Cast, moulded, and forged parts
made of magnesium alloys are also inert gas weldable and machinable. Another aspect is
the good damping behaviour, which makes the use of these alloys even more attractive for
increasing the life cycle of machines and equipment or for the reduction of sonic emission.
Pure magnesium shows even higher damping properties than cast-iron [2], although these
properties are highly dependent on the prior heat treatment.

Along with the excellent properties, there are some disadvantages to the application of
these alloys. As already mentioned, the cold working abilities are very poor and the
corrosion resistance of magnesium alloys is very low. Besides, magnesium is very reactive.
When cast, magnesium has a high mould shrinkage of approximately 4% when solidifying
and of about 5% during cooling [1]. This high degree of shrinkage leads to microporosity,
low toughness, and high notch sensitivity that cannot be ignored. This behaviour, as well as
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the high thermal expansion coefficient (ca. 10% above the corresponding value for alumin-
ium), is often put forward as an argument against the use of magnesium alloys.

The negative properties mentioned above deter construction engineers from accepting mag-
nesium alloys as a competitive replacement for aluminium or steel. Therefore, attempts have
been made to improve the characteristic profile of magnesium alloys by employing different
alloying elements so as to achieve better precipitation and solid-solution hardening.

In this way, all the advantageous properties listed below have been realized:

• lowest density of all construction metals at 1.8 g/cm3; light construction parts possi-
ble

• high specific strength (strength/density ratio)
• excellent casting ability; steel dies may be used
• good machining ability (milling, turning, sawing) [4]
• improved corrosion resistance with high-purity (HP) alloys [5]
• high damping properties
• good weldability under inert gases
• integrated recycling possible

The static and dynamic mechanical properties are inferior to the corresponding values
for the competing aluminium, e.g. the Young’s modulus. Nevertheless, magnesium is found
in all places where weight saving takes priority over the other properties, mainly because
the specific strength can reach and even exceed the values for aluminium and steel.

Figure 1: Densities and specific strengths of selected materials

1.3 Alloying Systems

To give a short overview of the different magnesium alloys, it is necessary to first show the
identification of all kinds of alloys and the effect of each alloying element.
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1.3.1 Identification of Magnesium Alloys

The identification of magnesium alloys is standardized worldwide in the ASTM norm; each
alloy is marked with letters indicating the main alloy elements, followed by the rounded
figures of each (usually two) weight in percentage terms. Table 2 shows the key letters for
every available alloying element. The last letter in each identification number indicates the
stage of development of the alloy (A, B, C,...). In most cases, these letters show the degree
of purity. The alloy AZ91D, for example, is an alloy with a rated content of 9% aluminium
(A) and 1% zinc (Z). Its development stage is 4 (D). The corresponding DIN specification
would be MgAl9Zn1. ASTM dictates the following composition (all values weight-%): Al
8.3–9.7; Zn 0.35–1.0; Si max. 0.10; Mn max. 0.15; Cu max. 0.30; Fe max. 0.005; Ni max.
0.002; others max. 0.02. Iron, nickel, and copper have tremendous negative effects on the
corrosion resistance and hence these values are strictly limited.

Table 2: ASTM codes for magnesium’s alloying elements.
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1.3.2 Alloying Elements [3, 6, 11, 12]

Since the advent of magnesium alloys, there has been a lot of effort to influence the
properties of pure magnesium with different alloying elements. The main mechanism for
improving the mechanical properties is precipitation hardening and/or solid-solution hard-
ening. While solid-solution hardening is determined by the differences in the atomic radii
of the elements involved, the effectiveness of precipitation hardening mainly depends on a
reduced solubility at low temperatures, the magnesium content of the intermetallic phase,
and its stability at application temperature. Magnesium forms intermetallic phases with
most alloying elements, the stability of the phase increasing with the electronegativity of
the other element.

By the 1920s, aluminium had already become the most important alloying element for
significantly increasing the tensile strength, specifically by forming the intermetallic phase
Mg

17
Al

12
. Similar effects can be achieved with zinc and manganese, while the addition of

silver leads to improved high-temperature strength. High percentages of silicon reduce the
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castability and lead to brittleness, whereas the inclusion of zirconium forms oxides due to
its affinity for oxygen, which are active as structure-forming nuclei. Because of this, the
physical properties are enhanced by fine grain hardening. The use of rare earth elements
(e.g. Y, Nd, Ce) has become more and more popular since they impart a significant increase
in strength through precipitation hardening. Copper, nickel, and iron are very rarely used.
All these elements increase susceptibility to corrosion, as established by the precipitation
of cathodic compounds when they solidify. In contrast to regular cases, where a magnesium
oxide or -hydride layer protects the metal and lowers corrosion rate, these elements in-
crease the corrosion rate. This is one of the reasons why alloy development has been
directed towards “high-purity” (HP) alloys with very little use of iron, nickel, or copper.

Below are the most important alloying elements in alphabetical order:
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1.3.3 Casting Alloys

Aluminium is, as already described, the most frequently used alloying element for magne-
sium, with contents varying between 3 and 9 weight-%. These alloys have good mechanical
properties and excellent corrosion resistance. The more aluminium the melt contains (eu-
tectic system, T

E
 = 437 °C; Al content ~33%), the better the castability. The most widely

used of magnesium die-casting alloys is AZ91 because of its superb castability even for the
most complex and thin-walled parts. Table 3 gives a short overview of available alloying
systems for pressure die-casting.

Table 3: Overview of all available casting alloys.

The most important die-casting alloy groups:
AZ alloys
– good room temperature properties
– low heat resistance and creep resistance
– limited ductility
AM alloys
– lower Al content and elimination of zinc improves ductility
– limited room temperature properties and castability
AS alloys
– significantly higher heat and creep resistance through Mg-RE precipitations
– only casting is possible
– limited castability
Consumption of the European automobile industry:

`jj� �?���^� �@���`� ���������

^___ �?����� �@��`_� ���������

As mentioned above, the negative effect of a high aluminium content is the formation of
the interdentritic grain boundary phase Mg

17
Al

12
. It lowers the strength within the fine-

grained crystal structure and leads to limited ductility of the alloy, as is also found for zinc
components.

To improve the deformation behaviour of magnesium alloys, the Al content is de-
creased, the alloying with zinc is completely abandoned, and manganese is added instead.
These alloys of the magnesium–aluminium–manganese family, e.g. AM20, AM50, AM60
(Mn contents between 0.2 and 0.4%) show lower strength at ambient temperature, but they
are less brittle than the Al/Zn-based alloys. AMx alloys exhibit better deformation behav-
iour, but the low aluminium content limits their castability.

One of the most important criteria for magnesium alloys is the high-temperature and
creep behaviour. For this reason, in earlier years attempts were made to reduce the alumin-
ium content in the melt and to use different materials for alloying. During production of the
VW-Beetle, the addition of silicon had already been established [13]. The resulting alloys,
AS21 and AS41, were found to possess a much greater high-temperature strength and creep
resistance than AZ91. The mechanism whereby high-temperature and creep behaviour is
improved is based on a reduction of the aluminium content and the formation of the
intermetallic phase Mg

2
Si (T

m
 = 1085 °C), which shows good stability even at high temper-
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atures. In this context, the AE alloys have to be taken into consideration, although they
cannot be produced by die-casting because very stable Al-RE precipitates are formed on
slow cooling. An overview of the tensile strength as a function of temperature for the most
frequently used alloying systems is given in Fig. 2:

Figure 2: Tensile strengths of the most important Mg

die-casting alloys as a function of temperature [2]

Applications at temperatures beyond 200 °C demand properties that can only be served
by alloys containing silver and/or rare earths (Table 4). Specifically, this means the QE
alloy group, which exhibit remarkable high-temperature properties, and the high-tech al-
loys WE-x, which allow applications up to 300 °C. The disadvantage of both series of
alloys is their low castability; the production method is limited to sand and gravity casting.
Additionally, the high costs have to be considered as a reason for many not to use them
(e.g. 13 €/kg for QE22, 25 €/kg for WE54; compared to 2–3 €/kg for an AZ or AM alloy).
For this reason, these alloys are mainly used in special applications such as in the aircraft
and spacecraft industries. The falling prices for rare earths in the international markets may
lead to a change in this trend in the future.

Alloying Systems
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Table 4: Overview of the rare earth containing casting alloys (mostly

sand/gravity casting).
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1.3.4 Wrought Alloys

The poor cold workability of the hexagonal lattice structure and the formation of twins
have resulted in a very limited usage of magnesium as a wrought material. Therefore, the
range of available wrought alloys is still limited. Tables 5 and 6 give an overview of the
compositions and properties of selected alloys. The Mg/Al series of alloys (AZ31, AZ61,
AZ80) plays the most important role, being used on a scale comparable to that of the
casting alloys.

Table 5: Summary of available magnesium wrought alloys [3]
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Table 6: Mechanical properties of various magnesium wrought alloys [3]
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Alloys such as ZC71, ZW3, and ZM21 [12] are available, but are not used to any great
extent. Wrought alloys are hot-worked by rolling, extrusion, and forging at temperatures
above 350 °C. Additional cold-working procedures can be applied afterwards with low
deformation rates to prevent the formation of cracks [3]. Since magnesium is envisaged for
use in parts with high safety concerns, there has been a noticeable increase in interest in
wrought alloys. The behaviour during crashing is an important criterion in such consider-
ations.

1.4 Applications

In the past, the driving force behind the development of magnesium alloys was the poten-
tial for lightweight construction in military applications. Nowadays, the emphasis has
shifted towards saving weight in automobile applications in order to meet the demands for
more economic use of fuel and lower emissions in a time of growing environmental impact.

It is interesting to note that the use of magnesium in cars is by no means a recent
innovation. As early as the 1930s, it was common to include magnesium cast parts in
automobiles, with the VW-Beetle as the most famous example. Since the start of its
production in 1939, more and more parts, such as the crank case, camshaft sprocket,
gearbox housing, several covers, and the arm of an electric generator, were added until the
total magnesium weight reached 17 kg in 1962, which meant a reduction of 50 kg in total
mass compared to steel. The production of the VW-Beetle used almost 21,000 t of magne-
sium alloys in 1960 [19] and the Volkswagen Group reached a total consumption of
42,000 t of magnesium alloys in 1972 [13], until the change from air-cooled to water-
cooled engines dramatically reduced the use of magnesium alloys.

Other manufacturers used magnesium in their technical applications, as well as in
complex parts such as tractor hoods made of die-castings (dimensions: 1250 mm × 725 mm
× 480 mm; weight 7.6 kg), main gear boxes for helicopters (casting weight 400 kg, ma-
chined 200 kg), crank cases for zeppelin engines, air intake cases for propjet engines
(weight 42 kg), frames, rims, instrument panels, fan blades for cooling towers (weight
169 kg), etc.

Applications
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Figure 3: Production of materials with low density

in the 20th century [3]

Why the trend of utilizing magnesium alloys did not continue in a straightforward
manner is hard to explain today. A main factor was certainly the limited capacity of the few
magnesium producers, as a result of which a low and constant price on the world market
was not attained.

The development of high purity (HP) alloys, with their much improved corrosion
resistance, contributed to a rapidly expanding production. In the past, the corrosion behav-
iour of available alloys had often been the overriding factor preventing their application. A
further factor favouring magnesium use is that it counts as a substitute for polymers for
which no satisfactory recycling solution has yet been found.

With regard to the processing of magnesium alloys, pressure die-casting is preferred in
view of its advantages in the processing of aluminium and zinc, which are both amenable to
this type of casting. Besides the specific properties of magnesium mentioned above, further
favourable factors are its low casting temperature (650–680 °C, depending on the alloy)
and the relatively low energy needed for melting. The energy needed for AZ91 (2 kJ/cm3) is
about 77% of that required to melt the aluminium alloy AlSi12CuFe [3]. The high price of
magnesium usually refers to its mass not its volume, and the lower density coupled with
other factors can actually make it cheaper in real terms. Thus, the low thermal content
allows the casting process to be 50% faster than with aluminium; a high clock cycle of
parts is possible, maintaining high precision and good surface quality.

On freezing, the crystal structure is very fine grained, which results in good mechanical
properties at room temperature but also leads to poor creep resistance. Moreover, the
microstructure can be porous due to turbulences at high mould-filling speeds; subsequent
heat treatments are useless since the pores would break apart. Magnesium does not attack
iron moulds as much as aluminium does; the moulds can have steeper walls and the
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potential savings in terms of tools can be as much as 50% compared with the use of
aluminium [21]. Machine endurance is much higher as well (less retooling). The typical
microstructure of an AZ91 alloy is shown in Fig. 4.

Figure 4: Microstructure of a die-cast AZ91 alloy

The automotive industry is by far the major user of magnesium alloys on a large scale,
due to the possibility of mass-producing series parts by pressure die-casting with high
quality at reasonable costs. Examples of magnesium parts in vehicles include:

• gearbox housing, e.g. in the VW Passat, Audi A4
• the inner tailgate in the Lupo (“3-liter car”), which is made of AM50 (3.2 kg)
• tank cover in the Mercedes-Benz SLK
• cylinder head caps, e.g. made of AZ91HP by cold-chamber casting, and having a

weight of 1.4 kg [17]
• dashboard, e.g. in the Audi A8 and in the Buick Park Avenue/Le Sabre [22]
• seat-frames [23]
• steering wheels, e.g. in the Toyota Lexus, Celica, Carina, and Corolla [22]
• rims, e.g. in the Porsche Carrera RS (9.8 kg AM70 HP; low-pressure ingot casting)

[17]

The list of magnesium parts in cars can be continued, e.g. in refs. [1,21,24], since new
examples are constantly being added. Two recent applications of magnesium are illustrated
in Figs. 5 and 6. The Mercedes-Benz SLK fuel tank cover is used as an example to show
the consequences resulting from converting the construction from conventional materials to
magnesium alloys. The part supports the car body’s web and serves as a separation between
the trunk and the back seats. Previous solutions consisted of a welded conduit frame. The
first alternatives were steel and aluminium weldings (7–8 kg each) and a magnesium cast
part. The magnesium casting could be established as a serial part with a total weight of
3.2 kg, a decreased spatial requirement, and fewer components. Moreover, no post-process-
ing was necessary and the part could be used uncovered. The use of magnesium in the
gearbox housing in the VW Passat is also primarily based on the weight savings achieved
on replacing aluminium alloys. The use of the AZ91 alloy instead of aluminium led to a

Applications
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total weight reduction of almost 25%, and the geometry and production equipment re-
mained identical. Since the introduction of repetitive work in 1996, 600 parts are manufac-
tured at VW in Kassel per day [10]; an output of 1200 parts/day is projected for the future.

Magnesium’s low density, its shielding against electromagnetic radiation, and the possi-
bility of producing thin-walled parts has led to further use of die-cast parts in the computer
industry [25], in mobile phones (Figs. 7 and 8), and in hand tools (e.g. chainsaws).

Figure 5: Fuel-tank cover (Mercedes-Benz AG)

Figure 6: Gearbox housing in the VW-Passat (Volkswagen AG)
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Figure 7: Mobile-phone case (Unitech Company)

Figure 8: Parts for a telephone switchboard (Unitech Company)

Applications
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1.5 Main Focuses in Research and Development

The main focuses within research and development are currently:

• alloy development
• rapid solidification
• production technology
• composites
• corrosion and its prevention
• recycling

1.5.1 Alloy Development

Having its golden years between 1930 and 1950, alloy development has again become one
of the main focuses of contemporary research. One reason is magnesium’s growing market
segment, realized by the introduction of the corrosion resistant HP-alloys in the mid-1980s
and followed by a demand for further alloys with specific characteristic profiles. Better
creep and corrosion resistance, as well as even lower density, are the main targets for these
alloys. The development of alloys with improved ductility and toughness and specific
wrought alloys could support a growing magnesium market. The effect of different alloying
elements and also micro-alloying, which has a tremendous effect on other materials, needs
to be researched systematically.

1.5.2 Rapid Solidification

The technology of rapid solidifying plays an important role when it comes to materials
with extraordinary profiles. A whole new series of structural effects can be observed when
a metallic melting bath is cooled beyond its thermodynamic equilibrium extremely rapidly,
as, for example, on sputtering.

This usually leads to an oversaturation of alloying elements, metastable phases within
the microstructure, homogeneous distribution of elements and phases, an extremely fine-
grained microstructure as well as minimized eliquations, and a high purity of the materials.
Figure 9 shows two WE54 alloy microstructures that illustrate the difference between
gravity casting and gas sputtering. Rapid solidification offers a link between production
technology and alloy development since the development of new alloys, which cannot be
accomplished by classical metallurgical procedures, is now possible. At the same time, the
corrosion resistance is improved through a more homogeneous element distribution and a
low eliquation microstructure.

Spray-forming is an attractive new technology for producing parts and near-complete
products in almost final outline. Tubes, discs, rods, or sheets can technically be produced
directly in one working step. The process is divided into the sputtering of a metal bath and
the deposition of partly frozen drops on a substrate material. This technology is used
successfully on an industrial scale for aluminium and copper alloys, and has recently been
applied to steels as well. It is an advanced technology in wich it offers a greater variety of
alloying elements with different concentrations. At the same time, spray-forming allows
any given solid particle portable within the gas flow to be introduced into the sputter-zone.
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In this way, composite materials with a homogeneous particle distribution (e.g. SiC, Al
2
O

3
)

can be produced. Another possible application could be an in situ observation of the
reaction between sputtered magnesium melts and nozzle gas components or injected mate-
rials for producing dispersion strengthened magnesium alloys. The development of magne-
sium wrought alloys also has tremendous potential in combination with rapid solidifying.

1.5.3 Production Technology

Another main emphasis of the research and development work towards magnesium alloys
is their production technology. The main production methods, such as casting, joining,
disconnection, and moulding, have been adapted without any material-specific optimiza-
tion towards their use with magnesium. Material development (e.g. new alloys and com-
posites) and the development of innovative procedures for producing and machining mag-
nesium (primarily for automotive applications) represent a major part of magnesium’s
overall potential. For aluminium, these new procedures (e.g. squeeze-casting, rheo-casting,
thixo-casting, thixo-forming, etc.) have already been successfully brought onto the market.
Besides conventionally produced parts, pressure-cast or spray-formed aluminium materials
are used in repetitive series production. Magnesium still lags behind this growth, but with
further optimization of the process and the ongoing development of the materials, there
will be a growth of magnesium die-cast parts unprecedented for any other metal.

Other innovative methods have been partly tested in research and development and it is
assumed that they too will soon become established since the acceptance of magnesium
alloys within the consuming industry is increasing. The possibilities of extending the
applications of light metals will surely grow with the help of these new methods and
materials.

1.5.4 Composite Materials

Metal composites based on magnesium offer well-defined material properties, such as high
tensile strength, hot working abilities, or creep resistance; the Young’s modulus or abrasion
resistance may be directly matched to the required application profile. The reinforcement

Figure 9: Comparison of the microstructures of sand-cast and

sputtered WE54 [26]

Main Focuses in Research and Development



16 The Current State of Technology and Potential for Further Development of Magnesium

Applications

of magnesium alloys with ceramic fibres (short or long fibres; usually made of aluminium
oxide, silicon carbide, or carbon) or ceramic particles (mostly SiC [27], Fig. 10) must be
mentioned first. These materials may be produced by squeeze-casting (preform infiltration
from the reinforcement phase), by stirring during the reinforcement phase, or by spray-
forming, each technique having its own advantages.

Figure 10: Micrographs of an SiC particle reinforced alloy QE22, produced

by p/m methods [27]:

a) AZ91 + 15 vol.% SiC (31 mm), cross-section polish (optical

microscope)

b) AZ91 + 15 vol.% SiC (8 mm), longitudinal polish

(optical microscope)

c) AZ91 + 15 vol.% SiC (8 mm), longitudinal polish (SEM)

1.5.5 Corrosion and its Prevention

The susceptibility of the surfaces of conventional alloys to corrosion has already been
significantly lowered with the introduction of the HP alloys. The reduction of the critical
contents of Ni, Fe, and Cu influenced the application of the alloys in a positive way (Fig.
11), but they still lack a passivating ability and a ‘self-healing’ passivating layer. In both the
alloying and manufacturing steps, efforts need to be directed towards reducing the suscep-
tibility to corrosion of Mg alloys. The process of rapid solidifying might offer advanta-
geous features in this context.

With respect to appropriate organic or inorganic coatings, protection measures have
been selected corresponding to those used for aluminium. The minimization of corrosion
by surface conditioning or coating has given satisfactory results in some applications, but a
systematic evaluation of the physical and chemical basis is still required for a full optimiza-
tion.
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Figure 11: Influence of impurities on the corrosion

behaviour of the alloy AZ91 (top) [3];

corrosion behaviour of various magnesium

alloys compared to that of the aluminium

alloy AlSi9Cu3 (bottom) [17]

1.5.6 Recycling

The recycling of conventional magnesium alloys is straightforward; scrap and melt resi-
dues can be directly reinserted into the process of the respective foundry, although contam-
inated or painted parts present bigger problems. A lot of magnesium leftovers have hitherto
been used for steel desulfurization, but since magnesium has become a mass product, its
secondary cycling is arousing interest on the part of producers and processors of magne-
sium. This is the reason why recycling activity has increased considerably in the last years.
The recovery of the expensive rare earth metals is another important aspect, and this needs
to be analyzed extensively.

It is assumed that all the aforementioned research and development work will yield
further positive effects for the use of magnesium in the coming years. Therefore, an
accelerated growth in its use can be expected.

Main Focuses in Research and Development
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1.6 Summary and Conclusion

Despite the evident advantages of magnesium parts, magnesium has yet to fulfil its full
market potential. The advantages and limitations of its application, as described herein, are
summarized in Fig. 12.

The driving force for an increasing use of magnesium alloys is still the automotive
industry on the consumer side, urged by the public to meet the demands for a reasonable
and limited exploitation of resources and primary energy, so as to reduce emissions and to
stop further environmental impact. In the past, structural drive unit concepts and low
aerodynamic drag were at the forefront of considerations for saving energy, while light
construction remained a secondary concern. Figure 13 displays the average fuel consump-
tion (values for passenger cars in Germany; Otto engines only) proving this fact. For a
complete picture, however, the trend of vehicle weights shown in Fig. 14 needs to be taken
into consideration. It becomes clear that, despite increasing vehicle weights, the average
fuel consumption has been lowered significantly. The demand for a “3-litre-car” is growing
and an increasing proportion of alternative materials are used to achieve this goal. This
effect is clearly evident, for the industry is more interested in using magnesium – especially
in the field of die-casting – and the magnesium market is growing. In this regard, the North
American market is far ahead of the European one: the market for magnesium die-casting
experienced an annual growth of more than 17% between 1984 and 1994 and a growth rate
of 33% in 1994. At present, an annual growth of 12–20% is envisaged [31, 32].

The potential use of magnesium parts has been studied in more depth in [33]. The
analysis showed that the following amounts of magnesium alloys could now be used,
whereby the weight savings indicated would be realized (Fig. 15):

Table 7: Summary of the most important pros and cons of the construction material

magnesium.
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Figure 12: Progress of the average fuel consumption in Germany (passenger car figures;

Otto engines) [29]

Figure 13: Development of weights of several vehicles [30]

Summary and Conclusion
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Figure 14: Possible application of Mg alloys in different vehicle classes and the

projected weight savings [33]

In time, it will be possible to overcome the prevailing lack of knowledge and reserva-
tions concerning the application of magnesium alloys and to raise their acceptance in
important fields of use. Research work must address the following goals:

• low and constant costs for the primary material,
• extended variety of alloys, with emphasis on better creep resistance, wrought alloys,

and decreasing the specific weight,
• the use of new and innovative production methods,
• extension of the production variety (e.g. squeeze-casting, thixo-forming),
• further increase of the corrosion resistance by self-healing layers or improved coat-

ings,
• exploitation of the rapid solidification process,
• development of application-optimized composites,
• comprehensive recycling concepts with the establishment of secondary cycling.

Once these goals are met, magnesium and its market will grow like no other material
has grown before.
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2 Die-Casting Magnesium
R. Fink, Oskar Frech GmbH, Schorndorf

2.1 Introduction

Magnesium has gained acceptance as a die-casting material and, together with the goal of

lightweight construction, this has led to more aluminium and magnesium being used in

automobiles. The demand for the 3-litre-car further emphasizes the trend towards the use of

magnesium die-cast parts in cars. The development of the high-purity (HP) alloys AM20

HP, AM50 HP, and AM60 HP with an improved strain-to-failure ratio was an important

step towards the increased use of magnesium in vehicles. New regulations concerning the

electromagnetic radiation of consumer electronics opened the way for the application of

magnesium die-cast parts. High-end mobile phones have been made of magnesium for

many years, and this has now been extended to notebook and camera frames. These

applications nicely highlight the advantages of magnesium; thus, it offers excellent casta-

bility, a high degree of stiffness, and the capacity to fashion thin-walled parts with high

dimensional accuracy.

The use of magnesium die-cast parts in light construction and automotive applications

has undergone a marked increase; the number of engineers knowing about the materials

properties and the application possibilities as well as the advantages of magnesium parts in

general is rising. Innovative and seminal solutions are the result of a close cooperation

between raw material suppliers, founders, system suppliers, and the automobile industry.

The potential for magnesium to benefit from the tendency towards the 3-litre car and the

need for further weight savings looks promising. Some automobile producers sign long-

running contracts with raw material suppliers or invest in production plants because they

expect magnesium to become a material of enormous strategic importance.
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Figure 2: Worldwide magnesium consumption as Mg die-castings

Worldwide magnesium production amounted to 380,000 tons in 1998. The consumption

of magnesium die-castings in 1997 amounted to 70,000 tons. Following North America,

Europe has realized the potential of magnesium; therefore, a threefold increase in usage is

expected by 2005. Magnesium and its alloys are still the metals with the lowest density and

are perfectly suitable for advantageous lightweight constructions for automotive applica-

tions.

Figure 3: Densities of some important materials

As Fig. 3 indicates, aluminium is 50% heavier than magnesium, while zinc, cast-iron,

and steel are four times heavier than magnesium.
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2.2 Production Methods

The castability of magnesium using the die-casting process is excellent. Its flow properties

are much better than those of the non-ferrous metals aluminium and zinc. The good flow

properties allow the casting of thin-walled parts and costs are reduced due to the fact that

less material is needed. Structural parts for automotive applications can be easily cast,

resulting in a tremendous weight reduction.

Whether a part is produced using the cold- or hot-chamber die-casting process depends

upon its mass. In the literature, it is usually advised that parts up to 1 kg should be

produced with a hot-chamber machine, and that parts with a higher weight should be cast

with a cold-chamber casting machine. The biggest hot-chamber machine currently avail-

able is the DAM 800, which has a clamping force of 9.300 kN and a rated shot weight of

6.4 kg (actually 5.5 kg).

2.2.1 Cold-Chamber Process

Figure 4: Schematic diagram of the cold-chamber process

“Cold chamber” means that the liquid metal is passed into the cold casting chamber by

hand or by means of a proportioning furnace or a scooping tool.
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2.2.2 Cold-Chamber Machine

Figure 5: FRECH cold-chamber die-casting machine

DAK 500/315 S

The high pressure (300 to 400 bar) applied in the cold-chamber process counteracts the

shrinkage of thick-walled portions. However, this presumes a big gate cross-section. The

flow properties of magnesium are superior to those of aluminium or zinc. To take advan-

tage of this, the injection performance, i.e. the shooting speed of the second stage (filling

stage), needs to be suitably high. The patented impression system ECOPRESS reaches

plunger speeds of up to 10 m/s.

Figure 6: ECOPRESS
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To cast magnesium using the cold-chamber process, a proportioning furnace infused

with an inert gas is necessary. Latest developments have led to the two- or three-chamber

furnace.

Figure 7: Two-chamber furnace for cold-chamber machines

The proportioning chamber of the furnace must contain only clean material without

eliquations at a constant melt temperature to ensure a disturbance-free processing.

2.2.3 Hot-Chamber Process

Figure 8: Schematic diagram of the hot-chamber process

“Hot chamber” means that the molten metal is transported directly to the die via the

heated (hot) casting settings (casting container, nozzle). The flowing metal hardly comes

into contact with air. The melting and warming furnaces are directly adjoining parts of the

casting machine.

Production Methods
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2.2.4 Hot-Chamber Machine

Figure 9: FRECH hot-chamber die-casting machine DAM 800 S

The most important technical facts can be summarized as follows:

clamping force: 9.300 kN or 1025 U.S. tons

closing stroke: 900 mm

rod distance: 900 ´ 900 mm

casting pressure: 400 kN

plunger diameter: 120, 130, 140, 150 mm

max. shot size: 3.800 cm3

specific casting pressure: 181–283 daN/cm2

max. mounting area: 4.100 cm2

separating stroke nozzle: 800 mm

Correct design of the gate allows for specific casting pressures ranging from 160 to

180 bar. The possible flowing distances are greater, allowing the casting of wide-area parts.

Thin-walled parts (0.6 mm is possible nowadays) demand high injection speeds and  re-

quire the use of a hot-chamber machine.

The use of a hot-chamber machine is much more economic in cases where the parts can

be cast using this process.
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Figure 10: Advantages of the hot-chamber process

2.3 Application Fields

2.3.1 Automotive Branch

• gearbox housing VW (AZ91D)

weight reduction

vibration damping

stiffness

Figure 11: Gearbox VW

• fuel tank covering (AM60B)

weight: 3.2 kg; weight reduction approx. 4 kg

torsion resistance of the convertible frame

Application Fields
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Figure 12: Fuel-tank cover

Lightweight construction; less weight through the use of optimized materials; examples

shown (Mercedes-Benz): multipart magnesium fuel-tank separating plate of the SLK (1),

aluminium hardtop of the SL (2), plastic tailgate of the A-class

• end plate , Audi Corp.

Figure 13: End plate, Audi-Corp.
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• steering wheel

Figure 14: Steering wheel

• steering column holder and bracket – Audi/Zitzmann (AZ91D)

weight reduction (approx. 20 kg)

dimensional accuracy

environmental aspects

Figure 15: Steering column holder and bracket

Application Fields
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• dashboard – Cadillac (AM50)

deformation properties/ductility

weight reduction

dimensional accuracy/assembling accuracy

simplified construction

Figure 16: Dashboard

• seat frame – Alfa Romeo Meridian-MPI (AM60)

deformation properties/ductility

weight reduction

simplified construction

Figure 17: Seat frame(s)
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• tailgate – VW Lupo (Mössner AG)

dimensions: 1350 ´ 800 mm, weight: 2.7 kg, average wall thickness: 1.6 mm

Figure 18: Tailgate

The concept study of a magnesium car door gives an example of the advantages of light

metal construction. Magnesium rod profiles are combined with magnesium die-cast parts.

The cast parts are smaller and therefore their production costs are lower. Smaller parts can

be cast with even thinner walls, resulting in a better casting operating sequence and an even

greater weight reduction.

Figure 19: Car door in lightweight design

Application Fields
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2.3.2 Tools, Electronics Industry, and Others



35Application Fields



36 Die-Casting Magnesium

Figures 20–23: (chainsaws, video cameras, mobile phones,

notebooks)
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2.4 Casting Alloys

Modern casting alloys are summarized in Fig. 24:
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Figure 24: An overview of alloys

Figure 25 shows the significant decrease in the corrosion rates of new HP alloys

compared to their predecessors. Furthermore, a comparison with the aluminium casting

alloy AlSi9Cu3 is given.

Figure 25: Comparison of corrosion rates of modern magnesium die-casting

alloys with those of their predecessors and of typical aluminium

casting alloys

Casting Alloys
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2.4.1 AZ91 HP

AZ91 HP is the most commonly used alloy; it has excellent castability and high strength.

Typical applications are automotive, computer, and mobile phone parts, body workout

facilities, cases and plates, parts for chainsaws, hand tools, domestic equipment, etc.

2.4.2 AM50 HP and AM60 HP

These alloys allow high-energy absorption and elongations at high strength and have good

castability. The automotive industry offers typical applications, such as seat frames, steer-

ing wheels, dashboards, fans, etc.

2.4.3 AM20 HP

This alloy is characterized by a high elongation capability together with a high shock

resistance. Typically, it is used in automotive safety areas.

Technical hint:

In principal, an AM50 HP alloy can be cast with a hot-chamber machine, but the

thermal load of machine parts within the casting unit is higher because of its higher melting

point (650 °C, 1200 °F) compared to AM60 HP (640 °C, 1180 °F). Moreover, the leakage

between the plunger bore and the piston ring is higher because of the higher melting bath

temperature.

2.5 Mould-Making

In contrast to aluminium, molten magnesium shows no affinity towards iron. This is an

advantage in that it allows higher die life cycles. The thermal load (melting bath tempera-

ture is 650 °C, 1200 °F) and the mechanical load due to the specific pressure are the same

for aluminium and magnesium. Magnesium freezes more rapidly within the die cavity. To

counteract the high shrinkage, the casting duration is kept low and the plunger speed is

about 30% higher. These parameters also facilitate the casting of thin-walled parts (down to

0.6 mm).

Tests have shown that the tensile strength is highly influenced by the plunger speed

during the second stage of casting. This arises mainly from the short filling duration of the

die and the higher turbulences during its filling. The melt jet is sputtered and oxide

coatings, lubricants, and mould release agent carried with it are dispersed. The casting

speed at the in-gate should be 90 to 100 m/s to achieve this fine dispersion. Magnesium

allows high speeds at the in-gate without wearing it out.

The alloys AM50 HP and AM60 HP are recommended for parts with high degrees of

elongation. Tests have proved that the elongation of an AM60 HP die-cast part can be

increased from 13 to 16% using a vacuum.
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2.5.1 Key Points Concerning Magnesium Die-Casting

• fill rates 30% lower than with aluminium

• in-gate speeds of 90–100 m/s

• in-gate thickness > 0.8 mm

• temperatures of the die approx. 220–240 °C (430–465 °F). A temperature control

device is mandatory.

• optimum gate

• amount of taper 1–2°

• magnesium is highly fluid and so a very heavy die is needed to prevent the formation

of burrs.

2.5.2 Hot-Chamber Mould Conception

a) filling simulation

Figure 26: Temperature distribution through the mould filling after 36 ms.

At this point, 100% of the part is already flooded. The filled

portions are indicated.

Mould-Making
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b) die

Figure 27: End plate, Audi Corp.

2.6 Safety

2.6.1 Inert gas

Magnesium is classified as dangerous because of its combustibility, but this danger does

not arise during casting. The melt surface within the melting and heating furnaces is

covered with an inert gas, protecting it from oxidation.

The following inert gases are used today:

SF
6
 + N

2

SF
6
 + dry air SF

6
 fraction max 0.2–0.3%

SF
6
 + CO

2

SO
2

SO
2
 + dry air

SO
2
 fraction max 0.2–0.3%

SO
2
 + N

2

2.6.2 Furnace

Because of the eliquations during the melting of magnesium, the two-chamber furnace

offers advantages for the hot- and cold-chamber processes. The first chamber is for the

melting of ingots; the clean melt then goes through a hole into the second chamber, the

heating chamber. Both chambers are charged with inert gas.
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Figure 28: Two-chamber furnace

2.6.3 Ingot Feeding Device

For magnesium, an ingot-feeding device is recommended. The ingots are heated to 150 °C

(300 °F) to dry them before they are fed into the melting bath. A bath sensor controls the

belt-conveyer clocking. A very constant bath level in the machine furnace can be accom-

plished by this way of ingot feeding. A lock at the feeding cover prevents air from getting

into the furnace and inert gas from leaking out.

Figure 29: Schematic of the DAM 800 with ingot feeding device

Safety
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2.6.4 Process Safety

A tremendous increase in the process safety was achieved with the advent of intelligent

controls such as FRECH-DATACONTROL. The FRECH Company first sold machines

with a screen control in 1983. Today, we have many different screen pages. The user

interface is easy enough to be used by any trained founder; all the important casting

parameters are to some extent recorded and displayed.

Figure 30: Pressurizing curve

The screen page “casting parameter calculation” allows the founder to enter in-gate

cross-section and filling duration and to directly check the feasibility of the proposed

process.
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Figure 31: Calculation of casting parameters

The strict regulations within the scope of the product liability and the ISO9000 require

documentation of the quality and the production process. The casting process is verified

with the control charts; all eight of the casting and machine parameters are recorded and

can be displayed on the screen. The values Ur, xlateral, and xlateral/lateral, as well as the

span are shown.

To check that the process is normally distributed, each parameter is additionally shown

in a combined bell-shaped curve. All data curves can be plotted.

Safety
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Figure 32: Screen XR-control chart

Figure 33: Screen histogram



3 Vacuum Die-Casting of Magnesium Parts

with High Pressure
M. Siederslebnen, Honsel AG, Meschede

3.1 Introduction

The classical and most economic procedure for processing magnesium is die-casting. It has

advantages over the processing of aluminium and zinc, although these are also utilized

quite well with this type of casting. In addition to the specific properties of magnesium

mentioned in Chapter 1, other favourable features are its low casting temperature (650–

680 °C, depending on the alloy) and the low energy needs for melting. The energy needed

for AZ91 (2 kJ/cm3) is about 77% of the corresponding value for the aluminium alloy

AlSi12CuFe [3]. The high price of magnesium is usually referred to its mass not its

volume, and so it can actually be cheaper than other materials in terms of volume. The low

thermal content allows the casting process to be 50% faster than that with aluminium; a

high clock cycle of parts is possible, maintaining high precision and good surface quality.

Additionally, magnesium does not attack iron moulds as much as aluminium does, the

moulds can have steeper walls and the potential savings in terms of tools can be as much as

50% compared to the die-casting of aluminium [21] and machine endurance is much higher

as well [3]. Pressure die-casting is a process whereby liquid metal is forced into a split

permanent metal mould under high pressure. Compared to sand- or gravity casting, the

mould filling does not occur simply under the force of gravity. Instead, the pressure on the

melt is turned into kinetic energy, which results in high mould-filling speeds. Hence, there

is much turbulence in the melt until the mould is filled and the metal pressure compacts

everything. In brief, the advantages of pressure die-casting are mainly a high productivity

and the possibility of producing thin-walled and near-net-shaped components. Moreover,

the rapid solidification leads to a very fine-grained microstructure with good mechanical

properties.

3.2 Die-Casting

There are several specific features that need to be considered when casting magnesium. Its

high susceptibility to oxidation makes an inert atmosphere in the furnaces, pipes, and

pumps essential. To ensure this, special casting set-ups have been developed.

Die-casting can be separated into two kinds of processes; cold-chamber and hot-cham-

ber die-casting, depending on the machine used. Special processes, such as vacuum die-

casting, are variations on these processes. The hot-chamber machine has a casting case

with an integrated casting chamber that always stays within the casting furnace filled with

molten metal (Fig. 1).

The furnace is used to keep the metal fluid; the melting is done in a separate furnace.

The features of hot-chamber casting are:

• the proportioning unit lies within the melt

• the machine size extends up to 900 t clamping force

Magnesium – Alloys and Technology. Edited by K.U. Kainer
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim

ISBN: 3-527-30570-X
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• the pressure of melt lies between 150 and 200 bar

• the shot is limited to 5–6 kg

• high productivity (more than 100 shots per hour is possible)

• typical wall thickness: 1 mm

Figure 1: Schematic of hot-chamber die-casting

If a part has thin walls, it is more economical for it to be cast in a hot-chamber machine

than by using the cold-chamber process. However, not all alloys can be processed in a hot-

chamber machine.

The cold-chamber machine has its casting case outside of the melt. The metal is filled

into the proportioning unit from an adjacent external furnace. The features of a cold-

chamber machine are as follows:

• external proportioning unit

• lower productivity

• machine sizes up to 4,500 t

• pressure of the melt between 300 and 900 bar

• the shot is limited to 60 kg

• wall thickness from 1.5 to 2.5 mm
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Figure 2: Schematic of cold-chamber die-casting

The high pressure is needed to compensate the high degree of shrinkage when casting

thick-walled parts. After the transportation of the melt into the chamber, the conventional

casting sequence consisting of three stages begins. The liquid metal reaches the gate in the

first stage (duration approx. 20 ms), the second stage involves the filling of the mould, and

during the third stage pressure is built up. With the simple casting procedure, a highly

turbulent mould filling takes place and pockets of air, gas, and mould release agent can be

encased within the metal. Therefore, the parts have limited ductility and lower strength, and

subsequent heat treatment or welding is precluded. Furthermore, an air cushion is encoun-

tered during the mould filling, hindering the casting sequence. These problems can be

overcome by vacuum die-casting, whereby the casting chamber and the mould are evacuat-

ed (remaining pressure below 80 mbar). The parts no longer contain any pockets of trapped

air and show improved properties, such as weldability, and are now amenable to heat

treatments. The formation of an air cushion, which disrupts the filling sequence, is prevent-

ed as well. In vacuum die-casting, the three sequences of the simple process are extended

by closing the feeding cover and evacuating the mould cavity.

For aluminium and its alloys, the vacuum casting technology is already long-estab-

lished. Interest in doing the same with magnesium has only arisen in the last few years.

Various casting procedures have been developed, ranging from simply including a valve to

the mould, to the use of a conventional casting machine with a sealed mould parting line

(Fig. 2, Honsel system HOVAC), to the adaptation of the aluminium Vacural casting

process. The change of the casting sequence and the mould sealing result in higher costs of

the parts compared to a conventional procedure.
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Figure 3: Schematic diagram of a tool-sealing during

vacuum die-casting

3.3 Magnesium Casting Alloys

Aluminium is, as already described, the most extensively used alloying element for magne-

sium, with contents varying between 2 and 9 weight%. These alloys have good mechanical

properties at ambient temperatures and excellent corrosion resistance. However, lowering

the Al content also lowers the castability. Table 1 shows typical compositions of these

alloys. Besides the improvements of the mechanical properties, there is the big advantage

of better castability (eutectic system, T
E
 = 437 °C, Al content ~30%). The more aluminium

the melt contains, the better the castability.

By far the most widely used of magnesium die-casting alloys is AZ91 (Mg-9 weight-%

Al-1 weight-% Zn) because of its superb castability even for the most complex and thin-

walled parts.

The negative effect of the high aluminium content is the formation of the interdendritic

grain boundary phase Mg
17

Al
12

. At a working temperature above 120 °C, it lowers the

strength within the fine-grained crystal structure and leads to limited ductility of the alloy,

as is also seen with zinc components.

Table 1: Compositions of common magnesium

die-casting alloys.
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To improve the deformation behaviour of magnesium alloys, the Al content is de-

creased, the alloying with zinc is completely abandoned, and manganese is added instead.

The resulting alloys of the magnesium/aluminium/manganese family, e.g. AM20, AM50,
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AM60 (Mn contents between 0.2 and 0.4%), show lower strengths at ambient temperature,

but they are less brittle than the Al/Zn-based alloys. The dependence of the mechanical

properties on the aluminium content is illustrated in Fig. 4. The increase in ductility with

decreasing aluminium content in this series of alloys is obvious. One of the most important

criteria for magnesium alloys is their high-temperature and creep behaviour, which is not

very good for the magnesium/aluminium/zinc alloys. For this reason, in earlier years

attempts were made to reduce the aluminium content in the melt and to use different

materials for alloying. The resulting alloys AS21, AS41, and AE42 exhibit a much better

high-temperature strength and creep resistance than AZ91. The relevant mechanical prop-

erties of the conventional magnesium casting alloys are listed in Table 2. All aluminium-

reduced alloys show much worse castability.

Figure 4: Influence of the aluminium content of Mg

die-casting alloys on their mechanical

properties

Table 2: Typical mechanical properties of conventional Mg die-casting

alloys.

������ ���� ��� !��"#$''�*$�
�+#$
<+>�

?#�@+Q#$�
R��
<�+��
�

��Q
<U'�
	�\Q�Q'�

^�"�@+�
�+#$
<+>�

� �	_��� �	_��� �	_��� ���� �`_��� �{��

����� ���� ���� ���� �� ��� ��

�	���� ���� ���� ���� �� ��� ���

�	���� ���� ���� ���� ��� ��� ���

�	���� ��� �� �� ��� ��� ���

������ ���� ���� ���� �� ��� ��

������ ���� ���� ���� � ��� ��

�R���� ���� ���� ���� ��� ��� ��

By applying the vacuum casting technology, the ductility properties of the AM alloy

group can be further improved. The strain at fracture of the alloy AM50 could be raised

from 15% with conventional casting to almost 19% with vacuum die-casting. In particular,

the impact energy values are influenced, as shown in Table 3.

Magnesium Casting Alloys
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Table 3: Influence of the aluminium content and the vacuum

die-casting process on the toughness of Mg die-casting

alloys (individually cast Charpy specimen; according

to [1]).

^�"�@+�R
$#<��������


�+@>$\��{�� Q

�+@>$\��{��

?#�@+Q#$��
R��
<�+��
�����

|$��#}'�

����� ���������� ��������� ���� ��������

�	���� ���������� ����������� ����� ���������

�	���� ���������� ����������� ����� ���������

�	���� ����������� ����������� ����� ���������

�	���� ���������� ����������� ���� ���������
��@QQ��

�	���� ���������� ����������� ����� ���������

�	���� ���������� ����������� ����� ���������

�	���� ���������� ���������� ����� ��������
�+�
\�#\�\$*��+��
��
��#�@}$+'�

3.4 Application Examples

A variety of magnesium parts are already successfully produced using die-casting methods,

e.g. gearbox housings, steering wheels, seat frames, cylinder head covers, and steering

locks. Structural and car body parts are attracting ever increasing interest. In this context,

vacuum die-casting might play an important role. Existing and potential parts include

partition panels (tank cover and rear window shelf), dashboard frame and crossbar, frames

for the roof and tailgate, as well as inner door and seat parts. The following advantages are

most noteworthy:

• weight savings

• avoidance of joining working steps

• reduced processing effort

• less investment in tools than with sheet steel

• high tool lifecycles

Some examples of the potential of die-casting are listed below. One interesting example

is the fuel tank cover manufactured on behalf of the DaimlerChrysler Corporation for its

SLK model. The part supports the body stiffness and serves as a partition panel between the

trunk and rear seats. Table 4 gives an overview of the different materials taken into

consideration. Former solutions consisted of a welded conduit frame. First alternatives

were steel and aluminium weldments and a magnesium cast part. Several advantages

favoured the use of magnesium. With the part made of 3.2 kg magnesium AM60, a great

weight saving could be accomplished. The spatial requirement is lower, the dimensional

accuracy is excellent, and no post-processing or coating is necessary. Figure 5 shows the

final operational part. Other application fields could be dashboard frames or crossbars;

different concepts for this are already set up. The requirement and motivation for the use of

magnesium alloys are listed in Table 5. Figure 6 shows two examples of different concepts

from the USA and Europe, arising from different demands. Further application concepts

are aimed at inner door parts. In the case of solution 1, the door consists of a cast part with

a window frame made of an extruded or cast shape.
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Table 4: Application example: fuel-tank cover.
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Figure 5: Fuel-tank cover Mercedes SLK

Table 5: Application example: dashboard holder/crossbar.
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Figure 6: Examples of magnesium crossbars

top: manufactured by Median for Fiat Marena

bottom: manufactured by Gibbs for Cadillac Seville (AM50)

Magnesium cast parts and aluminium shapes in combination are the basis for solution 2

(Fig. 7). In the 3rd solution, the door consists entirely of a single magnesium cast part.

More potential for high-performance parts is offered in the area of roof applications and

tailgates (Fig. 9), where exterior sheet quality is partly required but is not yet available.

Figure 7: Concept for inner-door parts: version 2; composite construction
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Figure 8: Concept for inner-door parts: version 3,

Mg die-casting

Figure 9: Prototype of a car tailgate made of AM60;

Honsel AG

Several special features need to be considered when dimensioning such parts: abrupt

transitions should be avoided and large radii are favourable, as shown in Fig. 5. The upper

rib parts of the tank cover are 2 mm thick, and the drafts of the mould are 1.5° on each side.

The mechanical properties meet the demand for an average tensile strength of 240 MPa,

combined with an elongation of between 8 and 12% (values depend on the specimen

orientation). The elongation values in particular are dependent on the orientation of the

specimen, with the flow-path playing an important role. These concerns and the influence

of the flow-path are considered in Fig. 10.

Application Examples
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Table 6: Thoughts about influencing the strain values of components.
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Figure 10: Strain-to-fracture ratios of magnesium

alloys as a function of the flow-path

3.5 Costs

The application of magnesium in automotive technology can only be accomplished if a

variety of material and processing based advantages contribute favourably. Table 7 shows a

comparison of costs between an aluminium and a magnesium alloy in the form of a 3.5 kg

sample part. The average price of an AM60 alloy is roughly 2.30 EUR/kg. The readapting

costs of recycled materials are about 1 EUR/kg for external (Hydro Magnesium) and 80 Ct/

kg for in-house recycling. This shows that the metal costs can be reduced significantly

when using recycled material. Currently, a 3.5 kg magnesium die part would include 13 to

17 EUR for the pure metal, different portions of recycled material and melting costs

already considered. Made of aluminium alloy 226, the part would cost from 10 to 11 EUR.

On the other hand, magnesium allows longer tool life cycling and higher clocking, which

can lead to a cost benefit of 2.50 to 3.50 EUR per part.
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Table 7: Cost evaluation
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4 Squeeze-Casting and Thixo-Casting of

Magnesium Alloys
K. U. Kainer, T. U. Benzler, Institute for Materials Research, GKSS Research Center

Geesthacht GmbH, Geesthacht

4.1 Introduction

Extended use of magnesium in safety relevant parts of car body frames, the drive train, and

the chassis requires parts with customized characteristic profiles. Combinations of cast

parts, cast knots, sheet mould parts, and extruded profiles comparable to the aluminium

space frame realized, are possible. Figure 1 shows a schematic view. The requirements for

the materials cannot as yet be entirely fulfilled by magnesium alloys. The biggest problem

is their limited ductility at room temperature. Magnesium crystallizes in the hexagonal

closest packed structure and is therefore not amenable to satisfactory cold-forming. This is

a problem of metal physics that can only be overcome by a change of the crystal structure

by alloying (e.g. magnesium/lithium alloys [2]). Besides, the ductility is highly dependent

on the grain size and the number of defects in the lattice, such as pores and enclosures. The

grain size of both cast and wrought alloys can be reduced. With cast alloys, grain-refining

additives are included, but they only work to a certain extent with machine-cast parts like

die-cast parts. An adequate fine-grained microstructure can either be obtained by the rapid

solidification of thin-walled parts or by applying new casting procedures such as squeeze-

casting and thixo-casting.

Figure 1: Potential body parts in a hypothetical

magnesium car body shell (from [2])

The lattice structure can also be changed for wrought alloys, e.g. by adding lithium [2]

(hdp » bcc). Another option is to induce precipitations that will interfere with grain growth

during hot working or heat treatment and thereby stabilize the microstructure. All these

alloying possibilities are supported by process development, since all new material designs

require the development of new practices.

Magnesium – Alloys and Technology. Edited by K.U. Kainer
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim

ISBN: 3-527-30570-X
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4.2 Process Development

The use of advanced casting processes offers a high innovation potential with regard to the

ductility of die parts. Casting defects have a great influence on the mechanical properties,

as shown in Fig. 2. Impurities and enclaves need to be prevented first, because these

function as crack starting points. The reduction of the gas content and porosity will add to

the positive effects.

Figure 2: Influence of microstructure inhomogeneities on

the stress–strain behaviour of magnesium casting

alloys (schematic stress–strain curve)

The most common production method for magnesium alloys is die-casting. Further

optimization of the process, accompanied by independent material development, especially

the improvement of ductility and creep resistance, will lead to a growth in the use of

magnesium die-cast parts never before seen for any other metallic construction materials.

The acceptance of magnesium in industry is growing, and therefore the establishment of

other innovative procedures currently being developed and tested can be anticipated.

A turbulent moulding process leads to the entrapment of pockets of air and residues of

mould release agent. This leads to the disadvantage of a possible appearance of porosity.

The parts lose their ductility, and heat treatments and welding become impossible.

Vacuum die-casting can solve these problems by evacuating the casting chamber and

the mould (remaining pressure below 100 mbar). The parts no longer contain any enclaves

of air and show improved properties such as weldability and amenability to heat treatments.

The amount of trapped gas can be lowered to 3.5 cm3/100 g, compared to 10–40 cm3/100 g

with conventional die-casting. The resulting parts show an increased strain at fracture. In

research and development trials, it was found that vacuum cast magnesium parts have a

much improved impact resistance (36.8 J compared to 17.7 J; AM50 alloy, unnotched

specimen).

Besides the conventional casting procedure, various other manufacturing processes,

such as squeeze-casting, thixo-casting or thixo-moulding, and spray-forming are currently

in their testing phases. A leap to series production, as previously seen for aluminium in

many fields, is sure to occur through the use of some of these processes. They greatly

improve the characteristic profile of magnesium and so eventually its market segment will

grow.



58 Squeeze-Casting and Thixo-Casting of Magnesium Alloys

4.3 Process Description

4.3.1 Squeeze-Casting

Squeeze-casting is a special process with a vertical arrangement of a slewable casting unit

and moulding direction. When the unit is filled, it closes and docks to the mould. Then, the

piston rises up and the actual filling begins (Fig. 3). In contrast to die-casting, the moulding

is done slowly (minimum turbulence and hence low porosity), though the final compression

is the same. In squeeze-casting, however, the pressure is maintained until freezing is

complete and even allows for further feeding in the half-frozen condition. Injection pres-

sures are usually between 70 and 100 MPa (pressures of more than 300 MPa are possible)

so as to obtain a compact, fine-grained microstructure. Squeeze-casting is an excellent

method for producing pressure-sealed, low-porosity, weldable, heat-treatable parts with

reproducible high quality. It is increasingly being used in place of classical gravity casting.

Even T6 heat treatments for the improvement of mechanical properties are possible due to

the low porosity [3]. Since the casting speed is very low, the parts do not have fin lines [4].

Figure 3: Schematic of the squeeze-casting process; a: proportioning;

b: swinging to the vertical axis; c: hooking up to the mould;

d: mould-filling and freezing [15]

The advantages of squeeze-casting are summarized below:

• reduced porosity

• hot cracking prevention for alloys with wide freezing range

• increase of strength and ductility by:

– fine-grained microstructure

– faultless microstructure

• possibility of heat treatment (e.g. T6)

• alloys difficult to cast can be processed

– conventional creep-resistant alloys (WE54, QE22)

– thixotropic melts

• alloy development

• production of magnesium composites

The process is separated into direct and indirect squeeze-casting.
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4.3.1.1 Indirect squeeze-casting

In indirect squeeze-casting, the liquid magnesium is injected into the mould through a

bigger injection canal compared to that used in die-casting. The flow rate of the melt is

about 0.5 m/s, and is therefore significantly smaller than in die-casting (30 m/s). This low

injection speed prevents the melt from absorbing air and the mould is filled without

turbulence [4]. The pressure and temperature are constantly controlled, and so the pressure

within the cavity stays almost constant both during and after the freezing. This also allows

the use of cores and male moulds in the cavity, whereas in die-casting the high pressure

would possibly destroy them.

Indirect squeeze-casting offers the possibility of infiltrating so-called preforms (porous

fibre- or particle shapes) and of producing composites. The industry uses indirect squeeze-

casting to produce various components in one step.

One disadvantage of the indirect process is the big gate needed for separation from the

actual part. This takes a lot of material, but it can be used to host pores and micro-shrinkage

when the freezing is properly controlled. Figures 4 and 5 show a schematic view of indirect

squeeze-casting.

Figures 4 and 5: The left schematic depicts direct squeeze-casting,

the right one shows the indirect process [6]

4.3.1.2 Direct squeeze-casting

In direct squeeze-casting, the punch that supplies the pressure is the lower part of the

mould itself, whereas indirect casting needs a standard gate. This makes the manufacture of

the moulds much easier. They can be made of either one or two parts. The pressure is

applied by the upper punch; the lower one throws out the cast part. This simpler mould,

compared to that needed for indirect casting, requires no clamping force and thus the costs

are reduced.

On the other hand, direct squeeze-casting demands an exact determination of the amount

of melt needed, since this will directly affect the shape of the cast part. Complex parts can

be fashioned using additional punches or cores. The freezing of the part can be influenced

by having different temperatures of the mould and punch. To obtain a non-porous part, the

Process Description
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freezing properties and pressure properties are not critical when using direct casting be-

cause there is no gate. Indirect casting, on the other hand, is more dependent on these

factors [6]. A schematic view of direct squeeze-casting is shown in Fig. 4.

The heat transmission between the melt (i.e. cast part) and the mould is greatly im-

proved by the high pressure of the squeeze-casting process because there is no air gap

between the tool and the wall of the part. Consequently, high cooling rates are achieved and

the microstructure will become very fine grained. The influence of the grain size on the

yield strength of AZ91 (T6) is shown in Fig. 6.

Figure 6: Influence of the grain size on the yielding of the alloy AZ91 (T6)

[16]

The thermodynamics of the system is such that the applied pressure can influence the

casting temperature. The melting point is shifted to higher temperatures and the melt is

supercooled. The drift of the equilibrium of magnesium/aluminium alloys is shown sche-

matically in Fig. 7. The influence of the casting pressure and the temperature of the mould

on the freezing time in the middle of the cast part is shown in Fig. 8. These surrounding

conditions additionally speed up the freezing; the resulting microstructure is then finely

dispersed and has almost forged-like properties [6, 7].

Magnesium alloys made by squeeze-casting technology show good properties, and are

even applicable for high security level parts [6]. The cast parts are almost non-porous, a

further improvement on vacuum casting. Table 1 compares squeeze-cast and die-cast spec-

imen porosities. Table 2 gives the gas volumes per 100 g for different processes and the

maximum gas volume allowed for subsequent treatments.
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Figure 7: Equilibrium deviation in the Mg/Al phase diagram

as a result of rapid freezing due to the high mould

pressure.

Figure 8: Influence of the mould pressure and the

tool temperature on the freezing time

in the centre of the casting

Process Description
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Table 1: Comparison of the porosities of squeeze-cast and die-cast

components

Table 2: Gas content for different casting methods and the maximum

permissible contents for post-treatment.

casting technique gas volume [cm3/100g] 
low pressure casting 1-5 
die casting (conventional) 10-40 
die casting (vacuum) <3,5 
sand casting 1,8-12 
direct Squeeze-Casting 1,2-3,5 
indirect Squeeze-Casting 0,6-1,2 

 
treatment max. gas volume [cm3/100g] 
welding 0,24-1,5 
heat treatment 0,24-4,0 

Hot cracking is prevented by a large freezing range. Alloys that are usually difficult to

cast can be processed by squeeze-casting, opening new possibilities for alloy development.

Another advantage is the production of composite materials by infiltration of ceramic

preforms or by adding ceramic particles to the melt. Squeeze-cast parts have better me-

chanical properties compared to those cast by other processes such as sand-, ingot-, or die-

casting.
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Figure 9: Comparison of the mechanical properties

of cast AZ91 under T6 conditions [19]

Figure 10: Diagram showing the mechanical properties of two magnesium alloys (ZC63

and QE22), cast using different processes

The improvements of the alloys ZC63 and QE22 can be seen by comparing Figs. 9 and

10. Both the maximum stress and the strain at fracture are raised. Table 3 shows that, in

contrast to die-castings, squeeze-cast parts can be heat-treated.

Process Description
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Table 3: Comparison of mechanical strengths between squeeze-casting and

die-casting

 yield strength 
[MPa] 

tensite strength 
[MPa] 

elongation at 
fracture 

[%] 
Squeeze-Casting as-cast condition 96 179 5,0 
 T4 76 220 10,5 
 T6 117 255 6,5 
die casting as-cast condition 150 230 3,0 

The biggest advantage of squeeze-casting, however, is its capacity to produce metallic

composites, even for series production. In the first step, a burned and re-heated porous fibre

shape with specific dimensions is placed inside a pre-heated mould. After the deposition of

the melt, the infiltration begins. A punch applies the pressure to the closed mould [9]. The

tool consists of a heated single- or multi-part matrix with designated shape, an upper punch

for the application of pressure, and an ejector to push out the solidified composite part.

Since the wetting of magnesium on the ceramic materials is good, the infiltration pressure

can be kept low and 50–130 MPa is sufficient. The air within the mould and preform can be

expelled from the tool cavity through the slot and the venting gaps. At the same time, the

air and the gases present react with the magnesium alloy to create a self-generated vacuum

[10]. The time between positioning the preform and the ejection of the final part is

approximately 120 seconds, whereupon the material is frozen. Cooling to room tempera-

ture is done in air. Even though the reactivity between the melt and the fibres is quite high;

the short freezing time allows only little interaction at the fibre/matrix meeting planes.

Squeeze-casting has a versatile application range and can readily be automated (for indirect

squeeze-casting) for the production of partially or fully reinforced parts [11].

Metal composites are used in a great variety of application fields, where low density,

mechanical compatibility (low but matrix-fitted thermal expansion coefficient), thermal

stability, and, last but not least, a high Young’s modulus together with high tensile and

compression strength is required. Table 4 lists several metal matrix composites (MMCs)

and their mechanical properties. The plot in Fig. 11 compares the values for the Young’s

modulus and the tensile strength of particle-reinforced and non-reinforced forms of the

common alloy AZ91.

Table 4: Properties of short-fibre-reinforced magnesium composites (CTE =

coefficient of thermal expansion; tensile strengths are measured

parallel to the planar isotropic distribution)
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Figure 11: Mechanical properties of squeeze-cast

AZ91D and AZ91D 40 vol.% SiC [18]

It can be seen from Fig. 11 and Table 5 that the Young’s modulus can be up to three

times higher with reinforcements; the maximum stress is raised as well. This gain is at the

expense of limited ductility, i.e. the strain at fracture shown in Table 6. Table 6 shows two

different reinforced alloys and a heat-treated aluminium alloy as possible materials for a

piston. Aluminium is considered here as a competing material to magnesium and its alloys.

The table also shows that the tensile properties of the composites with a magnesium matrix

almost reach those of the aluminium alloy. The specific strength (strength referred to the

density) is again seen to be increased compared to the non-reinforced magnesium materi-

als. This proves that with squeeze-casting it is possible to produce parts from interesting

materials.

Table 5: Properties of reinforced and non-reinforced magnesium

materials

Process Description
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Table 6: Properties of aluminium- and magnesium composite materials

4.3.2 Thixo-Casting

Thixo-casting is a fairly new method based on the thixotropic properties of semi-liquid

alloys. The material has already reached liquidus temperature and consists of a mixture of

solid and liquid phases (also known as semi-solid metal forming). The area of the magne-

sium/aluminium phase diagram in which a thixo-casting alloy is processed is indicated in

Fig. 12. Intense stirring prevents the usual formation of dendritic grains and instead forms

globular grains. Figure 13 shows the differences between dendritic and globular micro-

structures. This condition characterizes the thixotropic flow behaviour; with increasing

viscosity the shearing strain falls off. Aluminium alloys are also suitable for this (e.g. G-

AlSi7Mg).

The actual procedure requires suitably manufactured raw material. Technically, it is

carried out by electromagnetic stirring (rheocasting) within a slab-casting machine. The

cast bolts are heated up close to the liquidus temperature until the required ratio of liquid to

solid phase is reached (approximately 30–40% melt). Such a bolt is then transferred into

the casting chamber of the machine; it can still be handled like a solid material.
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Figure 12: Typical alloy composition and associated temperature

range, shown by the magnesium/aluminium phase

diagram for the thixo-casting/moulding process [14]

Figure 13: Dendritic and globular formations

of an Mg/Al alloy

When pressure is applied to the bolt, the developing shearing stress decreases the

viscosity and the bolt behaves like a fluid. Recently, much effort has been directed towards

shortening the time required for the electromagnetic stirring so as to lower costs. A first

step towards this goal is the so-called NRC process (new rheocasting process). This process

tries to avoid dendritic growth by a customized cooling–melting process and simultaneous

turning of the melting crucible [12].

The advantages of this procedure compared to conventional casting are as follows [22]:

• the production process can be fully automated

• high productivity

Process Description
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• cost savings due to low energy consumption

• higher tool lifecycles

• parts are free from gas inclusions and hence are weldable

• low cooling shrinkage and no blow holes

• parts have excellent mechanical properties

• final parts have near-net-shape quality

The thixo-casting process is outlined schematically in Fig. 14, while Fig. 15 compares

the strength of a squeeze-cast and a thixo-cast AZ91 alloy (T4 conditions) [8]. Additional-

ly, Fig. 16 shows the microstructure of a thixo-cast part.

Besides the thixo-casting process, there is a variation called thixo-moulding. The proce-

dure is closely related to thixo-casting, but instead of a die-casting machine, an injection-

moulding machine as used in the manufacture of plastics is used. Nevertheless, the hydrau-

lic propulsion for the injection is based on the die-casting machine part. Figure 17 gives a

schematic view of the injection unit.

Figure 14: Schematic sequence of the thixo-casting/

thixo-moulding process [20]

Figure 15: Correlation between strength and elongation at fracture for an alloy made by

squeeze-casting and thixo-moulding (alloy AZ91 under T4 conditions) [21]

Administrator
ferret
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Figure 16: The crack-free surface of a thixo-cast

component (AZ91D) [22]

Figure 17: Thixo-moulding casting machine prior to the shot 

The thixo-moulding granulate is melted in a screw conveyor, which leads directly to the

chamber, and from there it is directly pressed into the mould. Care has to be taken to

prevent bridging from occurring, as is known from experience with plastics. Additionally,

the injection unit needs to be flooded with argon during heating and after turning off, i.e. on

cooling down. This is necessary to prevent any contact with air, since the corrosion, i.e.

oxidation activity, is high for the liquid alloy [13].

Process Description
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Figure 18: Schematic comparison of the injection-moulding cycles of magnesium injection-

moulding/thixo-moulding and thermoplastic injection-moulding [13]

The screw conveyor transports the granulate slowly towards the end of the screw.

During this transport, the granulate is melted, and the injection temperature lies between

560 and 620 °C. Remaining dendrites are formed into spherical solids by the shearing

stress and are completely surrounded by the melt. The injection duration of the thixotropic

mass is about 10–100 ms. The time for which the pressure is maintained after the filling

process is shorter compared to the case of plastics. In Fig. 18, regular die-casting for

plastics and thixo-moulding are compared [13].

4.4 Literature

/1/ NN, Aluminium Technologie im Karosseriebau – Audi Space Frame (ASF), Firmen-

broschüre Audi AG, Ingoldstadt.

/2/ Haferkamp, H., Bach, Fr.-W., Juchmann, P.:  „State, Development and Perspectives

of Lithium Containing Magnesium Alloys, Proc. Int. Conf. on Magnesium Alloys

and their Applications“, B.L. Mordike, K.U. Kainer (Hrsg.), Werkstoff-Informati-

onsgesellschaft, Frankfurt, 1998, 157-162.

/3/ Rajagopal, S.: „Squeeze-Casting: A Review and Update“, Journal of Applied Metal-

working 4 (1981), ASM, Metals Park, Ohio, USA, 3-14.

/4/ Kaufmann, H.: „Endabmessungsnahes Gießen: Ein Vergleich von Squeeze-Casting

und Thixocasting“, Giesserei 81 (1994) 11, 342-350.

/5/ Hasse, S.: „Giessereilexikon“, Schiele & Schön, Berlin 1997.

/6/ Kainer, K. U.; Böhm, E.: „Preßgießen (Squeeze-Casting) von Magnesiumlegierun-

gen“, VDI-Bericht Nr. 1235 (1995), 117-125.

/7/ Degischer, H. P.: „Schmelzmetallurgische Herstellung von Metallmatrix Verbund-

werkstoffen“, in Kainer K. U. (Hrsg.): „Metallische Verbundwerkstoffe“, DGM-

Verlag, (1994), 139-144.

/8/ Kaufmann, H.: „Endabmessungsnahes Gießen: Ein Vergleich von Squeeze-Casting

und Thixocasting“, Giesserei 81 (1994), 342-350.



71

/9/ Kainer, K. U. und Mordike, B. L., Metall 44 (1990), 438-443.

/10/ Nientit, G.; Proc. Int. Conf. on Magnesium Alloys and their Applications, Gar-

misch-Partenkirchen, Mordike B. L. und Hehmann, F. (Hrsg.), DGM Informations-

gesellschaft Oberursel (1992), 407-414.

/11/ Henning, W.; C. Melzer, C.; Mielke, S.; Metall 46 (1992), 436-439.

/12/ Kaufmann, H.; Wabusseg, H.; Uggowitzer, P. J.: „Metallurgical and Processing

Aspects of the NRC Semi-Solid Technology“.

/13/ Dworog, A.; Huppertz, R.; Hartmann, D.: „Magnesiumspritzgießen“, Kunststoffe,

Carl Hanser Verlag, Jahrgang 89, Nr. 9, (1999), S. 75-78.

/14/ Breuer, H.; Dolfen, E.: „Magnesium“, KU Kunststoffe, Carl Hanser Verlag, Jahr-

gang 89, Nr. 1, (1999), S. 64-66.

/15/ Hasse, S.: „Giessereilexikon“, schiele & Schön, Berlin, (1997).

/16/ Rozak, G. A.; Purgert, R. E.; Thomas, J.; Hale R.:  „Metal Compression Forming

[MCF]“, IMA 99 Annual World Magnesium Conf. IMA, McLean, USA, Toronto

(1997), p 55-57.

/17/ Lipchin, T. N.: „Alloy strengthening by solidification under pressure“, Russian

Casting Produktion, (1973).

/18/ Hu, H.: „Squeeze-casting of magnesim alloys and their composites“, Journal of

Material Science 33 (1998), p. 1579-1589.

/19/ Chadwick, G.A.: „Squeeze casting of magnesium alloys and magnesium based

metal matrix composites“, (1998).

/20/ Gabathuler, J-P. et al.: „Eigenschaften von Bauteilen aus Aluminium, hergestellt

nach dem Thixoforming-verfahren“, VDI-Bericht Nr. 1235, 1995, p. 81.

/21/ Sasaki, H.; Adachi, M.; Sakamoto, T.; Takimoto A.: „Einfluß des Erstarrungsgefü-

ges auf die mechanischen Eigenschaften der Legierung AZ91“, Gießerei-Prais,

Nr. 15/16 (1997), p. 341-346.

/22/ Sasaki, H.: UBE Industrie LTD.

/23/ Steinscherer, A.: „Konzeption und Entwicklung eines Modellbauwerkzeuges für das

Magnesiumspritzen (Thixomolding)“, unveröffentlichte Studienarbeit, Fochhoch-

schule Niederrhein, IF-MSG, Willich, (1998).

Literature



5 Deformation of Magnesium
E. Doege, K. Dröder, St. Janssen, University of Hannover

5.1 Introduction

In the age of limited fossil energy resources, the demand for lightweight construction

materials is growing in order to reduce energy consumption and to lower environmental

impact. In this regard, magnesium and its alloys have attracted much attention recently.

Magnesium is highly available (1.1 kg/m3 in sea water) and possesses positive technologi-

cal properties such as a low specific weight together with high strength (Fig. 1).

Figure 1: Mechanical properties of different sheet materials

Nowadays, magnesium is used for applications where the advantage of reducing the

weight is more important than the relatively high cost [1]. With 1.75 g/cm3, magnesium’s

density is roughly 35% lower than that of the competing material aluminium. At present,

the main applications of magnesium are as cast parts for the automotive industry. These

cast parts can be most complex, but in many cases they lack the desired mechanical

properties. Metal-formed magnesium parts are an alternative, and since they show a resil-

ience that meets the application demands, due to a fine-grained microstructure with no

eliquations or pores, the properties for applications are much better. Insufficient knowledge

of the process parameters has hitherto limited the widespread use of magnesium on a

massive scale. The potential for the application of shaped magnesium parts in a vehicle is

great; the majority of the body shape consists entirely of formed parts, representing almost

25% of the vehicle weight (Fig. 2). Thus, the substitution of traditional steels with parts

made of magnesium alloys may contribute to a significant weight saving.

Magnesium – Alloys and Technology. Edited by K.U. Kainer
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim
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Figure 2: Use of sheets in automotive engineering

5.2 Procedures of Deformation

Hot mass forming, swaging of powder, and sheet forming have great potential to become

the most important production methods for magnesium alloys.

The future potential for near-net-shape precision forging techniques is high, since they

are very energy- and material efficient [3] and meet even the highest safety requirements

for today’s vehicle parts (Fig. 3).

Figure 3: Advantages of drop-forged parts

Introduction
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Further fields of application were opened up by powder metallurgical processes such as

swaging of powder (Figs. 4 and 5). Powder metallurgy allows one to work with alloys that

are difficult to cast and to develop new alloying systems [4].

Figure 4: Process variations of the swaging of powder

Figure 5: Stages of the swaging of powder

A hollow body is made out of a sheet cutting by deep drawing, whereby a characteristic

tension-compression-stress condition occurs in the deformation zone. The direct force

impact is typical for deep drawing; the force required for deformation is not directly

induced by the tool in the deformation zone, but by the punch via the bottom and the can

body. The actual shaping is done by radial tension and tangential compression stress inside

the flange (Fig. 6). The maximum drawing ratio β
0max

 gives a measure of the deep drawing

ability of a material.
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Figure 6: Basic tool set-up and stresses in the flange

5.3 Material Properties

5.3.1 Sheet Forming

One of the main focuses at the Institute for Metal Forming and Forming Machines is the

characterization of the properties of magnesium that are relevant for forming issues. In this

connection, the influence of temperature and deformation speed is closely scrutinized.

When the deformation abilities of classical steel and aluminium sheet materials are

discussed, the vertical anisotropic exponent (“r value”) and the strengthening exponent (“n

value”) are key parameters.

The vertical anisotropy r is a measure of the orientation dependence of the distortion of

a material. It is the distortion ratio of width and thickness of a flat tensile specimen (Fig. 7).

For deep drawing, an average anisotropy of r > 1 is welcome, because then the material

flows from the plane with only a slight change in thickness.

Material Properties
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Figure 7: The anisotropy r for AZ31 at room temperature

At room temperature, AZ31 has a high average vertical anisotropy of r
m
 = 2.03. Howev-

er, the scattering of the anisotropic values is unfavourable with regard to its forming ability

[21].

The n value reflects the strengthening behaviour of a material. It is equal to the slope of

the flow curve on a double logarithmic scale. The strengthening exponent gives a measure

of the stress increase during forming. A high consolidation prevents an early local necking

and thus leads to a higher forming limit during stress-forming. For AZ31, the average

strengthening exponent in the rolling direction is considerably lower than for the common

sheet-forming steels (e.g. DC04) (Fig. 8) [22].

Figure 8: Characteristic parameters of different sheet materials, derived

from the tensile test.
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The influences of the metal-forming temperature and the deformation speed on the

strength of magnesium alloy AZ31 were examined in further experiments. It could be

shown that the flow stress is significantly lower for materials formed at higher tempera-

tures. Starting at temperatures of T > 200 °C, the material softens due to recovery processes

after an initial rise of the flow curve.

Figure 9: Temperature-dependent flow curve from the tensile test according

to EN 10002

Further measurements revealed a great dependence of the flow stress needed for maxi-

mum deformation on the deformation speed. Figure 10 shows the measured flow curves for

the magnesium alloy AZ31 at 200 °C for different testing rates. The flow stress required for

plastification rises with increasing deformation speed. Additionally, the strain at fracture

decreases with increasing deformation speed.

Material Properties
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Figure 10: Influence of the deformation speed on the trend of the flow curve

during the tensile test; testing temperature T = 200 °C

5.3.2 Massive Forming

The basic scientific background and process parameters for the forming of magnesium

alloys and their powder metallurgical processing are now known. The knowledge gained

from basic investigations (cylindrical compression test with a plastimeter) was applied in

the design and construction of testing tools for the evaluation of massive forming and

swaging of powder. In this way, the influence of the process parameters

• raw part temperature

• tool temperature

• raw material

• deformation speed

• lubricant

on the material properties (e.g. hardness) and the process accuracy and mould-filling

could be observed.

By means of the cylindrical compression test, flow curves of conventional and newly

developed magnesium alloys were measured in order to describe and evaluate their defor-

mation abilities. The flow stresses and curves are the experimental basis for the calculation

of deformation force and deformation work, thus characterizing the plastic deformation

ability of a material. The flow curves were recorded with a plastimeter (cylindrical com-

pression test facility) developed at the IFUM (Fig. 11). This plastimeter allows the defor-

mation of a cylindrical specimen with an almost constant deformation speed.
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Figure 11: Plastimeter

The material behaviour of conventional magnesium alloys (AZ31, AZ61) was studied at

210–400 °C for two deformation speeds (1 s–1 and 10 s–1). Figures 12 and 13 show the flow

curves for AZ31 and AZ61 according to [6]. All curves show the same descending tendency

at all temperatures. The slope gives a measure of the degree of crystal-structure softening.

At temperatures below the recrystallization boundary, the curves descend more steeply. In

the course of these tests, micro-cracking occurred to a certain extent, which could have led

to significant softening or even fracture (dashed lines). The fractures at low temperatures

and high degrees of deformation (up to ϕ = 0.8) are obvious. Only beyond a deformation

temperature of 300 °C are deformations at higher speeds possible, without shear fracture at

an orientation of 45° (Fig. 14). The decline of the curves above the recrystallization

temperature can be explained in terms of an overlay of the strengthening and recovery

processes with a strong influence of the crystal structure recovery.

Material Properties
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Figure 12: Flow curves for AZ31 derived from the cylindrical compression test [6]

Figure 13: Flow curves for AZ61 derived from the cylindrical compression test [6]
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Figure 14: Deformed cylindrical compression specimen

5.4 Deformation Behaviour of Magnesium

A critical factor for the deformation of magnesium is the temperature, since magnesium

shows only limited formability at ambient temperatures because of its hcp structure. Above

220 °C, however, additional gliding systems become thermally activated and magnesium

becomes highly deformable [7–9,11,12].

Figure 15 lists the basic influencing factors for the deformability in hot metal forming

according to Spittel [10], which are generally valid for magnesium as well.

Figure 15: Parameters for tempered metal forming [10]

Deformation Behaviour of Magnesium
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The temperature-sensitive processes that increase the formability have already been

comprehensively discussed elsewhere. The increase in plasticity that occurs between 200

and 225 °C, depending on the alloy composition, has been described by Siebel [13]. For

pure magnesium, this value is given as T = 225 °C. Measurements by Roberts [14], Raynor

[15], and Chapman [16] showed gliding of the basal crystal plane up to 225 °C.

The pyramidal planes, which lead to an erratic increase in the plastic formability, are

only activated above 225 °C (Fig. 16).

Figure 16: Pyramidal planes (first order)

Gliding of dislocations on prismatic planes is another deformation mechanism [17].

Low deformation speeds at approximately 160 °C result in wavy glide bands, which are

possibly caused by alternating prismatic and pyramidal gliding [18].

5.4.1 Deep Drawing Magnesium Sheets

From the literature, it would appear that little is known about the deep drawing and

stretching processes in relation to magnesium. AZ31 is listed as being capable of deep

drawing and stretching [19]. Barnes introduced several examples of magnesium parts

applied in the automotive and aeronautic industries.

Due to the limited deformability that results from the hexagonal structure, low deforma-

tion rates and big stretch radii are proposed [5,12,20].

Further proposals regarding the tool geometry for the bending and deep drawing of

magnesium AZ31 have been given by the Dow Chemical Company [11]. They say that

bending and deep drawing is possible at room temperature when the correct tool geometry

is used.

The deformation behaviour of fine sheets made of AZ31 is indeed highly dependent on

the temperature has been proven by tests at the IFUM (Fig. 17). The use of a rectangular

tool geometry and a hypothetical stretch ratio of β
f0
 = 1.5 resulted in an early material fail

caused by cracks at the punch’s edge even before the bottom was completely stretched into

shape. A temperature increase to 150 °C allowed a complete shaping of the bottom with the

same stretch ratio as used before. However, the limited deformability led to cracks within

the flange at a stretching depth of approximately 35 mm. At even higher temperatures, a

sudden increase in the deformability of AZ31 was observed between 150 and 200 °C (Fig.

18) [23].
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Figure 17: Temperature-sensitive deformation behaviour of the

magnesium alloy AZ31

Figure 18: Hypothetical maximum drawing ratio of AZ31 and AlMg5Mn

The maximum deformability of β
f,0max

 » 2.0 was reached in the flange area at 225 °C.

The aluminium alloy AlMg5Mn was compared and was found to have a lower gradient of

increase of the deformability over the temperature range and a maximum value of β
max

 =

2.02 at T = 200 °C. The hot forming of magnesium sheets thus offers a great potential for

increasing the deformability and the manufacture of complex part geometries. Figures 19

and 20 show several trial parts made at the IFUM.

Deformation Behaviour of Magnesium
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Figure 19: Deformation tests at high temperatures, thickness:

s
0
 = 1.35 mm

Figure 20: AZ31 deep drawing part, s
0
 = 1.0 mm

The studies showed that the manufacturing of component geometries from magnesium

sheet requires heated tools. The set-up of a tempered tool is presented in Fig. 21.
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Figure 21: Principle tool set-up for deep drawing at elevated temperatures

5.4.2 Forging Magnesium Alloys

When forging magnesium alloys, a precise temperature control is again of critical impor-

tance. Low temperatures decrease the formability (Fig. 22), while at excessively high

temperatures hot cracks appear in the forged part, which are partly caused by alloying

elements or low melting points of secondary phases. Besides, magnesium has a high

thermal conductivity therefore contact and handling times should be kept low in order to

prevent greater temperature loss. Because magnesium alloys are very dependent on the

temperature during deformation, several different tool systems with heatable die, punch,

and ejector parts have been developed (Fig. 23). Figure 24 shows two examples of parts

forged at the IFUM. The mould-filling behaviour of both AZ31 geometries at a tool

temperature of 200 °C and a blank part temperature of 400 °C is also displayed. The

specimen first gets thicker before the pivot goes up, and therefore the pivot can be seen as a

measure of the mould-filling behaviour. While less energy is consumed to fill the mould

with increasing temperature of the tool and the blank part, the maximum force for the final

deformation stays the same (Fig. 25). The material properties and the processing loads

need to be considered for an adjustment of the optimized forging parameters. Figure 26

shows the systematic procedure used to describe the deformabilities of various magnesium

alloys.

Deformation Behaviour of Magnesium
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Figure 22: Deformation behaviour of conventional MgAlZn alloys

Figure 23: Heatable tool for forging
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Figure 24: Mould filling

Figure 25: Force elongation diagram when forging AZ61

Deformation Behaviour of Magnesium
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Figure 26: Assessment of the feasibility of the mass forming of magnesium wrought alloys

5.5 Summary

Research has proved the good deep drawing abilities of magnesium fine sheets with

suitable process management. The temperature is a crucial parameter for the deformation,

and hence it is necessary to use tempered tools in order to manufacture components with

high draw depths.

Similar results were obtained for hot mass forming. With the developed heatable tool,

used either in a hydraulic or mechanical press, it is possible to obtain optimized process

parameters for precision forging. This is valid for both conventional alloys and magnesium

alloys produced by powder metallurgy.

5.6 Outlook

The demands for lightweight construction, mass reduction, low energy consumption, and

cost-effectiveness constantly have to be balanced with the handling and costs of alternative

materials and material combinations, especially in the automotive industry. These demands

have led to an extension of the manufacturing technology and the application of a variety of

light metal alloys. Today, relevant knowledge is mainly based on experiments and experi-

ence. The aim of further research is to reach a scientific basis for process parameters

instead. Additional studies of fundamental aspects of the material and the deformation

process are aimed at extending the range of applications of magnesium alloys.
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6 Manufacturing and Potential of Extruded

and Forged Magnesium Products
J. Becker, G. Fischer, OTTO FUCHS Metallwerke, Meinerzhagen

6.1 Introduction

Magnesium has been utilized in special application fields, such as aerospace, machinery,

engineering, and automobile industries for decades [1]. The technical use of magnesium

has a history of more than 70 years [2]. Despite this, the quantity of magnesium used is still

behind that of other metallic materials such as steel and aluminium.

Recent goals for lightweight solutions of the automobile producers have revived the

interest in magnesium [3]. Consequently, the development and application of magnesium

materials has increased. Some manufacturers have already changed the production of

components such as cylinder-head covers, gear housings, dashboard frames, and steering

wheels from aluminium or steel to magnesium. Most components are die-cast, since this

process takes most advantage of magnesium’s good castability. Parts made by other pro-

duction methods are used very rarely in automobiles. Possible reasons may be:

• the higher costs of the wrought semi-product compared to castings,

• insufficient knowledge and experience of the additional potential and security of semi

wrought-products.

The latter point is particularly relevant with regard to the proposed use of magnesium

wrought parts for applications with a high demand for security or dynamic strength (e.g.

crash-relevant components). Wrought magnesium components could be an ideal comple-

ment to cast parts. Because of the hot deformation during extrusion and forging, the parts

are free from any pores or cavities and at the same time the mechanical properties are

Figure 1: Strength ratio and strain ratio of magnesium

wrought alloys and casting alloys. The listed

values are the minimum values according to

the specification, as measured in the fibre

direction.
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improved through a thermomechanical treatment leading to an ideal microstructure (Fig. 1).

With this in mind, the Otto Fuchs Metallwerke can look back on several decades of

experience giving an overview of production, design possibilities, and the potential appli-

cations of forged and extruded Mg products. Several examples show the advantages and

limitations of magnesium components already used in the automobile industry, aeronautics,

and machinery.

6.2 Magnesium Wrought Alloys

As for many other metals, only alloying can lead to sufficient strength for construction

purposes [1]. Today’s magnesium wrought alloys mostly contain the alloying elements

aluminium (A), manganese (M), rare earths (E), yttrium (W), zirconium (K), and zinc (Z).

Besides increasing the strength, these ensure sufficient hot deformability for forging and

extrusion.

The letter code of the elements is followed by numbers, which give their rounded

amounts in weight %. This is internationally standardized in the ASTM specification. Table

1 shows common established alloys separated into four main groups according to their

alloying elements. The typical features of each alloy determine their application field. An

alloy containing only manganese allows high pressing outputs with extrusion, but the low

ductility limits the use of Mn-2 alloys and makes them rather minor. AZ alloys, on the other

hand, distinguish themselves with high strength and good ductility. The high-purity ver-

sions of AZ alloys show the lowest Fe, Ni, and Cu contents and have greatly increased

resistance against all types of corrosion. For deformation reasons, AZ alloys are especially

suitable for extrusion, as well as for simple forged geometries. Compared to the others, AZ

alloys are favoured for use because they are cheaper yet still have good properties.

The ZK alloys have a better hot deformability than AZ alloys and therefore play a more

prominent role in the forging of complex parts.

Table 1: Magnesium wrought alloys for extruded and forged

products
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The WE alloys contain rare earths, which make them about ten times more expensive

than AZ alloys, but this is justified in applications that require optimal ductility and heat

resistance.

Recently, different institutions set their goals for increased research into alloy develop-

ment, aimed at an improvement of the properties beyond today’s limits. This could turn out

to be an advantage for extruded and forged magnesium materials.

6.3 Raw Material Production for Extrusion and

Forging

6.3.1 Melting

The alloys are cast from a charge made up of primary and secondary magnesium and pre-

alloys. To achieve a low-oxide melt, the metal first undergoes a melt-treatment in the form

of an extensive salt-wash. Liquid magnesium has a high affinity towards oxygen and it

reacts with most core and mould materials, apart from steel. Therefore, oxidation preven-

tion is required and the melting crucible is made of steel, in contrast to the situation with

aluminium (Fig. 2). For a high-purity alloy, the purity of the raw material is irrelevant as

any iron is eliminated from the melt by deposition. Fe contents below 0.004 weight % are

achieved in this way. Chemical compounds containing carbon are added to melts of the

Mg/Al alloy groups in order to obtain a small grain size of the casting [4,5].

Figure 2: Schematic of the melting
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6.3.2 Casting

Magnesium alloys are preferably cast using the water-cooled, slab-casting process, just like

aluminium alloys. The standard procedures are the floater-nozzle process and the hot-top

process. As for the melting, the casting needs an inert gas atmosphere to protect it from air

(Fig. 3). The cast slabs are usually homogenized and the surfaces are machined to obtain a

favourable deformability before further processing, such as by extrusion or forging [7].

Figure 3: Schematic of the slab-casting process

6.4 Extruded Products

6.4.1 Production

The procedure for obtaining extruded magnesium wrought material is the same as that used

for aluminium materials [8]. The most commonly used industrial process is direct extrusion

without a lubricant, as shown in Fig. 4. Cylindrical ingots are heated to 300–400 °C

depending on the alloy and pressed through matrices with manifold cross-sections. The

maximum extrusion length is 50 m.

Figure 4: Schematic of the direct extrusion process

Extruded Products
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This procedure ensures a clean metallic surface and non-porous microstructures that are

essential for high-tech materials and safety requirements. The maximum extrusion speed

depends on the alloy and determines the price of the profile. The alloys AZ31 and M 2

allow the best extrusion speeds combined with good extrusion behaviour. Increasing alloy-

ing element content, as in the alloys AZ80, ZK60, WE43, and WE54, makes extrusion

more problematic, resulting in extrusion speeds being ten times slower. For a rational

general solution, this aspect needs to be considered when choosing the construction alloy.

The shapes or cross-sections of the magnesium extrusion profiles can be designed with

considerable freedom and can be directly matched to their application. For high loads in the

subsequent use, the walls are made thicker, whereas additional cavities will reduce the

weight for parts not designed for high loads. Extrusion shapes are separated into solid and

hollow profiles according to the complexity factors and the cross-sections. Rods and shapes

without embedded planes (Fig. 5) belong to the first type, while hollow profiles include one

or more completely enclosed cavity or bay region. Due to the required complexity, only

AZ31 or M 2 alloys and, with restrictions, AZ61 alloys as well, can be extruded.

Figure 5: Examples of solid shapes (left) and hollow shapes (right) made of various Mg

alloys

The minimum wall thickness is determined by the alloy, the type of profile, and the

surrounding circle (Fig. 6). For small to medium-sized AZ31 profiles, the minimum wall

thickness is 1.2 mm.
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Figure 6: Minimum wall thickness of Mg profiles in terms of

type and the alloy used

6.4.2 Further Processing

Several steps are necessary before the extruded profile can be used as a constructional

component with the intended strength. The further processing includes stretching, heat

treatment, sawing, bending, and machining. ZK and WE profiles may be heat treated,

whereas AZ profiles already show favourable characteristics [9]. Magnesium has very good

machining abilities (sawing, drilling, turning, milling) compared to other metals. The

specific cutting power is low, the chips are short, and the surface is excellent. Short cut

profile segments for use as levellers or engine housings are simple to build and offer a good

alternative to cast components.

Depending on the alloy, magnesium profiles are hard to bend at room temperature. The

hexagonal crystal structure limits the cold deformation, but elevated temperatures increase

the deformation behaviour significantly [2]. Only AZ31 profiles may be bent with wide

radii at ambient temperature; smaller radii and other alloys require higher deformation

temperatures. Profiles can be joined among themselves, or with any cast or forged part. The

most widely used joining methods are screwing, staking, gluing, MIG welding and TIG

welding, as well as laser welding. Since magnesium has a high electron negativity, suffi-

cient insulation is needed.

Extruded Products
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6.4.3 Properties

6.4.3.1 Static strength

Table 2 lists values derived from the tensile test of profiles according to the type of load

applied and the specimen orientation. The tensile yield strength for profiles in the L-

direction is 180 to almost 300 MPa. The yielding in the T-direction and for compression is

lower because of the hexagonal structure. These differences are very important for the

calculation of the profile’s maximum surface pressing and compression load.

Table 2: Values of tensile and compression strengths of extruded Mg

wrought-alloy products
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The WE alloys have an almost constant strength between room temperature and 250 °C

and a high creep resistance. This makes them suitable for applications at higher tempera-

tures (Figs. 7 and 8). The low-temperature behaviour of magnesium is good as well; in

contrast to carbon steels, there is no brittle fracture down to –200 °C.
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Figure 7: Tensile test results (elevated temperature)

of extruded rods made of AZ, ZK, and WE

alloys

Figure 8: Creep behaviour of extruded rods

made of WE54 T6 and AZ80-F

Properties
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6.4.3.2 Toughness

The fracture toughness is a measure of a material’s resistance against notches. Table 3

shows the fracture toughnesses of flat bars made of the alloys AZ80, AZ61, ZK30, and

WE54 measured in individual experiments. The wrought alloys of the AZ group in F-

condition show the best values, which are still below the values of the cured 6082-T6 and

7075-T6 aluminium alloys. In cured condition, the Mg alloys AZ80-T6, ZK30-T6, and

WE54-T6 also attain acceptable values. Thus, in contrast to aluminium materials, magne-

sium components show favourable behaviour in case of cracks or defects.

Table 3: Fracture toughnesses of extruded flat rods

made of various Mg and Al wrought alloys
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6.4.3.3 Dynamic strength

The following results, obtained from a rotating bending test using extruded rods, give an

overview of the load-carrying capability of magnesium wrought alloys.

The fatigue limits of AZ80 (F and T6 conditions), ZK60, and WE54 (both T6) are

comparable to that of the medium-strength AA 6082 aluminium alloy (T6).

Table 4: Fatigue strengths of extruded flat rods made of various Mg

wrought-alloys and one Al wrought-alloy
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6.4.4 Application Examples

Magnesium profiles offer great potential in a variety of application fields:

• fast-moving components with changing direction for computer hardware, textile print-

ing, and boxing machines
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• structural profiles for aircraft and space applications

• unit housings for the automotive industry, aircraft construction, and the military

sector

• frames for suitcases and luggage cases

The good prospects are not only envisaged for stand-alone Mg profiles, but also for

their use in a whole system together with weldable cast or forged parts, e.g. car body

frames. If this concept is successful in the early research programs, the use of magnesium

profiles will surely increase.

6.5 Forging Magnesium

In security related fields in particular, forged magnesium components have a number of

advantages compared to the commonly used die-cast parts:

• excellent static and dynamic strengths, especially with the fibres lying parallel to the

main load direction

• very good properties for pressure-sealed components because of a forging process

that prevents a porous microstructure

6.5.1 Alloys and Basics

Only alloys with sufficient deformability can be used for forging magnesium semi-prod-

ucts. Adequate forging of the hexagonal crystal structured magnesium is only possible for a

fine-grained microstructure. Among casting alloys, only the ZK and WE alloys meet the

requirements, with Zr or rare earth phases that result in a fine-grained microstructure. This

is only reproducible with special melting and casting techniques. These techniques make

the components very expensive, and therefore ZK and WE alloys are reserved for special

applications only.

Despite grain refining during casting, a sufficient grain size for AZ alloys cannot be

achieved with current methods. Another problem for forging is their multi-phase micro-

structure. However, with an additional extrusion process, a sufficient grain size for forging

can be achieved even for these alloys [10]. Relatively low costs compared to the ZK and

WE alloys and the much less complex treatment have led to widespread use of forged AZ

alloys in small- and medium-sized components. For big forged parts, however, only ZK

alloys can be used, since they do not need to be extruded first and are available in rods with

greater diameters.

Forged magnesium components are primarily produced on hydraulic presses. These

allow a controlled processing of the degree of deformation and the temperature compared

to mechanical machines. Hydraulic machines can also hold a certain maximum load, which

is beneficial for the squeezing of complex engravements.

Complex component geometries are usually produced in several forging steps.

Forging Magnesium
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6.5.2 Forged Components and their Properties

Magnesium parts forged in the direction of one axis show a higher tensile strength parallel

to the flow direction compared to other orientations (Fig. 9). The reason for this is the

hexagonal crystal structure, but this can be an advantage, e.g. for a radial compressor

wheel. However, components loaded in equal directions show an anisotropic behaviour. It

can be eliminated by cubic forging (Fig. 10), whereby the strength becomes almost isotro-

pic and adequate for a multi-axle load.
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Figure 9: Dependence of the tensile and compression strength on the

crystallographic orientation. Uniaxially compressed MgAl8Zn

(AZ80) circular blank according to [4]
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Figure 10: Three-axial dispersing (shown

schematically) to avoid directional

properties [2]

Figures 11, 12, and 13 show typical forged magnesium parts already used in helicopters

and a racing engine. These parts are charged with extraordinary static and dynamic loads.

Additionally, the racing engine is exposed to high temperatures.

Figure 11: Drop-forged component for a helicopter

(ZK30-T6, Ø 700 mm)

Forging Magnesium
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Figure 12: Drop-forged gearbox cover for a helicopter

(ZK60-T6, 1020 × 445 mm, 44 kg)

Figure 13: VANOS housing of WE43-T5 (200 × 80 mm)

The forged magnesium wheel in Fig. 14 is another example of a component that

requires much safety and performance.

The wheel was produced as a prototype at Otto Fuchs using a forgeable ZK30 alloy and

the same tools as used for an aluminium wheel of identical structure that is already

available in the market [11]. It weights 6.8 kg, which is 35% less than the aluminium

version. The strength is fairly isotropic since the deformation steps were uniaxial; the strain

on all parts of the wheel was found to be between 12 and 14% (Table 5).
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Figure 14: Prototype of a magnesium forged wheel

(ZK30), produced on the basis of the corres-

ponding aluminium part, which is already in

series production for the Audi A8 (wheel

size: 8Jx17)

Table 5: Strength properties of the magnesium wheel (ZK30)
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To assess the fatigue strength, the wheel was tested on a rotating bending machine. The

durability was found to be 8.5% of that of the corresponding AlMgSi1 wheel with equal

cut-off criteria (Fig. 6).

Table 6: Results of the rotation-bending test for the forged magnesium and

aluminium wheels (same design)
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To attain the required durability through adjusting the specifications of the wheel, FEM

methods were used to calculate the required increase in the wall thickness. In this way,

using the same design, the weight saving dropped to 10–15% compared to the Al wheel.

Forging Magnesium
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Figure 7 shows a summary of the properties of forged Mg wheels in comparison to

other wheel concepts.

Table 7: Characteristics of forged magnesium wheels (ZK30/ZK60) compared

to other concepts
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6.6 Conclusion

The presented examples prove that it is possible to produce complex parts by forging.

Even though the potential for Mg parts seems to be high, short- and medium-term

applications will be limited to specific cases. The main reason for this is the high price of

alloys that can be forged. Future alloy development will hopefully yield reasonably priced

alloys having the same properties. With higher batch sizes, the potential for price reduction

will then surely become a reality.

The situation for the extrusion of material is much better. Very complex hollow and

solid profiles can be manufactured, which contribute to lightweight construction due to

their favourable combination of properties. Another advantage is the possibility of using

the much cheaper standard wrought alloys, and so an increasing number of applications can

be expected in the near future.

The most important factor for the future of both deformation processes is a close

cooperation between producers and customers to determine the components’ specifications

and to guarantee a design appropriate for magnesium in an early stage of development.

Only in this way the specific advantages of these materials can be fully exploited and the

high price justified.
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7 High-Temperature Properties of

Magnesium Alloys
F. von Buch, B. L. Mordike

Institute for Materials Research and Technology, Technical University of Clausthal

7.1 Introduction

The increasing use of magnesium alloys, especially in the automotive industry, will reach a
limit when the currently available alloys can no longer meet the projected properties. For
this reason, efforts in alloy development have been growing in recent years. The aim is to
obtain alloys with improved ductility, corrosion resistance, and hot working abilities, which
also includes creep resistance.

This chapter gives an overview of the reasons why conventional alloys can only be used
to a certain extent at higher temperatures, and speculates on solutions for improving the
creep resistance of existing alloys. A short introduction to the relevant basic aspects of
material science is mandatory for an understanding of this.

7.2 Phenomenological Description of Creep

Creep is defined as the time-dependent plastic deformation of a material under constant
mechanical load (and at higher temperature). The result of measurements with creep testing
machines (a typical set-up is given in Fig. 1) is the creeping curve ε(t). Usually, ε(t) describes
the strain as a function of time at a constant temperature and load (Fig. 2). The derivative of
the (true) strain with respect to time gives the creep rate ε& , which is dependent on the stress,
the temperature T, and the time t, i.e. the strain ε reached after a certain time t.

If the creep rate is plotted against time for higher temperatures, it becomes obvious that
for sufficiently high temperatures (for pure metals, the following is valid: T > 0.4 T

m
 in

Kelvin, which is approximately 100 °C for Mg), the creeping speed can be separated into
three stages, the primary (or sliding), secondary (or “steady-state”), and tertiary (or accel-
erated) creep. On applying a load, the creep rate first decreases (i.e. with ε&&  < 0) in the
primary stage, and then becomes a constant deformation speed in the secondary stage (ε&&  =
0, ε&&  = ε&&

s
, secondary (steady-state) creep rate). The following tertiary stage (ε&&  > 0) ends with

the failure of the material (Fig. 4).
The material becomes increasingly strain-hardened in the primary stage, and thus the

deformation speed steadily decreases. In the secondary stage, the deformation speed reach-
es a constant value, which is indicative of an equilibrium between strengthening and
softening mechanisms in the material.

Magnesium – Alloys and Technology. Edited by K.U. Kainer
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim
ISBN: 3-527-30570-X
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Figure 1: Typical test arrangement for the recording of creep curves

Figure 2: Ideal creep curve of a material

effected by the stress s and

temperature T (σ
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 > σ
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 > σ

1
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 >
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2
 > T
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)

The tertiary stage, characterized by a dominant contribution from softening mecha-
nisms until fracture occurs (e.g. because of mechanical instabilities such as necking,
microstructural instabilities such as grain growth, recrystallization, and ageing, or the
forming and growing of cracks) is reached after passing through the steady-state deforma-
tion. The strain in this area increases exponentially with time. The different failure mecha-
nisms are listed in [83Ash]. For a wide range of temperatures and stresses, the major part
of the deformation occurs in the secondary (“steady-state”) stage, in which the deformation
speed remains constant.

This stage is the technically most important one, and hence some further information
about secondary creep is given below.

Phenomenological Description of Creep
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Figure 3: Relationship between the melting temperature T
m
 and

0.4 T
m
 in K for different pure metals

Figure 4: Derivation of the creep curve for

T
2
,s

2
, taken from Fig. 1, after

time t; primary, secondary, and

tertiary creep

7.2.1 Temperature-Sensitivity of the Secondary Creep

If it is assumed that the influences of temperature and stress on the secondary creep rate are
mutually independent, experiments concerned with the dependence of the secondary creep
rate on the temperature have proven that it can be described in a similar manner to
oxidation and diffusion procedures, using an Arrhenius approach:

ε&
s
 ~ exp(–Q

c
/RT) (7-1)

with:
ε&

s
 = secondary creep rate

Q
c
 = activation energy for creep

R = general gas constant
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This approach towards the analysis of creep of pure metals at higher temperatures has
shown that the activation energy for creep, Q

c
, for a given material is different for each

creep mechanism. Q
c
 can be viewed as a measure of the speeds determining the diffusion

processes. Additionally, the temperature dependence is determined by the Young’s modulus
and the stacking fault energy.

7.2.2 Stress Dependence of the Secondary Creep Rate

For the relationship between the stress and the secondary creep rate of many metals and
alloys, a similar description called “Norton´s Law” is used:

ε&
s
 ~ sn (7-2)

with: n = stress exponent
This expression is the basis for considering the “power-law creep”, which is often used

to describe high-temperature creep and has proved its utility through many explanations of
experimental results. The values of the stress exponent n vary with changing creep mecha-
nism and other factors. The value of n can be seen as an indicator of atomic-scale creep.

The combination of both dependences led to the following approach, which is capable
of describing real creep processes:

ε&
s
 = A sn exp(–Q

c
/RT) (7-3)

with: A = a constant

7.2.3 Creep Mechanisms

For creep, three basic mechanisms are relevant:

• diffusion creep
• dislocation creep
• grain boundary gliding

Diffusion creep is usually of no interest with regard to the technical application of
magnesium materials, since the stresses in the components are too high. However, disloca-
tion creep and grain boundary gliding have a fundamental significance.

Grain boundary gliding is based upon elixation of the grain boundaries at high temper-
atures. It can either result from a low heat resistance of the boundary phase and a disturbed
lattice close to the boundary area, or from complex and local solution/precipitation pro-
cesses and dislocation responses. During grain boundary gliding, the grains glide over each
other without undergoing any marked deformation (not mentioning geometrical necessi-
ties). Grain boundary gliding seems to be the main reason for the low creep resistance of
aluminium-containing magnesium die-casting alloys.

Dislocations carry the plastic deformation through the material and cause a deformation
of the whole sample. Dislocation creep is based on this effect, which leads to hardening at
low temperatures because the dislocations dam in front of material barriers (precipitations,
grain boundaries, other dislocations, etc.). At higher temperatures, the dislocations can by-
pass these barriers. Besides the so-called cross-slip, the main mechanism for by-passing is
the heat-activated “climbing” of dislocations, which is close to diffusion processes. For this
reason, the creep rate depends not only on temperature and stress, but also on material-
specific properties, especially the Young’s modulus (which seems to be the main reason for

Phenomenological Description of Creep
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aluminium having a much higher creep resistance than magnesium), the diffusion coeffi-
cient, and the stacking fault energy. While alloying cannot change the Young’s modulus, the
other two parameters may be greatly influenced. Besides, alloying elements (as solid
solutions or precipitations) can interact with moving dislocations and the resulting effects
may be efficiently used to prevent dislocation creep (Section 7.2.4).

7.2.4 Options for a Reduced Creep Rate

Apart from making reinforced materials and composites, the main options available for
reducing the creep rate in metals are precipitation and solid-solution crystal formation. In
alloy development, the main focus lies in adding elements to the melt that induce solid-
solution formation or precipitations. Solid solutions thus formed may have the following
advantages:

• a positive influence on the melting- and solidus temperature, as well as on the
interdiffusion coefficient

• reduction of the dislocation mobility since gliding is impeded
• lowering the stacking fault energy and stabilizing stacking faults by introducing

impurity atoms limits cross-slip

Precipitations within a grain and/or on the grain boundaries are another way of improv-
ing creep resistance. In this way, the dislocation movement is complicated and grain
boundary gliding is minimized. Dislocations, on the other hand, have no influence on
diffusion creep. The precipitations need to fulfil the following requirements for an opti-
mized effect:

• The distribution of the precipitations must be sufficiently dense that they cannot be
avoided. This is possible for precipitations that contain a major constituent of the
matrix, because even low concentrations of the element will allow a high volume
fraction of precipitations.

• The precipitations must be stable at high temperatures. The melting points of the
intermetallic phases and the binding enthalpies give first indications in this regard.
Another possibility is sequential precipitation, which means that new precipitations
are formed as soon as the first breaks down.

• The precipitations should be coherent with low interfacial energy and their compo-
nents should only diffuse to a small extent within the matrix. In this way, obsoles-
cence of the precipitations (“Oswald maturation”) is complicated and is shifted to
longer times and higher temperatures.

In this regard, as long as suitable alloying elements are used, precipitation hardening is
superior to solid-solution hardening because the effect of the latter is reduced with increas-
ing temperature. The best solution is a combination of both effects, i.e. a high density of
heat-stable and uncuttable precipitations and a solid solution that results in an increased
liquidus temperature, a stabilization of stacking faults, and a limited diffusion.

The following statements may be made regarding the effect of precipitations and dis-
persoids as a barrier to the movements of dislocations:

• the creep rate is lowered by several orders of magnitude
• the finer the dispersion, the greater the creep resistance
• primary creep is less dominant
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• the creep ductility is lower and the steady-state stage is shorter
• the stress exponent n and the activation energy Q

c
 may have higher values

Both the thermal stability of the particles and the strength play an important role, and
thus another time-dependent factor is added to the creep process. The most important
factors with regard to softening are:

• insufficient strength of the particles at higher temperatures
• a change in size and orientation of the strengthening particles (e.g. Oswald matura-

tion)
• loss of metastable phases at the expense of the equilibrium phase.

The particle-hardening is very complex, hard to evaluate, and hard to describe in theory.
During the creep test, the precipitation structure may change or become renewed through
the induction of stress. The load, structure, coherence, and volume fraction are also rele-
vant. Other indirect influences include stabilization of the dislocation orientations, the
fixing of sub-grain boundaries (recovery processes are limited), and stabilization of the
grain boundaries. These effects make the process even more complex. Precipitations at the
boundaries can either slow down or speed up grain boundary gliding. In cases where the
precipitations form a continuous seam at the grain boundaries, with low strength and high
viscosity, an accelerated creep rate will result. Strong and thermally stable precipitations
that remain at the boundaries will largely prevent grain boundary gliding and hence the
creep resistance will increase.

7.3 High-Temperature Properties of Pure

Magnesium

7.3.1 Deformation by Crystallographic Gliding

The only deformation mechanism for pure magnesium at low temperatures is a dislocation
movement of the closest-packed basal planes (0001) in two linearly independent directions
<11-20>. The ability of polycrystalline materials to undergo plastic deformation is given by
the “von Mises criterion”, whereby five independent gliding systems need to be activated in
each crystal to perform any possible deformation without cracking at the grain boundaries.
Lacking three systems, magnesium is very hard to deform at ambient temperatures. There-
fore, other gliding systems, especially twinning, become very important [84Hul].

At higher temperatures, however, the arrangement of close-packed planes is no longer
rigorously maintained, and three additional gliding systems become active, the simple
prismatic and pyramidal gliding, as well as the <c+a> pyramidal gliding. Through these
additional systems, cross-slip during creep becomes possible and barriers cannot only be
climbed but also passed by this means. This is the main reason for magnesium’s fairly low
high-temperature strength. The temperature required for the activation of the supporting
gliding systems partly depends on the alloying elements present and on the grain size. This
temperature lies between 200 and 250 °C for most conventional magnesium alloys; for
pure magnesium, 225 °C is necessary [69Eml]. Beyond this temperature, deformation
processes, such as rolling or extrusion, are possible in principle. Lithium, for example,
makes prismatic gliding possible at room temperature, and therefore alloys with Li have a
high ductility [96Nei].

High-Temperature Properties of Pure Magnesium
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7.3.2 Deformation by Twinning

Besides crystallographic gliding, twinning is another possible means of plastic deformation
in magnesium. At “normal” temperatures, twinning occurs on the pyramidal {10-12}
planes [69Eml]. Twinning is only possible under compression stresses applied parallel or
tension applied perpendicular to these planes because the c/a ratio is slightly smaller than
the ideal value. This explains why textured magnesium components (e.g. extrusions) show
differences in yielding for tension and compression. In [69Eml], further types of twinning
are discussed, but these are of little importance for plastic deformation. Twinning is a
thermal shear process and has little influence on high-temperature deformation, but a
certain contribution towards primary creep cannot be neglected.

7.3.3 Creep Behaviour of Pure Magnesium

The most important research papers on the creep behaviour of pure magnesium (most
notably [61Teg], [66Gib], and [72Cro]) published to date have been gathered in [82Fro]
and a “deformation map” for pure Mg has been established (Fig. 5). The data were not only
critically evaluated, but different statements were compiled. In deformation maps, areas of
different creep mechanisms of pure metals, depending on the grain size, stress, and temper-
ature, are plotted. All mechanisms are mutually independent, and the total creep rate is the
sum of contributions from all the individual mechanisms. For a better comparison of
different materials, the stress is normalized and the homologous temperature is used in the
deformation map.

Figure 5: Deformation map for pure magnesium with a

grain size of 0.1 mm [82Fro]
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The maps are based on steady-state deformation conditions. The grain size is given as
the most important criterion. The maps also include lines of equal creep rate. In many
cases, the region of elastic deformation is also given. In theory, creep begins at 0 Kelvin,
but it can be neglected since the creep rate can hardly be determined up to 0.4 T

m
. The idea

of extending the maps to three dimensions, as proposed in [81Oik], has not yet been
successfully accomplished. Nevertheless, maps for creep fracture already exist for a variety
of different materials [79Ash].

The deformation maps can provide the engineer with useful information as to how the
creep will behave at different temperatures and stresses. However, the maps are only
available for pure magnesium and not for alloys.

7.4 High-Temperature Properties of Magnesium

Die-Cast Alloys

7.4.1 General Issues

The strengthening effect of adding 4 to 9 weight % aluminium to the melt was known as
long ago as the 1920s. The die-cast alloys were sold under the name “Elektron” [39Bec].
Aluminium increases the maximum strength and hardness, with the strengthening effect
being based on solid-solution formation and an Mg

17
Al

12
 phase. Besides improving the

mechanical properties, aluminium significantly enhances the castability of magnesium
(eutectic system; T

E
 = 437 °C [90Mas]). On the other hand, at high aluminium contents, an

interdendritic Mg
17

Al
12

 grain boundary phase is formed, which lowers the strength at
application temperatures beyond 120 °C (Fig. 6). This disadvantage has long been known
[59Ray]. Moreover, alloys with Al and Zn show only limited ductility.

For this reason, in earlier years attempts were made to reduce the amount of aluminium in
the melt and to use different materials for alloying. In the production of the VW-Beetle, the
addition of silicon became established [80Höl]. The resulting alloys, AS21 and AS41, exhibit

Figure 6: Tensile strength of magnesium die-casting alloys as a

function of temperature [96NHM]

High-Temperature Properties of Magnesium Die-Cast Alloys
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a much better high-temperature strength and creep resistance than AZ91. Experiments with
Ca were abandoned at an early stage due to casting problems. The mechanism whereby high-
temperature and creep behaviour is increased is based on the reduction of the aluminium
content and the formation of the intermetallic phase Mg

2
Si (T

m
 = 1085 °C), which has a good

stability even at high temperatures. This is only valid for stresses that do not cut the precipita-
tions. Above 120 °C, AZ91 again becomes more creep-resistant because there is a greater
contribution from solid-solution hardening caused by aluminium [97Blu].

In this context, the AE alloys have to be taken into consideration [72Foe] (formation of
Al/RE and Mg/RE precipitations [96Pet], perhaps also of Mg

17
Al

12
 [96Wei]; no Mg/Sc

precipitations as thought in [98Blu] since there is no Sc included), though they can only be
produced by die-casting because of the formation of very large, stable Al/RE precipitations
on slow cooling. The series of AE alloys, with AE42 being the best alternative, are superior
to the AS series in terms of creep resistance [90Mer]. In [77Foe], the following classifica-
tion of creep resistance for conventional alloys is proposed: AZ91 and AM60 up to 110 °C,
AS41 up to 150 °C, AS21 up to 175 °C. The measurements were made with a negligible
creep strain of <0.1 % in 100 h at 35 MPa. The alloy AE42 was not commercially available
at that time, but its maximum application temperature is comparable to that of the AS
series. It should again be noted that creep is strongly dependent on the stress, and that creep
resistance can only be compared under conditions of equal stress. Changing the stress may
result in a shift of the application temperature and vice versa. This means that, for real
applications, AZ91 could be more creep resistant at low temperatures and high stresses
than AE42. The creep resistances of various casting alloys are given in Fig. 7.

Figure 7: Creep resistances of various casting alloys

7.4.2 Overview of the Literature

Magnesium cast components, as mass-produced products with the lowest density, are of
great technical importance, first and foremost in the automotive industry. Because strength
and creep resistance are often the limiting factors for using magnesium, e.g. in engine-
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related parts, much effort has been devoted to the observation of creep behaviour. Earlier
research mostly concentrated on the qualitative comparison of different alloys, but during
recent years the focus has shifted towards gaining an understanding of the working mecha-
nisms and obtaining basic knowledge to aid in future alloy and process development.

The primary creep of the alloys AZ81, AS41, and AS42 at temperatures in the range
100–150 °C and stresses from 34 to 67 MPa has been thoroughly investigated [76Löv]. The
results proved that alloys containing Si are far superior to the AZ alloy. They also showed
an activation energy independent of the stress of approximately 37 kJ/mol and a stress
exponent of n = 2.6 for all the alloys. This behaviour was rationalized in terms of jumps in
non-split screw dislocations representing the speed-determining step. The high A value of
AZ81 was attributed to the high dislocation density around the prevalent Mg

17
Al

12
 phase,

which appears due to high differences in the Young’s moduli. This research was later
extended to the alloys AE41 and AE42 [92Aun], again showing their superiority. Subse-
quent work confirmed the superiority of the AE alloys [97Che]. In [91Sum], it was con-
cluded from experiments on AZ91 and AM60 that below a load spectrum of 100 °C/
25 MPa, no heat-activated but only logarithmic creep occurs in these alloys.

The alloy AZ61 in T6 condition has been studied with respect to its inner stresses
[76Thr]. At 200 °C, the following stress exponents were observed: n = 4 for s < 100 MPa
and n = 10 for s > 100 MPa. Similar results were obtained from studies on AZ91 at room
temperature (n = 4.6; [91Mil]). Diffusion-controlled dislocation climbing was proposed as
the mechanism.

In [91Gje], the influence of extremely small grains on the creep behaviour of AZ91 was
investigated. The creep rate of AZ91 RS was shown to be two orders of magnitude higher
than that of the corresponding cast alloy. This behaviour was attributed to the very small
grain size of 1.5 mm compared to 11.6 mm. The stress exponent of n = 2 is suggestive of
grain boundary gliding. Adding Ca to the AZ91 RS alloy resulted in a much improved
creep resistance, comparable to that of the cast alloy. Very fine precipitations of Al

2
Ca,

which are stable at 150 °C, act as barriers to dislocation movements within the grain and
limit grain boundary gliding.

The results of further tests on AZ91 (made by different processes) have been compared
with the results of various other authors [97Mor]. From the almost identical n values, it was
concluded that the dislocation movement on the basal plane is the speed-controlling factor,
whereas precipitations that cannot be cut are more likely to act as barriers.

In many studies, the weakening effect of the Mg
17

Al
12

 phase on the grain boundaries has
been invoked as the limiting factor for creep resistance of AZ91. This has been called into
question in [97Dar] because weakening is only observed beyond 260 °C, and a heat treat-
ment usually contributes to the creep behaviour in a positive way, even though the amount
of the intermetallic phase increases. Based on these experiments, it was assumed that creep
resistance is caused by more pore formation in the material (growth of production-induced
pores and pore formation on the a/b boundary surface), which was verified by electron
microscopy. Investigations of the microstructure showed that distinctive basal gliding (or
twinning at higher temperatures) occurred and that grain boundary gliding was only sec-
ondary. This hypothesis is supported by [97Gut] and [97Reg]. In further works [98Dar], the
consequences of different structural constituents were demonstrated. Because of the small
activation energies (Q

c
 = 30–45 kJ/mol) and low stresses, it is assumed that the reason for

this is a discontinuous precipitation of the β form in the supersaturated α−solid solution
(with the same activation energy). The precipitation is combined with a (large-angle) grain
boundary movement, which supports the grain boundary gliding (n = 2 in this area). The

High-Temperature Properties of Magnesium Die-Cast Alloys
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alloys AS21 and AE42 are more creep-resistant because they not only contain less alumin-
ium, resulting in less precipitations, but Mg

2
Si rather than Al

4
RE precipitations, which also

prevent grain boundary gliding. At higher temperatures, the mechanism with the higher n
value, namely the climbing of dislocations, becomes relevant in determining the speed.

Table 1 lists the most important results of the various studies. It can be seen that the
values differ considerably between authors. The reason for this might be the different
production histories of the specimens, leading to differences in their microstructures. As
regards the actual mechanisms, there is no consensus between the authors. Nevertheless, an
evaluation of the alloys is possible, and it is clearly evident that the volume fraction and
dispersion of the Mg

17
Al

12
 precipitations has a tremendous influence on the creep behav-

iour of the alloys. It is also clear that heat-stable precipitations within the AS and AE alloys
positively affect creep resistance.

Table 1: Summary of the results of different authors in terms of creep of Al-containing

magnesium alloys; authors statements
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7.5 High-Temperature Properties of Magnesium/

Rare Earth Alloys

Magnesium alloys containing aluminium lack thermal stability. Therefore, from the early
days of alloy development, magnesium alloys were sought that could be applied at temper-
atures above 150–200 °C. Based on theoretical thoughts about developing creep-resistant
alloys, the positive influence of rare earth elements on the high-temperature properties of
magnesium was soon established (early summaries appeared in [37Hau], [38Bol], [39Bec],
and [49Leo]).

According to their behaviour in binary magnesium alloys, rare earth elements can be
divided into two subgroups, the Ce group (La to Eu) and the Y group (Y and Gd to Lu).
These two groups differ from each other according to the number of valence electrons (Ce
subgroup: 2, Y subgroup: 3), which leads to differences in their interaction with magne-
sium (“valence effect”). The solubilities of the Ce subgroup elements in solid magnesium
are much lower than those of the Y subgroup. During the decay of a supersaturated solid-
solution crystal of the Ce group, Guiner–Preston (GP) zones form with almost no incuba-
tion time, and turn into semi-ordered or incoherent precipitations [92Pol]. GP zones could
not be confirmed in alloys with elements of the Y group; instead, metastable coherent
precipitations appear after a certain incubation time [92Pol]. The rare earth elements of the
Ce subgroup are the most effective solid-solution hardeners, while Y group elements are
better suited for precipitation hardening. For both groups, it holds true that the solubility of
the elements in solid magnesium and the stability of the supersaturated solid-solution
crystal increase with increasing atomic number (“radius effect”) [98Rok]. With the help of
the rare earth elements, solid-solution hardening as well as precipitation hardening is
possible; the intermetallic phases have a low diffusion ability and show good coherence
towards the matrix [92Pek].

All rare earth elements (including yttrium) form eutectic systems of limited solubility
with magnesium. Therefore, advantageous precipitation hardening is possible and the ca-
stability is fairly good. The precipitations are very stable and increase the creep resistance,
corrosion resistance [96Nei], and high-temperature strength. This is due to heat-stable
precipitations on the grain boundaries, which limit grain boundary gliding, and by precipi-
tations within grains, which act as barriers to dislocations. The most widely used technical
alloying elements are yttrium and neodymium. Due to the high costs, these elements are
mainly used to form solid-solution crystals in high-tech alloys (Ce crystal: 50%Ce/23%La/
17%Nd/7%Pr; Nd crystal: 85 weight % Nd; Y crystal: 75 weight % Y [89Uns]).

The properties of different Mg/RE alloys (mostly Mg/Ce) and a comparison of the
different rare earth elements were the subject of early studies [49Leo]. It was shown that
La, Ce, and Nd improve the properties in the listed order. The influence of cerium has also
been described in [54Sau] and [61Gsc]. In small amounts, cerium affects creep resistance
in a positive way. At higher levels of cerium, the creep resistance increases but strength
decreases. The reason for this is given in [61Gsc]; cerium is a very effective solid-solution
hardener, but causes brittleness at higher amounts and failure occurs at the grain bound-
aries. Besides, cerium has little diffusion ability in magnesium [61Gsc]. In commercial
alloys, more Nd solid-solution crystals (“dydimium”) have been applied than Ce crystals.
Nd is more effective at improving creep resistance up to 260 °C [77Ray].

The effect of zirconium as a grain refiner was discovered in 1937 [54Sau] and this led
to the first heat- and creep-resistant alloys of the EK, EZ, and ZE series (with Nd-rich rare

High-Temperature Properties of Magnesium Die-Cast Alloys
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earth elements) [88Uns]. However, zirconium may only be used with alloys not containing
Al, Si, Mn, Ni, or Sb [54Sau]. Thanks to Zr, all technical alloys used nowadays have
sufficient strength [88Nai]. Adding zinc to these alloys improves the properties at room
temperature. Since Zr and rare earth elements have different effects, ZE alloys have higher
strengths but lower creep resistance than the EZ series alloys.

Later, silver was found to have a positive influence on the precipitation behaviour of
Mg/RE alloys [59Pay]. The QE series of alloys was then developed, having a further
improved creep resistance and high strength at room at higher temperatures, although the
use of silver resulted in rather poor corrosion resistance. The QE alloys have a high
temperature profile up to 200 °C, almost matching the alloys containing thorium [96Nei].
Thorium has become known as the best element for tremendously improving the high-
temperature properties of magnesium. These alloys form precipitations that are very stable
up to high temperatures (with Mg

23
Th

6
 precipitations at its end, incongruent melting phase;

T
m
 = 776 °C). These precipitations can be induced by means of a specific heat treatment

and they raise the recrystallization temperature and mechanically stabilize the grain bound-
aries [77Ray]. In commercial alloys (e.g. HK31, HM21), the precipitation sequence be-
comes more difficult with further alloying elements, but this has already been addressed in
earlier work [72Str]. The properties of binary Mg/Th alloys are improved up to 4 weight %
of thorium, beyond which no further improvements are possible [54Sau]. Since thorium-
containing alloys are slightly radioactive, thorium is no longer used as an alloying element
and such alloys are not commercially available. This restriction has made it necessary to
develop new highly creep-resistant alloys.

The improvement of the Mg/Y phase diagram [61Miz] and first studies of the mechan-
ical properties of binary Mg/Y alloys laid the foundations for further alloy research. Binary
Mg/Y alloys have already been proposed as high-strength wrought alloys in [66Lon].
These materials show an extremely high specific strength never before seen for a magne-
sium alloy. First experiments involving a T6 heat treatment have been undertaken and the
anticipated improvements in strength were indeed observed. These studies showed that heat
treatments under normal atmosphere are possible, despite some formation of Y

2
O

3
, as was

found later [71Wal]. The precipitation sequence, including the metastable and stable phases
(e.g. [72Miz]), and the ternary phase diagrams [77Ray] were the topic of many subsequent
investigations.

As reported in [71Svi], first studies of the constitution of the ternary system Mg/Y/Nd
showed that the solubilities of the elements Y and Nd in the Mg solid-solution crystal could
be reduced by first adding the other element. Thus, a greater volume fraction of precipita-
tions is possible by adding equal parts of the alloying elements. These experiments, cou-
pled with the fact that Nd has a positive influence on the mechanical properties, led to the
first studies of the Mg/Nd/Y/Zr system [75Dri]. Further development of creep-resistant
alloys led to multiple patents for this alloy series (e.g. [78Tik], [82Uns], [84Uns]) and the
commercial introduction of the WE alloys [89Uns].

Studies of the influence of alloying variations on this series of alloys showed great
potential. In [81Mor] and [82Mor], for example, the addition of 2 weight % each of Zn and
Nd to an Mg/Y/Zr alloy proved to be very favourable and correlated with later studies on
the influence of Nd on the mechanical properties [82Dri] and the formation of ternary
precipitations in the Mg/Zn/Y system [82Pad]. Studies on the heat treatment of the alloys
[82Mor] showed no influence at 300 °C because the precipitations are mainly formed at the
grain boundaries. Zn lowers the solubility of Y in magnesium and has a positive effect on
the alloy’s creep resistance. The activation energy for creep was found to be between 165
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and 212 kJ/mol at high temperatures. This was mainly attributable to the Y content of the
alloy; other additions had no significant influence (Table 2).

Two activation energies for the alloys Mg–6.2 weight % Y–3 weight % Nd–0.4 weight
% Zr and Mg–5.9 weight % Y–3 weight % Nd were determined in [83Mor]. Depending on
the prior heat treatment, activation energies of 60–68 kJ/mol were found for temperatures
ranging from 280 to 300 °C and 100–226 kJ/mol for higher temperatures. Between 200 and
280 °C, “jerky flow” occurred, but it could not be established which element had a suffi-
ciently high mobility to be responsible for this. It would seem to be Y, since the effect was
lower after a heat treatment, but other authors favour a hardening by Mg/Nd precipitations
[88Vos]. The results were partly confirmed in [85Hen], [86Hen], and [87Mor]. In these
studies, two different mechanisms, with two different activation energies, were found to be
dominant in specific regions of stress and temperature. At lower temperatures, the mecha-
nisms are mainly gliding (with dissolved impurity atoms limiting diffusion) and the climb-
ing of dislocations with activation energies close to that for self-diffusion [90Mor]. At
higher temperatures, there are two basic possibilities for interpreting the high activation
energies, i.e. the movement of screw dislocations by either jumps or intense cross-slippage.
A slight dependence of the activation energy is suggestive of the second mechanism
[90Mor]. The change in the mechanism also results in different stress dependences of the
creep rate. Heat treatment has no significant effect on the creep rate beyond 250 °C, which
can be attributed to an insufficient heat resistance of the acting precipitations [86Stu]. In
the alloys investigated in [83Mor], [85Hen], and [86Hen], no zinc was included so as to
prevent the formation of ternary Mg/Y/Zn precipitations, which show poor heat stability
[87Mor].

The alloys that emerged from these studies were introduced by Magnesium Elektron
Ltd. (MEL) as WE54 (Mg–5.1 weight % Y–1.75 weight % Nd–1.5 weight % rare earths–0.5
weight % Zr) and WE43 (Mg–4 weight % Y–2.25 weight % Nd–1 weight % rare earths–0.5
weight % Zr). A number of experiments concerning creep resistance were carried out with
these alloys.

At stresses between 180 and 225 MPa (T = 130–170 °C), WE43 was found to have an
activation energy of approximately 140 kJ/mol and a stress exponent of n = 14, but with
stresses from 32 to 80 MPa (T = 230–270 °C) the values changed to 170 kJ/mol and n = 4
[92Ahm2]. During creep, some precipitation-free zones formed and the material failed at
the grain boundaries. The creep behaviour of WE54 after different conditions of heat
treatment and production has been studied at stresses in the range 32–80 MPa and temper-
atures of 230–270 °C [97Kho]. The stress exponent was 4.5 for each material, and the
activation energies varied between 175 and 221 kJ/mol. No detailed explanation of the
underlying cause or of the acting mechanisms was given. Since the influence of Y and Nd
has only been discussed in the aforementioned earlier studies, [98Suz] investigated the Mg/
Y system, in particular with respect to the creep behaviour at 275 °C and 50 to 200 MPa, to
find out more about the mechanisms of creep. It was shown that small amounts of Y
tremendously increase the creep resistance. This can again be explained in terms of the
excellent ability of Y to act as a solid-solution hardener. A comparison with Al and Mn in
other studies showed Y to be more effective than the two more traditional elements.

The WE series of alloys have good castabilities and, with a prior T6 heat treatment, they
are very heat resistant, highly creep resistant, ageing resistant, corrosion resistant, and
show good fatigue strength. At the present time, the WE alloys represent the state of the art
of alloy development, having characteristic profiles comparable to those of aluminium
alloys. They may be used as casting or wrought alloys (e.g. [92Kin]), but mainly in the

High-Temperature Properties of Magnesium/Rare Earth Alloys
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Table 2: Summary of the results of the creep behaviour of magnesium alloys with Y; author

statements
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aeronautics industry (e.g. [97Arl], [97Gea]). As regards the mechanical properties, WE54
is slightly superior to WE43, which is more ductile and does not lose its ductility upon
prolonged heating [90Kin]. Nevertheless, WE43 is most widely applied in the industry.
Figure 8 shows the strength properties of the WE alloys as a function of temperature
compared to other magnesium alloys. Figure 9 compares the creep behaviour in the same
way.

Figure 8: Tensile strength of magnesium sand-cast alloys as a

function of the temperature [96MEL]

Figure 9: Time yield limit R
p0,2, 100,200

 of several magnesium alloys [96MEL]

In the last few years, many studies have dealt with the precipitation behaviour of the
WE alloys, but they shall only be mentioned in passing here ([86Stu], [88Vos], [92Ahm1],

High-Temperature Properties of Magnesium/Rare Earth Alloys
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[92Pol], [92Wei], [97His]). There have been proposals to increase the number of precipita-
tions by deformation with a two-stage heat treatment or by micro-alloying to further
increase the mechanical properties [98Hil].

The listing of the most important results of different authors in the field of creep
behaviour gives the impression that discussions concerning the mechanisms operative
during creep are not yet at an end. The interpretation of the results is still sometimes
controversial, despite the fact that a clear trend can be seen.

7.6 Potential Applications

7.6.1 Casting Alloys Containing Aluminium

Alloys containing a high proportion of zinc (e.g. ZA124) were proposed as early as the
mid-1970s as alternatives to the conventional alloys [77Foe]. These alloys have higher
creep resistance, excellent corrosion resistance, and good castability. Calcium was found to
increase the creep resistance (Fig. 10) and heat resistance. However, such alloys were never
introduced commercially. It is not clear today as to what initiated this development, but the
good properties of Mg/Al/Zn are acknowledged in modern works [98Zha], [99Boh], with
Ca again having a positive influence on creep [98Luo]. However, in contrast to [98Kin],
this study did not highlight the problems of castability, hot cracking, and glueing that arise
on adding Ca. As proposed in [94Luo], other strategies might be a change in the b-phase
structure by micro alloying or the generation of bigger grains by adjusting the alloying
contents.

Figure 10: Creep curves for AZ91 and AZ91 + 1%Ca (200 °C,

60 MPa) [97Som]

In other studies, aluminium was completely removed from the casting alloys, and more
rare earth elements were used instead [97Lyo]. On adding 2.5 weight % of rare earths and
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0.3% each of zinc and manganese, the creep resistance was found to be increased greatly
and reached values higher than that of the commercial creep-resistant alloy AE42 (Fig. 11).
The rapidly falling prices for rare earth elements will support this development.

Figure 11: Creep behaviour of a new Mg die-casting

alloy (MEZ) compared to that of AE42 [87Kin]

Magnesium’s significance in die-casting alloys is still rising and there are many devel-
oping institutions working in various research fields. Since magnesium/rare earth alloys do
not have any commercial significance, their development lags behind that of other alloys.

7.6.2 Magnesium/Rare Earth Alloys

Several studies on the properties of new magnesium/rare earth alloys have been made in
recent years, but their market segment and economic impact is very small and the amount
and variety of research work cannot approach that of publications dealing with AZx alloys.

At present, gadolinium and samarium are the most promising candidates. They have a
low solubility in magnesium and the alloys are therefore expected to be “reasonably
priced”. With Gd and Dy, high-strength alloys are possible, but the matter of their creep
resistance has not yet been addressed.

The binary system Mg/Sc and alloys based on it, such as Mg/Sc/Mn [99Buc1], Mg/Sc/
Ce/Mn [98Buc2], and Mg/Sc/Gd/Mn [99Buc2] show far superior creep behaviour to WE43.
Depending on the load spectrum and the alloy, the creep rates can be 100 times slower than
those for WE43 (Fig. 12). There are definitely many more questions to be answered, but the
high potential of this alloy system cannot be doubted.

Potential Applications



124 High-Temperature Properties of Magnesium Alloys

Figure 12: Creep behaviour of novel high-tech alloys compared

to that of WE43 (350 °C, 30 MPa) [99Buc2]

Usually, the high cost is invoked as an argument against using rare earth elements for
alloy development. However, with the break-up of the CIS, and China opening up to trade,
the increasing demand for rare earths will eventually lead to stable prices and a consequent
increase in research activity.
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8.1 Introduction

Magnesium is constantly gaining importance as a lightweight construction material. The

best known fields of application are vehicle construction, aeronautics, industrial handling

(robots, automation), and communication technology. In particular, the automobile indus-

try uses magnesium for gearbox housing, steering wheels, and body frames [4]. The main

reasons for this development are a changed environmental legislation, the customer re-

quirements, and corporate objectives, which require lower vehicle weights and thus lower

fuel consumption.

Despite high die-casting performance, especially with respect to parts with near-net-

shape properties, important functional surfaces such as sealing faces, bearing surfaces, etc.,

still need to be machined [1, 2, 6].

8.2 The Current State of Mechanical Treatment of

Magnesium

Knowledge about the machining of magnesium has been at hand since the 1930s–1970s.

However, the processing technology has advanced and new machine tools have higher

performances, and the alloys show different properties, hence this knowledge can only be

partly adapted [7]. In general, magnesium has very good machining properties, i.e. low tool

wear at low cutting loads and high surface qualities. New skills are very limited, and hence

the present study deals mainly with turning and milling [5, 8, 9].

An analysis of practices at different companies, all of which are engaged in the machin-

ing of magnesium in series, showed that currently only cutting alloys and synthetic isotro-

pic diamonds (PCD) are used, with the PCDs becoming more important for special tools.

The cutting parameters are related to those for aluminium. On the one hand, the machine

speed and cutting speeds are pushed to their limits according to the machine capabilities,

but the feed rate, with its influence on the essential operation time, is not used to its full

extent [11].

Different cooling lubricants are preferred by each of the observed companies. Despite

cautions against the use of water-miscible cutting fluids because of possible hydrogen

formation, emulsions as well as oils are used. The decision of what to use is mainly

determined by the cutting fluid policy within the individual companies.
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8.3 Safety Engineering

The safety engineering is very significant for the machining of magnesium. Magnesium is

dangerous when it has a big surface area, e.g. as a powder or small chips, because then it

becomes highly flammable. Tool breaking, tool wear, or unfavourable machining condi-

tions may result in heating beyond magnesium’s ignition temperature and so chips or

particles can catch on fire.

Taking a look at the production of magnesium gear components at VW in the 1970s, the

manufacturing was done on non-enclosed transfer lines or revolving transfer machines

without any lubricant. The machines and their peripherals were easily accessible. Machines

and workholdings had chamfers. Flying chips were contained with baffles. Despite these

precautions, chips collected in many places that could not be regularly cleaned. Small

ignitions occurred routinely, but they were extinguished with arc extinguishing media

(powder fire extinguisher and grey-cast iron chips) and with the help of the personnel [7].

Today’s manufacturing of magnesium components differs considerably in the machines,

tools, cutting parameters, and cooling lubricants employed. Currently, oil and emulsions

are mostly used as cutting fluids for series production. High cutting speeds and encapsulat-

ed machines increase the danger of deflagrations with oily lubricants, whereas hydrogen

evolution occurs with emulsions. Hydrogen has a low ignition energy, but also evaporates

easily. In the case of a burning during machining with emulsion, magnesium reacts with the

water [3].

The machine should have effective safety precautions for safely machining magnesium

under today’s conditions. A proper safety design includes a fire extinguishing device with

nozzles inside the working space and maybe even in the exhaust unit. The fire alarm system

should consist of a maximum heat sensor and an infrared sensor. Additionally, a hand lever

for the extinguishing system should be present at the control desk. The machine should

have a pressure valve at the ceiling to release overpressure in the case of evaporation.

Besides the lubricant feeding through the mandrel, the walls of the working space should

be watered continuously to remove chips and lower the load of combustibles [12].

8.4 Drilling

Drilling and fine-drilling is the main work involved in the production of many components.

Compared to milling or turning, the working area is not freely accessible. This gives rise to

many problems, such as the need for chip transportation and cooling, to mention only the

most important ones. Compared to turning and milling, it is much more difficult to improve

the parameters towards high-speed, high-performance drilling (high feeding speeds com-

bined with high cutting speeds) and dry processing.

8.4.1 Mechanical Load on the Tool

A knowledge of the cutting forces that occur is important for many reasons. It is important

for machine design (driving power), for tool design, and for clamping-piece design. It is

also necessary to consider any deformations that could occur in the working piece due to

these forces.

Drilling
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The mechanical load on the tool is determined by the parameters of cutting speed and

feed rate, besides the properties of magnesium and the tool geometry. The feed forces and

the drilling moment are measured and compared to the corresponding values of aluminium

to obtain information on the influence of these parameters. The feed force and drill moment

are almost constant for cutting speeds, v
c
, between 100 and 700 m/min and a feeding of f =

0.2 mm/rotation. The feed force required for machining aluminium is roughly 1.5 to 1.6

times higher than that for magnesium. The drill moment is almost equal for the two

materials.

Figure 1 shows the curve of the axial load and the drilling moment as a function of feed.

Increasing the feed results in increasing feed force and drilling moment, and a significant

influence of the material can be observed. The feed force at a feed of f = 0.1 mm/rotation is

nearly the same for the two materials.

Figure 1: Comparison of the mechanical tool load when

machining AZ91HP and AlSi9Cu3

With increasing feed, the force also increases, which is again true for both materials,

but at f = 1.2 mm/rotation, aluminium has a feed force 1.7 times higher than that of

magnesium. The drilling moment is determined by the cutting force, the friction between
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the land and the drill hole, and the chip transportation. It shows a significant difference

beyond a feed of f = 0.4 mm/rotation; at f = 1.2 mm/rotation, the drill moment for alumini-

um is 1.8 times higher than that with magnesium.

The mechanical load on the tool mainly depends on the tool geometry. In order to assess

the influence of this factor, experiments with different tools of the same diameter were

conducted. Figure 2 shows the feed force and the drill moment in relation to the feed. These

values cannot be compared with those in Fig. 1 since the melts were different. The feed

force is indeed highly influenced by the tool geometry, with the drill types II and III

producing much higher loads. At a feed of f = 1.2 mm/rotation, the feed force using the

type II and III drills is 1.5 times higher than that using of a type I drill, which can be

rationalized in terms of the size of the relief angle.

Figure 2: Effect of the drill geometry on the mechanical tool loads when drilling the

magnesium alloy AZ91HP

The drilling moment is also influenced by the geometry and preparation of the effective

surface. Measurements have shown that the drill types I and II have the same drill moments

throughout the whole feed range, whereas the drill moment for type III significantly

increases for feeds greater than f = 0.6 mm/rotation. The high including angles of s = 140°

of drill types II and I are responsible for this divergent behaviour; they reduce the cutting

force and the drill moment. Positive undercut angles also lower the drill moment, but this

seems to be of secondary concern in this case. Another cause of the higher values of the

drill moment are material segregations on the lands, which increase friction and thus the

drill moment (Fig. 3).

Drilling
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Figure 3: Material deposits on the chamfers of the straight-notched

drill (type III)

There are two main reasons for the segregations. The roughness of the type III tool

lands is greater than that for those of types I and II, and therefore material can add more

easily. The second reason is poor chip transportation with this tool, which could not be

improved by adding more lubricant.

Figure 4 shows the feed force and drill moment for different cutting materials and

coatings when machining magnesium. The parameters used were rather moderate. The

lowest mechanical load was achieved with a non-coated hard metal drill. The use of a

TiAlN coating resulted in a slight increase in the feed force, whereas a diamond coating led

to a significant increase. The drill moment was only slightly affected. The increase in feed

force was primarily based on the stronger roundings through the coating. The TiAlN

coating was 1–5 µm thick; the diamond coating was 3–5 µm. With the diamond-coated

drills, the edges in particular (e.g. the cutting edge) can have an even greater thickness. The

coating also influences the friction behaviour and the surface structure. For an uncoated

drill, the scoring and the chip-flow occur in the same directions. The score marks are still

noticeable for a TiAlN coating, but are no longer seen at all with a diamond coating. This

changes the conditions of the contact, thus influencing the resulting loads. For a PCD drill
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with changed cutting lip geometry, the same feed forces occur as for a hard metal drill, only

the drill moment is slightly higher.

Figure 4: Influence of the cutting material and the coating on the mechanical tool load when

drilling magnesium

Looking at the mechanical load on tools, it is obvious that, besides high cutting speeds,

an increase of the feed is useful for machining magnesium. The tool geometry has a big

influence on the load, whereas the cutting material, i.e. the coating, is rather unimportant. It

remains to be verified that the form and size errors and the attainable roughness are still

within the required tolerances.

8.4.2 Solid Drilling

The most important factors for evaluating the quality of a drilling are the deviation of the

cross-section and the roughness of the drill hole. A type I drill was used for these studies,

which turned out to be of no significance since even equal drills showed different concen-

tricity faults of up to ∆D = 25 µm.

Figure 5 shows the measured surface roughness as a function of the feed and cutting

speed. Increasing the speed has only little effect on the average roughness height, which

reaches good values irrespective of the cooling system used. The cutting speed was limited

to the maximum mandrel speeds of the two machines used (n = 15,000 min–1 and n =

24,000 min–1). At cutting speeds of v
c
 = 900 and 1100 m/min, the feed was increased to f =

0.4 mm/rotation to avoid vibrations at f = 0.2 mm/rotation.

Drilling
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Figure 5: Influence of the cutting speed and the feed on the drill quality

when drilling AZ91HP

Increasing the feed at constant cutting speed results in increased roughness. The maxi-

mum values for roughness amounted to R
z
 = 12 mm. The small differences that resulted

from a lubricant change cannot be completely explained in this way because several tools

of the same geometry were used.

Figure 6: Solid hard-metal drill in used condition (mass production)

The transferability of the results towards serial production was tested. Figure 6 shows

SEM images of a drill (type I) after a drill distance of approximately L
f
 = 3500 m.
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Production was carried out at a cutting speed of v
c
 = 480 m/min and a feed of f = 0.9 mm.

Oil was used as the cutting fluid. Cutting edge no. 1 of the drill shows several small cracks

and is damaged by flaking. Cutting edge no. 2 shows a large-area crack, as a result of

which it could no longer be used. The diagonal cracks on the first edge are the first

indications of further failure.

8.4.3 Reaming/Precision Boring

Figure 7 shows some examples of clearance holes made by precision boring and a single

cutting edge reamer. A 15 mm diameter tool was used with emulsion as the lubricant, and a

20 mm tool was used with additional oil. The tool diameter, the maximum mandrel speed,

and the resulting cutting speeds were again limited by the machine. Increasing the feed up

to f = 0.3 mm/rotation did not reduce the drilling quality. Axial overhang of the cutting

edge towards the guide rail was used, which also limited a further increase of the feed.

The drill-hole diameter was within the tolerance limit IT7 for all tests. Using the cutting

fluid oil, the average roughness value was between R
z
 = 0.6 and 1.6 µm, whereas using an

emulsion it was between R
z
 = 1.1 and 3.2 µm. Because of the more effective lubrication,

the roughness is lower for oil.

Additional tests with a “double-edged” reamer were carried out to realize feeds of

greater than f = 0.3 mm/rotation. This tool operates on the same working principle, but has

an additional cutting edge on the perimeter. Furthermore, the axial leads of the cutting

edges are changed with respect to the guide rails, allowing much higher feeds.

Figure 7: Influence of the cutting speed and the feed on the drill quality when reaming

AZ91HP

Figure 8: Averaged roughness when reaming AZ91HP with a “double-edged” tool

Drilling
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Figure 8 shows the average roughness heights of drillings made with this tool at cutting

speeds of v
c
 = 500 m/min and feeds up to f = 1 mm/rotation. Hard metal and PKD were

used as cutting materials, and the guide rails consisted of PKD. Both materials allow

maximum feeds of f = 1 mm/rotation, i.e. a feed rate of v
f
 = 8 mm/min, with a high quality

being achieved. However, analysis of the cutting-edge wear showed the appearance of

cracks with these parameters (Fig. 9).

Figure 9: REM micrograph showing the

cutting-edge wear

Figure 10 shows the drilling quality in terms of the diameter deviation and the average

roughness when reboring AZ91HP with a solid tool tipped with four PKD cutting edges.

The cutting edges are not distributed equally with this tool. The shaft is made of hard metal

for stiffness. This tool could be used at cutting speeds up to v
c
 = 500 m/min; at faster speeds

it began to jar. The feed for reboring can be as high as that for drilling or reaming. When

using oil, the drill quality is independent of the feed, the diameter deviation is in the range

∆D = 2–7 µm, and the averaged roughness lies in the range R
z
 = 1–2 µm. The use of

emulsion has a negative effect on the roughness, i.e. a decreased surface quality, in accor-

dance with the results from reaming.
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Figure 10: Influence of the cutting speed and the feed on the drill quality when reboring

AZ91HP

Both increasing the cutting parameters and a change in the production strategy can

optimize the processing time of a part. For machining magnesium, high cutting parameters

may be used. The primary time required to reach a hole depth of 40 mm as a function of the

applied tool and its different cutting parameters is given as an example in Fig. 11. All listed

combinations of the tool and its parameters produce a part of almost equal quality. The

comparison starts with a conventional multi-cutting-edge reamer that needs 16.8 s to drill

such a hole. Use of an optimized multi-cutting-edge reamer already reduces the primary

time to 2.5 s, while with a single-edged reamer and its specific cutting parameters, it only

takes 0.3 s. The “double-edged” reamer, with its significantly higher feed, would even

allow a theoretical time of 0.1 s. However, it is questionable as to whether this would

reduce the overall cycling time since much time would be needed to reach the desired

mandrel speed. Taking this acceleration time into consideration, the use of the “double-

edged” tool with a reduced cutting speed but with a much higher feed would still be

favourable. With this combination of parameters, the primary time rises by 0.2 s and the

tool endurance is increased.

Drilling
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Figure 11: Primary processing times for several reaming methods

8.5 Micro Lubrication System (MLS) for Machining

Magnesium

Disposal costs and ecological awareness are increasing and so the use of lubricants is

questioned, especially in the machining branch. The aim is for dry lubrication, but this is

still not possible for drilling and even less so for precision boring. The required quality is

not attained and tool wear is severe. MLS represents an alternative in that only minimal

amounts of lubricant are supplied (< 50 mL/h). For the machining of aluminium, similar or

even better results could be obtained for single cutting edge reaming with MLS instead of

emulsion [10].

Experiments on drilling, reaming, and reboring were carried out with minimum lubrica-

tion. For this, the above-mentioned tools were used because their geometry is already

adapted to the needs of MLS. Figure 12 shows the effect of the lubrication system on the

averaged roughness. In the case of reboring, the same results are achieved with oil and

MLS, while the use of emulsion results in worse roughness. This mainly stems from the

fact that oil has the best lubrication efficiency. MLS also uses oil for lubricating, and

despite the very small amount it is directly fed to the acting areas. With a 5% emulsion, the

cooling comes to the fore.

The best procedure for machining magnesium in terms of safety is based on oil and

emulsion lubrication. It has yet to be established whether a revised protocol is necessary for

MLS, but it is obvious that higher temperatures occur in the tool, the workpiece, and the

machine. Chip transportation out of the working zone is facilitated by the carrier medium,

but chips will not be removed from the machine unless it is redesigned. The matter of the

binding of the smallest chips or dust has yet to be addressed for MLS.
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Figure 12: Influence of the cooling system used during precision boring

8.6 Machining Magnesium MMCs

Metal matrix composites (MMCs) consist of the matrix alloy, mostly aluminium or magne-

sium, and a reinforced ceramic phase. Such heterogeneous composites have many advan-

tages, such as higher specific strength, lower thermal expansion, and improved wear resis-

tance. Known applications are as particle-reinforced brake discs, reinforced cylinder bar-

rels, fibre-reinforced diesel engine pistons, and reinforced extrusion profiles [13–18]. These

components have hitherto been based on aluminium, but with its low density (s
Mg

 = 1.7 g/

cm3; s
Al

 = 2.6 g/cm3) magnesium will become an interesting substitute. Various processes,

such as squeeze-casting, spray-forming, powder metallurgy, and gravity casting, are used

to manufacture composites [19–21]. Most moulding processes permit almost final outlines,

but many still require a finishing by machining because of the better size and shape

accuracy, i.e. defined surface qualities.

The above survey of non-reinforced alloys demonstrated that magnesium has excellent

machining abilities and is even amenable to HSC machining. This is evident from the low

tool wear and low tool loads, as well as the good surface qualities. However, the machining

of composites is a different matter. The main problem with machining composites is of

course the high tool wear caused by the hard and abrasive fibres or particles. New and

economically viable methods must be developed for a further industrial use of composites.

Polycrystalline diamonds are successfully used for machining composites; they are very

hard and thus very abrasion resistant. Two limitations still have to be considered. Multiple

tooling with PCDs is difficult and the design of complex tools (e.g. screw taps) is limited.

Another problem is the very high costs; a 6 mm drill costs 350 € compared to 35 € for a

Micro Lubrication System (MLS) for Machining Magnesium
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corresponding hard metal tool. However, coating technology is advancing, and therefore

solid hard metal tools coated with TiAlN or diamond might become established for ma-

chining composites.

Knowledge of the correct machining parameters is of vital importance for an optimized

machining process. However, since the volume of magnesium composites produced is still

small, these parameters are still imperfect. The same is true for the choice of a specific

cutting material, i.e. the coating for each composite.

8.6.1 Experimental Constraints

Experiments on the machining of magnesium composites have been focused on drilling for

several reasons. First of all, drilling has tremendous implications for screw and rivet joints.

Furthermore, specific difficulties such as chip transportation through a narrow flute do not

arise in the same way as in milling or turning. Additionally, tools with PCD coatings are

very costly and complex, hence this area in particular will profit from the development of

hard material coatings.

For the experiments, solid hard metal drills of the type HW K10 with a fine grit of <

0.7 µm (FK), i.e. 1–3 µm (MK) and a four-sided cut were available. The TiAlN (3400 HV)

and diamond coatings (10,000 HV) were segregated with PVD, i.e. CVD, on the fine-

grained hard metal tools.

The first magnesium composite studied was a fibre-reinforced AZ91 cast alloy contain-

ing 20 vol.% δ-Al
2
O

3
 short fibres (800 HV) made by squeeze-casting. The second material

investigated was a particle-reinforced ZC63 alloy containing 12 vol.% SiC particles (3400

HV, D = 10 µm). The latter is a commercially available composite made by traditional

melting metallurgy.

8.6.2 Tool Wear

The tool wear when machining magnesium composites must be considered fairly early,

while for non-reinforced magnesium alloys wear at the cutting edge only occurs after long

drill distances (cf. Fig. 6). The wear mechanism responsible is abrasion caused by the hard

reinforcement fibres or particles (800–3400 HV). During machining, these particles or

fibres impinge on the cutting edge and slip on the flank and the face of the tool. In this way,

the cutting material is mechanically and thermally stressed, especially under dynamic

loads.

Different abrasion mechanisms can be operative depending on the relationship between

the cutting material and the reinforced phase of the composite. The hardness, volume

fraction, and dimensions of the hard material are especially important (Fig. 13).

Zum Gahr distinguishes between micro-ploughing, micro-fatigue, micro-machining,

and micro-cracking [22]. Micro-ploughing occurs when a hard particle enters the materi-

al’s surface, the cutting material in this case, and causes plastic deformation through the

relative movement. If only pure ploughing occurs, no material is removed. If several

particles enter the surface, the multiple plastic deformation leads to fatigue and ensuing

abrasion. This abrasion mechanism is usually of secondary importance in machining, as the

cutting materials are typically very strong and resistant towards plastic deformation. Never-

theless, high stresses at the contact areas between the cutting material and reinforcement
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phase can lead to plastic deformation. In micro-machining, the material is removed as

small chips. This mechanism mainly occurs when the cutting material is much weaker than

the reinforcements and the grain size of the cutting material is smaller than that of the

reinforcement particle or the fibre size. In the case of micro-cracking and fatigue, small

cracks are initiated in the cutting material due to the high dynamic loads that occur when

the particles or fibres hit the cutting edge surface. Thus, the cutting material needs to be

harder than the reinforcements.

Drilling experiments were conducted with a fibre-reinforced magnesium alloy and

uncoated hard metal drills. The hardness of the reinforcement phase was fairly small, and

hence a constant tool wear was predicted. This assumption was confirmed by experiments

in which the cutting speed was varied (Fig. 14).

The tool wear of the drill flanks measured 25 to 45 mm. Higher cutting speeds led to

higher tool wear. As a consequence of the contact between the cutting material and the

reinforcement fibres, the surface is smoothened, as confirmed by SEM analysis. This

behaviour is suggestive of micro-cracking, where micro-cracks are initiated on the tool

surface by particles hitting it. Afterwards, particles from the cutting material become loose

and smooth the surface by gliding movements comparable to lapping. The increased wear

of the flanks with increasing cutting speed is attributable to dynamic stresses, which result

in crack formation. Another influencing variable is the higher thermal load on the cutting

material, which also increases with increasing cutting speeds.

At the maximum cutting speed, v
c
 = 300 m/min, i.e. with the highest flank-wear,

additional measurements with TiAlN and diamond coatings were carried out. Different

results were obtained for these two coatings. The TiAlN coating is much harder than the

substrate; it sticks to it very well and has a good wear protection. The flank-wear is much

reduced compared to that with the various non-coated hard metals. However, the topogra-

phy of the active surface is also somewhat smoothened, pointing to micro-cracking as one

wear mechanism. With diamond, on the other hand, significant flaking occurs. Two reasons

may be proposed for this failure. On the one hand, the problem might be insufficient

Machining Magnesium MMCs

Figure 13: Abrasion wear mechanisms
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coating stability, resulting from non-optimal substrate preparation or errors during the

coating. Impact stresses of the fibres at the higher cutting speeds might be another reason.

The fracture toughness of the extremely hard diamond coating (10000 HV) is evidently

much higher than that of the corresponding TiAlN coating (3400 HV), which might explain

the flaking. It is clearly apparent that optimized cutting parameters are required for a

successful use of coatings.

Figure 14: Tool wear when drilling fibre-reinforced magnesium

The influence of the feed on the flank wear was analyzed for fibre-reinforced AZ91 at a

cutting speed of v
c
 = 75 m/min (Fig. 15). Higher feeds were found to lower the wear on the

flanks. Increasing the feed directly influences the feed force and therefore the mechanical

stress as well. Despite this, higher feeds with equal drill distances have a greater influence

because they reduce the contact time between the cuts and the reinforced material. General-

ly speaking, higher feeds are favourable. When drilling thin structures, however, care must

be taken to avoid possible deformations of the components.

Particle reinforcements cause considerably higher tool wear than fibre-reinforced mag-

nesium alloys (Fig. 16).

Using an uncoated hard metal drill, an experiment had to be aborted early after a drill

distance of L
f
 = 100 mm, since wear had already advanced too far. The tool’s flanks showed

deep ridges, probably caused by micro-machining. In this case, the hard particles are able

to ridge the weaker tool material. This can be prevented by means of a diamond coating,

but there will be progressive wear as soon as the diamond coating is removed from the
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cutting edge. The bonding of the coating is very good in this case, and therefore it is

assumed that the failure of the coating is mainly due to a low fracture toughness combined

with high dynamic stress.

Figure 15: Influence of the feed on the tool wear

when drilling fibre-reinforced magnesium

The diamond coating behaved better at a higher feed of f = 0.4 mm/rotation. Only the

edges of the cuts showed some coating failures. This means that a diamond coating is more

suitable for pressure loads from higher feeds than for dynamic loads as occur with high

cutting speeds.

A closer SEM analysis of the diamond-coated cutting edges showed no abrasion ridges

like those seen on the hard metal. Flattened active surfaces could be seen instead, again

pointing to micro-cracking as a wear mechanism.

The reference for these experiments was a diamond-tipped drill, which showed the least

flank wear despite a twofold greater drill distance.

Machining Magnesium MMCs
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Figure 16: Tool wear when drilling particle-reinforced magnesium

8.6.3 Mechanical Tool Load

The force measurements during the drilling of non-reinforced AZ91 showed only small

loads on the tools. Comparison between the reinforced and non-reinforced material is

supposed to show any change in the tool stress. Figure 17 shows measured feed forces and

drill moments during the machining of various magnesium composites.

The comparison refers to very short drill distances, to eliminate influences of the tool

wear on the force. As already assumed, the values of the feed force and drill moment are

lowest for conventional magnesium. A reinforcement, whether particle or fibre, invariably

leads to higher loads. The drill moments are identical despite different matrix alloys and

different reinforcements, i.e. volume fractions. However, the feed force shows greater

differences. While the feed forces are almost equal among the short-fibre alloys, they are

significantly higher for particle-reinforced alloys.

Figure 18 shows how the tool wear acts on the mechanical tool stresses. It displays the

feed forces and drill moments for hard metal and polycrystalline diamond (PCD) as a

function of the drill distance. Using the hard metal tool for machining, flank wear occurs

very quickly in the shape of a rounded cutting and chisel edge. Thus, the contact areas

between the material and the cutting material grow, the friction rises, and more chipping

occurs. Additionally, the feed force increases from 450 N to 1100 N, whereas the drill

moment only increases by 50%. In comparison, the diamond tool is charged with less stress
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Figure 17: Feed force and drill moment when drilling various magnesium composites

Figure 18: Influence of the tool wear on the feed force and the drill moment when drilling

particle-reinforced magnesium
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(F
f
 = 190 N, M

b
 = 0.3 Nm), which remains almost constant throughout the whole drill

distance. Similar behaviour was observed with a diamond-coated tool (not shown in the

figure).

8.6.4 Component Quality

The properties of the machined workpiece surface are important criteria for the evaluation

of the material machinability because the surface determines the serviceability. The ma-

chining directly influences the surface fringe; the physical properties (microstructure,

hardness, internal stress) and the geometrical properties (shape deviation, roughness, wav-

iness, and surface damage such as cracks) are especially important. To characterize the

surface properties after machining, the surface roughness was examined and the surface

was analyzed by SEM. Furthermore, the microstructure was analyzed.

The measured roughnesses following drill-machining of magnesium were rather low.

The arithmetic mean average roughness lay between R
a
 = 0.1 and 0.7 µm for both fibre-

and particle-reinforced magnesium composites. The averaged roughness was R
z
 = 0.8 to

4 microns. The roughness changes during the course of the machining. New tools are very

sharp and cause a greater roughness than partly worn and rounded tools that have served a

certain drill distance.

Figure 19: Surface and fringe when drilling particle-reinforced magnesium
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The trend in the hole diameters was rather variable, with both undersized as well as

oversized holes being measured. Besides thermal expansion of the composite, mechanical

yielding of the material itself is another reason for this. Polycrystalline diamond has good

heat conductivity, thus the process temperature is low. Therefore, the composite does not

expand and this is not the cause of any undersized holes. On the other hand, this effect will

arise with hard metal tools, especially at higher cutting speeds.

The influence of the machining on the surface properties is very important for compos-

ites, because it may adversely affect the component’s function. Broken fibres were detected

in the drilling experiments on AZ91. This influence of the fringe area was caused by plastic

deformations at the fringe. However, this effect mainly occurs at a higher tool wear and

more in the direction of the perimeter than in the longitudinal direction. The influenced

zone extends to approximately 20 mm.

Figure 19 shows an extraordinary example of edge-zone influences. With particle-

reinforced magnesium composites, the tremendous wear on the hard metal drill causes an

extended layer of plastic deformation up to 200 µm deep. The diamond-tipped drill, on the

other hand, shows no influence at all after L
f
 = 800 mm.

There are differences between the surface topologies drilled with hard metal or PCD-

coated drills. The plastic deformation forms a very flat surface with the hard metal, and

depositions can still be found in some areas. The PCD-drilled surface shows characteristic

pores. This occurs because particles lying close to the surface are separated by the hard

cutting edge of the tool.

8.7 Summary

Magnesium is capable of heavy duty machining; this was shown by the tests concerning the

load on tools. The feeds currently used could easily be increased, but it is unreasonable to

increase the cutting parameters beyond those used here in experiments on drilling and

reaming. No further reduction would be achieved, since the end of the machine’s dynamic

range would then be reached. It makes more sense to optimize the cutting speeds and

especially feeds for complex machining operations. For drilling and precision boring, a

high quality is attained, even for increased cutting parameters.

Changing to a minimum amount of lubrication does not reduce the drill quality either.

The need to adapt the safety concept toward the MLS still needs to be discussed.

Machining experiments on reinforced magnesium alloys have shown that the tool wear,

depending on the reinforced phase, is much higher compared to that with conventional

materials. This wear corresponds to the hardness of the reinforcement phase and the

hardness of the cutting material. Wear can be reduced using diamond-tipped tools. Hard

material coatings based on TiAlN or diamond offer an alternative to PKD tools. Optimiza-

tion of the cutting parameters and an adjustment of the coating hardness to the reinforce-

ment hardness are fundamental for a successful application. The tool load is increased

irrespective of the tool wear through particle- or fibre reinforcement. As regards compo-

nent quality, i.e. roughness of the machined surfaces, the roughness heights are low. The

diameter deviation on drilling ranged from undersize to oversize. Drilling particle-rein-

forced magnesium with hard metal led to an extensive influence of the fringe area.

Machining Magnesium MMCs
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9 Joining Magnesium Alloys
A. Schram, Chr. Kettler,  ISAF, Technical University Clausthal

9.1 Introduction

The growing environmental impact of vehicle emissions, scarce resources, and the con-

straint to save energy have led to extensive research work with the aim of developing

extremely light and at the same time recyclable construction materials. With this in mind,

magnesium and its alloys are constantly gaining more importance. Besides the develop-

ment of new alloys with improved properties, it is also necessary to study their joining

ability with respect to high performance welding techniques and special joining methods in

order to create the basic requirements for specific applications.

Magnesium alloys have become important materials for cast mass products and semi-

products in a variety of industrial fields, such as the automobile branch, the computer

industry, and in communications and electronics. For a more extensive use of magnesium

and its alloys in these industrial areas, there need to be more concepts developed for

magnesium alloys with special regard to the mechanical and tribological as well as the

physical properties of the materials.

This chapter gives an overview with regard to the joining of magnesium alloys. Besides

the development of joining, emphasis is also placed on single joining methods and their

special features in relation to the process. The aim is to give an overall impression of the

possibilities concerning the joining of magnesium alloys.

9.2 The History of Joining Magnesium

Some 116 years ago, in 1886, the first magnesium production through electrolysis started

in Hemelingen and introduced a new era for technically usable magnesium. However, it

took until 1921 for the production of magnesium to become suitably developed to yield

fully operational materials.

The publications on joining referred to gas welding and the optimization of the welding

flux and the additives required for welding (G. Michel, 1924). Gas welding is not used

anymore; it does not meet the quality standards for either mechanical properties or for

corrosion resistance. For brazing, a similar approach as for aluminium was proposed

(Magnesium Handbook 1923), but at that time brazing did not play an important role in

joining.

The worldwide production of magnesium was 30,000 t at the beginning of World War

II, reaching a maximum of 235,000 t in 1943. Within the scope of developments in aero-

nautics and motor sports, especially racing, magnesium alloys increasingly gained impor-

tance. Concomitantly, joining technology was developed, which allowed the use of magne-

sium as a construction material for the first time. Riveting was used more and more next to

welding. The rivets were processed in hot condition, or else aluminium rivets containing 3–

5% magnesium were used because these enabled processing at room temperature.

After the war, arc-welding was mainly used. New joining techniques also offered new

application possibilities for magnesium, until the interest in magnesium greatly diminished

Magnesium – Alloys and Technology. Edited by K.U. Kainer
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim
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at the beginning of the 1970s. Recently, magnesium has undergone a renaissance and this

has also prompted new interest in economical joining methods.

Today, high-performance arc-welding processes and, to a great extent, beam-welding

processes as well, are of great interest because they offer new possibilities when consider-

ing the energy infiltration or economic aspects for mass production [1, 2].

9.3 The Different Joining Processes

9.3.1 Arc-Welding

Two main processes are used, the metal inert gas (MIG) process and the tungsten inert gas

process, i.e. inert arc-welding with a non-consumable electrode (TIG; tungsten inert gas

welding). Both methods need only little capital expenditure for new facilities or can use

already existing ones. Moreover, both processes may be used for manual welding, which is

of importance for small unit volumes or repairs. The disadvantages are lower welding

speeds, significantly more extensive heat-affected zones, and higher part distortions com-

pared to beam-welding.

9.3.1.1 The TIG process

Usually, alternating current is used for the TIG-welding of magnesium. As with aluminium,

the positive pole is needed to break apart the oxide layer, while the negative pole reduces

the heat load at the non-consumable electrode. Today’s TIG arcs attain 5 mm in length

without any disturbance of the process stability. As inert gas, mainly argon mixed with

helium is used, the latter having a positive effect on the penetration depth.

Through flexible use of welding additives, in particular the seam’s cross-section and the

notch effect of the seam’s flanks can be minimized. The use of a filler rod as a bar opens

the process to a wider spectrum of available magnesium alloys and is cheaper than using a

rolled filler rod. However, a mechanized process still requires the more expensive rolled

version.

9.3.1.2 The MIG process

In the past, MIG was only used to a limited extent for welding magnesium. Compared to

TIG, welding with a consumable electrode leads to some specific problems with the

material:

• melted drops explode at the wire’s tip during the separation process and cause splat-

tering

• the amount of energy conveyed to melt the base material is limited due to the low

thermal and electrical conductivity

• difficulties stemming from a specific drop detachment from the welding wire because

of low amperage and magnesium’s low density

• the minimum wire diameter is 1.6 mm, which leads to tremendously raised seams for

component thicknesses < 2 mm.

Depending on the deposition rate, two different arcs occur in the welding of magne-

sium. At low wire feeds, a short-circuit arc is used for welding, whereas an impulsion arc is

used at medium speeds; these influence the seam geometry in characteristic ways (Fig. 1).

The Different Joining Processes
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Figure 1: Micrograph of an arc-welded seam

The TIG and MIG processes represent the current state of the art as regards the welding

of cast parts in maintenance and production. There is increasing interest in their use in

engineering [3, 4].

9.3.2 Laser-Beam Welding

With the invention of the first CO
2
 and Nd:YAG lasers in the mid-1960s, the application of

lasers for material working began. Since then, laser systems have been increasingly used

for working with materials, and since the 1980s this has been viewed as a key technology,

especially for joining components.

Laser-welding can be divided into two types, which differ from each other in the laser

generation and source. On the one hand, there are gas-lasers, their laser source being a

resonator filled with a defined gas mixture. Solid-state lasers, on the other hand, have a

crystal rod made of neodymium-doped yttrium/aluminium garnet.

The key difference between the two systems lies in the wavelength l of the emitted

light. The wavelength l of a solid-state laser is 1.06 microns, whereas that of a CO
2
 laser is

l = 10.6 microns. This difference can have a tremendous influence on the welding speed,

depending on the absorption behaviour of different materials. Both systems have specific

advantages, justifying a parallel use. A CO
2
 laser can have an output power of more than

30 kW and is more efficient than a Nd:YAG laser at 20–30%.

Modern solid-state lasers have a maximum output power of 5 kW, and their efficiency is

around 10%. These values approach the limits for their technical use. The big advantage of

a solid-state laser is that it is possible to use fibre optics for the beam guidance. This allows

a very flexible application of the laser system. In addition, the Nd:YAG laser can work with

a pulsating induction of energy, and thus even materials with poor absorption behaviour

can be fully penetrated [5].

For all measurements carried out to date, solid-state lasers with 1 to 2.5 kW output

power have been used. The sheets welded were between 1.0 and 3.2 mm thick and the
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welding speed ranged from 2.5 m/min up to 9.0 m/min (Fig. 3). The excellent absorption

behaviour of magnesium is crucial in this regard. Laser-welded magnesium wrought alloys

almost match the base material strength; pores and penetration cuts can be eliminated by

suitable adjustment of the parameters [6]. Figure 3 shows a schematic representation of a

laser-welding.

Figure 2: Schematic of the laser-welding process

Figure 3: Cross-sectional view of an Nd:YAG laser-welding

The Different Joining Processes
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The only limitation for welding magnesium alloys is the lack of available welding

wires. As yet, only AZ61A and AZ92A are available as addition materials. Besides, wires

of less than 1.6 mm in diameter are rare, and below 1.2 mm nothing is available at all. The

price of the material is still too high for an economic use due to a complex production

process and a low demand. However, the extension of the application field to automated

welding should have a positive influence.

9.3.3 Electron-Beam Welding

Electron-beam welding under normal atmospheric conditions (NV-EBW) is a key technol-

ogy that has already become established in some application areas, e.g. in the welding of

aluminium and its alloys, especially in the U.S.A. [8]. The process is distinguished by a fast

production, improved integration abilities for production lines, and an easier handling than

electron-beam welding in vacuo because it obviates the effort of creating a vacuum [9]. The

use of additional materials to prevent notches at seam boarders and descending seams with

thin components, or for the welding of different materials, has become easier as well.

Favourable economic factors are the low running costs and a rather high efficiency of the

beam generation [10]. Furthermore, the welding plasma is permeable to electrons and does

not affect the possible welding speed. Changes in the beam efficiency due to reflection or

absorption are negated in this case.

NV-EBW has the following advantages:

• high efficiency

• high process safety and availability

• good coupling of the beam, even in light metals

• low reflection

• metal plasma is permeable to electrons

• high power density

• high process speeds

• high potential for automation

• lower running costs than laser-beam welding

There are some restrictions to its use:

• limited working distance

• X-ray shielding necessary

• high expenditure costs (typical for beam processes)

As in conventional electron-beam welding, the beam for NV-EBW is generated in a

vacuum. However, the acceleration voltage usually starts at 150 kV or higher. Afterwards,

the beam leaves the vacuum through a special gate set-up, consisting of an array of

shutters, and emerges into the atmosphere. From there on, it is led to the workpiece through

a small gap of air or inert gas. As soon as the beam enters the atmospheric gas, it interacts

with the molecules and gets wider. This effect can be reduced by means of stirring or by

using an inert gas (Fig. 4). For more reactive metals, the use of helium is suggested to

prevent pore formation. Besides, the heating up of the transferred gas results in a lower

density, thus limiting the widening of the beam. The same behaviour can be observed when

the beam passes through metal vapour during welding [11].



157

AZ31B / AZ61A, s = 1,3 mm AM50A / AZ61A, s = 3 mm

Figure 4: Seams of NV-electron-beam weldings

9.3.4 Friction Welding

The friction welding process belongs to the group of pressure welding. The heat for the

welding of the clamped parts is provided by friction. This friction is generated by the

relative motion between a clamped and a rotating component. The two parts are then

pushed together without any additives. The final welding shows a pad typical for this

process. The rotation is stopped after a sufficient heat input. This type of heat input is also

the reason for a relatively low joining temperature (<T
s
). For this reason, friction welding is

suitable for material combinations or for materials that are difficult to join [12].

Figure 5 lists the three stages of the friction-welding process. During the first stage, one

component is set in rotation and a hydraulic axial feed brings the two surfaces into contact.

The friction between the surfaces produces energy in the second stage. The friction energy

depends on the rotational speed n and the friction force F
1
. The friction force F

1
 and the

gathering force F
2
 are increased during the braking in the third stage [13].

Reproducible weldings between similar and dissimilar magnesium alloys have been

achieved within the scope of the conducted tests [6]. The aim of ongoing tests is an

optimization of the mechanical and technological properties with a homogeneous pad

formation for similar and dissimilar alloys (Fig. 6).

Besides this, the process allows the welding of different types of materials since there is

no liquid phase that could lead to intermetallic phases. For the combination of steel and

aluminium, this method is already applied on a large scale, and has opened a wide field of

application for this composite design.

The advantages of friction welding are listed below:

• no additional material

• no inert gas

• high degree of automation

• no fluid phase

• production of composite designs

• minimum influence on the base material

The Different Joining Processes
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Figure 5: Friction-welding process steps

Figure 6: Friction-welded magnesium component
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9.3.5 Diffusion Bonding

Diffusion plays a key role in superplastic deformation processes that proceed at high

deformation temperatures but at very slow speeds. Hence, it is possible to combine super-

plastic shaping with diffusion bonding in a single process [14]. This might be very interest-

ing for magnesium alloys that otherwise could only be cast because of their limited

deformability.

Today, this SPF/DB method is especially used in the aviation industry for titanium

alloys, e.g. Ti6Al4V, which are very tough to handle. It has become an established produc-

tion method. In this way, even complex components can be produced from titanium sheets

and profiles, which would never be possible by conventional methods.

Figure 7: Combined production methods:

superplastic metal forming/diffusion

bonding

The Different Joining Processes
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9.3.6 Glueing

Glueing is one of the most flexible processes for joining components of similar and

dissimilar materials. The intermedium glue layer effectively prevents contact corrosion,

which often occurs with screw joints. A great advantage of this layer is that it has good

damping behaviour, especially for alternating stresses.

The poor ageing and heat resistance and the low strength are rather bad compared to

welding. The main cause of failure, however, is not the poor strength, but an insufficient

preparation of the surfaces before glueing. Adhesion, as the working mechanism, is strong-

ly dependent on the surface structure. This needs further study, especially for magnesium

components [15].

9.4 Weldability of Different Magnesium Alloys

Magnesium alloys can be separated into two groups (Fig. 8):

1.  Casting alloys

2. Wrought alloys

Figure 8: Development of conventional magnesium alloys

The different production methods of the casting alloys influence the weldability of the

semi-products. Processing sand or ingot casting is without problems with respect to weld-

ing and is often applied in maintenance and production. The first results from welding in

engineering have also appeared [6]. Figure 9 shows the weldability of different alloys

depending on the alloying elements and their content. It gives a summary of the most

widely used alloying elements and their effects on regular magnesium alloys.
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Figure 9: Parameters of the weldability of magnesium alloys

During the welding of castings, serious problems with pore formation occur in the

melting bath. Tests have shown that, as for aluminium, dissolved process gas is released

during the melting. Additionally, the pores can grow in the melt because they were first

enclosed under high pressure. This growth is unfavourable since the pool becomes foamed

and then freezes. Thus, the supporting cross-section of the seam is reduced and this results

in unacceptable mechanical properties. This specific behaviour can be combatted in two

ways. One possible strategy is to avoid joining methods involving fluid phases; friction

welding may be mentioned as one possibility here. The other solution is to suppress pore

formation during the casting process, e.g. by using vacuum- or thixo-casting [16]. With

developments of this kind, satisfactory weldings can expected in the future (Fig. 10).

The production method does not influence the weldability of wrought alloys in a

negative way. Besides extruded profiles, sheets will become applied more and more in all

kinds of areas. This will not only be achieved through improved production methods, but

also through the development of suitable joining methods.

The heat input of the welding process influences the base material, as seen for other

wrought materials. The extent of the heat-affected zone depends on the welding process.

Meltings at grain boundaries, grain growth, and precipitations can be identified in the heat-

affected zone. The dissolution or dislocation or fine grains, which can lead to pronounced

softening, needs to be considered when the recrystallization temperature is exceeded. With

the right joining process and additional material, there will be no effect on the mechanical

properties.

In essence, it can be said that wrought alloys are highly weldable.

Weldability of Different Magnesium Alloys
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Figure 10: Laser-welded component made of thixotropic magnesium

9.5 Summary

Until recently, the welding of magnesium has been limited to the maintenance and produc-

tion of cast parts. To this end, mainly melting welding methods such as MIG or TIG have

been used. Rising requirements in terms of the design and properties of components will

necessitate the welding of different casting and wrought alloys in engineering, although

there are some limitations to the processing of magnesium alloys.

Magnesium has a great potential for lightweight concepts that are gaining in impor-

tance, but some further effort is still necessary in the research and development of joining

methods before it can contribute fully to solving problems as a construction material.

The variety of joining processes, with their specific advantages, form the basis of a

wide application field. In turn, this demands an equally broad-based development of these

processes.
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10.1 Introduction

The rapid solidification process (RSP) produces materials with extraordinary and specific

properties in the field of near-net-shape manufacturing. Furthermore, because of the ex-

treme cooling rates, the material freezes far away from the equilibrium, which results in a

variety of micro- and macro effects.

The advantages of RSP are well known and have already been studied with new and

conventional alloys [1]. An increasingly fast freezing process results in a strong morpho-

logical change of the frozen microstructure, of the alloy composition, and ultimately of the

crystalline structure.

While classical melting metallurgy allows only limited improvements of the properties,

e.g. strength, creep resistance, and corrosion resistance, the RSP opens up more options for

developing alloys, and thus for designing new and fine structures. The result is highly

improved mechanical and physical properties over a wide temperature range.

Looking at the recent publications and patents dealing with the development of alloys

and processes for new alloys with improved properties, there is a noticeable focus on the

use of RSP methods. Primarily, these methods are melt-spinning, inert gas sputtering, and

spray-forming, together with appropriate consolidation techniques. However, the potential

for successful development of new alloys has yet to be fully exploited, even though the

possibilities for improving magnesium alloys seem to be very good. One of the main

reasons for this is the high reactivity of fine magnesium particles. Nevertheless, the studies

carried out to date have indicated excellent possibilities even for these materials. The

extended freedom in terms of choosing element concentrations and elements not usually

present in conventional alloys opens an enormous but still unexploited margin for develop-

ment.

10.2 Processes for Rapidly Solidifying

Microstructures

Different moulding processes and production techniques lead to very different cooling

rates in terms of the produced volume. Controlled processes, such as continuous casting,

die-casting, or band-casting, allow maximum cooling rates of 103 K s–1. The volume of

powders, foils, thin bands, or even wires is very low, so that very fast cooling rates can be

reached according to the cooling conditions. These methods are mainly melt-spinning, gas

sputtering, or spray-forming. These technologies allow cooling rates ranging from 103 to

106 K s–1. Processes involving laser or electron beams, CVD, or cathodic sputtering can

Magnesium – Alloys and Technology. Edited by K.U. Kainer
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim
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reach extremely high rates up to 1010 K s–1 when they are used for very thin layers or

extremely small material volumes (µm3 scale).

A rapidly solidifying crystal structure can be quantitatively evaluated with the help of

the secondary dendrite spacing L. If L is <5 µm, one may refer to rapidly solidified

microstructures (cooling rate at least 103 K s–1). L depends on the temperature gradient G

(∆T∆X) and on the speed of the freezing front R (∆X∆t), whereby various microstructure

morphologies can occur depending on the cooling conditions. A distinction is drawn

between planar, cellular, and dendritic structures [3]. The temperature gradient G and the

cooling rate R are related to the actual cooling rate by the following formula [4]:

RG
t
TT ∗=







∆
∆& (10.1)

The frozen volume assumes a microstructure that is finer and more homogeneous the

higher the product of the temperature and freezing front.

The high cooling rates offer tremendous advantages over “regular” freezing. Among

other things, a key feature is the forced solution of a higher amount of alloying elements

than is actually possible in the solid state. In systems with limited miscibility, the solubility

limit is shifted to higher concentrations for increasing cooling rates. In this way, the

alloying elements stay forced in the lattice and contribute to the solid-solution hardening.

Another positive effect of an increased cooling rate is the reduction or avoidance of macro-

segregation. One usually obtains a fine, crystalline microstructure with a homogeneous

distribution of the alloying elements, i.e. phases. The distribution in the solid matches the

statistical distribution in the melt because the diffusion in the solid is largely suppressed by

the rapid freezing. In general, the microstructure will become finer with faster cooling.

Depending on the process used, a microstructure with grain sizes between 0.5 and 10 mm

can be obtained. By choosing the appropriate consolidating techniques, this microstructure

may be largely preserved and can contribute significantly to grain hardening. In addition to

the aforementioned improvements, the modified grain structure is linked with a tremendous

improvement of the ductility. Depending on the cooling conditions and the alloy, the most

important changes of the properties may be listed as follows [1, 5, 6]:

• fine-grained microstructure with a homogeneous distribution of elements and phases

• reduction or avoidance of macro-segregation

• high oversaturation of the solid-solution crystal and therefore extension of the solu-

bility range

• formation of metastable and quasi-crystalline phases

• modified grain shape

Quite a variety of different methods for rapidly solidifying structures have been estab-

lished in the past. The basic principle of the process is based on the separation of a melt or

a locally molten material. To achieve this, the melt is separated into particles by flowing

gases or fluids, ultrasound, or moving parts. The particles are then rapidly frozen in the

separation medium or with the help of additional cooling. The greater the energy supplied

to the melt, the smaller the particles will be [6].

Most methods are based on simple technology and are therefore conducted on a labora-

tory scale. Since there is a complex variety of technologies, only the most important will be

mentioned here. They also highlight the main points for an evaluation of the characteristics

of rapidly solidifying magnesium materials. Other known laboratory techniques do reach

remarkable cooling rates (up to 109 K s–1), but they are very limited in terms of specimen

Processes for Rapidly Solidifying Microstructures
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design for pilot- or production scales. Besides, the fast cooling rates are more of a phenom-

enological character. Overviews of the technologies used are given in [3, 6, 7].

Fast cooling rates can be divided into two basic processes, irrespective of the type of

production and method used.

In the first method, the molten jet or molten drops are guided to a usually water-cooled

metal surface, where they rapidly solidify. This method produces thin bands up to 50 mm

wide. Cooling rates of around 106 K s–1 are characteristic for such processes. The best

known is melt-spinning, which has been used for numerous investigations on rapidly

solidifying magnesium due to its simple set-up (Fig. 1a), cf. Chapter 3. In this planar-flow

process, melt outlet nozzles are positioned directly above a rapidly spinning cooling cylin-

der. In this way, rapidly quenched bands up to 300 mm wide and with a thickness of

roughly 30 mm can be cast.

The bands thus produced are then crushed to sizes between 100 and 500 mm for further

processing, which is usually akin to the conventional powder consolidation techniques. The

particles are enclosed, preformed, and then compacted through extrusion or forging.

A second, wholly different method for producing RSP magnesium materials is inert gas

sputtering, in which the accelerated convection of inert gases (argon, helium, or mixtures

thereof) during the separation of the melt jet within the chamber is used for heat removal.

Figure 1:
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The particles freeze rapidly within the gas phase and form spherical shapes. They can be

post-processed as described above after removal from the chamber (Fig. 2a). The cooling

rates are 10 to 100 times lower than in the case of melt spinning. Central to this process are

the gas nozzle assembly and the jet control. To separate the jet, so-called Laval nozzles are

often used. In a certain section of the nozzle, supersonic speeds are reached (high-pressure

sputtering) to improve the separation of the melt and to increase the cooling rate compared

to the simple system.

Spray-forming is a technique that has evolved from (inert) gas atomization. It is based

on powder production through sputtering of a melt with gas or by centrifugal forces. Most

of today’s spray-formed products are produced by sputtering. Additionally, the spray can

be interrupted by a moveable substrate after a given distance. Under an appropriate liqui-

Figure 2: Schematic view of inert gas sputtering and spray-forming
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dus/solidus condition, the mixture of liquid, solid, and partly frozen particles separates as a

compact semi-product on the substrate. Depending on the process, plate, cylinder, or

rotationally symmetrical substrates can be used. Figure 2b shows a schematic of the

process. The continuous movement of the substrate in relation to the nozzle, or vice versa,

during the spray-forming process allows the creation of semi-products with different geom-

etries. The freezing rates reach rather high values (103 to 104 K s–1) compared to conven-

tional melting metallurgical casting methods. Therefore, this method is used for semi-

products that show a similar microstructure, and consequently similar material properties,

as components made by powder metallurgy methods. At the same time, the length of the

process is reduced (cf. Section 10.4).

The key feature is that a wide range of characteristic profiles of particles or bands can

be achieved with different RSP technologies. The gas flow rate of each assembly and the

specific metal determines the cooling rate, which, in turn, determines the particle size and

particle-size distribution, and hence the production and energy efficiency of such an assem-

bly as well. The properties of the powder particles (alloy, size distribution, bulk density,

flowing ability) depend on their method of production, and influence any subsequent p/m

process steps of conventional shaping methods. The process steps need to be critically

discussed with respect to aspects of production, although some research results have

already shown excellent properties of the rapidly solidified materials. A complex process

chain has hitherto inhibited the introduction of this methodology for semi-products or final

parts, despite the excellent material properties.

10.3 Properties of Rapidly Solidified Magnesium

Materials

The production of rapidly solidified magnesium materials with an extended characteristic

profile began in 1950 with comprehensive analysis by Busk and Leontis [12]. Gas- and

rotational spray-formed powders based on conventional alloys were produced, consolidated

by extrusion, and then examined for their microstructures and mechanical properties.

Based on these studies, a new series of tests was conducted by researchers at Dow Chemi-

cals USA [13–18] between 1950 and 1960, and later in the 1970s at the U.S. Army

Materials and Mechanics Research Center [19, 20].

A breakthrough was the production of a new magnesium base material by a research

group at the Allied Signal company in the 1980s. Their studies led to materials with

extraordinary properties, which were made by melt-spinning, extrusion, forging, and roll-

ing [21–25]. The potential of these material properties was the starting point for a system-

atic analysis of the production and consolidation of rapidly solidifying magnesium alloys.

The aim was to further develop the mechanical and electrochemical properties of known

and new alloy systems to overcome the technological limitations of magnesium. Magne-

sium is often proposed as a competitor or even as a replacement for aluminium to further

reduce weight. The aircraft and space industries, as well as the automotive branch, are

mentioned as potential application fields.

Extensive studies of the conversion and corrosion behaviour of melt-spun alloys, as

well as the characterization of magnesium alloys with amorphous and semi-amorphous

phase components, have contributed to the pace of development regarding the improvement

of the properties of rapidly solidifying magnesium materials [2].
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Below, some of the most important studies dealing with the improvement of the me-

chanical and electrochemical properties are briefly outlined. This should give an indication

of the property potential that may be realized depending on the production and consolida-

tion method.

10.3.1 Sputtered Magnesium Alloys

Busk and Leontis published the first results concerning rapidly solidified magnesium alloy

powders in 1950 [12]. Their studies dealt with sputtered alloys based on commercial

casting alloys. The inert gas sputtered, mostly spherical particles had sizes between 70 and

400 mm. The preformed green bodies were then extruded into semi-products. Some of the

mechanical properties were much improved compared to those of the melting metallurgy

materials (Fig. 3).

Figure 3: Mechanical properties of rapidly solidified extruded Mg alloys at room temperature

[12, 19, 20]; reference alloy AZ91 (die-cast)
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Isserow and Rizzitano [19, 20] obtained similar results; they worked with rotation-

sputtered ZK60 and examined the influence of different extrusion and heat treatments (Fig.

4). The strength was found to be improved by 50% compared to the cast material. The

different ductilities encountered were indicative of a remaining porosity within the extrud-

ed semi-products.

Further tests by Krishnamurthy et al. [26] focussed on conventional alloys, as well as

new alloy systems of the type Mg/Nd/Zr/Mn and Mg/Li/Al/Si with a view to improving the

mechanical and electrochemical properties by rapid solidification processes. The connec-

tion between the properties of QE22, ZC63, and AZ91 powders and those of the partly

heat-treated semi-products made by extrusion and rolling was addressed by Kainer [28].

The strength was found to be around 400 MPa and is thus much higher than that of

comparable, heat-treated, cast materials. The ductility is also increased.

Knoop gathered fundamental knowledge for the production and consolidation of sput-

tered magnesium powders in his Ph.D. thesis [27]. The main points were the characteriza-

tion of different technical and experimental alloy powders, the description of the micro-

structure, and the evaluation of the mechanical properties through extrusion or hot pressing

of the consolidated materials.

Figure 4: Mechanical properties of sputtered and extruded Mg alloys at room temperature

[27]

For the system Mg/Al/Ca, property improvements at room temperature and above were

realized by increasing the contents of the alloying elements (Fig. 4). Knoop states that the

influence of the extrusion parameters is very important with regard to improving the

properties. In his opinion, there is much potential for an improvement of rapidly solidify-

ing, powder metallurgical processed magnesium alloys.
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10.3.2 Properties of Melt-Spun Magnesium Alloys

Since melt-spinning assemblies are very simple to build and allow high cooling rates, they

were employed for many studies during the 1980s. These studies showed some remarkable

profiles of RSP magnesium alloys, thereby proving their potential. The possibility of

choosing alloys and of setting new states of equilibrium was used as an opportunity by

several research institutes and companies to direct specific alloy development towards

improving the thermal stability and corrosion resistance. Information about these alloy

groups is given in [21, 29, 30]. Below, two comprehensive research works are discussed

briefly, which are representative of the characteristic profile of magnesium alloys produced

this way.

In this connection, the research group of Chang and Das [21–25] at Allied Signal Inc.

contributed fundamental studies between 1985 and 1992. They processed different alloy

systems by the planar flow cast method and characterized them with regard to their

mechanical properties and corrosion resistance. The variations of the so-called EA/RS

alloys are taken as examples from the wide variety of examined alloys (Table 1):

Table 1: Overview of selected melt-spinning alloys
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The 20–30 mm thick and 25 mm long bands were ground, enclosed in sleeves, and

vacuum degassed, i.e. vacuum heat pressed. The extrusion pivot was then consolidated to

produce semi-products on both a laboratory-scale press and a prototype press.

Besides the standard alloying elements Al and Zn, which contribute to strength im-

provements at room temperature by solid-solution hardening (Mg
17

Al
12

, Mg
2
Zn), different

rare earth elements and silicon were also alloyed. Averaged densities were given as approx-

imately 1.94 g/cm3. The high-melting intermetallic phases such as Mg
2
Si, as well as Al

2
Y

and Al
2
RE, were verified, and, together with Mg/RE dispersoids, these contribute signifi-

cantly to the strengthening at room temperature and above (Fig. 5). The authors are of the

opinion that the formation of the aforementioned intermetallic phases stabilizes a very fine

microstructure, which persists after extrusion and is responsible for the very good deform-

ability and fatigue strength.

The alloy EA65A-RS stands out for excellent strength and very good corrosion resistance.

The best combination of strength, ductility, and castability is obtained with the alloy EA55B-

RS, which also gives the best results for fracture toughness with 15 to 20 MPa m–1/2.

Properties of Rapidly Solidified Magnesium Materials
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Figure 5: Characteristics of melt-spun and consolidated Mg alloys at room temperature [21–

25]; reference alloy AZ91 (die-cast)

Figure 6: Characteristics of melt-spun and consolidated Mg alloys [31–33]; reference alloy

AZ91 (die-cast)
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Again, the choice of correct consolidation parameters for a specific adjustment and

improvement of the properties is the main consideration. With increasing extrusion temper-

atures the strength decreases, but at the same time, ductility and fracture toughness im-

prove. Further property improvements were noted following heat treatments. The different

strengths in the longitudinal and transversal directions stem from the different degrees of

deformation.

Creep resistance is quoted as being low, since the microstructure is very fine.

Similar research work was carried out in a cooperative project between Norsk Hydro

and Pechiney, and published between 1989 and 1991 [31–33]. The studies were focussed

on the modification of the Allied Signal EA-RS alloys based on AZ91. Mainly Si, Ca, and

Sr were used as alloying elements (Fig. 6)

The AZ91 bands made by melt-spinning or planar flow casting had very fine micro-

structures with grain sizes between 1.5 and 5 µm. Under identical consolidation conditions,

differently produced bands gave the same results. Their corrosion and creep behaviour was

extensively researched and discussed. The corrosion rate of the rapidly solidified materials

was found to be one-quarter of the measured values for the reference material. The effect of

Ca as an alloying element has been particularly well-studied; besides having a positive

influence on the mechanical properties, it also improves the rather poor creep resistance of

the RS-AZ91 alloy.

Compared to conventional AZ91, the microcrystalline RS-AZ91 shows a 100-fold

higher creep rate. In the author’s opinion, adding 2% Ca leads to the formation of calcifer-

ous precipitations at the grain boundaries, which despite the even finer microstructures

[Tab. 2], will serve to impede the creep mechanisms. The results are similar to those for

Al/Si alloys [2,33].

Table 2: Secondary creep rates of selected magnesium alloys at 150 °C [2]
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10.4 Spray-Forming

10.4.1 Potential of Spray-Formed Magnesium Alloys

With this method, new, interesting and unique perspectives and possibilities are opened for

magnesium-based alloys and particle-reinforced composites.

This technology is already successfully applied in industry, not only for aluminium and

copper, but also for nickel-based alloys and steels. It has contributed to the progress in

materials design in terms of more freedom in choosing alloying elements and their concen-

trations [36, 39–46].

When ceramic materials such as oxides, nitrides, borides and powders are introduced

into the spray cone by means of the sputter or transport gas, discontinuous MMCs with a

specific profile can be produced. The conditions for the spray-forming may be configured

to be inert or reactive, so that the in situ formation of dispersoids or the storage of reaction

products is enabled.

There have been only a few tests on the spray-forming of magnesium, even though a lot

of improvement is predicted for magnesium-based alloys. Nevertheless, earlier work has

proved the excellent possibilities for these metals (Fig. 7).

Figure 7: Characteristics of melt-spun and consolidated Mg alloys [2, 37, 48, 49]; reference

alloy AZ91 (die-cast)
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The first tests on spray-formed and extruded Mg-based alloys were conducted by

Lavernia and Grant [48]. They examined the mechanical properties of higher alloyed alloys

of the type Mg/Al/Zn/X with different contents of Mn, Ca, and rare earth elements. At

higher temperatures, and compared to conventional alloys, these materials show an in-

crease in strength with a simultaneous improvement of ductility. Similar results concerning

the alloy systems Mg/Zn/Zr and Mg/Al/Zr were published in a U.S. patent [49].

In situ alloying with spray-forming was exploited by Elias et al. [50], who injected Al

powder, i.e. AlSi40 powder, into two manganese-containing Mg alloys. First, one Mg/Mn1

alloy was spray-formed and injected with Al powder (56 µm) during compacting. Peaks

deviating from the base material were found by thermoanalysis (DSC) and ascribed to

potential Al
x
Mn

x
 formation, although this was not actually proved. In another experiment,

AlSi40 alloy powder (56 µm) was introduced into an Mg/Mn4 alloy during spray-forming.

Optical and electron microscopy revealed very fine precipitations (on a micron scale),

which were not believed to be Mg
17

Al
12

 or Mg
2
Si dispersions. The authors justify the

formation of the intermetallic phase in terms of added particles that dissolve during co-

deposition and reprecipitate in the solid aggregate. Further DSC measurements pointed to

the formation of a eutectic Mg/Al/Si alloy. The results obtained for these dispersion-

hardened magnesium alloys should pave the way for additional research on other alloy

systems and reactants.

The first results of tests on spray-formed magnesium composites produced by co-

deposition of SiC particles during spray-forming were presented by Schröder et al. [38]

and by Vervoort and Duszczyk [37] in 1993.

The subject matter of the work of Schröder et al. was the influence of the reinforcing

components (Al
2
O

3
; SiC) in terms of their nature, content, size, and shape on the mechani-

cal properties of the inert gas sputtered and extruded alloy powders AZ91 and QE22. The

results were compared with those for a 15% SiC-reinforced, spray-formed QE22 alloy. The

improvement of the mechanical properties, especially the Young’s moduli, the abrasive

behaviour, and the reduced thermal expansion coefficients for this group of alloys was

clearly proven for both methods. Since spray-forming has a shorter process chain, it is

more beneficial than regular powder metallurgical methods. Both authors emphasized that

spray-formed and particle-reinforced composites have definite advantages by virtue of an

evenly distributed reinforcement component and less boundary reactivity as a result of

short interaction durations with the melt.

The studies of Vervoort and Duszczyk focussed on the heat- and creep-resistant sand-

casting alloy QE22. The alloy was studied in spray-formed condition with and without a

reinforcing component and was compared with the I/M material. Microstructure, strength,

and corrosion behaviour were studied as a function of the extrusion parameters. Even

though a good integration of the injected SiC particles, with a homogeneous distribution in

the matrix was achieved, the remaining porosity of nearly 20% was due to the process and

is less than satisfactory. The remaining porosity was reduced to 4% in the spray-formed,

non-reinforced version. Despite rather poor deposition qualities, the non-reinforced and

extruded materials showed very good strengths. The strain at fracture of around 12%, as

compared to 2% for conventional cast alloys, is worth mentioning.

Spray-Forming
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10.4.2 Studies of the Production and Properties of Spray-

formed Magnesium within German SFB 390

Within the scope of the German special research field 390 “Magnesium Technology”,

investigations into the production, processing, and properties of spray-formed magnesium

materials have been conducted since 1995.

One conceptual focus on spray-formed Mg alloys has been that of the material basis of

the influence of alloying elements and process-influenced freezing on the material’s behav-

iour and the associated correlation between the microstructure and the mechanical proper-

ties.

The spray-formed materials are produced on an inert gas sputtering machine at the

Institute for Materials Research and Materials Technology of the TU-Clausthal. The mate-

rial is induction-melted in a pure steel crucible with a capacity of 2.5 to 3 kg.

The key feature of the machine is its induction-heated guide pipe, which transports the

superheated melt in precise doses to the nozzle. The process gas hits the melt jet shortly

after leaving the Laval nozzle (10–15 mm). It has a diameter of 2–3 mm.

The better productivity and momentum transmission compared to an unguided nozzle

assembly is due to this special arrangement of the nozzles. Pressurizing the melting cham-

ber allows the support of gravity during sputtering and ensures a definite and constant melt

flow rate.

The mechanical properties of the consolidated material are directly affected by the alloy

composition. In this connection, the particle size distribution was measured to ensure

reproducibility and reliability of the process. The sputtering temperature and pressure were

also varied. The sputtered particles hit a substrate, which was positioned at an axial

distance of 400 mm from the fragmentation of the spray-cone. In this way, cone-shaped

deposits were made. An argon/oxygen mixture containing 1% oxygen was used as sputter-

ing gas, which was shown to prevent spontaneous reaction when removing powder from

the chamber and exposing it to regular atmosphere. The formation of an oxide layer on the

particles during fragmentation significantly lowers their reactivity. To ensure a safe han-

dling of the overspray during removal, a further passivation is applied after spray-forming.

The alloy powders and deposits were enclosed in AZ31 shells and finally extruded into

round bars at different temperatures. With a squeeze ratio of 25:1 and plunger speeds of 3.5

to 4.5 mm s–1, extrusion speeds of approximately 3.5 to 7.2 m min–1 were reached.

10.4.3 Choice of Alloying Elements

A closer look was taken at the testing of ternary systems with rare earth elements, alumin-

ium, calcium, and silicon. The spray-forming experiments have focussed not only on

conventional alloys such as WE54 (highly heat-resistant wrought alloy, application temper-

ature up to 300 °C), QE22 (creep-resistant sand-casting alloy), AS21 (die-casting alloy),

and AE42 (die-casting alloy with improved high-temperature properties), but also on new

ternary Mg/Al/Ca alloys with different proportions of Al and Ca. These commercial alloys

were chosen to verify the sputter behaviour of the alloy components and to compare the

properties with those achieved by conventional production methods. The new Mg/Al/Ca

alloys and the Ca-modified AE42 and AS21 alloys were used to examine the influence of

Ca in more detail. Table 3 lists the chemical compositions of the alloys, quantified by

means of EDS and X-ray fluorescence analysis:
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10.4.4 Properties of the Spray-Formed Materials

10.4.4.1 Microstructure and porosity in as-sputtered condition

The optical micrographs of WE54 display the microstructure in relation to the axial dis-

tance in the sputtered condition (Fig. 8).

The microstructure is homogeneous and equiaxially disposed from the middle to the

upper areas of the deposit. The average grain size is 20 µm; the smallest grains are 10 µm

Table 3: Compositions of the studied alloys in weight %
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Figure 8: Microstructure of WE54 in the sputtered state
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across, the biggest about 30 µm. The boundary area (substrate plate deposit) also shows

separate particles due to the rapid solidification, as well as irregular shaped and, on

average, bigger pores compared to the upper portion. An average porosity of 2–4% in the

deposit cannot be avoided under these conditions, since the gas is entrapped in the parti-

cles, and hence in the deposit too. Additionally, turbulences are caused in the preform

surface by the sputtering gas. Nevertheless, under these simple sputtering conditions, the

final density is sufficient for an almost dense microstructure after consolidation as long as

the optimum parameters are used.

10.4.4.2 Microstructure in extruded condition

Different phases were identified in the extruded specimen by means of X-ray diffraction

analysis. The identification of the phases for all specimens was made difficult by a super-

position of reflections with a characteristic peak widening and an intensity loss. The main

interference lines of the phases are often overlayed by the diffraction lines of the magne-

sium lattice, thereby making a unequivocal identification impossible. The preferred texture

Figure 9: Microstructure of AS21

Figure 10: Microstructure of MgAl3Ca4
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orientation following extrusion causes some additional intensities. The phases MgO, Al
2
Ca,

and Mg
17

Al
12

 were identified in the ternary Mg/Al/Ca alloys. Among the rare earth contain-

ing alloys, Mg
12

Nd was identified. An unequivocal statement regarding the probable exist-

ence of Mg
2
Ca phases and binary Al/rare earth type phases is not possible due to low peak

intensities and peak overlays. Figures 9 and 10 show some optical micrographs of spray-

formed and extruded magnesium materials.

The spray-formed, conventional alloys show very finely dispersed phases.

Adding Ca to the alloys AS21 and AE42 leads to grain refinement and a multi-disper-

sive microstructure. The extruded Mg/Al/Ca alloys are characterized by a distinctive line-

type phase composition instead. The whole microstructure appears to be less inhomoge-

neous and more coarse with increasing alloy content, which stems from the precipitation

kinetics of the ternary system Mg/Al/Ca during sputtering.

10.4.4.3 Mechanical properties

All examined mechanical properties of the produced materials are compared to those of

their melting metallurgical counterparts in Figs. 11 and 12:

The spray-formed materials are superior to their melting metallurgy counterparts in

terms of their strengths at ambient and higher temperatures. The spray-formed alloys show

much improved ductility compared to those produced by all other production methods.

Compared to casting alloys, AE42 and AE21 showed higher ductilities at room temperature

and higher temperatures, but the fine-grained microstructure led to a drop in ductility

beyond 180 °C. The calcium-containing AE42 alloy has excellent strength and emphasizes

the potential of rapid solidification on the one hand, and the positive influence of Ca as an

alloying element on the other. For the ternary Mg/Al/Ca alloys, maximum strength values

of around 300 MPa were measured.

Figure 11: Mechanical properties (tensile strength, yield strength, elongation at fracture) at

room temperature

Spray-Forming
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Figure 12: Yielding as a function of temperature

10.5 Summary and Conclusion

After much activity in the field of alloy development in the 1930s and 1950s, it has again

become a focal point in research. Other main goals are increasing the creep resistance of

magnesium alloys, a further reduction in density, and better corrosion resistance. More-

over, the development of alloys with higher ductility and toughness and extraordinary

wrought alloys will help to speed up the growth of the magnesium market [35].

Central to the research is the development of new alloys together with the optimization

of existing and the development of new processing technologies.

Recent studies on rapidly solidifying magnesium materials prove the excellent possibil-

ities for these metals. Extended degrees of freedom for alloying in terms of higher element

concentrations and the choice of additions that are unusual or even impossible for conven-

tional alloys open a wide and presently unexploited scope for development. Materials that

contain unusual alloying compositions and elements offer the possibility of producing

magnesium alloys with higher proportions of intermetallic phases and finely dispersed

dispersoids that stand out for higher strengths at room temperature and above, improved

corrosion resistance, and better deformability. Previous results on spray-formed Mg alloys

may be described as very promising and await further property improvements through

process optimization. A major requirement for this will be an improved characteristic

profile along with the development of more productive and economic production and

processing methods.

The potential for the extended application of novel and more powerful magnesium

materials can be seen in the aircraft and space industries, the automotive industry, and in

transport systems, including the production of high quality mass products.
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11 Fibre-Reinforced Magnesium

Composites
Ch. Fritze, BMW Group, München

11.1 Introduction

Besides reducing overall vehicle weight, the reduction of oscillating and rotating masses in
the engine, such as piston, connecting rod, or valve gear is a major goal in development.
Besides simple engineering improvements, the automobile industry also envisages the
application of light construction materials such as aluminium and magnesium. Currently,
aluminium is preferred, but due to its even lower density, magnesium is gaining importance
as an engineering material.

The requirements for engine applications in terms of strength and heat resistance are
currently only met by expensive magnesium alloys. However, by reinforcing the matrix
with particles or fibres (short and long), the following property changes can be achieved:

• Increase of the maximum strength
• Increase of the yield strength
• Increase of the Young’s modulus
• Increase of the heat resistance
• Improvement of the creep resistance
• Reduction of the thermal expansion coefficient

With these kinds of reinforcements, the fibres largely absorb any load applied to the
material. The production and properties of fibre-reinforced magnesium composites are
presented hereafter by means of several examples.

11.2 Basics of Fibre-Reinforcement

11.2.1 Calculated Evaluation of the Composite

The properties of composites can be evaluated with the help of linear and inverse rules of
mixture. For stresses parallel to the fibre orientation, with unidirectional fibres, the linear
rule of mixture is valid, which assumes that the elongations of the composite, fibres, and
matrix are equal (ε

C 
= ε

F 
= ε

M
).

The composite stress is given by:

)1( Φ−⋅+Φ⋅= MFC σσσ (11.1)

where σ
C
 = composite stress

σ
F
 = fibre stress

σ
M

 = matrix stress
Φ

F
 = volume fraction of fibre

The Young’s modulus of the composite is then given by:

( )Φ−⋅+Φ⋅= 1MFC EEE (11.2)
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With stresses perpendicular to the fibre orientation, the composite’s properties can be
evaluated with the inverse rule of mixture (σ

C 
= σ

F 
= σ

M
):

)1( Φ−⋅+Φ⋅= MFC εεε (11.3)

The Young’s modulus is then calculated by:

( )Φ−⋅+⋅
⋅=

1FFM

MP
C EVE

EEE (11.4)

With a short fibre reinforcement, the properties of the fibres and the matrix, as well as
of the boundary surface, need to be considered.

For a reinforcement effect, the fibres need to have a certain minimum length; fibres
below that length cannot contribute to a full reinforcement. The critical fibre length is given
by:

τ
σ
2

FF
C

dl = (11.5)

The calculated composite strength depends on the fibre length l according to Eqs. 11.6
to 11.8. The fibre orientation is indicated by the factor C. C is equal to 1 for short aligned
fibres, and is 1/5 to 3/8 for randomly distributed fibres [2–4]. Furthermore, the yield
strength is used for the calculation of σ

M
*. For l < l

C
, the following is valid:

( )Φ−+⋅Φ⋅⋅= 1
2

*
M

F
MC d

lC σσσ (11.6)

For a fibre length l = l
C
:

( )Φ−+Φ⋅⋅⋅= 15.0 *
MFC C σσσ (11.7)

For a fibre length l > l
oc

:

( )Φ−+




 −⋅Φ⋅⋅= 1

2
1 *

M
c

FC l
lC σσσ (11.8)

In the above equations, C = 1 for orientated short fibres, C = 1/5 for randomly distribut-
ed fibres, and C = 3/8 for a planar isotropic distribution. The properties of the composites
can be evaluated on the basis of these equations. The values for carbon-reinforced AZ91
are shown in Fig. 1 as a function of the fibre orientation.

More detailed calculations on discontinuously and continuously reinforced aluminium
and magnesium were made by Karg [5] and the results were compared with experimental
data. Partial and hybrid reinforcements were considered as well [5].



186 Fibre-Reinforced Magnesium Composites

Figure 1: Estimation of the composite strengths of AZ91 (R
m
 ≈ 200 MPa,

R
p0,2

 ≈ 160 MPa) and Sigrafil C-fibres (R
m
 ≈ 3200 MPa) according

to Eqs. 11.6 to 11.8

11.2.2 Influence of Wetting on the Components

Wetting is a main factor for producing MMCs since it influences infiltration and the
bonding between the fibre and matrix. The wetting of a ceramic phase with a metallic melt
is determined by the surface energies of the liquid phase γ

la
 and the solid phase γ

sa
, and the

interfacial energy?γ
ls 

between the liquid and solid phases. The total energy of the system is
decreased by the formation of a common boundary surface.

Each system tries to bring all forces to equilibrium and to minimize the free energy. The
surface and boundary surface stresses and the set angle of wetting are related by Young’s
equation γ

sa 
– γ

sl 
= γ

la
 cos Θ [6]. With Θ = 180°, the substrate is not wetted, whereas full

wetting is obtained with Θ = 0°. Sufficient wetting occurs for angles smaller than 90°,
whereas the wetting is insufficient when the angle is greater than 90°. Chemically reacting
systems (e.g. Mg + Al

2
O

3
) show good wetting behaviour, whereas non-reacting systems

show poor wetting behaviour. Another very important factor for the process of infiltration
is the role of the preform binder, because it contributes greatly to the reaction between the
melt and fibres, that is to say, between the melt and binder [7].

In a wettable system, the metal first flows into regions with a high specific surface
activity; these are the areas of the preform rich in fibres, i.e. narrow capillaries. In a non-
wetting system, the bigger channels are flooded first before the melt reaches the small fibre
capillaries. In the case of poor wetting, in theory an unlimited pressure would be necessary
to fully infiltrate a fibre gap with mutually touching fibres. Since infiltration of a non-
wetting system is not spontaneous, the pressure needed to fully infiltrate the niches be-
tween the fibres will steadily increase, the smaller the distance of the melt face from the
contact point of the fibres. Hence, there are always defects in a non-wetting system, which
act as starting points for cracks.
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11.3 Components for Magnesium Composites

11.3.1 Matrix Materials

In the past years, mainly cast alloys of the Mg/Al system have been used as matrix
materials for magnesium composites. There has been an emphasis on the production of
composites with AZ91 as the matrix. Other matrix materials used have been AS and AM
alloys, and a few studies have been undertaken using ZC71, WE43, and QE22.

11.3.2 Reinforcement Components

A discontinuous reinforcement of magnesium is usually realized using fibre preforms. For
particle-reinforced materials, the reinforcement component is simply stirred into the melt
of the matrix metal, or else the material is produced by powder metallurgy [8]. For
discontinuous fibre reinforcements, on the other hand, a fibre solid (preform) is used,
which is infiltrated by the matrix metal in a suitable process. The preform is prepared by
dispersing the fibres in water, and then adding a binder to fix them [9]. This so-called slurry
is then fashioned by a tool; the water is drawn off, the remaining material is pressed, and
the resulting plate is then dried. The fibres are planar-isotropically distributed due to the
method of production (Fig. 2), and their volume fraction is 15–20%.

A continuous reinforcement with fibres can be realized by producing coiled solids.
Their fibre volume fraction is much higher than the usual volume fractions of short fibre
preforms and can be as much as 60%. The most commonly used and tested fibres for
discontinuous fibre-reinforced magnesium are supplied by ICI and consist of aluminium
oxide. Interest in carbon fibres for both continuous and discontinuous fibre reinforcement
has increased over the past years due their low density and good strength and toughness
properties. The most commonly used reinforcement materials for magnesium matrices are
summarized in Table 1.

Figure 2: Preform with planar isotropic fibre distribution

(schematic)

Components for Magnesium Composites
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11.4 Production Methods

11.4.1 Powder Metallurgy

To produce magnesium composites by powder metallurgy, a mixture of metal powders,
particles, or fibres is consolidated by hot pressing, forging, or extrusion. Whereas compos-
ites made by melting metallurgy have a planar isotropic distribution of fibres, p/m methods
result in oriented fibres after consolidation by extrusion. Although the fibres are somewhat
damaged during extrusion, the strengthening effect and orientation of the fibres has a
positive influence on the properties of the material [10].

Table 1: Summary of commonly used fibres for the continuous and discontinuous

reinforcement of magnesium alloys
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11.4.2 Melting Metallurgy

The infiltration of a preform with fluid metal can only occur if there is a pressure gradient
between the melt and the preform [11, 12]. This pressure gradient arises from the pressure
loss due to the wetting of the reinforcement material by the melt. Squeeze-casting is an
example of infiltration; the pressure of the metal melt can be as high as 300 MPa [13].
Using gas-pressure infiltration, the pressure amounts to 5 to 50 MPa after evacuation [14].

11.4.2.1 Squeeze-casting

Squeeze-casting is very suitable for the series production of components. In this methodol-
ogy, a plunger presses the melt into the preform [8, 13, 15, 16]. In doing so, the preform is
pre-heated and is fashioned by a likewise pre-heated tool. This method stands out for its
short processing time and good infiltration qualities, but it requires much investment in
equipment and cost-intensive dies (Fig. 3):
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Figure 3: Squeeze-casting process

(schematic)

Figure 4: Gas-pressure infiltration according to [14]

(schematic)

Production Methods
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11.4.2.2 Gas-pressure infiltration

A more flexible production of prototype parts with less post-processing effort can be
achieved by gas-pressure infiltration [8, 14]. However, this process requires an autoclave
and has a long cycle time. The cooling rates of the melt after infiltration are also very long,
which can lead to reduced strength with some fibre/matrix systems as the fibres are
attacked. Nevertheless, for basic studies of fibre/matrix eligibility and exploratory estima-
tions of component and material properties, this process is quite adequate.

11.5 Properties of Magnesium Composites

11.5.1 Strength and Young’s Modulus

11.5.1.1 Continuously reinforced composites

Continuously reinforced magnesium composites are characterized by a tremendously in-
creased strength in the preferred fibre orientation. As shown in the calculation models, this
is dependent on the fibre volume fraction and the fibre strength. The strength perpendicular
to the fibre orientation is expected to be low.

With a volume fraction of 63% of carbon fibres with a high Young’s modulus (M40J) in
an AZ91 matrix, a maximum strength of more than 1000 MPa is reached; with CP-Mg as
the matrix, the strength even exceeds 1500 MPa. The high-strength C-fibre T300J gives
slightly lower values. The bending strength varies in a similar manner to the tensile
strength [17]. However, as mentioned above, little strength is expected perpendicular to the
fibre orientation. Indeed, Tenax fibre T5331 HTA reinforced magnesium composites showed
tensile strengths of only 5–20 MPa in this direction [18]. Thus, the properties of continu-
ously reinforced materials are highly anisotropic and limit the application field.

11.5.1.2 Discontinuously reinforced magnesium composites made by

powder metallurgy

Discontinuously reinforced light metals made by powder metallurgy have higher yield
strengths and tensile strengths at room temperatures than the corresponding non-reinforced
alloys. The strengthening effect stems mainly from the strength increase during extrusion
and from texture influences. Beyond 200 °C, the strength decreases to values below those
of composites made by melting metallurgy [19].

11.5.1.3 Discontinuously reinforced magnesium composites made by

melting metallurgy

Most strength tests have been conducted on fibre-reinforced magnesium composites made
by melting metallurgy. In the case of discontinuous reinforcement, the properties of the
final magnesium composites depend strongly on the fibre orientation. Most common pre-
forms have a planar isotropic fibre distribution, and hence the properties are likewise planar
isotropic.

Since the process limits the fibre volume fraction to 25%, the room temperature strength
is rather poor. Nevertheless, the mostly homogeneous properties in each layer are advanta-
geous. Only the strength perpendicular to the planar isotropic distribution of the fibres is
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expected to be low. The Young’s modulus, heat resistance, and creep resistance vary in the
same way as tensile strength.

The increase in strength is much greater at higher temperatures. The fibres take over the
strength absorption, and therefore the heat- and creep resistance can increase compared to
those of the non-reinforced material. Figure 5 shows the change in maximum strength as a
function of temperature for reinforced AZ91 + Ca (1 weight % Ca) and AS41 compared to
QE22 and a KS1275 aluminium piston alloy. While at room temperature the fibre-rein-
forced standard magnesium alloys show lower strengths than the aluminium alloy, it can be
seen that acceptable heat resistance is reached at higher temperatures.

Moreover, these composites are characterized by good bending strength at elevated
temperatures as well [21]. The fibre-reinforced alloy AZ91 + Ca withstood 0.58–4.2 × 106

load cycles at 250 °C and a load of 60 MPa. The large variation in the results can mainly be
attributed to an inhomogeneous distribution of the fibres due to method of manufacture. No
values for non-reinforced alloys are available for comparison purposes, but considering the
temperature and load these would surely fail after a few cycles.

Figure 5: Tensile strengths of discontinuously C-fibre-reinforced magnesium

compared to magnesium and aluminium alloys [20]

The creep behaviour could be markedly improved with reinforcements [21]. Compared
to typical creep curves for monolithic materials, which show primary, secondary, and
tertiary creep, fibre-reinforced magnesium shows a steadily declining creep rate until
fracture [21]. This indicates that a continuous strengthening occurs in the material during
the creep test. A weakening of the matrix could not be verified. Furthermore, these tests
highlight the great influence of the matrix alloy on the creep behaviour of the components.
The creep rate of the AS41 alloy is about one order of magnitude lower than that of
AZ91 + Ca. This is due to heat-stable precipitations in the AS41 matrix [20,22]. Changes in
the temperature and load also lead to a great change in the creep rate. For carbon fibre

Properties of Magnesium Composites
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reinforced AS41, increasing the temperature from 225 °C to 250 °C under constant load
will lead to an increase in the creep rate by one order of magnitude [23].

Finally, it can be stated that by using an a priori creep-resistant matrix and a short fibre
reinforcement, a significant decrease in the creep rate will be obtained.

11.6 Boundary Surfaces of Magnesium

Composites

A good fibre/matrix bonding can only be accomplished with a boundary surface that allows
a good transmission of the force from the matrix to the fibre. The formation of coarse and
brittle reaction products should be avoided since this weakens the bonding. Furthermore,
the more the alloying elements add to the boundary surface, the less prevalent they are
within the matrix, thus leading to a decrease in strength.

Tests on Saffil®-reinforced CP-magnesium showed mostly MgO, and with AZ91 as
matrix some additional Mg

17
Al

12
 at the boundary surface [16, 24]. The boundary surfaces

of CP-Mg and Mg/Al alloys, and of QE22 reinforced with T300J and M40J fibres, were
characterized by Öttinger [17]. While in the case of CP-magnesium and T300J fibres,
magnesium is absorbed by the fibres, the M40J fibres show no such behaviour. No reaction
occurs between the alloy and the fibres. When using Mg/Al alloys, zones of reaction,
Mg

17
Al

12
 particles, as well as AlMn-loaded particles were found at the surface boundaries.

Both types of fibres add Zr and Nd at the boundary surface with QE22 as the matrix [17].
Similar results were obtained using Tenax fibres, which, especially with Mg/Al alloys,
show a strong reaction with aluminium, forming Al/Mg solid-solution carbides (Al

2
MgC

2
)

and needle-shaped aluminium carbides (Al
4
C

3
) [18].

TEM observations of typical fibre/matrix boundary surfaces of Sigrafil C-fibre rein-
forced AZ91 showed a thin layer of polycrystalline MgO and Mg

17
Al

12
 precipitates. They

also revealed the addition of Zn to the Mg
17

Al
12

 phase, leading to a depletion of Zn in the
matrix. All specimens showed a very good bonding between fibre and matrix, which points
to good strength of the composite. Reinforced AS41 creep specimens were investigated by
TEM, which revealed micro-cracking in the polycrystalline boundary surface layer that lies
between the fibres and the matrix. Thus, cracking begins at the fibre/matrix boundary
surface (Fig. 7).

Different coating systems were tested for their use with carbon fibres. The coating acts
as a barrier for reactions and diffusion, supports wetting and bonding, and prevents oxida-
tion of the fibres. Modern coatings mainly consist of pyrolytic carbon (pyC), SiC, and TiN
[18]. In the studies, long carbon fibres served as substrates. In contrast to uncoated Tenax
fibres, these coatings lead to an increase in bending strength as well as in transverse tensile
strength. A further increase of the already high strength in the fibre direction can be
achieved by applying a coating. The magnitude of this increase in strength is mainly
determined by the Al-content of the matrix alloy. As yet, coatings have only been tested
with long fibres. Whether coated short fibres have a positive effect on the bonding between
the fibre and matrix is a matter for ongoing research.
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Figure 7: Surface boundaries of C-fibre-reinforced AS41 in as-cast

condition and after a creep test.

11.6.1 Recycling Ability of Discontinuously Reinforced

Magnesium

Different recycling concepts are assessed in terms of their ability to process magnesium
composites with short fibre reinforcements. In this way, Saffil®-reinforced magnesium has
been processed to give a new composite under pressure-casting conditions. However, the
composites thus produced showed an inhomogeneous distribution of the fibres, which led
to brittleness of the matrix at low temperatures.

Another possibility allowing further use of short-fibre magnesium composites is the
separation of the fibres and the matrix under flux. The fibres are bound to a salt and the
melt is separated; the latter is of good quality and so it can be used again [24].

11.7 Applications of Fibre-Reinforced Magnesium

and Outlook

The improvement of the properties of magnesium by reinforcement enables the use of these
materials under high stresses. One example of a likely application is in pistons [21].

Applications of Fibre-Reinforced Magnesium and Outlook
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Figure 8: Carbon fibre preform and fibre-reinforced magnesium

piston [21]

Table 2 summarizes the relevant material properties in relation to those of the piston
alloy KS1275. It is clear that the required properties can be almost fully met with fibre-
reinforced magnesium alloys. A low bending strength and Young’s modulus need to be
taken into consideration for the component engineering.

Table 2: Properties of fibre-reinforced magnesium compared to those of the carbon alloy

KS1275 [21]
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According to the load on the parts, the properties of composites can be modified by
adjusting the variables of fibre, matrix, and process.
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11.8 Summary

The application of fibre-reinforced magnesium can only be realized with a cost-efficient
method of production and good, reproducible material properties. Therefore, the following
may be identified as areas of research for the advancement of magnesium composites:

1. Development work in the field of preform technology.
The ultimate goal must be the final-shape production of preforms, so as to limit post-
processing and enable series production.
Another aim is to further improve the homogeneity of the fibre distribution to obtain
uniform and reproducible material properties.

2. Partial reinforcement of magnesium components for more highly stressed component
areas.
The process technology for producing such components is still insufficiently devel-
oped. An advancement in this field will yield additional, potential applications for
magnesium composites.

3. Mass production suited and cost-efficient production of magnesium composites.
Cost-efficient manufacturing methods need to be developed for a series production of
magnesium composites. A main focus lies in the area of production by die-casting.

The extended application of fibre-reinforced light metals, especially of reinforced mag-
nesium, can clearly be anticipated once these problems are solved.
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12.1 Introduction

The steadily growing requirements for engine components and engineering parts with a

high mechanical and thermal stability, together with the restraint to save natural resources,

has resulted in a demand for new materials that meet the current requirements. The expe-

dite goal is to replace conventional materials with novel, lightweight ones without losing

any technical potential. With this in mind, magnesium has become more and more interest-

ing as an engineering material in recent years. Nevertheless, the application of magnesium

remains limited due to its insufficient strength, its low Young’s modulus, and the rather

poor creep and abrasion resistance. These kinds of disadvantages can, however, be partly or

even completely overcome by a reinforcement of the matrix with an additional phase such

as particles or fibres.

For local acting component reinforcements with high strengths and Young’s moduli, the

application of long fibres is beneficial. A more cost-effective solution and a much lower

anisotropy can be realized by using short fibres or particles as reinforcement components.

Compared to fibre reinforcements, particles have the advantages of high availability, low

price, economic production, amenability to deforming post-processes, as well as a great

variety of adjustable material properties.

12.2 Particle-Reinforced Matrix Alloys

For the reinforcement of magnesium and its alloys, many different types of particles, or

particle shapes made of ceramics such as oxides, nitrides, or carbides, can be used. The

particle contents vary between 5 and 30 vol.% depending on the production method needed

for the composites. The shapes range from spherical and solid to flake-like and needle-

shaped particles. The particles usually have dimensions between 1 and 60 µm. Figure 1

shows different types of SiC particles.

When looking at composites, especially when they are produced by melting metallurgy

methods, the resistance of the particles towards the matrix is very important. For this

reason, as well as economic aspects, mainly particles made of carbide ceramics, such as

silicon carbide, boron carbide, and titanium carbide, have become established as reinforce-

ment materials.

Magnesium – Alloys and Technology. Edited by K.U. Kainer
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KG aA, Weinheim

ISBN: 3-527-30570-X
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Figure 1: Ceramic SiC particles for the reinforcement of light metals, a) block-shaped

geometry, b) spherical geometry [12]

The use of aluminium oxide particles remains limited to powder metallurgical process-

ing. In a melting metallurgical method, with longer contact durations between the fluid

metal and the ceramics, significant chemical reactions would occur, leading to various

products such as magnesium oxide and spinel, which cause permanent damage to both

composite components. Nitrides, on the other hand, represent suitable reinforcement mate-

rials, but they are less resistant than carbides and dissolve at lower temperatures [1]. Table

1 gives an overview of some particle materials and their mechanical and physical proper-

ties.

Table 1: Mechanical and physical properties of particle materials

Material Crystal Melting Density Expansion Young’s Mo- Heat Conduc-

Structure Point (RT) Coefficient dulus (RT) tivity (RT)

[°C] [g/cm³] [10-6 K] [GPa] [W/(mK)]

Carbides B4C rhombohedral 2450 2,52 6,00 450 29

SiC hexagonal 2300 3,21 5,00 480 59

TiC cubic 3140 4,93 7,40 320 29

ZrC cubic 3420 6,60 6,70 390 19

Nitrides BN hexagonal 3000 2,25 3,80 90 25

AlN hexagonal 2300 3,25 6,00 350 10

TiN cubic 2950 5,40 9,40 260 38

ZrN cubic 2980 7,30 6,50 k.A. 19

Borides TiB2 hexagonal 2900 4,50 7,40 370 27

ZrB2 hexagonal 2990 6,10 6,80 350 23

Oxides Al2O3 hexagonal 2050 3,99 8,30 410 25
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Hard material particles are produced by standard methods according to the chemical

composition of the ceramics. SiC is made by the Acheson process from silica sand and

coke between 2000 and 2300 °C according to Eq. 12.1 [1]:

SiO
2
 + 3C → SiC + 2CO (12.1)

SiC occurs as a cubic, low-temperature phase (β-SiC) and a hexagonal high-tempera-

ture phase (α-SiC), with a transformation temperature of roughly 2100 °C. The phase

change from α-SiC to β-SiC proceeds very slowly, so that commercially available silicon

carbide predominantly consists of hexagonal α-SiC [1].

Aluminium oxide is usually obtained from bauxite (a mixture of different aluminium

hydrates) by the Bayer method, and then melted and cleaned in an arc furnace. Next, the

oxides and carbides produced are broken apart, ground to a powder, and finally fractionated

by filtering, sintering, or sedimentation according to the desired particle size. As a measure

of the particle size, the so-called median or d
50

 value is often mentioned, which describes

the average particle size distribution with the help of a distribution curve and does not

necessarily match the arithmetic mean of the particle sizes [2, 3]. The d
50

 value has become

an important index with respect to powder metallurgical processes, and this will be de-

scribed in more detail later on.

Basically, all commercially available magnesium alloys that are amenable to powder- or

melting metallurgical processing can be used for the composite matrix. We will not discuss

further the mechanical properties of these alloys at this stage. Studies on the influence of a

particle reinforcement, especially in terms of mechanical properties, have been conducted

with pure magnesium (CP-Mg) and alloys of the AZ, AS, QE, WE, ZE, ZC, and ZCM

series [4–13]. When employing the most commonly used particle materials, i.e. silicon

carbide and aluminium oxide, the following boundary surface reactions between magne-

sium and the reinforcement component are conceivable:

3Mg + 4Al
2
O

3
 → 3MgAl

2
O

4
 + 2Al (12.2)

3Mg + Al
2
O

3
 → 3MgO + 2Al (12.3)

2Mg + SiC → Mg
2
Si + C (12.4)

Moreover, direct or indirect reactions between alloying elements and particles may also

occur, for example, a reaction between aluminium of an AZ or AS alloy and silicon carbide

or free carbon forming a stable Al
4
C

3
 aluminium carbide. In the case of composites based

on ZC alloys, no chemical interaction between the matrix and reinforcement components

could be verified [6]. Thus, the extent and nature of possible boundary surface reactions is

strongly dependent on the chosen material combination and the production method. There-

fore, no universally valid statement can be made concerning any specific particle–matrix

reactions within different composites. It has been repeatedly observed that a particle-

reinforced matrix shows mostly accelerated precipitation behaviour compared to a regular

matrix, which is attributable to a higher dislocation density in the immediate vicinity of the

particles [5, 14].

This and possible boundary surface reactions that lead to a depletion of the alloying

element in the matrix usually result in a different microstructure from that in the non-

reinforced aggregate. Other effects that change the microstructure, such as grain refine-

ment, have been described in relation to particle reinforcements. In this context, Holden et

al. [8] examined a ZC63 alloy reinforced with 12% SiC particles in a post-casting state.

Particle-Reinforced Matrix Alloys
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They found small equiaxial grains rather than a coarse dendrite casting structure. The

particles mainly added at the grain boundaries and were linked by eutectic bridges.

12.3 Basics of Particle Reinforcement

Usually, the Young’s modulus is most affected by reinforcement, but it should be kept in

mind that the measuring method as well as the chosen stress may have an effect on the

Young’s modulus and the strength properties. Thus, the toughness is usually found to be

slightly greater when measured by dynamic rather than static methods, which are based on

regular, stress–strain curves with the elastic part being used for the determination. The

static strength, on the other hand, may change under a tensile or compression load. Internal

thermal stresses are deemed responsible for this behaviour, which arise during the process-

ing due to a temperature difference between the matrix and particles. Depending on the

polarity of the stress overlaying an applied external stress, the yield strength under tension

or compression shifts to lower or higher values, respectively. These relationships are made

even more complex by inhomogeneities in the particle distribution, leading to an uneven

stress distribution and thus to local plasticity.

A theoretical estimate of the Young’s modulus of a long-fibre composite (continuous

reinforcement) can be made on the basis of the linear rule of mixture:

E
c
 = V

p
E

p
 + V

m
E

m
(12.5)

where

E
c

= Young’s modulus of the component

E
p

= Young’s modulus of the reinforcement phase

E
m

= Young’s modulus of the matrix

V
p

= volume fraction of the reinforcement phase

V
m

= volume fraction of the matrix

However, when applied to particle-reinforced composites, this approach yields (IMR)

values for the Young’s moduli that are too high. On the contrary, the inverse rule of

mixture, which describes the behaviour of laminate structures, yields values that are too

low. An extension of the inverse rule proposed by Halpin and Tsai [16] allows an accept-

able calculation of the Young’s modulus, as was verified for some particle-reinforced

aluminium and magnesium matrix composites [13–15].

With the Tsai–Halpin model, the Young’s modulus of a particle-reinforced composite is

calculated as follows:

)1(
)21(

p

pm
C qV

sqVE
E

−
+

= (12.6)

with

s
E
E
E
E

q

m

p

m

p

2+
= s = geometry factor 1/d



201

Figure 2 shows the influence of the particle volume fraction on the theoretically calcu-

lated and experimentally measured values of the Young’s modulus of a particle-reinforced

magnesium composite.

Figure 2: Comparison between calculated

and experimentally measured

values of the Young’s modulus

(according to [15])

From this figure, it can clearly be seen that the values estimated by means of the

mixture rules differ significantly from the actual measured values, while the Tsai–Halpin

equation, with its geometry correction, gives almost the correct result [15].

The effect of particles on the strength properties is largely based on four distinct

mechanisms, which act on the properties of the composite very differently in terms of

process, composition, and particle size. They are

• the Orowan mechanism, i.e. the interaction between dislocations and particles

• hardening through a decrease, and therefore stabilization, of the grain and sub-grain

size

• increase of the dislocation density around the particles and the formation of internal

thermal stresses due to different thermal expansion behaviours of the particles and

matrix

• hardening of the matrix because of differential elongation behaviour of the two

composite parts [14].

The strength properties of particle-reinforced composites have been modelled and de-

scribed with the help of finite-element methods [17–22]. Continuum mechanical approach-

es, such as the shear-lag model [23] do not include the aforementioned influences of the

particles on micro-mechanical mechanisms. Hence, for composites with small geometry

factors, the strength values that they yield are too low [14].

Humphreys et al. [18, 19] have developed a model based on metal physics that allows

an estimation of hardening by the different mechanisms of particle reinforcement. Accord-

ingly, the increase in the yield strength ∆R
pC

 is the sum of all single increases in strength

Basics of Particle Reinforcement
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∆R
pC

 = s
V
 + s

K
 + s

SK
 + s

KF
(12.7)

The terms on the right-hand side are explained as follows:

σ
V
 (contribution of stress from mandatory geometrical dislocations and internal thermal

stresses)

Since the matrix and particles have different thermal expansion coefficients, they are

subject to different contractions on cooling, which leads to severe thermal stresses in the

matrix. These can be cleared by diffusion processes or by the formation of relieving

geometrical dislocations. Despite this relaxation, the remaining stresses expose the matrix

to tensile stress and the particles to compression stresses. The magnitude of the thermal

stresses and of the dislocation density is a function of the particle size d, the particle

volume fraction V
p
, the difference of the thermal expansion coefficients ∆C, and the

temperature gradient ∆T, so that the contribution of stress s
V
 can be estimated from:

s
V
 = α G b ρ1/2 (12.8)

where ρ = [(12∆T∆C)/bd], α = const. = 0.5–1, G = shear modulus, b = Burger’s vector

The distribution of all geometrically necessary dislocations within the matrix can be

quite different. Tests on particle-reinforced materials made of pure aluminium and alumin-

ium alloys showed evenly distributed dislocations for the pure material, while with the

alloys the dislocations mainly formed at the boundary surface between the matrix and the

particles. The thermal stresses influence the flow stress in such a way that they form a

hydrostatic tensile stress state with equiaxial particles. This condition leaves the yield

strength untouched, while the maximum strength is influenced by shear stresses close to

the particles.

σ
K
 and σ

SK
 (contribution of stresses determined by the grain and sub-grain size)

Due to thermal and mechanical treatment such as the annealing of a deformed compos-

ite, recrystallization of the composite’s microstructure can occur. In this case, the particles

act as recrystallization nuclei even though they are usually larger than 1 mm in these types

of materials. The resulting grain size D is a function of the number of particles per volume

fraction, i.e. directly proportional to the particle size. The grain size of the recrystallized

composite is normally between 1 and 10 µm, and is therefore much smaller than the

corresponding grain size of non-reinforced material, such that a hardening effect analogous

to the Hall–Petch relationship can be described by:

2
1−

⋅= DkKσ (12.9)

with k = const. ≈ 0.1 MNm–3/2

If no recrystallization occurs due to the volume fraction and particle size, e.g. in the

case of mechanically alloyed materials with a high content of fine dispersoids, a sub-grain

structure remains in the annealed material, which can also contribute to hardening through

the Hall–Petch effect. Sub-grains can also form when the necessary geometrical disloca-

tions are redistributed by thermally activated recovery processes. This works as a hardening

effect as well. In terms of hardening by sub-grains and the term σ
SK

, the constant k of the

Hall–Petch relationship can be replaced by a much lower value of about 0.05 MNm–3/2.

σ
KF 

(contribution of stress by strain hardening)

The initial rate of hardening is often much higher with particle-reinforced composites

than with the non-reinforced matrix, since the particles and matrix exhibit different strains.

Up to a certain total elongation, the matrix will deform plastically while the particles still

behave elastically. Extensive stress fields, which cause great composite hardening, are



203

built-up by non-relaxed strains in the matrix due to dislocations adding to the particles. The

contribution that this makes to the stress is given by [18, 19]:

εασ ⋅⋅⋅⋅=
d
bVG PKF

2 (12.10)

where ε = total elongation

Figure 3 summarizes the effect of the individual stress contributions on composites with

different sized particles according to the micro-mechanical model described above. The

figure shows that the particle size and volume fraction are the main parameters, which,

within the different mechanisms, deliver the characteristic contribution.

Figure 3: Stress contributions of different mechanisms to the yield point due to particles of

various sizes, according to [25]

In general, the model tends to calculate higher amounts of hardening for smaller

particle diameters than for coarse particles. With small particles, the strain hardening

contributes most to the increase in tensile strength [15].

The Orowan mechanism mentioned above enables gliding dislocations to pass barriers

in such a way that they bulge in between the obstacles. The bulge forming is very extensive,

so that a part of the dislocation remains as a ring around the obstacle, while the dislocation

proceeds on its gliding layer. For particle-reinforced composites with particles of a few

microns in diameter, this mechanism is of minor importance. For materials with precipita-

tion and dispersion hardening, however, or even for reinforcements by nanoscale particles,

it is of great importance.

12.4 Production Methods

12.4.1 Melting Metallurgical Processes

The melting metallurgical production of particle-reinforced magnesium matrix composites

includes three major processes: the stirring of particles into the fluid metal, the infiltration

of porous particle and hybrid solids (preforms) with melt under high pressure, and finally

spray-forming. The basic requirement for a melting metallurgical production is a sufficient

wetting of the reinforcement phase by the melt and a good bonding between them. Methods

Production Methods
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not involving any pressure fulfil these requirements by the material combination itself or by

prior treatment of the reinforcement phase (annealing, coating). Infiltration methods, such

as the infiltration of preforms by squeeze-casting, overcome barriers such as insufficient

wetting or inadequate capillary pressures through the application of an external force,

which enforces good bonding between both components of the composite.

Particles can be added with stirring to the fluid or half-frozen melt either in powder

form or in the form of pellets or briquettes. The actual mixing process is then performed

with the help of a mechanical stirrer, ultrasonic excitation, electromagnetic stirring, sand-

casting or pressure-casting. The most important parameters for stir-casting are the stirring

speed; the atmosphere; the size, shape, prior treatment, and volume fraction of the parti-

cles; the melt temperature, and finally the holding time and any degassing steps that might

be necessary [24,25]. In the case of mechanical stirring, the geometry and size of the

propeller as well as its position within the crucible are further important parameters.

The correct selection of these parameters is crucial with regard to the quality of the final

composite. Thus, very fine particles show a much greater tendency towards agglomeration

and rinsing with rising voids than coarse particles, which show instead segregation by

sedimentation or floating. The temperature of the melt is important since serious propeller

wear and excessive chemical attack of the particles by the molten matrix material can

occur, together with an increased gas absorption by the melt. On the other hand, the angle

of wetting becomes smaller with increasing temperature so that the boundary surface

bonding between matrix and particles is improved. Moreover, a multitude of problems

concerning the particle distribution and the castability of the molten composite material

arise when the temperature is too low.

Laurent et al. [26] examined the influence of different production and material parame-

ters, such as the stirring position inside the crucible, the temperature control during stirring,

Figure 4: Temperature control when

compo-casting, according to [26]
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and the particle size on the structure and properties of an SiC-reinforced AZ91 alloy. The

different temperature profiles, which differ in the temperature during the stirring, proved to

be of primary importance. Figure 4 shows a schematic of the profiles.

In the case of profile “A”, the particles were stirred at temperatures above the liquidus

line, while the stirring took place in the solid-liquid two-phase area for profiles “B” and

“C” (compo-casting). The composite melts of the profiles “A” and ”B” were quickly cooled

to room temperature immediately after the stirring; only in the case of profile “C” was the

melt again heated well beyond the liquidus temperature before cooling. Through macro-

scopic and microstructure observations, it was found that stirring of the particles into the

half-frozen material resulted in the most homogeneous particle distribution and lowest

porosity, especially for profile “C”. This effect was stronger for coarse particles with an

average size of 54 µm than for medium-sized particles of 12 µm. Moreover, the distribution

of the coarse particles could be greatly influenced by a change in the stirring position. The

particles accumulated in the lower part of the crucible when the agitator was lifted by about

10% of the melt height. This effect was not seen with the very fine particles.

Luo [9,27] made identical observations on studying the distribution of SiC particles that

had been stirred into technical pure magnesium and into the alloys AZ91 and AS41.

Micrographs of the pure magnesium-based composites showed that the particles were

completely dispersed on the grain boundaries, indicating that they were not wetted by the

melt but rather pushed forward with the melt front to ultimately reside in the portion of the

melt that was last to freeze. The alloy AZ91 gave the most homogeneous particle distribu-

tion; particles were found at the grain boundaries as well as within grains, which gives

clear evidence for a sufficient wetting of the particles by the melt. The particle distribution

was only slightly less even for AS41, in which more particle aggregates were found than in

the AZ91 composites. None of the examined composites showed the intermetallic phase

Al
4
C

3
, which is predicted on the basis of the reaction kinetics. Nevertheless, Mg

2
Si precip-

itates were detected in the two aluminium-containing alloys, as reported by Laurent et al.

Reaction products on the particles were interpreted as the ternary phase of aluminium,

carbon, and oxygen. In contrast, Wilks et al. [6] described the formation of Al
4
C

3
 when SiC

particles were heated at 725 °C for two hours within a melt of AZ91.

The reinforcement components for the production of particle and hybrid preforms by

squeeze-casting or gas-pressure infiltration are fixed with the help of inorganic SiO
2
 or

Al
2
O

3
 as binders, which ensure the preform stability during infiltration. In this way, many

different volume fractions can be accommodated. However, the size and volume fraction of

particles is limited for pure particle preforms, because an uncomplicated infiltration of the

solids is no longer guaranteed with high volume fractions or with too small particle sizes.

Taking this into consideration, the use of hybrid preforms, e.g. mixtures of particles and

fibres, has definite advantages since the fibres only act as supporting structures, whereas

the particles are embedded, thus leaving enough porosity for infiltration. The fibres arrange

themselves randomly in layers inside the preform. This is called planar-isotropic distribu-

tion [18, 29].

Squeeze-casting offers the advantages of high productivity and easy shaping together

with the production of high quality, non-porous materials [30]. Complex parts can be

realized with cores or male cores. The heat transfer between the mould and the melt/cast

part is greatly improved by the high pressure of squeeze-casting. A supercooling of the

melt may be thermodynamically achieved through judicious choice of the casting tempera-

ture. As a result, the melting point shifts to higher temperatures. The freezing is accelerated

as a consequence and the microstructure turns out to be finely dispersed [30–32].

Production Methods
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The infiltration of particle- and hybrid preforms has been described and characterized,

among others by Kainer et al. [13, 33, 34]. The infiltration of pure particle preforms was

indeed achieved, but led to some non-reinforced zones and fracture, as well as to particle

delaminations due to insufficient preform strength [13]. Hybrid reinforced magnesium

matrix composites, on the other hand, showed complete infiltration and a homogeneous

distribution of the ceramic particles since the bridging – which connects the particles to the

fibres – dissolved during infiltration. The particles are embedded within the matrix. Tests

on the orientation dependence of various material properties revealed a higher isotropy for

hybrid composites based on different magnesium alloys compared to single-fibre compos-

ites. This can be explained in terms of the low fibre content of the hybrid reinforcements.

Spray-forming is an alternative and new technology for producing final-shaped compo-

nents and semi-products. Spray-forming, in principle, allows the direct manufacture of

tubes, plates, rods, or sheets in one processing step. It can be categorized between powder

metallurgical processes and near-net-shape casting and is especially suitable for processing

alloys with poor castability and discontinuously reinforced metal matrix composites. The

method is characterized by a microstructure with a homogeneous dispersion of elements

and phases along with few segregations and high purity, which improves mechanical and

physical properties and the corrosion resistance.

Sputtering a metal melt and the deposition of the resulting drops on a substrate produc-

es the material. Sputtering works in such a way that a melt-jet leaves the crucible and is

impinged with a high-pressure inert gas from the side. After a short falling distance, the

molten drops fall on the substrate as either fluid, half-solid, or solid aggregate according to

their size. As the process time increases, the spray forms a solid, also called a deposit. The

substrate plate is constantly lowered and concurrently rotated during the deposition se-

quence to ensure a constant deposit growth. In this way, the deposit reaches 95–98% of the

theoretical density and is later completely consolidated by forging or extrusion. The sput-

tered material that does not contribute to the deposit building falls down as overspray and

can be recycled. This combination of powder metallurgical production and consolidation

makes the production of metallic composites very easy. When ceramic particles are added

to the spray, they are distributed even more homogeneously in the material than would be

possible by melting metallurgy. The clearly faster cooling rates lower possible boundary

surface reactions between the non-metal phase and the melt so that the damage to the

reinforcement material can be eliminated almost completely.

Figure 5: Spray-formed, particle-reinforced

magnesium matrix composite

(Osprey Metals Ltd., Neath, U.K.)
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By comparing the analyses of spray-formed and powder metallurgical magnesium

composites based on QE22, it was verified [35–37] that spray-forming is advantageous

over conventional methods in terms of the process steps required and the technological

properties of the produced materials. Figure 5 shows such spray-formed solids of a QE22/

20% SiCp composite. The microstructure of the spray-formed material after sputtering is

porous at first, and interstratified with particle clusters. However, as with other production

methods, extrusion leads to a superb and even particle distribution and a reduction in the

porosity from 20% to 0.5%. The greatest maximum elongation and tensile strength was

seen for spray-formed composites and the overspray in extruded and heat-treated condi-

tion.

12.4.2 Powder Metallurgical Methods

Metallic powders are usually produced by mechanical methods such as chipping or ma-

chining of a solid metal, or by sputtering or spraying of metallic melts with fluids or gases,

respectively. Other methods, such as electrochemical processes or condensation processes,

are also applied, although mainly with noble or heavy metals. Besides mechanical chip-

ping, gas sputtering is the most important process for producing magnesium powders. The

working principle of sputtering has already been explained in Section 12.4.1 in relation to

spray-forming. The only difference here is that the sputtered drops are not captured by a

substrate, but are instead completely frozen during their fall through the chamber, thus

forming a loose powder swell.

Figure 6 shows powders of two magnesium alloys, which were made mechanically (a)

and by sputtering (b). Particles generated by gas sputtering are usually more spherical and

have a higher bulk density than the corresponding particles made by machining or by water

sputtering. For the sputtering of magnesium, an argon/oxygen mixture containing 1–2% O
2

is usually used as the sputter medium, whereby a specific phlegmatization of the reactive

metal powder is achieved and a non-hazardous handling becomes possible [38].

Figure 6: Magnesium alloy powder, a) AZ91, produced by

mechanical breaking, b) QE22, produced by gas-

sputtering [55]

Production Methods
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Besides liquid-phase sintering, the powder metallurgical production of metal matrix

composites has the advantage of a low process temperature, so that excessive reactions at

the boundary surfaces between the composite components do not occur. In this way, it is

possible to produce composites that would cause problems in melting metallurgical pro-

cesses through intense reactivity at the boundary surfaces or by a lack of wetting of the

reinforcement by the melt. The process also enables very high reinforcement volume

fractions of up to 50% [12].

For the preparation of a powder metallurgical magnesium matrix composite with parti-

cle reinforcement, a two-step process has been established, whereby the metallic powder is

thoroughly mixed with ceramic particles and then milled, e.g. in a ball mill [39].

A homogeneous particle distribution in the latter composite requires the metal powder

and ceramic particles to have a certain mutual size relationship with the aforementioned d
50

value as an orientation value. According to [39], the ratio between the average size distribu-

tion of the metal powder and that of the reinforcement component should be around 5:1 to

avoid agglomeration or separation. Therefore, it is important to classify particles in terms

of their size before starting the actual mixing process. The milling, which follows the

mixing, serves to mechanically fix the ceramic particles to the metal powder particles and

increases the homogeneity. The final consolidation is accomplished by extrusion [12, 37,

39] or forging [40].

For extrusion, pre-pressed and pre-sintered green bodies, as well as loose swells in

complying bins or shells, can be handled. These powders are then forced under high

pressure at high temperature through the nozzle, and the powder mixture is deformed and

thoroughly welded together, so that the resulting solid metal has a density close to the

theoretical maximum. As can be seen in Fig. 7, the reinforcement phase is very evenly

distributed.

Figure 7: Microstructure of a p/m-QE22/SiC
p

composite parallel to the extrusion

direction

These processes are very suitable for metals such as aluminium and magnesium, which

form an oxide layer on exposed surfaces. The oxide films are broken apart during extrusion

due to the high deformation rates, exposing more metallic contact faces than a simple hot
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pressing [3]. Particle reinforcements have become most prominently established for the

powder metallurgical formation of metallic composites since their geometry prevents any

disintegration or cracking during the deformation.

12.5 Mechanical Properties and Creep Behaviour

12.5.1 Mechanical Properties

The mechanical properties of particle-reinforced magnesium matrix composites have been

well-studied, with an emphasis on composites made by stirring, especially those based on

AZ91 [26,27,42,43]. Compo-cast AZ91/15% SiC
p
 composites, as reported in [26], showed

a significantly increased yield strength of about 40 MPa compared to that of the non-

reinforced alloy. The maximum strength was slightly less than that of the matrix; the

Young’s modulus was measured as about 65 GPa, which is roughly 20 GPa higher than that

of the regular material. As observed for all the composites, the ductility also decreased due

to the reinforcement. The strain at fracture fell from 10% for the non-reinforced material to

about one-tenth of this value following the addition of the particles. Rozak et al. [42]

produced AZ91 composites with 20 vol.% SiC particles by various methods. First they

stirred particles into the melt, and then the composite was post-processed by squeeze-

casting, sand- or gravity-casting. The squeeze-cast materials were further extruded. The

yield strength and tensile strength had the same values of 210 and 295 MPa, respectively,

for each differently cast material. Only the extrusion of the pressure-cast material, includ-

ing the subsequent heat treatment, resulted in a significant increase in strength; the yield

strength and tensile strength then amounted to 310 and 430 MPa.

Luo [27] and Moll et al. [43] observed the mechanical behaviour of AZ91 with a 10%

SiC particle reinforcement. Particles with an average size of 7 µm, as used in [27], led to an

increase in the yield strength and to reduced ductility and tensile strength, similar to that

seen in [26]. However, the low particle content did not lead to a higher Young’s modulus. In

Figure 8: Mechanical properties of the alloy ZE41 with particle reinforcements [41]

Mechanical Properties and Creep Behaviour
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[43], the mechanical strength at room temperature and at elevated temperatures was analy-

sed; the average particle size distributions were found to be 17 µm and 9 µm, respectively,

in these cases. As in the results described above, the maximum strength at room tempera-

ture was lowered in the squeeze-cast condition due to the presence of the particles, while an

increase of the tensile strength of 20–25 MPa took place in the temperature range 150–

200 °C with both types of particles. Hu described an increase in the Young’s modulus of

AZ91 from 45 GPa to 176 GPa for a 40 vol.% SiC particle reinforcement of material made

using a squeeze-cast infiltrated particle preform. The increase in the tensile strength from

255 to 302 MPa was rather low in this case.

Other magnesium alloys taken from the AS, ZC, ZM, or ZE alloy series have also been

used as matrix materials for particle-reinforced composites and tested with regard to their

mechanical properties. Figure 8 lists the mechanical properties of the 12 vol.% SiC-

reinforced ZE41 alloy [41]. As can be seen from the figure, the Young’s modulus was

improved most with this alloy, while the other properties were only slightly improved.

Holden et al.’s [8] studies concentrated on the strength and creep behaviour of the ZC63

alloy, again with 12 vol.% SiC particles. The results for the composite’s Young’s modulus

deviate a lot, especially at higher temperatures up to 150 °C, but on average they are still

below the corresponding values for the non-reinforced matrix. All values for the strength

properties are summarized in Table 2.

Table 2: Strength properties of a ZC63 and a ZC63/SiC
p
 composite [8]

Mikucki et al. [45] listed various mechanical property data for a variety of powder- and

melting-metallurgically produced magnesium matrix composites with particle reinforce-

ments. The wrought alloy AZ31 and the binary alloy Z6 were produced by stirring 20% SiC

particles of sizes 10 µm and 16 µm into the melt. The alloys were cast as bolts, which were

then extruded. Since the formability of AZ31 is very good, the extrusion ability was, as

expected, better than that for the Z6 composite. Z6, on the other hand, showed a very high

yield strength of up to 413 MPa and a tensile strength of 469 MPa, which represents the

maximum strength currently available on the commercial market.

Besides their own data, Mikucki et al. [45] also provided an overview of the literature

on various powder metallurgical produced magnesium particle composites for comparison

purposes (Table 3). Clark and Garret [47] extended this information with observations

concerning a ZK60A alloy, which was reinforced with 30 vol.% B
4
C particles by a powder-
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metallurgical process. This alloy showed even higher values of yield strength and tensile

strength of 455 and 510 MPa; the Young’s modulus was as much as 94 GPa.

Table 3: Strength properties of various (p/m)-Mg/particle-reinforced materials [45]

Lee et al. [46] examined the mechanical properties and the microstructures of various

AZ91/10 vol.% SiC
p
 composites, produced by p/m and extrusion, and varying in their

particle size (8, 30, 50 µm). They characterized the material properties as a function of

extrusion parameters such as extrusion ratio or extrusion temperature. The non-reinforced

matrix as well as the composites showed very small equiaxial grains of sizes between 10

and 17 µm after extrusion, which formed due to dynamic recrystallization during extrusion.

The strength values for the materials increased with increasing extrusion ratio, with the

strength of the composites always being higher than that of the non-reinforced matrix. The

highest yield strength of 271 MPa was accomplished with an 8 µm SiC particle reinforce-

ment. In [46], the results concerning strength were rationalized in terms of the Hall–Petch

relationship by considering the small grains and the high strength of the composite as a

grain growth limiting effect of the particles. Solution annealing after extrusion resulted in a

loss of tensile strength in all cases, but this was less pronounced for the composites than for

the matrix material.

A dependence of the mechanical properties on the particle size and shape was also

found by Moll et al. [12], who studied the properties of a p/m QE22/15 vol.% SiC
p

composite in extruded condition, as well as following a T6 heat treatment. The results of

these measurements are listed in Fig. 9. Silicon carbide particles of average size 9, 12 and

30 µm were introduced into the matrix, whereupon there was a distinction between a

spherical and square-weave shape for the latter two particle sizes. When 30 µm particles

were used for reinforcement, the values for tensile and yield strength decreased, whereas 9

and 12 µm sized particles contributed to a significant increase in strength. This gain in

strength was slightly higher for square-weaved particles than for spherical ones. In general,
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both the non-reinforced matrix and the composites exhibited a loss in strength following

heat treatment, in accordance with the results in [46]. The strengthening effect of small

particles could not be verified beyond 200 °C; the good high-temperature properties of

silver- and rare earth containing alloys were largely lost due to the particles.

Figure 9: Tensile strengths of the alloy QE22 (p/m) and QE22/15 vol.% SiC
p

composite (p/m) at room temperature

Moreover, if one compares the mechanical behaviour of these composites with that of

other composites based on QE22, as shown in Fig. 10, it can be seen that the powder

metallurgical version has room temperature strength properties which are far superior to

those of pressure-cast hybrid or short-fibre reinforced composites. At higher temperatures,

however, the fibre-reinforced materials are much stronger.

Kainer et al. analysed magnesium matrix composites with hybrid reinforcements of

10 vol.% Saffil short fibres/15 vol.% SiC particles and 5 vol.% Saffil short fibres/20 vol.%

SiC particles. Both composites showed significantly improved mechanical properties com-

pared to the non-reinforced matrix, QE22 in this case. Thus, the Young’s modulus could be

increased to approximately 75 GPa for both materials, and the yield and tensile strengths

were 80 to 100 MPa higher than the corresponding matrix values. The reinforcement

mixture with the higher fibre content always exhibited a greater increase in strength.
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Figure 10: Tensile strengths of various QE22 composites

12.5.2 Creep Behaviour

The creep behaviour of particle-reinforced magnesium alloys has been relatively little

studied and divergent results have been reported. The matrix seems to have the main

influence on the creep resistance. Wilks and King [4] worked on a ZC71-based composite

with a reinforcement of 10 µm SiC particles, which were stirred into the fluid matrix melt.

Creep tests proved that the composite required double the load at 150 °C to reach equal

strains within the same time as compared to the pure matrix material. The difference

became especially obvious in long-term tests run for up to 1000 h.

Using ZC63 as the base material, with all process parameters and particle properties

remaining constant, the composite is less creep-resistant than the matrix [8]. At tempera-

tures up to 150 °C and loads of up to 100 MPa, the composite materials showed creep rates

that were faster by one order of magnitude for almost all temperature and load steps.

Moll et al. [12, 13, 43, 48] looked at the creep behaviour of various powder and melting

metallurgically produced particle-reinforced magnesium matrix composites based on AZ91

and QE22, which were reinforced with SiC particles of different sizes and shapes. The

creep tests were carried out at stresses between 35 and 70 MPa at temperatures of 150 and

200 °C. As an example, Fig. 11 shows the creep results at 200 °C and 35 MPa for p/m

QE22/15 vol.% SiCp-T6 composites. It can clearly be seen that the creep resistance de-

creases tremendously when the particles are incorporated. The most influential parameter

regarding this effect is the particle size; the bigger the particles, the higher the creep rates.

The rates increased by at least four orders of magnitude. At 200 °C, no significant second-

ary creep could be observed, which is consistent with a literature report [49]. The fracture

times shorten from over 2000 h for the non-reinforced matrix to 7–8 h for composites with

particle sizes between 9 and 12 µm.

Mechanical Properties and Creep Behaviour
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Figure 11: Creep behaviour of (p/m)-QE22/SiC
p
 composites

at 200 °C and 35 MPa [48]

Creep tests on a melting metallurgically produced composite with an AZ91 matrix and

17 µm SiC particles showed that the effect of temperature and stress on the creep behaviour

is irregular. The particle reinforcement reduced the minimum creep rate to roughly 3–

4 × 10–10 s–1 in areas of low stress and temperature (35 MPa, 150 °C). Increasing the

temperature by 50 °C led to almost identical secondary creep rates of 1 × 10–8 s–1 and

3 × 10–8 s–1 for the matrix and the composite, respectively. The same creep rates of 3 × 10–8

s–1 were measured for a doubled load of 70 MPa (150 °C). At 200 °C, the creep rate of the

composite (1 × 10–6 s–1) was about one order of magnitude higher than that for the matrix

alloy (2 × 10–7 s–1). A significant tertiary creep was observed only for materials under high

loads at high temperatures. At 150 °C, the matrix alloys and composites failed suddenly in

the secondary creep stage.

Wolfenstine et al. [50] studied the high-temperature behaviour of the cubic-centered

alloy MgLi14 reinforced with 3–5 µm particles of elemental boron. The composite was

produced from extruded powders. This material showed improved creep resistance between

230 and 280 °C with increasing particle contents of 10, 20, and 30 vol.%. The composite

with 30 vol.% of particles withstood eight times the load of the regular matrix at a constant

creep rate. Even though the ultra-light magnesium/lithium alloys have a high specific

strength, their creep resistance is still far below that of the pure hexagonal magnesium. In

[50], it is stated that the creep rate of pure Mg is five times higher than that of Mg/Li alloys,

which is attributed to the much greater lattice diffusion coefficient of the cubic-centered

Mg/Li structure.
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12.6 Summary

The mechanical properties of particle-reinforced magnesium composites described here-

in clearly demonstrate that these materials offer interesting perspectives whenever there is a

demand for a light material with a high Young’s modulus. With a suitable choice of material

compositions and production methods, strengths and Young’s moduli can be achieved that

match or even surpass those of aluminium materials. At this point, the improved wear

resistance should be mentioned, as well as the reduction of the thermal expansion coeffi-

cient, both of which are achieved with ceramic particle reinforced light metals [51]. The

main focus of research and development in magnesium composites has hitherto been on

fibre reinforcements, although these are still not used to any great extent. The high prices of

the fibres and the complex production are the main reasons for this stagnation. Herein, we

have mentioned the advantages that particle reinforcements have to offer. Commercial

production of these materials has already begun; some potential semi-products and parts

such as tubes or cylinder sleeves are available on the market [52]. There is also interest in

these materials in the aviation and space industries. The devolvement of particle-reinforced

magnesium alloys still needs more detailed research work. For example, only a few results

have been reported pertaining to fatigue tests and high-temperature properties [53, 54].

High-temperature and creep tests demonstrated a dependence of each composite on the

production method. This leaves some research work still to do, namely to evaluate the

application of particle-reinforced magnesium matrix composites at higher temperatures

and loads and to create a complete performance profile.
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13 Corrosion and Corrosion Protection of

Magnesium
P. Kurze, AHC-Oberflächentechnik GmbH & Co. OHG, Kerpen

13.1 Introduction

Magnesium is very ignoble (normal potential –2.34 volts). It forms thin passive layers in

air and water.

13.2 Corrosion Types

All corrosion types affecting magnesium alloys can be reduced to electrochemical process-

es. A high corrosion trend is predicted due to the high electron negative potential of Mg.

13.2.1 Passivation Behaviour

In pure or alkaline water, Mg forms passivating crystalline films of Mg(OH)
2
 on the surface

[1]. The following chemical reaction will then take place:

Mg + 2OH– → Mg(OH)
2
 + 2e–

2H
2
O + 2e– → 2OH– + H

2

This passive layer is not stable in aqueous solutions with pH < 10. This is because there

are high compression stresses within the layer (geometrical mismatches with respect to the

Mg lattice), which cause cracks. Thus, the magnesium is exposed and corrosion begins.

The hydrogen liberated during corrosion then causes a further detachment of the passivat-

ing layer. The layer is very stable in pure alkaline aqueous solutions with pH > 10.5

(striking difference compared to aluminium), since the cracks are sealed with Mg(OH)
2

(curing).

In aqueous solutions containing chloride, sulfide, or carbonate ions, among others

(except fluoride ions), the passivating layer of Mg(OH)
2
 is destroyed and magnesium goes

into solution:

Mg + 2H+ → Mg2+ + H
2

Unprotected magnesium is often exposed to this type of corrosion, e.g. by exhaust

gases, acid rain, salts, etc.

The corrosion attacks the whole passivating layer equally. The corrosion rate of magne-

sium is two orders of magnitude greater in solutions containing chloride or sulfide ions

than in pure distilled water. Hydrogen formation is the main cathodic reaction in this

corrosion mechanism.

Passive layers can also be specifically generated in aqueous solutions. Chromate films

are well-known in this regard since they act in a self-curing manner on magnesium and
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form a good bonding basis for organic coatings, although they are physiologically ques-

tionable. Systematic electrochemical tests with regard to replacing chromate led to dilute

aqueous solutions containing cerium permanganate or -vanadate, but not the phosphate and

fluoride ions described in the literature.

13.2.2 Pitting Corrosion

The origin of pitting lies in inhomogeneous crystal structures such as Mg
17

Al
12

 precipita-

tions. They show a higher standard voltage (more noble) and form an electrolysis junction

with the surrounding matrix. This galvanic corrosion generates hole-like corrosion prints

and is therefore not pitting corrosion in the common sense (no potential for pitting in

passive area).

13.2.3 Stress Corrosion Cracking

With magnesium alloys, stress corrosion cracking occurs when inner or outer tensile

stresses are combined with a corrosive medium (chloride-, sulfide-, chlorate-containing

solutions). This leads to brittleness at the tip of the crack, because the hydrogen evolved

during the corrosion process is absorbed.

13.2.4 Galvanic Corrosion

The basic requirements for galvanic corrosion are the formation of a galvanic element. This

corrosion mode is very frequently encountered for two reasons:

a) The Mg alloys always contain more noble components, such as heavy metals, espe-

cially Fe, Cu, Ni

b) There is hardly any technical application in which magnesium does not come into

contact with other more noble metals, often steel.

As regards point a)

Galvanic corrosion becomes very excessive with magnesium alloys containing noble

metals (alloying components or impurities) such as heavy metals, especially iron, copper,

or nickel, which thus have an electrical contact with the matrix. When aqueous media affect

the alloys, hydrogen is formed with a slight overpotential. The whole process is supported

by specific anions (e.g. chloride, sulfide). High-purity Mg alloys were developed to prevent

this process. They are much more corrosion-resistant in chloride-containing aqueous media

than the “older versions” with high contents of Fe, Cu, and Ni. HP alloys contain minimal

amounts of these heavy metals. Table 1 summarizes the compositions of the most common

ET alloys.

Corrosion Types
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Table 1: Compositions of magnesium die-castings

Figure 1: Corrosion tests on magnesium die-casting alloys

Figure 1 lists some corrosion tests (comparison of old/new, comparison with GD-

AlSi9Cu3) carried out on magnesium cast alloys in a salt spray (DIN 50021-SS) [2].

As can be seen from the figure, the corrosion rate of AZ91 (old version), for example, is

19 times faster in the salt-spray test than that of AZ91 HP.

As regards point b)

The two metals in electrical contact with each other have different potentials. The

higher the difference, the more the ignoble metal Mg (anode) will dissolve. It will dissolve

in the electrolyte accumulated at the contact point.

The following precautionary measures logically stem from the model for galvanic

corrosion:

In a dry atmosphere, no galvanic protection is necessary for magnesium (no electrolyte)
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When there is high corrosion potential (electrolyte at the contact point), the following

measures are proposed:

• The electrical contact between magnesium and other metallic materials should be

prevented by insulation. There can be no direct contact to copper, nickel, iron, or

stainless steel.

• Al/Mg alloys (AlMg2.5, AlMg4.5Mn, AlMgSi1), or those containing zinc, tin, or

cadmium, exhibit only little galvanic corrosion of magnesium. Contact corrosion

when using steel and aluminum screws can easily be prevented by using HART-

COATâ covered washers. HART-COATâ coated aluminum screws are also service-

able (insulation).

• Avoidance of accumulations of electrolyte at the contact areas

13.3 Corrosion Protection Measures

Currently, three main protection measures are in use:

13.3.1 Improving the Purity of Mg Alloys

The aim here is to prevent galvanic corrosion. Section 13.2 gives more information on this.

The heavy metal content needs to be lowered even further.

13.3.2 Addition of Specific Alloying Elements

The addition of special alloying elements is intended to prevent galvanic processes on a

micro-scale and to form a superior cover coating.

The classic alloying elements – except for Al – can hardly improve magnesium’s

corrosion resistance. At up to 10%, Al has no effect on the Mg matrix.

A specific addition of rare earth elements such as Nd, La, and Ce has a positive

influence on the corrosion behaviour of the corresponding magnesium alloy. The electro-

chemical standard potentials of rare earths are, without exception, close to that of magne-

sium. In this way, galvanic corrosion is prevented. An example of such a material is WE54

(5% Y, 3.5% Nd and other RE, 0.5% Zr), which is heat resistant up to 300 °C and shows

excellent corrosion resistance (in Cl-containing aqueous solution) [3].

An improvement should be seen if the Mg alloy attains a higher level of homogeneity

by suitable freezing. In that way, additional passivation effects will occur, which lower the

corrosion current density by two to three orders of magnitude. The synergistic effects with

multiply alloyed Mg materials have hardly been studied, even though they are of tremen-

dous potential.

13.3.3 Surface Treatment of Magnesium

Some important preliminary remarks need to be made for this part:

1. Even the best surface protection is useless for a non-HP quality material.

2. The casting skin of Mg die-castings is the closest packed area.

Corrosion Protection Measures
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Removing the skin by acid cleaning or mechanical treatment, and then applying a

surface protection results in much worse corrosion rates than with the untouched

casting skin.

3. The surface protection is less effective on a porous casting than on a dense one.

4. The surface cannot be compacted by abrasive blasting (glass pearls, corundum parti-

cles) as with aluminum, as it would be rendered impure by the blasting medium.

Figure 2 shows possible methods for a surface treatment of magnesium materials.
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Figure 2: Possible methods for a surface treatment of magnesium materials

Anodic treatment is a widely used process for magnesium. Table 2 lists the most

common methods for the anodic oxidation of magnesium.

The MAGOXID-COAT process was developed by the AHC company [4] and is

described in more detail in [5–8]. The surface is covered with a ceramic layer by a

plasmatic reaction of the electrolyte; the whole process is run by partial anodes. It is a gas–

solid reaction in the electrolyte.
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Table 2: Processes for the anodic oxidation of magnesium and its alloys
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Figure 3 shows the reaction mechanism of the MAGOXID-COAT coating, which is

separated into four constituent parts.

Figure 3: Reaction mechanism of the MAGOXID-COAT coating

The layers formed by the MAGOXID-COAT process are of an oxidizing nature; they

are ceramic-like, white layers, which contain a large amount of highly resistant spinels, e.g.

MgAl
2
O

4
. Colored MAGOXID-COAT layers are also available, e.g. black. Figure 4

shows a schematic of a MAGOXID-COAT layer. It should be mentioned that the layer

consists of two parts, a pore-free and a porous oxide ceramic layer. The pore-free layer

prevents corrosion, while the porous layer serves as a basis for painting or proofing, e.g.

with PTFE.

Corrosion Protection Measures



224 Corrosion and Corrosion Protection of Magnesium

Figure 4: Schematic model of the set-up of a MAGOXID-

COAT layer

Table 3 lists the properties of MAGOXID-COAT layers.

Table 3: Properties of MAGOXID-COAT layers (thickness 25 µm)
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The corrosion resistance of the MAGOXID-COAT layer can be further improved for

special applications. Special processes, reaching a corrosion resistance of up to 3000 h,

additionally seal the layer. Table 4 lists potential fields of application for a MAGOXID-

COAT layer.
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Table 4: Applications of MAGOXID-COAT layers
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Protection of Anode and Cathode
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14.1 Introduction

The renaissance of magnesium alloys has led to a doubling of the supply in Europe in the

last few years [1]. This has been accompanied by some improvement of the metallurgical

properties. Alloy development [2] is mainly focused on the improvement of mechanical

properties, such as ductility [3] and creep resistance [4]. Improving corrosion resistance is

also a subject of current alloy research [5, 6]. Unless an active corrosion protection is

available, the anode and cathode must be carefully separated. From the technical point of

view, it makes sense to coat the cathode of low stressed Mg components since the magne-

sium substrate, with its bad anode-to-cathode ratio, would rapidly dissolve in the event of

non-curing damage of the coating. Since this is not always realizable, both the anode and

cathode are coated.

14.2 Corrosion Processes

The casting process can already influence the corrosion resistance. The use of high-purity

alloys with strictly limited amounts of corrosion-supporting elements represents the state

of the art [7]. Impurities that support corrosion can be avoided by ensuring that corrosion

promoters such as nickel are absent from the crucible or armature materials. Figure 1

shows a formula that demonstrates the principle of proportionality between alloying ele-

ments and the corrosion rate [8]. Manganese precipitates iron in the melting bath through

forming an Al/Mn/Fe composition, while aluminium and zinc lower the corrosion rate by

contributing to the protection layer [9]. In this case, a discussion about the influence of

alloying elements cannot be based, e.g., on the interdependence of the elements or various

boundary conditions such as the limit of solubility or the formation of intermetallic phases,

cf. [10]. The casting method itself can influence corrosion resistance. The heterogeneous

cross-section of die-cast, thin-walled parts becomes corrosion-critical if the more noble

outer shell is pierced. An electrolyte may then form a local element with the underlying

material. The corrosion rate is also influenced during further processes such as machining

or deformation [11].
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Corrosion Rate

Figure 1: Formula for the corrosion resistance

as a function of the mass fraction of

the alloying components [8]

The corrosion resistance is also influenced by construction design that avoids accumu-

lations of electrolyte and includes drain holes [12, 13], cf. Section 14.4.3.4.

Magnesium has a very good corrosion resistance under standard atmospheric conditions

[16]; it is also one of the most resistant metals in sulfurous gases or hydrogen fluoride [17].

However, significant corrosion attack is observed with aggressive electrolytes at medium

pH values, e.g. sea water. Magnesium alloys are not resistant towards chloride-, sulfide-, or

nitrate-containing electrolytes since these anions form soluble salts with Mg [18]. Magne-

sium alloys are only able to form coatings beyond a pH value of 11.5, and so there is no

protective coating for a typical application pH range of 4.5–8.5, which represents the range

of stability for aluminium protective layers [6, 19]. Furthermore, 70% of the dissolution

process may consist of intermetallic corrosion, leaving a cathodic corrosion protection

ineffective [20]. This intermetallic corrosion, also known as abnormal self-dissolution or

negative difference effect [21], arises from the electrochemical corrosion and proceeds

concomitantly without any external current (Fig. 2); it needs to be considered for experi-

ments. Magnesium’s normal potential lies at –2.375 V and magnesium parts are known to

have the lowest free corrosion potential of all construction metals; thus, they behave as an

anode for contact corrosion (Fig. 3).

Figure 2: Intermetallic corrosion [20]

The corrosion attack can begin as selective corrosion for alloys containing a high

proportion of aluminium; hence, a notch effect will additionally load the component. E. F.

( MnZnAlMg ⋅−⋅−⋅−⋅≈ 06.216.054.004.0
)CuNiFeSi ⋅+⋅+⋅+⋅+ 7.115.1212824.0

Corrosion Processes



228 Magnesium Corrosion – Processes, Protection of Anode and Cathode

Emley noted that there is no intercrystalline corrosion with magnesium [22]. However,

intercrystalline corrosion has been observed with a complex load of atmospheric corrosion

and wetting, as noticed for a water vapour atmosphere at 96 °C [6]. Pitting corrosion

lowers the fatigue strength, as was verified in sea salt spray tests [23].
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Figure 3: Free corrosion potentials in 3–6% NaCl solution [13]

14.3 Anode Corrosion Protection

Magnesium parts are coated to protect against corrosion within the visual range or to

ensure their function. This protection is realized by the separation of the galvanic couple,

either against a cathode or on the magnesium surface itself, to prevent corrosion, e.g. on a

visible surface. New coating technologies allow further layer functions, such as a local

increase in the substrate strength or a controlled emission of infrared light as required, e.g.

for satellites [24]. There is a whole variety of coating systems available for the protection

of magnesium parts [10]. Wax coatings are used for transportation [23]. The anodic pro-

cessess are also applied as pre-treatments for painting or for wear protection, although the

DOW-17 and HAE [25] processes have only become established in special areas. The hard

anodic oxidation MAGOXID-COAT layer is akin to nickel-plating, and is the topic of

other authors (Fig. 4). Thermal spray coatings are likewise a topic in their own right; these

have the same high potential as polymer coatings [27–29]. Organic protections, such as

coating powder on a KTL agent, are usually applied in specific designs.

This chapter focusses on laser technology, PVD, and the ANOMAG process.

Figure 4: Corrosion-protective coatings for Mg substrates
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14.3.1 Laser Surface Treatment

There are three known fields of development relating to the surface modification of liquid

phases of magnesium. Besides laser treatment, electron-beam [30] and TIG coating tech-

nologies have been developed. Since its boundary conditions are very favourable, the laser

definitely has the greatest potential for development. Laser technology has become estab-

lished in the very innovative automotive industry, and it can be variously used for process-

ing magnesium: welding, cutting, remelting, dispersion, or alloying processes, as well as

heat treatments are possible. Moreover, it allows local modifications of magnesium parts

without changing the component’s geometry, which is important for alloys with a high

thermal expansion. Other advantages are that it obviates the need for a surface pre-treat-

ment and offers the possibility of alloying gases as well as solids. In contrast to electron-

beam technology, which partly applies a sandwich construction of substrate, intermetallic

interlayer, and coating [30], the laser-treated surfaces show a gradient set-up, which is

thermal-shock resistant.

Of all alloying elements, i.e. Al, Ca, Cu, Mo, Ni, Si, W, Al+Cu, Al+Mo, Al+Ni, or Al+Si,

Al is most effective in increasing the corrosion resistance; cf. [31]. The corrosion resistance

reaches a maximum with respect to the aluminium content for magnesium-based alloys.

Beyond the maximum solubility of aluminium, the corrosion resistance may increase again

due to the corrosion protective Mg
17

Al
12

 phase, which then becomes more prevalent [9]. High

cooling rates lead to an increased precipitation of Mg
17

Al
12

 [32] and the grains are refined

(Fig. 5), cf. [33]. Excimer lasers, for example, can reach cooling rates of 1000 K s–1. This

grain refinement lowers the corrosion rate because the cathodic areas shrink [43]. The

corrosion potential of a laser-welded and therefore grain refined, extruded ZK60 alloys is

shifted upwards by 300 mV compared to that of the non-treated base material [34]. This

increase in corrosion resistance can be further enhanced by Al, which forms MgAl
2
O

4

spinels. The more aluminium the alloy contains, the greater the corrosion resistance and the

greater the hardness as well, thus the wear resistance is also improved, cf. [30].

The process gas may also influence the corrosion resistance. Surface-treated ZK60/SiC-

MMC shows increased corrosion resistance under standard atmospheric conditions because the

laser energy cleaves the O
2
 and N

2
 molecules and Mg

3
N

2
 forms due to the Gibbs free energies.

Mg
3
N

2
 is much more corrosion-resistant than the base material, but it leads to grey opacity.

Laser surface modifications under Ar atmosphere do not show this colouring behaviour [35].

Figure 5: ESMA mapping and diving test in synthetic

seawater of an LB homogenized AM50 die-cast

plate

Anode Corrosion Protection
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Laser surface treatment, as part of a hybrid process, would seem to be useful for

envisaged, large-area magnesium parts. Alloying components that lower wear and corro-

sion – which also includes particle reinforcements – can be alloyed by a two-step process

using preforms. A large-area process may lead to cracking [31], and therefore the laser

modification needs to be limited to local areas such as tapped blind holes or gliding

surfaces. A polymer or a conversion layer overlapping the laser modification can protect

the remaining surface. A low porosity is absolutely essential for the treatment of cast

components to prevent foaming of the material. Application of the process parameters to

sheet materials is difficult due to the different geometry.

14.3.2 PVD

Surface conditioning by physical vapour deposition is subject to the same two critical

magnesium characteristics as seen with the laser technology, namely poor corrosion and

wear resistance. Layer growth rates of 20 mm/h can be achieved at a process temperature

of 300 °C. Modern developments use Al, Cr, Mn, V, and Ti layer technologies [36, 37].

Since Cr has a good connection to the substrate, it is used as a bonding agent on AM50 and

AZ91. The wear resistance of the Cr layer is further improved by using N
2
 as the process

gas, which results in a CrN coating [38]. The corrosion resistance can be improved by three

mechanisms: 1. if the applied elements increase the potential; 2. if they form sacrificial

anodes; 3. through the corrosion resistance of the coating itself. As on untreated surfaces,

spinels are corrosion protective [37].

Generating a PVD coating on Mg substrates assumes an oxide-free substrate surface. To

guarantee this, the surface preparation and coating should take place in a permanently

evacuated receptacle. For coating preparation, the substrate surface is cleaned, deoxidized,

and activated through an ionic etching process by means of high-energy argon and metal

ions. Afterwards, the substrate surface is conditioned by thermochemical enrichment or

alloying, e.g. with titanium; the vacuum chamber is not flooded in between the processing

steps. This results in an improvement of the surface hardness and aids support of the PVD

layer. The process of implanting ions allows a specific adjustment and optimization of the

bonding, layer structure, and layer composition. With a forced but controlled oxidation by

glow discharge (Fig. 6), dense and stable protective coatings are possible. They are ar-

ranged as passivating layers between a PVD hard coating and the Mg substrate. The

oxidative surface finish is achieved with vacuum glow discharge plasma on a surface

activated by ionic etching. In this way, passive layers on an Mg mixed oxide basis are

developed. The process control allows influence of the composition, structure, and mor-

phology of the passivating layer. The PVD coating is applied directly after the surface

treatment, again without a temporary flooding of the vacuum chamber. The process steps

are thus:

• Cleaning, deoxidation, activation

• Thermochemical enrichment/alloying

• Oxididative surface finish

• PVD coating

Without temporary flooding, a 10 kW Mod pulser of the Metaplas type was added to

give the arc PVD facility “20-Metaplas-Ionon” (Fig. 6).
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Figure 6: Arc PVD receptacle (left) and plasma-glow discharge on an

AZ91 surface, specimen diameter 40 mm

First tests with a substrate conditioning proved that the pulsed high-voltage supply of

the substrate enables an effective plasma cleaning, and thus native oxide layers and organic

impurities can be completely removed at low substrate temperatures. The substrate surface

is left highly activated and can therefore be subjected to pulsed thermochemical plasma

oxidation, which leads directly to passivating oxide layers as a result of the substrate

potential and the pulsing frequency. The final layer has a dense microstructure and a well-

defined stoichiometry. The use of several evaporators and a movable component enables a

multi-sided deposition, despite the directionality of the process.

14.3.3 ANOMAG

Anodic layers and conversion layers are much less effective on magnesium than on alumin-

ium substrates; they can even reduce fatigue strength [10]; cf. Section 13.3.3 about MA-

GOXID-COAT.

The ANOMAG method is an anodic coating that has been developed at the CSIRO in

New Zealand since 1992. Its aim is to produce a magnesium coating that is comparable to

aluminium coatings in terms of corrosion and wear resistance. Three classes of layers (3–

8 µm, 10–15 µm, and 20–25 µm) can be applied with a gentle sparkleless plasma discharge

on the substrate. The ANOMAG layers are not only characterized by a good corrosion

resistance, but also by a good wear resistance. The good galvanic separation can be

attributed to the high breakdown voltage of 600 V. This was verified in a salt-spray test

according to ASTM B117 and in outdoor exposure tests according to ASTM D1654.

Colouration is favoured by the good colour adhesion for subsequent dry and wet processes,

but it can also occur during the actual process with colour steps of yellow, cyan, or red, as

well as blue, grey, or black being available (Fig. 7). Other advantages are the adequate

coating of complex parts, a low influence of the anodic coating on the fatigue behaviour,

low costs, and environmental friendliness [39]. The first European ANOMAG line has been

erected at the Franz Oberflächentechnik GmbH & Co. KG.

Anode Corrosion Protection
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Figure 7: ANOMAG process: characteristics and colour

scheme [40]

14.4 Corrosion Protection Layers on the Cathode

In operation, a magnesium gearbox housing suffers a material loss that is gravimetrically

comparable to G-AlSi9Cu3. Connection points, e.g. bolted joints, however, are significant-

ly corroded, which can lead to component failure.

14.4.1 Influences on Contact Corrosion

The actuating variables of contact corrosion can be described by a formula with the

help of the Ohm’s law, cf. DIN 50919. To lower the element current I
e
, the numerator must

be as low as possible and/or the denominator must be as high as possible (Fig. 8). Accord-

ing to the Faraday law, the corrosion current is proportional to the mass of the metal

dissolved by corrosion.

MKA

ARKR
e RRR

UU
I

++
−

= ,,

where:

I
e

element current

U
R,K

equilibrium rest potential of cathode

U
R,A

equilibrium rest potential of anode

R
A

electrical resistance of anode

R
K

electrical resistance of cathode

R
M

electrical resistance of medium

Figure 8: Calculation of the element current

of a contact corrosion cell; a

homogeneous current distribution

is assumed according to DIN 50919
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The numerator is constituted by the difference in the equilibrium rest potentials of the

metals in contact, which can be drawn approximately from the electromotive chain [23].

The aim is to keep this difference as low as possible with a suitable combination. However,

one needs to bear in mind that the electromotive chain does not include external currents,

and therefore polarization effects such as the hydrogen overpotential at the real element are

not taken into account. A corrosion-favourable contact partner for magnesium should

contribute to a lowering of the potential difference and show a hydrogen overpotential as

high as possible to prevent the hydrogen evolution as the cathodic reaction.

The denominator is made up of the sum of the electrical resistances of the metals in

contact and the medium. The electrical resistance of the metals is rather low and may only

be increased by an insulating organic or inorganic coating. The electrolyte and its conduc-

tivity are of extraordinary importance. In an ideal case, such as in an electrolyte-free

vehicle interior, the denominator will become infinitely high and no contact corrosion

protection will be necessary. Besides the specific ionic conductivity of the electrolyte, its

conductivity is influenced by the cross-sectional area. If it is high, a greater galvanic

current can flow than for a pure film-like wetting. Flat washers extend the electrolyte

distance between the Mg component and the screw head, and can therefore lower the

contact corrosion with a higher electrolyte resistance depending on the material.

On transferring this theory to a corrosion protection system for screwed joints with

magnesium components, it becomes obvious that possible actions are essentially restricted

to the influence of the equilibrium rest potential and the electrical resistance of the screw

surface. The equilibrium rest potential, together with a possibly high hydrogen overpoten-

tial, are mainly determined by a usually galvanically deposited, metallic surface coating of

the screw. In addition, this layer needs to protect the base material from self-corrosion,

which limits the choice. The electrical resistance of the screw surface may be increased by

a final inorganic sealing or by applying an organic top-coat.

14.4.2 Classification of Verified Protection Systems

The Volkswagen Group currently coats bolted joints used with magnesium with the c687

surface according to TL194. A glossy zinc coating is deposited from a slightly AcOH-

acidified electrolyte; layer thickness > 15 µm. This layer is then sealed by Gelbchro-

matierung and naß-in-naß (wet-in-wet) sealing using a slightly alkaline, aqueous siliceous

solution (JS500 from MacDermid). A subsequent lubricant treatment adjusts the desired

friction coefficient. Areas that are extremely prone to corrosion stress, such as the lower

bolt joints of gearbox housings, are additionally protected with hard-coated flat washers

[40].

Zinc lamellar coatings, such as Delta Tone or Dacromet, offer a good protection against

base metal corrosion of the screw [43]. These layers have proved effective with aluminium

constructions as well [40]. However, such zinc lamellar coatings cannot be applied to

magnesium parts since they cause serious contact corrosion [41] cf. also [23].

Figure 9 lists the possible combinations between the metallic surface coating and the

resulting inorganic or organic insulation layer and assigns the 32 tested systems. The group

standard c687 serves as a reference.

Corrosion Protection Layers on the Cathode
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Figure 9: Overview and set-up of the tested surface coatings

14.4.3 Experiments and Results

The corrosion behaviour of magnesium parts with connector elements was assessed by

means of block experiments in the laboratory. The actual part was emulated with a block

(160 × 40 × 35 mm), which was milled from an AZ91 ingot and then provided with four

tapped holes, cf. Fig. 10a. As connection elements, differently coated collar screws, M8x18,

from the ABC Company and cut Al screws from the Knipping Company were used. They

were tightened to 10 Nm with a moment wrench. The test was performed over 120 h in a

salt-spray according to DIN 50021SS.

The Mg blocks were cleaned in an isopropanol ultrasonic bath and weighed dry before

the testing. The lateral planes could not be directly affected by contact corrosion; they were

covered with a strip varnish (Foliflex from Spies und Hecker) and finally coated with hot

wax, which is also used for cavity sealing.

Figure 10a: Mg block, 160 × 40 mm with bolted joint c687

after 120 h load according to DIN 50021SS

Figure 10b: Mg gearbox housing after 12 cycles of dynamic

corrosion testing (EK3); with the bolted joint “zinc

plus olive-chromated plus KTL”
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Only the loss in mass by contact corrosion is of importance, and therefore the blind

values for the determinations of self-corrosion are evaluated with PTFE screws. The corro-

sion products are then removed by dipping in chromic acid (180 g CrO
3
 in 1 dm3 aqueous

solution, 85 °C). The measured loss in mass is then given by the mass difference between

the beginning and the end of the experiment, minus the blind value [42].

14.4.3.1 Zinc systems

The Mg-suitable surface protection c687 belongs to the zinc systems, cf. Section 14.4.2.

According to Fig. 11, the mass losses with two coatings of c687 show deviations as

expected from their series scatter and the inherent scatter of the testing. Therefore, a

gradation is impossible. The mass loss with the unsealed zinc-olive-chromated systems is

more than twice that with c687, emphasizing the effectiveness of the latter siliceous

sealing. A subsequent aluminium flake coating will not improve the corrosion behaviour; in

fact, it makes it rather worse. The siliceous sealing Deltacoll 80 offers similar protection to

c687.

The protective effect of c687 is even seen with certain duplex systems. Additional

cathodic dip coatings, gloss coating, or a combination of Delta Seal and Deltacoll can

totally prevent contact corrosion in this short-term experiment. These coatings provide

insulation and prevent contact corrosion by stopping hydrogen formation. The screws are

not dip-coated in the usual drum; instead, they are coated after separation on a conveyor

belt.

Figure 11: Metal removal through contact

corrosion after 120 h for zinc

systems, according to

DIN 50021SS

Corrosion Protection Layers on the Cathode
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Later experiments verified the effectiveness of the duplex system zinc plus dip-coating.

Indeed, it is even better than the currently used company standard c687, and so the duplex

system “zinc (15 µm) plus olive-chromated plus KTL (10 µm dip-coating) is becoming

increasingly used for magnesium. Figure 10 shows an Mg gear box housing with a zinc-

plus-KTL coated bolted joint after 12 cycles of a dynamic corrosion driving test EK3,

which is equivalent to 4 to 6 years of actual outdoor duty. The connecting surface shows

distinctive contact corrosion, and therefore it is still necessary to apply additional hard-

coated Al washers in areas of heavy corrosion attack. A systematic optimization of the

duplex system in collaboration with the coating company Hillebrand-Galvanotechnik is

aimed at producing joints that do not require the expensive, hard-coated Al washers.

14.4.3.2 Zinc alloying systems

With steel screws, zinc alloying systems offer good protection against base metal corro-

sion; they are much better than common zinc layers [43]. Zinc alloy coatings are also

recommended for screws obstructed with aluminium to avoid contact corrosion [40]. The

use of zinc coatings with magnesium parts shows a totally different result in terms of mass

loss (Fig. 12). The mass loss is much greater compared to that with unprotected steel

screws. Even slight impurities of nickel in magnesium cause significant self-corrosion, so

that for AZ91, for example, the tolerable level is set at 10 ppm. None of the different

sealings and top coatings are capable of suppressing the negative effects of nickel as an

alloying component.

Figure 12: Metal removal through contact

corrosion after 120 h for zinc

systems, according to

DIN 50021SS

The mass loss of an untreated steel screw (5 g) is roughly 14 times higher compared to

that of a corresponding screw coated with c687. An unprotected screw would not be used

with magnesium. It is clear, however, just how fast contact corrosion increases in the case

of base metal corrosion with steel screws. This may occur if the coating corrodes or is

damaged during tightening.
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14.4.3.3 Aluminium systems: screw materials and galvanic coatings

It is often proposed that aluminium screws should be used with magnesium. Aluminium

has a similar thermal expansion coefficient as magnesium, which avoids additional stresses

when heating, as is seen when using steel screws [44]. The contact corrosion is assumed to

be lower due to the electrochemical potential, which is close to that of magnesium. In this

study, the alloy AlMgSi1 showed exceptionally good properties. It is used as screw material

for the additionally yellow-chromated oil drain plug of an Mg gear box housing B80 and its

efficacy has been verified in several long-term tests.

The aluminium alloy 6013 offers better contact corrosion protection than the group

standard c687 (Fig. 13) and this protection exceeds that of the Al alloy 7075. The 7075

alloy is a high strength, copper-containing material with a tendency for corrosion cracking

through incorrect heat treatment, which limits its application in corrosive surroundings.

Experimental results from the corrosion test EK3 additionally affirmed the utility of Al

6013 screws. After 120 cycles, there was only slight contact corrosion of the bolted joints

of an Mg supporting unit.

The coatings Al, Alcoat 1, and Alcoat 2 were segregated from a non-aqueous electrolyte

on collar screws. Only Alcoat 2 seemed to offer effective protection against contact corro-

sion, but this is offset by the low protection against base metal corrosion.

Figure 13: Metal removal through contact corrosion after 120 h

for aluminium materials, according to DIN 50021SS

14.4.3.4 Additional coatings and structural actions

The improved corrosion protection offerred by the use of hard-coated aluminium washers

has been proven experimentally (Fig. 14). There is no detectable contact corrosion after

120 hours of testing. Uncoated washers made of AlMg3 increase the corrosion protection

compared to c687. Screw heads encapsulated by plastics extend the electrolyte distance,

thus also having a positive effect; cf. Section 14.2. Tinned screws protect less effectively

Corrosion Protection Layers on the Cathode
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than c687, but they are employed when good electrical conductivity is fundamental to the

required application (magnesium parts serve as electrical conductors for the Massestrom)

[41].

Figure 14: Metal removal through contact

corrosion after 120 h for further

coatings, according to DIN 50021SS

MAGOXID is an anodic coating for magnesium components and offers suitable

protection against self-corrosion. Several MAGOXID-coated blocks have been tested

together with c687-coated screws. PTFE screws again provided a blind reference value,

since there may be different abrasion values for chemical stripping with chromic acid.

MAGOXID does not protect against contact corrosion in this test; the mass loss is even a

little higher than that with the uncoated blocks. The corrosion morphology also differs

from the other cases. The corrosion attack surrounding the screw head is less homogeneous

and is centred more on discrete areas with heavy corrosion pitting. Depending on the

coating, additional hard-coated Al washers should be applied to bolted joints with MAG-

OXID.

14.5 Summary

A technically sufficient corrosion protection of magnesium alloys can be achieved through

the coating of the anode or cathode, respectively.

The anode coatings cover a great variety of processes, whereas technologies for special

applications are being developed alongside the existing anodic oxidation coatings and

organic coatings.

Cathodic connection elements require additional protection against base metal corro-

sion, as well as a sufficient compatibility of the meeting parts. Zinc alloy coatings and

lamellar zinc coatings, which serve well in other respects, should not be applied to magne-

sium components. The current Volkswagen Group standard c687 can be recommended as a

protection against contact corrosion. The duplex system zinc plus KTL is equivalent to
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c687 and can be used down to medium corrosive stresses. Significant corrosion attack

requires hard-coated Al washers. Al 6013 screws also protect against contact corrosion.

The additive coatings of the anode and cathode point to a composite design. The

milestone of an active, self-healing protection has not yet been realized.

This work was supported by the Deutsche Forschungsarbeit as part of the “Sonderfors-

chungsbereich 390 – Magnesiumtechnologie”.

Special thanks are due to Mr. Michael Niemeyer, now at AUDI AG, for carrying out the

laser-coating experiments.
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15 Nickel-Phosphor Alloy Coatings for

Magnesium without External Current
F. Leyendecker, AHC-Oberflächentechnik GmbH & Co. OHG

15.1 General Notes

The search for materials with a low specific weight often ends with the use of magnesium

or its alloys. Fortunately, in this regard, magnesium is an almost inexhaustible resource.

Besides the many advantages of magnesium alloys as engineering materials, there are

also limitations, e.g. low fatigue strength, wear, and corrosion resistance. The so-called

high purity alloys do show better corrosion resistance, although additional surface protec-

tion is usually necessary.

15.2 Surface Processes

Mechanical, physical, and chemical/electrochemical processes are available for the surface

treatment of magnesium. Mechanical machining includes chipping processes, milling, turn-

ing, abrasive blasting, and slide grinding. Painting, as well as PVD (physical vapour

deposition) flame and plasma-flame spraying, are the major physical methods. In these

processes, the deposition temperature needs to be carefully controlled to avoid damage of

the base material.

Figure 1: Classification of electrochemical coating methods

If, besides corrosion resistance, there is also a demand for metal-like properties such as

electrical conductivity, good thermal diffusivity, gloss, reflection, good shielding, or sol-

derability, then galvanic or electrochemical methods are the first choice. The classification
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of all the processes is listed in Fig. 1. They can be separated into reductive and oxidative

depositions, which can be further split into processes with and without an external current.

The present chapter focuses on the autocatalytic deposition of nickel/phosphor alloy coat-

ings.

15.3 Autocatalytic Deposition Processes

Chemical nickel-plating without an external current is one possible means of autocatalytic

deposition. In this process, no external electrons are added; instead, the whole energy –

electromotive force – is supplied by the electrolyte itself. Figure 2 shows the two reactions

at the main electrodes. The deposition mechanism is shown schematically.

Figure 2: Schematic of the electroless nickel/phosphor alloy

deposition

15.4 Process Steps for Magnesium Coatings

The base materials of magnesium alloys are chemically highly active (cf. Fig. 3) due to

magnesium being very ignoble. Therefore, such materials need an initial pre-treatment

before the coating process.

Figure 4 shows typical processing steps for the electroless nickel-plating of magnesium

materials. The processes on the left-hand side are standardized coating steps. That on the

right-hand side is AHC’s special coating method [1].

Process Steps for Magnesium Coatings
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Figure 3: Electromotive order of the elements in aqueous solution (25 °C, 1 bar, referenced

to the standard hydrogen electrode)

Figure 4: Overview of the conventional and AHC-specific process

steps for electroless nickel plating

15.5 Standard Processes

All regular metal-coating processes start with a surface cleaning step. The release agent

from the casting process is removed by degreasing. The casting surface also contains many

errors, and therefore ultrasound is used to supplement the degreasing by boiling. The

composition of the degreasing medium must be such that it attacks the base material only
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slightly. Therefore, only mildly alkaline solutions are used, which contain suitable inhibi-

tors. To achieve a strong adherence of the coating, the oxidation products and the casting

skin need to be removed in a second step. The stain is usually applied in several processing

steps. Both acids and alkaline solutions are suitable for this. Phosphoric acid, chromic acid,

nitric acid, and hydrofluoric acid have all been applied for this purpose. However, their

handling and effect on the environment are rather problematic. They also attack the surface

very extensively, which leads to a high degree of roughness or even dissolution.

The third process step is the activation or conditioning, in which the surface is neutral-

ized. In particular, the remaining stain chemicals are removed from the surface defects.

In the standard procedure, the surface is treated with a so-called zincate stain shortly

before the actual coating. Its purpose is to plate the surface with a homogeneous, thin

zincate layer. Finally, the surface is nickel-plated.

15.6 AHC Process

Of key importance for the reliability of the production process and the quality standard is

the number of steps and their control. Additionally, a future-oriented process must be

environmentally friendly, which needs to be considered when choosing the treatment chem-

icals. The latter criterion also determines the economic efficiency, since only a positive

answer to this will open up new fields of application.

This is the reason why AHC developed a method requiring only three pre-treatment

steps. The first step, that of surface cleaning, is conducted analogously to the processes

mentioned above by boiling off. For the second step, it is important to use mildly alkaline

stain media, which will attack the surface in a one-step process. The third step is an

activation process that conditions the surface for direct nickel-plating. Finally, magnesium

can be directly coated with a specially developed electrolyte.

The exact sequence of steps for this direct, non-external current/chemical nickel-plating

by AHC is given in Fig. 5.
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Figure 5: Process steps for the direct electroless nickel-plating of magnesium

materials

Metallographic cross-section polishes show an interesting, black intermediate layer (2)

underneath the nickel/phosphor alloy layer (1) (Fig. 6). Analyses have shown that this layer

contains only very little phosphor, indicating an exchange reaction between magnesium

and nickel.

AHC Process
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Figure 6: Low-in-phosphor intermediate layer between the nickel/

phosphor layer and the base material

15.6.1 Layer Properties

Looking directly at the nickel/phosphor alloy layer deposited on magnesium, some

advantageous layer properties become apparent.

Physical properties:

• Mostly 15–25 µm layer thickness, whereas up to 100 µm might be of technical

interest

• 4–6% phosphor

• 500–600 HV 0.025

• approx. 0.5% elongation

• scratching test and heat shock test (180 °C, cooling in cold water) confirmed the

adherence strength (Fig. 7)

• electrical conductivity (especially important for the connection of electronic compo-

nents)

• can be painted

• solderable

Figure 7: REM micrograph of a good bonding
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15.6.2 Distribution of Layer Thickness

These layers can be deposited in a narrow tolerance range because the layer thickness is

homogeneously distributed. Even the most complex structures can be reproduced in a net-

shape (Fig. 8). The parts should have a suitable component part fixture for a coating.

Furthermore, component geometries that allow air inclusions must be avoided. The surface

needs to be free of cracks, voids, material doublings, and enclosures (Fig. 9). The use of

agents and pulling aids should be minimized. There must not be any silicon-containing

agents on the surface.

Figure 8: Homogeneous layer-thickness

distribution, illustrated for an

M4 screw

Figure 9: Examples of galvanometric-friendly design

AHC Process
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15.7 Corrosion Resistance

Good corrosion resistance requires an all-sided, thick, and dense coating. Since magnesium

is very ignoble, this layer is necessary to prevent pitting corrosion. A dense coating also

means low porosity; Fig. 10 shows the influence of the surface roughness on the coating.

Figure 10: Influence of the surface roughness on the coating

In practice, three corrosion test cycles were required. One test is the “condensate-

alternating climate test”, conducted according to DIN 50017 (8 h, 40 °C; 16 h, room

temperature). All layers passed this test. Another fast corrosion test is the salt-spray test

according to DIN 50021SS. The first corrosion products were observed after five days [2].

15.8 Thermal Stability

Chemical nickel/phosphor alloy coatings are often employed at high temperatures. For this

use, no defects are allowed. For this reason, a test was carried out, in which plate speci-

mens were loaded with 1.3 × 10–3 Pa in a vacuum furnace at 250 °C over a period of 48

hours. After the test, none of the specimen showed any coating defects [2].

15.9 Thermal Cycling Tests

The ductility and adherence under a repeated load was examined by means of a so-

called thermal cycling test. Specimens were first stressed for 5 min at –50 °C, then for

15 min at room temperature, and finally for 5 min at 100 °C. After 100 cycles, no visual

changes could be detected [2].
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15.10 Abrasion Measures

All tests of abrasion are based on a tribologic system. The abrasion values are therefore

highly dependent on the base body, the other body, and the adjusted parameters of the

testing facility. Generally, the abrasion resistance increases with decreasing phosphor con-

tent. A subsequent heat treatment at 400 °C/1 h has a positive effect.

The abrasion and adhesive wear were measured by the pen-disc method. In this method,

a pen rotates with a defined force over a coated ring-shaped body. The abrasion and the

friction coefficient m make up the values, which are listed in Fig. 11.

Figure 11: Pen-disc measurements of various surfaces.

DNC 450 denotes a high-phosphor-containing

(approx. 10–14% P) and DNC 700 denotes a low-

phosphor-containing (approx. 3–7% P) nickel/

phosphor layer

15.11 Coating Systems

Coating systems are applied in cases where a single layer can no longer meet the require-

ments. However, the costs need to be reasonable in relation to the benefit. There are

numerous possible coating systems. One example might be the application of additional

nickel/phosphor alloy coatings with different phosphor contents (e.g. low-phosphor DUR-

NI-COAT DNC-700, medium-phosphor DURNI-COAT DNC-520, high-phosphor

DURNI-COAT DNC-450). Each layer has its own corrosion- and wear-resistance de-

pending on the phosphor content. Furthermore, nickel/phosphor dispersion layers could be

deposited. These contain hard particles such as SiC or diamond for better wear resistance

or PTFE-dispersion particles to reduce friction or to impart anti-adhesion properties (cf.

Fig. 12).

Coating Systems
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Figure 12: Abrasion values of dispersion layers compared to other layers, measured

according to Taber abraser

Electrolytic coating systems are also very interesting. They are mostly used for decora-

tive reasons and are applied to nickel/phosphor alloy coatings without an external current

(e.g. copper, nickel, chrome).

Figure 13: Low abrasion of PTFE-nickel/phosphor dispersion layer as a function of load and

measuring length

Recently, combinations of plasma-physical layers (e.g. PVD-TiN, Ti(C,N), CrN) have

been used in instances where a very hard surface together with good corrosion resistance is

required.

The cross-section polish in Fig. 14 shows such a combination, consisting of a chemical

nickel/phosphor alloy layer and a PVD-TiN layer. The homogeneous notching of the base

material can clearly be seen, which indicates a good adherence. An additional Rockwell

test validated this.
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Figure 14: Combined chemical nickel/phosphor alloy layer and PVD-TiN layer [3]

The performance of the combined coatings in terms of the increase in strength is shown

in Fig. 15.

Figure 15: Hardness of different coatings

Coating Systems
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15.12 Magnesium Alloys that can be Coated

Currently, all technical magnesium alloys, such as AZ91 HP, AZ61, AZ31, AM50, and

AM20, can be coated with a chemical nickel/phosphor alloy coating. However, prior tests

are necessary for alloys containing rare earth metals.

15.13 Application Examples

Figure 16: Application example 1, electronics

Figure 17: Application example 2, electronics
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Figure 18: Application example 3, electronics
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16 Recycling of Magnesium Alloys
Ditze, C. Scharf, Institute for Metallurgy, Technical University Clausthal, Clausthal-

Zellerfeld

16.1 Introduction

The world’s primary magnesium production was 360,000 t/a in 1990 [1], with a similar

figure for 1997 [2]. For 1995, 299,000 t/a without China is quoted in ref. [27], while ref.

[39] describes a primary demand of 295,400 t for 1996. According to ref. [3], the primary

magnesium capacity actually amounts to 447,000 t/a, while the figure is 390,000 t/a in ref.

[27]. The ratio of primary to secondary magnesium has remained at 5:1 in the last years. An

increase in the use of structural magnesium and aluminium alloys, as well as in the process

of desulfurization, is predicted.

Compared to other metals, such as aluminium, recycling of magnesium is not very

widespread. This is mainly because of magnesium’s high reactivity towards oxygen and

nitrogen, impurities in the scrap metal such as copper and nickel, and because it already has

uses. Thus, magnesium is used for the desulfurization of steel and iron, for producing cast

iron, for thermal reductions, or as a sacrificial anode. When used for these processes, the

magnesium is lost for recycling. However, magnesium used as an alloying element for

aluminium is partly recycled. For this reason, mostly structural magnesium is available for

recycling; around 100,000 t is predicted for 2005. Other predictions quote about twice this

value. The usage of magnesium in percentage terms is given in Table 1 (taken, in part, from

[39]).

The main incentive for the recycling of magnesium is the energy saving. Instead of

35 kWh/kg (minimum) for primary production, only 3 kWh/kg or less is necessary for

remelting new scrap metal. Recycling currently means the remelting of new scrap metal

and its delivery to the aluminium, iron, and steel producers. Scrap with big surfaces or

deposits with low magnesium content, such as crucible sludge or dross, are usually discard-

ed. A still unsolved problem is the recycling of old scrap [34] to use it again as structural

magnesium.

Table 1: Usage of magnesium.
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16.2 Raw Materials

Cast alloys, especially rejects from production, i.e. new scrap, are the common raw materi-

als for magnesium recycling. The casting alloys, such as the well-known die-casting alloy

AZ91, contain up to 10% Al, up to 3.5% Zn, up to 0.5% Mn, up to 1% Si, and traces of Cu,

Ni, and Fe. Special alloys contain rare earth elements up to 4%, silver up to 3%, and

zirconium up to 1%. Recently developed alloys (SFB, Magnesium Technology TU-Claust-

hal, University of Hannover) contain up to 10% or even more rare earth elements and have

high contents of lithium.

Wrought alloys contain up to 10% Al, up to 2% Mn, up to 1.5% Zn, a small amount of

silicon around 0.1%, and traces of Cu, Ni, and Fe.

The average composition of magnesium scrap can include 4–13% Al, 0.1–0.3% Mn, up

to 5% Zn, up to 0.4% Cu, and up to 1.5% Si. This reflects the composition of a typical

magnesium casting alloy. Copper and nickel cause problems; they get into the scrap

through contamination by aluminium alloys or through magnesium surface treatments

(coating of phone and computer components with copper and nickel).

Secondary raw material magnesium can be classified as follows:

1. New scrap/old scrap

• No. 1 scrap: high-quality, clean scrap

• No. 2 scrap: reject parts, primed with adherences (steel/Al inclusions, without

copper or brass impurities)

• No. 3 scrap: dirty, oily, wet, contains sand, copper, nickel

2. Scrap with big surfaces

• No. 4 scrap: chips, metal-rich dross (sometimes separated into wet/oily and clean/

dry)

• No. 5 scrap: low-metal dross, sludge from machining parts, crucible sludge

• No. 6 scrap: scrap-containing agent, used refining salt

Figure 1 lists the amount and type of scrap that results from the production of die-

casting alloys. Considering the 70,000 t of magnesium used for die-casting in 1997, about

28,000 t returns as clean scrap (no. 1), which can be used again directly by the foundry. On

the other hand, the scraps nos. 2 to 6 go to specialized, external processors or they are

directly deposited. Altogether, between 30 and 50% of new scrap originates from die-

casting.

Raw Materials
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Figure 1: Accumulation of scrap when producing die-cast parts

16.3 Recycling

The basic requirement for reasonable recycling is the collection and preparation of the

scrap metal in order to recover an enriched product with precise knowledge of its composi-

tion. The composition should be guaranteed for new scrap metal. The preparation methods

for old scrap metals are mainly sorting by hand, automatic sorting after crushing, and the

removal of iron with magnets and floatation. The problem with old scrap is that even the

smallest amounts of copper and nickel will render the magnesium useless for structural

purposes. The limits for HP quality are 10 ppm Fe, 150 ppm Cu, and 10 ppm Ni. This is

one reason for the lack of secondary recycling, as is carried out for other metals. Currently,

there is no preparation available which reaches the required purity for structural magne-

sium. The other reason is the use of magnesium itself. From this stage, there are three

simplified recycling scenarios, which are outlined in Figs. 2–4. The total consumption is set

at 360,000 t/a.

1. All new and old scrap is used for alloying aluminium, or for iron and steel, since the

demand in these fields is greater than that for pure structural magnesium (Fig. 2)
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Figure 2: Recycling of magnesium, version 1: all scrap used in aluminium, cast-iron, and

steel. T = 1000/t/a [43,45]

2. Only old scrap is used for aluminium, iron, and steel. The new scrap no. 1 is entirely

recycled at the foundry (Fig. 3).

3. The new scrap is recycled by the foundry; one-third of the old scrap is suitable for

remelting to produce structural magnesium, one-third goes into aluminium, steel, and

Recycling
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iron production, and one-third is used as an additive for thermal reduction processes

to remove copper and nickel impurities (Fig. 4).

Figure 3: Recycling of magnesium, version 2: new scrap is recycled at the die-caster. T =

1000/t/a [43, 45]
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Figure 4: Recycling of magnesium, version 3: new scrap is recycled at the die-caster; use of

old scrap: 1/3 remelting; 1/3 aluminium, cast-iron, and steel; 1/3 for thermal

processes. T = 1000/t/a [43, 45]

Recycling
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As long as aluminium, cast iron, and steel are able to take all the returning structural

magnesium, version 1 will be globally seen as the most economic and ecological solution.

The least primary magnesium is used and the amount of remaining waste is also the lowest.

This alternative is the main one used nowadays. The second alternative, in which all new

scrap is remelted directly at the foundry, needs only little additional primary magnesium.

Therefore, it is comparable to alternative 1 in terms of economic and ecological aspects.

With this method, scrap transportation is not necessary, but a reversive melting process is

needed instead, which again generates waste. The last recycling alternative includes remelt-

ing of new scrap as well as remelting of old scrap and involves the steps of preparation,

automatic analysis, sorting, and melting. Only one-third of the old scrap is predicted to

meet the requirements for structural magnesium. The remaining two-thirds will be in such

a contaminated condition that refining by distillation will be mandatory. This type of

recycling will only become efficient in the case of a great demand for structural magne-

sium. The diagrams in Figs. 2–4 are very simplified. The production of powdery magne-

sium, e.g. for desulfurization, also generates waste through the milling and melting process

or simply by milling. Additionally, zinc-containing alloys are not very desirable [42].

A general schematic for the recycling of materials with high magnesium content and

low-order materials with low magnesium content, including old scrap, is given in Fig. 5. As

already mentioned, the majority of magnesium is used for the production of aluminium,

cast iron, and steel. This kind of recycling is referred to as a “dry process”. After cleaning,

the magnesium parts are milled to a powder. Dross can be directly fractioned by milling

and screening, and can be sold without any melting. No. 1 scrap can also be directly used

as alloying material for aluminium or in the desulfurization of steel.

The basic requirement for recycling old scrap, as well as parts of new scrap, to produce

structural magnesium, is a sorted registration. This requires engineering directed towards

efficient disassembly, a disclaimer of coatings if possible (gear-box housings, use of HP

alloys), and a standardized identification system of the components. The application of

automatic analysis methods and their associated sorting techniques allows a partial use of

old scrap, but it is also necessary for new scrap to prevent frequent off-specification

batches when remelting.

An interesting experiment with regard to the automated sorting of automobile scrap is

given in Fig. 6. After classification, the parts of sizes in the range 15–16 mm go through a

step in which iron, wires, and non-metals are removed. They are then arranged in a chain-

like fashion, stimulated by a laser, and finally analyzed on-line by AES. A pick-up then

separates the parts, according to the analysis, into different metals and even alloys. The

output rate of the unit is 3–5 t/h of non-ferrous metals.

A metal-sorting machine is available from the Aumund Company. At the heart of the

machine is an energy dispersive X-ray fluorescence analyser for a continuous determina-

tion of the shredded metal parts [28]. The facility consists of the feeding zone (oscillating

conveyor, magnetic separator, separation of parts), the analysis zone (detector, X-ray fluo-

rescence source), and the dropping zone, in which the parts are dropped pneumatically

according to their composition. Up to 12 different alloys can be sorted; the range of grain

sizes is 30–120 mm.



261

Figure 5: Schematic of magnesium recycling [33]

Depending on the size, the output lies in the range 400–800 kg/h (30–50 mm) and 800–

1000 kg/h (60–90 mm). The machine has a power of approximately 13.5 kW. There are,

however, also restrictions, e.g. the direct determination of aluminium is not possible. This

must be deduced from secondary features, e.g. the copper content in specific alloys (Fig.

7).

Recycling
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Figure 6: Schematic of an automatic scrap analysis [6]

Figure 7: Metal-sorting facility (Aumund Company) [28]

16.4 Melting Processes; Special Features

16.4.1 Particles

One of the main problems associated with recycling magnesium is the presence of inclu-

sions in the melt [4]. Therefore, the type and amount of inclusions must be exactly defined

in comparing the recycled magnesium with primary magnesium. Table 2 lists all particles

that occur in the materials.

They can be classified as big (> 1 mm), medium-sized (0.1–1 mm), and small (0.001–

0.01 mm). Intermetallic phases rich in iron are between 0.5 and 15 mm. The oxide film

measures 0.1–1 mm and the particles are between 10 and 150 mm long.
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Table 2: Particles in magnesium melts.
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Below are listed the methods for the determination of the particles and for the testing of

the materials:

• Ultrasound

• LiMCA (liquid metal cleanliness analyzer) [4], based on a conductivity measurement

of the melt

• Vacuum and pressure filtration

• Microscopic examination, counting of the particles

• Detection of salt enclosures by humidity

16.4.2 Reactivity of Magnesium

The protection of the melts against oxidation is very important for the highly reactive

magnesium. For the protection, refining salt, sulfur, beryllium (5–15 ppm), and the gases

SO
2
, SF

6
, CO

2
, N

2
, and Ar with some dry air can be used. An overview can be found in [47].

The refining salts usually consist of a mixture of chlorides of magnesium, calcium, or

sodium. Moreover, calcium fluoride and magnesium oxide can be included as well. The

final composition is similar to that of the electrolyte used for fused salt electrolysis.

Table 3: Common refining salts.
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The salts are usually heavier than magnesium, but because of the surface tension they

form a protective layer on the melt and they can only sink when the layer is disrupted. The

minimum difference in density for the agents aimed for is 0.15–0.20 g/cm3. Thickening

agents (refining salts) contain MgO, CaF
2
, and MgF

2
. Their function is to bind the particles

Melting Processes; Special Features
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and to remove them by sinking to the bottom of the crucible. The difference in density for

refining salts should be between 0.5 and 0.8 g/cm3.

Sulfur reacts with air to form SO
2
 and it is mainly used for protection during transporta-

tion as well as during casting. SO
2
 forms a protective film on the surface, consisting mainly

of MgO with a small fraction of MgS. The gas mixtures contain roughly 0.5% SO
2
 but it

has only little effect above 700 °C. SF
6
 also forms a protective layer on the melt, i.e. MgO,

and with SF
6
 contents of around 1%, some MgF

2
 is found. The mixtures used contain 0.1–

0.5% SF
6
, 15–50% CO

2
, and the rest is air. Steel corrodes in the presence of more than 1%

SF
6
. All gases for the protection of magnesium contain sulfur as a common element. Since

elemental sulfur is also used to protect the melt, sulfur-containing layers might conceivably

be responsible for the protection when SF
6
 is applied. However, in [30,47] no sulfur was

found in the layer, the analyses showing instead MgO and a little MgF
2
 at higher SF

6

contents. The use of SF
6
 as a protection gas is viewed critically because it has a much

higher potential for atmospheric warming (GWP) than CO
2
 (1 kg SF

6
 = 24,000 kg CO

2
).

Although the amounts of SF
6
 used are low compared to those of CO

2
, the life cycle of SF

6

is quoted as 3200 years [15], and thus a concentration of the atmosphere is expected. The

proportion of the 5000–8000 t of SF
6
 produced in 1995 that escaped into the atmosphere is

estimated to be 50%. For this reason, there should be a trend away from the use of SF
6
, and

a reduction in a specific application would represent progress in this regard. A data sheet

from Hydro Magnesium [29] compares the use of SF
6
 and SO

2
 for a 1 kg die-cast part with

respect to the GWP. In this respect, SO
2
 is advantageous. The replacement with SO

2

requires the registration and cleaning of the exhaust gases. The use of gas-tight, closed

melting units with locks and partial recirculation of the SF
6
-containing gas can also con-

tribute to a lower emission. There is no need for gases containing sulfur in the case of

completely gas-tight melting units. In [31], such a melting and die-casting process is

described, in which only argon is used. However, the vaporization of magnesium is not

suppressed when argon or nitrogen is used. In essence, the degree of protection offerred by

SO
2
-containing gases is worse than that of gases containing SF

6
. This affects the ability to

extinguish an incipient magnesium fire, and indeed SO
2
 will subsequently support the fire.

Since all dense and thin protection layers consist mainly of MgO, it is said that the gases

SF
6
, SO

2
, and CO

2
 need to have some sort of absorption mechanism. Hence, oxygen must

be present for the formation of such a layer that prevents the vaporization and burning of

magnesium. Therefore, mixtures of argon and nitrogen with SF
6
 are not really suitable.

Nevertheless, since some air invariably enters a technical process, some oxygen will also

be present.

Several melting tests on 6–10 kg batches of AZ91 in a cauldron with different gas

mixtures resulted in the following observations:
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Table 4 Behavior of an AZ91 melt with different protective gases
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Especially at melt temperatures above 700 °C, the SF
6
-containing gas was found to

behave more favourably than SO
2
-containing gases or CO

2
. Argon is not suitable at all

because the melt reacts directly with the oxygen entering and no dense protective layer is

formed. Pure CO
2
 resulted in a good protection of the melt, the layer was thin, and no

burning took place. However, small defects in the layer resulted in selective burns, espe-

cially when humidity could enter. Similar behaviour was reported in [47], where a detailed

overview of the effect of different gases was given. The use of CO
2
 is ecologically neutral;

the net GWP is zero when the emitted CO
2
 comes from suitable sources, such as air or

process carbon dioxide. Logging of the exhaust gas is necessary, since a small portion is

turned into CO
2
. The best protection is provided by SF

6
-containing gas, which avoids

burning even in open bins and during uncovered casting.

16.4.3 Metallurgical Cleaning Methods

The ignoble magnesium also limits the refining of the melts. The frequently occurring

impurities Fe, Cu, Ni, Mn, Zn, Al, Si, Ca, and Na can be removed to a certain extent by

metallurgical refining methods. The solubility of iron in magnesium increases with the

temperature (0.04–0.05% at 700 °C), but it can be removed with Mn, Zn, Be, or TiCl
4
 [10].

Magnesium reduces the chlorides, forming intermetallic compounds or solid-solution crys-

tals, which precipitate from the melt and are absorbed by the salt. Silicon can be removed

with ZnCl
2
 or CoCl

2
, while sodium and calcium can be converted with MgCl

2
 [10]. Hydro-

gen is eliminated by treatment with chlorine at 725–750 °C; nitrogen is removed with the

help of argon and helium at 650–680 °C. The contents of copper and nickel, which strongly

influence the corrosion behaviour, may be adjusted by dilution with primary magnesium.

One solution might be distillation in vacuo or at normal pressure with an inert gas,

considering magnesium’s low melting point. It should be possible to add scrap to the

thermal reduction process. Aluminium does not interfere because it supports the reduction

of magnesium oxide.

Melting Processes; Special Features



266 Recycling of Magnesium Alloys

16.4.4 Materials

The high affinity of magnesium for oxygen does not allow the common use of standard

refractory materials. Iron oxides, silicon oxides, and refractory linings with high silicon

contents are out of the question. The interior linings of the melting units consist of unal-

loyed steel, e.g. ST37 or mild steel 1020. The parts outside the melt are plated (e.g. with

stainless steel 430) and must be nickel-free. The exterior of the crucible is also often plated

to prevent corrosion. The crucible interior may be plated with chromate steel. The econom-

ical limit for a steel crucible is 1–5 t capacity according to the foundries. The linings that

accommodate the crucibles should consist of material with a high Al
2
O

3
 content. The

materials need to be microporous because molten magnesium has a low viscosity of

1.1 MPa s (melting point), which is close to that of water (1.0). Material with the following

composition is proposed [18]: 90.5% Al
2
O

3
, 1.4% SiO

2
, 0.2% Fe

2
O

3
, 1.7% TiO

2
, 4% MgO,

0.2% CaO, and 2% others as tamping clay. The maximum application temperature is

quoted as 1080 °C. Refractory linings of pure magnesium oxide or aluminium oxide are

also possible.

16.4.5 Transportation of Liquid Magnesium

The low melting point allows the transportation of liquid magnesium by means of pumps

and lifters. Some possibilities are outlined in Fig. 8.

Figure 8: Transportation of liquid magnesium
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16.5 Melting Metallurgical Recycling

Induction furnaces, resistance furnaces, as well as oil- and gas-heated furnaces are used as

melting furnaces. The processes can be divided into agent-free melting, melting with little

agent, and melting with much agent [33]. In principle, there is no difference between the

methods for primary magnesium and scrap. The more contaminated the scrap and the

bigger the surface is, the more agent is used. For melting metallurgical recycling, the scrap

is crushed, pre-heated, and melted. As is common practice in metallurgy, it is appropriate to

carry out the metallurgical work in separate units. This results in several connected individ-

ual melting units or in multi-chamber furnaces in which the chambers are connected. The

two-chamber system is the most common one. The first chamber is for melting; dross and

sludge emerge from here. Therefore, it is important to optimize this chamber in terms of

cleaning abilities. In the second chamber, the melt is prepared for casting.

16.5.1 Melting Without Agent

Melting without agent uses inert gas and stirring gas, sometimes together with filtering. It

is used for new scrap and has following advantages [12]:

• removal of dissolved gases from the melt (hydrogen) by dispersion of an inert gas

• reduced metal loss due to less dross

• elements with an affinity for chromate (rare earths) stay in the melt

• easy removal of floating particles from the melt surface

Figure 9 shows a two-chamber furnace method for remelting magnesium. The inert gas

is, for example, a mixture of 20% CO
2
, 0.2% SF

6
, and dry air. The new scrap is melted in a

500 kg resistance furnace made of steel. A perforated steel plate separates the melting

chamber from the rest of the crucible. A heated lifter then transports the melt into the

casting furnace. Both furnaces are covered and the gas mixture protects the surface of the

melt. The average working temperature inside the furnace is kept at 660 °C. Some 92% of

the dross collects on the surface of the melting furnace, 2–3% is sludge on the crucible

floor, and about 5% of the dross appears in the casting furnace. Dross collects on the melt

as soon as the return flow is added. When the return flow amounts to 100%, dross also

appears in the casting furnace.

Melting Metallurgical Recycling
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Figure 9: System for melting new scrap, Norsk Hydro [13]

The alloy AZ91 thus produced complies with the required composition. The dross is

97–98% metallic, while 82–87% of the sludge is metallic.

This system is used by Husqvarna die casting for 100% return flow; the melting furnace

has a capacity of 1500 kg (180 kW), and the casting furnace has a capacity of 500 kg

(90 kW). Small amounts of agents are supplied to the melting furnace. A constant tempera-

ture and a constant melt level are important to minimize the amount of dross.

The Dow Chemical Co. introduced an agent-free concept [25]. The process is discontin-

uous for one crucible and continuous for two crucibles. The steps of the agent-free process-

ing are de-oiling, crushing, pre-heating to at least 150 °C (better 300 °C as then hydroxides

are also dissolved), and melting at 680–720 °C under an atmosphere containing 0.3–0.5%

SF
6
. Stirring argon into the melt with a mixer makes the particles float on the surface,

whereupon they can be removed as dross. Crucible sludge forms here as well. A filter,

connected to a pump tube, is submerged in the melt. The filter is cylindrical in shape and

has outlets. It is made of 410SS, the outlets are 1 mm in diameter, the open area amounts to

31%, and the total surface area is 0.44 m2.

Figure 10: Study of the agent-free melting of magnesium die-casting scrap [25], Dow

Chemical Co.
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Cleaning is accomplished by means of a flame, by immersing in water or acid, or by

sandblasting [14]. A process for no. 1 scrap is described in [40].

Another example of an in-house recycling system is the multi-chamber furnace used by

Schmitz and Apelt LOI [26, 35] (Figs. 11 and 12).

Figure 11: Multi-chamber furnace for recycling type I scrap [26,35,41].

Contents approx. 10 t, melting performance 1.5 t Mg/h.

Schmitz & Apelt LOI/Rauch

Figure 12: Recycling system for type I scrap, Schmitz & Apelt LOI/Rauch [26,35]

16.5.2 Melting and Refining with Little Agent

Steel crucibles and steel cauldrons are wetted from the inside with melting agent. The agent

is introduced in liquid form after the crucible has been heated to 700 °C; the magnesium is

melted with or without an inert gas. Possible oily adherences are removed under cold

Melting Metallurgical Recycling
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conditions and then the scrap is heated up to 150 °C to remove water and to char organic

impurities. The gases are afterglowed. The direct addition of cold scrap is possible as well,

i.e. without a separate pre-heating. The amount of agent required is 1% of the amount of

magnesium; for refuse it is 3% of the amount of metal. All refuse must always be refined

because of the particles. The metal is heated to 700–730 °C, the surface is skimmed, and

the agent is stirred into the melt in several portions. The surface is covered with a thin agent

layer and the metal is allowed to stand for 10–15 min. Filtering may be necessary to

achieve good casting qualities. The disadvantages are:

• release of corrosive Cl
2
 and HCl gases

• metal enclosures in the sludge

• problem of depositing the sludge

• agent enclosures in the metal lead to increased corrosion

16.5.3 Melting with Much Agent

A continuous refining method developed by Norsk Hydro for small foundries is depicted in

Fig. 13.

Figure 13: Furnace for the treatment of refuse; Hydro

Magnesium data manual

The liquid agent at the bottom serves as a plug. The metal fed in from the outside must

go through the salt and can be skimmed from within. The outer crucible is covered with

agent, and SF
6
- or SO

2
-containing gas mixtures protect the whole crucible.

A recycling concept for the die-casting production of AZ91 from primary magnesium

and AZ91 scrap no. 1 is shown in Fig. 14.

The scrap is melted in a multi-chamber furnace with the agent, the metal is fed to an

induction furnace, and finally refined in another multi-chamber furnace with the agent

prior to casting.

The two agent-melting furnaces are similar in their design. The quality must be adjusted

inside the refining and casting furnaces. The particles in the fused salt need to be re-

strained. The desired casting temperature is adjusted by the electrodes in the fused salt. At
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the same time, the furnace is used as a metal reservoir between alloying and casting [11,

16, 17].

The Norsk Hydro patent [7] describes a quasi-continuous multi-chamber furnace for

melting scrap, which is depicted in Fig. 15.

Figure 14: Schematic for the processing of cast

scrap

Figure 15: Multi-chamber furnace for melting magnesium scrap and

cuttings , Norsk Hydro [7]

The schematic shows a furnace with four metal-collecting chambers and two agent-

melting chambers. S1 is twice the size of S2 and serves as a large magnesium reservoir.

The metal-collecting chambers are separated by refractory partition walls with gaps. The

agent-melting chamber S1 is separated by a wall without an outlet. The whole furnace is

closed with a top cover. The number of chambers is optional and depends on the objective.

At least two regular remelting chambers and three chambers for the processing of scrap of

Melting Metallurgical Recycling
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unknown composition are required. The agent is heated up with electrodes; the electrodes

in chamber S2 serve to overheat the agent.

The metal or scrap is melted by the hot molten salt that is poured over the metal inside

a cage. This is very effective in preventing oxidation. The difference in density between the

molten salt and magnesium is 0.2–0.3 g/cm3. The circulation of the salt amounts to 13 t per

t of magnesium, and the melting performance is 2–3 t/h. This process can also be employed

to process chips and dross with a high metal content. Dampness of the metal is no problem

since the water does not come into contact with the liquid metal. Oily adherences, e.g. from

turning chips, burn and are finally afterglowed. The temperature of the liquid metal is only

slightly above its melting point, so that intermetallic phases can be absorbed by the salt.

Sludge collects at the bottom of the furnace. Solid components containing nickel, copper,

or iron remain in the cage and can be removed. Similar furnaces are described in [8, 9]. The

salt is refreshed when it is consumed. The consumed salt goes to a hydrometallurgical salt

preparation.

16.6 Processing Chips

Before a remelting of chips containing oil, the majority of the oil should be removed by

pressing or centrifugation. The chips can then be directly melted with the salt [7] or the oil

is distilled off at 300–400 °C as described in [46] before the remelting starts.

16.7 Processing Extraordinary Scrap

Scrap that contains valuable alloying elements (rare earth elements, lithium) can be treated

like dross containing those elements using complex procedures [36]. In this case, the goal

is not the recycling of the magnesium, but rather the recovery of the alloying elements.

Distillation and melting electrolysis or hydrometallurgical methods are some examples. For

very ignoble alloying elements such as lithium and fractions of rare earth elements, howev-

er, the common melting process with salt cannot be applied. Instead, special salts, such as

KCl/LiCl mixtures, are necessary to keep the lithium in the metal phase. Figure 16 shows a

schematic of the processing of this type of scrap.
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Figure 16: Recycling of special magnesium scrap

As an example, Fig. 17 shows the process for the hydrometallurgical recovery of

scandium [19, 36, 37, 44] from dross collected from the melting of Mg/Sc alloys. Dross

and remainders from the production of conventional magnesium alloys can also be pro-

cessed by hydrometallurgical methods [38].

Processing Extraordinary Scrap
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Figure 17: Processing of dross, chips, crucible

sludge, and salt from the production

of special magnesium alloys, for instance

those containing scandium

16.8 Recycling of Composite Materials

Composite materials can be broadly divided into fibre- and particle-reinforced materials

and laminar structures. A basic recycling set-up, which corresponds with [20] and [21] is

given in Fig. 18.

With fibre composites, typically containing Al
2
O

3
 or carbon fibres, the orientation of the

fibres is important. Recycling cannot produce materials with similar or even comparable

properties to the original. For this reason, a separation of fibres and metal must be accom-

plished through the use of refining salts [21, 24].

Hydrometallurgical methods may also be used to recover the valuable fibres from the

dross.
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Figure 18: Recycling of particle-reinforced

magnesium composites

On the contrary, the remelting of no. 1 new scrap consisting of SiC particle reinforced

materials is possible without applying a salt. Salt meltings of old scrap, however, separate

the particles and metal. Other solutions are the extrusion of chips, the separation of fibres

<10 mm with filters, and the crushing and feeding of partially reinforced components to a

melt for the production of homogeneously reinforced parts. Machining will also result in a

homogeneous distribution of fibres and particles.

16.9 Summary

Recycling of magnesium currently focuses on the processing of no. 1 scrap due to the

main use of magnesium in producing aluminium, cast iron, and steel. In the future, when

the use of structural magnesium is more prevalent, old scrap will need to be recycled as

well. This requires an optimized scrap preparation, so that the recycling yields high quality

products. A significant premise is material identification and a pro-recycling engineering

that allows for easy disassembly.

The protection of the melt with sulfurous gases is increasingly being performed with

SO
2
 instead of SF

6
. The collection and cleaning of exhaust gases then becomes necessary.

The use of pure CO
2
 offers an interesting alternative to sulfur-containing gases. The use of

a melting salt is environmentally friendly when applied correctly, but it produces more

waste.
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