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1
Primary production of magnesium
R. NEELAMEGGHAM , IND LLC, USA

DOI: 10.1533/9780857097293.1
Abstract: This chapter reviews the production technology for a variety of
magnesium processes developed over the past 150 years on a commercial
scale. It discusses why processes vary considerably in the case of
magnesium, unlike the case of aluminum production.
Key words: magnesium, light-weight structural metal, molten chloride
electrolytic process, thermal reduction, Pidgeon process, electro-thermal.

1.1

Introduction

Magnesium ion is the most abundant structural metal ion in the ocean; it is
the fifth most abundant element in the hydrosphere (3.1 × 1015 tons). In the
earth’s crust (lithosphere) magnesium is considered to be the eighth most
abundant element. If we consider the topmost 3.8 km, magnesium is the
third most abundant ‘structural metallic element’. It should be noted that
the average depth of the ocean is 3.8 km – this is the hydrosphere, where
magnesium is the only extractable structural metal. This makes magnesium
a unique structural element, which can be extracted from either the hydrosphere or the lithosphere. Aluminum is sparse in the ocean, and is extracted
from the lithosphere only.
As we all know, manmade materials are made by processes using the raw
materials available, or which can be acquired at a low cost while converting them to a value-added material. Irrespective of the source of the raw
material, additional energy matter is required to effect the conversion of the
mineral into metal. The nature and cost of the energy and energy materials
have been important factors in the choice of the process development of
magnesium.
Since magnesium is available from the lithosphere and the hydrosphere,
various routes are available for extraction into metal. This chapter is written
so as to take us through the history of commercial processes in the nineteenth
and twentieth centuries, before discussing the chemistry of process evolution, steps involved in production methods, and major equipment needed
for different processes. Following this, future possibilities are discussed.
1
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It took over 18 years of laboratory and pilot research, with personal
attention given by Herbert H. Dow between 1896 and 1915, before a commercial line for producing magnesium came on line. It took another 16
years before reducing the cost of a pound of magnesium from 5 dollars
to about 30 cents by the early 1930s. The process was further refined over
the years in reducing operating costs (Campbell and Hatton, 1951). Dow
Magnesium had a production of over 100 000 tons per year in its peak years
during its 80 plus years of operation before being shut down in 1997.
The same period saw the development of magnesium for structural
applications, both in the USA as well as in Germany. Dow Chemical is
credited with introducing Dow-Metal pistons for the automotive sector
in the 1920s, while the Germans developed a magnesium alloy engine for
Volkswagen in the 1930s, helped by I.G. Farbenindustrie’s magnesium
process. Herbert H. Dow also pioneered the introduction of magnesium
into the construction of aircraft in the early 1920s (Campbell and Hatton,
1951), even though this pioneering effort was not able to compete with
aluminum – which is 1.5 times heavier than magnesium. We still continue
to revisit this subject time and again, even to the present day, in educating
the public about the benefits of magnesium alloys as a structural metal
and the fact that magnesium can be safely used (Gwynne, 2010). With the
advent of higher strength magnesium alloys, magnesium composites can
compete with fiber reinforced composites in alternative energy generation
such as wind power, etc.
Unlike for other metals, the processes used in the production of magnesium have gone through several historic changes – almost following the
changes in the economic dominance history on a global scale – whether it
be the world wars, or the cold war through the 1980s, or the emergence of
the global economy in the 1990s, and through the recent commodity rise
and fall during 2006–9. In 1935, John A. Gann, Chief Metallurgist of The
Dow Chemical Co., noted the following ‘… our light metals occur only in
the form of compounds so stable that their discovery, isolation, commercial
production, and use were forced to await some of the modern advances in
chemistry and engineering. Under such conditions, the evolution of a new
industry is often a romance in which scientific and industrial difficulties and
near failures add to the thrill of success’ (Gann, 1935). The truth of this
statement has been proved time and again in the production processes, even
in recent times, and in the further development and uses of magnesium.
All magnesium metal production processes go through the following unit
process steps (see Fig. 1.1):
i. Raw material upgrading
ii. Removal of unwanted and undesirable impurities
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Raw material preparation and upgrading
[Concentration of magnesium in the raw material]

Removal of unwanted and undesirable impurities
[for the extraction process – e.g. sulfates, boron,
moisture, etc.]

Removal of impurities undesirable in the finished metal
[e.g. nickel, manganese]

Converting the purified raw material into metal and
separation from other component products
[e.g. carbothermic, metallothermic and/or electrowinning]

Melting and refining the metal, making alloys
[Casting into ingots or billets, or powders made from magnesium]

1.1 General ﬂow sheet for magnesium production.

iii. Removal of impurities undesirable in the finished metal
iv. Converting the purified raw material into metal and separation from
other component products – along with processing and or reuse of other
raw material components
v. Melting, refining and casting metal and/or alloys
vi. Granular magnesium and alloys.

1.2

Raw materials and production methods

Most of the metallic elements are usually extracted or reduced from their
respective oxides, or oxide compounds. The lithospheric compounds from
which magnesium is extracted are: dolomite (CaCO3·MgCO3), magnesite (MgCO3), periclase (magnesium oxide) (MgO), hydro-magnesite
(3MgCO3·Mg(OH)2·3H2O), brucite (MgO·H2O), and silicates of magnesium
(olivine(Mg,Fe)2SiO4, serpentine 3MgO·2SiO2·2H2O with partial iron substitution of magnesium, fosterite, biotite micas, etc.). The lithospheric minerals magnesium sulfate (epsomite- MgSO4·7H2O), kieserite (MgSO4·H2O),
langbeinite (K2SO4·2MgSO4), and kainite (KCl·MgSO4·3H2O), carnallite
(KCl·MgCl2·6H2O) are of hydrospheric origin found in evaporites.
The hydrosphere – oceans, and terminal lakes − has magnesium as the
second most abundant metallic cation in the salinity. Sodium, present in
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a larger quantity, usually provides the ionic balance for the chloride ion
in saline waters; sulfate is needed to provide ionic balance of magnesium
along with chloride ions. Magnesium minerals found from the evaporites
in the chloride form include carnallite (KCl·MgCl2·6H2O) and bischofite
(MgCl2·6H2O). Many of these were identified initially in Stassfurt, Germany
in the mid-nineteenth century. Most of the process variations have been
caused by the choice of raw material, whether it is oxide or a chloride type
material, as we will see in the forthcoming discussions.

1.2.1 Nineteenth century magnesium
production processes
In 1808, Humphry Davy took moistened magnesium sulfate and electrolyzed it onto a mercury cathode. He also converted red hot magnesium
oxide with potassium vapor, collecting the magnesium into mercury. Both
processes produced magnesium amalgam, from which he made the metal by
distilling out the mercury. In 1828, Bussy reduced magnesium chloride with
potassium metal in a glass tube; when the potassium chloride was washed
out, small globules of magnesium were present.
Faraday in 1833 electrolyzed impure magnesium chloride in a molten
state to get magnesium metal; but it took two more decades before Robert
Bunsen made a commercial quantity in a small laboratory cell using molten
anhydrous magnesium chloride. He noted the need to dehydrate the magnesium chloride for improving the electrolysis by avoiding sludge formation. Bunsen demonstrated in 1852 that it is easier to dehydrate magnesium
chloride in a potassium chloride bath – this later led to the use of naturally
occurring carnallite as a source for making magnesium. Commercial production of magnesium on a larger scale was initiated in 1886 – about the
same time as the beginnings of the Hall–Heroult cell for aluminum.
Since oxide magnesium ores, such as MgO, are found in high grade (90%
plus purity), attempts were made to use this as feed material using a molten
fluoride melt – similar to the Hall–Heroult cell during the late nineteenth
century. But the high melting point of magnesium fluoride above 950°C,
along with the low solubility of magnesium oxide even in these fluorides,
and the high vapor pressures of magnesium at these temperatures, made the
growth of these processes uneconomical and difficult.
Molten dehydrated carnallite (KCl·MgCl2) was electrolyzed to magnesium metal in 1886 by the Aluminium und Magnesium Fabrik, Germany.
This was further developed by Chemische Fabrik Griesheim-Elektron
starting in 1896 − this became I.G. Farbenindustrie in the twentieth century.
Molten carnallite electrolysis still continues in the twenty-first century, with
various improvements made in the twentieth century.
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1.2.2 Commercial magnesium production processes
of the twentieth century
Several in-depth articles, as well as books, are available on the commercial
production technologies of magnesium. These references are highlighted,
avoiding duplication of detail on the processes currently used.
In 1938, Haughton and Prytherch noted that the extraction of magnesium
followed three processes – electrolysis of fused chlorides, electrolysis of the
oxide in solution of molten fluorides, and direct reduction of the oxide by carbon in an arc furnace with a hydrogen atmosphere followed by re-distillation
in inert atmosphere. World War II brought the silico-thermic reduction of
oxides to the fore. At this time, the production of magnesium was one third
that of aluminum worldwide (Haughton and Prytherch, 1938).
Unlike aluminum, the demand for magnesium took a precipitous drop
following World War II, causing the variation of production technology processes. Carbo-thermic and fluoride-melt electrolytic processes exited commercial production. Silico-thermic processes took a backseat, until the mid
1990s, to the electrolytic conversion of magnesium chlorides.
China entered the global economy in the early 1990s, interested in developing uses for its apparently very low-cost ferro-silicon. China, a non-market
economy, thus revived magnesium oxide conversion by the silico-thermal
method into a dominant process of the first decade of the twenty-first
century.
Some of the early history of processes in the first half of the twentieth
century is given in articles or chapters in books (Emeley, 1967; Ball, 1956;
Beck, 1939; Schambra, 1945). At the time of writing (2010), the production
of magnesium has narrowed to two main processes – one from lithospheric
magnesium mineral dolomite by the thermal process, and the other from
hydrospheric magnesium chloride. It is now felt that the abundance of magnesium resources, the evolution of non-fossil alternative energy, the realization of a global market economy (where costs of raw materials are a
significant issue), along with the development of new uses for magnesium
and its alloys, can alter this dominance by two main processes during the
next 70 years.
Evans gives a concise summary of the evolution of commercial processes
in the light metals aluminum, magnesium and lithium over the last five
decades (Evans, 2007). Habashi presented a history of magnesium in a 2006
symposium (Magnesium technology in the Global Age) held in Montreal
(Habashi, 2006). Production technologies of magnesium, a chapter by, Eli
Aghion and Gilad Golub, discusses present day electrolytic as well as thermal reduction processes (Aghion and Golub, 2006). An in-depth history of
magnesium by Robert E. Brown discusses the production of magnesium
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through the year 2003 (Brown, available from http://www.magnesium.com,
and Brown, 2000; Brown, 2003).
The articles by Wallevik et al. (2000) and by Hans Eklund et al. (2002),
presented a detailed summary of the 415 Kamp magnesium electrolytic
cells operated by Norsk Hydro Canada from 1991 through early 2007,
using purchased magnesium carbonate converted to magnesium chloride
onsite. R.L. Thayer discussed the improvements on the electrolytic process
for magnesium production at US Magnesium (Thayer and Neelameggham,
2001). The raw material for the US Magnesium process is the magnesium
ion in the Great Salt Lake brine.
The Lloyd M. Pidgeon memorial session (2001) presentations of magnesium technology 2001 discussed advances in the Pidgeon silico-thermic process in China. R.E. Brown describes the 240 retort silico-thermic magnesium
plant of the 1960s in Selma, Alabama. (Brown, 1997). X. Mei’s presentation
in the TMS annual meeting describes the Pidgeon process as practiced in
China in 2001, along with some of the developments being made to increase
the unit throughput of retorts (Mei et al., 2001). The Pidgeon process pilot
plant studies were published in 1944 by the inventor in the Transactions of
AIME (Pidgeon and Alexander, 1944).
In the Magnola process, the Noranda magnesium plant of 1999–2001 used
serpentine, the asbestos plant waste containing high magnesium content as
the raw material. The magnesium is converted from a silicate form into molten anhydrous magnesium chloride and then electrolyzed in a multipolar
cell. (Avedesian, 1999; Watson et al., 2000). Dow Chemical had proposed
a bipolar magnesium electrolysis cell in 1944 (Blue et al., 1949) to reduce
power consumption in the cells. Ishizuka (1981, 1982) presented other concepts of bipolar cells for making magnesium. This concept was further modified into multipolar cells in the early 1980s by a cooperative effort between
Osaka Titanium and Alcan’s development of monopolar cells, leading to
multipolar cells. O. Sivilotti discussed these multipolar cells in comparison
with monopolar cells in his paper. At this time, the yet-to-come Noranda
magnesium plant, and the never-started Australian magnesium plant,
Queensland, Australia of the 1990s were both planning to use the multipolar technology (Sivilotti, 1997). Japanese titanium producer Toho uses its
own multipolar cell design. Alcoa produced magnesium by Magnetherm
technology (Faure and Marchal, 1964; Jarrett, 1981). This process was practiced during 1977–2002 period at Addy, Washington.
The book by Strelets, ‘Electrolytic production of magnesium’, is a compendium of electrolytic magnesium technology developed by the Germans,
later improved by the Soviet Union by VAMI (the Soviet aluminum and
Magnesium Institute) and the Soviet magnesium plants in Solikamsk, Russia,
Zaporozhye, Ukraine, and Kazakhstan until 1970 (Muzhzhavlev et al.,
1965, 1971, 1977; Strelets, 1977). Variation of these processes with further
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improvements has been practiced through the present time in the Dead Sea
magnesium plant, Israel from 1995 as well as at Solikamsk, Russia. Both
use carnallite (KCl·MgCl2·6H2O) as the starting material − mined evaporite
mineral in Russia or the solar evaporated Dead Sea carnallite. The Russian
technology for use with molten recycled magnesium chloride from titanium
production is practiced by Avisma magnesium, Berzniki, Perm, Russia, as
well as in Kazakhstan Ust-Kamenogorsk titanium–magnesium combine.
The electrolytic process for magnesium production is well advanced for
both magnesium chloride from raw magnesium feed stocks, as well as the
Kroll process recycled molten anhydrous magnesium chloride. The latter
continues in commercial practice through the present day. The multipolar cell
developed by the Japanese producer Sumitomo Sitix – or Osaka Titanium
in conjunction with Alcan, is described by Sivilotti in his paper in the Light
Metal Symposium (Sivilotti, 1988), and by Christensen (Christensen et al.,
1997). O.G. Sivilotti, M. Vandermulen, J. Iseki and T. Izumi, provided (the
mid 1970s) the developments in their monopolar Alcan-type magnesium
electrolytic cells (Sivilotti et al., 1976). A variation of this concept cell is still
practiced at Timet, Henderson, Nevada.
The economic comparison among carbo-thermal, silico-thermal and electrolytic processes as of 1967 was provided by engineers at the US Bureau of
Mines (Elkins et al., 1968). Some of these comparisons are still true 40 years
later. Information on these three processes which prevailed in the 1930–
1960 period in the United States is provided in detail in the US Bureau
of Mines Reports of Investigations (Elkins et al., 1965, 1967). The carbothermic process developed by Hansgirg was in commercial production only
during the 1930–50 period, and efforts to revive it in an economic fashion
still continue to date on a laboratory scale and at times pilot scale (Hansgirg,
1932; Brooks et al., 2006). In the 1930s, magnesium oxide was converted
to magnesium using calcium carbide as a reductant, by the Murex process
(Beck, 1939; Emeley, 1966).

1.3

Chemistry of extraction of magnesium
from raw material

The scientific basis of extraction defined by thermo-chemistry has been
evolving side by side with changes in the commercial production of magnesium. Some of these are shown. There are two main chemical aspects in the
extraction of minerals into metals. First, the minerals are usually mixed with
other compounds and these have to be reacted or modified before the single compound can be energetically split into metal, and secondly removing
the other elements forming the compound, as well as the new compounds
formed if any. It should be noted that commercial processes consume 3 to 4
times the thermodynamic energy required for splitting the raw material into
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Table 1.1 Thermodynamic properties of several magnesium compounds
Compound

Heat of Formation,
ΔH, kcal/g.mole

Entropy S,
cal/K/mole

Melting
Pt. ºC

Boiling
Pt. ºC

Mg
MgF2
MgCl2
MgO
MgSO4
MgCO3
MgSiO3
Mg2SiO4
MgC2
C
CO
CO2
CaO
CaSiO3
Ca2SiO4
CaC2
CaCO3
H2
H2O(g)
HCl
Si
SiO2
Al
Al2O3
Fe
FeO

0
−266.0
−153.4
−143.7
−305.5
−262.0
−8.7
−15.1
21.0
0
−26.4
−94.05
−151.6
−21.5
−30.1
−14.1
−288.4
0
−57.8
−22.0
0
−217.0
0
−400.0
0
−63.0

7.77
13.7
21.2
6.55
21.9
15.7
16.2
22.75
14.0
1.36
47.3
51.1
9.5
19.6
30.5
−16.8
21.2
31.21
45.1
44.65
4.5
10.0
6.77
12.2
6.49
14.05

650
1263
714
sub.
1130
dec.
1560
1100
dec.
sub.
−205
sub.
2615
1540
2130
2300

1105
2320
1418
2770

−259
0
−114
1410
1723
659
2050
1536
1378

−192
−79
3500

−253
100
−85
3280
2450
3070

Source: Kubaschewki (1967).

the finished metal. Table 1.1 gives the temperatures and entropies for the
formation of some important magnesium compounds from which magnesium metal is formed, along with some of the common reductants.

1.3.1 Chemical basis in magnesium oxide as raw material
Magnesium oxide raw material can be obtained from (a) magnesium hydroxide,(b) from magnesium carbonate, or (c) from dolomite
CaCO3·MgCO3. It is possible to make precipitated magnesium hydroxide
from sea water – which would require calcined limestone or calcined dolomite. Calcination of limestone or dolomite is an endothermic process which
takes place around 1000°C, consuming considerable energy. The fuel or the
energy matter-carbonaceous material such as coal – releases additional carbon dioxide in the flue gases besides the carbon dioxide released from the
base mineral.
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Mg(OH)2 = MgO + H2O

[1.1]

MgCO3 = Mg + CO2

[1.2]

MgCO3·CaCO3 = MgO·CaO + 2CO2
(dolomite = calcined dolomite + carbon dioxide)

[1.3]

C (fuel/energy matter) + O2 = CO2

[1.4]

Unlike many non-ferrous metals it is difficult to reduce magnesium oxide
with carbon. Magnesium oxide carbo-thermic reduction takes place above
1900°C.
MgO + C = Mg (v) + CO

[1.5]

The product magnesium is in the gaseous state, as is carbon monoxide.
This requires special separation techniques. Hansgirg developed the rapid
quenching of the gaseous mixtures, along with other gases such as hydrogen or methane, to effect a condensation of magnesium. This process, even
after 20 years of commercial operations and developments by Hansgirg, still
continued to be difficult as there were considerable side reactions and back
reactions resulting in further energy-intensive purification schemes.
The use of calcium carbide as a reductant is also useful in making quality
magnesium, as the oxygen from magnesium oxide is taken up by calcium
rather than by carbon as shown in Equation [1.5], without reverse reactions
as in the carbo-thermic approach.
MgO + CaC2 = Mg(v) + CaO + 2C

[1.6]

It should be mentioned that the reaction is carried out in vacuum retorts.
It has also been surmised by Bleecker and Morrison that magnesium
oxide can be reduced at high temperatures using metals like silicon or aluminum per Equations [1.7] and [1.8] (Bleecker and Morrison, 1919)
3MgO + 2Al = 3Mg(v) + Al2O3

[1.7]

2MgO + Si = Mg(v) + SiO2

[1.8]

These reactions require temperatures higher than 1400–1500°C to be of
value as an atmospheric pressure reaction. The reactions are complicated,
due to the formation of intermediate compounds of magnesium ortho-silicate or magnesium aluminates – depending on the reductant. This was further refined to be a vacuum-assisted reaction around 1200°C in the form of
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the well-known Pidgeon process. The Pidgeon process further established
the usefulness of lower-cost dolomite which would yield CaO·MgO when
calcined, and form the reactant along with lower-cost ferro-silicon in the
place of silicon metal. Equation [1.9] shows the reaction which is conducted
in evacuated retorts.
2MgO·CaO + FeSi = 2Mg(v) + Ca2SiO4 + Fe

[1.9]

Several detailed studies have been made on the thermodynamics of the
Pidgeon process as to why the reaction is possible on a fundamental basis.
(Hopkins, 1954; Kubaschewski, 1967; Ray et al., 1985; Thompson, 1997). The
batch silico-thermic process was upgraded to be a semi-continuous process
by the Magnetherm process in the early 1960s, by converting the solid product silicate of Pidgeon process into a molten slag by adding alumina and/or
aluminum. This facilitates electro-slag melting using a water-cooled electrode, allowing continual feeding of calcined dolomite and ferro-silicon into
the molten pool, and continuous removal of magnesium vapor into large
condensers.
It should be noted that these metallo-thermic reactions are indirect
carbo-thermic reactions, in that carbon is used to produce the reductant.
Aluminum is made from aluminum oxide (electrolytic method) using carbon anodes. Silica and carbon make silicon reductant and carbon oxides via
the electro-thermal approach. Prior removal of carbon oxide in the gaseous
form provides the metal reductant which would make a solid or liquid product when taking the oxygen away from magnesium compound, allowing
clean magnesium vapor to condense.

1.3.2 Chemical basis in magnesium chloride
as raw material
The magnesium source from the hydrosphere typically is present in the
ionic form in brines. From this one can either precipitate it as hydroxide or
upgrade it as concentrated magnesium chloride. Earlier magnesium chloride
based processes, such as the Dow process or the Norsk Hydro – Norway –
both used an alkali – such as milk of lime (Ca(OH)2) or waste alkali sodium
hydroxide. The hydroxide is then converted to magnesium chloride using
hydrochloric acid (Dow process) (Mantell, 1950). Oxide minerals such as
magnesite – MgCO3, or magnesium silicates can also be converted into magnesium chloride solutions and processed further.
Mg++ + 2OH− = Mg(OH)2

[1.10]

Mg(OH)2 + 2HCl = MgCl2 + H2O

[1.11]
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These reactions show that hydrospheric magnesium can also result in magnesium oxide making them applicable to the oxide raw material reactions.
The hydrospheric magnesium ion present in brine can be concentrated to
magnesium chloride rich liquor by evaporative crystallization. This involves
removal of large quantities of sodium chloride, potassium chloride/sulfate salts by the initial crystallization. This process is economical wherever
vast solar evaporation fields are available. This has been practiced by US
Magnesium since 1972. The solar evaporation upgrading of the Great Salt
Lake (GSL) brine – which is 3 to 4 times the concentration of magnesium
in sea water, is described by Barlow (Barlow et al., 1980). Sources such as
the GSL brines have considerable amounts of sulfates, which continue to be
present in the solar concentrated magnesium chloride, require further sulfate removal, and therefore added reagents.
The hydrospheric magnesium ions can be extracted as a double chloride salt carnallite, KCl·MgCl2·6H2O from marine evaporites, underground
potash minerals which were formed from the marine evaporites, or from
terminal lakes containing lower sulfate ions. We have already noted that
the processes originally developed in Germany in the 1880s, and those in
Solikamsk, Russia (operating since 1936) and that in Dead Sea, Israel (operating since 1995) utilize carnallite as a source of magnesium.
Magnesium oxide from rocks – magnesite, silicates, or magnesium oxide
from hydroxides converted by carbo-chlorination into magnesium chloride –
was also practiced in Germany before World War II, at Basic Magnesium
plant in Henderson, Nevada during the World War II, and later in Norsk
Hydro, Norway (during 1950–1987) (Mantell, 1950; Streletz, 1977).
MgO + Cl2 + 0.5C = MgCl2 + 0.5CO2

1.4

[1.12]

Fused salt electrolysis

From the basic thermo-chemistry information, it is known that several metallic elements cannot be made from their ions in aqueous solution. The free
energy of reaction of water when converted to electromotive force gives a
decomposition voltage of 1.23 volts for water into hydrogen and oxygen.
Many of the reactive metal ions in solution have a greater decomposition
voltage than the water splitting reaction – examples are aluminum, titanium,
magnesium, alkali metals, etc.
When solutions containing these reactive metal ions are electrolyzed in
aqueous solution, one ends up forming the hydroxides of these metals at
the cathode. Only when the cathode is mercury will these metal ions form
an amalgam with mercury, requiring further distillation steps separating
the metal. This was realized from the time of Faraday in the early 1800s,
who then started developing an alternate avoiding water altogether in the
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electrolysis. This is fused salt electrolysis. Here the compounds of metal with
a higher decomposition potential than the metal ion to be electrolyzed act
as diluents (similar to water in aqueous electrolysis). The diluents help to
reduce melting points, and to increase conductivity of the melt, allowing
electrolysis to take place in the molten state.
In the case of the Hall–Heroult system for aluminum electrolysis, aluminum oxide is dissolved in the diluent sodium aluminum fluoride (cryolite),
allowing molten aluminum to form on the carbon cathode. In the case of
magnesium, the choice was made to use magnesium chloride, as it was difficult to find molten salt solvents which could dissolve magnesium oxide at
a lower temperature than the fluoride melts. The chloride melts need to be
free of oxides for efficient electrolysis. The melting point of mixed magnesium chloride, along with alkali and at times calcium chloride, is less than
500°C compared to fluoride melts requiring over 1000°C. However, molten
magnesium chloride does not dissolve magnesium oxide, thus the need to
feed the electrolysis using purified magnesium chloride.

1.5

Impurity removal chemistry in thermal
processing

In the case of magnesium oxide minerals processed by the silico-thermal
route, the most undesirable material is the alkali metal silicate that stays
in the calcined dolomite. This vaporizes along with magnesium (in the
silico-thermal reduction) and the alkali condensate causes unwanted fires
when the crown is removed from the retort, leading to higher metal losses.
This is addressed partly by selecting high grade dolomite low in alkali impurities, and partly by retort condenser design. Chemical removal of these
impurities is not practiced.
In the silico-thermal process, it is easy to make several of the commercial
grade magnesium products based on charge quality (Froats, 1980), except
in some cases, under inadequately controlled process conditions, the silicon
content tends to be high in the finished magnesium product in spite of the
distillation nature of the process. It is necessary to avoid manganese and
nickel impurities in the dolomite as well as ferro-silicon, to keep the purity
of magnesium under control.

1.5.1 Impurity removal chemistry in electrolytic process
Even though Dow Magnesium and Norsk Hydro Magnesium are no longer
in operation, these plants operated for several decades during the twentieth century, and this chapter would be remiss if the fundamentals used in
these were not discussed. In the case of making magnesium chloride for the
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electrolytic reduction, it is necessary to remove sulfates from the mix, as
sulfates have a tendency to decompose into oxides in the molten salt mix,
causing problems with other purifying reactions, as well as in the molten
salt electrolysis. Sulfates are typically removed from magnesium chloride
solutions using calcium chloride, which forms gypsum precipitate and which
is filtered out. In the case of the Dow Chemical process, excess calcium ion
was removed by using sulfuric acid followed by removal of excess sulfate
using barium compounds.
Other impurities which are removed from magnesium chloride solutions
are boron compounds which typically come in sea water or marine evaporites. Parts-per-million quantities of boron can cause magnesium coalescence
problems in the electrolysis step. The borates deposit high melting boride on
magnesium metal formed on the cathodic surface which rises from the cathode in the form of droplets of molten metal instead of coalesced metal going
towards the magnesium compartment. The Dow process adjusted the alkalinity of magnesium hydroxide precipitation to remove most of the boron.
Final traces of boron were then removed by ion exchange from magnesium
chloride solutions. Other processes utilize solvent extraction schemes to
remove boron as very dilute boron compounds in solution in aqueous stripping solutions.
Magnesium chloride originating from marine evaporites and other aqueous sources do not have many heavy metal impurities. But the magnesium
chloride generated from magnesite or silicate sources using acid digestion
contains heavy metals. These heavy metals, such as iron and nickel, can be
removed by precipitation as hydroxides or as sulfides from magnesium chloride solutions, as required by the further downstream process of magnesium
chloride purification. The limit of nickel in pure magnesium metal product
is specified not to exceed 14 ppm. Higher nickel content makes the magnesium more corrosive. Nickel is mutually soluble in magnesium, unlike
iron which has a limited solubility in molten magnesium. In most cases the
upstream process reagent chemicals are controlled to give nickel-levels of
less than 3 ppm, preferably less than 2 ppm in the magnesium chloride feed
to electrolysis.

1.5.2 Water removal from magnesium chloride
There are two types of magnesium chloride cells. Dow Magnesium cells used
MgCl2·1.5H2O (between mono and dihydrate of magnesium chloride) prills
as cell feed. The second type uses anhydrous magnesium chloride – this type
has several variations in the design.
Most other types of electrolytic cells use anhydrous magnesium chloride
as cell feed. Norsk Hydro cells used magnesium chloride prills, which had
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less than 0.5% magnesium oxide and water each as cell feed. US Magnesium
and most of the recycled magnesium chloride fed cells in titanium plants use
molten anhydrous magnesium chloride as the cell feed. The Russian cell
technology, practiced in Russia, Ukraine and Israel, utilize anhydrous carnallite in the molten state as feed to electrolytic cells. A synopsis of magnesium chloride dehydration fundamentals is given below.
When magnesium chloride is evaporated and dehydrated, it forms several
crystalline hydrates with increasing melting points for lower hydrates.
MgCl2 solution → MgCl2·6H2O →MgCl2·4H2O
→MgCl2·2H2O→MgCl2·H2O
Control of temperature of drying, as practiced by Dow, results in a mixture of
MgCl2.2H2O and MgCl2.H2O. The magnesium chloride mono-hydrate does
not become anhydrous; it tends to hydrolyse forming magnesium hydroxyl
chlorides MgOHCl, and MgO plus HCl. The oxide and the hydroxyl-chloride tend to form undesirable sludge during electrolysis, and make the preparation of molten magnesium chloride difficult.
MgCl2·H2O or MgCl2 + H2O → MgOHCl + HCl

[1.13]

MgCl2 + H2O → MgO + 2 HCl

[1.14]

These reactions indicate that keeping higher partial pressure of anhydrous
HCl will suppress the hydrolysis, as practiced by Norsk Hydro in their essentially anhydrous magnesium chloride prill process. This technique, of using
hydrogen chloride gas to make anhydrous magnesium chloride, was first
applied by Herbert H. Dow in 1920, who later found it economical to electrolyze MgCl2·1.5 H2O which had very little hydroxychloride. Particle size
in the drying step also controls the amount of hydroxyl-chloride and oxide
coming from hydrolysis.
Use of other hydrolysis-inhibiting chlorides, such as potassium chloride
or ammonium chloride, has been practiced in making the anhydrous magnesium chloride during the past 150 years by several intermediate process step variations. During the 1970s Braithwaite proposed using organic
adducts of magnesium chloride glycolates, which are then dehydrated in a
distillation tower, from which they are precipitated as a magnesium chloride ammoniate which has to be deammoniated in additional steps effecting the production of anhydrous magnesium chloride – this was later called
Nalco process (Allain, 1980). The economics of this process depended on
effective recycling of expensive organics. This was later modified and proposed to for use by the never-built Australian magnesium plant in the late
1990s.
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Anhydrous magnesium chloride can also produced by carbo-chlorination
in the molten state. The following reactions apply whether pure magnesium
oxide is chlorinated or magnesium oxide in molten magnesium chloride is
carbo-chlorinated.
MgO + 0.5C + Cl2 → MgCl2 + 0.5CO2

[1.15]

H2O + 0.5C + Cl2 → 2HCl + 0.5CO2

[1.16]

Details of the energetics and thermodynamics involved in this dehydration
were developed by K. Kelly, USBM in the 1940s, long after commercial
production had been in practice based on an empirical approach. But this
study helped develop improvements in the dehydration process (Kelley,
1945).
One should note that making anhydrous magnesium chloride from
hydrated magnesium chloride is an energy-intensive process step, even
though less than that required in the electrolytic step. This is somewhat analogous to calcination energy prior to applying the reducing energy in heating
the retorts to reaction temperatures in the silico-thermic process.

1.6

Process equipment

Here only highlights of the process equipment are given, as the information
on details of the equipment required and energies involved in this process
can be found in several of the references mentioned earlier.

1.6.1 Silico-thermal process major equipment
Pidgeon process
The batch retort Pidgeon process is labor intensive, besides requiring condensed energy in the form of ferro-silicon (which is formed by reduction
of iron oxide, carbon, silica and electricity), energy for calcining dolomite
double carbonate to double oxide, followed by thermal energy required for
the silico-thermal reaction of heating the retorts to 1150–1200°C. This heating can be done by coal, coal gas or natural gas firing. The Pidgeon retort
made of high nickel steel is about 10 inch ID × 12 inch OD × 10 feet long
with a cold end about two feet outside the furnace. This is shown in Fig. 1.2.
Vertical retorts with higher heat transfer have been tried, but not many are
used in practice.
The range of factors are shown in Table 1.2 for the process as practiced in
China in producing 1 MT of magnesium, as derived from Mei’s article (Mei,
2000) and several news reports seen in the 2008–10 period. The calcination
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Table 1.2 Factors of Pidgeon process in China
Dolomite
Ferro-silicon
Fluorite
Flux
Retort
Electricity
Coal**
Or Natural Gas
Vacuum oil
Maintenance
Labor

10.5–13 MT
1.15–1.35 MT*
0.15–0.19 MT
0.18 MT
0.2
1800–3000 kwh
9 to 12 T
66.3 DTh (only a few plants practice this)
10 kg
60 USD
145 USD (in 2001) or 50 Man-Hours/MT

*The preparation of ferro-silicon as a reducing agent is in itself an energyintensive process – typically consuming about 11–12 kwh per kg FeSi –
ferro-silicon is made using iron oxide – silica with sufﬁcient carbon made
into electrodes for an electro-thermal reactor.
**Several of the magnesium facilities in China have been installing additional
air-pre-heating equipment to use the retort furnace off gases at 1250°C.
This is helping to reduce the coal consumption to 7–8 tons per ton range.
Shukun recently noted that the coal consumption has come down to about
50% of what was used 10 years ago (Shukun et al., 2010).

10"
I.D.

118 "

CAST CR-NI-STEEL TUBE
CAST CR-NI-STEEL BUTT
CR-NI-STEEL WELD

10'–0"

1.2 Magnesium retort for ferro-silicon reduction Pidgeon process
(Mayer, 1944).

of dolomite is carried out in conventional lime kilns. Most magnesium plants
in China use purchased ferro-silicon. The generation of ferro-silicon consumes considerable quantities of added reagents and electrical energy. The
climate-control carbon dioxide emission reduction requirements in recent
times have required the plants to reduce coal consumption by using coal gas
or natural gas as well as requiring air pre-heating for improved efficiency.
The retorts, being small in size, generate only a small quantity of material for each batch, requiring multiples of retorts in a plant sized for several
thousand tons per year production. In addition, these high temperature and
high nickel alloy retorts have only about a four month life, impacting the cost
of production. Several Chinese producers have been attempting to develop
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vertical retorts of larger capacity, and envision going into the Magnetherm
process, etc., to alleviate the labor intensive multiple small retort production
(Shukun et al., 2010); but there are no announced or known commercial
conversions into this approach. The reduction furnaces each accommodate
about 24 retorts, each of which requires manual filling, to be made evacuation ready, with manual removal of crowns in an 8 to 12 hour cycle. For
example, a 15 000 tpy magnesium process will have about 1000 retorts which
have to be manually operated day in and day out.
Silico-thermic process in Brazil
Rima Corporation carried out the silico-thermic process in vertical reactor
of multiple times the throughput of Pidgeon retorts. This modified Ravelli
furnace interior has a steel resistive element surrounding the silico-thermal
briquette charge which provides the heat to the reaction zone (Ravelli et al.,
1981).

1.6.2 Magnetherm process
At present there are no Magnetherm processes in operation.The Magnetherm
process equipment, being an electro-slag melting technology in vacuum, is
a high throughput furnace, with vacuum connections to exhaust magnesium
vapor continuously into the crucible condenser. Descriptions are given in
references.

1.6.3 Electrolytic process major equipment
Conventional aqueous reaction tanks and solid−liquid separation equipment are used in the purification of magnesium chloride solutions. The front
end of the processes have evaporating vessels followed by either flash driers (Dow), spray driers (US Magnesium), or prilling towers (Norsk Hydro
Canada) depending on the process chosen for dehydration of purified
brines. It should be noted that considerable expense is involved in the feed
preparation step where magnesium chloride is made anhydrous.
Carbo-chlorination of magnesium oxide pellets bound with magnesium
chloride brine is carried out on tall refractory lined chlorinator vessels with
varying temperature zones, practiced by Germans prior to World War II, and
then from 1951 until the mid 1980s by Norsk Hydro, Norway, each capable
of servicing 1500 tpy production requiring multiple chlorinators in plants
designed for 30 000–50 000 tpy magnesium. In-cell chlorination of much
higher throughput was developed by Toomey and Davis at N.L. Magnesium
in the 1970s (Toomey et al., 1976). Figure 1.3 shows the flow sheet of the US
Magnesium process.
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1.3 A ﬂow sheet for an electrolytic magnesium process
(US Magnesium LLC).

On a simpler note, in the fused salt electrolyzer molten magnesium chloride in a mix of other alkali and alkaline earth chlorides is electrolyzed
between an anode and a cathode, with the design of the electrolyzer allowing the light magnesium metal deposited in liquid form to rise to the surface
and away from the rising chlorine gas at the anodes to avoid recombination
of magnesium and chlorine. Most industrial electrolyte melts are heavier
than molten magnesium. Bunsen’s 1852 concept of using inverted troughs
or pockets cut into the cathode (he utilized a carbon cathode and a carbon
anode in a crucible with a partition between cathode and anode) to help
collect the ascending molten magnesium (Hock, 1953).
The cathode is made of mild steel, while graphite is used as the anode
material. The molten salt is usually self-heated by the resistance-heating
component of the electrolyzer, while kept inside a refractory lined vessel.
The variations in cell design have followed all possible geometric arrangements of cathode and anode (top entry, side entry or bottom entry), as
well as effective utilization of the gas lift action of the rising chlorine
bubbles in causing the magnesium movement upward and away from the
chlorine.
The 1953 treatise, ‘magnesium extraction from fused salts’, Hock describes
the various cells used in the 1860–1950 period – dividing the chapter into
electrolysis in fluoride baths, and in molten chloride baths, followed by
descriptions of cells based on natural and artificial carnallite (the Graetzel
cell, the early Griesham cell, the Wintershall cell, etc.), and cells based on
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magnesium chloride cell feed (the I.G. – M.E.L. cell, the Dow cell and other
cells) (Hock, 1953).
Dow Magnesium used gas-heated steel cells to allow interruptible power
supply operations. The thick-walled steel container also acted as the main
cathode connector to cathodic electrodes surrounding graphite anodes.
The upper portion of the cell was refractory lined allowing chlorine gas
release without corroding the steel. The cathodes surrounding the graphite
anodes were totally immersed in the melt with magnesium collectors going
to a separate magnesium chamber. The top-entry anodes were cylindrical
graphite electrodes to facilitate periodic insertions of additional length
making up for the consumption of carbon by the reaction of water in the
magnesium chloride hydrate fed to the cell (Mantell, 1950). The effect of
heavy metal and other impurities in the fused salt electrolysis of magnesium chloride can be seen in some review articles (Kipouros and Sadoway,
1987; Strelets, 1977).
Norsk Hydro started with the multiple semi-walled (diaphragms)
top-entry steel cathodes and graphite anodes hung inside refractory lined
anode box compartment of the I.G. Farbenindustrie design. It took over
35 years to develop its 415 Kamp monopolar magnesium electrolytic cell
with a single refractory partition wall between chlorine and magnesium
compartments (diaphragmless). This was operated for about 16 years in their
Canadian operation before being shut down in early 2007. These cells are
self-heated – thermally balanced − and the shell is refractory lined, allowing
side-entry cathodes (Wallevik et al., 2000; Eklund et al., 2002).
US Magnesium and Russian producers each locally developed thermally
balanced diaphragmless monopolar cells. Multipolar cells developed at the
Japanese titanium producers each have a steel cathode–graphite anode pair
with added bipolar graphite plates in the inter-electrode space. Figure 1.4
shows a cell room at US Magnesium facilities.
The electrolyte in most cases is a combination of alkali and alkali earth
chlorides – NaCl, KCl, LiCl, CaCl2 containing MgCl2. The cells are fed
in batch mode 3 to 4 times a day if molten salt feed is used; otherwise,
dehydrated powder is fed continuously. The magnesium chloride content
is kept between 12% and 20%, depending on the cell type and the cell
feed. Molten metal from the cells is periodically removed by using vacuum
vessels.
In the early days of cell development molten magnesium was removed
manually. In the early I.G. Farbenindustrie cells with top-entry cathodes, air
was allowed to flow through the cathode compartment – which incidentally
removed the chlorine containing fumes coming into the metal compartment.
The molten metal was typically protected by the fluxing action of circulating molten salt over it in the cell. Still, a portion of it can become oxidized
forming magnesium oxide/hydroxychloride resulting in sludge dropping to
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1.4 An electrolytic magnesium process cell room (Courtesy of US
Magnesium).

the cell floor. This sludge was removed manually. Even in the closed cells of
the diaphragmless cells, some sludge gets formed from the periodic charging and metaling operations during which the lids are opened. These are
removed on a very infrequent basis (once in several months) using mechanical devices. Excess electrolyte is typically removed along with the metal
which is allowed to settle as part of refining molten magnesium.
The chlorine gas is removed continually from the anode compartment.
Pure chlorine is produced wherever anhydrous magnesium chloride or
anhydrous carnallite act as cell feed. The anode gas has to be purified to
remove condensable chloride salt which entrains with chlorine, followed by
compression prior to reuse. It may undergo liquefaction making liquid chlorine if required. A part of the chlorine is reused in the dehydration step in
plants which use carbo-chlorination. In the case of Norsk Hydro Canada, it
chose to react anode gas chlorine with hydrogen gas to convert it to hydrochloric acid needed for the digestion of the magnesium carbonate feed
stock it used to make the magnesium chloride. In the case of Dow cells, the
anode gas is a mixture of hydrogen chloride and chlorine – all of which is
converted to hydrochloric acid needed for digesting magnesium hydroxide.
The process parameters, such as power utilization, cell life, etc., are given in
several of the references mentioned earlier. Comparative tables excerpted
from Thayer and Neelameggham (2001) are shown in Tables 1.3 and 1.4.
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Table 1.3 Electrolyzer comparison (Thayer and Neelameggham, 2001)
Item

Diaphragm cell

Diaphragmless cell

USM cell

Operating temperature
Chlorine strength
Chlorine recovery
Power, kwh/kg
Voltage
Production (Max)-T/day
Melt capacity – tons
Cell life, days

704–760°C
70%
85%
18.8 to 19.9
6.5–7.0
0.8–1.0
20
180–240

704–760°C
80%
98%
16.6 to 18.8
6.0–6.3
1.2–1.6
42
300–600

676–704°C
>96%
99.9%
12.1 to 14.3
4.5–5.0
2.8–3.0
90
1000–1500

Table 1.4 Comparison of industrial DC cells (Thayer and Neelameggham, 2001)
Company

Cell

Cell type

Voltage,
V power

kwh/kg
Mg

Tons/day

Norsk Hydro
Alcan Int.
MagCorp
AVISMA
UKTMP (Kaz)

DLE
MP3
M-cell
Bottom entry
Top-entry
anode

Monopolar
Multipolar
Monopolar
Monopolar
Monopolar

5.3 V
NA
5.0 V
4.7 V
4.8 V

13.0
10.0
12.

>4.0 t/d
NA
2.8 t/d
0.7 t/d
10.8 t/d

13.2

Use of continuous molten salt flow line feeding into a head cell and taking out the magnesium formed and excess electrolyte at an end cell was
envisioned in the 1960s in the United States, but was not developed further commercially. This approach was modified and updated in Ukraine; a
version practised in Israel. The operating parameters of such a commercial
process are described by Shekhovtsov in his presentation of the magnesium
electrolytic production process (Shekhovtsov et al., 2000).

1.7

Melting, refining and casting magnesium

In the case of silico-thermal magnesium, the metal comes in a solidified
form called crown from the retorts. This is added to a steel crucible, where it
is melted along with mixed chloride salt flux. The molten salt acts as a heat
transfer medium as well as a flux minimizing the oxidation of metal. This
step is excluded from electrolytic plants which take out molten magnesium
along with some cell salt.
From this melt, molten magnesium is transferred to another crucible,
allowing the salt to settle, pumping the clean magnesium into ingot molds
for casting. Sometimes an inspissated flux which is essentially a mix of magnesium chloride – potassium chloride along with fluorspar (fluorite) and
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magnesium oxide as thickening agent to help in the settling of oxide type
impurities in the molten metal. This can be mechanized in a conveyor casting setup, where it is necessary to use a cover gas, which can be a sulfur
dioxide or a gaseous non-toxic fluoride, in the molten zone until a crust is
formed leading to further solidification before falling off the endless casting
belt for stacking.
There are various designs of the refining cell, including special refractory
lined (molten magnesium attacks most refractory oxides) compartmented
vessels such as that adopted by Norsk Hydro. The Russians and Ukrainians
developed an inverted steel bell-jar type continuous refining cell which carried out the receiving of molten magnesium, refining and pumping to casting conveyors. A variety of furnace designs with salt – which is electrically
heated, onto which molten magnesium floats in a confined fashion used for
magnesium refining − is described by Barannik (Barannik and Sikorskaya,
1997). Externally heated (by gas heating or electrical heating) steel crucibles
are also used industrially to hold molten metal which is refined and pumped
into casting machine.
Molten magnesium requires an inhibitive gas film above it during casting to prevent it from oxidizing. Sulfur flour and sulfur oxides have shown
ability to provide this inhibitive gas film, which is as tenacious as the oxide
film formed on molten aluminum providing the protection. Use of fluoride
containing gases as inhibitive gases was initially proposed in 1934. It was
not till 1980 that sulfur hexafluoride, a non-toxic gas, was proposed to give
improved protection of molten magnesium with air/CO2/SF6 gas mixtures
(Couling and Leontis, 1980), with techniques for minimal use of expensive
cover gas while controlling associated corrosion on magnesium containing
crucibles. But due to the very high global warming potential of sulfur hexafluoride (22 000 times that of carbon dioxide) its use is being phased out
since the late 1990s (Bartos 2001).
The ingots cast by these methods are typically 99.8–99.9% pure magnesium with about 0.03% iron, 0.01% aluminum as major soluble impurities.
Thermal magnesium tends to have more silicon impurity in it, giving a bluish tinge to the ingots. In cases where lower iron is required in the metal by
customers, it can be accomplished by carrying out a precipitation step using
titanium or zirconium chlorides, followed by settling before casting. This
would produce 99.95–99.97% pure metal. Higher purities can be achieved
by distillation if needed.
Instead of conveyor casting, some magnesium producers provide semicontinuous direct chill cast T-bars or billets, as in aluminum plants. These
direct chill cast bars are further saw cut to desired weight as required by
the customers. As about 20–30% of the magnesium is sold to the die-casting
industry, primary producers providing alloy ingots of the common type –
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AZ91, AZ81, AM60, AM50, etc. Sometimes special compositional ingots
can also be provided depending on the simplicity and demand.

1.8

Magnesium alloy powder

A chapter on magnesium production would be incomplete without a section on magnesium or magnesium alloy powder. Magnesium is not only
a structural metal, but it is also a reducing agent, and a chemical reagent.
Magnesium is used as a reducing agent making several reactive metals from
their compounds – primarily from the halides. Examples are making beryllium, uranium, titanium and zirconium metals. It has been a chemical reagent
in the production of organic compounds through the organo-magnesium
Grignard reagent. During the past 35 years it has become a widely used
desulfurizing agent for iron and steel production, consuming over 10% of
the magnesium produced worldwide. Magnesium or magnesium aluminum
compounds are used in pyrotechnics.
In addition to the use of granular magnesium as a chemical reactant, magnesium alloy powders have been formed into structural near net shapes by
unique powder metallurgical processing such as thixo-molding or rheocasting. Recently it has been found that these powder metallurgical processes
can produce magnesium articles which have strengths about 80–120%
greater than conventional casting techniques.
Magnesium being a soft metal is easy to machine and rasp like ‘wood’.
This approach has been widely developed where the melted and cast
magnesium ingot is ground to powder in large tonnage. In the late 1970s
and early 1980s processes were developed to make salt-coated magnesium which can be made from molten metal (Legge et al., 1983; Skach and
Cobel, 1983) for use in desulfurizing molten iron and steel. The boiling
point of magnesium is 1100°C – and the molten iron is usually around
1200°C and molten steel around 1550°C − where the desulfurization
takes place. Any solid magnesium introduced into the molten hot metal
becomes a vapor instantly, which makes the process violent. To subdue
the violence, the salt-coating approach was adopted for several years; this
was later replaced by the use of mixed magnesium powder with a large
quantity of calcium oxide [quick lime] which also acted as a flux in the
desulfurizing process (Bieniosek and Zebrowski, 2002). During the past
10 years, grinding Pidgeon process crown magnesium directly, instead of
from an ingot formed from the crowns, was also adopted as an alternate
where feasible (Jackman, 2004).
Molten magnesium can be atomized to making fine spherical shape powder which was adopted for pyrotechnics and military applications. Such
atomization requires protective gas use during the atomization to minimize
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burning. Ust-Kamenogorsk, Kazakhstan utilized the atomizing technique to
make salt-coated magnesium.
Mechanical machining of metals causes high strain deformations which
result in nanocrystalline structures. Such nanocrystalline material can be
used in making finished components having higher strength than castings
which have a coarser grain structure. Conventional granular magnesium,
made by mechanical machining for several decades for chemical applications, can now be easily applied to making high strength components.

1.9

Future trends

1.9.1 Thermal process variations
There have been multiple variations of processes suggested as well as
engineered over the years in all aspects of magnesium production – variations in silico-thermal or alumino-thermal processes, near atmospheric
pressure processes, etc. There have been many processes envisioned and
tested, befitting Gann’s 1935 definition of romance with magnesium. Only
a few reach near commercial production, some have gone through pilot
plant stages.
Wynnyckyj studied a potentially low-cost continuous packed-bed reactor
process where calcined dolomite and silicon are reacted using preheated
hydrogen gas to carry magnesium vapor, which can be condensed into a
liquid form outside the vessel while recycling hydrogen back to the reactor
(Wynnyckyj and Tackie, 1988).
The Zuliani process, an atmospheric pressure variation of the Pidgeon
process being developed in Canada is being piloted (Gossan, 2010), available through http://gossan.ca/). The Mintek plasma process (Mintek thermal
magnesium process – MTMP), being developed in South Africa, is another
atmospheric pressure variation of the ferro-silicon reduction process. The
MTMP is based on silico-thermic reduction of calcined dolomite (dolime)
in a DC open-arc furnace at atmospheric pressure. This project was tested in
the mid 1980s at the 100 kW scale; and proceeded to the 750–850 kW scale
(80–100 kg Magnesium/h) pilot in 2004 (Abdellatif, 2008).
While the Magnetherm process is a silico-thermic process carried out
in a molten slag, Austherm, Australia was developing an alumino-thermic
reduction of magnesium oxide in a thermal plasma-arc furnace using scrap
aluminum as a reductant during the late 1990s. This process, called the
Heggie–Iolaire process, is one of several alumino-thermic processes being
tested on a laboratory pilot scale (Wadsley, 2000). Alcoa evaluated the possibility of making an atmospheric pressure process for the Magnetherm
furnace in order to overcome the costs associated with high temperature
vacuum systems (Christini and Ballain, 1988).
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Cameron discusses the Magram process, which is an atmospheric pressure variation of Magnetherm, studied on a pilot scale in Europe during
the 1990s, with operating temperatures in the range 1650–1750°C (Cameron
et al., 1996; Cameron, 1997).
While the Bolzano process, initiated in the 1980s using Ravelli furnaces,
uses internal steel resistor elements, other methods of providing heat to the
calcined dolomite–ferro-silicon charge, such as induction heating, have been
tested on a laboratory pilot scale (Jaber, 2006). Robert Odle’s nozzle based
carbo-thermal approach flow sheet can be seen at www.metallurgicalviability.com/NBCMg.htm.

1.9.2 Electrolytic process variations
In the electrolytic production of magnesium, the important aspects of
improvement relate to increased energy efficiency, cell component life, and
higher throughput in terms of production per man hour. We have noted
the multipolar electrode approaches taken by Sumitomo Sitix and Alcan
in the 1980s earlier, to minimize electrical resistance from electrodes – thus
improving the voltage efficiency of the cells. The paper by Neelameggham
and Priscu discussed the energy reduction approaches in magnesium on a
fundamental basis in 1985 (Neelameggham and Priscu, 1985), mainly for
electrolytic processes.
A solid oxide membrane process, suggested by Uday Pal, has been
developed over the past 10 years, whereby a dissolved magnesium oxide
in a molten salt is electrolyzed using an oxygen ion conducting membrane
tube, such as yttria-stabilized zirconia, between an inert anode inside the
tube and an argon-sparged high-temperature-resistant metal tube cathode to separate magnesium forming at the surface of cathode and vaporizing above melt and then onto a condenser and oxygen forming out of
the anode inside the solid oxide membrane (SOM). This is still on a bench
scale, with the molten electrolyte being at as high a temperature as in the
Pidgeon process, around 1150–1300°C (for the 10% MgO – 90% MgF2
melt), requiring an inert anode for oxygen evolution (Woolley et al., 2000;
Krishnan et al., 2005; Powell, 2010). Reported laboratory work has reached
about 40 gm per day.
Other processes have been envisioned to use magnesium oxide as a raw
material in the electrolytic approach – most of them see the lack of solubility of magnesium oxide as a stumbling block. Studies done on magnesium
oxide solubility in molten salts indicate the difficulties in finding a suitable
solvent at a temperature comparable to that of the mixed chloride electrolyte used with magnesium chloride feed stock.
Fundamental analytical techniques used in finding the form in which
magnesium oxide and hydroxy chloride impurities were shown by Harris’
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students while trying to develop methods to improve anhydrous magnesium chloride impurities (Kashani-Nejad et al., 2004). Protsenko suggested
that, among several methods which could work in the electrolysis from
oxygen containing magnesium raw materials, electrolysis of magnesium
hydroxyl-chloride with a porous diaphragm between consumable carbon
anode and a steel cathode would be a viable approach (Protsenko, 2000).
It was noted in the 1970s that rare earth chlorides tend to dissolve magnesium oxide by a chemical reaction making a molten rare
earth−oxy-chloride and magnesium chloride mix. Kuchera reported on
the solubility of magnesium oxide in calcium oxide–calcium chloride
melt (Kuchera and Saboungi, 1976). Oxide solubilities in the system were
studied by Kipouros et al. (1996). Ram Sharma proposed electrolytic cell
concepts using a neodymium chloride, magnesium chloride bath to which
magnesium oxide could be fed making the conventional electrolysis possible (Sharma, 1996). Huimin Lu carried out tests using a 5000 ampere
magnesium reduction cell, which operated using a lanthanum chloride
magnesium chloride electrolyte and magnesium oxide powder (Lu et al.,
2005). Fine magnesium oxide powder had a 10 weight percent solubility
in a 50:50 (mole basis) lanthanum chloride – magnesium chloride melt
at 700°C. The pilot cell showed 85% current efficiency and a 12 kwh/kg
energy use.
Molten magnesium floats on top of the electrolyte in conventional magnesium electrolysis, as molten magnesium is lighter than the electrolyte. This
particular aspect causes sludge formation and oxidation losses of 1–5% of
the magnesium. Dean et al. disclosed some variations of electrolytes which
are lighter than molten magnesium, so that molten magnesium is formed
at the cell bottom similar to aluminum electrolysis cells, at around 700°C –
these have a high content of lithium chloride and potassium chloride, with
less than 1.5% calcium fluoride. (Dean and McCutchen, 1960). Their tests
conducted with just high potassium chloride–magnesium chloride baths
needed 850–900°C to assure that the electrolyte was lighter than molten
magnesium, and the latter could sink to the cell bottom minimizing and
avoiding sludge formation, showed it is possible to achieve 85–90% current
efficiency (Dean et al., 1959). Even in these cells it is necessary to avoid air
flow on top of the electrolyte which is prone to hydrolysis from moisture in
the air.
Several processes are discussed in the literature for using magnesium
containing silicates whether natural (olivine) or man made (fly-ash containing economic quantities of magnesium), and carbonates by converting them
to chlorides followed by electrolysis. There have also been several attempts
made at low temperature electro-deposition of reactive metals and this
quest will continue, probably leading to new methods.
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Conclusion

The continued use, and obtaining the benefits, of light-weight structural
alloys depends on a supply of good quality magnesium from reliable production methods. It is essential to tailor the production process to make
best use of the raw materials and energy input at hand. It should be noted
that, whenever a process uses an oxidic magnesium raw material, or through
an oxide or hydroxide converted to chloride, use of purchased chlorine
as a make-up quantity becomes an essential cost item. So it is essential
to recover the costing, making them into value-added products. In cases
where natural chloride based raw materials are available, outlets to utilize
chlorine as is, or in the form of chloride chemicals, are essential. Movsesov
et al. discusses some methods of chlorine utilization in magnesium production (Movsesov et al., 1997). The silico-thermal process tries to utilize
the calcium silicate–iron–fluorite containing retort residue as a material
for road base and/or aggregate for concrete in finding an outlet to reduce
waste side products.
The twenty-first century may see changes in the magnesium production
process, not because of lack of raw materials or lack of process know-how,
but from continued pressures in balancing the true market costs of process components, as it did in the twentieth and nineteenth centuries. The
climate-control aspects of carbon dioxide release into the atmosphere in
metal production have already made the producers move away from nontoxic sulfur hexafluoride inhibitive cover gas back to the originally practiced sulfur dioxide in a controlled fashion. There has been several life cycle
analyses of magnesium production, along with downstream fabrication of
parts for use in automobiles. Ramakrishnan and Koltun have provided an
academic study on the greenhouse impacts of present day magnesium production processes (Ramakrishnan and Koltun, 2004). The pressures from
the climate-control aspects might impact the status of differing processes
used for magnesium production. This is yet to be seen.

1.11
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Abstract: Key features in the deformation behaviour of magnesium
have been introduced in terms of the consequences of hexagonal crystal
structure, dislocation core width and stacking fault (SF) energy concepts.
Elastic and plastic deformation behaviour of magnesium has been
addressed in relation to critical resolved shear stress, slip and twinning.
The anomalies during plastic deformation, fatigue, creep, recrystallization
and grain growth in magnesium and its alloys have been pointed out and
discussed under individual headings. Future trends in research and use of
magnesium alloys have been indicated.
Key words: magnesium alloys, critical resolved shear stress, dislocation
core width, stacking fault energy, anomalies in magnesium, slip and
twinning in magnesium, fatigue of magnesium, creep of magnesium,
recrystallization in magnesium.

2.1

Introduction

Magnesium, with its atomic number 12 and hexagonal close-packed (HCP)
crystal structure, is an interesting example of an element of true metallic character, as well as for its crystal class. Its electron configuration ends
with s2 making it an excellent example of a true metallic-bond, possessing
a relatively more homogeneous non-localized free electron cloud, at least
when in the pure state. No doubt this changes when magnesium makes solute solutions with other metals. However, even at such an early stage of
our discussion, solely based on this fact we can infer that the less effective
strengthening contribution of the solute alloying elements in magnesium as
compared, for example, to the case of its rival light metal, aluminium, may
be attributed partly to magnesium’s true metallic-bond character. A relatively recent study revealed that some directionality in the bond structure
in pure aluminium possibly exists, explaining its abnormal intrinsic stacking
fault energy (SFE).1 Such directionality in bond structure indicates localization in free electron density. The superior strengthening response of aluminium to alloying, even as a dilute solute solution, may thus be due to an
additional effect to the already existing directionality in the bond structure.
33
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In magnesium, however, solutes are unable to create sufficient perturbation
in the truly delocalized bonding among magnesium atoms. SFE, as a related
property to free electron density distribution, is thus given special attention
below.
Plastic deformation of magnesium invokes several puzzling questions.
These anomalies are pointed out in this chapter, and an attempt has been
made to gather from the existing literature the possible accounts of each
phenomenon. The reader is also referred to the other chapter related to
deformation, Chapter 6 ‘Forming of magnesium and its alloys’, in this book.
Topics like fatigue, creep and grain size related phenomena have hopefully
been compressed into a comprehensible size, highlighting both more interesting as well as mainstream concepts without greatly compromising the
meaning of these otherwise vast topics. The title of ‘Physical metallurgy’
(arguably ‘elastic’) had to be limited here to a reasonable size for a book
chapter. Needless to say, the chapter may fall short of being an exhaustive
coverage of the topic. Finally, a few directions for further research have
been pointed out in the closing section.

2.2

Crystal structure and its consequences

HCP crystal lattice and major planes of magnesium are shown in Fig. 2.1.
With lattice parameters a = 3.18 Å and c = 5.19 Å, slightly less than the ideal
c/a ratio of 1.62354 (at 25°C) of Mg crystal, appears important in explaining
some fundamental characteristics of the metal.2 A comparison of c/a ratios
as well as critical resolved shear stress (CRSS) (to be discussed later) for
basal planes of different HCP metals is given in Table 2.1. The c/a ratio of

c

Basal plane

(0001)

(1011)

(1100)

z
(1120)
y
x

Prismatic planes

(1012)

Piramidal planes

2.1 Schematic description of hexagonal close-packed (HCP) crystal
lattice and major planes of magnesium.
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Table 2.1 A comparison of CRSS
levels for basal planes and c/a ratios
of different HCP metals (25ºC)2
Metal

CRSS (psi)

c /a

Mg
Cd
Zn
Ti
Be

63
82
26
16000
5700

1.624
1.886
1.856
1.588
1.586

Mg, in turn, results in a somewhat larger primitive cell volume compared
to other HCP metals, leading to smaller SFE levels, for example, 36 ergs/
cm2 for basal plane of magnesium. Let us remember that aluminium is considered to have an unusually high SFE as an example of FCC metal. While
copper has a lowly SFE of 40 ergs/cm2 that creates a faulted region of only
about 35 Å, aluminium, with its ~7 Å wide fault, has 200 ergs/cm2 SFE.3 For
the sake of further comparison, it may be pointed out that the SFEs based
on the first-principles calculations for Mg and Zr on the high SFE {11–22}
pyramidal plane associated with the two <11–2–3>/6 partials are 173 and
388 ergs/cm2, respectively.4 These values have very important consequences
in terms of dislocation core width, mobility and configurations, and repercussions on the mechanical behaviour of the metals.

2.2.1 Stacking fault energy (SFE) of magnesium
There are few morphological studies on the SFs in magnesium. For a transmission electron microscopy (TEM) work on the interaction of dislocations
and SFs, the reader is referred to the detailed work by Li et al.5 A TEM image
of SFs in magnesium is given in Fig. 2.2. Michiaki et al.6 also conducted an
interesting TEM study, showing that alloying elements form atomic layers
around SFs in a Mg-Zn-Gd alloy.
SFs can be generated either during growth processes or deformation.
These are planar defects bounded by partial dislocations. The equivalent of
the Shockley partials of FCC system lies in the primary slip system, (0001)
<11–20>, that is, on the basal plane in magnesium:7
a/3[11–20] → a/3[10–10] + a/3[01–10]
SFE, though conventionally defined in terms of surface tension and repulsive forces between the partial dislocations constituting the boundaries of the fault region, is not a simple concept when examined in detail.
Essentially, FCC and HCP systems differ from each other only by the choice
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100nm

2.2 TEM micrograph of stacking faults in magnesium
(courtesy of B. Li et al.5).

of position for the third layer when stacking the close-packed layers. Thus,
an SF in HCP (… ABABAB… stacking) is creating a local FCC stacking
(… ABCABCABC… stacking). A distinction was made between growth
and deformation faults, and the former was considered to be more important in HCP metals.8
Depending on what constitutes the out-of-step stacking, the definitions of
‘extrinsic’ and ‘intrinsic’ SFs are introduced − the former being due to an
extra layer of atoms (… ABABCABAB… −E stacking) bound by partial
dislocations, and the latter due to vacancy condensation. The intrinsic type
is further classified into two, known as growth type, which is obtained if a
missing A layer is coupled with some shear above it (… ABABCBCB…
−I1 stacking), and deformation type (… ABABCACACA… −I2 stacking),
which can be directly created by shear on basal plane in magnesium. In both
cases, the necessary shear is by 1/3[−1–100]. In addition to these two types,
a twin-like sequence is also possible in the basal planes, constituting yet a
third type of SF (… ABABCBABABA…−T stacking).9
Thus, as can be seen from a brief evaluation of possible stacking orders,
several different SFE values must be expected. Since an SFE implies a
local FCC magnesium structure, one has to consider its slightly larger crystal dimensions and energy. Table 2.29–12 gives a list of energies for different
types of SFs, and compares crystal energies for HCP and FCC magnesium.
The values given are in agreement with those by others in terms of order
scale. As can be deduced from Table 2.2 and the thermodynamic evaluation
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Table 2.2 Calculated energies (meV) for different types of SFs on basal
planes, and crystal energies of HCP and FCC magnesium
Fault type/System I1

I2

E

T2

HCP

FCC

23
20
34
140

36
32
59
–

27
22
38
–

0
0
–
–

15
12
–
–

Reference
Chetty and Weitner9
A.E. Smith10
L. Wen et al.11
Hui-Yuan Wang et al.12

11
10
16
–

Note: The ﬁgures of each reference are based on different approximations, and the last line is based on a supercell model of 144 atoms with
the composition of Mg139 Al4 Sn1..

Table 2.3 Calculated stacking fault energies (mJ/m2) for (0001) basal (I2 type fault),
(10–10) and (11–20) prismatic planes, and (10–11) and (11–22) pyramidal planes
Reference N. Chetty A.E.
and M.
Smith10
Planes
Weinert9

L. Wen Hui-Yuan T.
D. K.
A. Couret
et al.11 Wang
Uesugi Sastry and D.
et al.12
et al.13 et al.14 Caillard15

Basal
Prismatic
(10–10)
Prismatic
(11–20)
Pyramidal
(10–11)
Pyramidal
(11–22)

44
–

36
265

34
354

140
–

32
255

78
–

<50
–

–

–

1224

250

–

–

–

–

344

496

–

–

–

–

–

–

452

221

–

–

–

Note: The last column is based on a supercell model of 144 atom with the composition of Mg139Al4Sn1.

given by the same authors, well separated I1 type SFs are most likely to be
seen in magnesium. A comparison of stable SFEs is given in Table 2.3.9–15
Effective SFE, being more complicated, would also depend on local dislocation configurations, the presence of other elements or local defects, and
even on grain size and, therefore, is not considered to be an intrinsic property. As such, it cannot be expected to be uniform even on a single plane.
For example, SFE decreases in the vicinity of a boundary, for example a
twin. In copper, SFE at a coherent twin boundary was reported to be about
2% of the bulk SFE.16 SFE value at boundaries is therefore particularly
important as it is related to the ease of grain boundary sliding, dislocation
emission, and formation of microcracks. On the other hand, SFE value, in
general, controls twinning, ease of climb and cross-slip of dislocations and,
in turn, work hardening. The implication of this is that activation energies
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for these processes increase with decreasing fault energy, that is, SFE.17
SFE also controls the formation of dislocation cell-walls, their formation
being facilitated by higher SFEs. Whereas, in metals possessing lower SFE
value, dislocations tend to remain in coplanar arrays and cell formation
is restricted. Yet, one other highly important property that is governed
by SFE is the dislocation core width and, through this, dislocation movement − high SFE values leading to smaller dislocation-cores, facilitating
dislocation motion, and vice versa.18
The discussion given above on SFE is, admittedly, not fundamental
enough. A more fundamental approach must relate SFE to the free electron density distribution on the fault plane, or rather to the change in it,
due to the creation of the fault.19,20 It should be stated that as the charge
difference on the fault plane increases SFE increases.21 It is this perspective that has recently explained the interesting behaviour of some magnesium alloy systems, for example, Mg-Zn-Y alloy, at a very fundamental
level.22 This perspective, however, requires a different definition of SFE,
based on the electronic structure. A new SFE can thus be defined, corresponding to the energy variation across a cut-plane in the crystal and
translation of one part over the other by a fault vector. It is obvious that
such a translation has to be made only over a unit cell, and that the fault
vector is only a fraction of the lattice translation vector. If this procedure
is carried out for the slip plane and expressed for a unit area, then it will
define what is known as a ‘generalized stacking fault’ (GSF)23 the value of
which can be obtained using first-principles calculations and an SFE surface can be plotted.24
When the result of this procedure is plotted as a function of ‘energy
change with respect to the unfaulted atomic stacking’ versus ‘displacement
along a fault vector’, for example, {10–10} 1/3<11–20> or {10–12} <10–1–
1> (see the schematic plots given in Fig. 2.312), one or two humps may be
observed. The first maximum corresponds to the unstable stacking fault
(USF), that is, energy barrier to the formation of a partial dislocation, and
the following minimum to the stable SF, that is, intrinsic type. If a second
maximum is observed, then this can be interpreted as the unstable twin
stacking (UT), while the following minimum as corresponding to the stable
twin stacking (T) along the fault vector of concern. Thus, the ratio of stable
and unstable SFE level, γSF/γUSF, would indicate ease of slip, while twinning
tendency would diminish as the ratio of γUT/γUSF increases.12,25 Many studies
exist reporting, through first-principles calculation, how the energy barriers
for stable and unstable SFs change on certain crystal planes and directions
in magnesium and its alloys.12,26–29
According to this analysis, for example, it was reported that Mg–Sn and
Mg–Pb alloy systems have γSF/γUSF ratios for basal and pyramidal systems
that are much lower than those in pure Mg, with an expected facilitation of
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2.3 Plots of ‘γSFE’ vs. ‘displacement along a fault vector’
(adopted from H.Y. Wang et al.12).

slip.25 Whereas, the γUT/γUSF ratios for both alloy systems are higher than that
for pure Mg, leading to lower tendency for twinning.
Based on the first-principles calculations by Wang et al.,12 in the basal {0001}
<11–20> slip system, the change due to Al and Sn addition was reported to
be ΔγUSF = –29 mJm−2. This drop can be interpreted as an improvement to the
slip activity in this system, since ΔγUSF represents the energy barrier to the
formation of partial dislocations rather than the actual value of SFE on a
particular atomic plane; whereas for the prismatic {10–10} <11–20> slip system, γUSF appears to increase from 356 to 373 mJm−2. Interestingly, as a result
of this change in the presence of Al and Sn, pyramidal {10–11} <11–20> system, and prismatic {10–10} <11–20> slip system change their ranks, and in
contrast to the case in pure magnesium, the former becomes more active
than the latter owing to a lower γUSF. The drop in γUSF and γSF values due to Al
and Sn were found to be to a lesser extent for the prismatic {11–20} <10–11>
and the pyramidal {10–12} <10–1–1> and {11–22} <11–23> slip systems.
To the best knowledge of the author, the experimental studies on Mg–Pb
and Mg–Sn systems, despite their large number especially on Mg–Sn,
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unfortunately, have not paid attention to the fundamental connection
between SFE and mechanical properties. Those studies also lack microstructural evaluation in terms of the occurrence and types of twins. Therefore, one
can only deduce from some of those studies that apparently twinning, if it
exists, is inhibited, and the ultimate tensile strength of Mg–Sn binary alloys
increases more rapidly than the proof stress, indicating a strong deformation hardening due to low SFE.30,31
It is obvious that any attempt to impart ductility or strength to magnesium through alloying has to involve considerations of SFE and dislocation
core properties. Such a critical evaluation should focus on the changes in the
ratios of γSF/γUSF and γUT/γUSF on particular atomic planes to reveal whether
the birth of dislocations or twinning is facilitated by the changes generated
in the free electron density distribution due to the presence of a particular
alloying element.
The SFE values based on experiments and first-principles calculations
are in disparity. However, studies based on, ab initio method, that is, density functional theory (DFT),32,33 and an empirical method, that is, embedded atom model (EAM),34–37 though reporting marginally different SFE
levels, appear to give self-consistent and more reliable results enabling us
to compare the behaviour of magnesium with other metals, and to explain
the general mechanical behaviour of magnesium based on this fundamental
parameter. Further fundamental studies using these methods are obviously
needed, for a more complete understanding and better interpretation, especially of the effects of individual alloying elements on the behaviour of crystal defects in magnesium. Such studies have begun to emerge in recent years,
explaining individual effects of a number of alloying elements. In a recent
report based on ab initio calculations, Muzyk et al.,25 gave a list (Table 2.1
of the paper by Muzyk et al.) of stable and unstable SFE values for binary
magnesium alloys containing Ag, Al, Cu, Fe, Li, Mn, Ni, Pb, Sn, Ti, Y, Zn and
Zr. As can be expected, similar calculations covering a wider range of alloying elements, and if possible for more complex alloys, would be highly useful
for better alloy design.

2.2.2 Elastic deformation of magnesium
The elastic properties of magnesium, including the atomistic inelastic interaction mechanisms that lead to attenuation of sound waves in metallic materials, have been discussed in detail by Mordike and Lukáć.38 Magnesium,
in contrast to its strong plastic anisotropy, is claimed to be unique among
HCP metals in that its elastic constants and thermal elastic coefficients are
nearly isotropic, and that elastic compatibility stresses in the vicinity of grain
boundaries can be ignored.39–41 This may be taken to reflect the true metallic
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character of the interatomic bonding in magnesium, and the Brillouin zone
shape which may be compensating for the low symmetry of the hexagonal crystal. With a modulus of elasticity of 45 GPa and a Poisson’s ratio of
3.5, magnesium alloys display generally lower values than their competitor
alloys aluminium and steel.38
An industrially important and relevant property, namely damping, is worth
mentioning when discussing the elastic behaviour of magnesium. As a general rule, we can state that lower strength, annealed conditions, larger grain
sizes and lower solute contents would result in better damping properties.42
It is generally cited that magnesium has better damping characteristics than
its competitor light weight metals aluminium and titanium.43 Different magnesium alloy systems may display good damping properties at a variety of
temperatures, in many cases outside the range of current interest in magnesium alloys. For automotive power-train applications, for example, only pure
magnesium appears to promise a high damping peak for the relevant temperature range, which is of little use as pure metal is not useable in those
applications.44,45 It should be borne in mind that the choice of alloy in terms of
damping capacity should be assessed based on the frequency and amplitude
of the vibration or noise, and the temperature involved in the particular application of concern. Furthermore, it should be taken into account that there
exist attenuation processes related to the defect types and their densities that
may influence the outcome of damping measurements. Although damping is
considered an elastic response of the material, notably, the ease of dislocation
movement and twinning−untwinning determine the level of attenuation.46,47

2.3

Plastic deformation behaviour of
magnesium and its alloys

Magnesium can be plastically deformed, about 10% elongation to failure, at
room temperature despite the fact that as an HCP metal it does not meet
the requirement of the von Mises criterion, that is, the necessity of a minimum of five independent slip systems to maintain integrity along grain
boundaries during plastic deformation. An inherent additional shortcoming
of the HCP crystal system of magnesium is that its low symmetry hinders
plastic compatibility, inhibiting transfer of slip across the grain boundaries.41
Among many differences with its competitor, aluminium, a larger stress
exponent (n) variation of magnesium between 1.5 and 5 as compared to the
range, 2.7–4, of aluminium with strain rate is worth mentioning here.48 This
feature of magnesium has important implications in terms of plastic deformation and recrystallization, as will be discussed later.
A magnesium single crystal possesses different yield points depending
on whether the stresses acting on its c-axis are compressing or extending
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it, a feature that is essentially different from Bauschinger phenomenon.
Likewise, the preferred orientation of wrought polycrystalline magnesium imposes further disadvantages for plastic deformation. As a result,
in addition to the in-plane anisotropy, as can be observed in any sheet
metal, magnesium and its alloys, when textured due to prior deformation,
exhibit additional mechanical anisotropy depending on the direction of the
applied stress with respect to the basal plane normal, that is, fibre/texture
direction. However, it is said that if estimations are based on CRSS values obtained from single crystals this would lead to anticipation of a much
stronger mechanical anisotropy as compared to that resulting from the
existing texture.49 Magnesium alloys also show, in a similar manner based
on creep stress direction, a creep anisotropy, which will be discussed below
(Section 2.6).
Moreover, a pseudoelastic behaviour appears in magnesium and its alloys
upon reversal of loading. The underlying reasons for these counterintuitive
features of magnesium and its alloys with respect to its plastic deformation
behaviour have been detailed through various studies.50,51 The information
given below is an attempt to highlight those reasons, based on the existing
literature.

2.4

Critical resolved shear stress (CRSS), slip
and twinning

2.4.1 Critical resolved shear stress (CRSS)
Magnesium compensates for the shortness in the number of slip systems
with its easily activating twin systems that provide deformation capacity to
the crystal along its c-axis until its prismatic and pyramidal slip systems are
activated. Although it was proposed52 that a favourable c/a ratio of magnesium crystal facilitates the operation of non-basal slip systems more easily
than those in other HCP metals with a higher ratio, this view was later disputed based on a more rigorous analysis of the energies of SFs created by
dissociated screw dislocations on basal and prismatic planes. The low basal
SFE of about 10 mJm−2, being about seven times smaller than that of prismatic SFE, accounts for the occurrence of cross-slip in magnesium only at
high temperatures (above 225ºC) or the ease of it as compared to other
HCP metals.53 The activity of cross-slip increases with increasing temperature. At this point it should be pointed out that the SFE comparison at room
temperature is misleading if the SFE change with temperature is ignored.
CRSS level is particular to a mechanical deformation system, as implicitly
expressed above in the discussion on the general features of plastic deformation regarding SFE. It indicates the shear stress level that is resolved
onto that specific slip/twin system through Schmid’s law, at which level
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dislocations or twins on that system are mobilized. Since it is also related to
dislocation nucleation, comparative evaluation of CRSS values may be considered more meaningful, rather than as absolute quantifications. Schmid’s
law is expressed as follows:54
τCRSS = σ cos λ cos φ
where σ is the applied stress, λ the angle between the slip direction and
the force direction, and φ is the angle between force and slip plane normal
directions; the cross product cos λ cos φ is denoted as m, the Schmid factor.
As is the case for other metals, the ease with which a non-diffusional
deformation mechanism, that is, slip or twinning, in magnesium is activated
depends on the CRSS. Gharghouri was the first to indicate that twinning
in magnesium obeyed Schmid’s law.40 The mechanical deformation systems
having the highest Schmid factor yield first, as a result of their angular position with respect to the acting stress. Thus, it is not expected that if one of the
deformation systems is activated somewhere in the bulk, the same ones are
all necessarily triggered in every grain of the polycrystalline material. When
the geometric orientation of each plane and direction of the slip or twinning systems in the bulk is considered with respect to an applied stress of
known direction, then Schmid’s law determines whether or not the required
CRSS is achieved for an individual system. Strongly textured magnesium
is thus easier to interpret in this regard, and there exist numerous studies
based on the neutron diffraction method where precise angular information
is indeed available regarding the directions between applied stress and crystallographic planes together with the knowledge of whether or not the activation is taking place on particular crystallographic indices.55–61 Such studies
can give quite specific and reliable quantification of the CRSS values of
individual mechanical deformation mechanisms, albeit to a lesser degree
compared to those obtained from single crystals.
Many researchers,38,62–71 have pointed out the anomalies related to the
changes in CRSS; for example, its anomalous dependence on temperature
for the second order pyramidal system, much different reduction rate with
temperature in the CRSS values of the basal and prismatic planes, and
non-monotonic change of the CRSS of the prismatic plane with temperature and concentration in some alloy systems.
Experimentally determined CRSS values for basal and non-basal slip are
in the range of 0.5 and 55 MPa, respectively.72–79 Single crystal experiments
revealed CRSS values to be in the range of 5 MPa for basal slip, 10 MPa for
extension twinning, 20 MPa for prismatic slip, 40 MPa for pyramidal slip
and 70–80 MPa for contraction twinning.80 Slip on prismatic and pyramidal
planes is said to occur by cross-slip of screw dislocations onto those planes.
Although commonly believed that non-basal slip systems are only activated
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at higher temperatures, Obara et al.,63 in an earlier study indicated that even
the second order pyramidal slip is operative from room temperature up to
500ºC, providing a very high work hardening up to 200ºC, and that screw
dislocations are more mobile than the edge type. Large Burger’s vector, in
other words, large dislocation core of dislocations on these non-basal slip
planes may explain such observations. It is also known that CRSS values
do not change in the same fashion for basal and non-basal planes, the gap
between them reducing rapidly as the temperatures increase above 200ºC.
At this point, let us remember that slip is not the only active deformation
system in magnesium.

2.4.2 Slip and twinning
Table 2.4 gives a list of the crystallographic indices of the slip and twinning
planes and directions.2 Balogh et al.,64 in a recent study, showed that <c + a>
type dislocations increase while <a> type dislocations and twinning declines
during deformation starting from ~100ºC. A formal description of the selection of twining plane and direction can be found in studies by Hosford65
and Christian and Mahajan.66 In their work on a crystal plasticity modelling
Cipoletti et al.67 reported that the relative contribution to total strain by individual slip systems at high temperatures is weakly dependent on grain size
and strain rate, and that the difference almost disappears at high strain rates.
Thus, even at first glance, mechanical deformation of magnesium involves
sequential events, and the answers to the puzzles magnesium presents lie in
its deformation mechanisms.
The deformation of magnesium at room temperature starts initially with
basal slip and then, as the close CRSS values given above also indicate, at an
as little as 0.1% strain level, twinning sets in and deformation commences
by the simultaneous action of slip and twinning.55,57,58,81,82 On this point,
Koike et al.83 suggest that basal slip precedes and saturates quickly, thus giving way to twinning. This view additionally leads to the interpretation that,
until what appears to be the macro-yielding, actually a strain hardening is
taking place. Furthermore, Koike84 claims that when the Schmid factor for
non-basal slip reaches the range of 1.5–2.0 times that of basal planes due to
local texture, both types of slip operate collectively. It has been shown that
about 40% of dislocation segments were of the non-basal type in a severely
deformed AZ31 sample having 8 μ grain size. Thus the non-basal dislocations proliferate due to plastic incompatibility in the vicinity of grain boundaries, leading to grain boundary sliding (GBS) up to 8 pct of total strain at
room temperature.41
Brown et al.55 defined a ‘twinning regime’, reporting that the twinning
activity in magnesium provided for about 42% of the deformation by the
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Table 2.4 Crystallographic indices of the slip and twinning planes and
directions of magnesium
Planes

Directions

Type

Slip
direction

Number of
independent
systems

{0001}
{101̅0}
{112̅1}
{101̅2}
{101̅1}
{112̅2}
{112̅1}

<112̅0>
<112̅0>
<112̅0>
<101̅1>
<101̅2̅>
<112̅3>
<112̅ 6̅>

Basal
Prismatic
Pyramidal
Pyramidal (Twinning)
Pyramidal (Twinning)
Pyramidal (Twinning)
Pyramidal (Twinning)

a
a
c+a
c + a*
c + a*
c+a
c+a

2
2
4
3
3
4
4

*Frequent ones.

time the deformation in the parent structure reached 14%, during which
process the contribution of twinning was linear up to 6% deformation of the
parent material, peaking at 8% and diminishing thereafter. When the matrix
was deformed by 14% the volume per cent of the twinned region comprised
about 80%. The same study also describes the strain partitioning between
the twinned and untwined regions of the parent structure, pointing out that
the matrix relaxes within the twinned area as the new orientation corresponds to ‘hard’ orientations and therefore starts to only elastically strain
for the continuation of the deformation process. The saturation of twinning
by about 8% matrix deformation was also confirmed by others.56,58,85 For the
continuation of deformation, the matrix grains became further divided, as if
into sub-grains, as the extension twins rotated the twinned regions by 86.3º,
and in the case of compression twinning by 56º.86 Once the twinning is saturated, the slip systems requiring higher CRSS, that is, prismatic and pyramidal planes, take on the deformation.57,58 However, as a result of plastic
incompatibility, large stresses accumulate in the vicinity of grain boundaries
during plastic deformation, leading to activation of non-basal slip in these
regions at an earlier stage as compared to the grain interiors.41
When the value of c/a ratio is equal to the ideal value of √3, the {0002}
plane makes a 43.15º angle with the {10–12} plane, inevitably assigning a
high Schmid factor to the {10–12} <10–11> twinning system, thus leading to
its low CRSS value when the crystal is in tension parallel to − or, in compression, perpendicular to − the c-axis. Hence, the slightly less-than-ideal
c/a ratio of magnesium, explaining the ease of the well-known deformation
twin system of magnesium and its alloys.
Increased temperature, for example, above 250°C, leads to an overlap of
first and second Brillouin zones, which in turn, allows for an elastic increase
in the c-axis.87 This effect of temperature is akin to stretching the c-axis with
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externally applied stresses. From a mechanical point of view, changes of c/a
ratio thus achieved may be interpreted in terms of changes in the Schmid
factor assignable to the twinning and non-basal slip planes, leading to facilitation or hindering of their activation. However, this consideration alone
cannot explain all observations. The underlying effect ought to be more subtle and be related to the changes in free electron density distribution and
its consequences in terms of dislocation behaviour. Especially the influence
of alloying elements on c/a ratio appears to be more complex, necessitating considerations on the relative changes in c- and a-dimensions, and the
resulting changes in Peierls stresses. A noteworthy example is the addition
of Li and In. These elements are said to lower the c/a ratio yet promote
non-basal slip activity, while indium addition beyond 2.2 at% increases the
axial ratio.87,88 For a more detailed discussion on the effects of alloying the
reader is referred to Chapter 5 in this book.
The ratio of CRSS values of the basal slip and extension twinning in magnesium is given as 1:3.5.89 Barnett reported a CRSS ratio of 1:0.7:2:15 for
basal, twinning, and slip on prismatic and pyramidal planes, respectively.50
The ratio of CRSS values given by Jonas et al., which is in general agreement
with others, as 1:9:9:11:4:30:30 for basal glide, prismatic glide, pyramidal
glide, extension twin nucleation, extension twin growth, contraction−twin
nucleation and contraction−twin growth, respectively.90 These ratios show
concisely the sequential nature and relative ease of deformation events in
magnesium.
The amount of shear provided by common twining in magnesium is
0.13. Twinning, unlike slip, occurs on non-close-packed pyramidal planes
in magnesium on the following planes and directions: {10–11}<10–1–2>,
{10–12}<10–11>, {11–21}<11–2–6> and {11–22}<11–23>.66 It should be noted
that in other HCP metals additional twinning systems may operate, totalling
seven modes of twinning.91 The CRSS values for the most frequent ones in
magnesium, that is, {10–12}<10–1–1> and {10–11}<10–1–2> twins are about
2 MPa, and in the range of 65–153 MPa, respectively, indicating why the
former, known as the ‘extension twinning’, occurs much more easily than
the latter, the so-called ‘contraction twin’.40,92–95 The {10–12} twinning mode,
in addition to a low shear stress, requires a simpler atomic shuffling,92 and as
a consequence it occurs more frequently than those of any other twinning
modes.
The name ‘extension twin’ somewhat misleadingly refers to the case when
the applied stress is compressive and parallel to − or a tensile stress perpendicular to − basal planes, the resulting twin actually extending the crystal
along the c-axis. ‘Contraction twin’ applies to the case when the applied
stress is compressive and perpendicular to the basal plane, the resulting twin
shortening the crystal in the c-axis direction.50,51 The morphology of contraction twins appears to be more of a lens shape, facilitating their identification
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via microscopy.96 There exist studies reporting the formation of the more
difficult twin mode, that is, contraction mode, even when the stress conditions are set for the more common type of twinning, that is, extension mode.
If deformation by the extension mode is saturated, or the grain size is fine
enough, some contraction twins are also observable in the same structure.90,97
Though the two types of twins require different initial stress conditions, there
are observations on the formation of contraction twins following saturation
of extension twins at 8% deformation of the parent material.55,58,81,96,98 Twins
and non-basal slip, that is, slip through the more-difficult-to-activate <c + a>
dislocations, provide means for deformation along the c-axis of magnesium
crystal.99
Double twinning, in the sequence of {10.1}–{10.2}, can also create
co-existence of the two modes of twinning, the latter being inside the former
one. This is the situation when a heavily textured magnesium with basal
planes oriented parallel to the process deformation direction, as in extrudites or rolled sheet, is subjected to tension parallel to the original processing direction. Double twinning, simply by the rotation of the twinned region
for a second time, brings the twinned region into suitable orientation for
slip, that is, the c-axis parallel to the loading direction. Since the structure is
saturated for twinning by two consecutive twinning actions, further deformation becomes only possible by slip modes. Such a twinning sequence is
apparently only possible in coarse-grained structures and at large strains
prior to failure.51,57,82,84,100–102 It has been pointed out that inside the double
twinned region the crystal becomes suitably oriented for continuation of
deformation by slip modes. As a consequence of this, the deformation is
said to be localized within that space, leading to diffuse necking and failure
therein.51,103,104
Twins are compositionally homogeneous interfaces within a matrix. Their
formation is, as commonly known, affected by grain size, deformation rate
and temperature. Deformation by twinning requires increasing stresses, that
is, becomes more difficult, with decreasing grain size.82,105–107 Increasing temperatures and decreasing strain rates also diminish deformation twinning.108
Twins, as they offer an additional deformation mechanism in magnesium,
starting from their nucleation, act as ‘softeners’, not because the resulting
structure becomes easier to deform by slip but, simply, until saturation of
twinning, twins do not create a substantial hardening effect.56
Twinning activity is closely related to dislocations, both at the nucleation
and growth stages. The Burgers vector of these theoretical elementary twinning dislocations is very small and depends on c/a ratio, for example, for
the {10–12} <10–1–1> twinning in Mg is only 0.024 nm.109 Nucleation stage,
almost exclusively, initiates from grain boundaries, where it is said, in some
cases, to be facilitated by the impinging twins on the nucleation site in the
neighbouring grains.81 Since the low symmetry of HCP system does not
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permit the twinning reaction to be of a simple shear, as would be the case
in high symmetry cubic systems, the twin interfaces are said to contain complex, so-called zonal, dislocation structures. These zonal dislocations, arise
from having to accommodate the necessary non-shear type slight displacements of atoms at the twin boundary so that the mirror symmetry is accomplished.90 Several proposals, based on TEM observations and modelling,
exist describing these twin interface zonal dislocations.109–112
Twinning in HCP crystals is closely related to the grain size, in the sense
that below an apparent threshold grain size twinning does not take place.
The limiting grain size for magnesium is about 1 μ. What is being less emphasized is the relationship between twin formation, and SFE and dislocation
core properties, both of which are, in turn, related to free electron density
distribution. Dependence of CRSS on temperature for prismatic slip planes
depends on the alloy system, and is usually complex.38 While this relationship is linear in some alloys, it is rather inexplicable in others. However,
the root cause of such non-linear behaviour may be sought in the relationship between the electron density function and temperature. Free electron
density distribution around each atom beyond Brillouin zones is not homogeneous. Furthermore, this distribution must be subject to changes with
temperature as well as to the existing crystal defect configurations. These
factors altogether may render the observations less discernible. CRSS, in
other words, homogeneous flow through activation of an independent slip
system, should be related to dislocation core properties/SFE levels and, in
turn, to the free electron density distribution. Fortunately, there have been
an increasing number of investigations focusing on this issue, and presenting
us with some progressively refined modelling studies over the past decade
(see the discussion on SFE).
A final point of interest regarding the mechanical behaviour of magnesium
and its alloys is the pseudoelastic behaviour due to twinning−detwinning
upon reversal of the applied stress direction.113 {10–12}<10–11> extension
twinning is mostly responsible for this pseudoelasticity. However, such
reversibility cannot be sustained indefinitely, due to the involvement of
dislocations in twinning reactions, and therefore the phenomenon is highly
important in fatigue cycles. This behaviour is more readily observed in pure
Mg,114 and small-grained material, at least in AZ91.115
Magnesium, having an inherently anisotropic crystal, due to its low symmetry, is particularly inclined to evolve texture by slip as well as twinning.
Therefore, starting materials that are the products of processes involving
deformation present us with a variety of mechanical behaviours depending on the path of loading during the final shaping. Likewise, the finished
products of processes involving deformation exhibit mechanical anisotropy
under service conditions.
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Twinning must be regarded as both a deformation mechanism in itself,
and an aid facilitating further plastic deformation by slip due to reorientation of the basal planes into favourable directions as a result of it. Thus,
magnesium avoids otherwise inevitable loss of integrity along grain boundaries as an expected outcome of the lack of a sufficient number of, that is 5,
independent slip systems to satisfy von Mises criterion.

2.5

Fatigue behaviour

Fatigue is a failure mechanism which, in addition to the level of cycling
stress resulting in a net tensile stress and its frequency, is highly sensitive to
discontinuities and inhomogeneties present in materials. Such pre-existing
adverse features can facilitate both crack initiation and crack propagation.
However, the absence of such undesirable constituents, it though would
prolong fatigue life, does not prevent fatigue completely. Some fatigue initiation sites are born during service life as well. Having this perspective, magnesium alloys should be considered in terms of both the potential fatigue
initiators present prior to service of the part and the discontinuities/inhomogenities that can come into life during service due to the dynamic nature
of fatigue conditions. Furthermore, the fatigue strength of magnesium is linearly related to the tensile strength, the slope being 0.4 in wrought alloys
and 0.3 in castings.
General design precautions against fatigue, such as avoiding sharp corners, better surface finish, employing welded joints instead of methods
involving drilling, etc., will not be considered here. The topic will be limited to the issues related to more inherent features of magnesium alloys.
For more comprehensive studies on fatigue of magnesium alloys, the reader
may also refer to recent studies in literature.96,116
Yet another omission from the discussion here is the effect of temperature and cycling stress level, for which the reader is referred to the data
given elsewhere.117 Related to the effect of temperature, we will only mention that crack propagation rate appears to accelerate with temperature.118
Regarding the level and frequency, it may be worthwhile also to mention that both high-cycle and low-cycle fatigue conditions are of interest
due to the potential applications for which magnesium alloys are considered. However, there are studies indicating that, at least for high pressure
die-casting samples, frequency did not seem to be a major influence.119
Potential fatigue initiators in magnesium alloys, as for other metals, can
be broadly categorised into two groups, those related to the production
methods of the subject parts, and those related to the magnesium system,
that is, those related to the alloy chemistry and/or to the behaviour of the
hexagonal crystal. Needless to say, that the size of each defect type is highly
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important in terms of fatigue life. However, the scope here will be limited to
the qualitative evaluation of the potential fatigue initiators.
In the first category of crack initiators, that is, those related to the
manufacturing methods, the following can be listed: porosity,119 inclusions,119,120 formation of large grains,121 and surface discontinuities.122 The
second category involves: twinning related crack initiation,51,116,121,123 intermetallics of the alloy system,120,124 and corrosion related surface defects.125,126
It should be pointed out that in some cases features that appear in the first
category as potential initiators may also trigger a mechanism related to the
second category. For example, production method is one of the dominant
factors determining the grain size, through which it could also influence the
ease of twin formation. Likewise, a production method can also be suitable
for a particular alloy, and the alloy type of magnesium, through the types,
morphology and distribution of second phase particles, may have an important effect on fatigue life.119
One of the most attractive mass production methods for magnesium
parts is high pressure die-casting (HPDC). This method, by its design and
practice, inevitably mixes air into the liquid metal when forcing it through
the shot sleeve into the die cavity. As a result of this, the product contains
porosities that practically prohibit even post-manufacturing heat treatment
(see Fig. 2.4). Such pores strongly act as fatigue initiators, and the fatigue
life only corresponds to the crack propagation stage of fatigue. Since the
effectiveness of pores in causing fatigue failure depends on their size and
amount, fatigue data for cast materials may show great scatter.119,127
Wrought products, by the nature of their manufacturing method, are
much leaner compared to cast products in terms of microstructural defects,
most importantly, of porosity. This is not to imply that microstructure is not
important in terms of the fatigue behaviour of wrought products. Extrusions
are relatively more sensitive to strain rates than cast materials during
fatigue.128 It should be noted that wrought magnesium alloys appear to be
more predictable compared to cast ones. However, studies exist, showing
that the fatigue life of both cast and wrought Mg alloys, AZ31 and AZ91 fits
into Manson–Coffin relationship when tested under controlled stress conditions rather than under strain control.116,129
Plots of strain amplitude versus number of cycles for magnesium alloys
(S/N curves) show a transition ‘knee’. This transition in strain-life behaviour,
interpretable as a clear transition from a low-cycle regime to a high-cycle
regime, corresponds to around 0.5% strain levels.116,130 This apparent transition was attributed, as can also be inferred from the discussion on twinning
behaviour, to the change in the deformation behaviour in magnesium at
the atomic level. When the strain amplitude was above this threshold value,
fatigue cracking was associated with a greater amount of twinning and shear
deformation, and below, with more dislocation movement.131
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2.4 Porosity in high pressure die-cast AZ31 alloy microstructure.

It has been proposed that when grain size is smaller than the plastic-zone
size ahead of a fatigue crack tip, the reversal of strain becomes more difficult, and thus fatigue crack propagation is facilitated.128 On the other hand,
it is also known that twinning is more favourable in large grains. Therefore,
twinning−detwinning activity would be expected to dominate with large
grains (see the general discussion on twinning above). Twinning and detwinning activity during cycling loading have been widely studied, including experiments involving in situ diffraction techniques.59,130,132,133 It has been shown
that the asymmetry of the hysteresis loops increases with the applied strain
or stress amplitude.96 Even when porosity is absent in the initial microstructure, eventual formation of microcracks parallel to contraction twin paths
revealed the close relationship between the twinning and fatigue failure.51
In the light of the brief overview given above it may be clear that the
non-reversing portion of the strain, that is, accumulation of damage to lead
to fatigue failure, may be facilitated by the action of the consecutive deformation mechanisms operating in magnesium. Each of the three mechanisms,
that is, slip and almost simultaneous action of tensile twinning followed by
compressive twinning, could be preventing the reversal of the plastic movement created by the other. Twins, in addition were observed to be closely
associated with formation of microcracks which may, in turn, be related to
stress concentrations at the tip of twins.51
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Due to the scatter in fatigue test results of magnesium, a set of tests should
be taken to represent the batch of materials that comes from the manufacturing route the samples have experienced. If a general comparison with other
light metals is to be made, then it is fair to say that Mg alloys appear to exhibit
faster fatigue crack propagation rates than aluminium alloys, such as 6063 and
7075 and pure titanium.126 In a similar trend to other metals, improvements
were also achieved on the fatigue resistance of magnesium alloys by treatments that produced compressive stresses on the surfaces of parts.134,135

2.6

Creep behaviour

Creep is a time-dependent deformation process that manifest itself even when
applied stress is constant and below the yield strength of material. While in an
ordinary deformation the movement of dislocations, on an atomic scale, can
cover large distances at each step, in thermally activated deformation this
movement occurs due to diffusion of atoms and therefore is restricted to a few
atomic distances at each step. In such a process, dislocations attempt to pass the
obstacles on their path individually by mobilizing their pertinent segment locally.
Hence, while the ordinary long-range deformation involves the movement of
long segments of sequential dislocations, the thermally activated deformation
component is associated with the movement of small sections of a dislocation,
for example, dislocation jogs, or the cutting of a dislocation by another. This
nevertheless causes slow and permanent deformation, called creep. Since atoms
vibrate anywhere above absolute zero, a thermal component always exists and
creep is possible even at very low temperatures, given sufficient time.136
The basic mathematical expression of the dominant mechanism at high
stresses, that is, ‘dislocation creep’, assumes the form of an Arrhenius type
relationship in which strain rate has a power law dependence on stress:137

ε ss

⎛ −Q ⎞
Aσ exp ⎜
⎝ RT ⎟⎠

[2.1]

‘Diffusional creep’, on the other hand, operates at lower stress levels and at
high temperatures with a linear dependence of strain rate on stress:138

ε ss

⎛ −Q ⎞
Bσ exp ⎜
⎝ RT ⎟⎠

[2.2]

Since the diffusion is affected by grain size, a term, d, representing it may
also be incorporated into this expression:137

ε ss

C

1
⎛ −Q ⎞
σ exp ⎜
2
⎝ RT ⎟⎠
d

[2.3]
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In these equations A, B and C are material constants, and d is grain size; R is
the gas constant and T is the absolute temperature. Q represents the activation energy for creep, and n is known as the stress exponent.
There exist several modified versions of the classical Equation [2.1] relating the steady-state creep rate ε̇ to the stress exponent n. One of them is the
theoretical creep rate equation developed by Weertman:139
⎛ D ⎞ ⎛ GΩ ⎞ ⎛ σ ⎞
ε = a ⎜ 3 5 t 0 5 ⎟ ⎜
⎝ b M ⎠ ⎝ kT ⎟⎠ ⎜⎝ G ⎟⎠

n

[2.5]

where Dt is the coefficient for lattice self-diffusion, M is the number of dislocation sources per unit volume (equivalent to 0.27ρ1.5, ρ being the dislocation
density), Ω is the atomic volume, and α is a constant in the range 0.015 < α <
0.33.
Garofalo’s140 steady-state creep rate equation (sin hyperbolic equation),
compared to the other equations, is applicable to a wider creep temperature and strain ranges, and not necessitating a steady-state creep condition
unlike the others, is:141

ε

⎛ −Q ⎞
A[sinh(ασ
σ)]n exp ⎜
⎝ RT ⎟⎠

[2.6]

Norton equation, being another alternative equation, can be given as:
⎛ ADGb ⎞ ⎛ σ ⎞
ε = ⎜
⎝ kT ⎟⎠ ⎜⎝ G ⎟⎠

n

[2.7]

where ε̇ is steady-state creep rate, σ creep stress, α and A are dimensionless
materials constants, D the diffusion coefficient, Qc the activation energy for
creep, R the gas constant and T the absolute temperature, G the shear modulus, b the magnitude of the Burgers vector and k the Boltzmann constant.
Yet another modified rate equation as suggested by Mohamed and
Langdon142 is in the form:
⎛ σ⎞
⎛ −Q ⎞
ε = A′ ⎜ ⎟ exp ⎜
⎝ G⎠
⎝ RT ⎟⎠
n

[2.8]

where A′ is a material parameter, being proportional to γ 3 (γ being SFE).
Equations [2.7] and [2.8] further have also modified versions.143–145 Some
workers when employing the modified versions of the Equations [2.7] and
[2.8] adapted a reduction scheme in the stress level, essentially in order to
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reduce the unusually high n values otherwise obtained. While doing so, a
threshold σ0 was subtracted from σ (i.e., σ−σ0 is used instead of σ in Equations
[2.7] and [2.8]) so that only that portion of the stress that serves purely dislocation glide could be taken into account for the observed creep rates.143,144
Despite their inherent shortcoming in assuming homogeneous materials,
these alternative equations can serve well for determining the stress exponent n using the slope of a plot of log ε̇ against log σ, and some of these
expressions are based on somewhat more practical parameters. However, it
should be borne in mind that, though representing the same parameter, the
stress exponent n may not be identical in value in all of these constitutive
equations, and instead its values can have a statistical correlation with each
other.
Although a clear-cut distinction between various creep modes, and specifically between possible rate-controlling micro-mechanisms, is often difficult, values of Q (activation energy for an individual creep mechanism)146
and n (the stress exponent in the expressions of dislocation creep)147 are
being used to establish the operating creep mechanism and, especially due
to the difficulty in singularly resolving Q parameter, leading to contradictory interpretations among authors.
In addition to the interpretations of ‘Q’ and ‘n’, there also exist indications in strain-time creep diagrams that can be related to creep mechanisms.
Hence, the lack of significant instantaneous strain upon loading in the primary region, and an inverted primary stage were related to a viscous glide
process of dislocations, while the opposite of these conclusions were attributed to dislocation climb or cross-slip of dislocations.148

2.6.1 Creep behaviour of magnesium
Earlier interest on the creep behaviour of magnesium stemmed from its
use in nuclear canning applications.148–150 The current interest, however,
arises from the expected economic and environmental benefits of the use of
magnesium alloys, particularly in the automobile’s power-train applications
requiring creep resistance at temperatures up to 200°C.
Creep properties of magnesium alloys are of great importance as they are
considered by automotive industry for power-train applications where service conditions impose temperatures that are high enough for these alloys
to undergo creep damage. Although the subject temperatures (~150ºC)
may appear rather low, due to the low melting temperature of magnesium,
and its hexagonal crystal structure that allows for relatively rapid diffusion
rates, creep becomes a dominant design criterion especially for applications
such as engine block and transmission case. It appears that the expansion
of the current use of Mg casting alloys hinges, to a large extend, on the
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development of die-castable and economically competitive an alloy with
good creep strength up to 200°C. Current studies show that magnesium
alloys can indeed be promising towards this goal.151–154
Magnesium is inherently prone to creep deformation due to high diffusion
rates in its lattice (DL,Mg/DL,Al and Dgb,Mg/Dgb,Al ratios are greater than unity
over a wide temperature range and the ratio of Dgb/DL for magnesium is five
times higher than that for aluminium at 0.67 Tm).140 Furthermore, as we have
previously discussed, between approximately 200°C and 250°C depending
on the alloy, additional pyramidal and prismatic slip planes become operative, lowering the creep resistance.
Creep is a complex phenomenon in many engineering applications, and it
is perhaps more so in the case of magnesium alloys. Although there appear
to be disagreements in the literature regarding its severity even for the same
alloy (e.g., high pressure die-cast155 and squeeze-cast144 AE42) a different
type of tensile-compression anisotropy of magnesium manifests itself once
again. In the absence of texture, the better compressive creep resistance,144,156
than that under tensile above a certain stress level, of the cast magnesium
alloys cannot be related to the inherent mechanical anisotropy of the hexagonal crystal. Instead, this type of anisotropy was, in aluminium containing
alloys, related to the suppression by compression type stresses, or facilitation otherwise, of the dynamic precipitation of the β-Mg17Al12 phase,157 and
to changes in twinning behaviour.144 However, this creep anisotropy was
also observed in an alloy (Mg-1.92 RE-0.33Zn-0.26Mn, wt%) that does not
form the β-Mg17Al12 phase.155,158 Moreover, Xu et al.158 showed that the effect
of the stress type was reversed in AM50, AE44 and AJ62A alloys. AM50,
among these three alloys, was further complicated in that low pressure
die-cast samples tested below a low transition stress showed no anomalous
behaviour.
The reason for this creep anisotropy can be understood by the fact that
twinning is no longer in play at the temperature ranges of creep tests, except
for a minor contribution.158 Dieringa et al. claimed that, while the stress level
increases the disparity between compressive and tensile stresses diverges,
and at sufficiently low stresses where twinning is negligible, the difference
disappears, reversing in behaviour below that level (see Fig. 2.5).144 It would
be interesting to see the effect of crystal anisotropy on creep strength, if a
patient worker was to, only for the sake of curiosity, creep test magnesium at
the sufficiently low temperatures such that extensive twinning is possible. To
the best knowledge of the author, no conclusive argument explaining exclusively the stress direction anomaly in creep has been provided to date.
Yet another interesting point is that creep resistance in interrupted creep
tests is inferior and creep life is shorter compared to that in continuous
creep, indicating that the designs based on continuous creep test data might
be misleading in certain applications.157,158 In these cases, creep−fatigue
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2.5 Norton plots for AE42 alloy showing the divergence of strain rates
under compression and tension at two different temperatures (adapted
from H. Dieringa et al.144).

interactions can come into play and different tests tailored to the specific
stress conditions need to be conducted. The service conditions exerted on
a magnesium alloy, for example, in an engine block application, involve
multi-axial and cyclic stress conditions, corrosive medium, inhomogeneous
and cyclic temperatures. Mondal et al.157 attributed the higher strain levels
in cyclic tests to the reappearance of the primary creep at the beginning of
each cycle.
Furthermore, a severe microstructural instability of the cast structure also
plays a major role in determining the creep response of magnesium alloys.155
Dynamic precipitation reactions often come into play, further complicating
the evaluation of creep properties of magnesium alloys. Thus, the already
questionable assumptions of conventional creep tests such as homogenous
and constant stress-temperature distributions, uniaxially applied stress,
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non-corrosive test atmosphere may be even less representative of the conditions that apply to the case of magnesium applications due to the additional
complexity brought about by the inherent microstructural instability and
lack of a self-healing surface oxide in magnesium. This instability problem
will be further discussed later.
When assessing magnesium and its alloys in terms of creep mechanisms,
particular emphasis must be placed upon the creep modes corresponding to
medium to high stresses, and low to moderate temperatures. This selective
attention is mainly due to the service conditions imposed by the perceived
use of magnesium alloys in automobile applications, where such stress and
temperature conditions prevail. However, it should be borne in mind that
some magnesium alloys also serve in more severe conditions, at least in
terms of temperature, such as nuclear canning applications.149
Despite the fact that magnesium alloys are generally recognized as
materials with relatively low creep resistance, one magnesium alloy in the
magnesium−thorium system, namely HZ22, shows the highest ratio of service temperature (350°C) over melting temperature compared to any material except some superalloys.159 Although this alloy system is no longer
exploited due to the radioactivity of thorium, the example it sets may be
taken to indicate the true potential of magnesium alloys for future applications if a proper alloy design is achieved.

2.6.2 Low stress creep regimes
A deformation mechanism map for pure magnesium was first established
by Frost and Ashby.160 Watanabe et al.161 showed in their work on deformation mechanism maps of fine-grained Mg alloys the existence of a critical
grain size above and below which lattice diffusion and grain boundary diffusion, respectively, govern GBS. Kim et al.162 further developed deformation
mechanism maps for AZ61 and AZ31 alloys by normalizing the stress levels
for high temperatures.
Three different creep mechanisms, although not specific to magnesium,
may be encountered depending on the material and test conditions in the
low stress region. These mechanisms are diffusion creep, Harper–Dorn
creep,163 and GBS.164,165 Diffusion creep is further subdivided into Nabarro–
Herring creep operating through bulk diffusion at relatively higher temperatures166,167 and Coble creep operating through boundary diffusion at
relatively lower temperatures.168
Vacancies diffuse from grain boundaries subjected to tensile stress to
boundaries subjected to compression with a corresponding counter flow of
atoms. This mechanism, independent of the alloy type, forms the basis of diffusion creep, leading to elongation of grains in the direction of the applied
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stress. When this flow occurs through the grain interiors, that is, lattice diffusion, the case corresponds to Nabarro–Herring creep, and if through grain
boundaries then to Coble creep. If diffusion creep is operating, little or no
primary creep is observed, and this mode is not associated with metallographic evidence such as slip lines.150
Although the grains retain their relative positions during diffusional
creep, it is recognized that some sliding movement is necessary to maintain
the integrity of the polycrystalline structure, without an eventual increase in
the number of grains along the applied stress direction.169 This accommodation process was first observed by Lifshitz170 and later by others.171,172
As a result of diffusional activity, particle-denuded zones can form in
certain alloy systems, such as Mg–Zr (Mg-0.5 wt% Zr alloy, ZA)173,174 and
Mg–Mn175 along grain boundaries perpendicular to the stress axis during creep. Originally, these denuded zones were attributed to diffusional
creep.174–178 It has been shown that such denuded zones, though not so pronounced and characteristic in terms of their location as in creep, may also be
observed after annealing.179–181 Dissolution of precipitates at migrating grain
boundaries via GBS is an alternative explanation for the formation of these
denuded zones.182,183
Harper–Dorn creep163 occurs at even higher temperatures, that is, close
to melting point, leading to much faster creep rates than those expected
in true diffusion creep.184,185 Therefore, it is explained in terms of a viscous
flow of dislocations. A change in the shape of the grains is again inevitable in this mode of creep as well. However, the change in the shape of
the grains is not accompanied by a displacement of grains.169 This mode
of creep has, to the best knowledge of the author, not been reported for
magnesium alloys.
Creep via grain boundary sliding
It has long been known that grain boundary sliding (GBS) is a major creep
mechanism for magnesium alloys,186 especially at the temperature and stress
conditions they are currently being considered for, that is, under-bonnet
automotive applications. Consequently, great research effort has been
devoted to strengthening the grain boundaries in magnesium alloys by
employing suitable precipitates (see Chapter 7). Under constant-creep
conditions the ratio of strain due to GBS to the total strain remains constant, and this ratio increases with decreasing stress.187 The process is attributed to a crystallographic deformation mechanism in the vicinity of the
grain boundary, rather than a viscous flow of grains over each other. Koike
et al.188 suggested a tentative demarcation between the slip induced GBS
and pure GBS in terms of temperature to be 150ºC, above which grain
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boundary diffusion with activation energy of 80 kJ/mol operated. The
movement of grains over each other leads to an increase in their number
along the applied stress direction without a considerable elongation of the
grains.169 Such a displacement of grains is termed Rachinger sliding189 and
may be attributed to GBS in the absence of a considerable change in the
grain aspect ratio during creep. This mechanism is akin to the superplastic
behaviour of the fine-grained metals, which is well known in magnesium
alloys.190,191 It has been reported that the transition from GBS-controlled
deformation to dislocation creep occurs at higher strain rates compared
to aluminium alloys of equivalent grain size, approximately at 2 × 10−3 sn−1
and 5 × 10−4 sn−1, respectively.192
Even though finer grain sizes are desired for magnesium alloys, to
enhance many other mechanical properties, this leads to conditions that
possibly facilitate grain boundary creep unless the grain boundaries are
strengthened or anchored by intergranular precipitates. Casting techniques,
such as HPDC, produce fine grain sizes. This process inherently produces
bimodal grain size distributions as the solidification prematurely starts
even before the liquid metal enters the mould193 and grain sizes as different as 0.5–50 μ can exist in the same die-cast structure.194 Furthermore, as
a result of rapid solidification rates, metastable microstructures are produced. Due to this, together with the large freezing range of alloys like
AZ91, microstructural instability becomes an inherent problem of die-cast
alloys, complicating the creep behaviour of the material and its interpretation. Microstructural instability manifests as the occurrence of a discontinuous precipitation reaction of Mg17Al12. Dargush et al.194,195 have suggested
that the low resistance to GBS is related to the discontinuous precipitation
of Mg17Al12 in the Al-enriched peripheries of the grains. Since this reaction
requires the movement of high-angle boundaries it is reasonable to assume
that the reaction also facilitates grain sliding and migration during creep.
It should also be borne in mind that, even at moderate temperatures, such
regions of the microstructure operate at relatively higher homologous temperatures compared to the grain interiors, thus leading to more diffusion
in these regions. In support of this view, indeed, abundant occurrence of
the discontinuous reaction in such regions has been observed after creep.
Therefore, its association with GBS during creep should be regarded as
highly possible.196
The information given above regarding the GBS, on the other hand,
does not mean that grain boundaries should constitute the sole concern for
the alloy designers. It has been shown that strengthening the α-Mg matrix
by solid solution and/or precipitation can be more important than grain
boundary reinforcement by intermetallic phases for potentially good creepresistant alloys containing RE elements.155,197
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2.6.3 Effect of precipitates
The major second phase in the earlier popular Mg–Al based alloys, such as
AZ91, is the β-(Mg17Al12) phase that exists in several distinct morphologies
(Fig. 2.6). These are grain boundary blocky particles, lamellae of the colonies of discontinuous precipitation, irregular ones in the α constituent of the
cellular nodules, and two types of intragranular continuous precipitates, that
is, plates and plaques.198
The role of the β-Mg17Al12 in creep has been discussed since the 1950s.186,199
It seems reasonable to assume that the β-phase softens easily, due to its low
melting point (~460°C) and its partly metallic bonding, and, therefore, cannot serve to inhibit GBS. Contrary to this view, it was found that thinner

(a)

10 mm

(b)

100 nm

(c)

100 mm

(d)

100 nm

2.6 The major second phase in Mg–Al alloys, β-(Mg17Al12), exists in
several distinct morphologies in AZ91: (a) grain boundary blocky
particles, (b) the lamellar colonies of discontinuous precipitation, and
the irregular ones in the αMg constituent of these cellular nodules; and
two types of intragranular continuous precipitates, (c) plates and (d)
plaques.198
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sectioned die-cast specimens containing finer and more β-phase showed
greater creep strength. Furthermore, heat treatment promoting β precipitation prior to creep seemed to improve creep strength.195 Although, it
has been shown200 on bulk Mg17Al12 that β-phase, due to its strong covalent bonding, would not soften markedly below 260°C, Mg17Al12 has very
complex bonding showing a mixture of homopolar, heteropolar and normal
metallic bonding, where softening of the compound cannot be completely
excluded.186,201 Hence precipitation of the Mg17Al12 phase, as a process causing diffusion, during creep and not its existence in the pre-creep structure,
seems to be the main factor in creep deformation of Mg–Al alloys.
The alloys that have been developed more recently do not rely on the
questionable precipitates for elevated temperature strengthening. Instead,
many of those alloys derive their strength from Ca, RE, Y, Sn and Sr containing intermetallic precipitates. Since a chapter of this book has been devoted
to the topic of the alloying behaviour of magnesium, our discussion of the
topic is hereby concluded.

2.6.4 Dislocation creep and its interpretation
based on Q and n
It is known that at sufficiently high stresses dislocation glide takes place
regardless of the temperature. However, stress levels that would not cause
ordinary dislocation glide but are still higher than those required by the
above-mentioned modes lead to a different dominant mechanism known as
dislocation creep. At such stress levels, if temperatures are sufficiently high
(at about 1/3 of Tm), dislocations are no longer confined to glide motion only
in their original slip planes. Creep rates are essentially controlled by diffusion, and, hence, vacancy creation in this temperature range. Although creep
deformation essentially takes places through dislocation movement on basal
or non-basal planes, this mode of creep involves different rate-controlling
micro-mechanisms, since the dislocations surmount the barriers on their
path via short-range diffusion at each step. Due to thermal activation (creation of vacancies) they can climb out of their slip planes via vacancy diffusion or cross-slip, and thus overcome obstacles. Therefore, dislocation creep
may also be described as thermally activated non-conservative motion of
dislocations. The climb motion mentioned may be achieved via two different vacancy diffusion mechanisms at the same stress level, namely volume
diffusion at higher temperatures and dislocation core diffusion at lower temperatures.202 This allows the dissipation of interlocked dislocation networks
as a recovery process. The deformation process is, in this case, a combination
of climb and glide motions, glide being responsible for strain.203 Although it
is assumed that the contribution of climb to the steady-state creep rate is
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zero, the deformation rate may not be solely due to glide, as some energy
may also be released by climb movement of dislocation segments204 and the
activation energy (e.g., involving the vacancy creation and the movement of
a jog) would reflect this combined mechanism. It should further be pointed
out that the steady-state creep rate is affected by stress through increasing
dislocation velocity205 and dislocation density.52
In such successive processes, namely dislocation climb and viscous glide
(also referred to as recovery), the slower one controls the steady-state
creep rate, giving rise to the different creep behaviour of pure metals
and alloys.148,150 In pure metals, as a result of recovery process, an internal sub-grain structure forms. Alloys, on the one the hand, are classified as
Class-I and Class-II. The creep behaviour of the Class-I alloys is similar to
that of pure metals. In Class-II alloys, however, some form of viscous drag
process is assumed to operate on dislocations, due to the presence of solute
atoms, with the result that the rate of glide motion is slower than the rate
of climb. Glide motion, therefore, becomes the rate-controlling mechanism
with an activation energy equal to that of solute diffusion,206 and in such
cases sub-grain formation is generally not observed. The rate-controlling
mechanism of dislocation creep is thus understood as the dragging of solute atmosphere around a dislocation in the lower stress range and, with the
climb of dislocations, in the higher stress range.148
Operation of a particular rate-controlling mechanism of dislocation creep
can vary depending on the alloy, heat treatment, stress and temperature.
Positive identification of a specific rate-controlling mechanism, though
often difficult, is essentially made on the basis of Q and n. The stress exponent, n, may be more indicative of a particular rate-controlling mechanism
within the stress−temperature domain of dislocation creep,196 provided that
the creep test stress is below that of yield and that long-range plastic deformation is absent. Although there appears to be disagreement in the literature on the values of the activation energy and stress exponent144,155 these
parameters are often taken to indicate a predominant rate-controlling creep
mechanism.
Proliferation of Q and n values reported in the literature may be due to
the sample or test conditions. Activation energy calculations can be complicated in the case of thermally unstable systems as is generally the case
for cast or precipitation hardened magnesium alloys usually suffering from
non-equilibrium solidification and metastable phase formation. It is conceivable that microstructural instabilities may induce or remove barriers to
dislocation movement, for example, formation or coarsening of precipitates,
thus changing the creep strain rate.207 At low stresses and high temperatures
creep rates can decrease due to grain coarsening during the test, and stress
exponent may slightly increases due to the same reason. Some experimental scatter in the values of Q may also be attributable to concurrent grain
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growth.150 Furthermore, there may exist decreasing levels of contribution to
the total creep strain by GBS with increasing stress levels in the dislocation
creep region.187
Activation energy is a structure sensitive property and therefore it
is assumed that its value for dilute alloys approaches that of elements.
Furthermore, the activation energy is assumed to be insensitive to changes
in temperature and stress within the stress-temperature domain of a particular micro-mechanism controlling the creep rate.186 However, when considering a wider span of stress and temperature, for a given temperature, the
activation energy Q has a strong stress dependency, decreasing with increasing stress.52,148,150 The general trend in HCP metals is that activation energy
increases from values close to that of self-diffusion at ~0.5–0.6 Tm to higher
values at ~0.7–0.8 Tm, Tm being the melting point in Kelvin.150,208 For the
same change in temperature range HCP metals also show a decrease in the
stress exponent.
Dislocation creep in magnesium
Since dislocation creep is the main rate-controlling process under the service conditions (T, σ) of current magnesium applications, this section focuses
specifically on this mechanism.
Pure magnesium shows little creep strain in the primary stage under low
stress levels or at high temperatures.150 The activation energy for the creep
of pure magnesium was reported by Shi and Northwood209 to be 106 kJmol−1,
in the temperature range of 150–250°C and at a stress range of 20–50 Mpa
which is above the yield stress. Although this value is smaller than the activation energy for self-diffusion of magnesium, ~135 kJmol−1, similar values
of activation energies for the same temperature range were also reported
earlier by others.208 The difficulty in the interpretation of such figures may
also be attributed to the seemingly high stress range that is above the yield
stress of pure Mg in the temperature range.
Activation energies in the range of lattice self-diffusion of magnesium,
that is, 135 ± 10 kJmol−1, have also been reported in the literature for the
temperature range of ~200–477°C.150 Based on metallographic observations of straight slip lines across the grains, it was suggested that this high
stress−temperature region corresponded to a deformation mechanism
via basal slip. Although basal slip, based on an activation energy value of
~135 kJmol−1 that was independent of stress, can be said to be controlled by
lattice self-diffusion of magnesium, the micro-mechanism of creep still need
be determined. In this regard, provided that the stress is below yield, the
stress exponent n may be taken as an indication to distinguish between
the two micro-mechanisms, that is, glide or climb-controlled basal slip. Since
the process of glide-controlled dislocation creep is associated with n = 3,206
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the conclusion was made based on a higher stress exponent value of ~5, thus
the specific rate-controlling process was identified as climb of dislocations,
while Q is equal to the activation energy for solute diffusion.150,208 This was
further confirmed using the Equation [2.5] for dislocation climb.150
The stress exponent value n was also assessed by Jones and Harris210 in
terms of strain rate, and a lower value of 4.5 was determined for low strain
rates (≤10−6 s−1) where dislocation climb is the rate-controlling mechanism.
For higher strain rates where non-basal slip predominates, n was found to
increase with increasing temperature, reaching a value as high as 8.
At temperatures above about 0.6 Tm, however, the creep behaviour changes
and the rate-controlling mechanism is understood to be the cross-slip of dislocations as the apparent activation energy of creep becomes larger than
that for diffusion. At this high temperature range and under high stress levels, an activation energy level of 220 ± 10 kJmol−1 was found corresponding
to cross-slip of dislocations from basal to prismatic planes, that is, non-basal
slip.148,150,208 Thus, it may be concluded for pure magnesium that, compared
to cross-slip, climb occurs at lower temperatures and requires lower activation energies for a given stress level.
Admittedly, much of the reported data in literature appear to have been
taken at stress levels that are above the yield stress of the subject magnesium alloys. This point should be taken into consideration when interpreting
the results.
Dislocation creep in magnesium alloys
The overall creep behaviour of a dilute Mg alloy may be divided into low
and high temperature ranges to facilitate understanding of the operating
mechanisms.148
i. In the low temperature range, two independent mechanisms have been
shown to operate in an Mg-0.8Al alloy, the transition taking place
between 327ºC and 477ºC and at lower temperatures as the stress
increased.148 The change of mechanism from glide to climb-controlled
creep within the lower temperature range manifests itself with a change
in the associated stress exponent from about n = 3 at lower stresses to n
= 6 at higher stress.
ii. At temperatures between 200ºC and 477ºC and at stresses below 10
MPa Class-II behaviour, that is, uniform distribution of dislocations and
absence of sub-grain formation associated with a viscous glide process
is observed. Extensive basal slip that may be observed metallographically, an activation energy of 140 kJmol−1 that matches well the value for
interdiffusivity of aluminium (143 kJmol−1) in magnesium, a low stress
exponent of 3, lack of significant instantaneous strain upon loading, and
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a brief normal or inverted primary stage are all associated features of
creep in this stress-temperature range.209,211
The experimental creep rates, however, were more than an order of magnitude slower than those predicted by the existing three theoretical models
to calculate the creep rate based on a glide-controlled mechanism, that is,
dislocation-solute interaction.212–214
Above the stress levels associated with n = 3 the activation energy remains
the same, while the creep behaviour changes sharply. The unchanging value
of activation energy while the creep mechanism is changing from viscous
glide to climb can be rationalized via the small difference between the activation energies involved in each case, the interdiffusion of aluminium in
magnesium (143 kJmol−1)211 when glide is operative, and self-diffusion of
Mg atoms (135 kJmol−1)215 when climb is operative.
A higher stress exponent, n = 6, is attributed to dislocation climb.148 This
interpretation is supported by the observed creep rate, measurable instantaneous strain, extensive normal primary stage, formation of dislocation
substructure and the agreement between the experimentally estimated and
observed values of binding energy (~0.14 eV) between a dislocation and a
solute atom.148
The high temperature behaviour in Mg-0.8Al alloy above 600–750 K
is similar to pure magnesium. Extensive non-basal slip and an activation
energy value that is significantly higher than those of lattice self-diffusion
of Mg or interdiffusion of Al are observed depending on the applied stress
level.148
As a rate-controlling creep mechanism at high temperatures, glide on
non-basal planes is excluded since the existing theoretical models for this
mechanism that are based on a single216 or double212 kink formation do not
produce results in agreement with the experimental observations. On the
other hand, cross-slip of screw dislocations from basal to prismatic planes
according to Friedel’s model214 seems to be in excellent agreement with the
experimental estimations in terms of the constriction energy which is equal
to 160 kJmol−1. A stress exponent of 4, measurable instantaneous strain, a
normal primary stage, extensive non-basal slip and presence of free dislocations and some well-defined sub-boundaries altogether provided further
evidence for the operation of cross-slip mechanism at high temperatures.148
A similar trend also seems to be valid for non-dilute magnesium alloys.
It was shown for Mg–Y–Nd–Zr and Mg–Y–Nd alloys that, compared to
cross-slip, climb occurs at lower temperatures requiring lower activation
energies for a given stress level.207,217,218
The effects of dispersoids on creep behaviour are also interesting and
complex.52 Oxide dispersions in Mg powder metallurgy samples exhibit
self-diffusion controlled basal slip at low temperatures (144–253ºC) as the
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rate-controlling mechanism. This corresponds to the case where the stress
exponent n shows mainly dependence on temperature, also indicating dislocation climb within low temperature range, with a value ranging from
7.5–10.219 When the rate-controlling mechanism shifts to cross-slip at higher
temperatures, n shows dependence on both stress and temperature with its
value varying drastically, first decreasing with increasing stress from 15 to
7.5 and then increasing again to 18. This may be attributed to the fact that
n has two contributing terms, one due to the activation energy Q which
decreases with increasing stress, and a second one due to moving dislocation
density which increases with increasing stress.52

2.7

Recrystallization and grain growth

Grain refinement and deformation are the two most effective strengthening
mechanisms for magnesium alloys. However, magnesium presents us with
yet another peculiarity related to grain size. Contrary to the behaviour of
many other metals,220 when strengthened via grain refinement, magnesium
displays an associated ductility at sub-micron grain sizes due to room temperature GBS.83 As discussed earlier in this chapter, grain size can also be
the determining factor for the onset and/or extent of twinning as an important deformation mechanism, and in turn, for the evolution of deformation textures. The success of shaping processes that subject pre-deformed
starting materials to further hot deformation intimately depends on a thorough understanding of grain size related phenomenon, that is, recrystallization, which would determine the crystallographic texture and mechanical
anisotropy of the product. Recrystallization is an important mechanism for
reducing/eliminating texture created by deformation processes. A creep
mechanism that is often encountered, GBS, is also primarily related to the
grain size of magnesium-based materials. Finally, magnesium and its alloys
exhibit superplasticity, also depending on the strain rate, below a grain size
of approximately 8 μ size. Thus, it seems that there are many reasons to
make an attempt to discuss the static or dynamic processes involved in
changing the grain size.
As in other metals, magnesium also obeys the Hall−Petch (H−P) type
strengthening by grain refinement. However, there are several grain size
related phenomena that are particularly important in the case of magnesium and its alloys. In conventional H−P behaviour strength and grain size
are related through the following equation:
σ = σ0 + kd−α
where σ is the yield strength, σ0 and k are material constants independent of
grain size, and the exponent α is typically between 0.5 and 1.221,222 Of the two

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

Physical metallurgy of magnesium

67

competitive deformation mechanisms, twinning, being suppressed as the
temperature increases, is more dependent on grain size than slip. Therefore,
two separate k factors may be defined. Thus, it is possible to observe a transition point in the strength versus d−1/2 plot where twinning is suppressed
due to grain refinement.82,221,223
Refinement of grain size requires deformation followed by recovery and
recrystallization. The recovery stage, however, is not inevitable in all metals;
in its absence the process is defined as ‘discontinuous recrystallization’. If
recrystallization is preceded by recovery then the whole process is known as
‘continuous recrystallization’, and if not ‘discontinuous recrystallization’.
During the precursor to the recrystallization, that is, the recovery process,
it is assumed that the high-angle boundaries do not move while dislocations are annealed out and/or rearranged into low-angle boundaries with an
accompanying softening. This stage is conventionally termed as polygonization. However, this change in the defect structure depends very much on
the SFE level of the system. In the case of low SFE metals like magnesium,
grouping of dislocations in this manner is difficult due to large dislocation
core structures and associated strain fields. Since recovery is a difficult process in magnesium because of this, the stored energy release is left to the
operation of recrystallization stage. If this effect is considered to couple with
the high self-diffusion of magnesium, fast dynamic recrystallization rates of
magnesium systems can be understood.224–227
Discontinuous recrystallization, on the other hand, is defined as a nucleation and a growth process. The second stage, by definition, occurs by migration of high-angle boundaries. However, during the recrystallization stage
in some magnesium alloys, movement of low-angle twin boundaries has
also been observed.228 This was interpreted as the equivalent of polygonized
grain boundary movement observed in continuous recrystallization, and
therefore the whole recrystallization process was somewhat erroneously
considered as CDRX in some studies.224,228–230 The CDRX process may be
realized if the SFE becomes sufficiently high, thus enabling dislocations of
smaller core width to constitute low-angle boundaries at the polygonization
stage.
The processes of deformation and recovery/recrystallization can be conducted as separate steps. If the route of separate stages is pursued, the process is termed as ‘static recrystallization’ (SRX). On the other hand, the
whole sequence of these processes can occur simultaneously during hot
deformation. Then the grain refinement takes place through what is known
as ‘dynamic’ (DRX) or ‘metadynamic’ (MDRX) recrystallization, the latter occurring during post-hot work. If appropriate, a prefix of ‘continuous’ or ‘discontinuous’ can also be used before these terms. The desired
result, always, is to obtain an isotropic material with fine equiaxed grain
morphology.
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Since the deformation of magnesium involves sequential mechanisms in
terms of both temperature and accumulation of strain, it follows that the
rate or ease of recrystallization and its mechanism should change accordingly. We can thus infer that until a pronounced non-basal slip is activated,
that is, about at 200ºC, the mechanism of recrystallization should be dependent on the mechanisms that produce the strain up to that point, that is,
basal slip and twinning. When the activity of <c + a> is also added to the
former mechanisms, that is, above 200ºC, at least the rate, if not the mechanism, of recrystallization may be expected to change. The results of the
study by Ion et al.226 may thus be interpreted as new grain formations along
the former grain boundaries, which may be named as ‘necklace’ formation
(further discussed below) or as ‘rotation crystallization’. Thus, coupled with
the increased diffusion rate as the temperature is increased, the rate and
mechanism of recrystallization may again be expected to change in relation
to the facilitated creation/movement of <c + a> dislocations as temperatures approach 300ºC. Yet, one other consequence of increased temperature
in precipitate forming alloys of magnesium would be due to the function
of precipitates as nucleation sites for the formation of new grains (also see
below).
Where dislocations increase in number, that is, near parent grain boundaries, or at the twin boundaries, such defect substructures are, by definition,
potential nucleation sites for new grains. As a major factor in magnesium
deformation, twins, the formation of which is extended up to 450ºC,231 are
expected to be involved in recrystallization processes. We will now go into
further details on these points below.
As discussed earlier, the basal, prismatic and pyramidal planes of magnesium have very different SFE values from one another, not to mention
that prismatic and pyramidal planes have SFE values that are essentially
higher than that of aluminium. As we have already associated the SFE of a
metal to the stages of a full recrystallization process, we may then differentiate between the behaviour the low SFE planes and the high SFE planes.
Indeed, Somjeet et al.232 suggested that during the high temperature deformation, while basal planes presented DDRX, the prismatic and pyramidal
planes expectedly promoted CDRX.
Enhanced slip activity would be expected to accumulate a greater amount
of internal energy due to an increase in dislocation density. Given such a
condition, the resulting DRX would be expected to be faster. Indeed, it
has been established that under conditions that all three slip mechanisms,
basal, prismatic and pyramidal, are activated, DRX is promoted.230 Barnett
et al.233 indirectly supported the same conclusion in their study on a textured
AZ31 material, where prismatic slip was dominant, resulting in delayed
DRX. While some other studies234,235 showed that, when extensive twinning
took place, recrystallization was further promoted, as the twin boundaries
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2.7 Recrystallization in the form of ‘necklace’ formation along the grain
boundaries in AZ31rod stretched 30% at 300°C.

provided nucleation sites for the newly forming grains. The same authors
also showed that the material was more resistant to DRX when high strain
rates were employed. They attributed this observation to inhibition of the
associated diffusion, as well as to less pronounced decrease of CRSS for
pyramidal slip.
An interesting feature associated with recrystallization of certain magnesium alloys is that a fine recrystallized grain structure called ‘necklace’
forms along grain boundaries and, to a lesser degree, at twin boundaries
(Fig. 2.7).98,236 As mentioned earlier, plastic compatibility stresses creates
non-basal dislocation activity in the vicinity of grain boundaries and twin
boundaries, within several microns.237 Thus, the ‘necklace’ morphology can
be considered as an outcome of the plastic anisotropy within especially
large grains and the plastic incompatibility at grain boundaries. Since necklace structure does not expand well into the interiors of grains, it creates
inhomogeneity in grain morphology. This affects further refinement of
grains and also plastic forming of the alloy. Necklace regions are said to
facilitate deformation, based on the observed ductile shear zones in these
locations.226,227 It may also be speculated that if a well-developed necklace
structure exist, it may provide additional deformation mechanism for large
grained magnesium-based materials due to grain sliding.224
Another important issue in recrystallization is that the DRX grain size
dependence on deformation temperature, rate and initial texture. It was
found that DRX grain size of the AZ31 alloy was more sensitive to the
deformation temperature and deformation rate rather than initial crystallographic texture, higher temperatures and deformation rates giving larger
grain sizes.98 However, this is not to say that initial texture does not exert a
pronounced influence on DRX. Wang et al.238 compared the development
of DRX in AZ31 having two different textures, and showed that when
only {10−12} extension twins exist the process was delayed, while double
{10−11}–{10−12} twinning greatly promoted it. The same study also showed
that accelerated DRX in case of double twinned structure was attributed to
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further accumulation of stored energy due to additional dislocation glide
within the double twinned regions.
DRX is also an inevitable phenomenon in twin-roll casting of magnesium alloy sheet material, which is a promising popular industrial process.
The process creates somewhat deformed cast structures, and in some recent
studies, Masoumi et al.106,107 reported weakened texture in twin-roll cast
AZ31 sheet material due to the inherent non-equilibrium chemical composition of the cast structure.
Texture developed due to the alloying elements that strongly influence it,
also have been shown to affect recrystallization. In a comparative study239 on
binary magnesium alloys containing Y and Zn, DRX was suppressed due to
yttrium during rolling at 350ºC. On the other hand, despite a similar prior texture structures, only Y-containing alloy exhibited texture weakening during
SRX at 400ºC with a much finer final grain size for equal annealing times, with
Mg–Zn giving practically equal grain size as pure Mg. This may be interpreted
on the basis of reduced SFE values in the presence of Y and Zn. It should
be born in mind that SFE values differ depending on the plane of interest
and present element, as revealed with the calculated values by Muzyk et al.25
While γUSF is reduced by both Y and Zn, γSF remains unchanged with Zn, with
the result that Y facilitates slip on basal planes to a greater extent. Thus, the
equal grain sizes attained via SRX in pure Mg and Mg–Zn, and smaller in
Mg–Y can be rationalized. Likewise, twin formation is easier in Y-containing
binary alloy as compared to Mg–Zn, while non-basal slip is promoted more
with Zn. Consequently, it can be inferred that, due to kinetic reasons, DRX is
delayed in Y-containing alloy, despite an expectedly higher twinning and dislocation content. Whereas, as a result of accumulated energy and availability
of more nucleation sites during SRX, the initial texture was weakened.
The Zener–Holloman parameter is important in relating the strain rate
and temperature to the development of grain size. Practically, this parameter
combines the two independent parameters, that is, temperature and strain
rate, into one, and thus facilitates comparative interpretations by using a
unified term, that is, a single Z value. Although, modified expressions of it
can be found in literature,240,241 the original expression is in the form:
⎛ Q ⎞
Z = έ exp ⎜
⎝ RT ⎟⎠
where έ is strain rate, Q activation energy, which may be taken as the
activation energy for the diffusion of the rate-controlling species, that is,
self-diffusion in magnesium or that of the solute atom, R the gas constant
(8.318 J/mol K) and T the deformation temperature. Thus, given the conditions of low Z value, it was found that pure magnesium develops larger grain
sizes compared to that in alloys, for example, AZ31. The shortcoming of the
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evaluation solely based on Z parameter is that when precipitates exert their
pinning effect on the grain boundary movement, or act as nucleation sites
for recrystallized grains, then the expression is rendered inefficient.228,242
When precipitation reactions are taking place in parallel to recrystallization,243,244 as is the case of magnesium alloys containing precipitate forming
elements such as Al, Ca, RE and Y, then the number of precipitates that
form, depending on the temperature, deformation ratio and deformation
rate, can be expected to influence the recrystallized grain size towards its
reduction. Xu et al. reported that lesser amount of precipitation resulting
from higher temperatures, lower strain rates and ratios led to coarser recrystallized grain sizes in several magnesium alloys during dynamic recrystallization.245 Precipitates are also known to promote nucleation of new grains
during static recrystallization as well, and to reduce pre-existing texture,
leading to improvement of formability.246,247 This phenomenon is known as
particle-stimulated nucleation (PSN) in the recrystallization process.248
Twin boundaries behave in an interesting way during dynamic
recrystallization for two reasons. Studies on both precipitate-free and
precipitate-containing magnesium alloys have established that the twin
boundaries were favourable sites for DRX. It is known that compression
twin boundaries are sinks for basal dislocations, whereas tension twins
repel basal dislocations and thus leading to pile up of dislocations at tension twin boundaries, eventually to recovery and recrystallization especially
if the grain size is large. A micrograph from the report by Al-Samman and
Gottstein235 showing on-twin recrystallized grains is given in Fig. 2.8, confirming the similar observations by others.236,245 It was also shown that the
effect of twinning had a great span of temperature as revealed by DRX on
{10–12} <10–1–1> twinning that formed in AZ61 extruded at 450ºC.231

20 μm

2.8 Recrystallization along twin boundaries in AZ31 deformed
at 200ºC/10−2s−1 up to ε = −1.2 (courtesy of T. Al-Samman and G.
Gottstein235).
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The second interesting point regarding especially the extension twin
boundaries is that they are also mobile at the temperatures of recrystallization process. It is claimed that the immediate vicinity of twin boundaries
on the un-twinned matrix side are associated with greater amount of dislocations, and this provides the boundary with the necessary driving force
to propagate, and expand the twinned area. Furthermore, the formation of
new extension twins is also possible.249
Texture prior to and following recrystallization in magnesium are, therefore, worth considering. It is reasonable to assume that extension twinning
and dynamic recrystallization are, on the one hand, competing processes
during high temperature deformation. On the other hand, twinning is also
effective as a cooperative process to partition the parent grains into smaller
sections. Albeit, both processes are not very effective to work against texture
formation at least in wrought magnesium alloys that cannot form precipitates,250 with the exception of yttrium-containing alloys.251,252 It is particularly well known that the prior crystallographic texture does not markedly
change during recrystallization of magnesium,253 rendering it different from
its rival light metal, aluminium.
Ideally, a recrystallization process is expected to give not only a small
grain size with weakened texture but also a homogeneous size distribution.
Samman and Gottstein235 reported that the grain size and texture evolution
at higher temperatures (400ºC) were more strain-rate sensitive than at lower
ones (200ºC). The same authors pointed out the difficulty in analysing the
recrystallization texture in terms of macro texture. However, in situ methods may be employed to elucidate whether recrystallized grain orientations
obey the local texture, and if so, to what extent.
On the other hand, when grain size distribution is considered, Wang
et al.254 reported that it gets worse with increasing recrystallization temperature and annealing time. The same authors, based on a comparison of their
modelling and experimental results, suggested two critical temperatures at
least for AZ31 alloy, 250ºC as the boundary where activation energy for
grain boundary migration changes, and 300ºC, above which variation of
grain size becomes severe. Such an effect may not be observed in alloy systems of magnesium containing precipitates.
In an attempt to relate the grain refinement and hardening through deformation to the fundamental properties of metals, Kaveh et al.,255 also based
on the work of others, reported that steady-state grain size and hardness are
achieved beyond which further deformation does not create any change.
They have evaluated the threshold levels based on atomic bond type/energy,
specific heat capacity, activation energy for self-diffusion, and SFE, using a
large collection of related physical parameters of, as many as 22, pure metals
gathered from the literature (see Table 2.1 of Reference 255). Their claim
is that the threshold grain size apparently is not related to SFE but to the
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other parameters mentioned. Nevertheless, their approach to determination of grain sizes on various metals may warrant criticism.
A final point of interest regarding recrystallization of magnesium and
its alloys is a novel process defined as the electropulsing effect. Xu et al.256
showed electropulsing employed during recrystallization dramatically accelerated DRX even at a relatively low temperatures and high strain rates in
AZ31 compared to a conventional process. However, industrial applicability of such a high energy process is debatable.

2.8

Future trends

In the light of the above, it seems reasonable to suggest that great effort
should be devoted to alloy development to meet the demands of various
potential applications, be it transport industry, aerospace, sporting goods,
household appliances, etc. However, to speed up the process and to achieve
specific goals within a reasonable time span, alloy development must rely
more on the prior computer modelling approach, which focuses attention
on estimating SFE and dislocation core structures via ab initio methods.
Further development of such computer programs may just be possible
and eventually lead to the development of more complicated, yet far more
effective, alloys for future applications. On the other hand, while pursuing the conventional routes to developing new magnesium alloys, nitride
or boride forming compositions may also be worth exploring in addition
to the more conventional intermetallic formers. Needless to say, the more
recent forming techniques as well as the conventional ones should be systematically studied further in order to determine the working envelope,
that is, the boundaries of processing parameters for different magnesium
alloys.
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Abstract: Thermodynamic properties and their determination from
first-principles and phonon calculations and CALPHAD (CALculation
of PHAse Diagram) modeling are reviewed for Mg-based alloys and
compounds, encompassing enthalpy, entropy, Helmholtz energy, Gibbs
energy, heat capacity, isothermal and isentropic bulk moduli, anisotropic
thermal expansions, and isothermal and isentropic elastic constants as
functions of temperature, pressure and composition. Furthermore, various
strategies based on first-principles calculations for the treatment of
disordered phases are discussed, including the cluster expansion, special
quasirandom structure (SQS), and partition function methods. Finally,
other capabilities of the first-principles calculations are pointed out, such
as: determination of Helmholtz energy for unstable phases; calculation of
defect energies, such as vacancy formation energy, stacking fault energy,
anti-phase boundary (APB) energy, and surface and interfacial energies;
evaluation of diffusion coefficients in solid and liquid phases; assessment
of creep properties, tensile and shear strengths, and solute strengthening
due to alloying elements.
Key words: magnesium alloy, thermodynamics, first-principles, phonon,
elasticity, thermal expansion.

3.1

Introduction

With a density two-thirds that of aluminum and one-quarter of steel,
magnesium (Mg) alloys are of growing importance. The development of
Mg-based light alloys for vehicle structures has been promoted in the
light of rising oil prices and global climate change due to greenhouse
gases (Shang et al., 2008). Computational thermodynamics, based on the
CALPHAD (CALculation of PHAse Diagram) approach (Saunders and
Miodownik, 1998; Lukas et al., 2007; Liu, 2009), is a key enabling method
to help accelerate the pace of materials research and development,
developing relationships and data that can reduce the design-to-alloy
synthesis and production cycle time (Olson, 1997; Allison et al., 2008).
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This technology has the capability to model and solve a vast number of
materials-related problems related to phase equilibria, phase stability,
and phase transformations by using well developed CALPHAD software
packages such as Thermo-Calc (Andersson et al., 2002), FactSage (Bale
et al., 2009), and PANDAT (Cao et al., 2009), where a modeled thermodynamic database is prerequisite for any thermodynamic analyses (Shang
et al., 2010e; Shang et al., 2008). However, measured thermodynamic data
from experiments, thermochemical data in particular, are scarce, resulting in large uncertainties in thermodynamic modeling. Fortunately, the
advanced computational tools available today, for instance first-principles
calculations based on the density functional theory (DFT) (Hohenberg
and Kohn, 1964), can provide considerable insight into these basic materials properties. These advances provide the focus of this chapter on the
thermodynamic properties of Mg-based alloys and compounds determined by first-principles calculations.
The remainder of this chapter is organized as follows. In Section 3.2, the
basic thermodynamic relationships and their derivatives for single crystals
and polycrystals are presented, in particular those relations which are relevant to first-principles calculations. Section 3.3 presents the measurements
and empirical predictions of thermodynamic properties together with the
modeled thermodynamic properties for binary Mg-based alloys and compounds using the CALPHAD approach. Section 3.4 illustrates the capabilities of first-principles calculations in determining the thermodynamic
properties and the anisotropic thermal expansions and elastic properties of
Mg-based alloys and compounds as functions of temperature. This section
also includes details regarding the treatment of disordered structures within
first-principles approaches. Finally Section 3.5 shows recent developments
of first-principles thermodynamics.

3.2

Fundamentals of thermodynamics

3.2.1 Basic relationships
Based on the combined first and second laws of thermodynamics, the change
of internal energy U of a system is given by (Hillert, 2008)
dU

dS PdV

∑ μ dN
i

i

− Ddξ

[3.1]

The internal energy U is thus a function of the natural variables S (entropy),
V (volume), Ni (amount of independent component i), and ξ (internal process) of the system, that is, U(S,V, Ni,ξ). The other variables T (temperature),
P (pressure), μi (chemical potential) and D (driving force) are dependent
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variables and can be represented by partial derivatives of the internal energy
with respect to their corresponding natural variable while keeping other
natural variables constant. Because the major focus of this chapter is the
thermochemical properties of individual phases in a closed system without
mass change (i.e., dNi = 0) and at the equilibrium condition (i.e., Ddξ = 0),
the variables Ni and ξ are therefore ignored herein unless otherwise
mentioned.
In experiments, the variables of temperature T and pressure P are typically controlled. In theoretical calculations, it is more convenient to control
temperature T and volume V. For the convenience of both experiments and
calculations, thermodynamic variables of enthalpy H, Helmholtz energy F,
and Gibbs energy G are defined as follows:
H

U + PV

[3.2]

F

U − TS

[3.3]

G U − TS + PV = H TS
T

F + PV

[3.4]

Other commonly used thermodynamic variables can be obtained with the
following derivatives:
1 ⎛ ∂V ⎞
1 ∂ 2G
1 ⎛ ∂P ⎞
1 ⎛ ∂S ⎞
⎛ ∂ ln V ⎞
αV = ⎜
=
⎟ = ⎜
⎟ =
⎜
⎟ =
⎜
⎟ = 3α L [3.5]
⎝ ∂T ⎠ P V ⎝ ∂T ⎠ P V ∂P∂T BT ⎝ T ⎠V BT ⎝ ∂V ⎠T
BT
BS

⎛ ∂2F ⎞
⎛ ∂P ⎞
V⎜
⎟ =V⎜
2 ⎟
⎝ ∂V ⎠T
⎝ ∂V ⎠T
BT C P / CV = BT

(

V

[3.6]

BT )2 TV / CV

[3.7]

⎛ ∂2F ⎞
⎛ ∂U ⎞
⎛ ∂S ⎞
CV = ⎜
2 ⎟
⎟ =T ⎜
⎟ = −T ⎜
⎝ ∂T ⎠V
⎝ ∂T ⎠V
⎝ ∂T ⎠V
⎛ ∂ 2G ⎞
⎛ ∂H ⎞
⎛ ∂S ⎞
CP = ⎜
=T⎜
= −T ⎜
= CV
2
⎟
⎟
⎝ ∂T ⎠ P
⎝ ∂T ⎠ P
⎝ ∂T ⎟⎠ P

[3.8]

2
V

BT TV

[3.9]

where αV is volume thermal expansion, αL the linear volume thermal expansion, BT the isothermal bulk modulus, Bs the isentropic (adiabatic) bulk
modulus, CV the heat capacity at constant volume, and CP the heat capacity
at constant pressure.
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The third law of thermodynamics states that entropy is zero at zero Kelvin
for an ordered phase, that is, S0 = 0. However, the absolute value of internal
energy U is unknown, and we must select a reference state. The same is true
for H, F, and G. A widely used reference state in the CALPHAD community for thermodynamic modeling is to set H298.15 = 0 for pure elements at
their respective stable structures at room temperature (298.15 K) and ambient pressure. This is known as the stable element reference (SER). From
the viewpoint of theoretical predictions, for example, first-principles calculations, thermodynamic properties can be easily obtained using the above
relations once F or G is known.
One common expression for Gibbs energy of pure elements and stoichiometric compounds at finite temperatures and ambient pressure is as
follows:
G

a + bT + cT l T

dT 2

eT

1

ffT 3

[3.10]

where a, b, c, d, e, and f are model parameters. The expressions for other thermodynamic properties can be obtained from G, for example (see Equation
[3.9])
c − 2dT − 2eT −2 − 6 fT 2

CP

[3.11]

For solution phases, such as the substitutional solutions of liquid, bcc, fcc,
and hcp, the Gibbs energy is written as follows (Saunders and Miodownik,
1998; Lukas et al., 2007):
G

∑xG
i

RT ∑ xi ln xi Gex

i

i

[3.12]

i

where Gi0 is the Gibbs energy of the pure element i usually expressed by
Equation [3.10] with functions from the SGTE database (Dinsdale, 1991)
commonly used, xi the mole fraction of i, and R the gas constant. Gex is
the excess Gibbs energy, expressed using the Redlich-Kister polynomial
(Redlich and Kister, 1948):
Gex

∑ ∑ x x ∑ L (x
i

<j

i

j

n= 0

n
ij

i

x j )n + ∑ ∑ ∑ xi x j xk Lijk + …
i

<j

[3.13]

<k

n

where Lij is the nth binary interaction parameter between elements i and j.
Lijk represents the ternary interaction parameter among elements i, j, and
k, that is, Lijk xi L0ijk x j L1ijk xk L2ijk . These L parameters may depend on
temperature:
L = A + BT + CT ln T

[3.14]
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where A, B, and C are the modeling parameters to be evaluated.
For the convenience of CALPHAD modeling, the Gibbs energy of a stoichiometric compound can be expressed by:
G

∑xG
i

0
i

Gf

[3.15]

i

where Gi0 is the Gibbs energy of pure element i. The Gibbs energy of
formation ΔGf is temperature dependent and follows the same format as
Equation [3.10]:
ΔG
Gf

a + bT + cT l T

dT 2

eT

1

ffT 3

[3.16]

For non-stoichiometric compounds, one typically adopts the sublattice
model, for details see Saunders and Miodownik (1998) and Lukas et al.
(2007). The method of Hillert and Jarl (1978) is commonly used by the
CALPHAD community to incorporate magnetic contributions into thermodynamic descriptions of phases.

3.2.2 Anisotropic thermal expansion and elasticity
Many properties of single crystals are anisotropic, such as thermal expansion and elasticity. Second-order strain tensors, which have components εij,
are symmetric, and consequently can be expressed in terms of six independent components εi:
⎛ ε 11
ε = ⎜ ε 21
⎜
⎝ ε 31

ε 12
ε 22
ε 32

ε 13 ⎞ ⎛ ε 1
ε 6 / 2 ε 5 / 2⎞
⎟
⎜
ε 23 = ε 6 / 2 ε 2
ε 4 / 2⎟
⎟ ⎜
⎟
ε 33 ⎠ ⎝ ε 5 / 2 ε 4 / 2 ε 3 ⎠

[3.17]

The reduced representations εi are also referred to the engineering strains
or the representations by matrices. Table 3.1 shows the relationship between
the representations by tensors and matrices (Nye, 1985).
Increasing the temperature results in six independent linear thermal
expansions αij (or αi in matrix form, see Table 3.1), one corresponding to
each εij (or εi):
⎛ ∂ε ij ⎞
⎛ ∂ε i ⎞
α ij = ⎜
⎟ =⎜
⎟ = αi
⎝ ∂T ⎠ P ⎝ ∂T ⎠ P

[3.18]

After considering crystal symmetry, the number of independent coefficients
of linear thermal expansion is reduced. For example, there exist only two

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

90

Fundamentals of magnesium alloy metallurgy
Table 3.1 Relationship between representations by tensors and by
matrices
Representation by tensors
Representation by matrices

11
1

22
2

33
3

23,32
4

31,13
5

12,21
6

Source: Nye (1985).

independent coefficients of linear thermal expansion for hexagonal, trigo||
nal, and tetragonal crystals: α L (along the principal axis, that is, the c-axis
⊥
direction in crystals) and α L (normal to the principal axis) (Ho and Taylor,
1998). We have:

α L (θ) = α L||

2

θ + αL i

2

θ

[3.19]

where θ is angle with respect to the principal axis. For volumetric thermal
expansion, α V = α L/ / + 2α ⊥L (see also Equation [3.5]).
The next property to consider is elasticity, which is the second derivative
of energy with respect to the strains εi within the elastic region. By ignoring
the higher-order elastic constants, strain energy per volume can be represented by (Nye, 1985):
1
∑ ∑ ij ε iε j
2 i j

[3.20]

where i, j = 1, 2, …, 6, and cij are the elastic stiffness constants,
⎛ c11
⎜
⎜
⎜
C=⎜
⎜
⎜
⎜⎝

c12
c22

c13 c14 c15
c23 c24 c25
c33 c34 c35
c44
c45
4
c55

c16 ⎞
c26 ⎟
⎟
c36 ⎟
c46 ⎟
⎟
c56 ⎟
c66 ⎟⎠

[3.21]

The lower-left corner of C is omitted as the elastic constant matrix is symmetric. The reduced indices for cij are used according to the matrix representations in Table 3.1. These are, in fact, fourth-order tensors. Note that the
elastic strain energy e must be positive, and since the strains εi ≥ 0, the elastic
constant matrix C must be positive in order for a given structure to be stable. This is known as Born’s criteria (Born and Huang, 1998). For example,
in a cubic system:
c12 − | c12 |> 0, c11

2c12 > 0, c44

0

[3.22]
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Table 3.2 Bulk modulus B and shear modulus G in the
Voigt and Reuss approaches, estimated by elastic stiffness
constants cij and elastic compliance constants sij
Voigt approach

Reuss approach

BVoigt = (A + 2B)/3
GVoigt = (A – B +3C)/5
A = (c11 + c22 + c33)/3
B = (c12 + c13 + c23)/3
C = (c44 + c55 + c66)/3

BReuss = 1/(3a + 6b)
GReuss = 5/(4a − 4b + 3c)
a = (s11 + s22 + s33)/3
b = (s12 + s13 + s23)/3
c = (s44 + s55 + s66)/3

Note: The sij matrix is the inverse of the cij matrix, and vice
versa.

For a hexagonal system:
c11 − | c12 |> 0, (c11

c12 )c33

2
2c 13
> 0, c44

0

[3.23]

Based on the cij values obtained for single crystals, polycrystalline aggregate
properties such as the bulk modulus (B) and shear modulus (G) are usually
estimated by the Voigt−Reuss−Hill approach (Simmons and Wang, 1971).
Voigt’s approach gives the upper bound of elastic properties in terms of the
uniform strain, and Reuss’s approach gives the lower bound in terms of the
uniform stress. See Table 3.2 for details on how B and G are expressed by
the Voigt and Reuss approaches. Hill’s approach (Hill, 1952) gives average
between Voigt and Reuss.
With the combination of bulk modulus B and shear modulus G, we can
judge the ductility and brittleness according to the Pugh criterion (Pugh,
1954), which states the B/G ratio differentiates ductile (> ~1.75) and brittle
(< ~1.75) materials. Furthermore, based on the B and G values obtained
from the Voigt and Reuss approaches, a universal elastic anisotropy index
AU for a crystal with any symmetry has been proposed (Ranganathan and
Ostoja-Starzewski, 2008):
AU =

5GVoigt
GReuss

+

BVoigt
BReuss

−6 ≥ 0

[3.24]

Note that for locally isotropic single crystals AU = 0, and the departure of
AU from zero defines the extent of single crystal anisotropy and accounts for
both the shear and bulk contributions. For a crystal with cubic symmetry, the
relationship between AU and the commonly used Zener anisotropy ratio A
is: AU ( / 5)( A − 1 / A )2 , where A = 2c44 / (c11 − c12).
Usually the elastic stiffness constants, especially those at high temperatures, are measured by the resonance method. In this method, the process is
considered adiabatic because elastic waves travel faster than heat diffuses,

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

92

Fundamentals of magnesium alloy metallurgy

and the deformation due to the elastic waves can be viewed as an isentropic
(adiabatic) process (Liu et al., 2010; Shang et al., 2010g). Thus, the isothermal
elastic stiffness constants cTij are different from the isentropic ones cijs , and
their thermodynamic relations are given by (Davies, 1974):
cijs = cTij +

TV λi λ j

[3.25]

CV

6 ⎛
∂σ
λi = −∑ ⎜ i
⎜
j = 1 ⎝ ∂ε j

6
⎞ ⎛ ∂ε j ⎞
T
⎟⎟ ⎜
⎟ = −∑ α j ciij
∂
T
j
=
1
⎠σ
⎠T ⎝

[3.26]

where σi is stress. Usually, λi ≤ 0 due to the non-negative values of cTij and
thermal expansion αj in most cases, resulting in cijS ≥ cTij . For a cubic system,
λi reduces to − αVBT if i = 1, 2, or 3, and reduces to 0 if i = 4, 5, or 6 (Shang
et al., 2010g). For the case of bulk modulus, Equation [3.25] reduces to the
commonly used Equation [3.7].

3.3

Thermodynamic properties of Mg alloys
and compounds

3.3.1 Measurement and empirical estimation
Details regarding methods for measuring equilibrium data (i.e., phase diagram data) between phases and thermochemical data for individual phases
can be found in Kubaschewski et al. (1993); Zhao (2007). For instance, phase
diagram data can be determined via diffusion couples or multiples, differential thermal analysis (DTA), and heat-flux differential scanning calorimetry
(HF-DSC) of metals and alloys. Thermochemical properties, on the other
hand, can be determined by calorimetric methods, including DTA and DSC,
and electromotive forces (Ipser et al., 2010). The thermochemical data can
also be predicted using empirical approaches, that is, the enthalpy of formation estimated by Miedema’s method (Miedema et al., 1980), Le Van’s
method, or Slobodin’s method, see Kubaschewski et al. (1993) for more
details. In this chapter, the thermochemical properties will be predicted by
first-principles calculations as detailed in Section 3.4.

3.3.2 Thermodynamic properties evaluated for binary
Mg alloys and compounds
With thermodynamic modeling based on the CALPHAD approach (Saunders and Miodownik, 1998; Lukas et al., 2007; Liu, 2009), thermodynamic
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properties can be estimated; however, some of the thermochemical properties are still assigned arbitrary values due to the lack of experimental data.
Table 3.3 summarizes the modeled L parameters (see Equations [3.12–3.14])
for the liquid and hcp phases of Mg-X binary systems from a thermodynamic database developed for Mg-based alloys (Shang et al., 2008), where
X is one of the alloying elements Al, Ca, Ce, Cu, Fe, K, La, Li, Mn, Na, Nd,
Pr, Si, Sn, Sr, Y, Zn, or Zr. Two or three L parameters are typically used to
describe the liquid and hcp phases, and one to three fitting parameters are
employed within each L parameter. In order to better illustrate the effect
of these parameters, Figure 3.1 compares the liquidus between the hcp and
liquid phases predicted for Mg-X systems with up to 0.1 mole fraction of X.
In addition, Table 3.4 lists the liquidus and solidus temperatures predicted
with mole fractions of X at 0.05 and 0.1 when possible. Figure 3.1 and Table
3.4 show that the addition of alloying elements lowers the melting point
of hcp Mg, and the element Li has the smallest effect on both the liquidus
and solidus. Alloying with the rare-earth elements La, Ce, Pr, and Nd – and
especially the alkaline earth metal Ca – suppresses the liquidus and solidus
significantly. Some elements, such as Fe, K, and Zr, are nearly insoluble in
hcp Mg.
For each compound presented in the Mg-X binary systems from the
aforementioned database, the enthalpy and entropy of formation have been
modeled with the CALPHAD method and are given in Table 3.5. These values are at 298.15 K and ambient pressure. The ΔH values predicted by first-

920
Li
Temperature (K)

900
Na

880

Al
860
Zn
Y
Cu

Mg-X liquidus
840
Ca
820
0.00

Ce
Nd

La Pr
Sr

Si

0.02
0.04
0.06
0.08
Mole fraction of alloying element X

0.10

3.1 Liquidus between liquid and hcp phases predicted by
CALPHAD modeled thermodynamic data of Mg-X systems as shown
in Table 3.3
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hcp

Liquid
hcp

Liquid
hcp

Mg–K (Zhang, 2006)

Mg–La (Guo and Du, 2004)

Mg–Li (Ansara et al., 1998)

Liquid
hcp

Liquid
hcp

Mg–Fe (Ansara et al., 1998)

Mg–Mn (Grobner et al., 2005)

Liquid
hcp

Mg–Cu (Zuo and Chang, 1993)

Liquid
hcp

Mg–Ca (Zhong et al., 2006a)

Liquid
hcp

Liquid
hcp

Mg–Al (Zhong et al., 2005)

Mg–Ce (Zhang et al., 2008)

Phase

System and reference

+25922.4 + 9.036 T
+37148–1.810 T

−14935+10.371T
−6856

−32472.5 + 8.367 T
−25 000

37272.2
−1072.6

61343 + 1.5 T
92400

−36962.7 + 4.744 T
22500–3 T

−36703 + 13.831T
−94338 + 79.952 T

−32322.4 + 16.721 T
−9183.2 + 16.981 T

−9031 + 4.855 T
4272–2.190 T

L0

−3470.8

−1789 + 1.143 T
4000

35610.1–24.012 T

−2700

−8182.19

30962–17.297 T

60.3 + 6.549 T

−891 + 1.137 T
−1.077–1.015 T

L1

6533–6.6915 T
4000

−13162.4

−15090

−5742.3 + 2.760 T

434
−965

L2

Table 3.3 Modeled L parameters of liquid and hcp phases for Mg-X binary systems, see Equations [3.13] and [3.14]
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Liquid
hcp

Liquid
hcp

Liquid
hcp

Liquid
hcp

Liquid
hcp

Liquid
hcp

Mg–Pr (Guo and Du, 2005)

Mg–Si (Ansara et al., 1998)a

Mg–Sr (Zhong et al., 2006b)

Mg–Y (Fabrichnaya et al., 2003)

Mg–Zn (Agarwal et al., 1992)

Mg–Zr (Arroyave et al., 2005)

4961.4 + 38.180 T
30384.0 + 13.723 T

−81439.7 + 518.25 T-64.71 Tln(T)
−1600.8 + 7.624 T

−41165.3 + 17.564 T
−26612.8 + 13.946 T

−18647.1 + 9.070 T
10 000

−83864.3 + 32.4 T
−7148.79 + 0.894 T

−41498.5 + 13.863 T
−10 000

−43547.1 + 19.415 T
−13200

26025.779
75698.31

For liquid phase L3 = 18541.2–2.318 T; L4 = −12338.8 + 1.542 T

Liquid
hcp

Mg–Nd (Meng et al., 2007)

a

Liquid
hcp

Mg–Na (Zhang, 2006)

18588.9–25.175 T

2627.5 + 2.931 T
−3823.0 + 8.026 T

−15727.0 + 4.705 T
−2836.2

−12831.6 + 7.509 T

18027.4–19.612 T

−38739.5 + 27.386 T

−30060.5 + 10.775 T

4509.96384

−1673.3

2486.67–0.311 T

−26879.5 + 22.230 T
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Table 3.4 Liquidus and solidus temperatures (K) predicted by
CALPHAD for Mg-X systems at mole fractions of X at 0.05 and 0.1,
when available
System

Mg–Al
Mg–Ca
Mg–Ce
Mg–Cu
Mg–Fe
Mg–K
Mg–La
Mg–Li
Mg–Mn
Mg–Na
Mg–Nd
Mg–Pr
Mg–Si
Mg–Sr
Mg–Y
Mg–Zn
Mg–Zr

Liquidus

Solidus

0.05

0.1

0.05

0.1

894.4
870.1
846.4
879.4
–
–
851.9
912.5
–
892.2
851.0
863.7
875.7
875.8
879.1
884.2
–

863.7
798.8
711.4
830.4
–
–
731.6
901.5
–
880.1
714.9
765.3
818.2
815.8
824.7
843.5
–

832.6
512.9
309.3
–
–
–
591.5
909.3
–
–
–
–
–
–
823.9
–
–

733.9
440.3
239.4
–
–
–
483.9
893.8
–
–
–
–
–
–
776.1
–
–

Note: See Table 3.3 for details of thermodynamic parameters.

principles (at 0 K) are also shown in the last column for comparison. Mg2Si
has the largest enthalpy of formation, and the Mg–Al compounds have the
smallest enthalpies of formation. These observations have been confirmed
by first-principles calculations as shown in Table 3.5, and for most cases,
the ΔH values modeled with the CALPHAD method agree reasonably well
with those of first-principles predictions, indicating the capabilities of firstprinciples methodology. For more details regarding these comparisons, see
(Zhang et al., 2009).

3.4

First-principles thermodynamics of
Mg alloys and compounds

3.4.1 Introduction to ﬁrst-principles calculations
First-principles calculations, such as the one based on DFT (Hohenberg and
Kohn, 1964), only require the knowledge of atomic species and crystal structure to define the energetics of the structure and hence are predictive in
nature. In DFT the total energy of a many-electron system in an external
potential is expressed by a unique functional of the electron density ρ( ),
and this functional has its minimum at the ground-state electron density
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0.3886

0.4340

0.5862

Mg89Al140

Mg23Al30

Mg17Al12

Mg–Al

Mg17Ce2

Mg12Ce

Mg–Nd

Mg–La

0.6667

0.7500

0.9231

Mg12La

Mg3Nd

0.8947

Mg17La2

Mg2Nd

0.7500

Mg3La

0.5000

0.6667

Mg2La

MgNd

0.5000

MgLa

0.6667

0.8947

0.9231

Mg41Ce5

Mg2Cu

0.8913

Mg3Ce

0.3333

0.7500

Mg2Ce

MgCu2

0.6667

MgCe

Mg–Ce

Mg–Cu

0.5000

Mg2Ca

Mg–Ca

0.6667

xMg

Compound

System

D03

C15

B2

D03

C15

B2

C15

D03

C15

B2

C14

A12

Struk

α-Mn

BiF3

Fm3̅m
P63/mmc

Ni17Th2

ClCs
MgCu2
BiF3

Fd3̅m
Fm3̅m

Mg12Ce

Ni17Th2

BiF3

MgCu2

ClCs

Mg2Cu

MgCu2

Mg12Ce

Im/mmc
̅
Pm3m

P63/mmc

Fd3̅m
Fd3̅m

Fddd
Pm3̅m

Im/mmc
̅
Fd3m

Ce5Mg41

Cu2Mg

Fd3̅m
I4/m

ClCs

P63/mmc
̅
Pm3m

MgZn2

Co5Cr2Mo3

I4̅3m

Cd2Na

Prototype

Fd3̅m
R3̅

Space
group

−19.765

−15.110

−15.658

−6.398

−8.663

−19.698

−8.938

−16.701

−9.540

−10.909

−13.726

−14.819

−18.762

−18.092

−16.779

−14.075

−13.795

−3.585

−3.246

−3.533

ΔH298.15

−7.558

−2.726

−3.885

−1.304

−2.070

−7.303

3.378

−4.594

−0.622

1.239

−2.201

−2.358

−6.250

−12.574

−11.317

−10.221

−5.078

−0.767

0.110

−0.502

ΔS298.15

(Continued)

−5.79b

−7.70b

−13.44b

−12.55b

−11.64b

−4.75b

−7.69c

−13.70c

−0.96c

−12.14b

−3.60a

−3.42a

ΔH (F-P)

Table 3.5 Enthalpies of formation ΔH (kJ/mol) and entropies of formation ΔS (J/mol-K) at 298.15 K predicted by CALPHAD for
Mg-X compounds
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0.3333

0.4000

0.4800

0.7183

Mg2Zn3

MgZn

Mg7Zn3

C14

Immm

B2/m

MgZn2

−4.814

−9.590

−11.015

−11.884

−5.823

Mg2Zn11

P63/mmc

0.1538

Mg2Zn11

−7.837

α-Mn

Pm3̅

MgZn2

−12.593

−15.600

−2.315

−4.344

−4.665

−7.331

−21.745

−1.000

−3.197

−3.672

−3.835

−1.943

−1.259

−2.182

−3.790

1.308

1.019

0.982

0.378

−2.681

−0.868

−1.293

−2.820

0.846

−3.174

−13.106

ΔS298.15

−4.80d

−6.27d

−7.74d

−10.62d

−17.70b

ΔH (F-P)

Sources: aZhong et al., 2005; bZhang et al., 2009; cZhou et al., 2007; dZhong et al., 2006b.
Notes: The reference for each system is given in Table 3.3. First-principles (F-P) predicted enthalpies of formation at 0 K are also
shown for comparison.

Mg–Zn

A12

−6.726
−4.816

MgZn2

CsCl

Ni17Th2

Mg38Sr9

Mn23Th6

MgZn2

CaF2

Mg12Ce

Mg41Ce5

−14.643

−11.587

−15.882

−17.104

ΔH298.15

P63/mmc
̅ m
I43

0.8276

C14

Mg24Y5

B2

P63/mmc
Pm3̅m

P63/mmc

0.5000

0.8085

0.8947

Mg38Sr9

Mg17Sr2

D8a

P63/mmc
Fm3̅m

0.6667

0.7931

Mg23Sr6

C14

Im/mmc
̅
Fm3m

I4/m

BiF3

Fm3̅m

ClCs
MgCu2

Mg41Ce5

Prototype

Pm3̅m
̅
Fd3m

I4/m

Space
group

Mg2Y

0.6667

Mg2Sr

Mg–Sr

C1

D03

C15

B2

Struk

MgY

0.6667

Mg2Si

Mg–Si

Mg–Y

0.8913

0.9231

0.7500

Mg3Pr

Mg12Pr

0.5000

0.6667

Mg2Pr

0.8913

Mg41Nd5

MgPr

xMg

Compound

Mg41Pr5

Mg–Pr

System

Table 3.5 (Continued)
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(Hafner, 2000). The Kohn−Sham one-electron equation for DFT is (Kohn
and Sham, 1965):
H KS ψ i

εi ψ i

[3.27]

where ψi are wave functions of single particles and εi the single-particle
energies. The Kohn−Sham Hamiltonian is:
_2 G
G
h
e2
ρ(r′) G
H KS = −
∇i2 +
G
G dr ′ Vxc + Vext
2 me
4 πε 0 ∫ | r r′ |

[3.28]

where the first term is the kinetic energy operator for the electrons with
G
mass me at position r , the second term describes the Coulomb interactions between electrons, Vxc is the exchange-correlation operator, and
the system-specific information of atomic species and crystal structure is
contained within the external potential Vext, that is, the electron−ion interaction. Unlike the Hartree−Fock method, the Kohn−Sham Hamiltonian
treats only the exchange exactly and does not include the correlation. In
DFT, both exchange and correction are treated approximately. To solve
Equation [3.27], we first need to express the wave function ψi by a given basis
set, such as the plane wave basis set used in the pseudopotential method of
the VASP code (Kresse and Furthmuller, 1996a, 1996b). Secondly, we need
a method to account for the electron−ion interactions, such as the ultrasoft pseudopotentials (USPP) or the projector augmented wave method
(PAW) (Kresse and Joubert, 1999; Blöchl, 1994) used in the VASP code.
Finally, we need a method to describe the exchange-correlation functional.
The two widely used approximations herein include (i) the local density
approximation (LDA) (Perdew and Zunger, 1981) and (ii) the improved
LDA by adding the gradient of the density, that is, the generalized gradient approximation (GGA) (Perdew and Wang, 1992; Perdew et al., 1996a).
By construction, LDA is expected to adequately describe a slowly varying
density, but it works well for most cases, especially in materials with band
gaps (e.g., insulators) and for surface properties. GGA is typically superior
to LDA for metallic systems. For example the ground-state of bcc Fe can
be described correctly by GGA but not by LDA (Jones and Gunnarsson,
1989). Generally speaking, GGA overestimates the lattice parameters
while LDA underestimates them, and both GGA and LDA underestimate
the band gap widths. In order to overcome the drawbacks of GGA and
LDA, several improved exchange-correlation functionals have been developed, such as the PBEsol GGA proposed by Perdew et al. (2008) which
uses a reduced gradient dependence for better description of surface and
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solid properties. Hybrid functionals, which mix the (partial) exact exchange
energy with a DFT exchange functional, offer a better description of band
gaps and other properties. Examples of hybrid functionals include PBE0
(Perdew et al., 1996b), HSE06 (Krukau et al., 2006), and HSEsol (Schimka
et al., 2011), etc.
Two parameters are extremely important to the practice of first-principles
calculations: the k-point sampling mesh and the energy cutoff for the wave
functions. ‘Bigger is better’ for both of these parameters and will yield more
accurate results; however, an increase in accuracy requires more computational
time. For more details of DFT-based first-principles calculations, see Cottenier
(2002); Hafner (2000); Jones and Gunnarsson (1989); Martin (2004).

3.4.2 First-principles thermodynamics: the quasiharmonic
approach
Finite temperature thermodynamics of a sold phase can be predicted by
first-principles in terms of the quasiharmonic approach, wherein Helmholtz
energy at volume V and temperature T is usually approximated by (Wang
et al., 2004b; Shang et al., 2007b; Shang et al., 2010d):
F (V , T )

Ec (V ) Fel (V , T ) + Fvib (V , T ).

[3.29]

Here, Ec is the static energy at 0 K predicted directly by first-principles, Fel
the thermal electronic contribution, and Fvib the vibrational contribution of
the lattice. The second and the third terms are related to contributions at
finite temperatures, depended on the number of configurations, that is, the
electronic density of states (DOS) and phonon DOS as a function of energy
and frequency, respectively.
Energy vs volume equation of state (EOS)
In order to get the static energy term in Equation [3.29], the energy vs volume (E-V) data calculated via first-principles can be fitted by an EOS. The
commonly adopted E-V EOS uses four parameters (Shang et al., 2010d):
E(V ) = a bV

n/

cV
V

n/3

dV −3 n / 3

[3.30]

where a, b, c, and d are fitting parameters. When n = 2, Equation [3.30] is
the widely used Birch−Murnaghan (BM) EOS (Birch, 1947; Birch, 1978),
and when n = 1, it becomes the modified Birch−Murnaghan (mBM) EOS
proposed by Teter et al. (1995). Note that four equilibrium properties can
be evaluated from the four-parameter EOS: the equilibrium volume (V0),
energy (E0), bulk modulus (B0) and the derivative of the bulk modulus with
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respect to pressure ( 0′ , B ′ ( ) = ∂B / ), consequently, the fitting parameters can be expressed by the predicted equilibrium properties. More details
about EOS, such as the Murnaghan, Vinet, and Morse EOS, can be found in
(Shang et al., 2010d).
Thermal electronic contribution
Thermal electronic contribution to the Helmholtz energy is important to
consider for metals due to the finite number of electrons present at the
Fermi level. Fel can be determined by Mermin statistics, Fel = Eel − TSel, using
the electronic DOS as the input (Wang et al., 2004b; Shang et al., 2007b;
Shang et al., 2010d). The internal energy due to electronic excitations at a
given V and T is given by:
Eel (V , T )

∫ nn((

)f

∫

EF

n(ε)εdε

[3.31]

where n(ε) is the electronic DOS, ε the energy eigenvalues, εF
the energy at the Fermi level, and f the Fermi distribution function,
Here, kB
repref ( , T,
T , V ) 1 / { p((
(T ,V
, V ) / kBT ) + } .
sents the Boltzmann’s constant, and μ is the electronic chemical
potential, which is calculated by keeping the number of electrons
at T the same as the number of electrons present below εF at 0 K.
The electronic entropy due to electronic excitations is written as:

Sel (V , T )

kB ∫ n( )[ f ln
l f

(

f ) ln(
l (

f )]dε

[3.32]

Vibrational contribution from phonon calculations
The vibrational contribution to the Helmholtz energy can be obtained by
utilizing the partition function of the lattice vibration, Zvib:
Fvib (V
V T)

kBT ln Zvibb

kBT ∫

∞

0

_
⎡
hω ⎤
ln ⎢ 2 sinh
⎥ g( )dω
2kBT ⎦
⎣

[3.33]

where ‾h is the reduced Planck constant, ω the frequencies, and g(ω) the phonon DOS. When T = 0 K, the zero-point vibrational energy is obtained, and
Equation [3.33] reduces to:
Fzero − vib (V ) =

∞
1 _
h g( )dω
2 ∫0

[3.34]
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Based on the phonon DOS, the nth moment of the Debye cutoff frequency ωn
and the corresponding nth moment of the Debye temperature are obtained
via (Hellwege and Olsen, 1981; Arroyave and Liu, 2006; Shang et al., 2010d):

ωn

ω0

⎡ n + 3 ωmax n
⎤
ω g(ω)dω ⎥
∫
0
⎣ 3
⎦
p

1/ n

with n ≠ 0, n > −3

∞
⎡1
⎤
+ ∫ ω n ln(ω)dω ⎥ , with n = 0
0
3
⎣
⎦

The nth moment Debye temperature is estimated by:
_
h ωn
Θ D (n) =
kB

[3.35]

[3.36]

[3.37]

For different n in Equation [3.37], the obtained Debye temperature corresponds to different thermodynamic properties (Arroyave and Liu, 2006).
The value obtained at ΘD(2) is commonly used and is linked to the Debye
temperature obtained from heat capacity data (Arroyave and Liu, 2006;
Shang et al., 2010d).
There are two leading models in the realm of first-principles phonon calculations: the linear response method and the supercell method (Baroni
et al., 2001; van de Walle and Ceder, 2002). Each has its own advantages and
disadvantages. The linear response method evaluates directly the dynamical matrix for a set of q points in the Brillouin zone through the density
functional perturbation theory without the approximation of the cutoff in
neighboring interactions, where the LO−TO splitting (longitudinal and
transverse optical phonon splitting) for polar materials due to dipole−dipole
interactions can be predicted. The limitations of the linear response method
arise from (i) the use of small number of q points, (ii) the time-consuming
calculations for some q points (not the Γ point) in complex systems, and
(iii) the difficulty of implementation in the existing first-principles codes.
In comparison, the supercell method is conceptually simple and can be
easily applied to quite complex systems and implemented in the existing
first-principles codes, and the phonon frequencies at the exact wave vectors can be calculated accurately without further approximations (Wang
et al., 2010f), though the cutoff exists in neighboring interactions, and the
LO−TO splitting cannot be estimated directly. Recently Wang et al. (2010f)
proposed a parameter-free mixed-space approach to phonon calculations
applied easily for any systems, where the accurate force constants are evaluated from the real-space supercell approach and the dipole-dipole interactions, which result in LO−TO splitting, are calculated from the linear
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response method at the Γ point of reciprocal space. More details of the
mixed-space approach to phonon can be found in for example Wang et al.
(2010c, 2010e, 2010f) and Shang et al. (2012).
Vibrational contribution from Debye model
As an alternative to the more computationally expensive phonon calculations, the empirical Debye model can be used to quickly evaluate the vibrational contribution to Helmholtz energy, even for unstable structures. The
only input required by this model is the Debye temperature ΘD (Shang
et al., 2010d):
Fvib (V , T )

9
kB
8

D

⎧
⎡
⎛ Θ ⎞⎤
⎛ Θ ⎞⎫
kBT ⎨ ln
l ⎢1 − exp ⎜ − D ⎟ ⎥ − D ⎜ D ⎟ ⎬
⎝
⎠
⎝ T ⎠⎭
T
⎣
⎦
⎩

[3.38]

The first term is the
zero-point vibrational energy, and the Debye funcx
[exp((t ) 1]dt . In order to estimate Equation [3.38],
tion D( x) = 3 / x 3 ∫ t 3 / [exp(t
0
ΘD can be calculated using the Debye–Grüneisen model (Moruzzi et al.,
1988; Shang et al., 2010d) or the Debye–Wang model (Wang et al., 2004a).
For more details regarding the Debye model, see Shang et al. (2010d).
First-principles thermodynamics of hcp Mg
Pure hcp Mg is selected to demonstrate the capabilities of the first-principles
quasiharmonic approach with respect to calculating thermodynamic properties. The VASP code (Kresse and Furthmuller, 1996a, 1996b) is used for
first-principles calculations in combination with the PAW method (Kresse
and Joubert, 1999; Blöchl, 1994) and the GGA−PBE potential (Perdew et al.,
1996a). The phonon calculations are performed using the supercell method
as implemented in the ATAT code (van de Walle, 2009) and again using
VASP as the computational engine. A 3 × 3 × 2 supercell with 36 atoms is
used for this case. More details of first-principles and phonon calculations by
VASP and ATAT codes are given in (Shang et al., 2007b, 2007d, 2010b, 2010c,
2010d).
Figure 3.2 illustrates the first-principles calculated static energies of hcp
Mg as a function of volume and the E−V fittings by the EOSs in Equation
[3.30] and the ones in (Shang et al., 2010d). Table 3.6 shows the predicted
equilibrium properties of V0, E0, B0, and B0′ from each of these EOSs,
together with the fitting errors estimated by (Shang et al., 2010d):

∑ [(

) / Ecalc ]

2

fit

calc

[3.39]

n
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Table 3.6 Predicted properties for hcp Mg by different EOSs together with
experimental data, including equilibrium volume V0 (Å3/unit cell), energy E0 (eV),
bulk modulus B0 (GPa) and its derivative with respect to pressure B′0. EOS ﬁtting
errors estimated by Equation [3.39] are also shown
Method

V0

E0

B0

mBM
BM
LOG
Murnaghan
Vinet
Morse
Expt.

45.724
45.723
45.731
45.714
45.727
45.727
46.41a

−3.0837
−3.0836
−3.0837
−3.0836
−3.0837
−3.0837

36.31
36.28
36.46
36.05
36.38
36.36
36.9b

B′0

Error (× 10–4)

4.07
4.08
3.98
4.19
4.04
4.04

0.019
0.043
0.179
0.304
0.071
0.055

a

Villars and Calvert (1991); bSlutsky and Garland (1957).

Energy (eV)

–2.90

–2.95

–2.93920

–2.93924

4
1

6

2
5

–2.93928

–3.00

3

54.6032 54.6036 54.6040

–3.05
hcp Mg
40

52
56
44
48
Volume per unit cell (Å3/2-atom)

3.2 First-principles calculated data points for hcp Mg (symbols) ﬁtted
by different E-V EOS’s (lines): 1-mBM, 2-BM, 3-LOG, 4-Murnaghan,
5-Vinet, and 6-Morse.

where Efit and Ecalc are fitted and first-principles calculated energies, respectively, and n is the total number of the data points. Figure 3.2 and Table 3.6
indicate the mBM EOS gives the best fitting quality, while the Murnaghan
EOS is the worst. The BM EOS gives the second best fit. Additionally, the
predicted equilibrium volumes agree well with the measurements (Villars
and Calvert, 1991) with a difference of ~1.5%. The predicted bulk moduli
are also in good agreement with experimental results (Simmons and Wang,
1971) with an error of only ~1.6%.
Figure 3.3 shows the predicted electronic DOS for hcp Mg. Below the
Fermi level, the electrons in this simple metal behave like free electrons.
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3.3 First-principles predicted electronic DOS for hcp Mg. The dashed
line indicates the Fermi level.
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3.4 Phonon dispersions and phonon DOS of hcp Mg at the theoretical
equilibrium volume (lines) predicted by ﬁrst-principles together with
experimental data (Hellwege and Olsen, 1981).

Because the electronic DOS has a finite value at the Fermi level, the thermal electronic contribution must be considered when calculating the
Helmholtz energy (Shang et al., 2010d). Figure 3.4 shows the phonon dispersions along the high-symmetry directions and the phonon DOS of hcp
Mg at the theoretical equilibrium volume. Both the dispersion relations
and the phonon DOS are in prefect agreement with experimental measurements (Hellwege and Olsen, 1981). The predicted phonon DOS will
be used to calculate the vibrational contribution to the Helmholtz energy
using Equation [3.33].
Figure 3.5 shows the predicted thermodynamic properties of hcp Mg after
considering both the vibrational and thermal electronic contributions before
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3.5 Predicted thermodynamic properties (Gibbs energy G, entropy S,
enthalpy H, and heat capacity CP at zero external pressure) of hcp Mg
using ﬁrst-principles quasiharmonic approach, together with SGTE data
(Dinsdale, 1991).

finally using Equation [3.29] and the derivatives of G given in Section 3.2.1.
The values from the SGTE database (Dinsdale, 1991) are also shown for
comparison. The reference state of hcp Mg is the commonly used one in
CALPHAD community, that is, the enthalpy at 298.15 K and ambient pressure as mentioned in Section 3.2.1. Figure 3.5 indicates that the properties
predicted with the first-principles quasiharmonic approach agree well with
SGTE data, especially when both vibrational and thermal electronic contributions are included.
Figure 3.6 shows the predicted coefficients of linear thermal expansion
(LTE) and the predicted isothermal and isentropic bulk moduli derived
from the predicted Helmholtz energy according to the thermodynamic relations shown in Section 3.2.1. The predicted LTE agrees with experimental
data (Corporate-Author, 1972) with differences less than 6% at high temperatures. The predicted bulk moduli are lower than the measured isentropic data (Slutsky and Garland, 1957), but the trend relative to temperature
agrees well with experimental measurements.
Besides the example of hcp Mg shown herein, finite temperature thermodynamic properties have been predicted widely using first-principles calculations, for example, the Mg-containing compounds of Mg17Al12 (Zhang
et al., 2010), Mg2Si, and Mg2Ge (Wang et al., 2010a; Yu et al., 2010).
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3.6 Predicted isothermal and isentropic bulk moduli and the
average coefﬁcient of linear thermal expansion (LTE) of hcp Mg
using ﬁrst-principles quasiharmonic approach. The symbols are
experimental data of bulk modulus (Slutsky and Garland, 1957) and LTE
(Corporate-Author, 1972).

3.4.3 Treatment of disordered phases for
ﬁrst-principles calculations
The methodology described in Section 3.4.2 is for ordered phases. For disordered or partially disordered phases, the degree of randomness must be
considered. Currently, three approaches stand out among first-principles
based models (Ghosh et al., 2008; Shang et al., 2011b): the coherent potential approximation (CPA), the cluster expansion method (CEM), and
SQS. Each method has its own advantages and disadvantages. For the
CPA, the average occupations of A and B atoms are assumed to be in a
structureless, uniform average medium (Zunger et al., 1990); therefore,
local structural relaxations are excluded. This conflicts with experimental observations because distances between A−A, B−B, and A−B atoms
are generally different (Weightman et al., 1987; Renaud et al., 1988). All
CPA-type methods are excluded herein because they are incapable of capturing the intrinsic nature of disordered alloys (Shang et al., 2011b). The
CEM is derived from statistical lattice theory, which assumes a direct correspondence between a given structure and a set of correlation functions
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(Shang et al., 2010f, 2011b). Usually, the configuration-dependent properties of ordered and disordered alloys are determined by applying correlation functions to the phase of interest and by accounting for the effective
cluster interactions (ECIs). Within the CEM, the truncated error associated with determining ECIs is unavoidable, and all local structural information of the disordered structure is also left out. The fundamental idea
of the SQS approach proposed by Zunger et al. (1990) is the same as that
of the CEM approach, namely, a given structure can be characterized by
a set of correlation functions (Shang et al., 2011b). An SQS is in fact an
ordered supercell that mimics the most relevant pair and multisite correlation functions of the disordered phase. In contrast to the global and
non-structural natures of CPA and CEM, an SQS is a local structural
model, giving one of the down-selected microstates of a disordered phase
(Shang et al., 2011b). Besides the commonly used CPA, CEM and SQS,
another approach for describing disordered phases has been recently
proposed: the partition function method by considering the competing
local configurations (Shang et al., 2010a, 2010f; Wang et al., 2008, 2009,
2010d).
Special quasirandom structures (SQS)
The key to generating a ‘good’ SQS is to encompass all possible structure configurations with a given number of atoms. The ATAT code (van
de Walle, 2009) is the tool of choice for this task. The ordered structure
obtained from this procedure (i.e., the SQS) possesses the most relevant
pair and multisite correlation functions of the disordered phase. The
essence of the SQS method is, therefore, to use an ordered structure to
mimic the properties of the corresponding disordered structure (Shang
et al., 2011b). Currently, SQS structures have been generated for some of
the symmetrical crystal structures. For the case of binary AxB1−x alloys, the
generated SQSs include: (i) fcc-based 8-atom, 16-atom, and 32-atom SQSs
with x = 0.25 and 0.5 (Shang et al., 2011b); (ii) bcc-based 4-atom, 8-atom,
and 16-atom SQSs with x = 0.25 and 0.5 (Jiang et al., 2004); and (iii) hcpbased 8-atom and 16-atom SQSs with x = 0.25 and 0.5 (Shin et al., 2006).
For the case of ternary alloys, the generated SQSs include: (i) fcc-based
24-atom SQSs for A1/3B1/3C1/3 and A1/2B1/4C1/4 (Shin et al., 2007) and (ii)
bcc-based 32-atom SQSs for A1/2B1/4C1/4, 36-atom SQSs for A1/3B1/3C1/3, and
64-atom SQSs for A2/8B3/8C3/8 and A6/8B1/8C1/8 (Jiang, 2009). Applications
of SQSs can be found in these sources: Zhong et al. (2005) for the Al–Mg
system, Zhong et al. (2006a) for the Ca–Mg system, Shang et al. (2007a)
for the Ba-Ni-Ti system, and the citations for the work of Zunger et al.
(1990).
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Partition function method
Applying knowledge of statistical physics, one can define the macroscopic
disordered phase as a collection of numerous microscopic ordered configurations. The macroscopic disordered system can therefore be described
by the canonical partition function under the NVT framework (a constant
number of particles N, volume V, and temperature T) (Shang et al., 2010a,
2010f; Wang et al., 2008, 2009, 2010d):
Z

∑w ∑
σ

σ

−

i ∈δ ρ∈δ

i

NV

= ∑w

σ

F

σ

= ∑ Zσ
σ

[3.40]

where β = 1/(kBT), wσ is the degeneracy factor of the distinguishable electronic state σ, i the vibrational state belonging to σ, ρ the electronic distributions associated with σ, and εi (N,V, ρ) the eigenvalue of the corresponding
microscopic Hamiltonian. Summations over i and ρ yield the Helmholtz
energy (Fσ) of state σ as a function of V and T. Here it is proposed that
Fσ for each state σ can be depicted by the first-principles quasiharmonic
approach according to Equation [3.29]. Based on the partition function, various thermodynamic functions can be obtained for a disordered phase. The
total Helmholtz energy is given by:
F=

− log(Z )
=
β

∑x

σ

F σ − TSconf

[3.41]

σ

where xσ = Zσ/Z is the thermal population of σ as a function of T with the
degeneracy factor wσ included. The structural configurational entropy Sconf
due to the competing configurations σ is introduced automatically by the
partition function given in Equation [3.40]:
Sconf

kB ∑ ⎡⎣ x σ log( x σ ) − x σ log(
σ

σ

)⎤⎦

[3.42]

3.4.4 First-principles elasticity and thermal expansion
Theories of elasticity and thermal expansion
In terms of the strain energy defined by Equation [3.20] or Hooke’s law,
first-principles elastic constants cij can be determined based on the strain vs
strain energy method or the strain vs stress method, respectively. With the
current capabilities of first-principles calculations, the stresses, defined as
the first derivatives of first-principles total energies with respect to a given
set of strains, can be evaluated directly in most first-principles codes (e.g.,

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

110

Fundamentals of magnesium alloy metallurgy

VASP code), making the strain vs stress method simpler and more efficient
than the conventional strain vs strain energy method (Shang et al., 2010b).
The strain vs stress method avoids the numerical difficulties often encountered with evaluations of the strain vs strain energy, and all cij values are
computed simultaneously rather than as independent sums of cij. Only the
strain vs stress method is presented herein.
Based on the methodology proposed by Shang et al. (2007c), a set of independent strains given by Equation [3.17] can be written as:

e =(

1

2

3

4

5

6

)

[3.43]

where ε1, ε2, and ε3 are the normal strains and the others are shear strains
(see Equation [3.17]). Considering a strain ε applied to lattice vectors R in
Cartesian coordinates:
⎛ a1
⎜
R = ⎜ b1
⎜c
⎝ 1

a3 ⎞
⎟
b3 ⎟
c3 ⎟⎠

a2
b2
c2

[3.44]

where a1 is the first (or xth) component of the lattice vector a, and so on, a
deformed crystal with lattice vectors Ṝ results:

R

⎛ 1 + ε1
D = R ⎜ ε6 / 2
⎜
⎝ ε5 / 2

ε6 / 2
1+ 2
4 /2

ε5 / 2 ⎞
ε4 / 2 ⎟
⎟
1 + ε3 ⎠

[3.45]

Due to the applied strain ε (see Equations [3.17] and [3.43]), a set of relative
stresses with respect to the stresses of the original crystal with lattice vectors
R is generated:

s =(

1

2

3

4

5

6

)

[3.46]

When determining these stresses via first-principles, the atomic positions
in the strained (and fixed) unit cell are allowed to relax. Based on n sets of
strains and the resulting n sets of stresses, the elastic constant matrix C (see
Equation [3.21]) is obtained based on Hooke’s law:
C = Σ −1 Δ

[3.47]
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Here, Σ and Δ are the n × 6 strain and stress matrices, respectively. Each set of
strains and stresses is given by the matrices of Equation [3.43] and Equation
[3.46], respectively. The superscript ‘−1’ on Σ represents the pseudo-inverse.
For the sake of simplicity the following six linearly-independent sets of
strains are chosen (Shang et al., 2007c):
⎛x
⎜0
⎜
0
Σ = ⎜⎜
0
⎜
⎜0
⎜⎝ 0

0
x
0
0
0
0

0 0 0 0⎞
0 0 0 0⎟
⎟
x 0 0 0⎟
0 x 0 0⎟
⎟
0 0 x 0⎟
0 0 0 x⎟⎠

[3.48]

where each row is one set of strains. Commonly selected values x are ±0.007,
±0.01, and ±0.013. According to Equation [3.47], the static elastic constants
cij at 0 K (without the effect of zero-point vibrational energy) can be determined by first-principles calculations for a crystal with any symmetry at a
specific volume of interest. With cij values determined for several volumes,
one can develop an expression for cij(V). Similarly, using the relaxed lattice
vectors R at 0 K at a series of fixed cell volumes (the charge of cell shape is
allowed at each fixed volume), the strains as a function of volume εi(V) can
also be obtained (Equation [3.45]).
It has been observed that the change of elastic properties at elevated temperatures is mainly due to volume change (Swenson, 1968; Gülseren and
Cohen, 2002; Ledbetter, 2006). By ignoring the effects of anharmonicity,
kinetic energy, and fluctuations of microscopic stress tensors, the isothermal
elastic constants can be estimated using the quasistatic approach (Shang
et al., 2010g; Wang et al., 2010g), outlined as follows:
i. predict the static elastic constants at 0 K as a function of volume cij(V);
ii. predict the volume change as a function of temperature V(T) or T(V)
according to the quasiharmonic approach (see Section 3.4.2);
iii. obtain the isothermal elastic constants as a functional of V, Cij(T) =
Cij(T(V)).
Similar to the isothermal elastic constants from the quasistatic approach,
the temperature-dependent strains are obtained: εi(T) = εi(T(V)), and, in
turn, the direction-dependent thermal expansions can be determined based
on Equation [3.18]. Note that the thermodynamic relations between the
isentropic elastic constants and the isothermal elastic constants have been
given previously, that is, Equation [3.7] and Equation [3.25].
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3.7 First-principles predicted direction-dependent coefﬁcients of linear
thermal expansion (LTE) of hcp Mg, together with experimental data
(Corporate-Author, 1972).

Thermal expansion and elasticity for Mg-based alloys and compounds
Figure 3.7 shows the first-principles predicted coefficients of LTE of hcp
Mg, including the average LTE and the direction-dependent LTEs: parallel (//) and perpendicular (⊥) to the c-axis (see also Equation [3.19]). In
the calculations, the VASP code (Kresse and Furthmuller, 1996a, 1996b)
has been used together with the PAW method (Kresse and Joubert, 1999;
Blöchl, 1994) and the GGA–PW91 potentials (Perdew and Wang, 1992).
Phonon calculations have been performed with the ATAT code (van de
Walle, 2009). Further details can be found in Section 3.4.2. It is worth mentioning that the GGA−PBE potential (Perdew et al., 1996a) is unable to
make an accurate prediction of the direction-dependent LTEs of hcp Mg
though the average LTEs predicted with GGA−PW91 and GGA−PBE are
similar (see Figs 3.6 and 3.7). Hence, the GGA−PW91 has been selected to
predict the direction-dependent LTE. Figure 3.7 shows that the predicted
LTEs are only slightly higher than experimental data (Corporate-Author,
1972), and both the experiments and predictions indicate that the coefficient of LTE parallel to the c-axis is larger than that perpendicular to
the c-axis.
Figure 3.8 illustrates the isothermal and isentropic cij’s for hcp Mg predicted by first-principles calculations, and the measured isentropic cij
(Slutsky and Garland, 1957) are also shown for comparison. Note that the
GGA−PBE has been used for this case, but the other settings are the same as
for previous first-principles calculations. Figure 3.8 shows that the isentropic
cij values are larger than isothermal values, the exception being c44 (isothermal) = c44 (isentropic) due to the zero thermal expansion in the hcp case,
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3.8 First-principles predicted isothermal and isentropic cij’s for hcp
Mg, together with isentropic measurements (Slutsky and Garland,
1957).

that is, α4 = α5 = α6 = 0. The calculated isentropic cij’s in Fig. 3.8 show similar
trends with respect to temperature as those of measured values, although
the predicted c11, c33, and c44 are lower than the experimental measurements.
Regarding c12 and c13, the predictions agree well with measurements. Using
the quasistatic approach, the predicted cij values as a function of temperature available in the literature include the following: Mg17Al12 (Zhang et al.,
2010), Mg2X with X = Si, Ge, Sn, and Pb (Ganeshan et al., 2010b), α- and
θ-Al2O3 (Shang et al., 2010g), the cubic elements Al, Cu, Ni, Mo, and Ta, and
the compounds NiAl, and Ni3Al (Wang et al., 2010g).
For the binary compounds Mg-X (X = As, Ba, Ca, Ce, Cd, Cu, Ga, Ge,
La, Ni, Pb, Si, Sn, and Y), the first-principles predicted cij at 0 K are listed
in Table 3.7 (Ganeshan et al., 2009b; Shang et al., 2009). In addition, the
bulk modulus B, shear modulus G, and B/G ratio have also been predicted
based on these cij values. Table 3.8 lists the effects of the alloying elements X
(X = Al, Ba, Ca, Cu, Ge, K, Li, Ni, Pb, Si, Y, and Zn) on the elastic constants
of hcp Mg (Ganeshan et al., 2009a). Details and discussions about these
Mg-based alloys and compounds can be found in Ganeshan et al. (2009a,
2009b). In addition to the results given in Table 3.7, more first-principles cij
at 0 K have been predicted for Mg-containing alloying and compounds, such
as: Mg17Al12 and Mg2Pb (Duan et al., 2011), Mg3As2 and Mg3Sb2 (Tani et al.,
2010), Mg3Gd (Tang et al., 2010), Mg7Gd (Gao et al., 2011), Mg2Si (Yu et al.,
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Table 3.7 First-principles elastic properties of Mg-X compounds predicted by
strain vs stress method (Ganeshan et al., 2009b), where B and G are bulk modulus
and shear modulus, respectively, estimated by Voigt approach
Compound SG
Mg3As2
MgAs4
Mg23Ba6
Mg2Ba
Mg2Ca
Mg2Caa
MgCeb
MgCdc
MgCd3
MgCd3a
Mg3Cd
MgCu2
MgCu2a
MgGa
Mg2Ga
Mg2Ga5
MgGa2d
Mg5Ga2e
Mg2Ge
Mg2Gea
MgLa
Mg2La
Mg3La
Mg2Ni
MgNi2
Mg2Pb
Mg2Pba
Mg2Si
Mg2Sia
Mg2Sn
Mg2Sna
MgY
MgYa
Mg24Y5

Ia3̅
P41212
Fm3̅m
P63/mmc
P63/mmc
Pm3̅m
Pmma
P63/mmc
P63/mmc
Fd3̅m
I41/a
P6̅2c
I4/mmm
Pbam
Ibam
Fm3̅m
Pm3̅m
Fd3̅m
Fm3̅m
P6222
P63/mmc
Fm3̅m
Fm3̅m
Fm3̅m
Pm3̅m
I4̅3m

c11

c12

76.2
67.5
41.5
39.8
59.5
61.2
37.4
71.4
58.4
59.2
61.5
107.9
125
72.5
81.4
90.5
74.4
79.7
107.3
117.9
46.7
58.4
59.2
113.4
214.1
55.2
71.7
116.7
121
69.8
82.4
51.8
53.3
73.9

36.1
33.2
15.9
14.5
17.8
17.6
23.9
30.9
38.3
37.2
35.4
79
71.7
30.8
22.3
44.8
34.9
26
21.1
23
27.8
24.9
26.2
45.1
87.5
23.3
22.1
23.1
22
25.9
20.8
35.8
36.4
22.1

c13

c33

26.5

83.3

9.8
12.6
15.0
31.3
43.6
29.7
26.3

38.2
42.2
23.9
35.9
30

34.9
70.1

c44

32.9
26
17.2
46.2 11.0
66.0 17.4
65.5 19.2
46.7
82.9 18.7
66.5 15.6
50
10.2
75.2 24.4
34.6
42.3
78.9 26.3
36.7 19.5
105.4 25.0
83.6 11.7
71
20.3
41.8
46.5
36.2
21.8
36
123.7 19.4
225.3 47.3
24.3
30.9
45.3
46.4
31.1
36.6
37.3
39
18

c66
34.2

21.6

8.8
33.7
27.3
13.6

B

G

B/G

49.4
43.4
24.4
21.5
30.1
31.4
28.4
45.8
48.2
40.1
41.5
88.6
89.4
48.7
45.8
52.4
49.8
43.9
49.8
54.6
34.1
36
37.2
64.4
123.2
33.9
38.6
54.3
55
40.5
41.3
41.1
42
39.3

27.7
26
15.4
13.0
20.6
21.3
22.3
22.1
12.1
11
19.7
26.5
36
20
19.9
29.6
18.8
22
42.3
46.8
25.5
19.7
28.2
30.3
59.9
20.9
28.4
45.9
47.6
27.4
34.2
25.5
26.8
21.1

1.78
1.67
1.58
1.65
1.46
1.47
1.27
2.07
3.99
3.63
2.11
3.34
2.48
2.43
2.31
1.77
2.64
2
1.18
1.17
1.34
1.82
1.32
2.13
2.05
1.62
1.36
1.18
1.15
1.48
1.21
1.61
1.57
1.86

a
Experimental data, see details in Ganeshan et al. (2009b); bFirst-principles results
for ferromagnetic phase (Shang et al., 2009); cThree more cij s with c22 = 79.9,
c23 = 27.1, and c66 = 21.6 GPa; dThree more cij s with c22 = 87.0, c23 = 31.0, and c66 = 27.3
GPa; eThree more cij s with c22 = 76.2, c23 = 28.2, and c66 = 13.6 Gpa.

2010), B2-MgRE (RE = Sc, Y, La-Lu) (Tao et al., 2008), Mg–Li compounds
(Phasha et al., 2010), AMgNi4 (A = Y, La, Ce, Pr, and Nd) (Wang et al., 2011),
Mg(Cu1−xZnx)2 alloys (Wu et al., 2011), and Zn1−xMgxSe alloys (Surucu et al.,
2011).
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Table 3.8 Calculated coefﬁcients of linear regression, δ (GPa/at%), for elastic
properties of hcp-based Mg-X alloys based on ﬁrst-principles calculations and
available experiments (Ganeshan et al., 2009a). For hcp Mg, the ﬁrst-principles
and measured elastic properties are also shown as the basis of linear regression
X

δ-c11

δ-c12

δ-c13

δ-c33

δ-c44

δ-B

δ-G

Al
Ba
Ca
Cu
Ge
K
Li
Lia
Ni
Pb
Si
Y
Zn

0.74
−3.16
−2.58
−0.69
0.34
−3.18
−1.65
−0.25
−0.02
−0.15
0.52
−1.44
−0.43

0.36
−0.14
0.98
−0.14
0.51
−0.63
−0.13
−0.12
0.39
0.00
0.88
0.88
0.23

−0.24
0.27
0.81
2.06
0.05
0.61
1.16
−0.10
1.37
−0.12
−0.12
0.59
1.10

1.06
−2.42
−2.04
−1.19
0.56
−3.47
−4.35
−0.25
1.30
0.45
1.48
−0.54
0.05

−0.60
0.25
−0.27
0.22
−0.41
−0.56
−0.11
−0.07
1.41
−0.61
−0.29
1.33
−0.43

0.27
−0.87
−0.21
0.61
0.28
−0.95
−0.36
−0.15
0.84
−0.03
0.43
0.09
0.46

−0.03
−0.61
−1.12
−0.41
−0.14
−1.18
−0.85
−0.07
0.40
−0.24
−0.03
−0.07
−0.46

Material
Mg
Mgb

c11
63.5
63.48

c12
24.9
25.94

c13
20.0
21.70

c33
66.0
66.45

c44
19.3
18.42

B
35.8
36.89

G
18.5

a

Experimental data (Wazzan and Robinson, 1967). bExperimental data (Slutsky
and Garland, 1957).

3.5

Future trends

Due to the advances in first-principles methodologies and computer
resources, thermodynamic properties can be predicted efficiently and accurately. Apart from the thermochemical, thermal expansion, and elastic properties discussed herein, more properties can be predicted with first-principles.
In particular, the ongoing and future research includes the following:
1. Helmholtz energies for metastable and unstable phases, especially disordered phases. These properties are crucial for CALPHAD-type modeling and particularly for the automation of thermodynamic database
development (Shang et al., 2010e). As an alternative to the quasiharmonic approach, ab initio modular dynamics (AIMD) is an effective way
to predict the energetics of unstable phases (Ozolins, 2009).
2. Defect energies, defined as the energy difference before and after the
formation of defects. These include vacancy formation energy, stacking fault energy (Wang et al., 2010b) and the generalized stacking fault
energy (Han et al., 2011), APB energy (Manga et al., 2010), surface and
interfacial energies (Wang et al., 2007).
3. Diffusion coefficients of solid phases. Predicted vacancy formation and
migration energies, together with phonon calculations and transition
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state theory, can be used to calculate diffusion coefficients of solid phases
completely from first-principles (Mantina et al., 2008, 2009; Ganeshan
et al., 2010a, 2011; Shang et al., 2011a).
4. Creep properties. It is proposed that the creep rate ε of Mg and Mg
alloys for the climb-controlled dislocation creep is given by (Somekawa
/ kT ) (σ / )5 Deff , where
et al., 2005): ε 3.6 × 1011 ( γ SFE / )3 (
γSFE is the stacking fault energy, G the shear modulus, b the magnitude of the Burgers vector, k the Boltzmann’s constant, T the temperature, σ the flow stress, and Deff the effective diffusion coefficient.
5. Tensile and shear strengths, which can be predicted from first-principles
through the stresses resulting from crystal deformation (Ogata et al.,
2002; Clatterbuck et al., 2003).
6. Solute strengthening by first-principles calculations. See details of the
predictions for Al-based alloys (Leyson et al., 2010) and Mg-based alloys
(Yasi et al., 2010) in the literature.
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Abstract: Recent interest in developing high strength wrought magnesium
alloys has revived studies of precipitation processes in magnesium alloys,
as they can be used to control recrystallized microstructure and to add
yield strength by age hardening after processing of wrought magnesium.
In this chapter, we describe the basic information necessary for
controlling precipitate microstructures by aging. Thereafter, precipitation
processes and microalloying effects in representative age-hardenable
magnesium alloys are reviewed.
Key words: precipitation, solid state phase transformations, age hardening.

4.1

Introduction

Magnesium alloys have attracted renewed interest as light alloys, to substitute some conventional structural materials for weight reduction in vehicles
such as cars, trucks, trains and aircrafts. Cast alloys, widely used in interior
and power-train components, account for more than 99% of magnesium
alloys used today, while only a small number of wrought products are utilized. This is because magnesium alloys lack formability for wrought applications, and their high cost discourages the use of magnesium alloys for
automotive applications.
Rare earth (RE) elements, such as CeGd, Nd and Y, are often used as
major alloying elements in cast magnesium alloys because of their relatively
high solubility in Mg and their effectiveness in precipitation hardening and
creep resistance. In fact, several Mg–RE alloys show a notable age hardening
response, which can lead to substantial strengthening in Mg (Khoarashahi,
1997; Nie and Muddle, 2000; Lorimer et al., 1999). Unfortunately, the recent
price increase of RE elements is a significant hindrance to the widespread
use of Mg–RE alloys. The mechanical properties, especially the yield strength
required for many structural components, are not yet at adequate levels in
125
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most magnesium alloys without RE elements. Hence, existing wrought magnesium alloys do not have much merit over wrought aluminum alloys in
terms of both cost and mechanical properties. Thus, more effort is needed
to develop low cost and high strength magnesium alloys without using RE
elements.
Existing commercial wrought magnesium alloys, such as ZK60 and AZ61,
are based on the Mg–Zn and Mg−Zn−Al systems, both of which are agehardenable. ZK and AZ alloys attain good strength by hot-extrusion or rolling but age hardening, such as T6 (solution heat treatment and aging) and
T8 (cold work and subsequent aging), does not give additional strengthening due to softening by recrystallization at the temperature for artificial
aging. However, recent investigations have demonstrated that microalloyed
Mg–Zn alloys show pronounced age hardening response using T6 treatment. Precipitation processes in magnesium alloy as a method to enhance
the strength of wrought products are therefore worth revisiting. This chapter reviews the basic concept of precipitation processes in magnesium alloys
and then reviews specific precipitation processes in various magnesium
alloys based on the recent literature. Microalloying effects to enhance age
hardening are also discussed.

4.2

Precipitation from supersaturated
solid solution

4.2.1 Continuous and discontinuous precipitation
The precipitation reaction is a diffusive phase transformation involving the
formation of a second phase with a different chemical composition from
the supersaturated solid solution. There are two types of precipitation reactions: one is continuous precipitation and the other is discontinuous precipitation (Aaronson and Clark, 1968; Porter and Easterling, 1992). Continuous
precipitation occurs by relatively uniform precipitation of secondary phase
particles from a supersaturated solid solution, either by the nucleation and
growth mechanism or by the spinodal decomposition mechanism; the composition of the matrix phase continuously changes during this process, as
shown in Fig. 4.1a. The growth rate of the precipitate particles is controlled
by the volume diffusion of the solute in the matrix phase; the particles
assumed to be near spherical in general and follow the power law, r = kt1/2,
during the growth period. Here, k is the temperature-dependent constant,
k ∝ exp(Q/RT), and Q is the activation energy for the volume diffusion.
On the other hand, discontinuous precipitation occurs by the migration
of the interface between a two phase lamellar colony and the matrix, as
shown in Fig. 4.1b. The diffusion occurs along the matrix and colony interface, but there is no change in the chemistry in the unreacted matrix region.
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4.1 Schematic illustration of the concentration proﬁles surrounding
the precipitation product during (a) continuous precipitation and
(b) discontinuous precipitation from the supersaturated solid solution.

Discontinuous precipitation causes the formation of lamellar structures at
grain boundaries (Porter and Easterling, 1992). Therefore, discontinuous
precipitation must be avoided in aged alloys. Discontinuous precipitation
often occurs at relatively low temperature, at which the kinetics for volume
diffusion are too sluggish while there is a large driving force for the precipitation. Although Mg−Al−Zn alloys show a good age hardening response,
a certain portion of precipitation occurs by discontinuous precipitation as
shown in Fig. 4.2, so the alloy system is not suitable for age hardening.

4.2.2 Precipitation hardening
Given a constant volume fraction of a secondary phase, a higher degree of
precipitation hardening is obtained with a finer particle size and a larger
number density, as long as the Orowan mechanism governs (i.e., the precipitates are semi-coherent or non-coherent), and the increment of the shear
stress should depend on the radius of the precipitates, ΔτOrowan ∝ r−1. When
the precipitate is coherent, precipitates are cut by dislocations provided
that the size is not too small, and the increment of the shear stress changes
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4.2 Discontinuous precipitation observed in a Mg–9Al–0.5Zn (at%)
(Mg–9Al–1Zn (wt%)) (AZ91) alloy aged at 160°C for 100h following
solution heat treatment at 400°C (a) optical microstructure showing
many colonies of discontinuous precipitates and (b) scanning electron
micrograph showing one such colony.
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4.3 A schematic illustration of the strengthening increment observed
for the increase in the particle size at a given volume fraction of
precipitates with mechanisms of strengthening operational at a given
particle size also represented.

in proportion to r1/2 until an optimum size, that is, Δτcut ∝ r1/2. Accordingly,
the increment of the precipitation hardening will change as a function
of the precipitate radius as shown in Fig. 4.3, for the same volume fraction of
the precipitates. The critical radius for the peak increment varies depending
on the type of precipitates: it is in the order of 7 nm for the L12 Ni3Al particles (γ ′) in Ni–Al alloys (Munjal and Ardell, 1975) and ~3 nm for MgZn2
(η′) in Al−Zn−Mg alloys (Kovacs et al., 1980).
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Experimental work on the transition size from coherency strain hardening to cutting in magnesium alloy is not available, but it should not be much
different from that for aluminum alloys. Thus, the precipitate size in heattreatable magnesium alloys must be in the order of ~5 nm to achieve the
maximum age hardening response. To achieve such a fine microstructure,
the precipitation reaction must occur by the continuous precipitation mode
with a large driving force, so that the nucleation rate can be fast. In the following section, the fundamental information on controlling microstructures
by the precipitation reaction is described.

4.2.3 Nucleation of precipitates
The formation of a secondary phase with a different chemistry from the
matrix phase involves the following three energy terms: (1) reduction of free
energy associated with a given volume of precipitates VΔGv, (2) increase in
the free energy due to the formation of an interface between the precipitate and the matrix Aγ and (3) increase in the free energy due to the misfit
between the matrix phase and the precipitate, VΔGs. For a spherical particle
with a radius r, the free energy change for the formation of a precipitate is
ΔG

4 3
π r (ΔGv
ΔGv − ΔG
ΔGS )
3

π r 3γ

[4.1]

When the radius of the precipitation become larger than r*, it will spontaneously grow without reverting back into the solution. The free energy barrier
to be overcome for the nuclei to form is given by
⎛
⎞
16πγ 3
ΔG* = ⎜
⎟
3
(
ΔG
Δ
G
)
v
S ⎠
⎝

[4.2]

Thus, the nucleation rate for a homogeneous nucleation event can be
written as
N hom

⎛ ΔGm ⎞
⎛ ΔG * ⎞
ωC0 exp −
.exp ⎜ −
⎝ kT ⎟⎠
⎝ kT ⎟⎠

[4.3]

where, T is the temperature at which the event occurs, kB is Boltzmann’s constant, ω is the vibration frequency of atoms, Co is the initial concentration of solute atoms per unit volume and ΔGm is the free energy for atomic migration.
In real systems, however, homogeneous nucleation rarely occurs. In most
cases, nucleation takes place heterogeneously at the sites that reduce the
interfacial and strain energy terms, for example, vacancy clusters, dislocations,
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4.4 Schematic illustration of the free energy changes during precipitation.
The increase in under cooling results in an increase in the supersaturation
of solute and increase in the free energy reduction associated with the
precipitation reaction resulting in smaller nuclei. Lower supersaturation at
a given temperature results in formation of larger nuclei.

grain boundaries, solute clusters and metastable precipitates. The nucleation
rate is strongly dependent on ΔG* which largely changes with the degree of
undercooling and supersaturation. For a solute concentration, x0, the equilibrium solute concentration at temperature T is xe, and the solvus temperature for x0 is Te as shown in Fig. 4.4. Then, the supersaturation Δx at T is
Δx = x0−xe and the undercooling ΔT is ΔT = (Te−T). The volume free energy
ΔGv in Equation [4.2] is defined as the volume free energy decrease associated with the formation of a unit volume of the β phase, ΔGv = ΔGn/Vm,
known as driving force, where Vm is the molar volume of β. For dilute solutions, ΔGv ∝ Δx. Since Δx increases as ΔT increases, the driving force, ΔGn,
for the precipitation increases as the supercooling increases, which reduces
r* and ΔG*, making the nucleation rate faster. Accordingly, the size of the
precipitate will be refined with a larger supercooling as shown in Fig. 4.4.
However, at lower temperatures, atomic diffusion becomes too sluggish to
allow the precipitation within a realistic period of time. Therefore, there will
be an optimum temperature for achieving fine precipitate dispersion within
an acceptable aging time.
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4.5 Age hardening response of Mg–1.8Zn (at%) alloy in the temperature
range 25–185°C (After Mima and Tanaka, 1971a).

To refine the precipitate size and increase the number density for a larger
age hardening, a larger supercooling is necessary. However, the precipitation kinetics becomes slow with larger undercooling. Thus, the shape of age
hardening curves in general show a similar tendency regardless of the alloy
systems. Figure 4.5 shows age hardening curves of an Mg–Zn alloy. At low
temperature, the hardness increment is larger because of the smaller size
and higher number density of precipitates, but the time to peak hardness is
longer because of sluggish diffusion of Zn in Mg. At higher temperatures,
the alloy reaches peak hardness after a short period of aging time, but the
increment of the hardness is small because of coarse precipitate microstructure. Thus, the artificial aging temperature must be selected so that the alloy
can reach peak hardness within a realistic aging time with sufficiently high
age hardening increment.

4.2.4 Precipitate morphology
The growth direction of precipitates depends on the type of interface
between the precipitate and the matrix phase. A coherent or semi-coherent
interface results in slower rates of growth in the normal direction to the
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interface, as compared with an incoherent interface, which is highly mobile.
This growth difference of the interfaces causes the formation of crossed
platelets know as Widmanstatten microstructure, as typically observed in
the γ ′ precipitates in Al–Ag alloys (Aaronson and Clark, 1968). The coherent or semi-coherent interfaces require the nucleation and growth of ledges,
which is more sluggish than the growth of an incoherent interface. Thus, the
plate-like precipitates are often observed in alloy systems. In magnesium
alloys, precipitates tend to form coherent interface on the basal plane, as it
is the most closely packed, so basal plates are a commonly observed precipitate morphology in magnesium alloys.
Since precipitation hardening occurs by the interaction of precipitates
with dislocations, the morphology of precipitates largely influences the age
hardening response. In aluminum alloys, a good example can be seen in the
microalloyed Al–Cu based alloys. In Al-1.7at%Cu alloy, Guinier−Preston
(GP) zones appear on the {001} planes initially, and they evolve to θ′′ and θ′
precipitates all on the {001} planes. However, by microalloying Mg and Ag,
the habit plane of the platelets changes to {111} forming the Ω phase, whose
structure and chemistry is close to the equilibrium θ (Al2Cu). Without Ag
and Mg additions, the θ phase precipitates incoherently without distinct
habit planes with many orientation relationships. Microalloyed Ag and Mg
segregate at α/Ω interfaces to keep the coherency at the {111} planes, which
causes the growth of the precipitates on the {111} planes.
In magnesium alloys, laths, rods and plate-like precipitates are commonly
observed. Many plate-like precipitates grow on the (0001) basal plane; however, some precipitates on prismatic planes, for example, Mg12Nd precipitates in an Mg–Nd–RE based WE54 alloy. Nie (2003) reported that the
dislocation−precipitate interaction is more effective when plate-like precipitates form on prismatic planes rather than basal planes for the same volume
fraction. Figure 4.6 shows how sphere, rod and plate-like precipitates with
different habit planes contribute to the hardening of Mg alloys. Prismatic
or pyramidal plates are most effective in strengthening, followed by rods
with growth direction parallel to [0001]Mg and spherical precipitates. The
least effective morphology is the basal plates, which are the most commonly
observed precipitates in magnesium alloys. In magnesium alloys the majority of slip occurs through dislocation glide on basal planes, thus it is easier
for the dislocations to bypass basal plane plates by cross-slipping. However,
with prismatic plates it is difficult to cross-slip, due to the large surface
area encountered by dislocations gliding in the basal plane, so the dislocation forms an Orowan loop or cut across the precipitate. The strengthening increment is inversely proportional to the inter-particle distance for a
given volume fraction of precipitates. The inter-particle distances may be
decreased by changing the number density of precipitates, as the increased
number density increases the strengthening. For a given number density of
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4.6 The effect of varying the number density of precipitates for a given
volume fraction for precipitates with various orientations. (The ﬁgure is
an adaptation of work by J.F. Nie, 2003.)

precipitates, prismatic plates have the least inter-particle distance in the slip
plane, resulting in the highest increment in strength, while the largest interparticle distance is for the basal precipitates.

4.2.5 Metastable precipitates
The precipitation hardening response cannot be enhanced by merely increasing the volume fraction of precipitates. To maximize the age hardening
response, the refinement of the microstructure, that is, reduction in size and
increase in the number density of precipitates, is essential as shown in Fig. 4.3.
However, equilibrium phases tend to have large nucleation barriers, ΔG* in
Equation [4.2] and their direct precipitation often causes coarse microstructure that does not contribute to precipitation hardening. For example, Mg–Ca
and Mg–Sn binary alloys show little age hardening response since equilibrium Mg2Ca and Mg2Sn phases precipitate coarsely. In order to increase
the number density of precipitates, ΔG* must be reduced to increase the
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nucleation rate. If the volume formation energy, ΔGv, is increased, ΔG* will
decrease. Since ΔGv = ΔGn/Vm, the phase with the largest driving force, that is,
an equilibrium phase, should have the largest nucleation rate. However, this
is not the case for most precipitation systems, because the equilibrium phase
usually has a structure totally different from the matrix phase and the nucleation of the equilibrium phase often causes large increase in the interfacial
energy γ. Since ΔG* ∝ γ 3, the contribution of γ is more influential to ΔG* than
ΔGv, metastable phases with coherent interfaces precipitate prior to the precipitation of the equilibrium phases in many alloys.
GP zones in aluminum alloys are fully coherent solute enriched clusters
with low interfacial energy, which are observed in many aluminum alloys such
as Al–Cu, Al–Ag, Al–Zn, Al−Mg−Si and Al−Zn−Mg. Recently, GP zones
were reported in many microalloyed magnesium alloys such as Mg−Ca−Al
(Jayaraj et al., 2010), Mg−Ca−Zn (Oh-ishi et al., 2009) and Mg−RE−Zn Nie
et al., 2008). These findings adds new variations in the usage of precipitation
reactions in magnesium alloys. Although coherent interfaces minimize the
interfacial energy, they cause misfit strain, ΔGs in Equation [4.1], associated
with the formation of the precipitate. The atomic radius of Ca is 20% larger
than that of Mg while the RE elements are on average ~12% larger, so if
solute clusters form with these elements this alone will cause large misfit
strain. Thus, GP zones do not form in the Mg–Ca and Mg–RE binary alloys.
However, the addition of undersized atom such as Zn and Al with negative
enthalpy of mixing with Ca and RE tend to occupy the site next to oversized
atoms to reduce the strain energy, thereby reducing the strain energy term
facilitating the precipitation of GP zones. This is why ordered GP zones
form in the Mg−Ca−Zn and Mg−RE−Zn systems.

4.2.6 Heterogeneous nucleation
If precipitates are nucleated at defects such as dislocations, grain boundaries and phase interfaces, the interfacial energy, γ and strain energy, ΔGs may
be reduced. This is called heterogeneous nucleation, and it is often used to
refine the precipitate microstructure in alloys. In aluminum alloys, there are
three main processes to enhance the heterogeneous nucleation: (i) stretch
aging, (ii) two step (double) aging and (iii) microalloying. In stretch aging,
alloys are cold rolled after solution heat treatment to introduce dislocations
as heterogeneous nucleation sites. This heat treatment is known as T8 temper. The additional sites for nucleation would result in an increased number density of precipitates and an enhancement in age hardening response.
Similarly, Mg−Y−RE based WE54 (Hilditch et al., 1998; Nie and Muddle,
2000) alloy is an example of an alloy that shows the refinement of precipitates by stretch aging. A rolling reduction of ~6% resulted in the enhancement of hardening response as observed in Fig. 4.7a, due to the refinement
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4.7 (a) The effect of plastic deformation prior to ageing on the age
hardening of a Mg–2Y–1RE (at%) (WE54) alloy aged at 200°C. The
transmission electron microscopy (TEM) micrographs typical of
(b) undeformed alloy aged for 48 h at 200°C and (c) 6% deformed
alloy aged for 4 h at 200°C (adapted from Hilditch et al., 1998).

of the precipitate particles distribution, Fig. 4.7b and 4.7c. The samples that
were not subjected to deformation prior to aging consisted of a coarse distribution of prismatic plate-like precipitates forming heterogeneously in the
microstructure showing difficulties in nucleation associated with this phase,
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Fig 4.7b. The 6% cold rolling deformation prior to aging, Fig. 4.7c showed
a refined microstructure that contained a higher density of prismatic precipitates forming as plates. The refinement of the particle distribution alone
resulted in the enhancement in the age hardening response.
Two step or double aging comprises low temperature aging and high temperature aging, which is used to refine the microstructure of Al−Zn−Mg
and Al−Mg−Si alloys. In low temperature aging, solute clusters such as GP
zones form due to homogeneous nucleation with a large number density
because of large supercooling and supersaturation. However, the kinetics
for precipitation is too slow, so it takes a long time to reach peak hardness
at low temperature. Thus, the alloy aged at low temperature is subsequently
aged at an elevated temperature so that it can reach peak hardness within
a reasonable time (e.g., 24 h). The clusters that form during low temperature aging can act as heterogeneous nucleation sites for the precipitate that
form by the artificial aging. To apply two step aging, the best combination
of low temperature aging and high temperature aging conditions must be
sought experimentally. If the clusters that form during the low temperature aging dissolve at the second step aging temperature before the nucleation of the high temperature precipitate, the pre-aging gives an adverse
effect in age hardening in the second stage. Figure 4.8a compares the age
hardening curves of direct aging and two step aging, and their peak-aged
microstructures of an Mg−Zn−Mn alloy (Oh-ishi et al., 2008). The age hardening response of the alloy was enhanced when pre-aged at 70°C for 48 h
prior to aging at 150°C. The enhancement of the age hardening response was
attributed to the presence of increased number density of the precipitates
at peak hardness for the step aged alloy as compared to the alloy aged only
at 150°C as shown in Fig. 4.8c. 3D atom probe tomography of the pre-aged
alloy showed the presence of Zn-rich GP zones in the pre-aged stage, and
these are considered to serve as heterogeneous nucleation sites for the rodlike precipitates (MgZn2, β1′)(Oh-ishi et al., 2008).
The addition of trace quantities of elements, microalloying, is a simple but
effective method to enhance the age hardening responses, that can be used
for both cast and wrought alloys. Microalloying has also been used commonly
for the development of high strength aluminum alloys (Hardy, 1952; Silcock
et al., 1955; Polmear and Chester, 1989; Ringer et al., 1995; Ringer and Hono,
2000; Bourgeois et al., 2002). One type of additive is an element that has little solubility with the matrix phase, for example, Sn and In in Al–Cu alloys.
Sn and In precipitate out earlier than the metastable phase, θ′′, in an Al–Cu
alloy and can act as heterogeneous nucleation site for θ′, which causes
uniform dispersion of the θ′ precipitates even by high temperature aging
(Hardy, 1952; Silcock et al., 1955; Ringer et al., 1995; Bourgeois et al., 2002).
A similar microalloying effect was reported in the Mg–Sn system with Na
additions (Mendis et al., 2006a). Another type of microalloying effect is the
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4.8 (a) The effect of step ageing on the age hardening response and the
precipitate microstructures of Mg–2.4Zn–0.5Mn alloys (b) aged at 150°C
for 96 h and (c) pre-aged at 70°C for 48 h prior to ageing at 150°C (from
Oh-ishi et al., 2008).

usage of clustering tendencies of microalloyed elements with sufficiently
large solubility; a good example is the combined additions of Ag and Mg
to an Al–Cu alloy (Polmear and Chester, 1989; Ringer et al., 1995; Reich
et al., 1998; Ringer and Hono, 2000). In this case, Ag and Mg tend to form
co-clusters, which later incorporate major solute element Cu to form metastable precipitates, Ω. Recently, a similar microalloying effect was found in
the microalloyed Ag and Ca in Mg–Zn alloys (Mendis et al., 2007). Elements
such as Cu enhance the age hardening response of Mg–Al (Bettles, 1998)
and Mg–Zn (Lorimer, 1987). However, Cu additions degrade the corrosion
resistance of the magnesium alloys significantly (Lorimer, 1987), thus are
not suitable as microalloying elements. Ni, Fe and Cr are also known to
deteriorate the corrosion resistance, even at ppm level, and thus cannot be
used as trace additives for magnesium alloys.
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4.3

Precipitation hardening magnesium based
alloy systems

Most commercial alloys of magnesium, such as AZ91 (Mg-9Al-1Zn
(wt%)), WE54 (Mg-5Y-4RE), WE43 (Mg-4Y-3RE), QE22 (Mg-2Ag-2RE),
ZE41(Mg-4Zn-1RE) and ZC63 (Mg-6Zn-3Cu) are age-hardenable. Other
than WE43 and AZ91, the alloys listed here are aerospace alloys and are
not widely used, especially in the automotive industry, due to the high
cost associated with the RE additions, or due to high rates of corrosion
observed due to the alloying additions such as Cu. In the following sections,
some commercially viable alloys that exhibit precipitation hardening are
described.

4.3.1 Mg–Al based alloys
The Mg–Al system is the basis of AZ91 commercial alloy which is one
of the few alloys that is precipitation-hardened following sand casting. A
large collection of work on the precipitation hardening of Mg−9Al and
Mg−9Al−0.5Zn alloys has been conducted to understand the precipitation
process (Celotto, 2000; Clark, 1968; Crawley and Miliken, 1974; Crawley
and Lagowski, 1974; Fox and Lardner, 1943; Lagowski and Crawley, 1976;
Lagowski, 1971). The phase diagram of the Mg–Al system shows a maximum solid solubility of approximately 12.7 at% at 437°C, which decreases
to approximately 1 at% at 100°C (Nayeb-Hashemi and Clark, 1988). The
expected equilibrium phase is Mg17Al12 with a bcc crystal structure (a =
1.057 nm and a space group I43 m (Villars and Calvert, 1991)) which generally forms as coarse laths on the basal plane of Mg as shown in Fig. 4.9. The
(a)

(b)

[0001]c

I

[1210]

300 nm

w

50 nm

4.9 The precipitate microstructure of Mg–9Al–0.5Zn (at%) (AZ91) alloy
showing basal precipitates of Mg17Al12 following isothermal ageing at
200°C 16 h (a) parallel to < 112̅0> and (b) parallel to <0001> directions of
magnesium (from Hutchinson Nie Grosse, 2005).
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planner interface between the Mg17Al12 and Mg has been described as semicoherent to incoherent, making the nucleation of such precipitates difficult.
Due to the inherent difficulties of the nucleation of the phase, the precipitation of this alloy predominantly occurs by the discontinuous precipitation of Mg17Al12 + α phases from at high angle grain boundaries as shown
in Fig. 4.2 (Celotto, 2000; Clark, 1968; Crawley and Miliken, 1974; Crawley
and Lagowski, 1974; Fox and Lardner, 1943; Lagowski and Crawley, 1976;
Lagowski, 1971). For the continuous precipitation mode, Mg17Al12 phase
form as laths on the basal plane, with the orientation commonly known as
Burger’s orientation (Celotto 2000; Clark 1968):
(0001)Mg//{110}ppt and <112̅0>Mg//<11̅1>ppt.
Additionally a small number density of Mg17Al12 precipitates form perpendicular to the basal planes with two different orientation relationships with
the matrix. The orientation relationships are:
i. (0001)Mg//{ 1 1̅1}ppt and <112̅0>Mg//<1 1̅ 2̅ >ppt (Crawley and Miliken, 1974;
Crawley and Lagowski, 1974).
ii. {112̅0}Mg//{11̅0}ppt and <101̅0>Mg//<110>ppt (Porter, 1975; Duly et al.,
1993).
These orientations are more prevalent in alloys that have been subjected to
lower temperature aging or duplex aging (Crawley and Miliken, 1974) with
pre-aging done at a lower temperature or cold deformation (Duly et al.,
1993), but the density of these are too low to provide an enhancement of
strength. Since the strengthening due to a given volume fraction of prismatic
plate precipitates is more effective than the basal precipitation, stimulating
the growth of the prismatic plate Mg17Al12 precipitates, instead of the basal
variety, would lead to a larger precipitation hardening response. However,
the stimulating the growth of prismatic plates in place of the basal Mg17Al12
has not been achieved to date.
The discontinuous precipitates cannot be suppressed by both cold work
(Crawley and Lagowski, 1974; Duly et al., 1993) and duplex aging (Crawley and
Miliken, 1974). A significant hardening response has not been observed as a
consequence. The addition of ternary elements such as Cu (Bettles, 1998) was
reported to suppress the discontinuous precipitation with an increased number
density of continuous precipitates, but the exact mechanism remains unclear.

4.3.2 Mg–Zn based alloys
Zn has a maximum equilibrium solubility of ~2.4 at% at 340°C which
decreases to ~0.3 at% Zn at room temperature (Nayeb-Hashemi and Clark,
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1988), so the alloy shows age hardening behavior as shown in Fig. 4.5. A
hardening increment of 15 VH has been observed for Mg–Zn binary alloy
at 150°C after aging for ~200 h. A higher hardening increment has been
observed with the decrease in the aging temperature but the time to reach
peak hardness increased significantly over 1000 h at temperatures below
100°C. The expected equilibrium intermetallic phase is MgZn phase with a
rhombohedral crystal structure and a lattice parameters of a = 2.55 nm and
c = 1.81 nm (Villars and Calvert, 1991). However, the precipitates observed
during artificial aging and at peak hardness condition are metastable MgZn2
phases, know as β1′ and β2′ phases. The precipitation sequence of the Mg–Zn
binary allow below 80°C is
SSSS → G.P. Zones
Z
(below
b l

D C)

β1′ ([ 1]Mg rods)
→ β′2 ((0001)Mg plat
p es)

The β1′ precipitates are either MgZn2 (hexagonal phase with a = 0.521 nm
and c = 0.86 nm (Villars and Calvert, 1991)) or Mg4Zn7 (monoclinic phase c
= 2.596 nm, b = 1.428 nm, c = 0.524 nm, γ = 102.5° (Villars and Calvert, 1991))
depending on the aging temperature. The β 2′ particles are MgZn2 (hexagonal phase with a = 0.521 nm and c = 0.86 nm (Villars and Calvert, 1991)).
Although β2′ precipitates subsequently to β1′, both precipitates coexist in the
peak-aged and the over-aged conditions. The MgZn2 phase forms coherent and semi-coherent interfaces with the matrix phase perpendicular to
the [0001]Mg direction, thus relatively long rods form which are not of high
density when aged at ~150 or 200°C (Clark, 1965; Mima and Tanaka, 1971a;
Mima and Tanaka, 1971b), Fig. 4.10. Therefore, ZK60, the most commercially used wrought magnesium alloy, is rarely precipitation-hardened.
Pre-aging the Mg–Zn alloys below 80°C prior to aging at 150°C did not
significantly enhance the age hardening response of Mg–Zn binary alloys
(Mima and Tanaka, 1971a). However, recent investigation of the duplex
aging of Mg–Zn based alloys indicated that these alloys show enhanced
age hardening response by the two step aging (Oh-ishi et al., 2008; Mendis
et al., 2010). This effect is attributed to the formation of GP zones at temperatures below 80°C. The trace addition of Au (Hall, 1968) and Ca (Bettles
et al., 2004) resulted in some enhancement in the age hardening but the
combined addition of Ag and Ca (Mendis et al., 2007) has been shown to
enhance the hardening response substantially due to the refinement of the
precipitate distribution as shown in Fig. 4.11. The age hardening response
of the Mg−2.4Zn (at%) alloy containing trace amounts of Ag and Ca was
~3 times that of the binary magnesium alloy with a similar composition. This
enhancement in hardening response is the result of the refinement of rod-
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4.10 The precipitate microstructure of Mg–2.4Zn alloy following
isothermal aging at 160°C for 120 h.
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4.11 (a) The effect of the trace additives on the age hardening
response of Mg–2.4Zn–0.1Ag–0.1Ca (at%) alloy aged at 160°C. TEM
micrographs typical of (b) Mg–2.4Zn alloy aged at 160°C for 120 h and
(c) Mg–2.4Zn–0.1Ag–0.1Ca alloy aged at 160°C for 72 h (adopted from
Mendis et al., 2007).
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like precipitates of MgZn2 with the addition of Ag and Ca to the alloy. As
observed, the distribution of the rod-like precipitates was rather coarse in
the binary Mg–2.4Zn alloy, Fig. 4.11b. This has been refined significantly in
the presence of Ag and Ca, Fig. 4.11c which led to the enhancement of the
age hardening response due to the reduction in inter-particle spacing making it difficult for the dislocations to bypass the precipitates.

4.3.3 Mg–Sn based alloys
The Mg–Sn system shows a high solid solubility of ~3.5 at%Sn at the eutectic temperature of 561°C with the solid solubility decreasing to ~0 at% at
temperatures below 200°C (Nayeb-Hashemi and Clark, 1988). Additionally
the precipitate phase Mg2Sn (cubic phase with a = 0.677 nm (Villars and
Calvert, 1991)) has a high melting temperature of 770°C, thus the alloy has
received some attention for its potential as a creep-resistant alloy. However,
high hardening response has not been observed for the binary alloy (Van
Der Planken, 1969; Sasaki et al., 2006; Mendis et al., 2006a). This is because
the Mg2Sn phase directly precipitates from the supersaturated solid solution
which results in a coarse distribution of basal laths as shown in Fig. 4.12b,c.
The Mg–Sn system is not the basis of any commercial alloys at present but
shows potential because of its excellent extrudability (Sasaki et al., 2008).
Several orientation relationships were observed including:
(0001)Mg// {111}ppt and <112̅0 >Mg//<11̅0 >ppt (Derge et al., 1937).
(0001)Mg// {110}ppt and <112̅0>Mg//<11̅1 >ppt (Derge et al., 1937).
The dispersion of the precipitates was found to be substantially refined by
the minor addition of Zn as shown in Fig. 4.12c; accordingly, the age hardening response is also enhanced as shown in Fig. 4.12. When solution treated
alloy is extruded at elevated temperature, the precipitation of Mg2Sn occurs
dynamically, which pin the grain growth during recrystallization. This results
in substantially refined recrystallized microstructure with the uniform dispersion of Mg2Sn, giving rise to substantial increase in yield strength of
over 300 MPa. Further addition of Al, Ag, Ca enhances the age hardening
response (Sasaki et al., 2011).

4.3.4 Mg–RE based alloys
The Mg–RE based alloys show the most significant age hardening response
of any magnesium alloy. Table 4.1 shows the maximum solubility, the
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4.12 (a) Effect of Zn additions on the age hardening response of
Mg–2.2Sn alloy at 200°C. The precipitate microstructures of (b,d)
Mg-2.2Sn and (c,e) Mg–2.2Sn–0.5Zn alloy aged to peak hardness. The
electron beam is parallel to (b,c) <112̅0 >Mg and (d,e) [0001]Mg (from
Sasaki et al., 2006.)

Table 4.1 The solid solubilities of the Mg–RE system with maximum
and minimum solid solubility in magnesium
Alloy system
Mg–Ce
Mg–Dy
Mg–Er
Mg–Gd
Mg–Ho
Mg–La
Mg–Lu
Mg–Nd
Mg–Pr
Mg–Sm
Mg–Tb
Mg–Th
Mg–Tm
Mg–Y

Maximum
solubility (at%)

Temperature Te
°C

Minimum
solubility (at%)

0.09
4.83
6.9
4.53
5.44
0.54
8.8
0.1
0.09
0.97
4.6
0.5
6.3
3.75

592
561
584
548
565
613
616
548
575
542
559
520
571
566

0
2
2
~0
~2
0
~2
0
0
0
~1
0
2
0.5

Source: Data from Nayeb-Hashemi and Clark (1988).
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eutectic temperatures and the solubility at room temperature of various
Mg–RE systems. Majority of the RE containing alloys studied form prismatic plates as the main strengthening phase. The main motivation of RE
addition in magnesium was to pin grain boundaries by the formation of
high temperature intermetallic particles at the triple points; thus, the age
hardening responses of Mg–RE alloys have not been thoroughly investigated. One of the promising age hardening alloys in the Mg–RE system is
the commercial Mg-5Y–4RE (Nd rich) (wt%) alloy that forms the basis of
high strength magnesium alloys used in the high temperature applications.
The binary alloys such as Mg–Ce and Mg–Nd do not show a high age hardening response due to the limited solubility (Hisa, 1995). The addition of Y
to Mg–Nd system resulted in the development of high strength WE54 alloy
that shows a relatively high hardening response due the high density of prismatic plates (Nie and Muddle, 2000; Hilditch et al., 1998; Vostry et al., 1988).
As shown in Fig. 4.7, the WE54 alloy shows enhanced precipitation due to
stretch aging attesting to the difficulties of nucleation of precipitates. The
Mg12Nd precipitate on the prismatic planes.
The addition of Zn to Mg–RE alloys, for example, Mg–Gd and Mg–Y,
results in significant enhancement in the age hardening response. The
enhancement has been attributed to the refinement of precipitate distribution by the replacement of coarse prismatic plates being replaced by either
basal plates or long period ordered (LPO) structures. In the Mg−2.5Gd–
1Zn (at%) alloy, following extrusion and heat treatment, the microstructure
consisted of fine basal plates with a 14 H stacking forming parallel to the
basal planes of magnesium (Yamasaki et al., 2005). The addition of Zn to
the Mg−1Gd (at%) binary alloy enhanced the age hardening response of
the alloy by forming two atomic layer thick plate-like GP zones forming
on the basal planes of magnesium, which had a different structure from the
LPO structures described above (Nie Gao and Zhu., 2005; Nie et al., 2008).
Similar observations have been reported for the addition of Zn to Mg–Y
system (Zhu et al., 2010) and Mg−Nd−Zn system (Wilson et al., 2003). The
potential for developing high strength magnesium alloys through extrusion
and precipitation hardening using Mg–RE alloys is illustrated by Honma
et al. (2007) in the Mg−1.8Gd−1.2Y–0.07Zn−0.2Zr alloy; the alloy shows
peak hardness exceeding 120 HV, which is usually not attainable without
RE. This alloy showed substantially high tensile and compressive yield
strengths of 473 and 524 MPa respectively (Honma et al., 2008).

4.3.5 Mg–Ca based alloys
The addition of Ca significantly enhances the ignition resistance of magnesium, thus it is a preferred alloying element. However, the maximum solid
solubility is limited to only 0.5 at% Ca at 516°C with the equilibrium Mg2Ca
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4.13 Effect of Zn additions on the microstructure of Mg–Ca alloy aged at
200°C (a) Mg–0.3Ca and (b) Mg–0.3Ca–0.6Zn (from Oh-ishi et al., 2009).

phase stable to temperatures up to 713°C (Nayeb-Hashemi and Clark,
1988). However, due to the low supersaturation and the incoherent nature
of the Mg2Ca phase (hexagonal phase with a = 0.605 nm, c = 981 nm (Villars
and Calvert, 1991)), the number density of Mg2Ca precipitates is small and
only a negligible hardening response is observed in binary alloys (Nie and
Muddle, 1997; Oh et al., 2005; Oh-ishi et al., 2009). The atomic radius of Ca
is 20% larger than that of Mg, so if solute clusters form with these elements
only, this will cause large misfit strain. However, the addition of undersized
atoms such as Zn and Al with negative enthalpy of mixing with Ca tends to
occupy the site next to oversized atoms to reduce the strain energy, thereby,
facilitating the precipitation of Ca and Zn(Al) containing clusters on the
basal plane as shown in Fig. 4.13. While only a low number density of coarse
Mg2Ca precipitates are observed in the Mg−0.3Ca alloy, a large number
density of fine precipitates of <10 nm are uniformly dispersed on the basal
plane in the Mg−0.3Ca−0.6Zn alloy (at%). The habit plane of these platelets was found to be altered to the prismatic planes by the addition of In
(Mendis et al., 2011a), which gave rise to a higher degree of precipitation
hardening.

4.4

Role of precipitation hardening in the
development of high strength magnesium alloys

Precipitation hardening has been used to enhance the strength of cast alloys.
However, it has not been used to give additional strength to wrought alloys.
This is because the artificial aging often causes softening after the wrought
process, due to the recrystallization that occurs at the artificial aging temperature. In order to use the age hardening in wrought alloys, the age hardening
response must surpass the softening at the artificial aging temperature. Figure
4.14a shows the hardness of wrought Mg−2.4Zn−0.1Ag−0.1Ca−0.2Zr alloy
and its change after the T6 and T5 (artificial aging after wrought process)
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treatments. The extruded alloy shows only a minor hardness increase by the
T5 treatment, because of the low supersaturation after the hot-extrusion
process at 350°C. On the other hand, the T6 treated alloy shows a more pronounced age hardening at the peak hardness condition. In T6, the hardness
drops initially because of the recovery and recrystallization of the extruded
Mg–2.4Zn–0.1Ag–0.1Ca–0.2Zr alloy by the solution heat treatment; thereafter, the hardness increases more than the as-wrought condition. If sufficient age hardening response can be obtained by the T5 condition, wrought
products can be more readily strengthened by post-wrought annealing. To
develop such heat-treatable wrought alloys, it is necessary to enhance the
relatively low age hardening responses in magnesium binary alloys. In this
section, one example of successful development of a precipitation-hardened
magnesium alloy based on the Mg–2.4Zn system is described.
The extruded Mg−2.4Zn−0.1Ag−0.1Ca alloy with 0.16 at%Zr additions
alloy has a fine grain size and a fine-scale distribution of solid state precipitates formed during extrusion, Fig. 4.14b–d. The mechanical properties of the
as-extruded and precipitation-hardened Mg−2.4Zn−0.1Ag−0.1Ca−0.16Zr
alloy show a yield strength of approximately 290 MPa with an ultimate
tensile strength (UTS) of 350 MPa and an elongation to failure of 17%,
Fig. 4.14d. Following a T6 treatment, both the yield strength and the UTS
increased to 325 MPa and 360 MPa, respectively, with the elongation to
failure of ~14%. The increased yield strength observed for the alloy aged
to maximum hardness was attributed to the formation of [0001]Mg β1′ rods
with a long aspect-ratio compared with the shorter rods observed in the
as-extruded alloy, Fig. 4.13c. The extruded and T6 treated alloy showed a
yield anisotropy of ~0.9, which is much higher than that observed for the
commercial wrought alloys (Mendis et al., 2009). Recent studies by Robson
et al. (2011) proposed that the dispersion of fine precipitates is effective
in suppressing the twin deformation in compression, thus is considered to
improve the yield anisotropy of magnesium alloys. In this regard, the usage
of precipitation is being considered to be important for the development of
wrought magnesium alloys. The age hardening was also shown to be useful to increase the yield strength of twin roll and hot rolled sheets (Mendis
et al., 2011b).

4.5

Conclusions and future trends

While most of the wrought aluminum alloys are strengthened by precipitation hardening, the same approach has not been taken in magnesium alloys.
This is because the precipitation response in magnesium alloys is too small
to gain strength by heat treatment compared to the softening at the temperature for artificial aging due to grain growth. Microalloying has been demonstrated to be an effective means of enhancing the precipitation hardening.
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4.14 (a) The age hardening response and the microstructure
of Mg–2.4Zn–0.1Ag–0.1Ca–0.16Zr alloy (b) in the as-extruded
condition and (c) following isothermal ageing at 160°C 48 h.
(d) The tensile properties of the extruded and the heat treated
Mg–2.4Zn–0.1Ag–0.1Ca–0.16Zr alloy (adapted from Mendis et al., 2009).

The choice of the right trace addition is important and requires many trialand-error type experiments. However, the framework developed recently
(Mendis et al., 2006a) helps to determine which elements are likely to be
more effective at providing heterogeneous sites for nucleation. The use of
thermodynamic calculations based on Calphad framework (Schmid-Fetzer
and Grobner, 2001) and the incorporation of such calculations in the prediction of favorable elemental interactions will play a very important role
in increasing the accuracy of the selection of trace additions. Additionally,
there are first principle calculations on the interactions between various elements and vacancies and between two different elements in a magnesium
matrix (Shin and Wolverton, 2010a, 2010b). Such thermodynamic information is necessary for the prediction of suitable trace additions.
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4.6

Sources of further information and advice

Phase transformations
R.D. Doherty Chapter 15: ‘Diffusive phase transformations in the solid
state’ in Physical Metallurgy 4th edition (Ed. R.W. Cahn and P. Haasen)
Elsevier Science (1996) Amsterdam.
D.A. Porter and K.E. Easterling Phase Transformations in Metals and Alloys,
2nd Edition, Chapman and Hall (1992) London.
R. W. Balluffi, S.M. Allen and W.C. Carter Kinetics of Materials Wiley (2005)
New Jersey.
R. Dehoff, Thermodynamics of Materials Science 2nd Edition, Taylor and
Francis (2006) Boca Raton.
Precipitation hardening
A. Kelly and R.B. Nicholson ‘Precipitation hardening’ Progress in Materials
Science, 10 (1963) 149.
A.J. Ardell ‘Precipitation hardening’ Metallurgical Transactions A, 16A
(1985) 2131.
Magnesium
G.V. Raynor, Physical Metallurgy of Magnesium and Its Alloys, Pergamon
Press (1959) London.
E.F. Emley, Principles of Magnesium Technology, Pergamon Press (1966)
London.
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Abstract: Magnesium exhibits significant property improvement via
alloying. The addition of thorium to magnesium has to be on the record
as leading to one of the highest strengthening responses in a metal.
Magnesium alloy research in the past two decades has further shown
that magnesium can be designed to improve creep and corrosion
resistance and formability. This chapter presents an updated perspective
on magnesium alloy design. The solute and second-phase effects of the
alloying additions are discussed separately. The spotlight is placed on
alloy properties rather than alloying elements. Surface-active elements in
magnesium and recent findings on alloy design with respect to wrought
texture are highlighted.
Key words: magnesium, alloy design, intermetallics, creep, corrosion,
recrystallization, texture, surface-active elements.

5.1

Introduction

The development of magnesium alloys had a golden period in the 1940s and
1950s. Military applications of magnesium led to the development of various magnesium alloys, and the post-war period later led to the use of some
of these alloys in civilian applications. Notably, the 1970s VW Beetle and
the Super Beetle, the prime user of Mg, featured an air-cooled Mg engine
block. In the 1980s cost sensitive industries such as the automotive sector
shifted their interest to other materials, mainly steel and cast iron, while
the aerospace industry started looking into polymer composites. The 1980s
and 1990s may be considered as a dormant period in terms of interest in
magnesium.
Since the 1990s, there has been renewed interest in using Mg in
weight-sensitive applications. The transport industries have been facing
weight reduction objectives to attain fuel economy and high performance
in their vehicles since the beginning of the twenty-first century1–3 and have
started to look for materials that are lightweight. At the beginning of that
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© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

Alloying behavior of magnesium and alloy design

153

period, there were really three or four major commercial Mg alloy systems,
such as Mg−Al−Zn, Mg–Al, and Mg−Zn−Rare earth (RE) and Mg–RE. In
1990s, most magnesium usage for structural applications was in die-casting
(36 kt), and 90% of this was in one alloy, AZ91D (Mg−9wt%Al−1wt%Zn).
Later, Mg–Al (AM) casting alloys without Zn were used due to their higher
ductility. The RE containing alloys, though used in the aerospace industry,
were not readily adopted by car makers due to their high cost.
The beginning of 2000s brought the development of casting alloys with
high creep resistance and low-to-moderate cost, for use in powertrain
applications. Mg–Al alloys with RE and alkaline earth elements (RE, Ca,
Sr) made their debut.1–3 Magnesium−aluminum−strontium alloy (AJ62),
developed by Noranda, was used in BMW engine blocks from 2004 to
2009.4–6 These activities were not sufficient to develop a steady Mg supplier base, either in North America or in Europe, and, despite the low cost
production of Mg in China in the latter part of the decade (2000–2010),
wide ranging application of magnesium in the transport industries was
not achieved. The new decade from 2010 onward is seeing interest in Mg
wrought alloys for use in the automotive body (closures, front-end structure, roof pillars). Extrusion and sheet alloys are currently being developed to improve formability in wrought magnesium. Interestingly, these
alloys, like creep-resistant casting alloys, are also based on RE and Sr
additions to magnesium.
A lot more research is needed to develop magnesium alloys with improved
properties. There is also interest in the use of magnesium in civilian aircraft
and in biomedical applications. Mg alloys need to meet the requirements of
high ignition resistance or corrosion resistance. This chapter gives an overview of the alloying behavior of magnesium and provides an insight into how
certain materials properties can be obtained in magnesium via alloying.

5.2

Alloy design: solid solution alloying
of magnesium

Pure metals are rarely used in structural applications. Alloys, which are
strengthened via mechanisms such as solid solution strengthening, precipitation hardening and dispersion strengthening (that occur when a metal is
combined with one or more elements), form the basis of structural metallic materials. Also, properties of an alloy can be altered and improved via
microstructural design and modification.
A solid solution alloy is characterized by the complete dissolution of the
alloying element (solute) in the lattice of the base metal (solvent), either
substitutionally (substituting the lattice sites of the host) or in the interstitial sites. Mg does not have any major interstitial alloys. According to the
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Hume−Rothery rules, extensive solid solutions cannot be formed if the
atomic sizes of the solvent and solute differ by more than 15%. In the case
of Mg, which has an atomic diameter of 3.2 Å, the elements that fall in this
favorable size range are Li, Al, Ti, Cr, Zn, Ge, Yt, Zr, Nb, Mo, Pd, Ag, Cd,
In, Sn, Sb, Te, Nd, Hf, W, Re, Os, Pt, Au, Hg, Tl, Pb and Bi.7–9 Additionally,
a metal forms extensive solid solutions with metals of similar electronegativity and crystal structure. Valency also plays a role; a metal of low valency
is more likely to dissolve one of higher valency than the reverse (relative
valency effect) because the addition of extra electrons to a metal increases
its bond-forming capacity and hence the stability of the metal structure.
According to this rule, among the elements that have favorable size factors, divalent Mg would dissolve trivalent and higher valency elements in
addition to divalent ones. However, as the solute valency increases (groups
IV–VII) so does the difference between the electrochemical characteristics of the solute and Mg, which is highly electropositive. In these cases, Mg
forms second phases or stable compounds (intermetallic compounds) rather
than solid solutions. If these criteria are not satisfied, there are still possibilities for limited solid solutions.
Figure 5.17 shows the alloying behavior of Mg with respect to favorable
size, relative valency and electronegative valency effects. The elements
inside the curve present a group where there is at least a minimum of 0.5
wt% maximum solid solubility in Mg (percentages indicated in parentheses under the element). In this chapter the alloy compositions are given in
weight percent unless otherwise indicated. The highest solid solubility exists
when size factors and relative valency are very favorable (up to 15% relative size, and valency of 2 or 3). In this region, solid solubility can be as high
as 53% for In. However, the strengthening effect is not appreciable for these
cases, due to extreme similarity of atom sizes. At around 12–15% size factor,
where border line sizes are involved, alloy systems of Mg offer considerable
solid solution strengthening (Al, Zn, REs, etc.).

Increasing valency
Increasing electronegativity

Group V
Group IV
Group III
Group II
Group I

Borderline sizes
Bi
Sb
(11.4%)
Higher strength
Sn
Zr*
Si
Pb
Ge
Ti* (89%)
(20%)
Ga, Al
Mn
In
Th
(12%) (3.4%)
(53%)
Ca
Hg
Cd
R.E
Zn
Mg
(1.2%)
(6%) (40%) (2.6%) (8.4%)
Ag
Cu
Li
Au (16%)
(0.55%)
(5.45%)
0

5

10
15
20
% Difference in atom size

25

Ba, Sr

30

5.1 Alloying behavior of Mg.7
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5.2.1 Solute hardening
The solute atoms which substitute solvent atoms at lattice sites provide
strengthening to the base metal by (i) atom misfit creating elastic lattice
strain and (ii) differences in elastic moduli of solute and solvent atoms.
Yield strength of the solid solution, σy, would increase in proportion to the
one-half power of the solute concentration, C. The strengthening is also proportional to the three-halves power of the lattice strain еs created by the
solute; the lattice strain is proportional to the atom radii difference between
Mg and the solute:
3

1

σ y α ε S2 C 2
where

ε s α Δr, Δr

(rMg

rsolute ).

An additional effect of the solute is its segregation to dislocations, grain and
sub-grain boundaries. Solutes can pin dislocations producing solute drag
stress, σdrag, which increases the yield strength especially at room and moderate temperatures. Temperature, however, causes unpinning of the solute
atmosphere, due to atom diffusion. The effectiveness of the solute pinning
at elevated temperatures (>1/3 Tm) depends on solute diffusivity (and hence
melting point, Tm). High melting point solutes such as Mn will maintain the
effect up to high temperatures, while low melting point Al, Zn, Sn atmospheres around dislocations can be lost at moderate temperatures, leading
to the loss of the drag stress.

5.2.2 Other effects of solutes
Solute effects on recrystallization, grain growth and preferred
orientation in wrought alloys
Solute pinning can affect the mobility of sub-grain boundaries and grain
boundaries, thereby slowing the recrystallization and grain-growth kinetics.
Solute pinning of basal dislocations in magnesium can increase the critical
resolved shear stress (CRSS) for basal slip, activate non-basal slip at moderate temperatures, and cause texture alteration. A solute effect of Ce has
been postulated for Mg−Mn–Ce alloys, which has led to weakened textures
after rolling and annealing.10 This was attributed to a possible change in
stacking fault energy (SFE) in another study.11
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5.2 The effect of Li on the (a) lattice parameters and (b) the axial ratio
of Mg.13

Axial ratio, deformation, twinning and edge cracking
in wrought alloys
Lithium additions above 5.5 wt% change the hexagonal close-packed (HCP)
structure of Mg to body-centered cubic (BCC).8 Small amounts of lithium
alloying are also known to improve the room temperature formability of
magnesium, which is associated with the activation of non-basal slip with the
decrease in the axial ratio (c/a) of magnesium as a function of lithium.12,13
As lithium is added to magnesium, the c value of the hcp crystal falls faster
than the a value (Fig. 5.2), which leads to a decrease in the c/a ratio.13,14 As a
result, the Peierls stress, which is proportional to e−(d/b) where d is the interplanar spacing and b is the Burgers vector (and consequently the CRSS), for
basal slip increases relative to that for prismatic slip, and activates slip on
non-basal planes. Texture modeling and transmission electron microscopy
(TEM) studies indicate that lithium additions also increase the glide of <c
+ a> dislocations on {1 1–2 2} pyramidal planes.11,15 There is evidence that
<c + a> dislocations dissociate into partial dislocations,16 and lithium may
lower the energy of the stacking fault, and thereby increase the stability of
the glissile dislocation configuration.15 Lithium has been observed to alter
the crystallographic texture by altering the balance of deformation mechanisms, which in turn influences the texture.11
The effect of low levels of Li on the c/a ratio and grain size of Mg was
investigated by Becerra et al.13,17 in Mg−Zn−Li and Mg−Zn−In−Li solid
solution alloys. The mono-valent Li decreased the axial ratio (c/a) of magnesium from 1.624 to 1.6068 within the 0–16 at%Li range (Fig. 5.2). This was
attributed to the decrease in e/a (number of electrons per atom) causing
electron overlap from the second Brillouin to the first Brillouin zone; this
causes a contraction of the c-spacing in real space and a decrease in c/a.
The divalent zinc showed no effect on c/a in the 0.2–0.7 at% range, since,
as explained by Vegard’s law, the atom size caused a similar change in both
a- and c-parameters. The trivalent indium increased the c/a of magnesium
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Table 5.1 Axial ratio, grain structure and size, edge cracking index and texture
intensity18
Alloy, wt%

a

c/a

Effective
cast
grain size
D’, mm

Mg
3.2088 1.6240 6.1
Mg−1.8Li−1Zn
3.2009 1.6190 1.8
Mg−6Li–0.4Zn−0.2In 3.1991 1.6190 1.0

RecryEdge
stallized cracking
grain
index
size,
d, μm
46
48
49

Maximum
Intensity
Roll

High/4
12.2
Minimum/1 4.2
Minimum/1 6.2

Roll +
anneal
17.9
2.6
3.0

*Dc = average diameter of columnar grains = (Dminor + Dmajor)/2; D = average grain diameter of equiaxed region.

to 1.6261 as In increased towards 3.3 at%. An important effect of c/a was
seen (Table 5.1) in the twinning behavior of the alloys and in turn on edge
cracking during 150°C rolling.18
The changes in axial ratio and lattice parameters influence slip systems
and twinning modes in HCP metals. The change in the deformation mechanism with reduced axial ratio can be attributed to the change in interplanar
spacing, d, since the shear stress required to move dislocations is given by
the Peierls stress,
τπ = P. e{−2s d/[b(1−ν)]},

[5.1]

where P is a factor depending on the shear modulus and Poisson’s ratio, ν; b
is the magnitude of Burgers vector of the dislocation; and d is the interplanar spacing. The CRSS, τCRSS, is related to the Peierls stresses, τp. In a recent
study, Uesugi et al.19 have calculated τp from first principles as

τp =

⎛
Kb
Kb ⎞
exp ⎜ −
,
a′
⎝ 2a ′ τ max ⎟⎠

[5.2]

where K is the energy factor (depending on elastic constants and the type of
dislocation); a ′ is interplanar spacing in the direction of dislocation sliding
on the slip plane (a ′ = a/2 for basal slip where a is the lattice parameter and
a ′ = a for prismatic plane); b = Burgers vector; b = (a/3)1/2 for Shockley partial dislocations of the basal plane and b = a for edge dislocations of the prismatic plane; τmax is the maximum restoring force (= maximum slope of the
generalized SFE in the analysis). Equation [5.2] interestingly indicates that
changing the a-spacing would not influence the Peierls stresses and CRSS
for prismatic slip (because b = 2a for edge dislocations), but it would alter
the basal slip of partial dislocations because their b = (a/3)1/2.
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Effects of cast grain size were seen on the texture evolution of Mg alloys.18
The 150°C rolling produced deformation structures and texture, and static
recrystallization occurred during post-annealing. Maximum texture intensity during 150°C rolling and subsequent annealing correlated strongly with
the cast grain size (Table 5.1). The texture weakened with decreasing grain
size, which was attributed to the activation of non-basal slip by plastic compatibility stresses at grain boundaries. The a lattice parameter exerted a
weaker influence on texture, possibly by facilitating the cross-slip of partial
dislocations at grain boundaries.
The other important effect of c/a is on the twinning behavior of Mg. The
twinning shear is related to the axial ratio in HCP crystals20–22 as presented
in Fig. 5.3, where the twinning systems with positive slope indicate compression (contraction) twins and those with negative slopes indicate tension
(extension) twins along the c-axis. Figure 5.3 also presents the axial ratios of
the HCP metals and the most common twinning modes activated in them.
Within the range of the axial ratios of the HCP metals (1.568–1.886), the
{10–12}<−1011> shear direction reverses at a c/a of √3, where this twinning
mode becomes compressive for Zn and Cd, but is tensile for all other HCP
metals (Be, Ti, Zr, Re, Mg). HCP metals that exhibit high ductility (Re, Zr,
Ti) twin profusely in both tensile and compressive modes and those that are
very brittle (Be, Zn) twin only by the most common type {10–12} tension
twin.20 In Mg, the {10–12} tension twins are followed by {10–11} compression
twins. Generally, the lower the value of twinning shear of a given twin mode,
the higher is the frequency of its occurrence. This correlation has been generally observed as indicated by Fig. 5.3 and also by those experiments in
which the axial ratio was changed by alloying;20 the additional factors are
the ease with which atomic shuffling can occur to nucleate the twin and the
ease of gliding parameters. The absence of {10–11}10–12 compression twins
in Be, despite the low twinning shear, is related to the complex atom shuffling, while the occurrence of {11–21} 1/3 [−1–126] twinning in Ti, Zr and Re
in spite of its relatively large twinning shear is attributed to the relatively
simple atomic shuffling.20 It has been observed that subsequent slip-twin
interactions largely determine the ductility of the HCP metals that undergo
twinning.20 If the twin boundaries become sinks for gliding dislocations the
metal is ductile; if however, the dislocations are repelled by the twin boundary they pile up at the interface leading to eventual crack nucleation. In Mg,
the basal dislocations are repelled by {10–12} tension twins20 leading to edge
cracking. It is known that the twinning modes in HCP metals are altered
via alloying20 that changes the axial ratio; for example, twinning is stopped
in Mg–Cd alloy with c/a = √3, leading to extreme brittleness. It is, therefore,
possible to influence the twinning behavior of Mg alloys via changes in c/a.
In the study by Pekguleryuz et al.,18 the differences in the twinning modes
of Mg−3Al−1Zn (AZ31) and Mg−2Li−1Zn and Mg−6Li–0.4Zn−0.2In,
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5.3 Twinning shear versus axial ratio in HCP metals.

which governed the edge cracking index (Ic) during 150°C rolling, have
been related to the axial ratio. AZ31 alloy significantly edge-cracked during
rolling, twinned in the tensile mode, and had a c/a (axial ratio) of 1.6247.
At the c/a of 1.6247, the shears of {10–12} tension twins and {10–11} compression twins start to differ, making the atomic reshuffling more difficult,
impeding double twinning in AZ31, and leaving a higher propensity of tension twins which are potent sites for crack nucleation. The Li-containing
alloys (Mg−2Li−1Zn and Mg−6Li−0.4Zn−0.2In) had lower c/a (Table 5.1),
double-twinned during rolling, exhibited a lower degree of twin-related
brittleness and did not edge-crack during rolling.
Solute effects on creep
Creep resistance can be improved via solid solution if the solute can (i)
decrease the homologous temperature, (ii) increase the elastic modulus or
(iii) decrease diffusivity as proposed by Sherby23 via
η

⎛ σ⎞
ε=S⎜ ⎟ D
⎝ E⎠

[5.3]

where ε is steady-state creep rate, S is a structure term (grain morphology,
dislocation density, distribution, etc.), σ is stress, E is elastic modulus, D is
self-diffusivity and η is the stress exponent.
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While most creep-resistant alloy-development work in the 1990s and
2000s focused on ternary additions to Mg–Al based alloys that can suppress
creep-induced Mg17Al12 precipitation, one alloy family, Mg−RE−Zn, has
re-explored the effects of REs on Mg−Zn alloys.24,25 Zhu et al.25 studied the
addition of different RE elements (La-rich and Nd-rich) in Mg−2.5RE-0.6Zn
alloys. They found that the primary creep (which is a competition between
work hardening and work softening) was more extensive in the La-containing
alloy, but there was no discernible difference in the steady-state creep rates
of the two alloys. The authors related the difference in the primary creep of
the two alloys to the higher solid solubility of Nd than that of La in Mg. The
higher solubility can indeed provide a richer solute atmosphere around the
dislocations, increasing work hardening in the Nd-alloy.
Mg alloys with Ce-based REs have been further developed into ternary
compositions with low level additions of Mn. Mn was found to improve
the creep resistance of Mg–Ce alloys by increasing the solid solubility of Ce in Mg at high temperatures. The work carried out in Germany
before World War II showed that Mg−6RE−2Mn alloy has good creep
resistance (300–315°C, ~ 14 MPa). Mg−2RE−1Mn alloy was observed to
be much stronger at elevated temperatures than any of the cast Mn-free
alloys.8 Mg−2.25RE−0.5Mn and Mg−2RE−1.25Mn−0.2Ni alloys were also
creep-resistant compositions.26
Diffusional creep can occur at relatively low temperatures (~0.4 Tm) when
the stresses are high through diffusion along dislocation cores, which is called
pipe diffusion. Solutes which segregate to dislocations can impede pipe diffusion. These should conceivably be solutes with significant difference in metallic radii so that enhanced segregation to dislocations can occur. However, at
higher temperatures solutes in the dislocation atmosphere become mobile
and dissociate from the dislocations, therefore, for high temperature service,
high melting point solutes with lower diffusivity need to be selected.
Pipe diffusion has not been considered in many of the creep studies carried out on magnesium alloys. AZ91D alloy at stresses above 50MPa in the
125–175°C range gave an n value of 5 and Q value of 94 kJ/mole, which can
be related to pipe diffusion.27 AJ63 alloy also gave an activation energy, Q,
of 92 kJ/mol at 50 MPa in the 150–200°C range, which can also be related to
pipe diffusion.6 In AJ63 the grain boundaries are stronger than AJ62, due to
the higher amount of intermetallics, and the dislocation cores, in that case,
would become more open to diffusion than the grain boundaries. Recently,
Mg−Mn−Sr was found to be susceptible to pipe diffusion at moderate temperatures,28 basically due to the low solubility of Sr in Mg. Age-hardened
Mg−Gd−Nd−Zr at 250°C/50 MPa exhibited Q of 109 kJ/mol, where pipe
diffusion can also be a possible mechanism.29 These alloys would benefit
from the addition of high temperature solutes with adequate solubility for
impeding creep deformation related to pipe diffusion.
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Alloy design: compound formation in
magnesium alloys

When the Hume−Rothery rules for solid solution formation do not hold,
compound formation occurs. Second phases are important in strength,
creep resistance, and recrystallization and texture. Important intermetallic
compounds found in Mg alloys are listed in Table 5.2,30 some of which are
described in some detail below.

5.3.1 Mg17Al12
The Mg17Al12 intermetallic phase has a cubic A12 crystal structure isomorphous with α-Mn (cI58) with the space group of I43m (Table 5.2, Fig. 5.4)
and lattice parameter a = 1.06 nm. The unit cell contains 34 Mg atoms and
24 Al atoms. The unit cell has the highest symmetry Td3 and its atomic coordinates are shown in Fig. 5.4.31
It has been explained8 that Al–Al bonds are homopolar, each Al atom
accepting an electron from the structure as a whole from the 24 Mg nearest neighbors, while the other ten Mg atoms retain their valency electrons.
The structure is designated as twelve (12) Al pairs of two negative charges,
twenty-four (24) positively charged Mg atoms and ten (10) Mg atoms in
their normal state: ( 2 )1−22 Mg +24 Mg 10 . The structure is interesting in that
in one intermetallic compound both homopolar, heteropolar and normal
metallic characteristics are present.8 The planes (033)p and (411)p are both
identified as close-packed planes, but there is also (877)p, which exhibits
lower diffraction intensity but its d spacing is one-third of the d spacing
of (033)p or (411)p, that is, 0.8289 Å.32 The Mg17Al12 phase has also been
reported with 44.5 at%Mg with a tetragonal structure of a = 10.50 nm, c =
10.19 nm.
The γ-Mg17Al12 is the main second phase33 which forms eutectically in
Mg–Al alloys and also in Mg–Al–Zn alloys with high Al:Zn ratio (Fig. 5.5a).

2Mg(I):(0, 0, 0), (1/2, 1/2, 1/2)
8Mg(II):(x, x, x), (–x, –x, x), (x, –x, z), x=0.32;
Al

24Mg(III):(x, x, z,) ,(–x, –x, z), (–x, x, –z), (x, –x, z),
x=0.36, z=0.04;

Mg

24Al(x, x, z), (–x, –x, z), (x, –x, –z) x=0.09, z=0.28.

5.4 The crystal structure of Mg17Al12.31
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Table 5.2 The crystal structure data of important equilibrium intermetallic phases
in Mg alloys
Phase

Mg17Al12
Mg2Ca
Al2Ca
Al2(Mg,Ca)
Mg2Si
Mg12Ce
Mg12Nd
B-Mg14Nd2Y
B1-Mg12NdY
Al11RE3
Al2RE
Mg17Sr2
Al4Sr
Mg24Y5

Melting
point (°C)

450

Crystal
structure

Pearson Space
symbol group

Lattice parameters
a (nm) c (nm) c/a
or b*

Cubic A12
Tetragonal
714
Hexagonal C14
1079
Cubic C15
Hexagonal C14
Hexagonal C36
1081
Cubic C1
616
Tetragonal
548
Tetragonal
Cubic A12
Cubic C1
1020†
Tetragonal
Orthorhombic
1455,1480 Cubic
606
Hexagonal
1040
Tetragonal
567
Cubic A12

cI58
–
hP12
cF24
hP12
hP24
cF12
tI26
tI26
cI58
cF12
tI26
oI28
cF24
hP38
tI10
cI58

I4̅3̅m
–
P63/mmc
Fd3m
P63/mmc
P63/mmc
Fm3̅ m
I4/mmm
I4/mmm
F4̅3̅m
Fm3̅ m
I4/mmm
Immm
Fd3mS
P63/mmc
I4/mmm
I4̅3̅m

1.06
1.05
0.62
0.80
0.56
0.55
0.63
1.03
1.03
2.2
0.74
0.44
0.81
1.05
0.44
1.13

–
1.02
1.02
–
0.90
1.75
–
0.60
0.59

–
0.97

1.01

2.30
1.30*

1.03
1.11
–

0.98
2.52

1.6
3.2
–
0.58
0.57

*The value is for parameter b rather than c /a.
†
Transformation T.

In non-equilibrium solidification, the α-Mg matrix becomes supersaturated
in Al, especially in the interdendritic regions which give rise to the discontinuous precipitation of Mg17Al12 (γd in Fig. 5.5a) when exposed to elevated
temperatures. The alloys can be heat-treated by dissolving the γ-phase
through long (24 h) solution treatment and re-precipitating it as a discontinuous fine plate-like phase (Fig. 5.5b and 5.5c).
Six different orientation relationships (OR) are found in the Mg/γMg17Al12 precipitation system.127,128 The initial lattice correspondence
between HCP and BCC structures (Fig. 5.6a and 5.6b) is described by
the Pitsch–Schrader OR,34 as shown in Fig. 5.6c: The Pitsch–Schrader OR
requires that the close-packed planes in the BCC lattice should be parallel to the close-packed planes or near-close-packed planes in the HCP lattice, that is, (011)p // (0001)m and (011)p // (0110)m. Multiple morphologies,
growth directions and habit planes are described as twining versions of the
initial Pitsch−Schrader OR.
γ-Mg17Al12 is an intermetallic that has a composition range (Table 5.2). It
strengthens Mg–Al alloys and the AZ91; however, it is also prone to deformation by slip. The γ phase increases the strength by creating obstacles to
slip and accumulating dislocation pile-up at its interface up to a certain
level of strain (2.1%); however, further strain (5.4%) does not change the
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α+γ
γD

(b)

γD
α
50 μm
(c)

5.5 (a) Eutectic γ-Mg17Al12 precipitates and discontinuous γd-Mg17Al12
precipitates in AZ91. (b) Grain boundary γ-Mg17Al12 precipitates and
(c) discontinuous γd -Mg17Al12 precipitates in AZ91 alloy after aging at
623 K; SEM.33
0001

[0001]/[011]

001

0110
[0110]/[011]
010

2110

[2110/[100]]

100

(a)

Al

(b)

Mg

(c)

5.6 The crystal structures of the two phases in the transformation
system Mg/γ-Mg17Al12: (a) HCP Mg; (b) BCC γ-Mg17Al12. (c) Schematic
diagram showing the initial lattice correspondence between HCP and
BCC structures, described as the Pitsch–Schrader OR.33

dislocation pile-up, but instead leads to dislocation accumulation inside the
γ-phase (Fig. 5.7).35
The γ-phase softens at elevated temperatures, due to its partial metallic
bonding, which adversely affects elevated temperature strength and creep
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(a)

0.30 μm

(b)

0.20 μm
α-Mg
β-Mg17Al12

Pile-ups

5.7 Dislocation arrangements in AZ91D alloy. (a) Dislocation pile-up
after 2.1% deformation, (b) dislocations in the γ-Mg17Al12 phase.35

resistance. Its discontinuous precipitation from the supersaturated α-Mg
matrix during creep leads to grain boundary deformation and migration.
Many alloys have been developed to improve the creep resistance by adding
Ca, Sr and REs to Mg–Al alloys to eliminate the discontinuous precipitation
of Mg17Al12.
Zhou et al.36 have conducted a first principles study to determine the
structural stability of Ca alloying of the Mg17Al12 phase, and have concluded that the cohesive energy of (Mg17−xCax)Al12 (x = 0, 1, 4, 12) phases
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Mg
Si

5.8 Mg2Si unit cell.37

gradually increase when Mg atoms in I, II, III positions of Mg17Al12 phase
are substituted by Ca. Their results have indicated that the (Mg5Ca12)Al12
with Ca substitution of the Mg(III) atoms has the highest alloying ability
and the highest structural stability.

5.3.2 Mg2Si
Mg2Si crystallizes in an FCC (cubic C1) lattice with lattice parameter a =
6.339 Å (Fig. 5.8 and Table 5.2) and with 12 atoms per unit cell. Si atoms
are located on the corners and surface centers of the face-centered cubic
and Mg atoms are in the eight tetrahedral interstices of the crystal cell. The
Mg2Si has high thermal and mechanical stability.38 It occurs as a eutectic precipitate in Mg−Al–Si alloys (AS41, AS31, AS21), in addition to the Mg17Al12
phase (Fig. 5.9), and renders slight improvement in creep resistance.39
The morphology is coarse Chinese script when the alloy is cast at slow to
moderate solidification rates. High solidification rates, as in high-pressure
die-casting, refine the Mg2Si into polygonal dispersed particles, leading to
improved mechanical properties.40 Trace levels of Ca, Sb, Sr41–43 also modify
and refine to different extent the Mg2Si morphology (Fig. 5.10).

5.3.3 Intermetallics with Ce
Mg12Ce
Two crystal structures have been previously reported for Mg12Ce: a tetragonal structure (ThMn12-type) below the eutectic temperature, and an ordered
structure above the eutectic.44,45 Figure 5.11a shows the unit cell of Mg12Ce
with the ThMn12 tetragonal (Pearson symbol tI26) structure,46 which has
two (2) cerium and twenty-four (24) magnesium atoms with all the cerium
atoms at the 2a position, and magnesium atoms occupying the 8f, 8i and 8j
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γ-Mg17AI12

Mg2Si

5 μm

40 μm

5.9 SEM image showing Mg2Si and γ-Mg17Al12 precipitates in AS
alloys.39

(a)

(b)
Mg2Si

Mg2Si

50 μm

50 μm

(c)

50 μm

5.10 Microstructure of gravity cast (a) AS41 alloy with Chinese script
Mg2Si phase; (b) same alloy with 0.1 wt% Ca with reﬁned Mg2Si
phase.41 (c) Heat-treated AZS511 with 0.5 wt%Sb with ﬁne Mg2Si.42
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0

5

10

20

λ

650°C
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α-Mg

400

711°C
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5.11 (a) Unit cell of the ThMn12 type structure.46 (b) Revised Mg–Ce
phase diagram up to 50 at% Ce.48

positions. The coordination number is 12. In the phase diagram (Fig. 5.11b)
of the Mg–Ce binary system,4 a dotted line to the left of Mg12Ce, shows a
small compositional range, which increases when the temperature increases
above ~450°C.4
Xin et al.46–48 have made an in depth study of the Mg12Ce along with the
other Mg–Ce intermetallics in the binary phase diagram up to 50 at%Ce
and have concluded the intermetallic in the region of 8–10 at%Ce to be a
vacancy defect structure of Mg12Ce with the real composition of Mg11Ce and
suggested the phase diagram shown in Fig. 5.11b.
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Magnesium alloys containing Ce, which are commercially available, usually contain Zn, and/or Mn as well; in these alloys the β-Mg12Ce exists as a
second-phase precipitate but exhibits solubility for Mn or Zn. Xin et al.49
have made EPMA studies of the (Mg, Mn)12Ce in Mg−Ce−Mn alloys
and have determined ~0.8 at% Mn in the intermetallic. Moreno et al.,50
have observed 0.07 at% Mn and 1.2 at%Zn in the (Mg,Zn)12Ce of the
MEZ alloy. These observations fit well with the vacancy defect structure
of the Mg12Ce. The Mn solubility of Mg12Ce has an important influence
on the creep behavior of Mg−Ce−Mn alloys.51 The dynamic precipitation of nano-particles of Mn from the intergranular (Mg, Mn)12Ce phases
provides effective dislocation pinning in the grain boundary regions and
prevents the local recovery phenomenon in the vicinity of the intermetallics. This local recovery involves the formation of high dislocation density
(HDD) zones next to dislocation-free zones at the intermetallic/matrix
interface, which lead to stress accumulation at the HDD zones and subsequently cracking of the intermetallic. The dynamic precipitation of nanosized Mg12Ce dispersed inside the α-Mg grains is also observed during the
creep of Mg−Ce−Mn alloys, a phenomenon due to the Ce supersaturation
of the α-Mg. These particles improve the creep resistance by effective dislocation pinning.
Al11RE3 and Al2RE
The Al11Re3 intermetallic has the tetragonal structure with the space group
I4/mmm and lattice parameters a = 4.365, b = 4.365 and c = 10.10. Its melting
point is 1235°C. The Al2RE has cubic with the Fd3mS space group; its melting point is 1200°C. These intermetallics exist in the interdendritic regions
of Mg−Al−RE alloys (e.g., AE42, AE44). In the AE42 alloy, the Al11RE3
that is present in the as-cast alloy is found to decompose when heated above
175°C into Al2RE and Mg17Al12.52 In the AE44 both intermetallics are present in the as-solidified alloy (Fig. 5.12).53
Pettersen et al.54 suggested that when RE/Al weight ratio is above 1.4,
all the Al is tied up as Al11RE3, in which case further precipitation of other
phases such as another type of Al–RE phase or Mg12RE becomes possible.
In samples produced by cold chamber die-casting, Al11RE3 and Al10RE2Mn7
were observed. The TEM investigation has revealed that the major phase
was Al11RE3 (a body-centered orthorhombic cell with lattice parameters a =
4.5 Å, b = 13.2 Å and c = 9.9 Å). The relative amounts of REs were reported
to be (at%) La27±2Ce51±2Pr6±1Nd16±1.This phase co-existed with a minor phase
Al10RE2Mn7, the diffraction patterns of which were indexed to a hexagonal
system with lattice parameters a = 9.0 Å and c = 13.1 Å. The relative compositions of the RE components was La10±1Ce50±3Pr9±1Nd31±2. La was said to go into
the Al11RE3 phase, while Nd went into the Al10RE2Mn7 phase. It must be noted
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S-4200 15 kV 6000x AE44

1 μm

5.12 SEM image of die-cast AE44. Labels A: Al11RE3; B: Al2RE; C: α-Mg.53

that the fast solidification rate of the die-casting process may have influenced
the compositions and the crystal structures observed in these studies.

5.3.4 Intermetallics of Ca
In Mg–Al–Ca based alloys, Mg2Ca and/or Al2Ca phases are known to
form in the interdendritic region in preference to the Mg17Al12 phase
observed in the binary system. Mg2Ca and Al2Ca are Laves phases with
crystal structures of C14 (hexagonal) and C15 (cubic), respectively. Al2Ca
and Mg2Ca, have melting points of 1079°C and 714°C, respectively.55–57
Mg−Al−Ca alloys also exhibit ternary intermetallics, which has been the
topic of much research in order to understand if these are stable or metastable structures.55,58–62
Mg2Ca
Mg2Ca has a hexagonal C14 type structure with 12 atoms in a unit cell (Fig.
5.13). The lattice parameters are a = 6.2386 Å and c = 10.146 Å and atomic
coordinates in the unit cell are shown in Fig. 5.13.63
Most of the atoms in the Mg2Ca unit cell can be classified into two
groups. The first group is composed of Ca and Mg(I) atoms, and the
second is laid by Mg(II)atoms parallel to each other. The connection
between the Ca–Ca–Mg(I) atom group and Mg(II) atom layers depends
on three kinds of relatively weak bonds − B, D and F. This indicates that

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

170

Fundamentals of magnesium alloy metallurgy

4Ca :

±( 1 , 2, z; 1 , 2 , z ); z = 0.062
3 3
33

2Mg(I) : (0,0,0; 0,0,1 )
2
6Mg(II) : ± (x,2x, 1 ; 2x,x, 1 ; x,x, 1 ); x =
4
4
4
Ca

0.170

MgI
MgII
c. Mg2Ca

5.13 The crystal structure of Mg2Ca.

+2Ca: (0,0,0), (1/2,1/2,1/2);
Ca
AI

+4Al(I): (0,0,z), (0,0,–z) z = 0.380;
+4Al(II):(0,1/2,1/4),(1/2,0,1/4).

5.14 The crystal structure of Al2Ca.

the stability of the Mg2Ca compound is controlled by these weak bonds.
When the temperature increases, the expansion of the lattice of Ma2Ca
will produce stress on the bonds connecting atoms. Because the networks
of Ca–Ca–Mg(I) and Mg(II)–Mg(II) are so solid and difficult to elongate
that the lattice will break on the weak bonds. The existence of the weak
bond zones in the Mg2Ca intermetallic structure is the main reason for its
low stability.
Al2Ca
Al2Ca has an ordered cubic C15 structure with lattice constants a = b = c =
8.020 Å. As shown in Fig. 5.13; its unit cell has the highest symmetry OhT ,
space group Fd3m. In a unit cell of the Al2Ca phase, there are 24 atoms and
their atomic coordinates are as shown in Fig. 5.14.
Mg–Al–Ca intermetallics
The possible existence of a Laves phase with C36 structure in the pseudo-binary
system Mg2Ca–Al2Ca was shown by Ameroun et al.56 who carried out first principles calculations and neutron diffraction (ND) analysis on 700°C-annealed
samples. The authors showed that the structural sequence in the CaAl2−xMgx
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system is C15−MgZn2(cubic) → C36−MgNi2(hexagonal) → C14−MgCu2(hexagonal).
The electron/atom ratio (e/a) was seen to govern the structural sequence:
C15−CaAl2 (cubic) structure is stable above e/a of 7.75 and until the composition of CaAl1.76Mg0.24. The hexagonal C14 is stable below the e/a value
of 6.5 and above the composition of CaAl0.49Mg1.51. The C36−CaAl2−xMgx,
structure is stable in the composition range of 0.66 < x < 1.073. Zhong et al.57
made first principles calculations of three Laves phase structures at Al2Ca
and Al2Mg compositions and have predicted the existence of various Laves
phases in the Al2Mg and Al2Ca compositions. Their diffusion couple studies
found the existence of two ternary Al2(Mg,Ca) with C14 (a = 5.56 Å, c = 9.02
Å) and C36 (a = 5.45 Å, c = 17.51 Å) structures via TEM and Orientation
Imaging Microscopy (OIM), respectively. The existence of two Laves phases
was attributed to the very small energy difference between the Laves phase
structures. Based on the explanations of Ameroun,56 their existence may also
be due to a mere change in e/a ratio with change in composition.

5.3.5 Intermetallics of Sr
Mg–Sr alloys are a new class of advanced Mg alloys; Mg−Al−Sr compositions have been developed as creep-resistant cast alloys64–68 and Mg−Mn−Sr
alloys have been recently investigated for creep resistance.69 Mg–Sr based
wrought alloys are also being currently being investigated.70–77
Al4Sr and Mg13Al3Sr or Mg9Al3Sr
Sr added to an Mg–Al system leads to the precipitation of Al4Sr phase (Fig.
5.15). Mg–Al–Sr ternary compound formation is also observed in certain
Mg−Al−Sr alloys (e.g., AJ52). The Sr/Al ratio seems to determine the phase
selection: if the ratio is below 0.3 only Al4Sr is seen, otherwise a ternary
phase (Mg13Al3Sr or Mg9Al3Sr) precipitates.
Mg17Sr2
Mg17Sr2 is the most Mg−rich stable compound in the Mg–Sr system. It has
the Ni17Th2-type hP38 hexagonal structure. It forms in Mg–Sr alloys not containing Al,69–72 but also in Mg alloys containing Al (e.g., AJ52) when the Sr/
Al ratio is 0.318–0.361.

5.3.6 Intermetallics of Y and/or Nd
Mg–Nd/Y intermetallics (Fig. 5.16a) Mg41Nd5, Mg24Y5, β (Mg14Nd2Y), are
found in alloys such as WE43, WE54. β1 is seen in WE43 and β is in WE54.80,81
Crystal structures of these phases are given in Table 5.2 and the TEM diffraction data of β is shown in Fig. 5.16b.
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Mg(I)
Mg(II)
Mg(III)
Mg(IV)

+1Sr: (0,0,0); +2Al(I): (0,0,z), (0,0,-z);
z = 0.38 + 2Al(II): (0,1/2, 1/4), (1/2, 0, 1/4)

Sr

5.15 Model crystal unit cell of Al4Sr.79
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(Mg)+Mg24Y5
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5.16 (a) Isothermal section of the Mg-Nd-Y phase diagram at 500oC.80
(b) TEM image and SAED diffraction pattern of the β particle.81 B//
[-1–11].
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The effects of second phases on the mechanical
behavior of magnesium

Second phases that form in Mg alloys are usually intermetallic compounds,
except for α-Mn which forms in Mg–Mn based systems and α-Li which
forms in Mg–Li based alloys. Depending on their type and distribution, the
second phases can contribute to strengthening and creep resistance. They
can also play an important role in nucleating recrystallization and altering
preferred orientation (texture) in wrought alloys.

5.4.1 Second-phase strengthening
Dispersion hardening (Orowan strengthening)
Non-coherent precipitates can provide strengthening by pinning dislocations if their size is small and they are closely spaced. The mechanism that
causes the strengthening is the interaction of glide dislocations with the precipitates to increase the yield stress as

τ yield =

(2aGb)
1 + τa

where τyield = the yield strength of the alloy with second phases, τa = the yield
strength of the matrix without precipitates,
(2aGb/l) = stress required to bow out dislocations between precipitates
In Mg casting alloys the second phases are non-coherent but they are coarse
and are located at the grain boundaries since quite a number of the alloy
systems (Mg–Al, Mg–Zn, Mg−Al−Zn, Mg−Al−RE, Mg−Al−Ca, Mg−Al−Sr)
are eutectic. These phases strengthen grain boundaries but provide no
Orowan strengthening inside the grains.
Precipitation hardening
Precipitation hardening, another mechanism of second-phase strengthening in alloys, occurs when the solid solubility decreases with decreasing
temperature; this allows the solutionizing of as-cast second phases to be
re-precipitated in a controlled fashion. When rapidly cooled from a homogeneous solid solution at high temperature, the alloy produces an unstable
supersaturated solid solution which, upon aging for a sufficient time, may
form fine and dispersed precipitates for further hardening. The precipitation may not go directly into the formation of the non-coherent equilibrium
phase because of kinetic limitations and may instead go through a sequence
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Table 5.3 Precipitation sequence in certain Mg alloys30
Alloys

Precipitation

Mg–Al
Mg–Zn (-Cu)

SSS1)-Mg17Al12
SSS-GP zones-MgZn2 (rods, coherent)-MgZn2 (disc,
semicoherent)-Mg2Zn3 (triagonal, incoherent)
SSS-GP zones-Mg3Nd (?2), hep)-Mg3Nd (fcc,
semicoherent)-Mg14Nd (incoherent)
SSS-β’ (Mg12NdY)- β1(Mg14Nd2Y)
SSS-GP zones (coherent)-γ (?, coherent)
SSS-GP zones (coherent)- β (?, semicoherent)-Mg12Nd2Ag
(incoherent)

Mg–RE (Nd)
Mg−Y−Nd
Mg−Ag−RE (Nd)

SSS: supersaturated solid solution

of metastable intermediate precipitates. Chapter 4 provides a detailed discussion of precipitation hardening. Table 5.3 is provided here to show some
of the possible precipitation sequences in certain Mg alloys.30
Age hardening requires some solid solubility, which occurs for Mg at
around 12–15% atom size difference (Fig. 5.1). This region in Fig. 5.1 is
also where there is some respectable solute strengthening. In the region
where size factors are above 15% at around 20–40% (Cu, Ca, Si), where
very limited solid solution is observed, there are also good opportunities
for strength-enhancing elements, because here intermetallics and dispersoids of high melting point and high hardness are obtained for dispersion
strengthening.
Dynamic precipitation
Dynamic precipitation is a term that can be used to describe precipitation
which is thermally or stress-induced. Dynamic precipitation is common
in cast alloys which are in non-equilibrium in the as-cast condition; upon
thermal exposure, the alloy moves towards equilibrium, which may result
in second-phase precipitation from the supersaturated matrix or from the
supersaturated second phases. A well-known example is the precipitation of Mg17Al12 from the supersaturated Mg matrix in die-cast Mg–Al
based alloys.27 Dynamic precipitation has been observed in the AJ62
(Mg−6Al−2Sr) alloy that has been developed by Noranda in 2000–2, where
Al−Mn particles precipitated out of the α-Mg matrix during elevated temperature heating.6 A more recent example of dynamic precipitation has
been reported in studies on Mg−Mn−Ce alloys with α-Mn nano-particles
precipitating out of the supersaturated α-Mg and supersaturated eutectic
Mg12Ce phase.28,51,82
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5.4.2 Effects of second phases on creep
Mg alloy research focused on developing creep-resistant Mg casting alloys
for automotive powertrain applications in the time period between 1991
and 2006. Hence, alloy design for creep resistance has become important.
Second phases play a key role in determining the creep resistance of Mg
alloys.
a. Thermally stable intermetallic compounds at the grain boundaries of the
cast material may strengthen the alloy against grain boundary migration by providing obstacles to grain boundary motion) and against grain
boundary diffusion (by increasing the atomic packing). Examples are
Al4Sr in Mg–Al–Sr alloys (AJ62). The thermal stability of the Al4Sr phase
is one of the key attributes of AJ62 in attaining its creep resistance.
b. On the other hand, grain boundary intermetallics that show
thermal/metallurgical instability via coarsening or phase transformation
exhibit local strain which causes grain boundary migration (GBM) or
grain boundary diffusion (GBD) at elevated temperatures. There are
numerous examples of this in Mg alloys, which results in loss of creep
resistance: (i) the decomposition of Al11RE3 into Al2RE and Al to form
Mg17Al12 in AE42 above 150°C,52 (ii) the decomposition of Mg9Al3Sr in
AJ63 alloy,6 (iii) the transformation of β1(Mg12NdY) to β(Mg14Nd2Y) in
WE alloys at 300°C,83 (iv) the transformation of age-hardening precipitates in Mg−Y−RE alloys.83
c. Intradendritic precipitates, when fine, closely and uniformly spaced, and
in a large quantity, can be effective against the most common creep
deformation process in Mg alloys under the service conditions of powertrain components, that is, dislocation climb. Such precipitates can be
produced in the as-cast alloys by peritectic reactions or by precipitation hardening. In order to be effective, these precipitates need to successfully pin dislocations and maintain thermal stability at the creep
temperatures. Most age-hardening precipitates lose their effectiveness
against dislocation climb at temperatures where they are prone to coarsening and phase transformations. An important contribution to creep
resistance comes from the fine dispersion of Mn2Sc disc precipitates in
Mg–Gd–Sc–Mn alloys – precipitates in overaged Mg–Gd–Nd–Zr alloys,
and α Mn precipitates formed via precipitation from the α-Mg matrix
upon temperature exposure in Mg–Mn alloys.82–86
d. Creep-induced dynamic precipitation of second phases can either impart
or be detrimental to creep resistance. It can be said that the resistance of
Mg alloys to dislocation climb can largely be attributed to the dynamic
precipitation of fine particles during creep. In AJ62 alloy, the precipitation
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5.17 Effective dislocation pinning by Al–Mn precipitates in AJ alloys.6

of Al–Mn particles (Fig. 5.17) from the matrix leads to effective dislocation pinning.6 In Mg−Ce−Mn alloys, the intradendritic co-precipitation
of α-Mn with Mg12Ce slows down dislocation glide within the dendrites
and delays the pile-up of dislocations at the intermetallic interface, preventing intermetallic cracking and the early onset of tertiary creep.28,51,82
Alloys that are heat treatable can be used in solution heat-treated (T5)
condition to allow for fine precipitation during creep. Gd and Y alloys
with Mn and Sc in the T5 condition exhibit dynamic precipitation from
the solid solution of stable Mg5 Gd type phase (~2 μm in size) inside the
grains during creep, which interact effectively with dislocations.83–86
e. Interdendritic intermetallics can also lead to the early onset of tertiary
creep by cracking if the intradendritic and/or interdendritic region of
the alloy is not able to prevent easy glide and strain accumulation at
the matrix/intermetallic interface. Examples are the cracking of Mg12Ce
interdendritic in Mg−Ce−Mn alloys when the dislocation pinning effect
of α-Mn fine precipitates is lost leading to the formation of HDD zones
at the matrix/intermetallic interface.51
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5.4.3 Effects of second phases on the recrystallization of
wrought Mg alloys
The second phases exert their influence on Mg alloy recrystallization in two
ways: (i) they influence grain growth and (ii) they can nucleate new grains
through a mechanism called particle-stimulated nucleation (PSN).
Second-phase interaction with grain growth
Fang et al.87 studied the microstructures and mechanical properties of
rolled AZ61 alloys containing different levels of Y (0–1.4%Y). Y refined
the average grain size; Al2Y second phase which had been finely broken
during rolling was claimed to suppress grain growth. Mg−Li−Al−Zn–RE
alloy (LAZ532–2RE), when extruded, recrystallized to a fine grain size88
which was attributed to grain boundary pinning and to the retardation of
grain growth by the fine Al2Y precipitates. He et al.89 observed grain refinement in the extruded/heat-treated (T6) structure of 1.3%Gd alloyed ZK60.
The grain refining effect of Gd was attributed to grain boundary pinning by
Mg-Zn-Gd phase particles.
Particle-stimulated nucleation
PSN is a mechanism whereby the recrystallization of the deformed metal is
activated at the interface of second-phase particles. The important attributes
of the second-phase particles in nucleating recrystallization are known to be
optimal size and non-coherency, to ensure sufficient accumulation of dislocations to nucleate recrystallization.
The thermal stability of the precipitates is also of prime importance in
maintaining the effectiveness of PSN at high temperatures. Competing
mechanisms that occur at low temperatures (twinning, grain boundary
bulging) and at high temperatures (non-basal slip) may overshadow PSN
even when there are appropriate second phases.90 The size of the distributed particles is also important. Clusters of particles, even when they are
clusters of fine (<1 μm) particles, are known to be more effective than single particles.91 Different alloys exhibiting PSN during recrystallization are
presented in Table 5.4.

5.5

Alloying with surface-active elements

Surface-active elements are specific to a metal system and are those solutes
that segregate to the surface because they decrease its surface energy. The surface could be liquid metal surface, solid surface, grain boundaries or the interface between the matrix and the second phase. In the case of liquid surfaces,
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Twin roll casting (TRC)

Extrusion

Mg17Al12
AlMn

Al4Sr

Mg17Sr2, Sr5Si3
Sr–Si compounds (SrSi,
Sr5Si3)
Mg–Nd. Mg–Y
Mg–Nd–Y
Mg–Nd, Mg–Y
Mg–Nd–Y

AZ31

AZ31 + Sr

Mg−1Mn + Sr
Mg−1Zn + Sr

WE54

WE43

Hot compression
Hot compression

Mg17Al12 AlMn
Mg17Al12, AlMn

AZ31
AZ31

Extrusion

Extrusion

Rolled sheet
Rolled sheet

Hot compression
Hot compression

Mn particles
Mg17Al12, Al8Mn5, A12Ca

Mg + Mn
AZ41 + Mn,Ca

Deformation process

Precipitate

Alloy

Table 5.4 PSN in different Mg alloys

Recrystallization at second-phase particles
were observed
PSN took place and has weakened the basal
texture

Matrix rotation at Mn particles
Large particles promote recrystallization.
The geometry, size and distribution of the
particles inﬂuence DRX
Some evidence of PSN
PSN took place during hot deformation and
was facilitated by the fragmentation of the
Mg17All2
PSN occurs due to high amount of second
phase in the as-TRC metastable structure
and contributes to texture weakening
Al4Sr stringers lead to PSN and texture
weakening at 350oC but not at 250oC
Stringers cause PSN and texture weakening
Stringers cause PSN and texture weakening

Effect

103

102

100, 101
100

98, 99

96, 97

94
95

92
91, 93

References
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Table 5.5 Wigner-Seitz radii, rSW, of selected elements (nm)
Al

Mg

Sr

Ca

Ce

Ni

Nd

Si

Sb

Sn

Fe

Se

Te

Mn

Li

0.15 0.18 0.19 0.21 0.20 0.14 0.20 0.16 0.11 0.19 0.14 0.19 0.21 0.14 0.17

solute segregation can influence the surface tension and alter the chemical
activity (e.g., oxidation) or the evaporation104 of the alloy melt. Yamauchi105
has performed the calculations using electron density profiles for a number
of binary substitutional solid solutions and has formulated the rule that the
element having the larger Wigner-Seitz radius, rWS (lower average electron
density), segregates to the surface. It implies that the driving force for surface segregation is reduction in the surface energy of the segregated alloy.
This was reconfirmed by Kiejna et al.106,107 for binary alkali-metal alloys (e.g.,
Na–K, Na–Cs). In other systems, Sb, Sn and Se have a strong tendency to
surface-segregate on Fe and Fe–Si alloys (Table 5.1). Sb and Sn can alter the
texture and improve the electrical properties of silicon steels, and Se and Te
are surface-active in molten Fe and decrease wettability.108 Micro-levels of
surface-active Nd, Pr, Ce, La in nickel alloys, and of Ca in tool steels, poisons
the grain boundaries and disperses carbides within the grains.109 Ce is also
surface-active in Al.110 According to Table 5.5, Sr, Ca Ce, Nd, Sn, Se and Te
would be surface-active in Mg based on their larger rWS than Mg. These elements would reduce the surface energy and the surface tension of Mg.

5.5.1 Surface tension
It has been observed111 that a number of elements alter the surface tension of liquid Mg (Fig. 5.18). As noted, Sr has a significant effect wherein
the surface tension continues to decrease with increasing Sr. The surface
activity gives a good guideline for surface segregation, but exceptions have
been observed: for example, Zn surface-segregates in Mg but has a lower
rWS than Mg.17 Sb also reduces the surface tension despite the smaller rWS. It
can be predicted from Fig. 5.18 that Sr would increase interdendritic feeding, thereby minimizing or altering shrinkage microporosity during casting.
In the gravity cast AZ91 Mg alloy, Sr removes from the bulk the microporosity that results from the solidification shrinkage during dendritic freezing
(which is usually present in long-freezing-range alloys such as AZ91) and
concentrates it into the hot spot;113 in the high-pressure die-cast AZ91, a
porosity reduction is also observed112 resulting in an improvement in pressure tightness (Fig. 5.19).
The reduction in the surface tension, in this case (whereby solutes segregate to the surface) is accompanied by a decrease in the number of Mg atoms
occupying the surface. This decreases the vapor pressure and increases the
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Surface tension, dynes/cm

540

Lithium
Calcium
Antimony

500
Barium

Lead

Bismuth
460

Strontium
0.2
0.4
Alloying element, %

0

0.6

5.18 Effects of alloying elements on the surface tension of Mg.111

Pressure tightness index
(tAz91/steel)

(a)

1.2
1.0

AZ91
AZ91
0.02%Sr 0.03%Sr

Steel

AZ91 +
0.1%Sr

0.8
AZ91
0.6
0.4
0.2
0.0
1

(b)

2

3
Material

4

5

(c)

5.19 (a) Effect of Sr on the pressure tightness of die-cast AZ91D.
Die-cast AZ91D (b) with no Sr; and (c) with 0.03 wt%Sr.112
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Ignition temperature (°C)
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5.20 Ignition temperature vs. Sr.114

30
Weight loss
Volume of H2

mg/day/cm2
or ml/day/cm2

25
20
15
10
5
0
Mg

Mg–Sr Mg–Sr Mg–Sr Mg–Sr Mg–Sr Mg–Sr Mg–Sr Mg–Sr
(.3)
(.5)
(.7)
(1)
(1.2) (1.5)
(2)
(2.5)
Alloy

5.21 Biodegradation (weight loss; H2 evolution) of Mg–Sr alloys in SBF
(alloy compositions in wt%).115

ignition temperature of Mg. These effects have been observed in Mg–Sr,
wherein the ignition temperature of the Mg–Sr alloy increases (Fig. 5.20)
with increasing Sr content from 680°C at 0%Sr to 850°C at 6 wt%Sr.114

5.5.2 Bio-corrosion
Ca and Sr also improve (slow down) the bio-corrosion rate of Mg, paving
the way for effective bio-absorbable cardiac and bone implants. Pekguleryuz
and coworkers115 have evaluated the biodegradation of Mg–Ca and Mg–Sr
alloys; it was observed that compositions below 0.5% Sr and Mg-0.6%Ca
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Average grain size (μm)
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No Additive
CaNCN 0.5 mass%
Sr 0.02 mass%
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Cooling rate (K/sec)
(b)

5.22 (a) The effect of Ca and Sr on grain reﬁning; and (b) the Mazda
wheel.116

show low rates of weight loss and hydrogen evolution (Fig. 5.21) in simulated body fluid (SBF). The improvement is related to the surface-active
nature of Sr and Ca, which slows down the corrosion rate and improves the
hydroxyapatite that forms on the surface.

5.5.3 Microstructural reﬁnement
The criteria and rules governing the occurrence of fine grain boundary precipitates are not always clear. However, the selection of elements with a
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5.23 Microstructure of gravity cast (a) AS41 alloy with Chinese script
Mg2Si phase; (b) same alloy with 0.1 wt% Ca with reﬁned Mg2Si
phase.41

probability of forming fine precipitates or refining existing phases can be
facilitated by tapping into the knowledge base of other metal systems where
these phenomena have occurred. Some of the elements, such as Ce, Ca or Sr,
Ba and Sb, can be used in the microstructural design of many Mg alloys.
In Mg, the refining effect of Sr and Ca on the grain size and the Mg17Al12
phase in Mg–Al alloys had been first identified by Koubichek111 in 1959.
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Table 5.6 Mechanical properties of sandcast Ca-modiﬁed AS41 (parentheses give
the sample size)41
Alloy

UTS (MPa)

YS (MPa)

AS41
AS41 +
0.06%Ca
AS41 +
0.11%Ca
AZ91C

152 ± 7 (14) 84 ± 3 (14)
155 ± 2 (16) 85 ± 2 (16)

Elongation
(%)

Elastic
modulus
(GPa)

Mg2Si
morphology

163 ± 7 (18) 85 ± 2 (18)

1.9 ± 0.3 (9)
45 ± 3 (14) Chinese script
4.5 ± 0.7 (15) 46 ± 2 (16) Semidispersed
4.2 ± 0.7 (18) 49 ± 2 (18) Dispersed

165

3.5

93

–

N/A

Comparing the Wiegner−Seitz ratio (Table 5.5), it can be seen that Sr and
Ca would segregate to the surface or interfaces in Mg. This effect had not
been explored for many years until Aliravci et al.113 observed the grain refining effect of Sr in AZ91 (Mg−9Al−1Zn) alloy. This led to the use of Sr to
grain-refine Mazda AZ80 forging wheels (Fig. 5.22).116 In recent years more
work has been carried out on the grain refining of Mg alloys via Sr.117,118
Pekguleryuz et al.41 used Ca in the 1990s to refine the Mg2Si Chinese script
morphology (Section 5.3.2) in the AS41 (Mg−4Al−1Si) alloy (Fig. 5.23) and
a significant improvement in ductility of the gravity castings was obtained
at 0.1%Ca additions (Table 5.6). In 2006, the Mg2Si phase was refined by
0.1%Sr and Sb additions.119,120

5.6

Alloying elements and their effects

5.6.1 Al, Zn and Mn8,26
The most widely used alloys in this group are the AZ (Mg−Al−Zn) and AM
(Mg−Al−Mn) series. Figure 5.24a illustrates the effects of Al and Zn on the
strength and ductility of binary Mg alloys. The 3% Zn alloy is shown to be
the most ductile, and the 9% Al alloy gives the maximum strength. Where a
compromise needs to be made between strength and ductility, a binary 6%
Al alloy (AM60, AZ61) offers acceptable strength, while a 5% Zn offers
acceptable elongation. The combined effect of Al and Zn on Mg is not only
on mechanical properties but also on castability (Fig. 5.24b). Al and Zn (up
to 3%) improve the fluidity of Mg, making it castable. Al also influences
corrosion resistance: Al decreases the corrosion resistance until ~8%, after
which a reversal in behavior is seen.121 For the AZ91 alloy where Al content
ranges from 8.3% to 9.7%, great variations in corrosion resistance are inevitable. Tighter control of the Al limits may be a preferable measure in the
future to avoid these variations.
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Various problems related to molten metal handling and corrosion of these
alloys due to heavy metal contamination have been solved over the last two
decades. The most serious handicap with these alloys is poor high temperature strength, especially in cast parts. Their microstructure is characterized
by Mg17Al12 (γ in the Al–Mg phase diagram, but also called β in the Mg
alloy literature) intermetallic precipitates in a matrix of primary Mg. The
β-precipitate has a cubic crystal structure incoherent with the HCP lattice
of the matrix (Section 5.3.1). It exhibits covalent as well as metallic bonding
and is prone to thermal instability.

5.6.2 Rare earth (RE) elements
REs impart both room and elevated temperature (200°C) strength to Mg.
The strengthening is due to solid solution of the borderline sized RE atoms
and second-phase hardening due to the Mg12X intermetallic (where X
denotes RE element). The intermetallics (Table 5.2) have relatively low
diffusivity (line compounds) at moderate temperatures and good matrix
coherency.122 Additional elements, such as Ag, may further improve the
age-hardening response (such as in QE22 alloys). Die-casting alloy, AE44
has been utilized in the Corvette engine cradle. It takes advantage of the
fluidity imparted by Al and the creep resistance imparted by REs. Al
decreases somewhat the effect of REs due to the preferential formation
of Al2X which removes RE from solution. The alloy is costly but relatively
easy to cast and has good creep properties. Al11RE is prone to phase transformation at moderate temperatures, making the alloys such as AE42 thermally unstable.
The major beneficial effect of REs on Mg is on creep strength up to 200–
250°C. In Mg–Ce alloys it has been discovered that there is additional nucleation of a fine Mg12Ce precipitate at the grain boundaries during creep at
200–300°C, which is the decisive factor in improving the creep performance
of Mg at 300°C by strengthening the grain boundaries. Furthermore, the
additions that inhibit the coarsening of such fine precipitates contribute further to creep resistance. Mn further increases the creep strength of Mg–Ce
alloys by restricting or altering the kinetics of the growth and altering the
habit planes of Mg12Ce to achieve and maintain a fine dynamic precipitation.51 The creep mechanism of REs can shed light on the development of
creep-resistant Mg alloys. REs are surface-active in Mg and they can be used
to modify and refine microstructural features, and for improving the oxidation and corrosion resistance. The beneficial effects of REs on the strength of
Mg had been discovered as early as the 1930s and many commercial casting
alloys suitable for gravity casting and some wrought alloys have been developed. Because of the higher cost associated with the RE alloys they have
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5.24 The effects of Al and Zn on (a) the mechanical properties of Mg
and (b) castability.8,26

been mainly used for aerospace applications. A number of ternary and quaternary alloys have been commercialized, such as the ternary Mg−RE−Zr
(EK30) and the quaternary alloys Mg−Zn−RE−Zr (ZE63, EZ33).
Selection of alternate lower cost solutes that produce similar intermetallic compounds in combination with solutes that stabilize them could be the
key consideration for future work. However, most RE intermetallic compounds in Mg alloys have moderate melting points and most are subject
to phase transformations, making the alloys metallurgically and thermally
unstable for certain elevated temperature service. Other shortcomings are
the high cost and the lack of worldwide supply of REs, posing a concern for
high volume cost sensitive applications.

5.6.3 Alkaline earth elements
Alkaline earth elements Ba, Ca, Sr, like Mg, belong to Group II of the periodic table and exert effects similar to the REs when alloyed into Mg. Ba is
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not recommended for use in commercial alloys since the storage of Ba as a
raw material poses some safety problems.
Alkaline earths are surface-active and, like REs, improve the corrosion and oxidation resistance of Mg (including bio-corrosion resistance)
and also refine the grain size and the size of the second phases.111–120 They
form intermetallic compounds with Mg and with Al in Mg–Al alloys,55–72
which strengthen the grain boundaries and thereby increase creep resistance. These intermetallics are thermally more stable than the RE compounds: due to the negligible solubility of the alkaline earths in Mg at
the elevated temperatures, they do not dissolve in the matrix or transform to other compounds by reacting with aluminum in Mg–Al alloys like
some of the Al–RE intermetallics. The Sr compounds, due to their thermal stability, play a more effective role in PSN of recrystallization during rolling and extrusion than do the Mg–Re intermetallics at elevated
temperatures.10,70–78

5.6.4 Group IV and group V elements7
Another area for further investigation is the effect of elements such as Sn,
Sb and Bi on strength.7 These elements form line compounds of high melting point. Because of the low ductility of the binary systems, they should be
investigated in combination with elements that impart ductility such as Zn
or Al. An important element addition to replace the REs partially, or to take
the place of Ag, may be Sb. Sb has been used to produce creep-resistant solder alloys such as the 95/5 Sn/Sb.
The precipitates of the Ag containing alloys have not been completely
determined yet but it is known that in the case of the Mg–Ag system, ‘electron compounds’ of simple lattice structures (BCC AgMg at an electron:
atom ratio of 1.5 and HCP AgMg3 at a ratio of 1.8) form.8 These simple
phases may more readily maintain coherency with the HCP Mg matrix.
Sb is also known to refine the grain size and the second phases in Mg
alloys,119 even though it is not predicted to be surface-active based on
Wigner−Seitz radii (Table 5.5). The refining effect may be related to nucleant
effects rather than to growth inhibiting effects related to surface activity.

5.7

Summary: magnesium alloy design to
enhance properties

5.7.1 Strength and ductility
When the mechanical properties of a series of binary Mg alloys are examined under comparable conditions, it is seen that alloying elements fall into
three main categories7,8
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i. Those that increase both strength and ductility. These elements in order
of effectiveness are:
Al, Zn, Ca, Ag, Ce, Ga, Ni, Cu, Th (strength criteria)
Th, Ga, Zn, Ag, Ce, Ca, Al, Ni, Cu (ductility criteria).
ii. Those which provide little strengthening, but increase ductility: Cd, Tl
and Li.
iii. Those which may confer considerable strengthening but at the cost of
ductility. These are: Sn, Pb, Bi and Sb.
Based on the above information, it is not surprising that most common
alloy systems have been developed in the Mg–Al, Mg–Zn and Mg−Al−Zn
systems.

5.7. 2 Creep resistance in cast alloys122
Alloying elements exert their influence on creep through solute effect or
second-phase formation.
i. REs and Y reduce GBD, pipe diffusion, and decrease primary creep
rate. Ce produces Mg12 Ce or Al11Ce3, which are unstable at elevated
temperatures, but Nd and Y produce interdendritic and intradendritic
intermetallics, some of which are thermally stable.
ii. Sr produces the thermally stable Al4Sr against GBD and GBM in Mg–Al
alloys. Sr also reduces Al solubility in Mg, leading to the dynamic precipitation of Al–Mn in Mg–Al–Sr (Mn) alloys.
iii. Mn produces fine intradendritic α-Mn phase which co-precipitates
dynamically with fine Mg12Ce particles, refining its size and leading to
effective dislocation pinning.51,82

5.7. 3 Formability123
Since the main cause of low formability of Mg at room temperature (lack of
at least five slip systems that activate) is its HCP crystal structure with a c/a
of 1.624. Li additions, which influence the c/a (for Li < 2 wt%) or change the
crystal structure to BCC(Li > 14 wt%), are perhaps the most potent alloying
elements for improving the yield symmetry and the uniform deformation in
Mg alloys. Li may, however, adversely affect strength; furthermore, alloying,
melting and casting processes are very challenging.
A further difficulty in forming Mg wrought alloys is the preferred orientation (basal texture) that develops when Mg alloys are rolled or extruded.
Alloying elements that have contributed to weakening of the strong basal
texture in wrought Mg are RE elements, Y, and Sr.
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Table 5.7 Ecorr (VSCE) for intermetallic phases and impurities in 0.1 M NaCl.125
Mg

Mg2
Ca

Mg24Y5 Mg12
La

Ecorr −1.75 −1.65 1.60

Mg12
Nd

Mg2
Si

Mg12 Mg17Al12 Mn
Ce

−1.60 −1.55 −1.54 −1.50 −1.35

MgZn2 Fe

−1.28 −1.03

Ni

Cu

−0.60 −0.22 −0.15

5.7. 4 Corrosion resistance124
Magnesium has low corrosion resistance due to its highly negative corrosion
potential of −2.37 V. It also ignites at ~680°C due to its high vapor pressure
following surface oxidation which increases the local surface temperature
very rapidly. Bulk magnesium, because of its high thermal conductivity, can
dissipate the heat from the surface quickly; consequently it is difficult to
ignite bulk magnesium, but chips will ignite rapidly.
Magnesium alloys are also susceptible to micro-galvanic corrosion which
results from the difference between the corrosion potentials of the Mg
matrix and the intermetallic second phases. Table 5.7 gives the corrosion
potential (Ecorr) of some of the second phases found in Mg alloys.
Alloying elements influence the corrosion behavior of Mg in various
ways. Al improves the corrosion resistance up to a limit of ~8 wt% after
which the corrosion resistance falls likely due to enhanced micro-galvanic
corrosion.121 Mn added to Mg–Al alloys removes the Fe impurity during
molten state and settles it to the bottom of the crucible as sludge; when the
solubility is reduced with the addition of Al, the separation of the Fe–Mn
sludge compounds in the molten state becomes possible. Mn is not as effective in removing Fe from other Mg alloys, where it has some solid solubility
and does not settle out in the molten state.
Surface-active elements, Ca, Sr and REs change the surface composition
of the Mg alloy and modify the driving force for corrosion, and oxidation.
Second phases that have corrosion potential quite different from Mg (Table
5.7), and impurities such as Fe, Cu and Ni, are detrimental to the corrosion
resistance of Mg because they lead to micro-galvanic corrosion.

5.8
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Abstract: The present chapter examines the formability of magnesium
base alloys through the prism of the tensile test. Despite its inadequacies,
this test is remarkably useful and it is used here to help highlight key
differences between magnesium and its sister light metal, aluminium.
Magnesium and its alloys display yield strengths comparable to
aluminium base alloys. However, there is asymmetry and far greater
anisotropy to yielding. Despite Lankford r-values that can be as high
as 4, magnesium and its alloys typically display deep drawing ratios
considerably less than aluminium and other metals. In room temperature
tensile tests, wrought magnesium alloys typically display strain hardening
exponents and forming limit curves marginally lower than comparable
aluminium base alloys. However, the strains to failure seen in both
tension and compression fall considerably below those observed in
aluminium alloys. Formability is markedly improved by an increase
in the forming temperature. Hot forming of magnesium alloys can be
carried out using much the same equipment and conditions employed for
aluminium base alloys.
Key words: magnesium, forming, tensile test, ductility, r-value, anisotropy.

6.1

Introduction

As discussed elsewhere in this book, magnesium and its alloys show particular promise in applications where light weight is an advantage. The optimal
material for a light stiff beam has a high value of E1/2/ρ, where E is Young’s
modulus and ρ is the density. For a light stiff panel the relevant material
index is E1/3/ρ. The values of these indices exceed those calculated for aluminium by one fifth and one third, respectively. While providing one illustration of the desirability of magnesium, this example also makes another
point, which is that magnesium is frequently viewed in terms of how it compares to the metal it aims to replace − aluminium. Where practicable, the
present chapter will follow this practice.
To obtain benefit from the favourable combination of lightness and stiffness in a panel undergoing flexure one must first produce the panel. This
brings us to the topic of the current chapter − forming. Panels and beams,
that is, long, broad and frequently thin components, are produced by metal
197
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shaping processes such as extrusion, rolling and drawing. Such products
are often subsequently shaped further by bending, stretching and drawing.
Forging is also sometimes employed to make more compact but integral
parts. All these processes involve metal plasticity. In this regard, magnesium
has a poor reputation. Authors of scientific papers on this topic have repeatedly pointed out that magnesium struggles, in one way or another, to provide the five independent shears required to satisfy von Mises’1 requirement
for arbitrary shape change. However, struggle though she does, and magnesium and her alloys all display some degree of plasticity under ambient
conditions.
An obvious first point of call, in a search to unearth the origin of magnesium’s poor reputation in relation to plasticity, is to consider its tensile
ductility. In Roberts’ book2 published in 1960, he addresses the ‘frequent
engineering misunderstanding’ in relation to magnesium’s supposed tendency to brittleness. To do this, he quotes from Toaz and Ripling’s earlier
study,3 where it is concluded that magnesium is simply at its poorest under
typical tensile testing conditions. To put this to trial, the total tensile elongation reported in a popular on-line materials database (MatWeb) is plotted against tensile yield strength in Fig. 6.1 for the entire range of wrought
alloys contained in the database. In the spirit indicated above, data for the
full extent of available wrought aluminium alloys are also shown. A number
of points can be made from this figure, but for now we note only one: while
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6.1 Plot of tensile total elongation against tensile yield strength
obtained for the entirety of the wrought aluminium and magnesium
wrought alloys contained in the popular MatWeb on-line material
property database.
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aluminium alloys certainly extend both to higher strengths and to higher
ductilities, the tensile elongation of magnesium base alloys appears not to
be, in the main, significantly lower than that seen in many aluminium alloys
of comparable strength.
Clearly an important issue to be considered is the relevance of tensile
ductility as a measure of formability. This is taken up in the first section
of the present chapter. The subsequent sections then address key issues in
the formability of magnesium with the aim of establishing a firm base for
the metal’s ‘reputation’. The sections are organized as follows. The basic
deformation mechanisms are very briefly reviewed and then separate subsections are dedicated to yielding, work hardening, failure strain, superplasticity and hot cracking. Where it is possible to do so, recent understanding
with respect to the roles of temperature, grain size and alloying addition are
considered. The chapter will present what the author believes is the most
widely understood, or at least the most compelling, of current understanding. The aim is to present some rules-of-thumb for understanding, rather
than to explore the details of all the debates that still continue across many
aspects of the plasticity of magnesium base alloys.

6.2

Testing for formability

Despite its reputation in some circles, the tensile test is an excellent method
for characterizing the forming properties of a metal. However, the parameters extracted from the procedure correlate differently with the different
forming processes. In some cases no measure is appropriate and other tests
are required. For example, Hosford4 notes, ‘rarely does the formability in
sheet forming processes correlate well with… reduction in area or elongation at fracture’. A summary of the main correlations between testing and
forming processes is presented in Table 6.1. Naturally, forming loads correlate well with the tensile stress−strain curve and this point is not included in
the table. The correlations shown are of a general nature, and are not specific to magnesium base alloys. They have not all been verified to hold for
the present alloys, though in the main they ought to because their basis is
of a mechanical rather than material nature. In this regard it will be shown
shortly below that the r-value measured in a tensile test is actually not as
good a predictor of room temperature deep drawability for magnesium
base alloys as it is for many other metal alloys. Nevertheless, there are two
particularly important links for magnesium that are indicated in the table:
(i) the connection between both the uniform elongation in a tensile test
(via the work hardening exponent n) and the rate sensitivity of the flow
stress (m) and the forming limit diagram and, consequently, stamping, and
(ii) the correlation between tensile reduction in area with both bendability
and rollability.
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Table 6.1 Correlations between tests and forming processes/defects (courtesy of
Professors W.B Hutchinson and J. Duncan)
Process

Simulation tests

Relevant tensile test parameters

Stamping

Erickson punch height
FLD

Cylindrical deep
drawing

Swift cup drawing

Stretch ﬂanging

Hole expansion test

Bending

Bendability (r/t)
Handkerchief fold test

Total elongation (%)
Uniform elongation (%), n-value
Strain rate sensitivity, m-value
(+ve)
Plastic strain ratio, r
Plastic strain ratio, r
Average normal anisotropy rm
(for LDR)
Planar anisotropy Δr (for earing
height)
Post-uniform elongation (%)
Reduction of area (%)
Plastic strain ratio, r
Fracture strain, reduction of
area (%)
Post-uniform elongation (%)
Reduction of area (%)
(Low) Tensile strength/yield
stress ratio
Total elongation (%)
Uniform elongation (%)
Total elongation (%)
Uniform elongation (%)
High strain rate sensitivity,
m-value
High strength
(Low) Tensile strength/yield
stress ratio
Strain rate sensitivity, m-value
(−ve)
Tensile strength (%)
Young’s modulus
Failure strain, reduction in
area (%)
Plastic strain ratio, r

Roll forming

High pressure
hydro-forming
Warm forming

Erickson punch height
FLD
Hot stretch test
FLD

Blanking, punching

Springback
Cold rolling
Wrinkling

6.3

Cup drawing
Strip drawing

Deformation mechanisms and formability

The plastic deformation mechanisms commonly encountered in magnesium base alloys include dislocation glide, deformation twinning and grain
boundary sliding. Dynamic recrystallization also occurs in this material
(e.g., Reference 5). This is in marked contrast to aluminium, which does not
readily dynamically recrystallize, an important contrast that is quite possibly due to a difference of an order of magnitude in the rate of grain boundary diffusion6 in addition to differences in tendency for recovery. However,
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c
1

2

3

4

5

<a>

1- Prismatic: {1010} < 1210 > slip
2- Pyramidal (I) plane: {1011} < 1012 > twinning
3- {1012} < 1011 > twinning
4- Pyramidal (II) plane: {1122} < 1123 > slip
5- Basal plane: (0001) < 1210 >

6.2 Important planes in the hcp unit cell along with the deformation
modes that occur on them.

while dynamic recrystallization does impact on the way in which temperature affects deformation, it does not contribute directly to the plastic strain.
Here, we are more interested in processes that do.
Reviews of the main deformation modes in magnesium and its alloys can
be found in References. 2, 7, 8 Dislocation glide of <a> dislocations occurs
readily on the close packed basal plane. These dislocations also glide on
the prismatic plane, after cross slipping out of the basal plane.9 It is also
possible that these dislocations cross-slip onto a pyramidal plane. There is
some suggestion that this may be important,10 but there is only little support
for the contention and so it will not be considered directly in what follows.
Observation of <c + a> dislocations have also been made (e.g., References
11–13). Glide of these dislocations provides deformation along the c-axis.
This has been most frequently considered to take place on the {112̅2}<1̅ 1̅23>
slip mode (e.g., Reference 11) though there is some debate on the matter.14
These three slip modes are shown schematically in Fig. 6.2. Also shown in
̅ and {101̅1}. Twins
this figure are the two main twinning habit planes: {1012}
form most readily on the former, as with all hcp metals, and when this occurs,
the c-axis is extended. This twinning mode is sometimes called tension, tensile or extension twinning and the characteristic shear is 0.13. The {101̅1}
twin has a similar characteristic shear, 0.14, but acts so as to contract the
c-axis. It is sometimes called compression or contraction twinning.
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More twinning modes than those shown in Fig. 6.2 have been reported
(e.g., Reference 15) but those shown are observed most frequently in electron back scattering diffraction (EBSD) studies of relatively fine-grained
polycrystalline alloys. However, there is one additional complication that is
important to note. Twins can form in the interiors of other twins. In single
crystals16 and in polycrystals,2,17 this occurrence may be important for understanding forming behaviour, and further discussion of this will be taken up
below in the sections on work hardening and failure strain.
The importance of grain boundary sliding in the deformation of magnesium is a more controversial topic. Suffice it here to note that it seems to be
important for creep and for superplastic deformation (e.g., Reference 18).
It is also possible that deformation confined to the near boundary regions
occurs under more conventional forming conditions and that this appears
as grain boundary ‘sliding’ on sample surfaces.19,20 If the deformation is
mediated by grain boundaries then the boundaries must enter into considerations with regards to formability, and anisotropy, in a different way from
what they would otherwise (e.g., Reference 19).
The determination of which deformation modes operate in any given
forming event depends on the extent to which each mode is stressed and on
the magnitude of the critical stresses that must be exceeded for activation to
occur. In regards to the former, the texture is important, and this will be considered shortly. First, though, we consider the critical resolved shear stresses
(CRSS) for the different deformation modes. Much has been written on this
point, due to the considerable discrepancies seen between different alloys
and between single and polycrystals.7,21–23 These differences can be understood in part in terms of the following: complex solute softening and hardening effects for the different deformation modes, potential differences in
the sensitivities to grain size of each deformation mode, and to the additive
effects of the different hardening mechanisms. For the case of CRSS values determined for polycrystals, the experimental approach and the model
employed impacts on the magnitude of the values obtained.
One particularly compelling method employed to establish values for
the CRSS for different deformation modes is to use neutron diffraction to
determine the internal stresses that correspond to the observable onset of
relaxation in different orientation classes.24 The experiment can be contrived
so that each separate orientation class – characterized by a common diffraction vector – is dominated by a single deformation mode. Elastoplastic
self-consistent crystal plasticity modelling can then be used to firm up the
interpretation.10,24 This modelling approach permits sequential activation of
the different modes, which is particularly useful for the present material
where some modes are considerably ‘harder’ than others.
Before examining data obtained in experiment, the common wrought
alloys will be mentioned. These are given in Table 6.2. The most common
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Table 6.2 Common wrought alloys and
their compositions in weight percent
Alloy

Al

Mn (min) Zn

AZ10
AZ31
AZ61
AZ80
M1A
ZK60
ZM21

1.2
3.0
6.5
8.5

0.2
0.20
0.15
0.12
1.2

Zr

0.4
1.0
1.0
0.5
5.5
2

1

0.45 (min)

Source: From the ASM Handbook on
Magnesium Alloys.
Table 6.3 Relative values of the critical resolved shear stress for alloy
AZ31 determined using neutron diffraction combined with elastoplastic
modelling and subjected ﬁrst to an additive normalization to bring the
CRSS values for basal slip to a common value

Basal slip
Prismatic slip
Pyramidal II slip
Tensile twinning

AZ31- sample A

AZ31- sample B AZ31- sample C

1
3.25
3.5
2

1
4.5
4.75
1.5

1
3.75
4.25
1.25

Source: From References 10 and 24.

wrought alloy – both in rolled and extruded products − is alloy AZ31, which
contains nominally 3 wt% Al, 1 wt% Zn and typically ~0.4 wt% Mn along
with normal impurities. This is the alloy that has been subjected to the most
study. It is also worth mentioning that rare-earth containing alloys are
increasingly being scrutinized for their forming properties but there is no
dominating widely accepted class or type for these alloys as yet.
In Table 6.3 the relative ‘initial’ CRSS values obtained by combining elastoplastic modelling with neutron diffraction are shown for three batches
of alloy AZ31 – two from Reference 24 and one from Reference 10. These
were determined only for simulations in which the deformation modes
above were considered, bar compressive twinning. Two normalizations were
performed to construct the table. First, an additive normalization was performed by adding (or subtracting) a common amount to (or from) each of
the CRSS values for each material so that the values for basal slip were all
brought into coincidence. The justification for this can be found in Reference
21 and is based on the observation that hardening is often found to be additive. This may not be completely true for the different deformation modes
but we adopt it here as a reasonable first approximation. Second, all the
CRSS values are then divided by the common value for basal slip. It can
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be seen that the CRSS ratios are reasonably consistent and that they fall in
increasing order according to the following: basal slip, tensile twinning, prismatic slip and pyramidal II slip.
Some important distinctions need to be made as to the sensitivity of the
CRSS values to temperature. First, we need to recall that the CRSS values
referred to above are ‘effective’ values, in that they represent the resolved
stresses required for appreciable slip to be detected in a deformation test.
They therefore represent the stresses required to overcome the Peierls barrier and to activate a significant number of sources. They also represent
stresses required to overcome any other obstacles that present or develop
over the increment of strain that occurs prior to the attainment of a detectable level of slip. It turns out that the effective CRSS for the non-basal slip
modes falls sharply with temperature above ambient (see single crystal data
reviewed in Reference 25). In contrast, the CRSS for basal slip and tension twinning changes only moderately with increasing temperature, if at
all.25,26 One effect of this is to bring the CRSS values all closer together
with increasing temperature. Another effect is to make non-basal slip more
favourable than tension twinning, so that twinning is not seen once the temperature rises above a critical value (e.g., Reference 27).
Temperature has a greater effect on the slip of <a> dislocations on
non-basal planes, compared to the basal plane, because cross-slip is
required for the former. In the range of ambient to 350–400˚C a cross-slip
mechanism seems to dominate whereby constrictions in <a> dislocations
dissociated in the basal plane bow out into non-basal planes.9,28,29 The
segments in the non-basal plane do not dissociate in that plane but they
do dissociate back into the basal plane. Thus a configuration is created
which is similar to a jog-pair or kink-pair seen in bcc metals where the
Peierls stress is dominant. This mechanism of cross- slip in magnesium has
been termed the Friedel–Escaig mechanism,29 the pseudo-Peierls mechanism or the jog-pair or kink-pair mechanism.9 The reader is alerted to the
fact that in the later studies,9,28 the term ‘Friedel–Escaig mechanism’ has
been restricted in definition to cases where the cross-slip segment dissociates in the cross-slip plane, something that is not believed to occur in the
present case.
Couret and Caillard29 give a temperature of 430˚C as the athermal
temperature for the kink-pair mechanism and note that high activation energies point to an important role of diffusion and possibly to the
climb of c dislocations at this and higher temperatures. Here we repeat
that in polycrystals dynamic recrystallization occurs and this is seen at
temperatures greater than ~ 200˚C, depending on strain, strain rate and
alloy. Clearly, diffusion is important in such a case. To a first approximation the effect of recrystallization on the effective CRSS values for
the different slip modes is likely to be similar; dynamic recrystallization
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‘sweeps’ out the forest dislocations that provide hardening. The role of
temperature on yielding stresses will be considered briefly again further
below.
The extent to which the applied stress resolves onto the systems that comprise each deformation mode is controlled by the texture. Wrought magnesium products have particularly strong fibre textures. This is an important
point of demarcation with aluminium wrought products, which are seldom
so strongly textured. In general, the basal pole in wrought magnesium is
found to be aligned near to parallel to the direction of predominant material
contraction. Thus, in rolling, the basal plane is found close to the plane of the
sheet. The fibre texture is not perfect, however, and there is frequently a tilt
of basal poles towards the rolling direction (e.g., References 30, 31). This can
be ascribed to the action of <c + a> slip30 but it may also relate to ‘compression’ banding/shear banding, which also tends to rotate basal poles towards
the rolling direction.32,33 In extrusion of common alloys, the basal poles are
typically found to lie perpendicular to the extrusion direction.34 Having
made these generalizations, it must be noted that in both rolling and extrusion of alloys containing rare-earth elements, weaker and altered textures
are frequently observed (e.g., References 31, 34). This is not fully understood but the effect seems to relate to a combined influence of rare-earth
elements on deformation and recrystallization.31,34–37
Given the relative magnitudes of the CRSS values in Table 6.3 and the
nature of the textures commonly found in conventional (i.e., AZ31) rolled
and extruded material, one can draw some conclusions with regards to
which deformation modes are likely to dominate under common testing
and forming conditions. Thus, in Table 6.4 it is shown that tensile twinning is
favoured when extruded rod or plate is compressed along the direction in
which the material experienced extension during processing (or in the transverse direction of rolled sheet). It is also seen that prismatic slip is expected
to dominate the yield stresses seen in tension along the rolling transverse
and extrusion directions.

6.4

Yield characteristics and drawability

A distinct yield point is not commonly observed in magnesium alloys
though yield elongations are sometimes seen in finer-grained samples (e.g.,
Reference 38). One reason for this is that despite the range of deformation
modes available, and the sharp textures, micro-yielding often occurs in those
grains that are more favourably aligned for basal slip. Thus, ‘yielding’ can
reflect a rather prolonged elastic−plastic transition.24 In the wrought state,
the magnitude of the stress at which yielding occurs in tension is shown in
Fig. 6.1 to overlap the lower end of the range seen for wrought aluminium
alloys.
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Table 6.4 Dominant deformation modes for different mechanical
strain paths, as expected for common wrought textures, such as
those found in alloy AZ31
Direction of
contraction
Free
“
“
RD
“
“
TD
Rolled plate/
“
sheet
“
ND

Extruded
bar

Direction of Dominant mode(s)
extension
RD
TD
ND
Free
TD
ND
Free
RD
ND
Free

“

RD

“

TD

Free
ED

ED
Free

Prismatic slip, basal slip
Prismatic slip
Tensile twinning
Tensile twinning
Prismatic slip
Tensile twinning
Tensile twinning
Prismatic slip
Tensile twinning
<c + a> slip, basal slip,
compression twinning
<c + a> slip, basal slip,
compression twinning
<c + a> slip,
compression twinning
Prismatic slip
Tensile twinning

Note: Rolling, transverse and normal directions are given as RD, TD
and ND, and the extrusion direction is abbreviated to ED.

Unlike aluminium, the yield locus in magnesium base alloys is strongly
asymmetric. This arises in consequence of the strong fibre textures frequently seen in magnesium sheet alloys, and the variation in CRSS among
the available deformation modes. This asymmetry has important consequences for modelling, forming, deep drawing, bending and design with
wrought magnesium products. The yield locus on the σ1–σ2 plane has been
determined by a number of workers (e.g., References 39, 40) using the
method employed by Backofen.41 An example is given in Fig. 6.3, in which
the asymmetry of yielding in an extruded flat bar is illustrated. In the plane
of the sheet, the yield stresses in compression (along with either RD or
TD) are not infrequently seen to fall to around half of those measured in
tension. The same holds true for deformation in the ED. With reference to
Table 6.4 above, these deformations tend to pit tensile twinning (in compression) against prismatic slip (in tension), the latter of which has a much
higher CRSS.
More detailed experimental determination of yield surfaces has been carried out using biaxial tension42 and compression tests.43 In these instances,
the portions of the curves have been quite successfully described mathematically using the Logan−Hosford44 yield criterion for both the biaxial quadrants. However, different coefficients are required in each case and only a
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6.3 (a) True stress-strain curves obtained in tension and compression
tests performed along the extrusion direction of a bar of magnesium
alloy AZ31. (b) Tracing of a typically asymmetric experimental yield
surface obtained for alloy ZM61 extruded into sheet shown. The axes
refer to normal stresses in the plane of the sheet.40 The bottom left
corner is dominated by twinning.

small portion of the yield surface is fitted. Finite element modelling of forming requires more complete yet simply calculable expressions and this is a
considerable obstacle. Lee et al.45 have categorized the approaches tried so
far into two main types. In one family of approaches, stresses are added to
existing models, such as the work by Hosford.46 Cazacu and co-workers47–49
have added terms based on the third invariant of stress. In the other family,
artificial ‘back stress’ terms are introduced in kinematic hardening models to create an asymmetric surface by ‘pretending’ the existence of some
prior strain. Another promising approach is to employ a rapid crystal plasticity calculation based on an aggregate of a small number of representative
grains.50
A curious outcome of the asymmetry of magnesium is that during bending of sheet, the sheet contracts in the direction perpendicular to the bend.51
This arises because the yield stress in compression is lower than in tension,
so the neutral plane in a bend tends to be closer to the tension side of the
bend. The action of bending thus imparts some net contraction.
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The Lankford r-value is a characteristic of the yield locus and is related
to the slope of the yield surface on the σ1–σ2 plane where it intersects the
positive axes. The r-value is written as the ratio of width to thickness strain
in a tensile test, but is usually obtained by measuring the elongation and
width contraction and assuming constancy of volume. The r-value is frequently found to correlate with the limiting cup draw height. This is sometimes termed the limiting draw ratio (LDR), which gives the maximum
ratio of the blank diameter to the cup diameter achievable during the deep
drawing of a cup. That is, high r-values typically give superior deep drawing
depths (e.g., Reference 4). In magnesium alloy sheet it is common for the
r-value to attain rather high levels in the transverse direction (i.e., up to r =
4, where r = 1–2 is more common in Al and Fe alloys).19,52 However, in the
rolling direction lower r-values are more typical52 and, overall, the material
is usually found to display disappointingly low levels of deep drawability
at room temperature (e.g., References 53–55 – see Fig. 6.4). Furthermore,
in magnesium alloys, higher r-values do not necessarily give superior deep
drawability.53 We will come back to these points below.
We now turn to the influence of temperature on yielding. In general, the
decrease in yield stress that accompanies an increase in temperature is similar
in magnesium and aluminium alloys (c.f., References 56–58). This is not too
surprising, as both metals share similar melting temperatures. Forming can
be accomplished under lower stresses at elevated temperature. As mentioned

Limiting draw ratio (LDR)

3.5
Ti

3

Mg (175-250°C)
Fe
Hosford (a=6)

2.5

Cu, Al

2

Zn
Mg

1.5

1
0

1

2

3
4
5
Average r-value

6

7

6.4 Inﬂuence of average r-value on the room temperature LDR for
deep drawing of sheet. The data were obtained from Dieter’s book
for non-Mg alloys, and from Mori and Tanaka,54 Iwanaga et al.55 and
Simon Jacob84 for Mg (alloy AZ31). The curve is from Hosford and
Cadell.4 Warm deep drawing data for magnesium alloy AZ31 are also
shown.55,124

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

Forming of magnesium and its alloys

209

1000
Twinning

Hot rolling

Grain size (μm)

Warm rolling
100
Extrusion
Service/
gentle bending

10
Sheet forming
Slip
1
0

200
400
Temperature (°C)

600

6.5 Plot of the transition between slip to twinning dominated
deformation as a function of temperature and grain size for magnesium
alloy AZ31. The relation is based on reference [27] and derives from
compression tests performed on extrusions. Different deformations
and texture may result in slip dominated deformation in the twinning
region but not vice versa. Approximate ‘windows’ are shown for the
main wrought processes.

above, the sensitivity of the different deformation modes to temperature is
different. Thus, at ambient temperature the yielding of extrusion and plate
in compression along the direction of prior extension occurs primarily by
tensile twinning (Table 6.4). At higher temperatures, yielding under these
strain modes is dominated by non-basal slip instead, simply because these
systems are more easily activated. The conditions for this transition depend
on grain size27 and alloy (e.g., Reference 59). The slip-twinning transition for
alloy AZ31 is shown in Fig. 6.5, along with the approximate conditions corresponding to the main forming processes. It is clear that there is scope to
decide whether or not to form under conditions where yielding will occur by
twinning.
In consequence of these effects, the influence of grain size on the yield
stress in magnesium is a complex one (see Fig. 6.6). There are two key observations to note. One is that in deformation dominated by twinning, such as
compression of an extrudate along the ED, the Hall−Petch slope tends to
be higher than when slip is dominant. The other is that, with an increase in
temperature, a marked drop is seen in such samples, once the critical temperature for the slip-twinning transition is met.27 Samples not oriented for
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6.6 Inﬂuence of grain size on the yield and ﬂow stress in magnesium
AZ31 extrusions tested in compression at 150˚C.27

twinning also experience a drop in Hall−Petch slope with increasing temperature, but in this case the effect is more gradual.60
Alloying addition alters the yielding behaviour of magnesium alloys
through similar mechanisms to those seen in other metals. Thus, solute and
precipitate hardening are employed to raise the strength. A detailed review is
beyond the scope of the present work and on this note the reader is pointed
to Reference 7. However, there is an interesting phenomenon whereby the
addition of certain alloying elements, such as Zn and Al, can reduce the
stresses required to activate prismatic slip.61,62 Also, there are two important
observations that can be made with respect to the addition of rare-earth elements (apart from the fact that these elements are commonly used to impart
creep resistance – that is, they increase the high temperature yield strength63).
One is that rare-earth containing alloys can display a dynamic strain ageing
type phenomenon with the associated anomalies in stress−strain response
and strain rate sensitivity.36,64 The other was mentioned above and relates
to the tendency of rare-earth alloys to display weaker textures. Sheets with
weaker textures tend to yield at lower stresses in in-plane tension, all else
being constant. But they also display greater deep drawability.53
There are a number of reasons why magnesium alloys tend to be less
‘deep drawable’ than other metals at equivalent r-values. One reason is that
magnesium displays complex kinematic hardening, due largely to the fact
that twinning only acts in one sense of strain and does so only for a limited
duration of deformation. Thus, the bending and unbending that occur as
the blank is drawn over the die corner and into the cup wall changes the
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flow behaviour compared to that of the unprocessed sheet. This seems to
have received limited attention. However, with reference to Table 6.3, we
can make some preliminary observations. As the material travels over the
die profile radius, the upper surface will undergo tension. This tension is in
the plane of the sheet and will be accompanied largely by slip processes. As
the material is straightened as it enters the cup wall, the upper surface will
undergo compression. Compression in the plane of the sheet is expected to
induce twinning (Table 6.3). Any thickening of the blank prior to entry into
the die will also be accompanied by twinning. Thus the material in the cup
wall will be partially twinned and will thus tend to undergo yielding with the
application of further tension, under lower stresses than it otherwise would.
The full significance of this for deep drawing has yet to be determined.
Probably the most significant cause of the poor deep drawability of magnesium is that it is unable to withstand the strains required to:
i. form the bend radii at the corners of the punch and die, and/or
ii. reduce the outer circumference of the blank into that of the die.
With respect to the latter, the maximum compressive strain in the plane of
the sheet corresponding to the different drawing ratios is simply ln(LDR).
Magnesium alloys display LDR values at room temperature between 1.2
and 1.7 (Fig. 6.4) so this corresponds to compressive strains at the outer
radius of the blank in the range of 0.18–0.53. The difficulty for magnesium to
achieve such strains at room temperature without failure will be discussed
further below. But it is worthy of note that an increase in the LDR can be
achieved by modifying the hold-down plate used in the deep drawing process to increase the compressive hydrostatic stress in the flange just before
it enters the cup wall.54 This extends the strain that the rim of the blank can
withstand prior to cracking.
Magnesium sheets with weaker textures tend to display greater deep
drawability.53 Increasing the temperature also improves the deep drawability,
despite the drop in r-value.53,55,58,65,66 Iwanaga et al.55 report an LDR value of
~2.5 for deep drawing at 175˚C and Doege and Droder67 give values between
2.2 and 2.5 for M1, AZ61 and AZ31 tested at 200–250˚C. These values are
superimposed on Fig. 6.5, where it can be seen that they sit consistently with
the values seen for other metals. The effect of temperature can be understood in terms of the increase in failure strain that occurs with temperature.
This will be explained further below, but for now we note that an increase in
failure strain will eliminate problems associated with failure in deep drawing
due to bending around die radii and contraction of the blank rim.
Although the drop in r-value with temperature with alloy AZ31 seems
not to be detrimental to deep drawability, it raises a number of questions as
to why it occurs at all. Agnew and Dugulu65 and Stanford66 make a strong
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argument that the effect arises from the increasing ease of <c + a> slip with
increasing temperature. Others19 have suggested that grain boundary sliding,
or at least a deformation mechanism mediated in the near grain boundary
regions, is important. However, the effect has not been seen in all alloys.66

6.5

Work hardening and stretching

As noted above, the propensity of a metal to display work hardening in a tensile test is a good predictor of formability in a number of forming processes.
Work hardening stabilizes the material against localization of deformation.
This is most simply captured in the Considère criterion, which predicts
that the strain for diffuse necking in a tensile test in a power law hardening material (where σ = kεn) should equal n, the work hardening exponent.
This strain is often termed the uniform strain and it corresponds to the peak
engineering stress, the ultimate tensile, σTS. These are general comments but
it turns out that they hold for magnesium alloy sheet and extrusions that
display typical basal textures. That is, tension in the plane of the sheet and
in the ED of conventional alloy AZ31 produces a stress−strain curve that
can be approximated reasonably well (though not always perfectly68) with
a power law fit and that the peak in engineering stress, that is, the uniform
elongation, occurs at a strain near n.69–72
With a little algebraic manipulation, it can be shown that for a power
law work hardening material, the ratio of the ultimate to the yield stress,
σTS/σy, can be given by n n / ε yn ( n + ) , where εy is the yield strain, that is,
the arbitrary strain at which the yield stress is determined. This expression
can be used to estimate values of n from data of tensile and yield strengths
for different magnesium alloys. Such a procedure was performed using the
same dataset of tensile properties employed to construct Fig. 6.1 (for εy
= 0.002) and the results are given in Fig. 6.7. As with Fig. 6.1, the magnesium data overlap those seen for aluminium but generally fall short of the
best performing aluminium alloys, that is, those that display the highest n
for a given strength. The range is n = 0.05–0.2. This agrees well with direct
measurements.68–71,73,74
Although a detailed discussion of the mechanisms of work hardening
is beyond the scope of the current work, it is important to note that the
occurrence of deformation twinning, and therefore texture and stress state,
impacts notably on the stress−strain curve. In Fig. 6.3a the apparent work
hardening in the compression test, which is dominated by twinning, is considerable. (From here on ‘work hardening’ will be employed to refer simply to the increase in stress seen with strain during plastic deformation, not
to denote any particular mechanism.) The phenomenon in Fig. 6.3a relates
largely to the change in orientation that accompanies twinning. While {101̅2}
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6.7 Plot of estimated tensile uniform strain against tensile yield
strength obtained for the entirety of the wrought aluminium and
magnesium wrought alloys contained in the popular MatWeb on-line
material property database. The uniform strain was estimated using
published values for the yield and ultimate tensile strengths assuming
the validity of power law hardening and the Considère criterion (see
text for details).

twinning is activated under relatively low stresses, considerably higher
stresses are required for deformation to continue by slip in the twinned
regions. There is ongoing debate as to the extent to which twin boundaries and transformed (twinned) dislocations play a role (e.g., Reference 75).
Nevertheless, the consequence is that texture and the deformation sense
(i.e., compression or tension) play important roles in apparent work hardening. Thus, in materials with weak and or non-typical textures it is quite
common for higher work hardening exponents to be reported.
In these cases, the stress−strain curves do not always follow power law
hardening and there may be other factors in addition to twinning at play
(increased basal slip, for example). In Mg−Gd−Zn alloys, for example,
which show weak textures (as is common in many RE containing alloys),
Wu et al.,76 report values of uniform elongation in the range 0.25–0.35.
Tensile tests taken across the face of extruded AZ31 bar reveal uniform
elongations of ~0.22 compared with ~0.07 when tested along the bar.77
In material textured by equal channel angular extrusion, higher uniform
strains are also seen (~0.3, compared to ~0.12 in a comparable ‘conventional’ sample of the same alloy).78,79 Also, inspection of published tensile
curves for cast material (e.g., in Reference 2) reveals high n-values (~0.5),
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similar to those seen in ‘high’ work hardening materials such as brass and
stainless steel. However, more random textures do not always raise the
uniform elongation,31 due to the role of other competing factors, such as
grain size and solute additions. Nevertheless, in general, it is apparent that
the combination of typical basal textures with tensile testing in either
the rolling plane or ED tends to produce low work hardening exponents.
Weaker textures and different test directions often give higher values of
uniform elongation.
A more subtle effect of deformation twinning will now be raised. Twinning
̅ plane can occur with increasing strain in tensile tests carried
on the {1011}
out in the plane of rolled sheet or in the ED. This is often followed by {101̅2}
twinning inside the primary twin.80 After these two twinning reorientations,
the basal planes become favourably aligned for slip, and flow can localize
in the doubly twinned region.16,80,81 Although seen initially in single crystals, it has been proposed that this can lead to flow softening in polycrystals
and that this can be detected in the macroscopic stress−strain curve, under
appropriate conditions.17,73 In these studies it is suggested that the n-value in
room temperature tensile tests performed on extruded samples is lowered
by twinning. Although the n-value typically drops with increasing temperature, in certain magnesium alloy extrusions the opposite occurs, at least
initially.17,72,73 The argument is that because twinning tends to decrease in
prevalence with higher temperatures, its detrimental impact on the work
hardening exponent vanishes as the temperature rises. This can account for
the increase in n-value with temperature.17,73
Before considering the ramifications of work hardening and uniform elongation for sheet formability, the effect of grain size on work hardening will
be discussed. It is common for many metals to display decreasing values of n
as the grain size is refined.82 The same result is obtained also from the observation that the stress−strain curve is often seen to move uniformly upward
when the grain size is refined. That is, the grain size and work hardening terms
are additive. In contrast to these observations, magnesium and its alloys can
display values of n that increase with grain refinement. The uniform elongation measured in a series of extruded samples is plotted against grain size in
Fig. 6.8. It can be seen that the uniform elongations, though quite low, generally increase as the grain size is refined. This can be readily rationalized if
one accepts the idea that compressive type twinning can serve to lower the
apparent work hardening rate at higher strains. With grain refinement, twinning is suppressed along with its detrimental effect on n and the uniform
strain. However, more work is needed to verify this hypothesis.
Conversely, for weaker textures and textures in which off basal components are present, tension twinning impacts on the apparent work hardening rate. In these instances, grain refinement is expected to lead to a rather
rapid drop in work hardening as twinning is suppressed.
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6.8 Impact of grain size on the uniform elongation seen in tensile
tests performed on a range of magnesium alloys extruded uniaxially
in a laboratory press from 30 mm billet to 5 mm rod. (Dale Atwell
is acknowledged for his assistance with this ﬁgure, which contains
unpublished work.)

The formability of metal sheet in stretching applications is often characterized by using a forming limit diagram, an example of which is provided
in Fig. 6.9.68,83–86 The axes refer to orthogonal principal strains in the plane
of the sheet and the curves shown represent the strains at which local necking gives rise to failure. A simple local necking analysis assuming power law
hardening predicts that the intersection of the limit curve with the vertical
axis (which gives the value FLD0) should occur at n.4 The more sophisticated
Marciniak−Kuczynski approach tends to give lower values (e.g., References
4, 87). Additionally, in practice, values of FLD0 higher than n are often seen,
due to thickness effects and to the fact that higher strains are required for
necking to register at the resolution of the experiment.4 Furthermore, in magnesium AZ31, there is indication that the work hardening rate drops off with
strain at a greater rate than seen in power law hardening.17,68 This will tend to
give a value of FLD0 less than an ‘averaged’ value for n. The upshot of these,
and possibly other, effects is that for the limited data available for magnesium base alloys, the room temperature FLD0 value falls below the value of
n extracted from uniaxial tensile tests (Fig. 6.9).68,83–86 However, it should be
noted that experimental forming limit curves can vary considerably.4 In any
case, the sheet formability as expressed by FLD0 of the common sheet alloy
AZ31 is seen to be typically below that for sheet forming aluminium alloys.
For example FLD0 values reported in the literature for 5XXX series Al grades
include ~0.19,87 ~0.284 whereas the values in Fig. 6.9 span from 0.05 to 0.16.
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6.9 Forming limit diagrams for magnesium alloy AZ31 sheet tested
at room temperature. The curves were obtained by different workers
(a-[83], b-[68], c-[84], d-[85], e-[86]). The work hardening exponents
measured in tensile tests of the same materials are also shown, where
they were available.

Before turning to some of the approaches employed to remedy this problem, it is worth mentioning that some of the forming limit curves in Fig. 6.9
display a ‘hump’ on the right hand side. John Neil and Agnew88 have predicted such a feature theoretically based on anisotropy considerations. Naka
et al.89 find a hump in their theoretical predictions, but in their case it arises
from the intersection of the local necking locus with the fracture condition. In
low ductile materials, the onset of rupture becomes important in the biaxial
stress regime90 and it is feasible that such an event is occurring here. Forming
limit curves truncated by rupture show a ‘hump’ in the biaxial quadrant.
It was noted above that the n-value is raised by weakening the texture and
diluting the typically strong sheet basal fibre. It follows that a concomitant
improvement should be seen in the forming limit. This has been demonstrated
theoretically in forming limit predictions88 and, in practice, in a weakly textured
rare-earth containing alloy.85 For the latter, an increase in FLD0 from ~0.1 to
~0.17 was seen at room temperature, as compared with a similarly grain-sized
AZ31 sample. Erichsen cup heights, another measure of sheet stretching (see
Reference 4), have also been found to increase from ~2.5 mm to ~7 mm with
decreasing texture sharpness.55 In this last case the alloy and microstructure
are constant; the sheet was cut at different angles from an extrusion. If the
lubrication is sufficient, such a test provides the fracture strain.
A significant increase in the level of the forming limit is seen with an
increase in forming temperature. For this reason, the sheet forming of
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magnesium base alloys is typically carried out at temperatures above ambient. Naka et al.89 report FLD0 values in the range 0.25–0.4 at 200˚C for AZ31
and Stutz et al.85 report ~0.22 and ~0.27 for the same alloy at 200˚C and
250˚C respectively. Forcellese et al.91 report higher values of 0.35–0.5 for the
same alloy and temperature.
Significant increases in the level of the forming limit diagram with temperature are also seen for aluminium base alloys (e.g., Reference 92). The
underlying cause in both materials is probably the same; that is, with an
increase in temperature there is an increase in the strain rate sensitivity of
the flow stress, m.71,74,93 Higher strain rate sensitivity provides resistance to
local necking. This effect has been considered in the modelling work of John
Neil and Agnew.88 These workers also note that, as the strain rate sensitivity
of the flow stress increases with temperature, n drops (e.g., References 71,
74) although, as mentioned above in extruded material an increase in n is
sometimes observed with temperature. So, after an initial increase in formability with temperature, a plateau in FLD0 arises.89
The effect of m on the forming limit curve of alloy AZ31 is also clearly
illustrated in the modelling and experiments of Naka et al.89 It has been
shown that at ‘warm’ forming temperatures, the strain rate has a large effect
on FLD0.89,91 The forming limit is higher when the forming rate is lower and
the effect is a strong one. This may be due to simply to the lower levels of
stress, a hypothesis that requires flow to depart from the usual Backofen
type law (σ = Kεnε̇ m), which is yet to be verified. Alternatively, it may be
that with lowering strain rate the flow enters the superplastic regime, which
assumes m rises as the rate drops. This is something we will return to briefly
further below. Finally, it is worth noting that the strain rate sensitivity does
not increase steadily with temperature in all alloys. In certain RE containing alloys, dynamic strain ageing occurs and this can impact upon m (e.g.,
Reference 36).

6.6

Failure strain behaviour, compression,
rolling and bending

The strain required to rupture a tensile or compression sample can be usefully obtained from the sample dimensions in the region of the fracture. In a
tensile test, this is well quantified by measuring the minimum in cross-section
area after fracture. This area can then be employed to establish the ‘reduction
in area’ at failure or the ‘failure strain’. In the magnesium literature these
values are not commonly reported. Instead, the total elongation is typically
given. However, if failure occurs prior to diffuse necking, the two values
are equivalent. Though not explicitly stated, such is clearly the case for the
low tensile elongations seen in coarse-grained pure magnesium extrusions
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studied by Hauser et al. in their early work.94 It is also true in material tested
in the as-cast state, due to the abundance of defects, but we focus here on
wrought materials. Similarly low ductilities have also been seen recently in
1.5 mm thick rolled AZ31 sheet with a mean grain size of 80 μm.84,95 Here,
tensile failure also preceded diffuse necking. This is in marked contrast to
coarse-grained pure aluminium, which can neck down to effectively 100%
reduction in area, strains far greater than the diffuse necking strain.
Chapman and Wilson96 report reductions in area values for extruded
pure magnesium over a range of grain sizes. At room temperature, their 8
μm and 60 μm grained samples failed at 30% and 15% reductions in area,
respectively. Davidson et al.97 report the low value of RA of ~8% for their
pure magnesium extruded samples, but show that this can be increased
to effectively 100% with the imposition of ~500 MPa of hydrostatic pressure. In both this and the early Hauser study, the fracture was attributed,
at least in part, to an intergranular failure mode. However, in the AZ31
case mentioned above, the failure was attributed to twinning.95 More work
is required to fully elucidate the relative roles of these modes of failure, and
in the following more focus will be placed on the roles of twinning and crystallographic phenomena.
It is clear from the forgoing that pure magnesium displays inherently
lower tensile fracture strains than pure aluminium. We turn now more fully
to its alloys. In this regard we notice that alloyed magnesium frequently displays higher reduction in areas than that seen in coarse-grained pure material. Values given by Beck98 in his book for eleven wrought alloys attain
values up to 47% (though the lowest value is 3%). One reason for higher
tensile failure strains in alloys is that the failure strain in magnesium base
alloys is strongly sensitive to grain size,96 as alluded to above. And alloying
frequently serves to refine the grain size. This observation is illustrated in
Fig. 6.10a where the reduction in area values for the same samples used for
Fig. 6.8 are presented. It can be seen that the range of values is the same as
that reported by Beck and that the higher values are always attained at finer
grain sizes.
The contrast between magnesium and aluminium alloys becomes striking
when one considers the failure strain in compression (measured along the
extrusion direction e.g., References 25, 27, 99), or in the plane of rolled plate
(e.g., Reference 100)). Figure 6.10b presents the compressive strains at failure
that correspond to the same samples employed for Fig. 6.10a (see also images
in Fig. 6.11). The grain size is not so important in Fig. 6.10b and the absolute
values do not exceed 25%. Thus, it can be seen that the reduction in area in
tensile tests frequently exceeds that in compression, when measured along
the ED. This is in distinction to most metals, where hydrostatic compressive
stresses in compression tests permit considerably greater strains to failure to
be achieved. As noted above, it is not that the failure strain in magnesium is
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6.10 Impact of grain size on the failure strains in (a) tension (reduction
in area) and (b) compression seen in tests performed on the same
range of extruded magnesium alloys used for Fig. 6.7. (Dale Atwell
is acknowledged for his assistance with this ﬁgure, which contains
unpublished work.)

not sensitive to the hydrostatic pressure; it is. Rather, the effect of the different deformation modes, combined with a strong texture, dominates.
The ‘strongest’ combination of stress and orientation in magnesium
arises when contraction occurs along the c-axis. Single crystal experiments
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6.11 Examples of the shear failure seen in magnesium extrusions
subjected to compression along the extrusion direction.

also reveal that this combination displays very poor ductility.101 In tension
of sheet and extrusions that display typical textures, the tension direction
lies predominantly near to the basal plane. Contraction is then expected
to be shared by the c directions and other directions in the basal plane.
That is, contraction is not ‘forced’ to occur along the c-axis (although such
deformation may occur once sufficiently high stresses are attained). On
the other hand, in compression of extrusions, the initial compression lies
near to the basal plane and {101̅2} twinning is activated. Once this mode
of twinning saturates, which occurs after a strain of ~10%,102 the c-axes
are largely aligned with the compression direction. Compression testing of
other textures leads to a similar result; the basal poles tend to rotate into
the compression direction. Thus, the application of compression invariably eventually results in c-axis compression, which is the least ductile
of the orientation−stress combinations. For this reason, failure strains in
compression can frequently fall below those in tension. This is despite the
tendency for the opposite due to the hydrostatic component of the applied
stress.
We consider now some of the reasons compression along the c-axis is
rapidly followed by failure. Firstly, as mentioned above, this is the hardest
orientation and higher stresses mean higher levels of stored elastic energy
to ‘drive’ failure. Secondly, single crystals tested in this manner fail by parting within doubly twinned volumes.16,80,81,103,104 As mentioned above, {101̅1}
̅ tensile twinning creates a twinned
contraction twinning followed by {1012}
volume that is crystallographically soft; after twinning induced reorientation, the basal plane becomes well aligned for slip. This mechanism plays
an important role in polycrystalline failure too17,95,105,106 (see Fig. 6.12).
Contraction along the c-axis is inherently unstable, in the sense that any
perturbation in orientation or flow will provide a ‘softer’ solution. Indeed,

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

Forming of magnesium and its alloys

221

(a)
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6.12 Examples of shear failure and void formation in deformation twins
seen in magnesium alloy (a) AZ31 and (b) ZK60 subject to tension along
the extrusion direction17 (used with permission).

any other mechanism able to generate orientation change has the potential
to be favoured. Shear band formation is expected under such conditions.
Indeed, shear localization is ubiquitous in tensile and compressive (including rolling) failure (see Figs 6.11 and 6.12).2,32,97,107 It is particularly obvious
in tension tests carried out under high hydrostatic pressures.97
The tensile and compressive failure strains increase dramatically with temperature (e.g., Fig. 6.11 and References 17, 77, 96, 108). This mirrors single
crystal results for tension in the basal plane.16 In that work, the failure strain
shows an inverse correlation with the stress for non-basal slip. With lower
stresses for non-basal slip, more strain can accumulate before the stress is
attained to initiate double twinning and subsequent failure in the twinned
volume. Also, more generally, lower stresses for non-basal slip will mean
lower levels of elastic stored energy, lower driving forces for shear banding,
and less stress inhomogeneity over a polycrystal. In the case of compression,
increasing the temperature raises the failure strain also, because of the suppression of tension twinning, which slows the development of c-axis compression orientations. As the temperature is raised further, failure strains
also rise, due to the lowering of flow stresses through dynamic recovery and
recrystallization.
As noted above, alloying raises the tensile failure strain in many cases,
due to its impact on the grain size. The grain size is important most probably
because of its impact on twinning; as noted above, finer grain sizes tend to
suppress twinning and favour slip. Finer grain sizes can also suppress shear
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banding (e.g., Reference 109). The grain size is not so important for the
failure strains in compression, because here there is not the same scope for
competition between twinning and slip. Initially, tension twinning occurs
and at room temperature this is not suppressed with grain refinement unless
very fine grains are obtained (e.g., Reference 27). Once tension twinning is
complete, compressive twinning ‘competes’ only with <c + a > slip; these are
the only two modes that provide c-axis compression. In contrast, in tension,
compressive twinning competes with both <c + a> slip and prismatic slip,
because all of these modes can provide extension along directions in the
basal plane.
There are two important direct roles of solute addition that will now
be mentioned. One is that softening accompanies the addition of certain
alloying elements, see for example, Li, on prismatic slip. This leads to higher
strains to failure.61 The other is that hard brittle second phase particles have
a detrimental effect on failure, something which is not unique to magnesium alloys. In the early work of McDonald, the favourable effect of alloying addition on tensile ductility ceases at composition levels that correspond
reasonably well with the solid solution limit.110,111
We turn now to the impact of the present discussion on forming processes.
The connections are fairly obvious so we will not labour them – the favourable roles of temperature, texture weakening and grain refinement are all
expected to hold, although they have not all been fully investigated in isolation. It was already noted in the first section of this chapter that it appears
that deep drawing is limited by the failure strain. In the present section we
have shown how little the failure strains are for compression of extrusions
along the ED or compression in the plane of the plate (i.e., ~20%). The
latter is the deformation mode that occurs at the periphery of a blank as it
is being deep drawn. This is quite clear in thickness increases that are measured in this region (e.g., Reference 54). Above, it was shown that the limiting drawing ratio at room temperature for alloy AZ31 falls between 1.2 and
1.7 and that this corresponds to compressive strains at the outer radius of
the blank in the range of 0.18–0.53. These are of a similar order to the failure
strains seen in compression testing.
The bending of sheet is also limited by tensile and compressive strains to
failure. The tensile strain to failure has been found to correlate well with the
minimum bend ratio.4 However, in the case of magnesium, failure is sometimes seen to begin on the inner compressive side of the bend.98 It can be
seen that here too the inability of magnesium to withstand significant strains
in compression is important. If we assume a limiting compressive strain of
~0.2, we can estimate the limiting bend radii to be ~ 2.5 t. But the drift of the
neutral plane to the tension side of the bend needs to be taken into account,
so values greater than this will be expected. Reported limiting bend radii for
wrought alloys fall around 3–5 t.98
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Finally, we return to the case of rolling. Here, the deformation zone geometry, temperature gradient and lubrication are all likely to be significant, but
these factors appear not to have been examined yet in a comprehensive
study. It is also not easy to compare studies, because one or other of these
variables is often not quoted. However, there are some clear trends. Cold
rollability of magnesium base alloys is limited. The most common wrought
alloy, AZ31, cannot withstand much more than ~20% reduction before failure (e.g., Reference 33) and pure magnesium has been reported to have
been cold rolled up to 50% in reduction2 although other studies observed
failure at lower reductions.33,112 Because of this, rolling is typically performed at elevated temperatures, usually in the range 300–400˚C. However,
one notable phenomenon is that of apparently unlimited cold rollability in
certain alloys (e.g., Mg–Mn, Mg–Ce, Mg−Mn−Misch Metal).2,33,107,112,113 It
appears that the way in which shear bands (‘compression bands’ in some
studies2) develop in these grades is such that instead of leading to failure
they provide a means for continued deformation. The effect is complicated
by simultaneous changes in texture, grain size, stacking fault energy and
non-basal slip.33,112 A full study on the formability of such cold rolled alloys
appears to be lacking.

6.7

Superplastic deformation and hot forming

The factors that impact on the total elongation achieved in a tensile test
are many and varied. The parameter itself is also of limited use in predicting formability, despite its widespread use. However, large values of
total elongation usually do correspond to superior levels of formability.
Although it depends on the factors that affect both the localization of flow
and the tensile strain, it is particularly sensitive to the strain rate sensitivity
of the flow stress. High values of m give high post-uniform elongations.114
As is the case for aluminium alloys, if a sufficiently stable fine-grained
structure can be developed, total elongations in the superplastic regime
(i.e., εtotal > ~500%) can be achieved (e.g., Reference 115). Much has been
written on this topic so it will not be considered in detail here; rather we
will point out some methods for producing the requisite grain size and
give an indication of the conditions under which superplasticity can be
attained.
Superplastic deformation in magnesium base alloys is seen when the
grain size is in the range of 1–3 μm and finer.116 Such grain refinement
is achieved in the laboratory typically by the application of severe plastic deformation. A very common method is to use equal angle channel
extrusion (ECAP) (e.g., References 117, 118). However, it should be mentioned that in magnesium base alloys such grain refinement can be readily achieved with conventional approaches (e.g., References 96, 119, 120)
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and it is bemusing that more studies are not directed towards exploiting
this. In this application, the ready occurrence in magnesium of dynamic
recrystallization is of particular use. It can be used to generate fine grains.
However, it must not be allowed to coarsen the structure during forming
if superplasticity is to occur.
With the achievement of a suitably fine and stable grain structure, the
conditions of deformation required for superplasticity are slow hot forming. For obvious reasons, research effort has been directed towards increasing the required strain rate and decreasing the required temperature. One
recent study reports optimal conditions for superplasticity in a magnesium
alloy of 240˚C and 0.01 s−1.116 Despite falling into the category of high rate
superplasticity, a part requiring strains of, say 500%, would still take ~3 min
to form. Furthermore, the excessive thinning that accompanies superplastic
forming frequently makes it unsuitable for tensile processes such as stamping. It is more attractive for precision forging of components such as housings for electronic devices.

6.8

Hot cracking and extrusion

Finally, we return to a formability measure that is not usually studied
using tension testing, though it can be; and that is hot cracking. We will
restrict our short discussion here to the contribution of hot shortness;
that is, to the occurrence of incipient melting and the concomitant formation of cracks. This is important because it places a ceiling on the
temperatures employed for rolling and extrusion. Probably more importantly, it places an important constraint on the speed of extrusion.
It has been pointed out that the speeds used for the hot extrusion of magnesium base alloys can be three times slower than for aluminium alloys.121
The equipment required is the same, so this contrast is a serious impediment for an extruder considering taking up the production of magnesium
alloy products. However, it is apparent that the effect does not relate to
magnesium metal itself but rather to the hot strength and solidus values of
the alloys that are commonly employed.122 Magnesium alloys with lower
hot strengths and high solidus values can be extruded at speeds approaching that of 6XXX series aluminium alloys.122 The low hot strength permits
higher speeds to be attained at lower extrusion temperatures where the
press limit becomes important. The high solidus helps prevent hot shortness under the local heating which can occur in extrusion. These considerations are important in the development of new wrought alloys but are
surprisingly frequently overlooked in the effort to generate improved performance in service. These matters are more fully considered in a recent
review.123
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Conclusions: key issues affecting the formability
of magnesium

The present chapter has examined the formability of magnesium base alloys
largely through the prism of the tensile test. Despite its inadequacies, this
useful test has permitted us to consider the main elements of the formability of magnesium alloys. We have done this in a manner that highlights the
differences between magnesium and its sister metal, aluminium. The most
salient points are recapped below.
It has been shown that magnesium and its alloys display yield strengths
comparable to aluminium base alloys but that there is a far greater asymmetry
and anisotropy to yielding. This is due chiefly to the development of textures
that strongly favour twinning when sheet or bar is loaded in compression in
the direction of prior extension. Despite Lankford r-values that can be as high
as 4, magnesium and its alloys typically display deep drawing ratios considerably less than other metals. This is due to their low fracture strains.
In room temperature tensile tests, wrought magnesium alloys typically
display strain hardening exponents and forming limit curves only marginally lower than comparable aluminium base alloys. Under certain circumstances deformation twinning can raise or lower the extent of effective work
hardening, depending upon which type of twinning is activated.
The strains to failure seen in both tension and compression fall considerably below those observed in aluminium alloys. The effect is most stark
in compression, where magnesium can show failure strains less than it can
attain in tension. The reason for this is that magnesium readily undergoes
shear type failure due to either twinning related events or to more ‘conventional’ shear bands. The textures developed are unstable in that they favour
the formation of these crystallographic instabilities. The low strain to failure
limits deep drawing, bending and rolling.
In all of the above cases, formability is markedly improved by an increase
in the forming temperature. Temperature does many things: it decreases
anisotropy, it lowers the flow stress (particularly for non-basal slip), it suppresses twinning, it raises the rate sensitivity of the flow stress, and it suppresses flow localization, to name some.
Elevated temperature forming can be further enhanced by grain refinement, which permits superplastic strains to be achieved. Such grain refinement is favoured in magnesium base alloys by the occurrence of dynamic
recrystallization. The extrusion of magnesium alloys can be carried out
using the same equipment employed for aluminium base alloys and at similar temperatures. However, the speeds are typically considerably less for the
common wrought alloy AZ31. Newer alloys will display extrusion speeds
similar to that of aluminium extrusion alloys.
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6.10

Future trends

Although rare-earth containing alloys have been around ever since magnesium alloys have been of interest, it is probably this class of alloys that will
provide the future wrought alloys. Future forming alloys will at least display
the behaviour and exploit the mechanisms that operate in the current and
prototype rare-earth alloys. These alloys will contain the bare minimum of
alloying elements in order to maintain a high solidus temperature and to
ensure that the hot strength is low. (This of course assumes low temperature
applications.) These alloys exhibit and will exhibit weak non-basal textures
and fine grains. Both of these features favour nearly all of the formability
measures considered in the present chapter.
The forming alloys of the future will probably be strip cast, in the case
of sheet, and extruded in the case of bar. Narrow sheet (< ~700 mm) wide
will probably be extruded using ‘spreader’ dies. These technologies provide
the highest throughput for minimum cost assuming, that is, that magnesium
tonnages stay shy of the exceptionally high tonnages seen for steel and aluminium sheet, which demand tandem rolling mills. Novel technologies for
the application of temperature to forming processes with minimum of fuss
will continue to be developed.
The author would like to acknowledge advice on the text and topic he
received from Professors S. Agnew, W.B. Hutchinson and J. Duncan.
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Abstract: While the possibilities of improving corrosion resistance
(especially galvanic corrosion) by alloying are limited, surface finishing
of magnesium alloys is the alternative for improving corrosion resistance.
Due to the low corrosion potential of Mg and the danger of galvanic
corrosion in the case of a coating defect, the choice of coatings is limited.
This chapter will summarize the corrosion behavior of magnesium alloys
and the metallurgical possibilities to improve the corrosion resistance
of the alloys and reviewing critically the most commonly used surface
treatments and coatings for magnesium.
Key words: corrosion, corrosion testing, negative difference effect (NDE),
conversion coatings, plasma electrolytic oxidation, organic coatings,
galvanic coatings.

7. 1

Introduction

Magnesium is reactive and its alloys are not corrosion resistant under
various aqueous or humid conditions. The relatively low corrosion resistance of magnesium alloys limits their applications. The use of magnesium
alloys in the automotive industry, for example, is currently limited to components in the interior, or outside the field of view, in part due to poor corrosion behavior. Understanding and improving the corrosion behavior of
magnesium alloys is important for increasing their potential application.
While the possibilities of improving the corrosion resistance (especially
galvanic corrosion) by alloying are limited, surface finishing of magnesium
alloys is an alternative method. Due to the low corrosion potential of Mg
and the danger of galvanic corrosion in the case of coating defects, the choice
of coatings is limited. This chapter will summarize the corrosion behavior
of magnesium alloys and metallurgical options to improve their corrosion
232
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resistance. A critical review of the most commonly used surface treatments
and coatings for magnesium is also provided.

7. 2

Magnesium corrosion in aqueous media

Magnesium production is energy intensive; while, 6600 kJ/kg are required to
produce iron from iron oxide, 23 520 kJ/kg are necessary for the extraction of
magnesium from magnesium oxide. Since matter always tends to a low energy
condition, the dwell time of the metallic state is naturally restricted. The corrosion behavior of magnesium alloys depends, in addition to alloy reactivity,
on a variety of factors. The pH value of the surrounding medium and near
the metal surface, the dependence of surface films on the alloy-composition,
and the type and distribution of intermetallic phases all influence the corrosion rate of magnesium alloys. If the pH value is above 10.5, a stable and
self-healing passive layer arises, which is responsible for the corrosion resistance. For pH in the range of 8–10, the layer varies between a stable and an
unstable state. Reaction layers with relative thickness consisting of loosely
adhering corrosion products are developed, but they only appear as passivity layers similar to high-alloyed steels. The corrosion rate is controlled by
diffusion and depends mainly on the layer thickness. During dissolution and
hydrogen evolution, the pH rises in the area near the surface. The result is a
change in the formation of the reaction layer with higher stability.
The essential aspects of the corrosion mechanism of magnesium alloys
are well described in literature (Song and Atrens, 1999, 2003). The corrosion process starts with the dissolution of magnesium. Mg2+ ions are dissolved and a corresponding number of free electrons are left behind on
the metal surface (Equation [7.1]). To continue the dissolution process,
an electron-consuming reaction is needed. This occurs by the reduction
of hydronium (H3O+) to molecular hydrogen (acidic corrosion, Equation
[7.2]). This reduction of hydronium ions is most important, and the formation of hydrogen bubbles is essential for the continuous dissolution of magnesium. Due to this cathodic reaction, the hydrogen development and active
dissolution increase with decreasing pH values. The pH value in the surrounding media increases through the consumption of hydronium ions. As
a secondary reaction, the magnesium ions react with hydroxide ions (OH−)
to magnesium hydroxide (Mg(OH)2), which deposits on the metal surface
(Equation [7.3]).
Anodic reaction: Mg → Mg2+ + 2e

[7.1]

Cathodic reaction: 2H+ + 2e → H2

[7.2]

Secondary reaction: Mg2+ + 2OH− → Mg(OH)2

[7.3]
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7. 1 Potential-pH-diagram of water at 25°C (Jones, 1996).

As can be seen in Pourbaix diagram (Pourbaix, 1974), Mg(OH)2 is stable
at pH values above 10.5. Only under these specific conditions can a protective layer form on the surface. But the reaction layers of Mg(OH)2, which
form in neutral to slightly alkaline media, cannot be described as protective
passive layers or even as bonding layers. In the active dissolution of magnesium, these layers are very porous.
Magnesium alloys are resistant to intergranular corrosion, since the grain
boundaries are cathodic to the grain surfaces. Crevice corrosion does not
occur in magnesium alloys because the differences in the oxygen concentration play no critical role in the mechanism of magnesium corrosion. The
formation of hydrogen as cathodic reaction can be seen in Equation [7.2]
and in the potential-pH diagram of water at 25°C (Fig. 7.1). In Fig. 7.1, the
potential-pH relationships of water are shown by the cross lines (a) and (b),
which were determined by the Nernst equation. Since the free corrosion
potential of magnesium at −1.7 V in aqueous solutions is very negative, the
area under the cross line (a) is of essential interest. Hydrogen is thermodynamically stable, therefore, hydrogen ions are spontaneously reduced to
molecular hydrogen at the metal surface. This process corresponds to the
cathodic process of corrosion in acids, where high hydrogen ion concentrations ([H+] ≥ 1 × 10–4 mol l−1) are present. Additionally, under the cross line
(a), water is unstable and is therefore reduced to hydrogen and hydroxide
ions. The area under the cross line (a) covers the main corrosion process of
magnesium, namely the acid corrosion, which underlines the importance of
the electron-consuming process of hydrogen formation.
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7. 2 Schematic illustration of the dependence of the tolerance limit of
magnesium for iron, nickel and copper (Hanawalt et al., 1942).

7. 2.1 Inﬂuence of alloying elements
The corrosion behavior of magnesium alloys can be influenced by alloying
elements. The elements iron, nickel and copper can be dissolved only slightly
in magnesium alloys during the manufacturing process. The precipitates that
are formed in magnesium alloys are nobler than the magnesium matrix and
have a lower hydrogen overvoltage. This favors the recombination of hydrogen (Ghali, 2000), so they are very effective local cathodes. The precipitation of some of the elements as impurities increases the corrosion rate by
a factor of 10–100. The negative effects of these precipitates are reduced in
the order nickel > iron > copper. Magnesium has, for each element, its own
tolerance limit, up to which the corrosion rate is hardly influenced by the
presence of the impurities and remains relatively low (Fig. 7.2).
If this tolerance limit is exceeded, the corrosion rate increases dramatically. For this reason, high-purity initial materials must be used for alloy
development. Depending on the magnesium alloy, there are precise limits
on the content of iron, nickel and copper impurities. Thus, the tolerance
limit of pure magnesium is 5 ppm for nickel, 170 ppm for iron and 1300
ppm for copper (Ghali, 2000). The tolerance limit of the magnesium alloy
AZ91 in salt water is 5 ppm for nickel, 50 ppm for iron und 300 ppm for copper (Song and Atrens, 1999). So far, there is no model that can explain the
causes of the tolerance limits (Song and Atrens, 1999, 2003). Other metals
such as aluminum, zinc, cadmium and tin in various media are also nobler
than magnesium, but less effective cathodes. They avoid the recombination of hydrogen on their surface due to the high hydrogen overvoltage
(Ghali, 2000). Basically, the addition of aluminum leads to an improvement
of the corrosion resistance of magnesium alloys. The positive influence on
the corrosion behavior is significant up to 4% aluminum. This observation
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correlates with the enrichment of Al2O3 in the reaction layer (Nordlien and
Kemal Ono, 1996). It reaches its maximum of 35% aluminum in the reaction
layer when the aluminum in the alloy reaches 4%. Thus, a completely closed
network of passivating Al2O3 is formed in the reaction layer, which serves
as a kind of skeletal structure in the amorphous mixture of aluminum and
magnesium oxides as well as hydroxides. The addition of more aluminum
does not increase the content of aluminum in the reaction layer.
The precipitation of Mg17Al12 begins in two-phase alloys at 2% aluminum
(in an equilibrium state). The β-Mg17Al12 can act as a corrosion-protective
network in the alloy, if the β-phase is distributed evenly in the magnesium
alloy. The content of β-phase can be increased by the addition of more aluminum (Ghali, 2000). The addition of aluminum over 9% causes only a moderate improvement. It is shown that the distribution of the β-phase is finer
in certain casting conditions; in the order of fineness (going from coarser
to finer) the castings can be ranked as casting → die casting → thixomolding due to smaller grain size (Pieper, 2005). If the β-phase is distributed
unevenly in the alloy due to a coarse microstructure or too low an aluminum content, the β-phase accelerates the corrosion as it works as an effective cathode and not as a protective network.

7. 2.2 Investigation methods
To investigate the corrosion properties of magnesium alloys, the choice
and conditions of test procedures are very important. It is therefore necessary to look critically at currently used methods (salt spray test), modify conventional methods on magnesium specifics (volume measurement
of evolved hydrogen and polarization measurements in combination with
the rotating-disc electrode) and particularly use newly developed methods
(electrochemical noise measurements).
Methods such as the salt spray test (DIN-88, 1988) were developed originally for coated materials. They do not provide adequate characterization of
the specific corrosion behavior of magnesium and magnesium alloys. Using
this test, it is difficult to make a statement about the corrosion mechanism
of magnesium alloys under different conditions. The conclusions from the
salt spray test should be viewed critically. Practice shows that products can
perform well in the salt spray test yet fail in use, or the reverse. Nevertheless,
a limited amount of comparison between different magnesium alloys is possible by determination of weight loss in this test.
Another possibility for the determination of corrosion reactions is the
volume measurement of evolved hydrogen during magnesium corrosion (Song et al., 2001). The amount of hydrogen is directly proportional
to the amount of corroded magnesium. For the formation of 1 mole of
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molecular hydrogen exactly 1 mole of magnesium must go into solution.
Therefore, the weight loss of the magnesium specimen can be calculated
from the resulting amount of hydrogen. The corrosion products formed
during dissolution should not affect the evolution of hydrogen. A further
condition for the determination of the corrosion rate is related to the fact
that the contribution of oxygen reduction can be neglected. In comparison
to the measurement of weight loss after the salt spray test, measuring the
hydrogen evolution has the advantage that the change in corrosion rate
by varying pH values can be measured over the course of corrosion. This
allows a ‘monitoring’ of corrosion rate as a function of time. It is recommended to combine the measurement of hydrogen evolution with polarization measurements in order to obtain comprehensive information about
the corrosion behavior of magnesium alloys and its evolution over time
(Song et al., 2005).
Electrochemical measurements are used to determine the free corrosion
potential and the polarization behavior of the alloys. The corrosion behavior can be characterized based on the flowing current and the corrosion
potential. But in neutral electrolytes, voluminous reaction products are
formed and lead to a diffusion controlled dissolution of magnesium alloys.
Thus, microstructural and alloying influences are strongly suppressed. In
alkaline environments, passivation occurs as a result of the formation of a
stable hydroxide layer on the magnesium surface. Therefore, differences in
the corrosion behavior between alloys of different chemical compositions
and structures are hardly detectable. A better suited approach for characterization is the utilization of a rotating-disc electrode (RDE). The rotation removes reaction products and adjusts defined flow conditions on the
surface. Bender et al. (Bender et al., 2007a) developed a material-specific
method for corrosion testing of magnesium and magnesium alloys based on
the commonly used polarization measurement method in combination with
an RDE. The working electrode was an RDE in a classical three-electrode
cell. After preliminary investigations, the following test parameters for
polarization measurements were considered as most effective: 2000 rpm,
0.01 M NaCl and pH9. During the polarization measurements argon was
bubbled into the electrolyte to avoid a decrease of pH value by adsorption of CO2 from ambient air. Regarding the current density, polarization
measurements with the RDE are suitable for characterizing and comparing
different magnesium alloys.
Electrochemical noise measurements offer a simple, sensitive and virtually non-destructive approach for the assessment of the corrosion susceptibility of magnesium alloys and can be used for investigation of corrosion
processes as well. A specific experimental set-up is necessary to record
the potential, potential noise, current and current noise. These measurements are carried out in a three-electrode cell consisting of two working
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electrodes, which are macroscopically identical specimens (same size and
preparation), and a reference electrode. Due to the high sensitivity of the
measurements, a Faraday cage is required to suppress external influences.
The experiments are carried out with a zero-resistance ammeter (ZRA)
and a high-impedance potential measuring device. The direct and alternating parts of the current and potential must be filtered by a low-pass and a
band-pass filter. One common method for the quantification of noise data
is the calculation of the standard deviation (S) over fixed periods and the
further calculation of a noise resistance (RN = SU/Si). Another evaluation
method is the calculation of the charge (Q) by integration of the rectified
current noise over fixed time intervals. The electrochemical noise measurements without external polarization confirm the results of the polarization measurements with RDE. But the results are more convincing
in relation to the high resolution of this method. The use of the electrochemical noise measurement in the corrosion examination makes it possible to evaluate the time dependence of corrosion events. Furthermore,
it enables the differentiation of various magnesium alloys, their chemical
composition, structures and different impurities within a short time. The
advantages of the electrochemical noise technique are obvious: due to the
short time, noise investigations can indicate tendencies and occurrences
of corrosion before a macroscopic damage develops (Bender et al., 2007b,
2008).
From the wide variety of corrosion testing possibilities and the different
test conditions it is obvious that the investigation of the corrosion behavior
of magnesium and its alloys is difficult. The reason can be seen in the very
complex corrosion behavior of this light metal.

7. 2.3 Phenomenology of NDE
NDE can be seen in the current-potential curves of Fig. 7.3. The anodic
and cathodic reactions for a general metal are shown by the black solid
curve marked Ia(Mg) and Ic(H2). This is the case for normal electrochemical
polarization behavior and would be expected for magnesium. But experimentally the dashed line is found, which shows that with increasing potential, hydrogen evolution increases instead of decreasing along the expected
curve Ic(H2).
Simultaneously, the anodic dissolution increases in a way that is stronger than expected. This effect, that the measured hydrogen evolution
is greater than the expected hydrogen evolution, is designated as the
NDE. Furthermore, for anodic dissolution of magnesium, the experimentally determined weight loss is greater than calculated by using
Faraday’s Law.
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7. 3 Schematic illustration of the anodic Ia(Mg) and the cathodic
Ic(H2) partial reaction curves for the expected (solid line) and for the
experimentally found (dashed line) polarization behavior.

7. 2.4 New model to explain the NDE
Several models have been presented in order to explain this phenomenon
(Song, 2005). The main models published about the NDE of magnesium are
based on the breakdown of a protective film (Robinson and King, 1961; King,
1966; Tunold et al., 1977; Petrova and Krasnoyarskii, 1990; Kisza et al., 1995)
or the formation of magnesium hydride (Gulbrandsen, 1992). These models
only explain the effect of the abnormal hydrogen evolution. No explanation is given for the difference between weight loss calculated with Faraday’s
Law and the gravimetrically determined weight loss. Another model tries to
explain NDE by the presence of embedded secondary phase particles (Makar
et al., 1988; Makar and Kruger, 1990). This model describes the NDE exclusively for alloys of magnesium. But the ‘strange’ hydrogen evolution behavior arises with increasing positive polarization current density or potential
only on pure magnesium. Therefore, this model gives no satisfactory explanation for the NDE. The dissolution of magnesium involving monovalent ions
(Mg+) is the most cited and discussed model (Song and Atrens, 1999; Bender
et al., 2008). Convincing evidence for Mg+ has been forthcoming from the
work of Atrens (Atrens and Dietzel, 2007) while a recent study by Williams
(Williams and McMurray, 2008) and Swiatowska (Swiatowska et al., 2010)
showed no evidence for an Mg+ intermediate. Resulting from further examinations and considerations (Bender, 2010) the following explanation of the
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NDE arises: If the magnesium is in contact with water, it immediately sends
ions (Mg++) into solution, as shown in Equation [7.4]. The electrons (2e−)
remain in the metal.
Anodic reaction: Mg → Mg++ + 2e−

[7.4]

The magnesium ion could also leave monovalent its atomic place (Equation
[7.5]). Then it would exist in an unstable intermediate state and possess an
appropriately short life time. After giving up the second electron (Equation
[7.6]), the magnesium ion would leave the metal surface. Till now, it has not
been clear under which conditions the one or the other reaction has priority.
Anodic reaction: Mg → Mg+ + e

[7.5]

Anodic reaction: Mg+ → Mg++ + e

[7.6]

For this new theory, it is not important whether the magnesium ions generate first as monovalent metal ions and are oxidized electrochemically in a
second step to the bivalent magnesium ion, or if the magnesium ions go as
bivalent into the solution. In every case, a corresponding number of electrons stay in the metal. The reaction will stop since the electrostatic force
(positive ions in the medium, negative charge carriers in the metal) prevents
a further charge separation. An electron-consuming process is necessary for
the continuing dissolution. The progress of electron consumption occurs by
unloading of hydrogen ions, as can be seen in Equation [7.7].
Cathodic reaction: 2H+ + 2e− → H2

[7.7]

The source of the hydrogen ions (more exactly the hydronium ion H3O+) in
neutral solutions (pH7) is the dissociated water, as shown in Equation [7.8].
Dissociation: H2O ↔ OH− + H+

[7.8]

In a secondary reaction, magnesium ions react with hydroxide ions to magnesium hydroxide, as seen in Equation [7.9].
Product formation: Mg++ + 2OH− → Mg(OH)2

[7.9]

Now, the equilibrium between water and its ions is disturbed and the reaction
is stronger in one direction (principle of Le Chatelier and Braun (Grigull,
1963)), as seen in Equation [7.10].
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7. 4 Schematic illustration of the new model for explanation of NDE.

H2O → OH− + H+

[7.10]

An acid is produced which discharges the free electrons and the metal dissolution goes on further. That means for the process that the more magnesium ions that go into solution, the stronger is water dissociation and the
higher the number of electrons consumed by hydrogen ions. The dissolution of magnesium increases rapidly. In addition, under potentiodynamic
control, electrons are transported by potentiostat to the counter electrode
and the magnesium dissolution increases. Additionally, this disturbs the
non-equilibrium of the dissociation and an increasing level hydrogen evolution can be observed.
The new model is schematically illustrated in Fig. 7.4. The dashed arrow
towards the left on the magnesium corresponds to the electron consumption by external polarization (potentiostat) and the other dashed arrow on
the magnesium corresponds to the electron consumption by acidic corrosion. The aqueous electrolyte is dissociated into hydrogen and hydroxide
ions. If magnesium is in contact with water, magnesium ions go into solution
and react with the hydroxide ions of the dissociated water. The hydrogen
ions are discharged on the metal surface.
This new model can explain the effects of NDE. The reason for strong
hydrogen evolution by anodic polarization and the difference between calculated and measured weight loss, is the increased discharge of hydrogen
ions. Due to anodic polarization of magnesium, more electrons were consumed and more magnesium ions go into solution. The electron consumption by potentiostat can be measured as a flowing current on the ammeter.
Therefore, a great number of magnesium ions are available, which react with
the hydroxide ions of the dissociated water to form magnesium hydroxide. Due to this secondary reaction, the equilibrium between water and its
ions is disturbed. It should come to non-equilibrium in the dissociation of
water, which would immediately be balanced due to new dissociation of
the water into hydrogen and hydroxide ions. The chemical equilibrium is
mainly disturbed on the phase boundary. So the hydrogen ions are reduced
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in the electrochemical double layer and no acidification in bulk electrolyte
can be registered. It would always produce an acid on the phase boundary,
which, additionally to the potentiostat, consumes the electrons. Therefore,
more hydrogen develops on the magnesium surface. This second electron
consumption process can be seen in the formation of gas bubbles and can
only be measured by the simple hydrogen evolution technique. Therefore,
under anodic polarization, the corrosion of magnesium alloys depend on
two cathodic processes.

7. 3

Surface finishing

With the development of high-purity magnesium alloys, an important step
towards better corrosion performance was achieved. However, none of the
metallurgical approaches towards better corrosion resistance is suitable
to prevent galvanic corrosion of magnesium in contact with other metals.
Furthermore, even the general corrosion resistance of magnesium and magnesium alloys still remain inadequate in more aggressive neutral and acidic
media. In all these cases, only a coating may provide sufficient protection.
The following section provides a short overview about coating technology
suitable for magnesium. A more detailed overview is provided by Gray et al.
(Gray and Luan, 2002).

7. 3.1 Conversion coatings
As the name suggests, conversion coatings are intended to convert the surface of an alloy into a layer of thin protective film, comprising simple or complex compounds that are formed during the chemical and/or electrochemical
treatments in specific electrolytes. The surfaces to be conversion-coated are
subjected to rigorous cleaning to create a virgin and active surface for the
conversion process. Even though conversion coatings are expected to provide an improved corrosion resistance, these coatings on their own may not
provide great benefit, as they are usually very thin. In most circumstances,
these coatings are used with other thick coatings, for example, lacquer, paint,
etc., for which these films act as an effective barrier as well as promoting
adhesion to the substrate.
As for aluminum and zinc alloys, for magnesium alloys, too, a variety of conversion coatings are used. The most common and well known
is the chromate-conversion coating. Chromate films are said to provide
good corrosion resistance to magnesium alloys, but with the major disadvantage of being toxic. The treatment that is performed in solutions containing chromate/dichromate ions is initiated by the metal dissolution, the
consequent pH changes at the metal−solution interface, and the associated
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precipitation/formation of film with chromium compounds on the surface.
The chromate-conversion film is reported to be constituted with a dense
magnesium/chromium hydroxide inner layer and an exterior porous chromium hydroxide layer (Simaranov et al., 1992). The corrosion protection
comes from the barrier effect based on the thickness and the inhibiting
effect of the film comprising chromate ions in corrosive environment.
The chromate coatings on magnesium alloys are produced from acidic
electrolytes containing dichromate. The pH of the electrolyte can be in the
range of 1.2 to 6.0, depending on the other ingredients in the electrolyte.
The chromate-treatment duration is dependent on the chemistry, pH and
temperature of the electrolyte. For example, the treatment duration in solutions containing sodium dichromate and nitric acid at ambient temperature is between 10 and 120 s, as against 2 h for that in solutions containing
sodium dichromate and manganese−magnesium sulfates. The finishes and
aesthetic appeal also vary with variations in the chemistries of electrolytes
(Elektron, 2011). Chromate treatments can yield a range of colors from yellow to brown to black, depending on the alloy, type and processing condition of electrolyte.
Due to increasing concern over environmental issues and health awareness, chromate treatments are slowly becoming abolished, and non-chromate
alternatives have been investigated since the 1990s as conversion coatings for magnesium alloys. A few of these are obtained chemically and
electrochemically from solutions containing phosphate, permanganate,
phosphate–permanganate, stannate and rare-earth salts. Numerous patents
address the technology of phosphate coatings on magnesium and claim
improvements in adhesion and corrosion behavior of additional coatings
over the conversion coating (Heller, 1960; Makoto et al., 1994; Naohiro et al.,
1999). Phosphate coatings on AZ91D alloy from acidic solutions containing phosphoric acid, zinc oxide and sodium fluoride as main ingredients,
obtained at 40–45°C, were reported to consist of zinc−magnesium and aluminum phosphates. The pH was reported to play a critical role in the film
formation. More acidic conditions (pH < 1.8) resulted in inferior growth/
poor coverage, owing to the excessive corrosion damage on the substrate
during the treatment. It has been claimed that this coating had a better
adhesion for the paint film compared to that offered by the chromate film
on this magnesium alloy substrate, and the benefit was attributed to the
anchoring microstructure. Phosphate coatings obtained from a slightly
modified solution (NaClO3 added as an accelerator to the solution mentioned above) on AZ91D alloy was found to have different morphology,
but with a more or less similar film chemical composition (Li et al., 2006).
Nucleation of zinc−phosphate phase and metallic phase was reported in
the early stages, the progress of which resulted in slab-like structure of
only the zinc−phosphate phase (hopeite). The corrosion behavior of the
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phosphate surface was higher than that of the untreated alloy, as assessed
by polarization tests in 5% NaCl solution.
The use of sodium dodecyl sulfate (SDS) as an additive/accelerator was
reported to improve (a) coating weight/coverage, (b) compactness and (c)
corrosion resistance of the conversion coatings formed on AZ31 magnesium alloy. The addition of SDS as a replacement for sodium nitrite was
claimed to be beneficial in terms of the environmental perspective, in that
the sludge handling in the treatment solutions containing nitrites can be
avoided. The improved corrosion behavior is attributed to the reduction in
the micro-cracks in the film, and also to the formation of higher amounts of
uniform hopeite phase in the coating (Amini and Sarabi, 2011).
Permanganate-based coatings also containing phosphate have been
developed recently (Zhao et al., 2006) and are claimed to be on a par with,
or better than, chromate films. Control of pH was found to be a key factor in achieving coatings of good quality without any powdery deposition.
Phosphate–permanganate coatings on AZ91D magnesium alloy in acidic
permanganate solutions in the pH range of 3–5 was reported to yield uniform, continuous coatings of 7–10 μm, with non-penetrating pores on the
surface. Electrochemical measurements, viz., potential and polarization,
showed that the corrosion behavior of this coating with or without an
additional organic film on the surface was better than that of the conventional DowTM chromate-conversion coatings. Typical microstructures of the
zinc−phosphate coatings with and without the chemical accelerator additive
to the electrolyte are shown in Fig. 7.5.
Conversion coatings from stannate electrolytes have been attempted
by researchers with claims of good success. Stannate electrolytes contain
NaOH and K2SnO3 as major ingredients, meaning that the coatings from
these alkali electrolytes are distinctly different from the conversion coatings
that are produced from acidic electrolytes. The immersion chemical treatments are performed usually at higher temperatures, in the range of 45°C
to 80°C. Lowering the pH, increasing the temperature, and increasing the
stannate concentration in the electrolyte, were reported to lead to reduced
incubation periods and increased growth rates. The coating grows as layers
of hemispherical particles, and the recesses that are left at the contacting
particles become defective sites in the coated surfaces. Providing congenial conditions for more nucleation and growth, especially by lowering
the pH, is reported to help in achieving finer sized hemispherical particles,
and thus minimizing the defects that arise from larger sized particles (Lin
et al., 2006).
Zucchi et al. (2007) investigated the formation and protective performance of stannate and phosphate−permanganate conversion coatings on
AZ31 and AM60 alloys using in situ electrochemical impedance spectroscopy (EIS). The resistance of the phosphate–permanganate conversion film
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7. 5 Typical surface morphology of phosphate coated AZ91D alloy (a)
without accelerator (b) with accelerator (Niu et al., 2006; Li et al., 2006).

as it grew on the magnesium alloy substrate during the coating evolution
process was found to be lower than that of the stannate coatings, which was
attributed to the cracks and connecting defects in the phosphate–permanganate coatings. Despite showing a higher initial resistance, the stannate
coatings were found to degrade quickly in corrosive environments due to
the easy permeability of electrolyte through the defects at the hemispherical particle interfaces. The characteristic surface morphology of phosphatepermanganate and stannate coatings on magnesium alloy substrate is shown
in Fig. 7.6.
The role of chemical cleaning (pickling) in a dilute solution containing a
mixture of hydrochloric and hydrofluoric acid was found to influence the
coating coverage, morphology and corrosion resistance of stannate coating
significantly (Elsentriecy et al., 2007). Complete removal of the oxide film
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7. 6 Permanganate-phosphate and stannate coatings (Zucchi et al.,
2007).

on the magnesium alloy substrate by the pickling process was reported to
facilitate the creation of virgin surface to promote uniform and dense coating on the surface. The better coverage with reduced defects in the resultant coatings was claimed to provide a better corrosion resistance than that
observed on samples coated without pickling. Stannate coatings by potentiostatic condition (−1.1 V vs. SCE) was also reported to promote formation
of good coatings, and in this case, too, a lower pH and higher temperature
combination was found to provide a superior coverage and consequent
higher corrosion resistance to the substrate (Elsentriecy et al., 2008).
There has been a continued interest in developing conversion coatings
on magnesium alloy substrates from molybdenum, vanadium, cerium,
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zirconium, lanthanum, and niobium containing salt solutions. Treatment of
AZ63 magnesium alloy in solutions containing cerium chloride and hydrogen peroxide at ambient temperature was reported to result in a very thin
film of the order of 0.2 μm, with mud cracks. SEM/EDS characterization
revealed the presence of cerium oxide on the coated surface, and this conversion film was found to increase the pitting resistance of the alloy in chloride and sulfate environments (Dabala et al., 2003). Pre-treatment in dilute
HCl solutions was reported to improve the quality of cerium conversion
coatings. The pre-treated/conversion-coated surfaces exhibited a nobler
corrosion potential and a better corrosion resistance than that without the
pre-treatment (Brunelli et al., 2005).
The development of conversion coatings containing cerium, niobium
and zirconium, both individually and in combination, was attempted by
Ardelean et al. (2008). The electrolytes were based on nitrates, oxides and
oxy-fluorides of the above elements. The authors reported that the long-term
treatments in these solutions resulted in coatings that provided a nobler corrosion potential and a significant increase in corrosion resistance in dilute
sodium sulfate solutions. These coatings were also claimed to have excellent
adhesion to organic coatings. Similar benefits have been claimed for WE43
magnesium alloys coated with cerium, lanthanum and praseodymium based
conversion coatings (Rudd et al., 2000).
Cerium- and lanthanum-based conversion coatings on AZ31 magnesium
alloy were investigated by Montemor et al. (2007). The films were reported
to be constituted of cerium and lanthanum oxide/hydroxides, in addition
to magnesium/aluminum hydroxides. Polarization studies in 0.005 M NaCl
solution revealed the benefits of the conversion layers in terms of the corrosion resistance, as signified by the corrosion current density. However,
contrary to the many other investigations on conversion films, more active
corrosion potentials (than the uncoated substrate) for the coated surfaces
have been reported (Fig. 7.7).
Conversion coatings on AZ61 magnesium alloy from slightly alkaline solutions containing various concentrations of sodium vanadate
by immersion at different temperatures and durations were produced
by Yang et al. (2007). It was reported that a concentration of 30 g/L
of NaVO3 was the optimum concentration for achieving an effective
coating, and coatings produced at 80°C with gave the best corrosion
resistance.
The available literature on the rare-earth and allied conversion coatings
seems to be limited, and the claims of various research attempts on these
coatings still require substantial validation with more systematic work.
Nevertheless, the drive towards environmentally cleaner coating technologies is a welcome move and this could eventually end up in the elimination
of toxic coatings from the industrial world.
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7. 7 Polarization behavior of (a) cerium and (b) lanthanum conversion
coated AZ31 magnesium alloy in 0.005 M NaCl solution (Montemor
et al., 2007).

Beside this overview of scientific research activities, there are presently
a couple of successful chrome-free industrial conversion coatings available.
However, their stand-alone performance is hard to judge as most tests performed are on combined conversion coating–paint systems. Pre-treatments
appear to be more demanding, but they can reach at least the same performance compared to the chrome-containing conversion coatings. Magpass
(AIMT, 2011), Gardobond (Chemetall, 2011), Alodine (Henkel, 2011) are
some commercial conversion coating systems that work very well with magnesium alloys.

7. 3.2 Plasma electrolytic oxidation
Anodic oxidation is an electrochemical process by which the surfaces of
light alloys viz., aluminum and magnesium, can be converted into a protective oxide film for improved corrosion resistance. The anodic oxidation
of magnesium alloys can be grouped in two viz., low-voltage processes and
high-voltage processes. In the former case, the natural passive film growth
and its characteristics on the magnesium alloy are governed by the processing voltage in appropriate electrolytes. The latter are called by different names viz., plasma electrolytic oxidation (PEO), micro-arc oxidation
(MAO), or plasma-chemical oxidation (PCO) processes, and involve very
high voltages, well above the dielectric breakdown potentials of the passive films formed on magnesium alloys. The discharges that happen on the
surface/electrolyte interface produce incipient melting and oxidation of
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magnesium alloy to form oxides in aqueous electrolytes (Yerokhin et al.,
1999; Blawert et al., 2006). The species from the electrolyte also takes part
in the reactions, forming complex compounds in addition to the magnesium
oxide in the coatings. Thus, a ceramic coating is formed on the surface, with
a high hardness compared to the soft magnesium alloy substrate, providing
the twin benefits of wear and corrosion resistance. The following section
gives a brief overview of the plasma electrolytic process and its variants.
The process of PEO of magnesium alloys, which is usually carried out in
alkaline electrolytes, is reported to happen in four stages viz., (a) the dissolution of magnesium alloy substrate with the associated passive film formation, (b) breakdown of the passive film, and the onset of fine discharges/
sparks on the surface/electrolyte interface, (c) increase in the intensity of
sparking with a steady increase in the process voltage and (d) the last stage,
where the increase in voltage is marginal, with large sized relatively longlived sparks of low density (Bala Srinivasan et al., 2010). The breakdown
potential of the passive film is governed more by the electrolyte chemistry,
pH and conductivity. On the other hand, final processing voltage is a function of the chemical composition of the alloy, electrolyte composition, pH,
power source, applied current density and treatment time. Due to the inherent processing features, especially the discharge intensity/density, the PEO
coatings are porous, and pore size and morphology are dictated by the combined effect of processing conditions. Typical morphologies of a magnesium
alloy surface PEO coated in silicate and phosphate-based electrolytes are
shown Fig. 7.8 (Liang et al., 2009).
Depending on the end application, the pores in the coating may be sealed
with an appropriate sealing technique for improving the corrosion resistance (Tan et al., 2005; Duan et al., 2006; Malayoglu et al., 2010). For tribological applications, the pores in the PEO coatings can be advantageously used
as impregnating sites to hold lubricants, for improved lubricity.
Most of the alkaline electrolytes that are used for PEO processing contain
silicate or phosphate as the major constituent (Cai et al., 2006; Liang et al.,
2007; Arrabal et al., 2008) and a variety of additives have been attempted
by researchers for modifying the coating chemistry with a view to achieving
improved tribological and corrosion performance (Liang et al., 2005; Duan
et al., 2007; Chen et al., 2010). The thickness of PEO coatings on magnesium
alloys can vary from 5 to 200 μm, depending on various parameters including the chemical composition of the alloy. The pores that are developed in
the PEO coatings in most cases spherical with mean diameter from <1 μm
to about 50 μm. Many researchers claim the presence of a thin barrier/inner
layer next to the substrate in the PEO coatings, and have reported a significant beneficial influence on the corrosion resistance of the coated magnesium alloys. It is not always necessary that the corrosion resistance would
increase with increase in PEO coating thickness. It has been reported that
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7. 8 Scanning electron micrographs showing the surface morphology of
PEO coatings on AM50 magnesium alloy obtained from (a) silicate and
(b) phosphate based electrolytes (Liang et al., 2009).

thick coatings produced at higher current densities have resulted in an inferior corrosion resistance compared to thin coatings, on account of the higher
degree of defect levels, viz., larger sized pores and numerous interconnecting micro-cracks in the coating (Bala Srinivasan et al., 2009). Figure 7.9
shows the typical cross-section micrographs revealing the thickness and features of PEO coatings from silicate- and phosphate-based electrolytes (Bala
Srinivasan et al., 2009). Arrows in the micrograph (b) indicates the cracks
and pore channels in the coating produced at high current density.
The phase composition of the PEO coating is influenced by the chemical composition of the alloy and chemistry of electrolyte. Magnesium
oxide, magnesium silicate and magnesium phosphate are the most common phases in PEO coatings, as most of the coatings are obtained from Si
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(a)

(b)

7. 9 Micrographs showing the cross-section of silicate PEO coatings on
AM50 magnesium alloy obtained at two different current densities in a
15 min treatment (Bala Srinivasan et al., 2009).

and P electrolytes. However, coatings produced from zirconate, titania-sol
containing electrolytes, were reported to be constituted with ZrO2, TiO2 in
addition to the MgO and MgF2 phases (Liang et al., 2009a; Mu and Han, 2008;
Luo et al., 2009; Liang et al., 2007). Coatings containing nano-ZrO2 particles
have also been produced successfully, demonstrating significant benefits for
the corrosion resistance (Arrabal et al., 2008a; Lee et al., 2011). Addition of
aluminate and fluoride to the alkaline PEO electrolytes facilitates faster
growth of the coating and gives rise to the formation of magnesium aluminate and magnesium fluoride phases, which are said to be beneficial for
improving the corrosion resistance of magnesium alloys.
The PEO-coated surfaces are hard compared to the substrate, and the
hardness is dictated by the constituents (ceramic oxides/compounds)
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and the compactness of the coating. Low load hardness measurement
techniques have been proved to be useful for understanding the properties of the coating, and that the hardness of PEO coatings can be as high as
650 HV. Coatings from silicate-based electrolytes have been reported to be
harder than those from phosphate-based electrolytes. The roles of additives
viz., tungstate, etc., have also been investigated, and beneficial effects on
the hardness and the corrosion resistance have also been reported (Ding
et al., 2007).
Harder magnesium alloy surfaces with the presence of ceramic compounds/oxides from the PEO process give the material improved resistance
against sliding/ abrasive wear (Goretta et al., 2007; Bala Srinivasan et al.,
2009a). Interestingly, the dry sliding-friction coefficient of the PEO-coated
surfaces against AISI 52100 steel and silicon nitride balls have been reported
to be very high compared to that for an uncoated magnesium alloy substrate. Nevertheless, the PEO coatings offer an excellent wear resistance
(Liang et al., 2007; Bala Srinivasan et al., 2009a, 2009). In general, a hard,
thick, compact coating provides superior wear resistance to thin coatings.
In general, PEO coatings with more defects are likely to crumble under
stress during sliding, resulting in high wear and may even have an additional
adverse effect on the wear partner.
The corrosion resistance of the PEO coatings is better than that of the
conversion coatings, essentially on account of the relatively thick coating
and some of the stable phases in the coating. However, PEO coatings are
suitable for situations where the environment is mild, and for short term
protection. The corrosion resistance of the PEO-coated magnesium alloy
substrate is dictated by (a) the chemical composition of the coating and (b)
thickness and quality of coating. Electrochemical corrosion tests have been
widely performed to understand the degradation of the coatings, and also
to assess the relative performance of the PEO coatings. Liang et al. (2009;
2009a; 2010) have studied the silicate-, phosphate- and zirconate-based
coatings for their short- and long-term corrosion behavior in neutral, acidic
and alkaline chloride solutions. The stability of the PEO coatings and their
degradation behavior have been documented (Liang et al., 2009, 2010). It
is possible that some coatings may offer an excellent short term corrosion
resistance, and that it may not give the same benefit in long-term exposure.
The converse is true with some coatings, an example of this being the ZrO2
coatings reported by Liang et al. (Liang et al., 2009a).
The corrosion resistance of some of the commercially available coatings,
as claimed by the manufacturers, is very impressive. While the Magoxid
PEO coatings were reported to withstand salt spray tests in accordance with
DIN EN ISO 9227 for 80–100 h (AIMT, 2011), the Keronite and Anomag
coatings have been claimed to withstand 1000 h in accordance with ASTM
B117 tests (Ltd. Keronite, 2011).
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7. 3.3 Organic coatings
The main benefit of organic coatings in corrosion protection is their ability
to prevent or at least to retard the access of electrolyte and oxygen to
the metal surface. They can be used for permanent protection (e.g., paint,
polymer, etc in combination with chemical conversion or anodized coatings, the latter usually offering excellent corrosion protection (Umehara
et al., 1999), or they are used, for example in the form of waxes and oil, as
a temporary protection. The pre-treatment removes the natural outer corrosion layers and replaces it with a thin film firmly bound to the metal surface, improving the adhesion of the paint (Allsebrook, 1955). In any case,
the selected organic compound has to be resistant to the highly alkaline
reaction products forming during magnesium corrosion (Murray and Hills,
1990). However, the performance of organic paint systems depends on the
corrosion resistance of the substrate alloy as well − the better the corrosion
resistance of the alloy, the better the performance of the coating system
(Wray, 1941).
State of the art for corrosion protection of magnesium alloys is usually
a combination of conversion coating and paint. The paint can consist of
several layers with different functions, for example, primer, filler and top
coat. For applications which are not in the direct field of view normally
a system of conversion coating, KTL and powder coat is used (Fig. 7.10).
The corrosion performance is reported to be a >1000 h salt spray test
DIN EN ISO 9227 or >10 cycles of VDA alternating corrosion test. Such
a coating system can protect magnesium even if it is in contact with other
metals. Well known examples are the tailgate from the 3-liter VW Lupo
(Schreckenberger and Laudien, 2000) or from the recent Daimler E-class
(Schreckenberger et al., 2010). In the case of the Lupo, the multilayer protection system consists of yellow chromate pickling, KTL (20 microns) and

Powder coating (> 80μm)

Cataphoretic paint (> 15μm)
Conversion coating (< 1μm)
Mg substrate

7.10 Typical coating system for magnesium alloys in automotive
applications according to (Knoll, 2008).
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powder coating (> 80 microns). This is similar to the protection system
of the E-Class (Schreckenberger et al., 2010). The application of such
an automotive coating system generally combines multiple steps, such
as degreasing/ acid pickling – AZ91/HNO3 and AM50, AMZXX, AE44/
H2SO4 –/ Mn−Zr conversion treatment/ drying/ cooling/ KTL > 15 μm/
drying/powder coat >80 μm/ drying) (Knoll, 2008). Additionally, coating
of the counterparts and/or constructive measures can be used to prevent
galvanic corrosion between magnesium and the other more noble construction materials.
Apart from these industrial coating systems new polymer coatings
(Yfantis et al., 2002; Scharnagl et al., 2009; Shao et al., 2009; Conceicao et al.,
2010) with and without inhibitors are being developed and studied, mainly
with the ultimate goal of creating coatings with self-healing ability.

7. 3.4 Galvanic coatings
Magnesium can be coated electroless (without external current) with
nickel-based, copper- or zinc-alloy coatings after the surface has been
pre-treated accordingly. For magnesium alloys the standard coating bath
compositions used for other metals were sometimes modified to the needs
of the magnesium alloys; particularly acidic baths are changed to alkaline
baths, reducing the attack of the magnesium substrate during coating formation, or acids/ions are used which do not attack or even protect magnesium to a great extent (e.g., HF/F−). More information about the specific
alloys and the pre-treatments can be found in the following selected references, which are far from complete − Ni–P (El Mahallawy et al., 2008),
Ni–W–P (Zhang et al., 2007), Ni–Sn–P (Zhang et al., 2008), Cu (DeLong,
1964; Yang et al., 2006), Zn (DeLong, 1964). The formation of composite
coatings reinforced with nano-particles is also possible (Song et al., 2007).
To improve corrosion resistance, sometimes multilayer Ni–P Coatings
with different P content have been used (Gu et al., 2005). The problem
with harmful pre-treatments based on chromate or hydrofluoric acid is
addressed by the use of organic interlayers on which the intended metal is
electroless plated for example, Ni–P (Zhao et al., 2007) or Ag (Zhao and
Cui, 2007). Otherwise, with the use of Zn and/or Cu interlayers (Fig. 7.11)
the galvanic deposition (electroplating) of nearly all metals is possible
(DeLong, 1964; Haßenpflug, 2001).
The main application of galvanic metal layers is found in electronics and
telecommunications. The problem with those layers is not only the high
risk of galvanic-enhanced corrosion in the case of coating defects, but also
the contamination and enrichment of secondary alloys especially with Cu
and Ni during a recycling process if coated components are in the scrap
fraction.
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: Cold water rinse

7.11 Typical treatment steps for the electroplating/galvanizing of
magnesium alloys according to DeLong (1964).

7. 3.5 Others
There are a couple of other coating technologies for magnesium alloys
available. However, some of them are still under development, not industrially used or only interesting for niche products. Among them, sol–gel
processes are the most promising technologies due to their ease of application and relative low investment cost. Corrosion and wear-resistant coatings are generated from organic−inorganic nano-composites via so-called
cross-linking processes (Khramov et al., 2006; Zaharescu et al., 2009).
Physical methods, such as laser (Ignat et al., 2004; Gao et al., 2006; Mondal
et al., 2006), and electron beam (Hao et al., 2005) technology, are mainly
used for local surface engineering. By means of heat treatments, alloying,
dispersing or coating the wear- and corrosion-resistance of magnesium surfaces can be modified. PVD (Lee et al., 2003; Hoche et al., 2005; Bohne et al.,
2007; Blawert et al., 2008) and CVD techniques (including vacuum (Fracassi
et al., 2003; Yamauchi et al., 2007) and atmospheric pressure treatments) can
be used also to deposit a variety of metallic, organic and ceramic coatings on
magnesium. Interesting is the ability of Mg-based PVD coatings to provide
cathodic protection for magnesium substrates (Bohne et al., 2007). Due to
the low load-bearing capacity of the magnesium substrate, substrate heating effects during deposition, or process inherent coating defects, the use of
PVD and CVD coatings is still limited.
Thermal spraying is another option for cladding Mg alloys with more corrosion- and/or wear-resistant materials for example, Al (Zhong et al., 2004).
With the development of new techniques with reduced heat input, thermal
spraying might also be interesting for coating magnesium alloys. Use of high
kinetic energies, high-speed flame spraying, and especially the newly developed cold spraying, offers the opportunity to avoid the oxidation of sprayed
material and substrate substantially and thus produce very dense and corrosion-resistant protective coatings. However, the future will show whether
one of those processes will find widespread industrial application.
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7. 4

Implications for improving corrosion resistance
and future trends

7. 4.1 Metallurgical
To a certain level, the corrosion resistance of magnesium can be improved
by alloying and controlling the microstructure. Most important is that bulk
and/or surface contaminations with heavy metal impurities are prevented.
However, due to the fact that magnesium is the most electrochemically
active construction material, it has to be protected against corrosion in
harsh environments, or in direct contact with other materials if exposure to
electrolytes is expected.

7. 4.2 Surface ﬁnishing
Nowadays, corrosion protection of magnesium alloys is not really a major
concern, as there are a number of coating techniques available (Gray and
Luan, 2002; Zhang and Chaoyun, 2010). Most of the time the corrosion protection system is built layer by layer, combining several different coating
layers. Which of the possible protection systems or combinations is used
depends mainly on the application, the aggressiveness of the surrounding,
the material combination and costs (Schreckenberger et al., 2010; Elektron,
2006; Murray and Hillis, 1990). Normally, only the absolutely necessary
coating system is used as long as the requirements of the application are
fulfilled and sufficient protection throughout the lifetime of the component
is guaranteed.
Nevertheless, besides protection with coatings, constructive measures are
also important to minimize the environmental impact on the component.
This includes the selection of more electrochemically compatible material
counterparts (coatings), optimized draining of water, electrical isolation (or
at least a resistance as high as possible) and optimized anode to cathode
area ratios.
The compatibility between magnesium and a second metal is determined
by the potential difference between anode (Mg) and cathode, which should
be as low as possible, and by the polarization resistance of the cathode, which
should be maximized. The materials most compatible to Mg are aluminum
alloys of the 5XXX and 6XXX series, due to the relatively low potential difference. Despite the high potential difference, 80Sn/20Zn coatings are also
tolerated, because of their high polarization resistance (Skar and Albright,
2002). No galvanic corrosion of magnesium is caused by anodized AlMg3
(Reinhold, 2000), which is a result of low potential difference and high resistance. Completely incompatible with magnesium alloy are steels, stainless
steels, copper, nickel and copper-containing aluminum alloys, such as the
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A380 alloy (Skar and Albright, 2002). However, in spite of coating the Mg
part, one should always consider coating the counterpart as well, especially if
there are no alternatives for a more compatible material selection. Detailed
studies of the galvanic corrosion between AZ91 (steering gear from cast
magnesium) and typical attachments (e.g., retainer, threaded sockets, plugs,
screws) with various types of coatings, revealed that in this case the best
protection was achieved by a zinc coating plus cathodic e-coat (KTL, 15
microns) (Boese et al., 2001). Conventional galvanized-steel screws can be
used with magnesium silicate sealers. The silicate sealer was used successfully for galvanized-steel bolts for the B80 magnesium gearbox of Audi and
VW in the series [4]. Insulating polymer coatings are also used (nylon) or
plastic caps for the screw heads (Skar and Albright, 2002) (Magnesium).
Another important aspect is the fact that magnesium alloys will not have
good corrosion resistance unless they are free from surface contamination
by flux or metallic impurities introduced during forging, rolling, casting or
other production processes (Allsebrook, 1955; Lafront et al., 2008; Blawert
et al., 2005; Nwaogu et al., 2009; Nwaogu et al., 2010). This is true, even if magnesium is coated. On the one hand, the build-up of coating systems can be
severely affected by surface contaminations (growth, uniformity and adhesion) and on the other hand most of the coating systems are not completely
dense. Under such circumstances moisture can penetrate the coating, leading to reactions in the interface, causing degradation followed by final failure of coating systems.

7. 5

Conclusions

In summary, it can be said that there are satisfactory solutions for the corrosion protection of magnesium available. Still difficult to protect are the
mixed-material combinations produced by welding, riveting and clinching. After joining the materials cannot be separated anymore and require
the same surface treatment. Most of the available processes (especially
pre-treatments) are not suitable for both materials, due to their different
electrochemical responses. Some solution might be offered by PEO processing, at least for Mg/Al and Mg/Ti combinations.
Another concern of the last decade, the development of chrome-free conversion coatings is at least partly solved (Schreckenberger, 2001). New alternatives with similar properties are available on the industrial scale (Kurze,
2008), but the pre-treatment prior to conversion coating is more important now to guarantee a uniform formation of the conversion coating. The
new alternatives are more demanding regarding the surface conditions for
example, a better cleaning removing impurities and processing lubricants
is required compared to chromate treatments. The ultimate goal for corrosion protection of magnesium – self-healing coatings – is still not solved.
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A number of concepts have been developed, and partly tested successfully
in the laboratory scale, but a transfer into industrial application has not yet
been achieved.

7. 6
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Applications: aerospace, automotive and other
structural applications of magnesium
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Abstract: This chapter discusses the material properties and mass
saving potential of magnesium alloys in comparison with major
structural materials: mild steel, advanced high-strength steel (AHSS),
aluminum, polymers, and polymer composites. The alloy development
and manufacturing processes of cast and wrought magnesium alloys are
summarized. Structural applications of magnesium alloys in automotive,
aerospace, and power tools industries are reviewed in this chapter.
The opportunities and challenges of magnesium alloys for structural
applications are discussed.
Key words: magnesium alloy development, magnesium casting,
magnesium extrusion, magnesium sheet, structural applications.

8.1

Introduction

Magnesium, an alkaline earth metal, is the eighth most abundant element
in the earth crust and the third most abundant element dissolved in seawater. The metal was first produced in England by Sir Humphry Davy in 1808
using electrolysis of a mixture of magnesia and mercury oxide.1 Today, China
produces about 80% of the world’s magnesium output (about 800 000 metric
tons in 2010), using the Pidgeon process, a silicothermic reduction process for
extracting high purity magnesium crowns from dolomite and ferrosilicon.
According to the US Geological Survey,2 the leading use (41%) of primary magnesium is as an alloying element in aluminum-based alloys for
packaging, transportation and other applications. Structural uses of magnesium (castings and wrought products) accounted for about 32% of primary
metal consumption in 2010. Desulfurization of iron and steel accounted
for 13% of US consumption of primary metal, and other uses were 14%.
Figure 8.1 shows the magnesium consumption by end use in the last decade
and the forecast until 2015.3
Magnesium is the third most commonly used structural metal, following steel
and aluminum. With its density about one-fourth that of steel and two-thirds
266
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8.1 Magnesium consumption by end use in 2000–2015.3

that of aluminum, magnesium is the lightest structural metal, which offers
significant opportunities for lightweight applications in automotive, aerospace, power tools, and 3C (computer, communication and consumer products) industries. For example, magnesium components are increasingly being
used by major automotive companies including General Motors (GM), Ford,
Volkswagen and Toyota.4–11 Current major automotive magnesium applications include instrument-panel beam, transfer case, steering components and
radiator support. However, the magnesium content in a typical family sedan
built in North America is only about 0.3% of the total vehicle weight.4
In this chapter, the mechanical properties, structural performance and mass
saving potential of cast and wrought magnesium alloys are compared with
those of several major automotive materials: mild steel, AHSS, aluminum,
polymers and polymer composites. Manufacturing processes, including welding and joining of magnesium castings and wrought products, are critically
reviewed. This chapter will also review the historical, current and potential
structural uses of magnesium, with a focus on automotive applications. The
technical challenges of magnesium structural applications are also discussed.

8.2

Material properties

8.2.1 Property comparison with other automotive
materials
Table 8.1 summarizes the mechanical and physical properties of typical cast
and wrought magnesium alloys in comparison with other materials for automotive applications.12–15 Being the lightest structural metal, magnesium has
a density less than one-fourth that of ferrous alloys (cast iron, mild steel and
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Table 8.1 Comparison of mechanical and physical properties of various automotive
materials12–15
Material

Cast Mg

Alloy/Grade

AZ91

Wrought Mg

AM50

Cast Iron Steel

AZ80-T5 AZ31-H24 Class
40

Cast Al

Mild
steel
Grade 4

AHSS1
DP340/
600

380

Process/Product Die-cast Die-cast Extrusion Sheet

Sand
cast

Sheet

Sheet

Die-cast

Density
(d, g/cm3)
Elastic Modulus
(E, GPa)
Yield Strength
(YS, MPa)
Ultimate Tensile
Strength
(St, MPa)
Elongation
(ef, %)
Fatigue
Strength
(Sf, MPa)
Thermal Cond.
(l W/m.K)
Thermal Exp.
Coefﬁcient
(d, µm/m.K)
Melting Temp.
(Tm, oC)

1.81

1.77

1.80

1.77

7.15

7.80

7.80

2.68

45

45

45

45

100

210

210

71

160

125

275

220

N/A

180

340

159

240

210

380

290

293

320

600

324

3

10

7

15

0

45

23

3

85

85

180

120

128

125

228

138

51

65

78

77

41

46

96

26

26

26

26

10.5

11.70

22

598

620

610

630

1175

1515

595

1. AHSS: advanced high-strength steel;
2. GFRP: glass ﬁber reinforced polymer;
3. CFRP: carbon ﬁber reinforced polymer;
4. P/M: permanent mold; and
5. T8X: simulated paint-bake (2% strain plus 30 min. at 177ºC).

AHSS) and offers similar mechanical and physical properties to aluminum
alloys, but with about one-third the mass saving. Extrusion and sheet alloys,
for example alloys AZ80 and AZ31, respectively, provide tensile strength
comparable to the aluminum extrusion alloy 6061 and the commonly used
5XXX and 6XXX sheet alloys, but they are less ductile. The wrought magnesium alloys are much less formable than steel or aluminum at room temperature due to their hcp (hexagonal close-packed) crystal structure, although
their tensile ductility often appears reasonable.
While magnesium components are slightly heavier than polymers or polymer composites, they are generally stiffer, due to their higher elastic modulus.
PC/ABS, a plastic blend of polycarbonate and acrylonitrile-butadiene-styrene,
for example, has a modulus of about 1/20 that of magnesium and has been used
in a limited way in instrument-panel beams where the design requirements
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Table 8.1 continued

Wrought Al

A356-T6 6061-T6

Polymers
(PC/ABS)

5182-H24/ Dow Pulse
6111-T8X5 2000

GFRP2 (glass/polyester) CFRP3 (carbon/epoxy)

Structural Exterior
(27%)
(50%
uniaxial)

Structural
Exterior
(58% uniaxial) (60%)

P/M4 cast Extrusion Sheet

Injection
molding

Liquid
molding

Compression Liquid/
molding
compression
molding

Autoclave
molding

2.76

2.70

2.70

1.13

2.0

1.6

1.5

1.5

72

69

70

2.3

48

9

189

56

186

275

235/230

53

262

310

310/320

55

1240

160

1050

712

5

12

8/20

5 at yield and
125 at break

<1

2

<1

<1

90

95

120/186

N/A

N/A

N/A

N/A

159

167

123

0.6

0.3

0.5

0.5

21.5

23.6

24.1/23.4

74

12

14

2

4

615

652

638/585

143 (softening 130–160 (molding
temperature) temperature)

175 (maximum service
temperature)

are met through the geometry of the closed sections. Fiber reinforcements
can be used to increase the modulus of polymers, as seen in many polymerbased composites such as the conventional glass fiber reinforced polymer
(GFRP) and advanced carbon fiber reinforced polymers (CFRP). Depending
on applications, polymer composites can be classified into two groups:
• Structural composites (Structural-GFRP and Structural-CFRP), in
which glass or carbon fibers are uniaxially orientated to provide unidirectional strength/stiffness for structural applications; and
• Exterior composites (Exterior-GFRP and Exterior-CFRP), in which
glass or carbon fibers are appropriately aligned to provide ‘quasi-isotropic’ strength/stiffness in planar directions but not in the thickness direction, for exterior panel applications.
Exterior-GFRP is used in many low/medium-volume body panel applications
(e.g., Corvette and Saturn). CFRP, on the other hand, is much more expensive and is, today, generally used in aerospace parts and high-performance
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cars; a recent GM application of exterior-CFRP is the hood outer for the
Commemorative Corvette Z06. Recently, however, there has been a greater
push to use CFRP in automotive body and closure applications, but an extensive
discussion of this is outside the scope of this chapter. Polymers and composites
are prone to creep, and thus not suitable for elevated-temperature applications due to their low service temperatures (e.g., 143ºC for PC/ABS and 175ºC
for CFRP). Compared to aluminum, magnesium has a higher thermal expansion coefficient and lower thermal conductivity, which needs to be considered
when substituting for aluminum in elevated-temperature applications.

8.2.2 Structural performance and mass
saving potential
Materials selection for automotive structural applications is an extremely
complex process in which component geometries, loading conditions,
material properties, manufacturing processes and costs provide conflicting
requirements.6,15,16 As the bending mode is often the primary loading condition in many automotive structures, such as instrument-panel beams and
frame rails, the following analyses on structural performance and mass saving potential of magnesium over mild steel (presently the dominant automotive material) are based on bending stiffness and strength calculations.
For a panel (plate) under bending loads, the minimum thickness (t) and
mass (m) can be calculated using the ‘materials performance index’ concept.16 Designating steel and magnesium properties with subscripts S and
Mg, the thickness ratios and mass ratios of components made of the two
materials for an equal stiffness design may be expressed as:
tMg
ts

⎛ E ⎞
=⎜ s ⎟
⎝ EMg ⎠

1/ 3

[8.1]

⎛ dMg ⎞ ⎛ ES ⎞
=⎜
⎜
⎟
ms
⎝ ds ⎟⎠ ⎝ EMg ⎠

mMg

1/ 3

[8.2]

where E and d are the elastic modulus and density of the materials, respectively. Using the property data as shown in Table 8.1, the thickness and mass
ratios of magnesium (AZ91 alloy) compared with a mild steel beam can be
calculated:
tMg
ts

= 1 67

[8.3]
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[8.4]

Therefore, in order to achieve the same bending stiffness, a magnesium
panel will be required to have 1.67 times the thickness of a steel one, with
a mass saving of 61%. For bending strength-limited design (same bending
strength at minimum mass), such ratios for AZ91 magnesium alloy compared with mild steel become:
tMg
ts

⎛ YSS ⎞
=⎜
⎟
⎝ YSMg ⎠

⎛ dMg ⎞
=⎜
ms
⎝ ds ⎟⎠

mMg

1/ 2

= 1 06

⎛ YSS ⎞
⎜
⎟
⎝ YSMg ⎠

[8.5]

1/ 2

= 0 25

[8.6]

where YS is the yield strength of the materials.
For a beam in an equal stiffness design, Equations [8.1] and [8.2]
become:
tMg
ts

⎛ E ⎞
=⎜ S ⎟
⎝ EMg ⎠

1/ 2

[8.7]

⎛ dMg ⎞ ⎛ ES ⎞
=⎜
⎜
⎟
ms
⎝ ds ⎟⎠ ⎝ EMg ⎠

mMg

1/ 2

[8.8]

Similarly, for a solid beam in an equal strength design, Equations [8.5] and
[8.6] become:
tMg
ts

⎛ YSS ⎞
=⎜
⎟
⎝ YSMg ⎠

2/3

[8.9]

⎛ dMg ⎞ ⎛ YSS ⎞
=⎜
⎜
⎟
ms
⎝ ds ⎟⎠ ⎝ YSMg ⎠

mMg

2/3

[8.10]

Based on the above nomenclature and the property data provided in Table
8.1, Table 8.2 summarizes the thickness and mass ratios of various materials
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1.00
1.00
0.73
0.73
1.00
1.00
0.65
0.65

Equal stiffness
panel
Equal strength
panel
Equal stiffness
beam
Equal strength
beam

Thickness ratio
Mass ratio
Thickness ratio
Mass ratio
Thickness ratio
Mass ratio
Thickness ratio
Mass ratio

AHSS

Material
1.44
0.49
1.06
0.37
1.72
0.59
1.09
0.37

Al (Cast)
1.45
0.50
0.81
0.28
1.74
0.60
0.75
0.26

1.67
0.39
1.06
0.25
2.16
0.50
1.08
0.25

1.67
0.39
0.81
0.19
2.16
0.50
0.75
0.17

Al (Wrought) Mg (Cast) Mg (Wrought)

4.50
0.65
1.84
0.27
9.56
1.38
2.26
0.33

PC/ABS

2.86
0.59
1.06
0.22
4.83
0.99
1.08
0.22

GFRP
(Exterior)

1.55
0.30
0.50
0.10
1.94
0.37
0.40
0.08

CFRP
(Exterior)

Table 8.2 Thickness and mass ratios of various materials compared with mild steel for equal bending stiffness- and strength-limited
design
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100

92
83

Equal stiffness beam
Equal strength beam

80
Mass saving potential, %

273

78

75

74

67

63
60
35

40

41

63

50

50
40

20
0

1

0

–20
–38
–40
AHSS

Al (Cast)

Al
(Wrought)

Mg (Cast)

Mg
(Wrought)

PC/ABS

GFRP
CFRP
(Exterior) (Exterior)

Material

8.2 Percentage mass savings of various materials vs. mild steel for
designing a structural panel with equivalent bending stiffness or
bending strength.
110
Equal stiffness panel
Equal strength panel

90

Mass saving potential, %

90

81
75

72
70

63
51

50

78

73

70

61

61
50

41
35
27

30

10

0

–10
AHSS

Al (Cast)

Al
(Wrought)

Mg (Cast)

Mg
(Wrought)

PC/ABS

GFRP
CFRP
(Exterior) (Exterior)

Material

8.3 Percentage mass savings of various materials vs. mild steel for
designing a structural beam with equivalent bending stiffness or
bending strength.

compared with mild steel for solid panel and beam designs, respectively.
For a generic comparison, the uniaxial properties of structural composites
are not included in the analysis. Instead, the ‘quasi-isotropic’ properties of
exterior-GFRP and CFRP composites are used to compare with the isotropic properties of other materials for mass saving analysis. Figures 8.2 and
8.3 highlight the thickness ratios and the resultant percentage mass savings
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of the materials when replacing a mild steel component. These results show
that magnesium alloys have higher mass saving potential than AHSS, aluminum and polymers, in substituting for mild steel structures for equal stiffness or strength. To overcome its much lower elastic modulus, a polymer
part will have to be reinforced with fibers or a metal−polymer hybrid structure has to be used. Compared to GFRP composites, magnesium alloys
have higher mass saving potential for equal stiffness and similar savings for
equal strength. While CFRP has the highest mass saving potential, wrought
magnesium alloys provide slightly less mass savings, but at a lower cost.

8.3

Alloy development

8.3.1 Commercial extrusion alloys
Table 8.3 lists the nominal composition and typical room-temperature tensile
properties of extruded magnesium alloy tubes.12–14 Of the commercial extrusion alloys, AZ31 is most widely used in non-automotive applications. With
higher aluminum content, AZ61 and AZ80 offer higher strength than AZ31
alloy, but with much lower extrudability. The high-strength Zr-containing
ZK60 was designed for application in racing cars and bicycles, such as wheels
and stems.13 The extrusion speed for making ZK60 tubes is extremely low,
rendering it uneconomical for automotive applications. The maximum extrusion speed of AZ31 alloy, the most extrudable commercial magnesium alloy,
is only about a half of that of aluminum extrusion alloy 6063, which makes
magnesium extrusions much more expensive due to the higher material and
processing costs. New magnesium alloys are being developed to improve the
extrusion speed while maintaining good mechanical properties.

8.3.2 New extrusion alloys
This section introduces two experimental extrusion alloys developed at
GM for structural application: AM30 (Mg−3%Al−0.3%Mn) alloy for
high-strength applications, and ZE20 (Mg−2%Zn−0.2%Ce) alloy for
high-ductility applications.
AM30 Alloy
A new experimental extrusion alloy, AM30 (Mg–3%Al–0.3%Mn),
was recently developed with improved extrudability and formability.14
Aluminum also improves strength, hardness and corrosion resistance of the
alloying elements considered12 but reduces ductility. An aluminum content
of about 5–6% yields the optimum combination of strength and ductility for
structural applications. Increasing aluminum content widens the freezing
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Table 8.3 Nominal composition and typical room-temperature tensile
properties of extruded magnesium alloys12–15
Alloy

AZ31
AZ61
AZ80
ZK60
ZK60
AM50
1
2

Temper Composition (wt%)

F1
F
T5
F
T52
F

Tensile properties

Al

Zn

Mn

Zr

Yield
Tensile Elongation (%)
strength strength
(Mpa)
(Mpa)

3.0
6.5
8.0
–
–
5.0

1.0
1.0
0.6
5.5
5.5
–

0.20
0.15
0.30
–
–
0.30

–
–
–
0.45
0.45
–

165
165
275
240
268
168

245
280
380
325
330
268

12
14
7
13
12
18

F signiﬁes as extruded.
T5 signiﬁes artiﬁcially aged after extrusion.

range and makes the alloy easier to cast, but more difficult to extrude due
to increased hardness. For example, alloys containing less than 3% Al can
be extruded at higher extrusion speeds compared with high-strength alloys
such as AZ61 (Mg−6%Al−1%Zn) and ZK60 (Mg−6%Zn−0.5%Zr).13 To
maximize the ductility and extrudability, while maintaining reasonable
strength and castability (for billet casting prior to extrusion), an aluminum
content of 3% was selected for the new alloy.
Zinc is next to aluminum in effectiveness as an alloying ingredient
to strengthen magnesium.12 However, it reduces ductility and increases
hot-shortness of Mg–Al based alloys. Zinc-containing magnesium alloys are
prone to microporosity.17 Zinc was also reported to have mild to moderate
accelerating effects on corrosion rates of magnesium as determined by alternate immersion in 3% NaCl solution.12 Therefore, unlike most commercial
magnesium alloys, Zn was not selected in this experimental alloy. Manganese
does not have much effect on tensile strength, but it does slightly increase the
yield strength of magnesium alloys. Its most important function is to improve
the corrosion resistance of Mg–Al based alloys by removing iron and other
heavy-metal elements into relatively harmless intermetallic compounds,
some of which separate out during melting. For this purpose, Mn is added at
about 0.4% as recommended by the ASTM Specification B93–94a.
Based on these analyses and experiments, a new magnesium alloy, AM30
(Mg−3%Al−0.4%Mn), was formulated. The extrudability of an alloy billet
is defined by the maximum extrusion speed at which the billet can be pushed
through an extrusion die at a given temperature without causing visible surface defects, such as cracking or fracture.14 Compared with the current workhorse commercial magnesium wrought alloy AZ31 (Mg−3%Al−1%Zn), the
new AM30 alloy can be extruded 20% faster (Fig. 8.414), has a 50% increase
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Ram speed, mm/s

100
AZ31
AM30

Press load
limit
exceeded

Surface
cracking

Press load limit
10

Temperature rise
limit

Safe extrusion

1
500
300
400
Billet temperature, °C

200

600

8.4 Extrusion limit diagram for AM30 and AZ31 alloys.14

in room-temperature ductility with similar strength, and has up to a 30%
improvement in ductility at elevated temperatures up to 200°C (Fig. 8.514).
Mg−Zn−Ce (ZE) alloys
It was recently found that a small addition of only 0.2% Ce to pure Mg
significantly improved the ductility of extruded bars, Fig. 8.6,18 due most
likely to the reduced grain size and weakening of the texture. However, the
strength of the Mg−0.2%Ce alloy remained too low for automotive structural applications. A follow-on investigation19 examined the addition of aluminum (Al) to Mg−0.2%Ce binary alloy, which improved its strength but
decreased its ductility considerably. This is due to the fact that Ce has a
higher affinity for Al and forms Al11Ce3 in the Mg–Al–Ce ternary alloys,
offsetting the beneficial effect of the Ce addition.
Zinc additions of 2–6%, on the other hand, significantly improved the
strength of the Mg−0.2%Ce alloy, due to solid solution strengthening by Zn,
while retaining the beneficial effect of Ce on randomizing the texture and
the associated high ductility.20 Clearly, the ZE20 alloy (Mg−2%Zn−0.2%Ce)
has significantly higher strength compared with Mg−0.2%Ce alloy (135
MPa vs. 69 MPa yield strength and 225 MPa vs. 170 MPa ultimate tensile
strength). Although the ZE20 alloy has slightly lower elongation (27.4%
vs. 31%), compared with the binary Mg−0.2%Ce alloy, it has significantly
higher ductility compared with 16.9% for commercial AZ31 alloy; a 62%
increase. This increase is obtained with only a minor reduction of about
16% in tensile strength. As also shown in Fig. 8.7, increasing the Zn content
from 2% to 8% increased the ultimate tensile strength of the Mg–Zn–Ce
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Yield strength, MPa

(a) 200
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AM30
AZ31
50

0

0

50

100

150
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Temperature, °C
(b)

35

Elongation, %

30
25
20
15
AM30
AZ31

10
5
0

0

50

100

150

200

250

Temperature, °C

8.5 Effect of temperature on tensile properties of extruded tubes of
AM30 and AZ31 alloys14: (a) Tensile yield strength; and (b) tensile
elongation.

(ZE) alloy, but the elongation was reduced considerably. The ZE20 alloy is
considered most promising and has a somewhat lower strength but much
higher ductility compared with AM30 (170 MPa yield strength; 240 MPa
ultimate tensile strength and 12% elongation).
The extrusion experiments on ZE alloys show that ZE20 alloy has excellent extrudability, about 25% higher maximum extrusion speed compared
with the AZ31 alloy (0.08 m/s) at an extrusion temperature of 400°C, and
is similar to that of AM30 which also showed about 20% better extrudability than AZ31.14 When the Zn content is increased to 5% (ZE50 alloy),
the extrudability is reduced to the level for AZ31. A further increase in Zn
content to 8% (ZE80 alloy) results in a significant decrease in extrudability (0.02 m/s). Higher Zn contents have been reported to increase surface
cracking and oxidation during extrusion and, hence, to lower the extrusion
speed limits.21
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Engineering strain (%)

8.6 Tensile curves for (a) pure Mg; and (b) Mg–0.2%Ce alloy, after
extruding bars with a ratio of 25:1.18

350
YS, MPa
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Tensile properties
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100
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50
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8.7 Tensile properties of Mg–Zn–Ce alloy extruded tubes compared with
AZ31 and Mg–0.2%Ce alloy tubes processed in similar conditions.20

8.3.3 Commercial sheet alloys
There are three types of commercial sheet magnesium alloys: Mg−Al−Zn
(AZ), Mg–Th (HK and HM) and Mg−Li−Al (LA) alloys, which are
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Table 8.4 Nominal composition and typical room-temperature tensile
properties of magnesium sheet alloys12,22
Alloy

Temper Composition (wt%)
Al

AZ31 H241
HK31 H24
HM21 T82
LA141 T73

Zn

Mn

Zr

Tensile properties
Other Yield
Tensile
Elongation
strength strength (%)
(Mpa)
(Mpa)

3.0 1.0 0.20 –
3.0 0.3 –
0.7 3.25
Th
–
–
0.45 –
2.0 Th
1
14 Li

180
160

325
285

15
9

130
270
105–160 132–165

11
11–24

1

H24 signiﬁes strain hardened and partially annealed.
T8 signiﬁes solution heat-treated, cold worked, and artiﬁcially aged.
3
T7 signiﬁes solution heat-treated and stabilized.
2

summarized in Table 8.4. Alloy AZ31 is the most widely used alloy for sheet
and plate and is available in several grades and tempers. It can be used at
temperatures up to 100°C. The HK31 and HM21 alloys are suitable for use
at temperatures up to 315°C and 345°C, respectively. However, HM21 has
superior strength and creep resistance; but it has been banned due to the
radioactivity of thorium.
Alloys with very low density and good formability have been developed
by adding lithium to magnesium. For example, LA141A, which contains 14%
Li, has a density of 1.35 g/cm3, or only 78% that of pure magnesium. This
alloy has found limited use in missile and aerospace applications because
of its ultra-low density and excellent formability at room temperature or
slightly elevated temperatures.22

8.3.4 New sheet alloys
As demonstrated in the commercial LA141A alloy, Mg–Li alloy system is
very promising for high formability and can be potentially formed at room
temperature. Similar to the extrusion alloys developed, the Mg−Zn−Ce
alloy system has also been shown to provide significant improvements in
tensile ductility and sheet formability. Microalloying has been found to be
effective in refining Mg–Al-based sheet alloys for formability enhancement
and property improvement.
Mg–Li based alloys
According to the Mg–Li phase diagram, Fig. 8.8, the alloys exhibit two-phase
structures of α (hcp) Mg-rich and β (bcc) Li-rich phases at room temperature when 5–11% Li is added to magnesium. Further additions of Li (more

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

280

Fundamentals of magnesium alloy metallurgy
0

20 30 40 50

Atomic percent Lithium
70
80

60

90

95

100

700
650°C
600

Temperature °C

500
L
400
(Li)

(Mg)
300
620

200

L

180.6°C
600

11%, 692°C

100

(Mg)
5.5

580
0
0
Mg

10

0

5

20

30

555
7.9 6.5 (Li)

10

15

40
50
60
70
Weight percent Lithium

80

90

100
Li

8.8 Mg–Li phase diagram.12

than 11%) can transform the hcp α-Mg solid solution into highly workable,
body-centered cubic alloys.23 It has been shown that the rolling textures of
Mg−14%Li alloy sheet with a bcc structure are very similar to those of other
bcc metals, such as interstitial-free (IF) steel, ferritic steel and Fe−3%Si when
they are similarly processed.24 However, the binary Mg–Li alloys offer poor
corrosion resistance, and limited mechanical properties (especially low fatigue
strength) at room and elevated temperatures. Alloy development efforts
have been on the addition of third alloying elements (Al, Zn, Si, RE, etc.)
on the mechanical properties of Mg–Li alloys.25–29 While aluminum improves
the creep resistance and mechanical properties at elevated temperatures,
Mg–Li–Al alloys have poor corrosion resistance due to the existence of the
chemically active fcc LiAl phase in the microstructure, in addition to the β
(bcc) phase solid solution. Rare earth additions can improve the formability
and chemical and thermal stability of Mg−Li−Al alloys, especially when the
Li content is less than 6% and the alloys are in the α-Mg single phase region,
due to the formation of Al2RE and Al4RE phases in the microstructure.
The microstructure and formability of Mg−Li−Zn alloy sheets were studied and the results are summarized in Table 8.5.30 The Mg−6%Li−1%Zn
alloy with dominant α-Mg (hcp) phase has limited ductility and formability,
while the Mg−12%Li−1%Zn alloy with dominant β-Li (bcc) microstructure
has high ductility at comparatively low strain rates. On the other hand, the
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Table 8.5 Microstructure and tensile properties of Mg–Li–Zn alloys obtained
from uniaxial tension tests for an initial stain rate of 8.3 × 10−4 s−1. 30
Alloy

Mg–6%Li–1%Zn Mg–9.5%Li–1%Zn Mg–12%Li–1%Zn

Microstructure
Yield strength
(Mpa)
Ultimate tensile
strength (Mpa)
Elongation (%)
Work-hardening
exponent (n)
Normal anisotropy
parameter (r)

α-Mg (hcp)
112

α-Mg + β-Li
121

β-Li (bcc)
124

155

134

125

32.2
0.15

71.4
0.06

56.0
0.00

5.98

0.87

0.70

Mg−9.5%Li−1%Zn alloy sheet with an (α + β) two-phase microstructure
has a better combination of tensile properties and formability compared
with the alloys with higher or lower Li contents.
Mg−Zn−Ce (ZE) alloys
Similar to ZE20 extrusion alloy (Section 16.3.2.2), a Mg−1.5%Zn−0.2%Ce
sheet alloy was reported31 to provide high tensile elongation (around 30%)
and improved formability, attributed to the TD (transverse direction)-split
texture produced when the alloy was rolled at 450°C and annealed at 350°C.
However, the strength of this alloy is still considered low (yield strength
< 120 MPa and ultimate tensile strength < 210 MPa) for many automotive
structural applications.
The conventional Mg–Al based alloy sheets generally show strong basal
texture, in which the basal plane is parallel to the rolled-sheet surface. The
basal and prismatic slip can operate parallel to the rolling direction and width
direction, but not in the thickness direction. Therefore, the rolled sheets hardly
deform in the thickness direction, resulting in premature fracture at an initial
stage of forming at room temperature, and thus the poor formability.
A Mg–Zn alloy with a small addition of RE (such as Ce) processed by hot
rolling has significantly different texture, with the basal poles at 35° from
the thickness direction.31 As a result, the alloy sheet can readily deform in
the thickness direction, thus a significant improvement in room temperature
formability. The unique texture in the Mg−Zn−Ce alloy is attributed to the
activation of prismatic slip by the Ce addition.
Microalloying of Mg–Al based alloys
Various alloying elements, such as Sr, Ti, Ce, Ca, Sb, Sn and Y, have been
studied aimed at improving the mechanical properties and formability of
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Mg−Al−Zn alloys. These alloying elements, either individually or in combination, form additional phases and/or refine the grain structure of the alloys.
Small additions of Sr (0.01–0.1%) and Ti (0.01–0.03%) can effectively
decrease the grain size of the AZ31 alloy billets,21 promising improved formability and mechanical properties in the resultant sheet or extrusion products.
Additions of up to 1%Ce or about 0.1%Ca can refine the grains of AZ31 alloy,
and small additions of Sb and Sn can improve the strength of AZ alloys due
to the formation of precipitation phases Mg3Sb2 and Mg2Sn.32 An addition of
0.7%Y to AZ31 was reported to modify the Mg17Al12 intermetallic phase to
more rounded particles, leading to better properties in the sheet samples.32

8.4

Manufacturing process development

This section briefly reviews some of the key manufacturing processes that
are utilized in current or potential applications of magnesium alloys, especially in the automotive industry. In addition to the conventional processes,
certain other methods are being currently developed for producing and
shaping automotive components. These are important for wrought alloys
for automotive applications.

8.4.1 Extrusion and forging processes
Conventional extrusion processes
Magnesium alloys can be warm or hot extruded in hydraulic presses to form
bars, tubes and a wide variety of profiles.12 It is well known that a tubular
section is significantly stiffer than a solid beam for the same mass. While
hollow magnesium extrusions can be made with a mandrel and a drilled or
pierced billet, it is generally preferable to use a bridge die where the metal
stream is split into several branches which recombine before the die exit.
Hydrostatic extrusion process
The hydrostatic extrusion process, typically used for copper-tubing fabrication, is a much faster extrusion process compared with conventional direct
extrusion. It was reported that seamless magnesium tubes were extruded
using the hydrostatic process at speeds up to 100 m/min, due to the absence
of friction between the billet and container since the billet is suspended in
hydraulic oil.33 Although the process is capable of extrusion ratios up to 700,
the outer diameter of tubes produced by this process is limited to about
45 mm, even with a large 4000-ton press.33
Forging processes
Commercial extrusion alloys listed in Table 8.3 (AZ31, AZ61, AZ80 and
ZK60), can also be forged into high-integrity components using hydraulic
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presses or slow-action mechanical presses. Forging is normally done within
55°C of the solidus temperature of the alloy. Corner radii of 1.6 mm, fillet
radii of 4.8 mm, and panels or webs 3.2 mm thick can be achieved by forging.
The draft angles required for extraction of the forgings from the dies can be
held to 3° or less.12

8.4.2 Tube bending and hydroforming processes
Tube hydroforming
Tube hydroforming is a metal forming process which uses pressurized fluids such as water to make various perimeter shapes from tubes. Compared
with stampings and castings, hydroformed tubular sections provide further
mass savings for structural components. While hydroformed steel and aluminum tubes are currently used in many structural applications, including
frame rail, engine cradle, radiator support and instrument-panel beams,34
the hydroforming of magnesium tubes is not yet developed.
Tube bending
Tube bending is generally needed as a pre-form step for hydroforming automotive parts, but the bendability of magnesium extrusions at room temperature is very limited.35 A moderate temperature (150–200°C) bending
process has been developed at GM for magnesium alloy extrusions.36 A
bend radius of twice the tube outer diameter (2D) was achieved on magnesium alloy extrusions at 150ºC, Fig. 8.9.36 The mechanical properties and
microstructure of magnesium alloys at elevated temperatures indicate that

8.9 Magnesium AM30 and AZ31 tubes bent (2D/90º) at 150ºC.36
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moderate temperature hydroforming and other forming processes at this
temperature range (150–200°C) should be explored.37

8.4.3 Sheet production and forming processes
Sheet production processes
The direct-chill (DC) casting process is generally used to cast magnesium
slabs (about 50 mm thick), which are then hot-rolled at 315–370°C to
produce magnesium sheet and plates.12 Unlike aluminum, for which coldroll is usually the final step in sheet production, warm finish roll is applied
to magnesium sheet products. Large grains of 200–300 μm in the slab can
be reduced by warm rolling to fine recrystallized grains between 7 and
22 μm for a sheet gage of 1.3–2.6 mm.38,39 Recently, twin-roll continuous
casting (CC) process has been investigated for the production of low-cost
magnesium sheet. Pilot plants have been established in Germany, Austria,
Australia and Turkey,40–43 and production plants are being built in China
and Korea. In this process, molten magnesium is poured into a gap between
two rolls to produce a continuous strip about 2.5–10 mm thick, which is then
warm-rolled to a final gage. Currently, magnesium sheet using this process
is available from Salzgitter (Germany) with a maximum width of 1850 mm
and a minimum gage of 1.0 mm.44
Sheet forming processes
The majority of the processes used to convert sheet metal into automobile components occur at room temperature including: stamping, flanging,
bending, hemming, trimming, etc. The processes are very robust for high
formability materials such as mild steel, but with some concessions on draw
depth and corner radii, have been successfully used with less formable
materials such as aluminum and high-strength steel. Unfortunately, the limited formability of magnesium, due to its HCP structure (discussed earlier),
makes the use of these processes very difficult. An example of the problem
is shown in Fig. 8.10 where the results of a forming trial using a simple rectangular pan for a mild steel and AZ31B magnesium sheet are compared.
The pan could be formed to a 125 mm depth with the steel, Fig. 8.10a, but
split after only about 12 mm with the magnesium, Fig. 8.10b.45
Warm stamping (200–400°C) of magnesium sheet has been used to
make complex products for aerospace and luggage components, and the
optimum temperature for warm stamping was reported as approximately
350°C.39 Figure 8.10c shows that magnesium alloy sheet can be stamped
at reasonably moderate temperatures of 150–175°C,46,47 similar to that for
tube-bending temperatures reported earlier.36 The sheet hydroforming process differs from the conventional stamping process in that the solid punch
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8.10 Comparison of a forming trial on a 125 mm deep pan with (a) mild
steel formed at room temperature, (b) AZ31B magnesium formed at
room temperature, and (c) AZ31B magnesium formed at 350°C.45

(upper die) or female (bottom) die is replaced with a forming medium.
When the female die is replaced with a fluid or a pad of flexible polyurethane, it is also called hydro-mechanical drawing.48,49 Another variant, called
active sheet hydroforming, is to use a forming medium instead of a solid
punch to directly press the blank against a die contour.50 The optimum conditions for hydro-mechanical drawing magnesium sheet were reported to
be temperatures of 180–220°C and pressures of 600–800 bar.47 Obviously,
forming at lower temperatures would be more economical and yield much
better dimensional accuracy, due to less thermal contraction and distortion
during cooling to room temperature.
Superplastic forming (SPF) is a gas forming process using one-sided tools
(like sheet hydroforming) based on the superplasticity of many materials
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(aluminum, titanium, magnesium, etc.) at elevated temperatures and under
controlled strain rates. SPF is often used to fabricate large and complex
aluminum parts in the aerospace industry. Extensive R&D at GM on aluminum SPF has shortened the process cycle time to an acceptable level for
automotive panels, leading to the development of the quick plastic forming
(QPF) process.51 QPF has been implemented to produce aluminum decklids
for the Cadillac STS. Recently, the QPF process has been used to produce
many prototype magnesium inner closure panels at a forming temperature
of about 475°C.52 Examples of QPF prototype products are shown in a later
section.

8.4.4 Welding and joining techniques
Welding processes
Various welding processes can be used for joining magnesium to magnesium. Most magnesium alloys are readily fusion-welded with higher speeds
than aluminum due to the lower thermal conductivity and latent heat of
magnesium.12,53–55 While gas metal arc welding (MIG or GMAW) is used
for joining magnesium sections ranging from 0.6 to 25 mm, gas tungsten arc
welding (TIG or GTAW) is more suited for thin sections up to 12.7 mm.12
It should be recognized that hot-shortness may produce cracks in welding
magnesium alloys containing more than 1% zinc, which can often be overcome by using proper filler wires: ER AZ61A is the preferred filler wire for
welding wrought alloys containing aluminum, while ER AZ91A has been
found to lower crack sensitivity in AZ and AM cast alloys.54 Magnesium
sheet and extrusions ranging from 0.5 to 3.3 mm can be joined by all types
of resistance welding, including seam, projection and flash, but the most
common type is spot welding.12 A higher welding speed for thin magnesium
sheet can be achieved with laser or electron beam welding, due to its narrow
heat affected zones and less weld distortion. Welding speeds of 2.5 to 9 m/
min can be achieved with a 4 kW solid-state laser for welding AZ31 sheet
1.0 to 3.2 mm thick.55 Non-vacuum electron beam welding of AZ31 alloy
can reach as high as 12–15 m/min.55
Other joining processes
Fusion welding of magnesium die castings can be challenging due to the
presence of porosity and the formation of brittle intermetallic phase
(Mg17Al12) in the welds.53 Solid-state welding techniques, such as frictionstir welding and magnetic pulse welding, can be used to improve the weld
quality of magnesium die castings.56–58 While these solid-state welding techniques can potentially be used to join magnesium to dissimilar materials

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

Applications of magnesium

287

such as aluminum,56,59 mechanical joining (self-piercing rivets, clinching
and hemming) and adhesive bonding are preferred for dissimilar material joining involving magnesium to aluminum or steel. Adhesive bonding
of magnesium parts (with or without dissimilar materials) requires proper
pre-treatment of the joint surfaces, which includes cleaning, etching and
wet chemical passivation. Many adhesives including epoxy and polyurethane can be used as long as they are chemically stable and have aging
stability.60

8.5

Aerospace applications

8.5.1 Historical applications
Historically, magnesium was one of the main aerospace construction metals,
and was used for German military aircraft as early as World War I and extensively for German aircraft in World War II.3 The United States Air Forces’
long-range bombers B-36 and B-52 also contained a large amount of magnesium sheet, castings, forgings and extrusions.3 The B-36 was reported3 to
use 12 200 lbs of magnesium sheet components (Fig. 8.11); 1500 lbs of magnesium forgings; and 660 lbs of magnesium castings in the 1950s. The 1832 of
Boeing 727 airplanes built from 1962 to 1984 contained 1200 magnesium part
numbers including leading and trailing edge flaps, control surfaces, actuators,
door frames, wheels, engine gear boxes, power generation components, structural items (not primary) and others.61 Magnesium was also used intensively
in the former Soviet aircraft industry: for example, TU-95MS plane had 1550
kg of magnesium, and TU-134 had 780 kg of magnesium components in various locations of airplanes.62 Unfortunately, many of these applications were
reduced in modern aviation, due to perceived hazards with magnesium parts

8.11 B 36 assembly line in 1950s (magnesium sheets appearing dark in
the picture).3 With permission from Robert Brown.
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8.12 Pratt & Whitney F119 auxiliary casing in ELEKTRON WE43 alloy61
(Source: http://www.vectorsite.net/avf22.html).

in the event of fire and the International Air Transport Association (IATA)
legislation limiting magnesium alloys to non-structural parts due to corrosion problems reported in the 1950s and 1960s.61

8.5.2 Current and future applications
Today, despite the remarkable improvement in corrosion resistance of modern magnesium alloys reviewed in this book and this chapter, the application
of magnesium in the commercial aerospace industry is generally restricted
to engine- and transmission-related castings and landing gears. Magnesium
is not used in structural application by major aircraft manufacturers such
as Airbus, Boeing and Embraer,62 but has found many applications in the
helicopter industry, such as cast gearboxes and some other non-structural
components. Some of the notable aerospace applications include:61
i. Sikorsky UH60 Family (Blackhawk) main transmission in ZE41 alloy;
ii. Sikorsky S92 main transmission in WE43A alloy;
iii. Thrust reverser cascade casting in AZ92A alloy found on Boeing 737,
747, 757 and 767;
iv. Pratt & Whitney F119 auxiliary casing in WE43 alloy (Fig. 8.12);
v. Pratt & Whitney Canada PW305 turbofan in ZE41 alloy; and
vi. Rolls-Royce tray in ELEKTRON ZRE1 alloy (Fig. 8.13).
There has been renewed interest from the aerospace industry around the
world (Europe, North America and China) in resolving the regulatory

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

Applications of magnesium

289

8.13 Rolls-Royce tray in ELEKTRON ZRE1 alloy.61 With permissions
from Magnesium elektron.

barriers and technical challenges for magnesium applications. A high-profile European research program, Magnesium for Aerospace Applications
(FP6 AEROMAG), has assembled a number of magnesium alloy and
component producers to work with the aerospace industry to develop
new magnesium alloys and manufacturing processes for aerospace applications. It is expected that, with efforts like this around the world, magnesium will become a major structural material in the future aerospace
industry.

8.6

Automotive applications

8.6.1 Historical applications
Magnesium has a long history of automotive use, and a pictorial summary
of many of these historic and current applications is provided in Fig. 8.14.45
The first automotive magnesium application was the racing engine pistons
for Indy 500 in 1918. Another early application of magnesium as an automotive material was a sand cast crankcase on the 1931 Chevrolair. Commercial
applications of magnesium sand castings were also reported in England
including lower crankcases for city buses and transmission housings for tractors63 in 1930’s. Crankcases and housings were also produced in Germany by
high-pressure die casting process.64 Magnesium usage grew throughout the
1930’s and then grew exponentially during World War II. With the introduction of the Volkswagen Beetle, automotive magnesium consumption again
accelerated and reached a peak in 1971, the major applications being the
air-cooled engine and gearbox, which together weighed about 20 kg.65
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Magnesium automotive applications

Then....

Metro-lite trucks
GM Production Wheels

Halibrand racing wheels
VW engine

Buick Car of the Future
(hood)

VW Mg Intensive 1 liter car

GM IP

1930s

1940s

1950s

1960s

1970s

1980s

1990s

2000s

and Now ...
GM instrument panel

GM console
Porsche console

General Motors engine cradle

BMW door inner

Mercedes transmission case

Alfa Romeo seat
BMW engine block
Ford radiator support

8.14 Pictorial summary of past and current magnesium automotive
applications.45

However, several factors emerged and combined to cause the reduction
and eventual elimination of magnesium as a structural powertrain component after the 1970s.45 These factors included greater power requirements
for the engine, which increased both its operating temperature and load,
ultimately resulting in the conversion of the engine from air cooling to water
cooling as the AZ81 alloy, and later the AS41 or the AS21 alloys, could not
keep up with the required operating environment.66 The use of water cooling put magnesium at a disadvantage compared with other engine materials because of its poor corrosion resistance. At that time, the effect of iron,
copper and nickel impurities (in ppm amounts) on promoting the corrosion of magnesium had not been recognized.67 By the time the ‘high purity’
alloys AZ91D and AM60B, which replaced AZ91C and AM60A, respectively, were developed in the 1980s, the cost of magnesium alloys had begun
to increase, and the use of magnesium in automotive applications decreased,
although some applications remained.
While the majority of historical magnesium applications have been cast
components, which take advantage of the excellent fluidity of magnesium
and the ability to cast very complex and thin walled shapes, there were many
automotive applications of magnesium sheet and extruded components. The
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8.15 (a) 1951 Buick LeSabre concept car with magnesium and
aluminum body panels, (b) 1961 Chevrolet Corvette with prototype
hood made from magnesium sheet, and (c) 1957 Chevrolet Corvette SS
Race Car with ‘featherweight magnesium body’.45

first commercial ground transportation applications were developed in the
early 1950s. MetroLite trucks were manufactured between 1955 and 1965
and featured magnesium sheet panels as well as structures made from magnesium plate and extrusions.68 These trucks had increased payload capacity
and were excellent applications for magnesium because they did not require
extreme formability. GM made prototype hoods for the Buick LeSabre in
1951, various body panels for the Chevrolet Corvette SS Race Car in 1957,
and hoods for the Chevrolet Corvette in 1961 − see Fig. 8.15.45 However,
sheet magnesium has not been used in high-volume production in the mainstream automobile industry.

8.6.2 Current and future applications
Table 8.6 is a summary of the current major magnesium applications in
automotive industry to the best of the Author’s knowledge. It shows that
magnesium has made significant gains in world-wide interior applications,
replacing mostly steel stampings in instrumental panels, steering wheels and
steering column components. In the powertrain area, North America is leading in the application of magnesium 4WD (four-wheel-drive) transfer cases
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Table 8.6 Global magnesium applications in automobiles
System

Component

North
America

Europe

Asia

Interior

Instrument panel
Knee bolster retainer
Seat frame
Seat riser
Seat pan
Console bracket
Airbag housing
Center console cover
Steering wheel
Keylock housing
Steering column parts
Radio housing
Glove box door
Window motor housing

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes
Yes
Yes

Yes
Yes

Body

Chassis

Powertrain

Door frame
Liftgate
Roof frame
Sunroof panel
Mirror bracket
Fuel ﬁller lid
Door handle
Spare tire carrier
Wheel (racing)
ABS mounting bracket
Brake pedal bracket
Brake/accelerator bracket
Brake/clutch bracket
Brake pedal arm
Engine block
Valve cover/cam cover
4WD transfer case
Transmission case
Clutch housing and piston
Intake manifold
Engine oil pan
Alternator/AC bracket
Transmission stator
Oil ﬁlter adapter
Electric motor housing

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes

Yes

Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes
Yes

Yes

Yes
Yes
Yes
Yes

Yes

in high-volume truck production; while Europe is aggressively expanding
the use of magnesium in engine blocks and transmission cases using recently
developed creep-resistant magnesium alloys. Only a limited number of body
and chassis components are currently made of magnesium, which presents
a great opportunity for magnesium to expand its applications in lightweight
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8.16 Magnesium die cast instrument-panel beam for Buick LaCrosse
(6.9 kg).

vehicle construction. This section discusses the current and potential magnesium applications in the vehicle subsystems.
Interior
Since corrosion is of less concern in the interior, this area has seen the most
magnesium applications, with the biggest growth in the instrument panels
(IP) and steering structures. The first magnesium IP beam was die-cast by
GM in 1961 with a mass saving of 4 kg over the same part cast-in zinc. The
design and die casting of magnesium IP beams have advanced dramatically
in the last decade. For example, the current IPs normally have a thickness
of 2–2.5 mm (compared with 4–5 mm for the earlier IP beam applications)
with more part consolidation and mass savings. Figure 8.16 shows a magnesium die-cast instrument-panel beam (6.9 kg) in current GM production of
Buick LaCrosse. However, the use of cast magnesium IP beams is recently
facing strong competition. IP beams made of aluminum extrusions are used
by Mercedes in Europe. IP designs using bent steel tubes (with or without
hydroforming) are slightly heavier than magnesium die casting, but significantly less expensive. To maintain and grow its use in IP production, magnesium design and thin-wall casting technology must continue to improve in
further reducing weight and cost. Tubular designs using magnesium extrusions and sheet components should also be explored.
The use of magnesium seat structures began in Germany, where Mercedes
used magnesium die castings in its integrated seat structure with a three-point
safety belt in the SL Roadster.69 This seat structure consisted of five parts
(two parts for the seat back frame and three parts for the cushion frame)
with a total weight of 8.5 kg and varying wall thickness of 2–20 mm.69 In the
material selection for the seat program, magnesium was chosen over plastic,
steel sheet and aluminum gravity casting designs. Magnesium die castings
made of the high-ductility alloys of AM50 and AM20 offered the best combination of high strength, extreme rigidity, low weight and cost.69 Similar to
the IP development, magnesium seat design and manufacturing have gone
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through significant improvements in recent years. The latest example is the
two-piece (backrest and cushion) design used in the Alfa Romeo 156. The
die castings used today for seating structures are as thin as 2 mm, providing
even greater weight savings. In North America, Chrysler recently introduced
the ‘Stow-n-Go’ seating and storage system for its minivans, where the folding mechanisms require light weight for easy operation, thus some aluminum is used in the second-row seats and the back frame of the third-row
folding seats is magnesium casting.70 While other materials, such as AHSS
and aluminum, are also being used for these applications, it is expected that
magnesium will make significant inroads into seat components as a lightweight and cost-effective solution.
Compared to magnesium castings, wrought magnesium provides further
mass saving opportunities for many interior applications, such as seat and IP
beams. The only current production application of magnesium sheet is the
center console in the low-volume Porsche Carrera, as shown in Fig. 8.17.45
Research is needed to reduce the cost of wrought magnesium and its forming processes.
Body
The use of magnesium in automotive body applications is limited but recently
expanding. GM has been using a one-piece die-cast roof frame since the C-5
Corvette introduction in 1997. Magnesium is also used in the Cadillac XLR
roadster’s retractable hard-top convertible roof and the roof top frame. The
Ford F-150 trucks and SUVs (sport utility vehicles) have coated magnesium
castings for their radiator support. In Europe, Volkswagen and Mercedes
have pioneered the use of thin-wall magnesium die castings in body panel
applications. The one-piece die-cast door inner for the Mercedes S-Class

8.17 Sheet magnesium center console cover in Porsche Carrera GT
automobile.45
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8.18 2010 Lincoln MKT magnesium liftgate inner casting.72 Courtesy of
Meridian Lightweight Technologies.

8.19 VW Lupo magnesium hood.42

Coupe is only 4.56 kg.71 The 2010 Lincoln MKT magnesium liftgate inner
panel is the first die-cast magnesium closure ever to satisfy 55 mph rear
crash requirements.72 As shown in Fig. 8.18, the 8-kg inner casting is perhaps the world’s largest magnesium casting (1379 × 1316 mm).72 The key to
manufacturing these thin-wall castings (approximately 2 mm) lies in casting
design using proper radii and ribs for smooth die filling and to stiffen the
parts. These thin-wall die castings, such as closure inners, can often offset the
material cost penalty of magnesium over steel sheet metal construction due
to part consolidation.
In body panel applications where bending stiffness is frequently the design
limit, magnesium sheet metal can offer as much as 61% mass saving (see
Fig. 8.2). Volkswagen made a prototype hood for the Lupo (Fig. 8.19) a few
years ago.42 GM has made numerous panels including a hood, door inner
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(b)

(a)

(c)

8.20 Magnesium sheet panels formed recently by General Motors:
(a) door inner panel;40 (b) decklid inner panel;52 and (c) hood.73

8.21 Inner panel drawn by Chrysler LLC using magnesium sheet.74

panel, decklid inner, liftgate and various reinforcements, some of which are
shown in Fig. 8.20.40,52,73 Chrysler LLC has performed a number of studies
using magnesium sheet including the inner panel and a magnesium intensive body structure, Fig. 8.21.74
The majority of the applications discussed above were ‘inner’ panels, which create the structure of the vehicle closures but are generally
not visible on the outside of the vehicle. This is due to two factors. First,
the surface quality of the currently available magnesium sheet requires
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8.22 Cast magnesium alloy wheel for Chevrolet Corvette.

significant finishing compared with aluminum or steel, and second, the
limited formability at room temperature makes assembly processes for
outer panels, such as hemming, difficult. This likely means the first commercial applications for magnesium sheet will be inner panels. However,
elevated-temperature forming of magnesium and corrosion protection
coatings further imposes a cost penalty for magnesium sheet applications. The development of new sheet alloys for near-room temperature
forming is needed, along with low-cost and robust coatings for corrosion
resistance.
Similar to magnesium sheet, magnesium extrusions for automotive applications are still in the development stage, with many prototype parts, such
as bumper beams and frame rail for VW 1-Liter Car.46 However, the use of
magnesium tubes/extrusions in body applications would require more development to meet all structural and cost targets, as well as a supply base for
high-volume automotive production.
Chassis
Cast or forged magnesium wheels have been used in many high-priced
race cars or high-performance roadsters, including GM’s Corvette
(Fig. 8.22). However, the relatively high cost and potential corrosion
problems of magnesium wheels prevented their use in high-volume vehicle production. The first-in-industry one-piece magnesium die-cast cradle

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

298

Fundamentals of magnesium alloy metallurgy

for the Chevrolet Corvette Z06 weighs only 10.5 kg (Fig. 8.23) and demonstrates a 35% mass savings over the aluminum cradle it replaced.75 This
cradle uses a new AE44 (Mg−4Al−4RE) alloy, which offers high strength
and ductility at room and elevated temperatures. The production of lightweight and low-cost magnesium chassis components, such as wheels,
engine cradles and control arms, depends on the improvement of magnesium casting processes. Various casting processes have been developed
for the production of aluminum wheels and chassis parts. These processes
include permanent mold casting, low-pressure casting, squeeze casting
and semi-solid metal (SSM) casting. The successful adaptation of these
processes to magnesium alloys will make magnesium castings more competitive to aluminum in the chassis area. The development of low-cost,
corrosion-resistant coatings and new magnesium alloys with improved
fatigue and impact strength will also accelerate the further penetration of
magnesium in chassis applications.
Hollow structures of aluminum castings and extrusions are presently
used in high-volume cradle production, such as the welded structures for
(a)

(b)

8.23 Cast magnesium engine cradle for Chevrolet Corvette Z06.
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GM’s mid-size cars and the hydroformed tubular subframe for BMW 5
and 7 series. Hollow designs are generally more mass-efficient than solid
castings. Cradles and subframes using magnesium tubes and hollow castings would offer more mass savings. The development of hollow magnesium
casting and low-cost extrusion processes are needed for these lightweight
and efficient chassis applications.
Powertrain
The majority of powertrain castings (such as engine block, cylinder head,
transmission case and oil pan) are made of aluminum alloys, which represent the most significant opportunity for lightweighting with magnesium
due to the excellent castability of magnesium alloys. At present, millions of
pickup trucks and SUVs produced in North America have magnesium transfer cases. VW and Audi have high-volume production of manual transmission cases of magnesium in Europe and China. Magnesium valve covers are
used by many vehicles in North America, Europe and Asia. The operating
temperatures for these applications are below 120°C, and AZ91 is the alloy
of choice due to its excellent combination of mechanical properties, corrosion resistance and castability.
Higher-temperature applications such as automatic transmissions and
engine blocks require creep-resistant magnesium alloys. The Mercedes
7-speed automatic transmission case (Fig. 8.24) uses AS31 alloy with marginally better creep resistance than AZ91 alloy.76 Honda introduced a new
alloy referred as ACM522 (Mg–5%Al−2%Ca−2%RE) in the production
of Honda Insight (a low-volume hybrid gas/electric car) oil pans, achieved
a 35% weight saving over the aluminum design.77 Another significant development is the BMW Mg/Al composite engine block, Fig. 8.25.10 The composite block consists of an aluminum insert (about 2/3 of the total block
weight) surrounded by magnesium alloy AJ62 (Mg−6%Al−2%Sr) (1/3 of

8.24 The Mercedes 7-speed automatic transmission case.76
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8.25 The BMW composite engine showing a cutaway of the magnesium
exterior revealing the aluminum interior.10

the total weight) in the upper section of the cylinder liners and water-cooling jacket. The hypereutectic aluminum alloy insert avoids the use of additional liner technology and facilitates the highly loaded bolt joints for both
cylinder head and crankshaft bearings. The insert also includes the water
jacket, avoiding the potential problem of coolant corrosion with magnesium.10 The magnesium housing surrounding the aluminum insert, in turn,
primarily serves the oil ducts and the connection of ancillary units. The
gearbox cover and the mounts for both the alternator and vacuum pump
are integrated in the housing. The lower section of the crankcase, in turn,
also made of die-cast magnesium AJ62 alloy, comprises cast-in sintered
steel inserts for the crankshaft mounts. This composite design was reported
to be 10 kg lighter than the aluminum block, and has since been in BMW
production since 2005.
In the United States, much of the development is jointly sponsored by
the US Department of Energy (DOE) and the US Council for Automotive
Research (USCAR), and led by the three OEMs (GM, Ford and Chrysler).
The USCAR Magnesium Powertrain Cast Components (MPCC) Project
had the objective of demonstrating the readiness of magnesium alloys for
completely replacing the major aluminum components of a V block engine.78
The MPCC cylinder block achieved a mass reduction of 25% (29% of the
cast aluminum components were replaced by magnesium). A prototype
engine made with a low-pressure sand cast cylinder block, a Thixomolded
rear-seal carrier, and a high-pressure die-cast oil pan and front cover, with
all other parts carried over from the baseline aluminum engine, has been
completed,79 see Fig. 8.26. Significant learning has been generated in the
dynamometer test of the prototype Mg-intensive engine, promising more
magnesium powertrain applications in the future.
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8.26 Magnesium powertrain components from the USCAR Magnesium
Powertrain Cast Components Project; (a) cylinder block, (b) front engine
cover, (c) oil pan and (d) rear seal carrier.79

8.7

Other applications

The light weight of magnesium alloys has attracted many other applications
beyond the transportation (automotive and aerospace) industries, most
notably electronics and power tools. In addition to its low density, magnesium offers 100 times better heat dissipation than plastics, the best vibration
dampening of any metal, ease of machining, electromagnetic shielding, and
the major environmental advantage of being recyclable.80

8.7.1 Applications in electronics
Driven by environmental programs across the consumer electronics industry,
portable electronics product manufacturers are opting for light, yet tough,
magnesium for everything from flash audio/video players to digital cameras,
mobile phones, computer notebooks, radar detectors and more. Magnesium
meets the design challenges that are instrumental to consumer electronics
becoming lighter, thinner and more mobile. Components that house and
protect highly sensitive technology inside these entertainment and communications devices must exhibit strength and durability to withstand daily
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8.27 The Philips GoGear SA52 portable digital audio/video player with
magnesium housing lets consumers experience high-quality music and
video content. © Photo courtesy of Royal Philips Electronics. Used with
permission.80

8.28 Canon’s EOS 50D Digital SLR digital camera protected by strong,
durable magnesium casing. © Photos courtesy of Canon, U.S.A., Inc.
Used with permission.80

abuse from being dropped, stepped on, bumped, banged around in transit,
and survive even the ultimate test – teenagers. Figures 8.27–8.30 show magnesium applications in casings for audio/video players, cameras, cell phones
and laptop computers.80

8.7. 2 Applications in power tools
The power tool industry increasingly relies on die-cast magnesium components to offer durable, lighter weight designs that are easier to handle and
manage over long work shifts – an important feature, especially for framing
and construction crews on the job site.81 Figures 8.31 and 8.32 shows magnesium usage in housings of hand-held power nailers and saws, with better
ergonomics when weight is reduced, resulting in less user fatigue issues during work shifts.81
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8.29 Thixomolded magnesium alloy AZ91D cell phone frames. Photo
courtesy of Japan Steel Works. Used with permission.80

8.30 The HP EliteBook 2530p technology and LCD screen are
well-protected by the magnesium base and aluminum-clad magnesium
case and display enclosure. Photo courtesy of HP.80

8.8

Future trends

While magnesium is the lightest structural metal and the third most
commonly used metallic material in automobiles following steel and aluminum, many challenges remain in various aspects of alloy development and
manufacturing processes to exploit its high strength-to-mass ratio for widespread lightweight applications in the transportation industry.

8.8.1 Material challenges
Compared with the numerous aluminum alloys and steel grades, there
are only a limited number of low-cost wrought magnesium alloys available for automotive applications. The conventional Mg–Al based alloys
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8.31 Magnesium cast housings provide user-preferred lightness,
balance, and durability for the Bostitch F-Series of pneumatic framing
nailers. Photos courtesy of Stanley-Bostitch. Used with permission.81

8.32 The 7-1/4-inch Worm Drive power SKILSAW® SHD77M features
magnesium alloy AZ91D for both the gear and motor housings, shaving
a full two pounds off the unit’s weight. Photo courtesy of SKIL-Robert
Bosch Tool Corporation. Used with permission.81
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offer moderate mechanical properties due to the limited age-hardening
response of this alloy system. Since the development of vacuum die casting and other high-integrity casting processes, magnesium castings can
be heat-treated with no blisters. Alloy systems with significant precipitation hardening, such as Mg–Sn82,83 and Mg–RE,84 should be developed
with improved mechanical properties. New alloys with improved ductility,
fatigue strength, creep resistance and corrosion resistance should also be
explored.
For wrought magnesium alloys, the strong plastic anisotropy and
tension−compression asymmetry due to texture remain obstacles for many
structural applications. Microalloying with elements such as Ce18 to improve
the plasticity of magnesium alloys has been proven an effective approach
in wrought magnesium alloy development. Alloys systems such as Mg–Li,
Mg–RE and Mg−Zn−RE have shown more ‘isotropic’ mechanical properties. Computational thermodynamics and kinetics85 will be used to design
and optimize these new alloys.
The properties of magnesium alloys can be significantly enhanced if
micro- and nano-particles are introduced to form metal matrix composites
(MMC). Micro- and nano-sized particles offer strengthening mechanisms
in different length scales and provide a tremendous opportunity for a new
class of engineering materials with tailored properties and functionalities
for automotive applications.

8.8.2 Process challenges
Although the success of magnesium is primarily attributed to its superior
die-castability compared with aluminum alloys, these castings cannot generally be heat-treated due to the porosity intrinsic to die casting that is
present. Several recent developments show promise, including super vacuum die casting and squeeze casting, that drive porosity to minimal levels
to enable their heat treatment without blistering. Combined with advanced
low-cost alloys, these processes could provide competitive advantages for
increased use of magnesium die castings. Other casting processes, such as
gravity, semi-permanent mold, low-pressure, etc., have also been considered
for magnesium, although casting rules developed for aluminum need to be
modified to compensate for the larger shrinkage with magnesium. These
processes are still, nevertheless, important for magnesium due to the need
for large hollow castings for structural subsystems, such as engine, cradles
that provide the highest mass efficiency. Melt handling, molten metal transfer with minimal turbulence, grain-refinement, die coating as well as casting
parameters need to be developed specifically for magnesium alloys to fully
utilize their intrinsic properties in these casting processes.
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Various forming processes need to be optimized for magnesium alloys.
Elevated-temperature forming is needed for most extrusion and sheet components. Research efforts have been directed to lowering the forming temperatures and reducing the cycle times. New forming processes should be
developed to utilize the dramatically improved formability of magnesium
alloys at certain ranges of temperature and strain rate. Room temperature
(RT) or near-RT forming techniques are also being explored for new magnesium alloys such as Mg−Zn−Ce alloys.86

8.8.3 Performance challenges
There are several performance-related challenges that need significant research efforts. Some of them are highlighted in the current
Canada−China−USA ‘Magnesium Front End Research & Development’
project.87
Crashworthiness
Magnesium castings have been used in many automotive components
such as the instrument-panel beams and radiator support structures. Highductility AM50 or AM60 alloys are used in these applications and have performed well in crash simulation and tests; and many vehicles, with these
magnesium components, achieved a five-star crash rating. However, there
is limited material performance data available for component design and
crash simulation. A recent study shows that magnesium alloys can absorb
significantly more energy than either aluminum or steel on an equivalent
mass basis.88 While steel and aluminum tubes fail by progressive folding
in crash loading (more desirable situation), magnesium alloy (AZ31 and
AM30) tubes tend to fail by sharding or segment fracture.88,89 However, the
precise fracture mechanisms for magnesium under crash loading are still
not clear, and material models for magnesium fracture are needed for crash
simulation involving magnesium components. Additionally, new magnesium alloys need to be developed to have progressive folding deformation
in crash loading.
Noise, vibration and harshness (NVH)
It is well known that magnesium has high damping capability, but this can
be translated into better NHV performance only for mid-range sound
frequency; 100–1000 Hz.74 The low-frequency (<100 Hz) structure-borne
noise can be controlled by the component stiffness between the source and
receiver of the sound. The lower modulus of magnesium, compared with
steel, is often compensated by thicker gages and/or ribbing designs. For
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high-frequency (>1000 Hz) airborne noise, a lightweight panel, regardless
of material, would transmit significantly more road and engine noise into
the occupant compartment unless the acoustic frequencies could be broken up and damped. Magnesium, with its low density, is disadvantaged for
this type of applications unless new materials with laminated structures are
developed for sound isolation.
Fatigue and durability
Fatigue and durability are critical in magnesium structural applications
and there is limited data in the literature, especially for wrought alloys.90–92
The effect of alloy chemistry, processing and microstructure on the fatigue
characteristics of magnesium alloys need to be studied. Extrusion and sheet
products need to be characterized sufficiently to establish links between
microstructural features and fatigue behavior. Multi-scale simulation tools
can be used to predict the fatigue life of magnesium components and subsystems, which can be validated for automotive applications.
Corrosion and surface finishing
Pure magnesium has the highest standard reduction potential of the structural
automotive metals.45 As noted earlier, while pure magnesium (at least with
very low levels of iron, nickel and copper) has atmospheric corrosion rates
that are similar to that of aluminum, magnesium’s high reduction potential
makes it very susceptible to galvanic corrosion when it is in electrical contact with other metals below it in the reduction potential table. The impact
of this susceptibility to galvanic corrosion on the application of magnesium
in exposed environments is severe in both the macro-environment and the
micro-environment. In the macro-environment, magnesium alloys must be
electrically isolated from other metals to prevent the creation of galvanic
couples; for example, steel bolts cannot be in direct contact with magnesium.
Isolation can be achieved by replacing the bolt with a less reactive metal,
as has been done in the Mercedes automotive transmission case where
steel bolts have been replaced with aluminum bolts.76 Isolation can also be
achieved by coating the ‘other’ metal. Finally, isolation can be achieved by
the use of shims or spacers of compatible materials of sufficient geometry
and size to prevent electrical contact in the presence of salt water, as shown,
for example, for the Corvette cradle, Fig. 8.33.76 While the component cost
can be competitive with aluminum, the isolation strategies required can
often make the application more expensive and thus restrictive in its use.
A major challenge in magnesium automotive applications is to establish the surface finishing and corrosion protection processes. The challenge
is two-fold, since surface treatments for magnesium play roles in both
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8.33 Aluminum isolator locations for Chevrolet Corvette Z06
magnesium cradle (bottom and top views).75

manufacturing processes (e.g., adhesive bonding) as well as the product
life cycle that demands corrosion resistance. Furthermore, the current
manufacturing paradigm for steel-intensive body structures employs chemistries in the paint shop that are corrosive to magnesium and are additionally
aggravated by galvanic couples primarily steel fasteners. Future research
will explore novel coating and surface treatment technologies including
pretreatments such as micro-arc anodizing, non-chromated conversion coatings, and ‘cold’ metal spraying of aluminum onto aluminum surfaces. Since
most studies of corrosion protection and pre-treatment of magnesium have
focused on die castings, the behavior of sheet, extrusion and high-integrity
castings will be explored for process compatibility.

8.8.4 Future development
The future success of magnesium as a major automotive material will
depend on how these technical challenges are addressed. These challenges
are huge and global, and would require significant collaboration among
industries, governments and academia from many counties. One example
is the current Canada−China−USA ‘Magnesium Front End Research &
Development’ project funded by the three governments.87 This project has
brought together a unique team of international scope, from the United
States, China and Canada, and has developed some key enabling technologies and knowledge base for automotive magnesium applications. The technologies and knowledge base developed in this project not only benefit the
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8.34 A schematic of the front end structure of a production sedan.87

(a)

(b)

8.35 USCAR demo structure build using (a) FSLW (friction
stir linear welding); and (b) LSPR (laser-assisted self pierce
rivet joining processes:93 (a) USCAR demo structure build using FSLW
joining process; and (b) USCAR demo structure build using LSPR
joining process.

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

310

Fundamentals of magnesium alloy metallurgy

automotive magnesium applications using front end structure as a test bed
(see Fig. 8.34), they also promote primary magnesium production, component
manufacturing, and fundamental research to advanced computational tools
like Integrated Computational Materials Engineering (ICME). Such technologies have been demonstrated in a ‘demo’ structure designed and built
by the USCAR team,93 employing friction-stir linear lap welding (FSLW)
and laser-assisted self-pierce rivets (LSPR), both with and without adhesive
bonding, see Fig. 8.35. It is very encouraging that many of these international
and interdisciplinary collaborations are being nurtured for magnesium. It
is expected that future developments exploiting the new characterization
tools available will provide the much needed breakthroughs to design new
wrought magnesium alloys and low-cost corrosion mitigating solutions to
increase the use of magnesium, the lightest structural metal!
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Applications: magnesium-based metal
matrix composites (MMCs)
H. DIERINGA , Helmholtz-Zentrum Geesthacht, Germany

DOI: 10.1533/9780857097293.317
Abstract: This chapter gives an introduction to different forms and
production routes of magnesium-based metal matrix composites (MMCs).
Firstly, the different kinds and forms of reinforcements are discussed,
followed by the typical casting processes used for processing the MMCs.
Powder metallurgical processes have already been described, so we omit
these. Subsequently, some examples of the mechanical properties are
given, especially at elevated temperatures.
Key words: ceramics, particle, fibre, hybrid, reinforcement, creep
strengthening.

9.1

Introduction

The extension of applications for magnesium-based materials is limited,
when only alloying is taken into account. Aluminium-free alloys containing
rare earths exhibit very good high-temperature strength and creep resistance, but improving these properties is possible only by reinforcement
with ceramic materials. Typically, one distinguishes between the matrix,
which in this case is the magnesium alloy, and the reinforcement. Different
materials and shapes have been used as reinforcement: ceramic particles
and ceramic fibres or a combination of these, which is called hybrid reinforcement. Whereas during the 1980s and 1990s mainly micrometer-sized
particles and fibres were employed, in recent years nanometer-sized particles have also been introduced into magnesium. This is due to significantly
reduced prices for nanoparticles and their easier availability. Compared
to micrometer-sized reinforcements, the additional effects of Orowan
strengthening and grain refinement are higher when nanoparticles are
used. Various types of carbon nanotubes have also been investigated, for
their strengthening of magnesium alloys (Dieringa, 2011). The prerequisite
for real strengthening, when particles or fibres are introduced in metallic matrices, is a good bonding between them. This requires a chemical
317
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reaction as a minimum. An interface has to be built during processing that
is able to transfer stresses. Usually the coefficient of thermal expansion of
the matrix and reinforcement is different. However, the interface has to
be strong enough to withstand the resulting stresses, when the composites
are heated up. In order to diversify the mechanical properties, not only
the kind and shape of reinforcement can be varied, but also the amount
of reinforcement and the alignment. The latter is mainly true for fibres.
Generally speaking, it is possible to tailor the mechanical properties of
the resulting composite by using the right reinforcement. This gives the
possibility to replace other materials with a weight saving Mg–MMC solution. The reason magnesium-based composites are seldom used in practice
is the high cost of production. Not only the ceramic reinforcement, but
also the additional production steps make this material uncompetitive in
industrial applications.

9.2

Reinforcements for magnesium metal
matrix composites (MMCs)

For the magnesium-based composites, ceramic reinforcements and carbon
fibres were used, in order to study their mechanical and physical properties.
Metallic particles or fibres were not included in the selection, due to their
poor expected corrosion properties. It is possible to tailor the mechanical
properties of the composite within a certain range by choosing the kind,
the geometry, the amount and, in the case of fibres or whiskers, the geometric distribution of reinforcements. If more than one kind of reinforcement
shape (particles, short fibres, whiskers or long fibres) is used, the composite
is called a hybrid reinforced composite. In this case it is possible to profit
from the different advantages inherent in each reinforcement type by combining them. Figure 9.1 shows a schematic of different kinds of continuous
and discontinuous reinforcements. The different types of reinforcements
will later be described in more detail.

(a)

(b)

(c)

9.1 Different kinds of reinforcement types: (a) continuous
long ﬁbres, (b) discontinuous short ﬁbres or whiskers and
(c) particles in the matrix.
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9.2.1 Particle reinforcement
For the reinforcement of magnesium alloys, hard ceramic particles are usually chosen that are in use for grinding and polishing applications. Typical
particle materials are nitrides (BN, AlN, TiN, ZrN), carbides (B4C, ZrC, SiC,
TiC, W2C, WC), oxides (ZrO2, Al2O3, Cr2O3) and borides (TiB2, ZrB2, WB).
When choosing the reinforcement type, the chemical reactivity between the
matrix of the alloy and the particles has to be taken into account. To achieve
high mechanical properties, a reaction layer is necessary, because external
and internal (thermal) stresses have to be transferred. Not only the kind and
size of reinforcement influence the properties of the composite, but also the
shape of the particles. Round, blocky and platelet forms are available. Often
the platelet form is preferred, because for forming a good bonding, contact
with a crystal plane may be necessary, which is more possible in platelets
rather than in round particles. Particles with sharp edges are usually avoided,
because the edges may act as the starting points for cracks when the material is stressed. Compared to other metals, the magnesium melt is very reactive and forms reaction product layers with all these reinforcements. If the
duration of contact with the melt is too long, some ceramic materials can
even dissolve. In order to reach a low-density composite, the density of the
reinforcement particles should be low. However, another reason for needing a good density combination is the fact that when composites are fabricated by melt-stirring processes, the differences between matrix and particle
densities should be kept small, because particles would otherwise sink down
or float to the top of the melt.

9.2.2 Continuous ﬁbre reinforcement
Compared to the variety of particles, there are fewer materials available in
continuous fibre form, but many more different shapes, mechanical properties and suppliers to choose from on the market. Usually, either single
fibres, called monofilaments, or multifilaments are used, the latter having
hundreds or thousands of thin fibres in the range 5–25 μm. For magnesiumbased composites, carbon fibres are often used in R&D projects as well as
in a few industrial applications. This is due to their low density, high Young’s
modulus and tensile strength, low coefficient of thermal expansion (CTE),
good thermal and electrical conductivity, high availability and resistivity
against magnesium melt. Two differently processed carbon-fibre types are
available: the polyacrylonitrile (PAN) fibres (Table 9.1) and the pitch fibres
(Table 9.2). Continuous long fibres based on oxides are mostly aluminabased. In their use as reinforcement for magnesium alloys, they have some
advantages. Alumina-based fibres offer good processing abilities, because
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Table 9.1 Properties of PAN-based C-ﬁbres
Standard ﬁbres

Aircraft applications
Low modulus

Young‘s modulus (GPa)
Tensile strength (MPa)
Elongation (%)
Electr. resistance (μΩ cm)
CTE (10–6 K–1)
Manufacturer

288
380
1.6
1650
−0.4
Zoltec, SGL, Toray,
Mitsubishi Rayon

High
modulus

220–241
345–448
3450–4830
3450–5520
1.5–2.2
0.7–1.0
1650
900
−0.55
−0.75
Hexcel, Toray, Mitsubishi
Rayon, Tenax, Soﬁcar

Source: ASM, 2001.
Table 9.2 Properties of pitch-based C-ﬁbres

Young‘s modulus (GPa)
Tensile strength (MPa)
Elongation (%)
Electr. resistance (μΩ cm)
CTE (10–6 K–1)
Manufacturer

Low modulus

High
modulus

Ultrahigh
modulus

170–241
1380–3100
0.9
1300

380–620
1900–2750
0.5
900
−0.9
BPAmoco

690–965
2410
0.27–0.4
130–220
−1.6

BPAmoco,
Mitsubishi Casei

Source: ASM, 2001.

during wetting with magnesium melt a stable spinel layer forms at the
interface. All the fibres listed in Table 9.3 are cheap and stable in air and
protective gases. They all have high strength, low CTE and a sufficiently
low density. Depending on the content of SiO2 and B2O3, different production routes can be chosen for these fibres. With higher content, fibres can
be produced by spinning or melting, because the melting point is relatively
low. Fibres approaching alumina-only content have a higher melting point
and such processes are not economic. These fibres were produced by precursor technologies. Varying amounts of SiO2 lead to different mechanical properties. Without silica, the fibres consist of α-alumina alone, which
has a high Young’s modulus, and such fibres are brittle, resulting only in
reduced strength. The most recent examples of continuous long fibres are
SiC multifilament fibres. These fibres can be used as reinforcement for magnesium composites that are manufactured using spun polymer precursors.
Based on polycarbosilane or polytitanocarbosilane fibres, these materials
are transformed to ceramic fibres at 1300°C in a protective gas atmosphere.
The resulting fibres have a thin protective layer of SiO2, which enables
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Table 9.3 Properties and manufacturer of commercially available alumina-based
ﬁbres
Name

Manufacturer

Altex

Sumitomo 85 Al2O3
15 SiO2
Nitivy
70 Al2O3
30 SiO2
3M
62 Al2O3
24 SiO2
14 B2O3
3M
70 Al2O3
28 SiO2
2 B2O3
3M
73 Al2O3
27 SiO2
3M
>99 Al2O3
3M
89 Al2O3
10 ZrO2
1 Y2O3
3M
100 Al2O3
Mitsui
99.5 Al2O3
Saphikon 100 Al2O3
Saphikon 85 Al2O3
15 SiO2
Safﬁl
96 Al2O3
4 SiO2

Alcen
Nextel 312

Nextel 440

Nextel 550
Nextel 610
Nextel 650

Nextel 720
Almax
Saphikon
Sumica
Safﬁl

Content
(wt%)

Dia
(μm)

Density Young‘s UTS
(g/cm3) modulus (MPa)
(GPa)

CTE
(10–6 K–1)

15

3.3

210

2000

7.9

7–10

3.1

170

2000

10–12 2.7

150

1700

3.0

10–12 3.05

190

2000

5.3

10–12 3.03

193

2000

5.3

12
11

3.9
4.1

373
358

3100
2500

7.9
8.0

12
10
125
9

3.4
3.6
3.98
3.2

260
330
460
250

2100
1800
3500

6.0
8.8
9.0

3.0

3.3–3.5

300–330

2000

Source: Dieringa, 2006.

good wetting with the magnesium melt. SiC fibres have a density close to
2.5 g/cm3 and a Young’s modulus around 200 GPa. They are quite cheap and
very stable, even at high temperatures and, similar to alumina-based fibres,
they exhibit only small thermal expansion.

9.2.3 Whisker reinforcement
Whiskers are small, needle-like single crystals with an aspect ratio of
roughly 10 or more and a diameter of 1 μm. They are processed by growing
from oversaturated gases, or electrolysis from solutions or solids. Due to the
manufacturing conditions, they have a very low defect density. Apart from
SiC and Si3N4, which have been used for magnesium-based composites as
reinforcement, 9Al2O3 × B2O3 and K2O × TiO2 combinations are also of
interest. The fact that whiskers are very thin and small has led to discussions
about the health risks. They can be inhaled and do not degrade in the lung,
leading to the suspicions of their being potentially carcinogenetic.
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9.2.4 Short-ﬁbre reinforcement
Concerning their reinforcing and strengthening effects, short fibres are
midway between those of long fibres and particles. Whereas long-fibre reinforcement results in extremely anisotropic mechanical properties (high
strength following the fibre’s alignment and low strength at perpendicular
vectors), particle reinforcement leads to nearly isotropic properties. By the
use of short fibres it is possible to tailor the mechanical properties to determine the amount, kind and distribution of the reinforcing fibres. Different
types of short fibres are described in Tables 9.1–9.3, because all the continuous fibres can be cut into short fibres.

9.2.5 Nano-sized reinforcement
Since ceramic nanoparticles or nanofibres are available and inexpensive,
these types of reinforcement are also undergoing research for magnesiumbased composites. The reinforcement of magnesium alloys with very small
ceramic particles or carbon nanotubes offers a wider range of property
modulation, compared to the micro-sized ones. This is mainly due to the
fact that Orowan strengthening is barely yielded by larger particles, because
the inter-particle spacing and the size of the particles is too great (Clyne and
Withers, 1993). The pure Orowan strengthening effect can be described by
Δσ Oro =

0 13Gm b r
ln
λ
b

[9.1]

where ΔσOro is the increase in yield strength by Orowan strengthening, Gm
the shear modulus of the matrix, b the Burgers vector, λ the inter-particle
spacing and r the particle radius. Usually λ can be estimated as:
⎡ ⎛ 1 ⎞ 1/ 3 ⎤
λ ≈ dp ⎢⎜
⎟ − 1⎥
⎢⎝ 2Vp ⎠
⎥
⎣
⎦

[9.2]

where Vp is the volume fraction of reinforcement (Zhang and Chen, 2004).
When the materials are prepared by a metallurgical melting process, an
additional strengthening by the grain refining induced by the nanoparticles
may be achieved. Only very small particles can act as nuclei for solidification. The strengthening by grain refinement follows the Hall–Petch equation (Bata and Pereloma, 2004)
y

= σ i + ky dg −1/ 2 ,

[9.3]
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where σy is the yield strength, σi the lattice friction, ky is a material dependent
constant and dg the grain diameter. For magnesium alloys, mainly SiC, Al2O3
and Y2O3 have been used as the reinforcement. Only a few studies have
been performed on SiO2 and even carbon nanotubes (Dieringa, 2011).

9.2.6 Hybrid reinforcement
With hybrid reinforcement, a mixture of at least two different kinds of reinforcement is denoted. It does not mean a mixture of two different ceramic
particles, but a combination of fibres and particles, for instance. The goal is
to attain composite properties that could not have been obtained by using
only one type of reinforcement. An example is the use of a framework of
short fibres in which hard ceramic particles are embedded, in order to distribute them homogeneously. A fibre framework can also be used to keep
particles on their place, in order to let them react during an infiltration process. The reaction product may strengthen the composite after this so called
in situ reaction process.

9.3

Processing of magnesium composites

A huge number of different process types are in use to produce
magnesium-based composites. Depending on the reinforcement type, all the
processes can be subdivided into solid state or powder metallurgical (PM)
and liquid phase or ingot metallurgical (IM) processes. All these processes
can also be used for the fabrication of composites, whereby at the beginning of the processes a mixture or blending of magnesium alloy powders
is performed. Since all the PM processes have already been described, in
this chapter we will focus on ingot metallurgy processes. These liquid state
processes result quite often in a very good interface of reinforcement with
the magnesium matrix. The liquid processes can be further subdivided into
infiltration techniques, casting processes and spray deposition. Those are
the most inexpensive processing technologies for discontinuous, reinforced
magnesium-based composites. In the following, some of the most common
processes are described.

9.3.1 Stir casting
The stir-casting process is the easiest and cheapest processing route to
produce discontinuous, reinforced composites (Luo, 1995; Saravanan and
Surappa, 2000). Particles, short fibres or whiskers can be used as reinforcing components. They are introduced into the molten matrix. The
force produced by stirring is needed to overcome the usually bad wetting
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9.2 Sketch of the stir-casting process.

between the matrix and reinforcement. The duration of stirring and the
melt temperature strongly influences the development of an interface
between the components. A heated crucible maintains the temperature
during stirring. A sketch of the process is given in Fig. 9.2. The reinforcement (1) is added into the melt (7). The crucible (3) is embedded in a
vacuum chamber (4). In the heated crucible (2) the impeller (6) rotates
and both a horizontal and a vertical vortex are created that deaglomerate
the reinforcement and distribute it homogeneously. The use of a slight
vacuum prevents the materials from forming gas entrapments or a gas
boundary layer on top of the melt.

9.3.2 Compocasting
Whereas the stir-casting process is performed at temperatures above
the liquidus temperature of the magnesium alloys, compocasting is done
between solidus and liquidus temperature. This semi-solid material, where
an already solidified fraction is surrounded by liquid, is called slurry. When
the slurry is sheared at high rates the viscosity decreases. Without any introduction of reinforcement, this casting process is called rheocasting. With an
addition of reinforcements the process is called compocasting. The shearing forces are larger compared to stir casting, because additional solid fractions of the magnesium alloy positively influence the rheological behaviour
of the mixture. The deagglomeration, wetting and homogenisation are all
improved. Three additional advantages over stir casting can be seen: (i) the
temperature is lower and the semi-solid state has a much lesser tendency to
burn, (ii) due to the higher viscosity of the semi-solid compared to the pure
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9.3 Sketch of the squeeze-casting process.

solid, the tendency of a settling of the reinforcement is reduced. Neither
swimming to the top nor sinking to the bottom of the crucible takes place.
Finally, (iii) due to the lower temperature, the degradation probability of
the reinforcements is reduced. After distributing the reinforcement in the
semi-solid, the slurry can be cast using die casting, centrifugal casting, mould
casting or squeeze casting.

9.3.3 Melt inﬁltration casting
The melt infiltration casting or squeeze-casting process is widely used for
the manufacture of fibre-reinforced magnesium composites. Prefabricated
preforms containing fibres and, where required, particles are stuck together
with high-temperature stable binders (silica) and have a defined volume
fraction of reinforcement. This fraction is usually between 10 and 60 vol%.
Most often it has a volume content of 15–25 vol% reinforcement. Due to the
manufacturing process of these preforms, the fibres are frequently not randomly oriented; rather they have a planar isotropic distribution. A sketch of
the squeeze-casting process is shown in Fig. 9.3. The heated preforms (4) are
put in a preheated mould (6) and the superheated melt is poured over it
(5). The melt is squeezed into the preform by a hydraulic ram (3). After full
infiltration, the part solidifies under pressure and is taken out by an ejector
(1). Due to the non-turbulent flow and solidification under pressure, the
castings are free of pores and blowholes, show no shrinkage porosity, and
have a fine-grained microstructure. One disadvantage is the possibility of
damaging the preform during the early stages of infiltration. This process
allows manufacturing of completely reinforced MMCs and parts with selectively reinforced areas.
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9.3.4 Gas pressure assisted inﬁltration casting
Similar to the squeeze-casting process, gas pressure infiltration needs
prefabricated preforms for producing composite materials. Instead of
a ram, gas pressure on the melt surface is used for infiltration into the
heated preform. The time taken for total infiltration in the gas pressure
process is much longer compared to squeeze casting. This is important to
know, because the formation of interfaces between matrix melt and reinforcement depends strongly on the time of melt contact. Often a vacuum
is applied to the mould and preform, and the gas applied is usually an inert
gas, such as argon.

9.3.5 Spray deposition
Spray deposition is a process in which a stream of molten melt is atomised
by an inert gas, such as argon or nitrogen, and ceramic particles are added
simultaneously. This process is used for manufacturing semi-finished products, which can be later extruded or forged. A substrate is located under
the stream that collects the partially solidified material. Depending on the
movement of the substrate, ingots, tubes or strips can be produced. Usually
a density of 95% of the theoretical density is reached with this process. A
subsequent consolidation step is needed to reach the full density.

9.4

Interfaces, wetting and compatibility

For improving mechanical properties, compared to unreinforced magnesium alloy, the interface between the matrix and reinforcement plays an
important role. For composite materials, there has to be some chemical
reaction during the manufacturing process, which leads to a more or less
well-bonded interface. Without a bonding interface, no stresses can be transmitted. The two different materials (ceramic reinforcement and magnesium
matrix) have moreover to fulfill some prerequisites. They should have a similar CTE. Magnesium alloys all show a CTE of approximately 27 × 10−6 K−1.
As can be seen in Tables 9.1–9.3, ceramic materials used for reinforcing have
a thermal coefficient between 3 and 10 and C-fibres can even show negative
CTE. This can lead to plastic deformation when a magnesium-based composite is heated, as shown in Fig. 9.4. The ceramic fibre with a lower CTE
expands less than the metallic matrix. A compressive stress is generated in
the mid section of the fibre close to it. Should this stress exceed the yield
strength of the matrix, plastic deformation occurs in a way that the material shortens in the fibre’s direction. A closer look at this effect is given in
(Kumar et al., 2003).
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T

9.4 Heating of a ﬁbre-reinforced composite material.

Θ

A

Θ

B

Ceramic reinforcement

C

Magnesium melt

9.5 Different wetting behaviour of ceramic reinforcements.
(a) Θ > 90° bad wetting; (b) Θ < 90° partial wetting and (c) Θ = 0 total
wetting (after Salmang and Scholze (1983)).

A prerequisite for a good matrix/reinforcement bonding is the wettability
of the ceramic fibre or particle by the metallic melt. Wettability is usually
determined by the ability of a liquid to spread on a solid surface. From a
thermodynamic point of view, the state of the system is stable when the
free energy of the complete system (liquid magnesium melt, solid ceramic
reinforcement and the vapour around the liquid and the solid) reaches a
minimum. By reducing the solid/liquid interface, the vapour/solid interface
increases (see Fig. 9.5). Wettability is characterised by a wetting angle Θ. The
smaller the Θ, the better wettability, as can be seen in Fig. 9.5.
Particularly in the case of magnesium-based MMCs, the choice of reinforcement types is limited due to severe chemical reactions that occur during the infiltration processes. The time of contact with the magnesium melt
and the melt temperature influence the intensity of the chemical reaction.
The chemical composition of the reinforcement and alloying elements in
a magnesium alloy causes a wide spread of the interfaces that are the outcome of the chemical reactions.
It has already been mentioned that SiC, C-fibres and alumina are the
best investigated reinforcements for magnesium alloys. In the case of
C-fibres, magnesium carbides may form, but they are not stable in solids.
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For magnesium alloys containing aluminium as alloying element (AZ31,
AZ91, AE42), aluminium carbides form that are stable, but show solubility
in water.
Mg + 2C ⇒ MgC2
4Al + 3C ⇒ Al4C3
In case of SiC and alumina as reinforcements, the following exothermic
reactions occur:
3Mg + Al2O3 ⇒ 3MgO + 2Al
3Mg + 4Al2O3 ⇒ 3MgAl2O4 + 2Al
2Mg + SiO2 ⇒ 2MgO + Si
MgO + SiO2 ⇒ MgSiO3
2Mg + SiC ⇒ Mg2Si + C
2Mg + Si ⇒ Mg2Si
Concerning reactivity and enthalpies of reaction, as well as choosing temperatures and time of contact, one can tailor the interface for the application of the composite that is required.

9.5

Properties of magnesium-based MMCs

In the following section, the mechanical and physical properties of different
types of magnesium-based composites are described. The section is subdivided into the different kinds of reinforcement shapes.

9.5.1 Particle reinforced magnesium
A PM route was chosen to process different SiC-particle reinforced composites based on the magnesium alloy WE54 (Garces et al., 2010). Seven
and 15 vol% particles of two different sizes (2 and 12 μm) were blended
with WE54 powder, cold compacted and subsequently extruded at 400°C.
For comparison, WE54 was processed the same way without reinforcement.
After extrusion, the composites showed a smaller grain size compared to the
WE54. The yield strength of the composites was a little higher and showed
a drop at temperatures above 200°C, very similar to the unreinforced alloy.
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The reason for the higher yield stress is assumed to be the smaller grain size
and the increase in dislocation density due to a mismatch of CTE in the
matrix and SiC.
Ten vol SiC particles and 3 vol Si particles were selected as reinforcement for magnesium alloy AZ91 using a squeeze-casting process for
production (Trojanova et al., 2009). After applying a T6 heat treatment,
compression tests were performed at temperatures between RT and 300°C.
Optical micrographs and analysis show a formation of Mg2Si in coarse
blocks and a Chinese script form. The composite material shows higher
yield and ultimate compressive strength up to approximately 200°C. Again,
the reason for the higher strength seems to be dislocation generation due
to differing CTEs.
In Tiwari et al. (2007), pure magnesium was reinforced with 6 and 16 vol
SiC particles and its corrosion behaviour was investigated and compared
with unreinforced magnesium. A disintegrated melt deposition method followed by extrusion was performed for production. A polarisation experiment, galvanic corrosion tests and electrochemical impedance spectroscopy
was performed on each material. In 1 molar NaCl solution, Tafel and free
potential tests revealed that SiC decreases the corrosion resistance of the
magnesium. However, galvanic corrosion between magnesium and SiC did
not contribute significantly to the corrosion behaviour. The higher corrosion rates of the composites are assumed to depend on the defective nature
of surface films on the composite.
Again, a PM route was chosen to produce AZ91 reinforced with 15 vol%
SiC, AlN, TiB and Ti(C,N) particles, as well as Al2O3-platelets (Schröder
et al., 1989). AZ91 powder with a mean size of 63 μm was mixed with particles, and the strength and CTE was evaluated. An increasing strength and
hardness was observed, only the AlN reinforced magnesium alloy showing
a decreased strength. This phenomenon was attributed to wetting problems
and the powder size distribution. In all cases, an increase in Young’s modulus and wear resistance was observed, along with a decrease in CTE.

9.5.2 Short-ﬁbre reinforced magnesium
Strength and fracture toughness was investigated in an AZ91-based composite, reinforced with 10, 15 and 20 vol% alumina fibres and compared
with unreinforced AZ91 (Purazrang et al., 1994). The materials were prepared by squeeze casting, where a preheated preform was infiltrated with
AZ91 melt under pressure. Testing was performed on as-cast material and
on T6 heat-treated material. The results are shown in Table 9.4. Hardness
increases significantly when AZ91 is reinforced with alumina fibres. This
effect is even higher in the T6 state. Strength and Young’s modulus are
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Table 9.4 Hardness and mechanical properties of AZ91 and AZ91 + 20 vol%
alumina ﬁbres in the as-cast and T6 states
AZ91

AZ91 + 20 vol% alumina

as-cast

T6

as-cast

T6

Hardness HB5/125 (MPa)
Young’s modulus (GPa)
Yield strength (MPa)
UTS (MPa)
Elongation (%)

461–569
41–43.5
112–157
155–211
3–4

637–686
36.2–43
160–168
206–216
3.2–5.4

745–1068
63–76
193–275
239–295
1.6–1.8

1147
64–69
–
174–194
0

KIC (MPa m1/2)

14.2–14.5

14.4–15.3

11.9–12.2

8.5–8.8

Source: Purazrang et al., 1991

appreciably increased, the elongation is slightly reduced. A reduction of
fracture toughness of 20% compared to unreinforced AZ91 is noteworthy.
The same authors investigated the influence of different volume fractions
of alumina fibres (Purazrang et al., 1994). 10, 15 and 20 vol% alumina fibres
were again introduced into the AZ91 magnesium alloy via squeeze casting.
The higher the proportion of fibres the higher the yield strength and ultimate tensile strength. With increasing testing temperature, yield and ultimate strength decrease and the elongation to fracture increase. Fracture
toughness decrease with increasing temperature and with increasing fibre
amount. The Young’s modulus increases with increasing fibre content.
A creep-resistant magnesium alloy QE22 was reinforced with three different kinds of short fibres (Dieringa et al., 2002). Saffil and Maftech fibres
contain mainly Al2O3 and Supertech fibres consist of SiO2, CaO and MgO.
Composite materials were produced by a squeeze-casting process and the
volume fraction of reinforcement was 20% in each case. Creep tests at 200°C
and 60 MPa applied stress have shown that the already creep-resistant magnesium alloy QE22 can be further strengthened in creep resistance with
Saffil fibres. However, reinforcement with Maftech and Supertech fibres
weakens the alloy. The curves are shown in Fig. 9.6. A very important reason
for short-fibre reinforcement is an improvement in creep resistance of the
resulting composite, compared to the unreinforced matrix alloy. Usually the
resistance against an applied stress at elevated temperatures is assessed by
the minimum creep rate, which is the creep rate during the secondary creep
stage. Unreinforced QE22 has a minimum creep rate of 6.61 × 10−9 s−1. Saffil
reinforced composite has 1.13 × 10−9 s−1, while Maftech and Supertech composites have 3.38 × 10−8 s−1 and 2.46 × 10−8 s−1 respectively. All materials were
tested for their thermal expansion behaviour. As might be expected, the
unreinforced QE22 has a CTE of 26.5 × 10−6 K−1. Whereas Saffil, Maftech and
Supertech composites have reduced CTEs of 15.2 × 10−6 K−1, 18.9 × 10−6 K−1
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9.6 Creep curves of QE22 with different reinforcements. Tests
performed at 200°C and 60 MPa.

and 19.6 × 10−6 K−1 respectively. Microstructural optical micrographs are
shown in Fig. 9.7.
Minimum creep rates were evaluated in tension and compression creep
over a wide range of temperatures and stresses in Dieringa et al. (2007).
The matrix alloy AE42 and a short-fibre reinforced composite with 20 vol%
Saffil fibres showed a significant increase in creep resistance in each testing
direction. The minimum creep rate of the composite was two to three orders
of magnitude lower, compared to unreinforced AE42. Figure 9.8 shows the
creep rates of the different tests performed at 200°C. It can be seen that
there is a difference in minimum creep rates even in the tension and compression creep of one material. Moreover, the difference between the matrix
alloy and the composite is significant.

9.5.3 Nanoparticle reinforced magnesium
In Ferkel and Mordike (2001), the composite was prepared with a PM
method. 3 vol% SiC particles with a mean diameter of 30 nm and pure
magnesium powder with a mean diameter of 40 μm were mixed for 8 h
and milled. After encapsulating and degassing, the material was extruded
at 350°C. For the purposes of comparison, pure magnesium powder was
treated in the same way. Light optical microscopy showed that a mean
grain size of 20 μm was obtained in the pure magnesium and mixed specimens, whereas the mixed and milled specimens exhibited a grain size close
to 1 μm. In TEM studies, the SiC nanoparticles were found close to the
grain boundaries, forming a network. Tensile tests at RT, 100°C, 200°C
and 300°C showed that the milled composite always exhibits the highest
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9.7 Optical micrographs of (a) QE22, (b) QE22 + Safﬁl, (c) QE22 +
Maftech and (d) QE22 + Supertech ﬁbres.
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9.8 Minimum creep rates of tension and compression creep tests
performed at 200°C. AE42 and its short-ﬁbre reinforced composite
(20 vol% Safﬁl ﬁbres) were tested.
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1E-5
Tensile creep at 200°C

Mg pure

1E-6
Minimum creep rate [s–1]

Mg + SiC mixed
1E-7

1E-8

1E-9
Mg + SiC milled
1E-10
35

45
Stress [MPa]

9.9 Minimum creep rates of creep tests performed at 200°C and
35 MPa and 45 MPa, respectively.

ultimate tensile stress. The smaller grain size, according to the Hall–Petch
relationship, is assumed to be responsible for this. Tensile creep tests were
performed at 200°C and with stresses of 35 MPa and 45 MPa. The minimum
creep rates are plotted in Fig. 9.9 and it can be seen that after milling the
composite shows the best creep resistance, even if the grain size is smaller
compared to the others, which should enhance grain boundary sliding. SiC
particles are potentially responsible for hindering this. Estimation of the
stress exponent n, as a part of the power-law equation, results in values of
~10 and ~3, at temperatures of 200°C and 300°C respectively. A dislocationmovement-controlled deformation rather than diffusion creep is assumed
to be the dominant process. Reducing the surface roughness of the creep
specimens also significantly improves their creep resistance. Comparing
the creep results with those of creep-resistant magnesium alloys (WE43,
WE54 and QE22) shows that even a small amount of nano-SiC leads to
similar or even better creep resistance.
Magnesium reinforced with three different amounts of 300 nm alumina
particles is investigated in (Hassan, 2008). The material was produced using
the disintegrated melt deposition (DMD process, followed by hot extrusion as described in (Hassan and Gupta, 2005). Three different amounts
of alumina particles were introduced: 1.5, 2.5 and 5.5 wt%. The results of
an investigation into the morphology, density and grain size are shown in
Table 9.5. Microstructural investigations have shown that the reinforcement
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Table 9.5 Density, porosity and grain size of Mg and the composites
Alumina
content
(wt%)

Density (g/cm3)
Eheor.

Experim.

Mg
Mg0.7Al2O3
Mg1.1Al2O3

–
1.5
2.5

1.7400
1.7548
1.7647

Mg2.5Al2O3

5.5

1.7954

Material

Porosity
(%)

Grain
size (μm)

1.7397 ± 0.0009
1.7541 ± 0.0029
1.7636 ± 0.0013

0.02
0.04
0.06

49 ± 8
6±2
6±1

1.7897 ± 0.0044

0.32

4±1

Source: Hassan and Gupta, 2008

Table 9.6 Mechanical properties of Mg and the composites
σ0.2YS/ρ

σUTS/ρ

7.4 ± 0.2 11.1 ± 0.3
12.5 ± 1.8 28.9 ± 4.7
8.6 ± 1.1 20.9 ± 2.8

56
122
113

99
149
145

4.5 ± 0.5

124

157

Materials

0.2 YS
(MPa)

UTS
(MPa)

Ductility
(%)

Mg
Mg0.7Al2O3
Mg1.1Al2O3

97 ± 2
214 ± 4
200 ± 1

173 ± 1
261 ± 5
256 ± 1

Mg2.5Al2O3

222 ± 2

281 ± 5

WF (J/m3)

10.0 ± 1.3

Source: Hassan and Gupta, 2008

was distributed randomly in the matrix and the magnesium recrystallised completely after extrusion. The finer grain size is again attributed to
nucleation of magnesium grains by alumina particles and the grain growth
restriction of the particles during recrystallisation. Mechanical properties
are given in Table 9.6.
In a further study by the same authors, pure magnesium was reinforced with
2.5 wt% alumina of three different sizes: 50 nm, 300 nm and 1 μm (Hassan and
Gupta, 2006). The materials were produced by mixing the powder, then compacting and subsequently sintering it. After hot extrusion at 250°C, microstructural investigations and mechanical testing were performed. The best 0.2 YS
and UTS are found in the composite with 50 nm alumina particles. Ductility
increases with increasing particle size. The work of fracture, which expresses
the ability of energy absorption up to the moment of fracture, increases with
increasing particle size. It is much higher in each composite compared to pure
magnesium, as can be seen in Table 9.7 and Table 9.8.
Magnesium alloy AZ61 was reinforced with SiO2 particles with a size
of 20 nm using a friction stir process (FSP) in Lee et al. (2006). A groove
was cut into a magnesium alloy bar and the nano-powder was poured into
the groove. In order to close the cut, a flat FSP tool was used, followed
by a normal pin and shoulder tool for mixing the reinforcement into the
alloy. Two material samples were produced; containing 5 and 10 vol% SiO2,

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

Applications: magnesium-based MMCs

335

Table 9.7 Density, porosity, grain size and inter-particle spacing of all materials
Material

Density (g/cm3)

Porosity
(%)

Grain size
(μm)

Inter-particle
spacing
λ (μm)

Theor.

Experim.

Mg
Mg/Al2O3
(50 nm)
Mg/Al2O3
(300 nm)

1.7400
1.7647

1.7378 ± 0.0022
1.7632 ± 0.0048

0.08
0.09

60 ± 10
31 ± 13

–
0.47

1.7647

1.7646 ± 0.0009

0.01

11 ± 4

2.85

Mg/Al2O3
(1 μm)

1.7647

1.7645 ± 0.0013

0.01

11 ± 3

9.49

Source: Hassan and Gupta, 2006
Table 9.8 Mechanical properties of Mg and the composites
Material

Hardness

0.2 YS
(MPa)

UTS
(MPa)

Ductility
(%)

Work of
fracture
(J/m3)

Macro
(15HRT)

Micro
(HV)

Mg
Mg/Al2O3
(50 nm)
Mg/Al2O3
(300 nm)

43.5 ± 0.3
59.7 ± 0.5

37.4 ± 0.4
69.5 ± 0.5

132 ± 7
194 ± 5

193 ± 2
250 ± 3

4.2 ± 0.1
6.9 ± 1.0

7.1 ± 0.3
15.5 ± 2.6

56.3 ± 0.5

51.8 ± 0.3

182 ± 3

237 ± 1

12.1 ± 1.4

25.0 ± 3.3

Mg/Al2O3
(1 μm)

50.3 ± 0.5

51.2 ± 0.5

172 ± 1

227 ± 2

16.8 ± 0.4 34.7 ± 0.8

Source: Hassan and Gupta, 2006

respectively. The size of SiO2 decreases with tool passes stirring the same
area. The silica cluster size and average grain size are given in Table 9.9. The
grain size in an unreinforced AZ61 billet was 75 μm and after 4P FSP it was
7–8 μm. The mechanical properties of AZ61 and the composites produced
using FSP are given in Table 9.10. An increase in hardness and strength of
unreinforced AZ61 after friction stir processing can be attributed to grain
refinement during processing. An improvement of strength with a reduction
of ductility is achieved by the reinforcement of silica. Tensile tests at 350°C
yielded elongation of 350% at 10−2 s−1 and 420% at 10−1 s−1, which clearly
exhibits high strain-rate superplasticity.
Magnesium powder of 98.5% purity and yttria nano-powder with a
particle size between 30 and 50 nm were used to produce two composites with yttria concentrations of 0.5 and 2.0 wt%, respectively (Tun and
Gupta, 2007). The powders were blended for one hour and compacted to
billets with a pressure of 97 bar. After a microwave sintering process, the
billets were hot extruded at a temperature of 350°C. For the purposes of
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Table 9.9 SiO2 cluster size and grain size in composites with 5 vol% (1D) and 10
vol% (2D) silica after 1, 2, 3 and 4 tool passes (1P, 2P, 3P and 4P)
1D1P

1D2P

1D3P

1D4P

SiO2 cluster size (nm)

600
3.1
2D1P
300

210
2.8
2D2P
200

210
2.0
2D3P
170

190
1.8
2D4P
150

Average grain size (μm)

1.5

1.5

1.0

0.8

SiO2 cluster size (nm)
Average grain size (μm)

Source: Lee et al., 2006

Table 9.10 Mechanical properties of AZ61 and the composites at room
temperature
Material

Hardness
(HV)

Yield strength
(MPa)

UTS
(MPa)

Elongation
(%)

AZ61 billet
AZ61 after 4P FSP
1D2P (5 vol%, 2 passes)
1D4P (5 vol%, 4 passes)
2D2P (10 vol%, 2 passes)

60
72
91
97
94

140
147
185
214
200

190
242
219
233
246

13
11
10
8
4

2D4P (10 vol%, 4 passes)

105

225

251

4

Source: Lee et al., 2006

comparison, pure magnesium was also processed. A microstructural characterisation was performed and the results are given in Table 9.11. Mechanical
tests and thermal expansion measurements were performed and the results
are given in Table 9.12. The reduction of CTE can be attributed to the low
CTE of yttria (7.6 × 106 K−1) and a good bonding between particles and the
matrix. With an increasing amount of yttria 0.2 YS, UTS and ductility also
increase. The ductility increase is attributed to activation of non-basal slip
systems and the tendency of yttria nanoparticles to enhance cross-slip of
dislocations. The same materials were investigated to determine the extrusion ratio and its influence on the mechanical properties (Tun and Gupta,
2008). Pure magnesium and 2 wt% nano-yttria-reinforced magnesium was
extruded with ratios of 12:1, 19:1 and 25:1 respectively. The density increases
with increasing ratios, due to a decrease in porosity. The microhardness tests
revealed an increase in hardness with increasing ratio. This is attributed to
an improvement in yttria distribution, decreasing grain size and reduction
of porosity. Both materials show an increase in yield strength and ultimate
strength with increasing extrusion ratio. Both effects are also attributed to
the grain size reduction and the decrease of porosity.
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Table 9.11 Density, porosity and grain size of yttria-reinforced Mg
Porosity Grain size
(%)
(μm)

Material

Yttria content Density
(vol%)
(g/cm3)

Mg
Mg/0.5Y2O3

–
0.17

1.74 ± 0.01
1.73 ± 0.01

0.13
0.87

20 ± 3
19 ± 3

Mg/2.0Y2O3

0.7

1.76 ± 0.01

0.35

18 ± 3

Source: Tun and Gupta, 2007

Table 9.12 Mechanical properties and CTE of yttria-reinforced Mg
UTS
(MPa)

Ductility
(%)

Work of
fracture
(MJ/m3)

CTE
(10−6 K−1)

Microhardness (HV)

Mg
134 ± 7
Mg/0.5Y2O3 144 ± 2

193 ± 1
214 ± 4

7.5 ± 2.5
8.0 ± 2.8

12.9 ± 4.8
16.6 ± 4.2

28.2 ± 0.0
21.3 ± 0.1

37 ± 2.0
38 ± 0.4

Mg/2.0Y2O3 157 ± 10

244 ± 1

8.6 ± 1.2

21.8 ± 3.1

20.8 ± 0.6

45 ± 2.0

Material

0.2YS
(MPa)

Source: Tun and Gupta, 2007

9.5.4 Carbon nanotubes reinforced magnesium
In recent years, carbon nanotubes (CNT) or multi-walled carbon nanotubes
(MWCNT) have become popular for reinforcing metals and even polymers.
These nanotubes show extremely high mechanical properties and flexibility
as well as a high Young’s modulus. Their small size reduces the possibility of
thermal mismatch-induced dislocation generation at the matrix/tube interface, which is seen as a further advantage. MWCNTs were introduced into
the surface of an AZ31 alloy by FSP to modify the surface (Morisada et al.,
2006). The tubes have a length of 250 nm, an outer diameter of 20–50 nm
and were combined with an AZ31 plate of 6 mm thickness. A groove was cut
into the sheet and filled with nanotubes before the FSP was performed. It
could be shown that the MWCNTs are dispersed randomly into the matrix.
The best distribution was achieved at a speed of 25 mm/min and a rotation
speed of 1500 rev/min. Grain refinement was promoted in the reinforced
areas. A hardness of maximum 78 HV is attributed to the nanotubes and to
the grain refinement. Hardness of unreinforced AZ31 in the as-received and
after-FSP states was 41 HV and 55 HV respectively.
The DMD technique was used to produce composite material of pure
magnesium reinforced with 0.3, 1.3, 1.6 and 2 wt% of carbon nanotubes
(Goh et al., 2006a). This process has already been described. For the purposes of comparison, pure magnesium was processed in the same way.
Following DMD, the ingots were hot extruded at 350°C with an extrusion
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Table 9.13 Density, macrohardness and mechanical properties of CNT-reinforced
magnesium
Material

CNT
(wt%)

Density
(g/cm3)

Macro0.2 YS
hardness (MPa)
(HR15T)

UTS
(MPa)

Elong.
(%)

Mg (99.9%)
Mg-0.3 wt% CNT
Mg-1.3 wt% CNT
Mg-1.6 wt% CNT

–
0.3
1.3
1.6

1.738 ± 0.010
1.731 ± 0.005
1.730 ± 0.009
1.731 ± 0.003

45 ± 1
48 ± 1
46 ± 1
42 ± 1

126 ± 7
128 ± 6
140 ± 2
121 ± 5

192 ± 5
194 ± 9
210 ± 4
200 ± 3

8.0 ± 1.6
12.7 ± 2.0
13.5 ± 2.7
12.2 ± 1.7

Mg-2.0 wt% CNT 2.0

1.728 ± 0.001

39 ± 1

122 ± 7 198 ± 8 7.7 ± 1.0

Source: Goh et al., 2006a
Table 9.14 Density, CTE and mechanical properties of liquid (LM) and PM-processed
nanocomposites
UTS
(MPa)

Elong.
(%)

1.738 ± 0.010 28.73 ± 0.59 126 ± 7
1.731 ± 0.005 27.82 ± 0.22 128 ± 6
1.738 ± 0.001 28.56 ± 0.28 127 ± 5

192 ± 5
194 ± 9
205 ± 4

8.0 ± 1.6
12.7 ± 2.0
9.0 ± 2.0

1.736 ± 0.001 25.90 ± 0.93 146 ± 5

210 ± 6

8.0 ± 1.0

Material

Density
(g/cm3)

Mg (99.5%) LM
Mg-0.25 wt% CNT LM
Mg (98.5%) PM
Mg-0.3 wt% CNT PM

CTE
(10−6 K−1)

0.2 YS
(MPa)

Source: Goh et al., 2006b

ratio of 20.25. A slight increase in hardness is measurable with low amounts
of CNT (see Table 9.13). The hardness drops for reinforcements of 1.3%
and above. Yield, tensile strength and ductility show the highest values at 1.3
wt% CNT. The activation of further slip planes is attributed as responsible
for this higher ductility.
A comparative study of CNT-reinforced magnesium produced using
PM and liquid metallurgical (LM) techniques was performed in (Goh
et al., 2006b). For the liquid process, magnesium turnings of 99.9% purity
and a CNT with an average diameter of 20 nm were cast using the DMD
and subsequently hot extruded at 350°C. For the powder technique, magnesium powder was mixed with 0.3 wt% nanotubes for ten hours and
compacted to billets. After sintering for two hours, the billets were also
hot extruded at a temperature of 350°C. For comparison, both materials
were processed without nanotubes, too. It can be seen in Table 9.14 that
the reduction of CTE in the PM composite is more significant compared
to the liquid processed. Yield and tensile strength of the PM-processed
composite is higher compared to the LM material. The authors attribute this result to the higher amount of MgO in the original material for
the powder route, which was found in XRD analysis. Additional MgO is
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Table 9.15 Density, Young’s modulus and mechanical properties of MWCNTreinforced magnesium alloy AZ91
Material

Density (g/cm3)

E (GPa) 0.2 YS (MPa) UTS (MPa) Elong. (%)

AZ91D
AZ91D-0.5CNT
AZ91D-1CNT
AZ91D-3CNT

1.80 ± 0.007
1.82 ± 0.008
1.83 ± 0.006
1.84 ± 0.005

40 ± 2
43 ± 3
49 ± 3
51 ± 3

232 ± 6
281 ± 6
295 ± 5
284 ± 6

315 ± 5
383 ± 7
388 ± 11
361 ± 9

14 ± 3
6±2
5±2
3±2

AZ91D-5CNT

1.86 ± 0.003

51 ± 4

277 ± 4

307 ± 10

1 ± 0.5

Source: Shimizu et al., 2008

assumed to give a further strengthening effect to that of the CNT. In the
case of the liquid processed composite, ductility was improved, compared
to unreinforced magnesium, whereas it is reduced slightly in the powder
version.
Again a PM method was chosen to produce an AZ91-based CNT composite in (Shimizu et al., 2008). AZ91 powder with a diameter of 100 μm
and MWCNT with a length of approx. 5 μm were physically blended and
subsequently hot pressed. The amount of MWCNT in the composites was
0.5, 1, 3 and 5 wt% respectively. The resulting material was hot extruded at
450°C with an extrusion ratio of 9:1. Young’s modulus and density increase
with increasing amounts of nanotubes in the same way that the ductility
reduces (Table 9.15). Yield and ultimate tensile strength show a maximum
at an amount of approximately 1 wt% MWCNT addition.

9.6

Conclusions and future trends

Magnesium-based MMCs show a wide range of possibilities to fit mechanical and physical properties to the intended application. With a variation of
amount, distribution and kind of ceramic reinforcement, the properties can
be adjusted to the surrounding materials, which may be aluminium, steel,
or even polymer. Mechanical properties are comparable to high-strength
aluminium alloys, but magnesium-based composites show a lower density
when compared to those. It makes them a promising material for future
lightweight applications.
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Applications: use of magnesium
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Abstract: This chapter introduces the use of magnesium and its alloys
as temporary implant materials in medical applications. The chapter
describes the fundamental concepts of biodegradation and toxicology
of magnesium before discussing how magnesium implants can be
investigated in vivo and in vitro in future developments of biodegradable
metals.
Key words: biodegradable metal, concept of biodegradation, in vivo
corrosion, cytotoxicity of magnesium alloys, medical application of
biodegradable metals.

10.1

Introduction to biodegradable implants
based on metals

Biodegradable implants provide a temporary mechanical support until an
injured tissue is healed. Then, in an ideal case, the implant materials are
intended to gradually degrade and finally completely disappear, to leave
behind a fully recovered tissue.
These biodegradable implants have been produced based on polymeric
and ceramic materials or (decellularized) organic materials. However, especially in applications which require high mechanical properties, the current
biodegradable implants have significant limits, which make biodegradable
metals based on elements such as magnesium very promising.
In the history of metals in surgical fixing of fractured bones and wound
closure, most metals have been used as permanent implant materials and
were selected on a trial-and-error basis. The basic idea of the temporary
use of metal implants was reported by the Romans, who used metal clips
for the adaptation of skin (Schuster, 1975). Various metals were used at the
beginning of osteosynthesis, such as gold, silver, platinum, copper, lead and
iron (Schuster, 1975). Since then, however, these metals have been rejected
for surgical use for various reasons. Gold and platinum were desirable from
a corrosion resistance standpoint, but were very expensive and suffered
342
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from poor mechanical properties, while lead was rejected due to its toxicity.
Silver and iron were generally considered suitable biomaterials (Schuster,
1975). However, pure silver was mechanically insufficient for osteosynthesis,
although its antibacterial effect was appreciated even at that time. There
have been controversial discussions on the biocompatibility of iron since
metallosis has been observed after iron implants. Metallosis is the local
destruction of soft and hard tissue based on the mechanical−biological,
electro-energetic, and chemo-toxic effects of metal implants (Schuster,
1975). Metallosis is also occasionally observed as an infiltration of periprosthetic soft tissues and bone by metallic debris resulting from wear of joint
arthroplasties. Metallosis is often associated with significant osteolysis.
Therefore, the identification of metallosis is an indicator for revision surgery (Heffernan et al., 2008). These clinical observations have lead to the
paradigm that metal implants should be generally corrosion resistant.
However, some early and also recent findings have shown that implants made
of magnesium-based and iron-based materials may be suitable as temporary
biomaterials which degrade in vivo by corrosion (Peuster et al., 2001; Heublein
et al., 2003; Witte et al., 2005; Witte, 2010). In fact, this is a paradigm-breaking
approach to a new class of temporary implants – biodegradable metals. The
basic concept of biodegradable metals is to compose the metals of elements
which can be cleared from the body by physiological pathways and which do
not exceed the toxicity limits during the corrosion process.
Research interest is rapidly growing in magnesium-based alloys for medical applications. However, in the words of the author of Ecclesiastes, ‘there
is nothing new under the sun’ (Mantovani and Witte, 2010). The first time
that magnesium was mentioned as a biodegradable implant material was in
1878, in a report about absorbable ligatures for the closure of bleeding vessels (Huse, 1878), while pure iron had been used for implants long before.
The first studies on degradable metals in the musculoskeletal field were published at the beginning of the last century based on experiences with osteosynthesis implants made of magnesium alloys (Witte, 2010). At that time, no
attention was paid to metal allergies because of more severe surgical complications at that time, such as infection or implant failure. Skin sensitizing
reactions to metal implants were reported more often after the introduction
of aseptic surgery and less corrosive osteosynthesis materials, such as stainless steel, and are clinically still apparent in 10–15% of all implanted metals
(Witte et al., 2008a). However, biodegradable magnesium alloys have shown
no skin sensitizing potential in animal experiments (Witte et al., 2008a). The
advantage of biodegradable metals over existing biodegradable materials,
such as polymers, ceramics or bioactive glasses, in load-bearing applications is higher tensile strength and a Young’s modulus that is closer to that
of bone (Table 10.1). These facts provide enough evidence to investigate
selected metallic biomaterials as temporary implant materials.
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Table 10.1 Mechanical properties of implant materials
Material

Density
(g/cm3)

Young’s
modulus
(GPa)

Tensile
strength
(MPa)

Elongation
(%)

Surgical steel (X2CrNiMo18164)
Surgical titanium (TiAl6V4)
PEEK
Cortical bone
DL-PLA (DL-polylactide)
Magnesium alloy AZ9E, casted
Magnesium alloy Mg10Gd, casted
Magnesium alloy RS66,
rapid-solidiﬁed, extruded

8.0
4.43
1.28
1.7–2.0
1.24
1.81
N/A
N/A

193
100–110
3.6
3–30
1.9
45
44
45

585
930–1140
92
80–150
29
240
131
400

55
8–15
50
3–4
5.0
3.0
2.5
23.5

10.1.1

Brief historical introduction to biodegradable
metals

Today, pure metals are used as biomaterials in some selected applications,
such as silver coatings for antibacterial surface properties, copper for
contraceptive coils, CP-Ti for dental applications, and Pt electrodes in,
for example, cardiovascular applications. Recently, magnesium, iron and
tungsten have been investigated as biomaterials for temporary implants
(Peuster et al., 2001; Heublein et al., 2003; Peuster et al., 2003; Witte et al.,
2005). Magnesium is the most extensively investigated element, especially
for cardiovascular stent applications and musculoskeletal fixative devices.
Tungsten has been investigated as a cardiovascular coil, to close persistent postnatal shunts in animal experiments (Peuster et al., 2003). More
promising, but still in the experimental stage, are iron-based cardiovascular
devices, especially stents.
After magnesium was first mentioned as an absorbable implant material
for the closure of bleeding vessels in 1878 (Huse, 1878), it was used in the
early 20th century for fast absorbable wound closure and fixing fractured
bones(Seelig, 1924; Witte, 2010). Payr, Chlumpsky and Lespinasse used
magnesium for anastomosis of blood vessels and intestines. Payr used magnesium tubes for vessel and nerve suture, as well as for tiny arrows to treat
hemangioma (Witte, 2010). Andrews and Seelig used magnesium for the ligature of blood vessels, and as a surgical suture material. Even though Seelig
obtained large amounts of hydrogen cavities while using pure magnesium
implants, he could not detect any negative systemic effects (Seelig, 1924).
In musculoskeletal surgery, pure magnesium was first used by Lambotte
in 1906 for fracture fixation plates (Lambotte, 1932). He observed a fast
degradation of the magnesium plate within eight days when he combined
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the magnesium plate with steel screws. This report was probably the first
indication that magnesium implants degrade in vivo by a corrosion process.

10.2

Fundamental concepts of biodegradation

The control and adaptation of the implant degradation rate is crucial, since
the resorption capacity of the tissue is limited. Moreover, the local physiology of the implant environment determines the maximal degradation rate
of a temporary implant.
There are many reasons that contribute to the corrosion of metals when
implants are placed inside the human body. For magnesium corrosion in
vitro and in technical applications, the most critical factor seems to be the
local pH; however, in an in vivo environment there might be even more
influencing factors, such as local blood flow (Witte et al., 2008b). After surgery, the pH surrounding the implant is reduced to a value between 5.3 and
5.6, typically due to the trauma of surgery (Witte et al., 2008b). This process
may accelerate initial magnesium corrosion, while infectious microorganisms and crevices formed between components can reduce the local oxygen
concentration. The main challenge with iron implants is to accelerate corrosion, while magnesium corrosion is generally too fast in vivo. An option
to design appropriate magnesium alloys is to slow down the initial implant
corrosion by appropriate alloying, microstructure design, processing, and/
or an additional coating. However, it has to be kept in mind that the corrosion rate will be further reduced in vivo after implantation, due to adherent
proteins and inorganic salts such as calcium phosphates, which stabilize the
corrosion layer (Witte et al., 2005; Eliezer and Witte, 2010b). Based on this
theory, a magnesium implant with an initially reduced corrosion rate could
finally lead to an arrested corrosion process in vivo. Thus, the right balance
of a reduced corrosion rate and an assured complete corrosion in vivo would
create a useful biodegradable magnesium implant – otherwise, parts of the
implant may persist locally and will act as long-term biomaterials.

10.2.1 Corrosion in vitro and in vivo
The interdependence of the implant corrosion behavior and its human
environment is scientifically of the highest interest in this growing field.
However, accessibility of direct electrochemical measurements in humans
ranges from difficult (in the mouth) to virtually impossible (e.g., for orthopedic devices) because of ethical, safety, legal and regulatory considerations (Bundy, 1995). Consequently, much effort has been devoted to
identifying alternative environments which simulate the corrosion conditions in vivo. A possible alternative is laboratory testing performed under

© Woodhead Publishing Limited, 2013
www.iran-mavad.com

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ

346

Fundamentals of magnesium alloy metallurgy

cell-culture conditions, but such tests are less related to real life conditions
than tests on laboratory animals. The experimental parameters that simulate the corrosion in vitro are not fully known. Thus, the in vitro corrosion test system always needs to be adapted to the corresponding in vivo
application.
The physiological temperature of 37°C is an important factor influencing in vivo electrochemical behavior (Eliezer and Witte, 2010b). Dissolved
salts, particular chlorides, are probably the most influential for implant
corrosion in vivo (Bundy, 1995). Also, gases dissolved in body fluids play
an important role in implant alloy corrosion. Oxygen is one of the most
important physiological gases; its partial pressure varies widely within
the body, from about 2.67 × 102 to 1.33 × 104 Pa (Bundy, 1995). Thus, an
implant surface can be in contact with anatomical environments of widely
different PO2, creating the possibility of developing different aeration
cells (Bundy, 1995). Carbon dioxide is another gas that can be important
for in vivo corrosion, because of its influence on the pH value (Bundy,
1995). While the pH is usually homeostatically regulated at about pH 7.4,
the pH may fall to values below 4.5 at sites of inflammation, for a period
of hours, or longer if acute inflammation processes convert into chronic
inflammation (Bundy, 1995). These initial pH changes after surgery or
during inflammation are especially critical for the corrosion resistance of
magnesium implants.
The role played by proteins regarding corrosion in vivo is one of the
most important aspects of the unique environment within the body, and can
cause differences between the corrosion behavior in laboratory, chloridecontaining environments, and in vivo (Bundy, 1995; Witte et al., 2006b;
Eliezer and Witte, 2010b). Especially for magnesium corrosion, the influence of albumin and other serum proteins on the formation of a corrosionprotective film has been investigated (Mueller et al., 2009, 2010; Rettig and
Virtanen, 2009; Eliezer and Witte, 2010a). In general, from the moment an
implant is inserted into the body, it becomes covered with a layer of adsorbed
proteins (Rudee and Price, 1985). The properties of this layer change with
time, because (i) both thermodynamic and kinetic factors are involved in
protein adsorption (Neumann et al., 1980) and (ii) the adjacent cells are
actively involved in protein synthesis (Clark and Williams, 1982). The effects
of proteins on metal corrosion are complex and may increase or decrease
the corrosion rate (Clark and Williams, 1982). The in vivo environment is
characterized by dynamic, constantly changing, chemical and physiological
processes, mechanical loading patterns, and bioelectric potentials (Bundy,
1995). There is certainly more than one standardized in vivo environment.
However, in current biodegradable research no considerable attention has
been devoted to the interaction between mechanical loading and corrosion
phenomena yet. However, corrosion fatigue and stress corrosion cracking
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(SCC) are actual force patterns in vivo that may increase the corrosion rate,
while the mechanical integrity of the biomaterial is temporarily maintained
(Bundy, 1995). Special attention has to be given to the implant design, which
can alter the corrosion performance of alloys in vivo. Localized corrosion
could occur, for example, between screws and plates for crevice corrosion,
or with parts in relative motion for fretting corrosion, or both (Bundy, 1995;
Eliaz, 2008).

10.2.2 Methods to measure corrosion in vivo
The elemental components of biodegradable magnesium alloys (Mg, Al,
Li, Zn, rare earth elements) have been investigated by various analytical
methods in histological sections, bone, tissue and body fluids (Witte et al.,
2008b). However, the application of these methods for trace and ultra-trace
analysis in small sample volumes is typically hampered by the detection limits
of the elemental concentration in physiological liquids and tissues. Current
detection limits are given in serum (< 1 μg/L to about 1 mg/L), and in liver
and bone (< 1 mg/kg up to about 500 mg/kg) (Witte et al., 2008b). Further
limitations are caused by time-consuming sample preparation (AES, OES,
ICP−MS), the access to appropriate methods (NAA, synchrotron-based
methods), the lack of sufficient lateral resolution for solid sample analysis (GD−OES) or challenging interferences during the measuring process
(AAS, AES, ICP−MS, XRF) (Witte et al., 2008b).
Magnesium corrosion can be determined in vivo using microtomography. In particular, synchrotron-based microtomography (SRμCT) is a
non-destructive method with a high density and high spatial resolution
(Witte et al., 2006a). Furthermore, element-specific SRμCT can determine
the spatial distribution of the alloying elements during in vivo corrosion
(Witte et al., 2006a). The remaining non-corroded metal volume, as well
as the surface morphology, can be determined in three dimensions nondestructively on a micrometer scale using SRμCT. The reduction of the
metallic implant volume can be converted into a corrosion rate by using
a modification of the ASTM G31–72, 2004 Equation [10.1] for weight loss
measurements:
CR =

W
Atρ

[10.1]

where CR (mm/year) is the corrosion rate, W (g) is the weight loss of the
metal or alloy, A (mm²) is the initial surface area exposed to corrosion, ρ (g/
mm³) is the standard density of the metal or alloy, and t (365 days = 1 year)
is the time of immersion. Herein, the weight loss will be substituted by the
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reduction in volume (ΔV) multiplied by the standard density (ρ) resulting
in Equation [10.2]:
CR =

ΔV
Atc

[10.2]

where ΔV (mm³) is the reduction in implant volume that is equal to the
remaining metal volume subtracted from the initial metal implant volume.
This method provides a general corrosion rate of the implanted metal. A
better analysis of the local corrosion can be obtained if the corrosion rates
are calculated based on the pitting depth (Witte et al., 2009).

10.3

Magnesium-based biodegradable metals

In general, magnesium and its alloys are light metals and provide a density
of about 1.74 g/cm3, which is 1.6 times less dense than aluminum, and 4.5
times less dense than steel (Witte et al., 2008b). The fracture toughness of
magnesium is higher than ceramic biomaterials such as hydroxyapatite,
while the elastic modulus and compressive yield strength of magnesium
are closer to those of natural bone than other commonly used metallic
osteosynthesis materials (Table 10.1). Furthermore, magnesium has a low
corrosion resistance, which is due its electrochemical standard potential
of Eo = −2.363 V vs SHE, or alternatively Eo = −2.159 V vs SHE if magnesium oxides or magnesium hydroxides are formed. According to Pourbaix
(Mueller et al., 2009), these potentials may be shifted if the Mg ions are
complexed in the corrosion layer. It is obvious that magnesium carbonates and phosphates are formed during Mg corrosion under cell-culture
conditions and has been detected in a complex corrosion layer in vivo.
Thus, complexed Mg is truly changing the local potential and promotes
local pitting in vivo. However, detailed Mg corrosion processes remain
currently uncovered in vivo. If exposed to air, the surface of magnesium
is passivated by a growing thin grey layer of magnesium hydroxide, which
reduces further by chemical reactions. Magnesium hydroxides are slightly
soluble in water; however, severe corrosion occurs in saline media, as well
as in the human body, where high chloride ion concentrations of about 150
mM are present. Magnesium hydroxide accumulates on the underlying
magnesium matrix as a corrosion-protective layer in water, but when the
chloride concentration in the corrosive environment rises above 30 mM
(Shaw, 2003), magnesium hydroxide starts to convert into highly soluble
magnesium chloride. Therefore, severe pitting corrosion can be observed
on magnesium alloys in vivo (Witte et al., 2005, 2006b; Xu et al., 2007).
Importantly, magnesium corrosion is relatively insensitive to various
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oxygen concentrations around implants in different anatomical locations
(Witte et al., 2008b). The overall corrosion reaction of magnesium in aqueous environments is given as:
Mg( s) + 2H 2 O(aq ) U Mg (OH )2( s)

[10.3]

H 2( g )

This overall reaction may include the following partial reactions:

(anodic reaction)

Mg( s) U Mg(2aq+ ) + 2e −
2H 2 O(aq )

2e U H 2 (g) + 2OH

(aq )

Mg(2+aq ) + 2OH(aq ) U Mg ( OH )2( s)

[10.4]

(cathodic reaction)

[10.5]

( product formation )

[10.6]

10.3.1 Physiological and toxicological aspects
During the corrosion process, a mass of magnesium ions are released from
the magnesium implant, which can be eliminated from the body very rapidly via the blood serum and the kidneys (Witte et al., 2008b). Magnesium
can also be stored in muscle (39% of total Mg) or bone (60%), which are the
natural storages of the 21–35 g of elemental magnesium of an average adult
person who weighs about 70 kg (Witte et al., 2008b). The level of magnesium
in the extracellular fluid is kept constant at levels between 0.7 and 1.05 mM.
While serum magnesium levels exceeding 1.05 mM can lead to muscular
paralysis, hypotension and respiratory distress, cardiac arrest occurs only
for severely high serum levels of 6–7 mM. However, magnesium is essential
to human metabolism and is the fourth most abundant cation in the human
body. Furthermore, magnesium is also a co-factor for many enzymes, and
stabilizes the structures of DNA and RNA (Witte et al., 2008b).

10.3.2 Evolution of hydrogen during in vivo corrosion
In magnesium and its alloys, impurities and cathode sites with a low hydrogen overpotential facilitate hydrogen evolution (Song and Atrens, 1999),
thus causing substantial galvanic corrosion and potential local gas cavities
in vivo (Witte et al., 2005). However, there are contradicting reports on the
occurrence of gas cavities after magnesium implantation. Gas cavities have
been observed after subcutaneous implantation while intravasal application
showed no local gas accumulation. An explanation for this observation may
be based on the diffusion and solubility coefficient of hydrogen in biological
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tissues, which has been widely reviewed (Lango et al., 1996). The solubility
of hydrogen in tissues is influenced by the content of lipids, proteins and
salinity, but in fat and oils, the solubility seems to be approximately independent of temperature in the physiological range (Piiper et al., 1962; Lango
et al., 1996). Not only viscosity, but also different tissue components and
structures like lipids, proteins and glycosaminoglycans influence the numeric
value of the hydrogen diffusion coefficient (Vaupel, 1976; Lango et al., 1996).
Depending on experimental configuration, the diffusion coefficient may be
underestimated in both stagnant and flowing media due to a boundary layer
formation, which increases the effective diffusion distance (Lango et al.,
1996). This finding may be important for intravascular magnesium applications. Correlating the hydrogen diffusion coefficients from various biological media having fractional water contents from about 68% to 100%, it is
found that the diffusion coefficient of hydrogen increases exponentially with
the increasing water fraction of the tissue (Vaupel, 1976). The tissue water
content increases from adipose tissue to skin, and from bone to muscles, in
animals, and humans are similar for the same tissue regardless of the species
(Witte et al., 2008b). This can explain why different corrosion rates and gas
cavities were observed for magnesium alloys in different anatomical implantation sites (Wen et al., 2004; Witte et al., 2005, 2007; Xu et al., 2007). In an
animal study with rats, it was shown that the adsorption of hydrogen gas
from subcutaneous gas pockets was limited by the diffusion coefficient of
hydrogen in the tissue; the overall hydrogen adsorption rate was determined
as 0.954 mL per hour (Piiper et al., 1962). Thus, the local blood flow and the
water content of the tissue surrounding the implant are important parameters, which need to be considered in designing biodegradable magnesium
alloys with an appropriate corrosion rate. Concomitantly, it can be assumed
that local hydrogen cavities occur when more hydrogen is produced per time
interval than can be dissolved in the surrounding tissue, or diffuse from the
implant surface into the extracellular medium, which is renewed depending on the local blood flow. This means that magnesium alloys are corroding
in vivo with an appropriate corrosion rate when no local gas cavities are
observed during the implantation period in a specific anatomical site.

10.4

Recent research and future product development

Magnesium has been intensively investigated as a biodegradable material in
cardiovascular application for several years. The German company Biotronik
is producing an absorbable magnesium stent (AMS-1) that has been already
used in several clinical trials covering peripheral and coronary indications
(Bosiers et al., 2005; Erbel et al., 2007). However, despite the good clinical
results, Biotronik is still improving its magnesium stent (AMS-2) by prolonged
mechanical stability, improved stent design, modified alloy, and enhanced
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AMS-1

AMS-2

DREAMS

Source: Biotronic

10.1 Following preliminary clinical trials, the absorbable metal stent
(AMS-1) has been improved in regard to alloy composition, mechanical
stability and design, resulting in a mechanically improved AMS-2 stent.
Finally, a drug(DR)-eluting(E) absorbable(A) Metal(M) Scaffold(S) has
been developed, which is now under investigation in clinical studies.
With kind permission from Biotronik AG.

(a)

(b)

10.2 A high-pressure die-casting approach has been developed (a) to
produce a prototype of an interference screw (b) (scale bar = 1 cm)
for musculoskeletal applications. With kind permission from AAP
Biomaterials GmbH.

surface passivity (Fig. 10.1). The latest development of Biotronik has been the
successful reduction of neointima hyperplasia by creating a drug-eluting biodegradable magnesium stent (AMS-3, DREAMS). However, in this context,
the biodegradable stent is envisaged to perform more as an assisting healing
device and is called ‘scaffold’ instead of ‘stent’. Following the first successful
attempts to control the corrosion rate of magnesium implants in vivo, the
industrial attention to biodegradable magnesium implants in musculoskeletal
applications is rising. The first prototypes of magnesium implants for musculoskeletal applications have already been produced (Fig. 10.2). However,
although the first biodegradable prototypes have been developed, and some
basic knowledge has been summarized in reviews (Witte et al., 2008b; Zeng
et al., 2008; Witte, 2010; Chen and Zhao, 2011; Virtanen, 2011; Xin et al., 2011;
Zhu et al., 2011), there are still several open questions about the corrosion
process in vivo and the local tissue-material interaction.
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Clinical implant application?
1.
Biological environment?
2.
Property profile of implant?
3.
Understand effect of alloying elements on microstructure
4.
Select effective alloying elements for the alloy
5.
Choose processing route to achieve intended microstructure
6.
Perform tests which are appropriate for alloy and application
7.
Reconsider step 5-6 based on results from 7
8.

10.3 Following the steps and questions in this ﬂow chart may help
to select the appropriate magnesium alloy for the intended implant
application. Modiﬁed diagram from Witte et al. (2008b).

10.4.1 How to control corrosion in vivo
Magnesium corrosion in vivo can be controlled by alloying, processing and
coating. The first empirical approach in biodegradable stent development
has been successfully leading to magnesium alloys containing rare earth elements. However, a more systematic approach is needed. For use in humans, it
is recommended to use aluminum-free magnesium alloy systems, while aluminum-containing Mg alloys may be used for research purposes for example,
to investigate the corrosion-protective effect of specific coatings by measuring the release of aluminum. As indicated in Fig. 10.3, it seems to be of major
importance that an interdisciplinary team of researchers design magnesium
alloys and their production processes according to the intended clinical application, they to review available data from literature, and they perform a
critical analysis of their results and method used (Fig. 10.3). The suggested
diagram in Fig. 10.3 may help to select and produce the best magnesium alloy
based implant for a specific clinical application and ensures quality control.

10.5

Sources of further information and advice

Valuable sources of information for further reading are the special issues
on biodegradable metals which have been published in Acta Biomaterialia
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(Vol. 6, Issue 5, 2010) and in Materials Science and Engineering Part
B (Vol. 176, Issue 20, 2011). Both issues result from the Symposium on
Biodegradable Metals (www.biodegradablemetals.org), which was founded
in 2009 in Berlin by Diego Mantovani and Frank Witte and is now an annual
event. This symposium has a very active and interdisciplinary science community, which results in very intense and lively discussions at the meetings.
The symposium is addressing academia, industry and regulatory agencies.
As a result of this interactive work a workshop on biodegradable metals
has been organized at US-FDA (http://erc.ncat.edu/biodegradablemetals/). Similar workshops with European regulatory agencies are currently
planned.

10.6
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Appendix: list of abbreviations

AAS
AES
GD-OES
ICP-MS
NAA
XRD
XRF

Atomic absorption spectroscopy
Atomic emission spectroscopy
Glow-discharge optical emission
spectroscopy
Mass spectrometry with inductively
coupled plasma
Neutron activation analysis
X-ray diffraction
X-ray ﬂuorescence analysis
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