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Magnesium (Mg) alloys as well as experimental alloys are emerging as light structural materials for
current, new, and innovative applications. This paper describes the influence of the alloying elements and
the different casting processes on the microstructure and performance of these alloys and corrosion. It
gives a comprehensible approach for the resistance of these alloys to general, localized and metallurgically
influenced corrosion, which are the main challenges for their use. Exposure to humid air with ∼65%
relative humidity during 4 days gives 100-150 nm thickness. The film is amorphous and has an oxidation
rate less than 0.01 µm/y. The pH values between 8.5 and 11.5 correspond to a relatively protective oxide
or hydroxide film; however above 11.5 a passive stable layer is observed. The poor corrosion resistance of
many Mg alloys can be due to the internal galvanic corrosion caused by second phases or impurities.
Agitation or any other means of destroying or preventing the formation of a protective film leads to
increasing corrosion kinetics. The pH changes during pitting corrosion can come from two different
reduction reactions: reduction of dissolved oxygen (O) and that of hydrogen (H) ions. Filiform corrosion
was observed in the uncoated AZ31, while general corrosion mainly occurred in some deposition coated
alloys. Crevice corrosion can probably be initiated due to the hydrolysis reaction. Exfoliation can be
considered as a type of intergranular attack, and this is observed in unalloyed Mg above a critical chloride
concentration.

Keywords corrosion, magnesium, magnesium alloys

1. Introduction and Objectives

Magnesium (Mg), the world’s lightest structural metal with
a specific gravity of 1.74, occurs widespread in nature in the
form of various compounds. The principal ores of Mg are
dolomite, magnesite, and carnallite; Mg also exists in nature as
the chloride in seawater, underground natural brines, and salt
deposits. Seawater is a virtually unlimited source of Mg. It has
been estimated that 6 million tons of Mg are present in each
cubic mile of seawater and there are approximately 320 million
cubic miles of seawater on earth (DOW Chemical, 1994).[1]

For engineering applications, Mg is usually alloyed with one or
more elements, which include aluminum (Al), manganese
(Mn), rare earth (RE) metals, lithium, zinc (Zn), and zirconium
(Zr).[1]

Mg is emerging as a light structural metal for current, new,
and innovative applications. New alloys and composites are
developed or being developed for present and new challenges.
It is now almost admitted that corrosion of Mg is avoidable and
can be controlled if we have the right alloy for the right appli-
cation with an appropriate coating as recommended for certain
applications. In fact, under normal environmental conditions,
the corrosion resistance of Mg alloys is comparable or better

than that of mild steel. Poor corrosion resistance is most of the
time due to poor design, flux inclusions, surface contamination,
galvanic couples, and incorrectly applied or inadequate surface
protection schemes for specific applications. The objectives of
this paper are to consider briefly the state of the art in a com-
prehensive approach of general and localized corrosion of Mg
alloys. The emphasis of this review is given to localized cor-
rosion; however, stress corrosion cracking, fatigue corrosion,
and erosion-corrosion that may give or result from localized
attack as pitting, for example, are not considered.

2. Metallurgical Considerations

2.1 Some Current Magnesium Alloys

2.1.1 Magnesium-Aluminum Alloys. The AZ alloys,
which contain Zn as a secondary alloying element, solidify
with a sufficiently fine grain size to meet most property re-
quirements. They are highly castable and have a minimum
tendency toward hot cracking; this tendency increases with
increasing Zn content. These alloys also, however, have a ten-
dency to develop microporosity. The alloy AZ91 is the most
commonly used of all Mg alloys due to its relatively low cost
and generally adequate mechanical properties and processing
characteristics. AM60, which contains Mn as a secondary al-
loying element and has a typical elongation of 6% in the as-cast
condition, was developed to provide higher ductility and tough-
ness required for die cast automobile wheels. The second alloy,
AS41, contains silicon (Si) and Mn as secondary alloying el-
ements, being developed to provide improved elevated tem-
perature properties for engine applications such as the crank-
case of air-cooled engines.[2]

2.1.2 Magnesium-Zinc-Alloys. The extremely effective
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precipitation hardening reactions of the Mg-Zn binary and the
grain refining effect of zirconium (Zr) combine to yield high
strengths with good ductility. The Mg-Zn alloys with Zr, tho-
rium (Th), or RE elements can provide very good combinations
of room temperature yield strength and elongation. As the zinc
content in these alloys is increased, microporosity and hot
cracking become a problem, and this tends to be less severe in
the alloys containing Th or RE elements. All of these grades
tend to be more costly than Mg-Al alloys.[2]

2.1.3 Magnesium-Rare Earth, Thorium, and Silver Al-
loys. These alloys, being relatively expensive, are used selec-
tively when service temperatures exceed about 150 °C. Good
elevated temperature properties are obtained through the de-
velopment of stable grain boundary precipitates, and they gen-
erally have good castability. The Mg-RE alloys are susceptible
to oxidation while the Mg-Th alloys have more severe oxida-
tion problems.[2]

2.2 Alloying Elements and Newly Developed Alloys

Al content in Mg alloys results in better castability and an
increase of ambient tensile, compressive, and fatigue strength
as well as improves the corrosion resistance. On the other hand,
creep properties, and ductility and impact strength deteriorated
significantly.[3] At low temperatures, Mg and Al alloys do not
exhibit a ductile-brittle transition. The elastic modulus, and the
notched and unnotched yield and tensile strengths remain con-
stant or increase only slightly as the temperature decreases, and
total elongation can increase or decrease slightly. At high tem-
peratures, the commonly used Mg alloys are generally inferior
to cast Al alloys in their behavior. AS41 was developed to
improve upon the creep resistance of AZ91 although it still
does not perform as well as die cast 380 Al, for example. The
elastic modulus of Mg can also decrease significantly with
increasing temperature; e.g., the modulus of the AZ alloys
can decrease by approximately 15% at 150 °C and 30-50% at
250 °C.[2,3]

Poor creep resistance of current Mg alloys at temperatures
above 125 °C make them inadequate for most powertrain ap-
plications in automobiles, transmission cases that operate at up
to 175 °C, and engine blocks up to 200 °C.[4] When die cast
AZ91 and AM alloys are subjected to elevated temperature
creep conditions, the highly supersaturated �-Mg in the micro-
structure decomposes by discontinuous precipitation of
Mg17Al12, resulting in the microstructure. There is reason to
believe that this decomposition of the microstructure is the
prime cause of the weakness of die cast AZ91 in creep. It is
believed that the discontinuous precipitation reaction promotes
grain boundary migration and sliding, which are prominent
creep deformation mechanisms in Mg alloys. Generally the
microstructures of die cast AE42 and AS21 contain very little
of the highly supersaturated �-Mg and, as a result, very little
microstructural decomposition occurs during elevated tempera-
ture exposure. These alloys also contain strong stable inter-
granular phases, which pin grain boundaries and further hinder
both grain boundary migration and sliding.[4,5]

The intermetallic eutectic phase �-Mg17Al12 has an impor-
tant role to play in imparting strength and stiffness to Mg-Al
alloys, but the inherent brittleness of this phase limits the over-
all ductility unless it is controlled. One of the easiest ways of

doing this is to reduce the volume fraction of � by lowering the
Al content, as in alloys AM50 and AM60. Rare-earth additions
to Mg are known to increase the resistance to creep deforma-
tion. Other elements with beneficial effect are Th, yttrium (Y),
scandium (Sc), and silver (Ag). Most of the commercial Mg
alloy systems that possess creep resistance are based on rare-
earth or Y containing systems. These alloys, though widely
used in aerospace applications, find limited use in the automo-
tive industry due to the cost penalty.[5]

A new family of creep-resistant Mg alloys is based on the
Mg-Al-Sr system. Creep resistance, the tensile yield strength,
and the bolt-load-retention of these alloys at 150 °C and 175 °C
show improvement over Mg-Al-RE and Mg-Al-Si system. The
microstructure of the alloys is characterized by Al-Sr-(Mg)
containing intermetallic second phases and the alloys exhibit
better salt-spray corrosion resistance (0.09-0.15 mg/cm2 day)
than other commercial Mg die casting alloys such as AM60B,
AS41, and AE42, and the Al die casting alloy A380.[6] The AJ
alloys AJ52x and AJ62x have superior creep performance sur-
passing all other Mg alloys at high temperatures (150-175 °C)
and high stresses (50-70 MPa). The most recent alloy formu-
lation AJ62x (Mg-6Al-2Sr) has shown the highest tensile prop-
erties, excellent castability, and superior resistance to hot tear-
ing and cracking. The ductility of the AJ62x version is an
added advantage for this alloy. The alloys showed salt-spray
corrosion resistance equal to or better than AZ91D.[7]

However, Aghion et al.[3] have pointed out that the price of
Sr containing master alloys is considerably higher than that of
other alloys such as calcium (Ca) containing master alloys and
Ce-based mishmetal alloys. Also, the alloy AJ52X, for ex-
ample, requires very specific casting conditions such as a cast-
ing temperature of 720 °C and die surface temperature of 300-
350 °C, making it very difficult to die cast using the existing
equipment.[3] Alloying with Ca provides the maximum in-
crease of both ambient tensile and compressive yield strength,
and especially creep strength for equal unit weight compared
with strontium (Sr) and RE mishmetal. As Ca is a relatively
inexpensive element, and has an atomic weight which is half
that of strontium and less than one-third the atomic weight of
RE elements, it is a very attractive alloying addition.[3] It is also
evident that alloying with Ca in concentrations more than 0.3%
causes castability and ductility deterioration. Hence, it is the
challenge for alloy developers to select optimum combination
of alloying ingredients (Al, Ca, Sr, RE) to provide mainly creep
resistance and flow properties within an affordable cost regi-
men.[3]

A new creep resistance alloy development was demon-
strated by Honda R&D Center[8] and General Motors R&D
Center.[9] The alloy ACM522 developed by Honda is based on
AM50 alloy with additions of 2.5% Ce-based mish metal and
2% Ca. This alloy is already in small-scale industrial use for
production of oil pan for Honda’s 1-L engine for the “Insight”
hybrid car with fuel consumption of 35 km per liter. It was
demonstrated that this alloy exhibits creep strength in the range
of 150-200 °C, similar to that of Al alloy A384. However,
ACM522 alloy, in addition to a rather high cost, has very low
ductility (2-3%) and impact strength (4-5 J) that can limit its
potential application. Furthermore, the presence of 2% Ca in
this alloy can lead to hot cracking problems in components
with variable wall thickness and more complicated shape than
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specially designed oil pans with wall thicknesses in the range
of 2.5-3 mm.[3,8,9]

The new AXJ alloy developed by General Motors R&D
Center is based on AM50 alloy with addition of 1.7-3.3% Ca
and up to 0.2% Sr. The alloy exhibits excellent creep resistance
although its castability is very sensitive to Ca content.[9]

The alloy named MEZ after Magnesium Electron[10] includes
2.5% RE, 0.35% Zn, and 0.3% Mn, with small additions of
Zr or Ca. This alloy exhibits creep resistance and bolt load
retention better than AE42 at temperatures within the range
of 150-175 °C. However, MEZ alloy has very low ductility
(1-2%) and low tensile yield strength (95-110 MPa) at room
temperature.[3,9,10]

Mg and specialty Mg-lithium (Li) alloys, due to their supe-
rior stiffness-to-weight ratio, provide a promising matrix for
composites in applications such as aerospace and aircraft struc-
ture as well as for structural components in ultra-lightweight
communications systems. These alloys also show high electri-
cal and thermal conductivities. However their poor resistance
to corrosion and their low creep strength has slowed their de-
velopment and industrial use. Recent work indicates that an
important reinforcement of Mg-Li alloys is obtained with ad-
ditions of SiC particulates or short fibers through the conven-
tional melt route.[11] Li is a suitable alloying element, which
apart from a density reduction, increases clearly the ductility of
hexagonal Mg alloys as the comparisons with well-known Mg
standard alloys have shown.[12] Solid solutions of Mg alloys
with low Li contents (i.e., the so-called �-phase alloys) retain
the hexagonal structure and exhibit moderate strength albeit
with low formability. The ductility is much improved with
larger additions of Li, which bring about the formation of the
centered cubic phase (i.e., the � phase) but the strength is then
notably lowered. High Li alloys containing the cubic phase
exhibit lower creep properties. However, a two-phase structure
(�+�) constitutes an interesting compromise since it combines
the moderate strength of the �-phase with the excellent ductil-
ity of the � phase. Also, superplastic behavior was reported
recently for Mg-Li alloys with such a two-phase structure.[13]

Al additions increase the tensile strength and hardness of Mg-
Li alloys. Small additions of silicon in Mg alloys moderately
increase the ductility. However, at high silicon concentrations,
the brittle Mg22Si phase forms. Small additions of rare-earth
elements such as cerium (Ce), lanthanum (La), praseodymium
(Pr), yttrium (Y), and neodymium (Nd) usually provide an
overall increase in the mechanical properties of Mg alloys due
to solid-solution strengthening and fine dispersion of interme-
tallic phases. The tensile strength of the Mg-Li-Al-Si alloy was
improved by rare-earth additions but at the expense of ductil-
ity.[14]

2.3 Processing and Properties

Mg alloy castings are produced by liquid and semi-solid
molding processes: high and low pressure die casting, gravity
casting, thixomolding, and squeeze casting, while wrought
forming processes include extrusion, rolling of sheet and plate,
and forging.[15] So far, Mg alloys are processed into compo-
nents with over 95% manufactured by the high pressure die
casting process (HPDC), particularly sand and permanent mold
castings.[12,15]

The Mg-Al-Mn system constitutes the basis for all die cast-
ing alloys. The intrinsic ductility of Mg alloys generally de-
creases with increasing Al content, while the castability is im-
proved. High injection speeds, high metal pressures, and the
lack of efficient thermal barriers lead to extremely high cooling
rates. This makes high-pressure diecasting unique, since the
resulting refined microstructures provide excellent mechanical
properties. Possible explanations of the improved castability
may be the suppression of Mg17Al12, combined with the re-
duced content of casting defects like porosity. The Al11RE3

phase solidifies at temperatures near 600 °C, i.e., close to the
temperature of initial solidification of the alloys with 6-8% Al.
Additions of RE elements at a given Al content may improve
ductility. If a challenging part is designed for AM50, an AE
alloy with, for example, 6 wt.% Al can be used instead, giving
the same mechanical properties. However, this alloy will offer
the advantages of improved castability, and thus, an overall
improvement in property performance. The corrosion proper-
ties will also be significantly improved.[16]

The Thixomolding process offers net shaping, improved
mechanical properties, environmental cleanliness and de-
creased porosity.[17] Semi-solid metal casting was first devel-
oped at MIT in the 1970s and originally introduced as rheo-
casting or semi-solid metal processing (SSM). Thixomolding is
the high-speed injection molding of semi-solid thixotropic al-
loys. The process consists of introducing Mg alloy feedstock in
the form of metal granules at room temperature to a heated
barrel and screw of a modified injection molding machine and
then raising the temperature of the material to a semi-solid or
liquid state under high shear rate mixing. The semi-solid slurry,
consisting of nearly spherical solid particles suspended in a
liquid matrix, is then injected into a preheated metal mold to
make a net shape part. In contrast to die casting where the
metal enters the die as turbulent streams of atomized sprays,
the semi-solid thixotropic metal fills the mold generally in a
planar flow front. This results in lower porosity than die cast-
ings and an ability to recycle scrap without secondary treat-
ments.[18]

Unlike die casting, the process does not require separate
melting and transfer systems for handling of molten metals.
One potential disadvantage is the cost of granulate alloy feed-
stock relative to the alloy ingot used in the die casting process.
Oxidation of granules should be avoided as far as possible.
Properties for well made thixomolded products are generally
similar to those of well made die castings, although claims are
being made for lower porosity and thinner walls in thixo-
molded products.[15]

Ribbed sections, which can be thixomolded but not die cast,
are being designed into new prototype runs to produce parts
with significant weight savings while maintaining, or some-
times even increasing, strength. In areas where thermal man-
agement is critical, thinner wall sections, and even fins, can be
molded without additional machining. This stands to greatly
enhance the thermal dissipation in the final product. Net shape
forming through thixomolding can reduce the cost of complex
parts to the point where Mg components offer substantial im-
provements in thermal and electrical properties while eliminat-
ing machining and reducing finishing costs.[17]

New rheocasting (NRC) is a novel semi-solid casting pro-
cess used to produce high quality castings. Originally designed
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for Al alloy casting, laboratory trials on a 350 ton squeeze-
casting machine gave promise for its introduction to the Mg
casting market and was patented by UBE Industries Ltd.
(Kirchdorf/Krems, Austria) (EP 07 45 694 Al).[20] The NRC
process combines the common vertical squeeze casting ap-
proach with an integrated facility for producing globular ma-
terial. A slurry maker carousel with various cooling stations
and one induction heating station is also incorporated into the
unit. Unlike conventional thixocasting or thixomolding, no spe-
cial precursor material is needed. NRC allows Al castings to be
produced for the automotive industry, which demands light-
weight high-quality parts that have reproducible properties at
an economic price.[19]

Here the semi-solid processing offers a way to produce
thick-walled, pressure-tight, heat-treatable castings with little
porosity and reduced susceptibility to heat cracks.[20] The es-
sential point is that the NRC process uses conventional Mg
alloys. The process is based on controlled cooling of a slightly
superheated melt. This controlled cooling is performed in a
carousel slurry maker. It is assumed that this process can sup-
port the use of Mg alloys in hydraulic components, engine
mounts, or even suspension arms. While Thixomolding is used
for thin-walled castings, NRC can be used for thicker walled
parts, which must have limited porosity.[21]

2.3.1 Skin Properties. It has been shown that in certain
situations about 20% of the material has been solidified into
large (∼20 �m) grains in a bimodal distribution form by den-
dritic solidification in the shot sleeve of the cold chamber die
casting machine. Clearly the amount of such grains in die cast-
ing is dependent upon a number of casting parameters such as
melt temperature, shot sleeve temperature, shot volume, and
dwell time in the shot sleeve prior to application of the shot.
Due to the very high rate of heat extraction, the surface layer
(skin) of Mg die-castings has a very fine microstructure with
very small (<0.5 �m) �-Mg grains and a higher volume frac-
tion of the intergranular eutectic �-Mg17Al12 phase. This re-
sults in a hard surface layer, which can have a significant effect
on the mechanical properties of the casting. Due to the higher
volume fraction of �-Mg17Al12 in the surface layer, thin sec-
tions tend to have a slightly higher Young’s modulus than thick
sections, namely, 43.6 GPa for a 1mm thick casting compared
with 42.3 GPa for 6mm thickness.[5]

2.4 Chemical Composition and Physical and Mechanical
Properties of Some Commercial and Mentioned Alloys

2.4.1 Cast Alloys. Two major cast Mg alloy systems are
available to the designer. The first system includes alloys con-
taining 2-10% Al, combined with minor additions of Zn and
Mn. These alloys are widely available at moderate cost, and
their mechanical properties are satisfactory from 95-120 °C
(200-250 °F). At higher temperatures, the properties deterio-
rate. The second system consists of Mg alloyed with various
elemental additions such as rare earths, Zn, Th, Ag, etc., except
Al, and all contain a small but important Zr addition that im-
parts a fine grain structure, which improves mechanical prop-
erties. These alloys generally possess much better elevated-
temperature properties, but their more costly elemental
additions, combined with the specialized manufacturing tech-

nology required, result in significantly higher costs. Many of
the casting alloys are given simple heat treatments to improve
their properties, while the wrought alloys can be obtained in a
number of tempers (see Table 1 for details).[14]

The insufficient creep strength of several commercial cast
alloys is the original reason for the development of experimen-
tal Mg alloys. Low creep at relatively low elevated tempera-
tures can cause poor bearing-housing contact, leading to oil
leakage, increased noise and vibration, and/or more serious
problems if used for various housings. It is also worthwhile to
mention that one of the principal requirements of new Mg
alloys is their cost point compared with existing Mg and Al
alloys. This requirement combined with die castability issues
reduces possible options to alloy systems containing Al or Zn
as major alloying elements, with Mn, Si, Ca, Sr, and Ce-based
mishmetal as relatively small additions. Table 2 summarizes
the mechanical properties and corrosion performance of some
experimental alloys as compared with commercial ones in
Table 1.[3]

2.4.2 Wrought Alloys. Wrought materials are produced
mainly by extrusion, rolling, and press forging at temperatures
in the range of 300-500 °C. As with cast Mg alloys, the
wrought alloys may be divided into two groups according to
their Zr content (Table 3). Specific alloys have been developed
that are suitable for wrought products, most of which fall into
the same categories as the casting alloys. Examples of sheet
and plate alloys are AZ31 (Mg-3Al-1Zn-0.3Mn), which is the
most widely used one because it offers a good combination of
strength, ductility, and corrosion resistance, and Th-containing
alloys such as HM21 (Mg-2Th-0.6Mn), which show good
creep resistance at temperatures of up to 350 °C. Mg alloys can
be extruded at temperatures above 250 °C into either solid or
hollow sections at speeds that depend upon alloy content.
Higher strength alloys such as AZ81 (Mg-8Al-1Zn-0.7 Mn),
ZK61 (Mg-6Zn-0.7Zr), and the more recent composition
ZCM711 (Mg-6.5Zn-1.25Cu-0.75Mn), all have strength/
weight ratios comparable to those of the strongest wrought Al
alloys. The alloy ZM21 (Mg-2Zn-1Mn) can be extruded at high
speeds and is the lowest cost Mg extrusion alloy available.
Again, Th-containing alloys, such as HM31 (Mg-3Th-1Mn),
show the optimal elevated temperature properties. Mg forgings
are less common and are almost always press-formed rather
than hammer-forged.

3. Active-Passive Behavior of Magnesium and
Magneisum Alloys

3.1 The Potential-pH Diagram of Magnesium

The Pourbaix (potential-ph) diagram[22] shows possible
protection of Mg at high pH values, which may result from
Mg(OH)2 formation during the corrosion reaction. Perrault[23]

considered the formation of MgH2 and Mg+ and assumed that
thermodynamic equilibrium cannot exist for a Mg electrode in
contact with aqueous solutions. Such equilibrium is, however,
possible if the H overpotential is about 1 V and the pH is
greater than 5. The following reactions are considered in the
E-pH diagram[22,23] (Fig. 1):
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2H+ + 2e → H2 (Eq 1)
MgH2 → Mg2+ + H2 + 2e− (Eq 2)
MgH2 + 2 OH− → Mg(OH)2 + H2 + 2e− (Eq 3)
Mg2+ + 2OH− → Mg(OH)2 (Eq 4)

Mg+ → Mg2+ + e− (Eq 5)
Mg+ + 2OH− → Mg(OH)2 + 1e− (Eq 6)
Mg+ + 2 H2O → Mg(OH)2 + 2 H+ + e−

MgH2 → Mg+ + H2 + e− (Eq 7)

Table 1 Nominal Composition, Typical Tensile Properties, and Characteristics of Selected Magnesium Casting Alloys
(Polmear, 1994)[14]

Designation Nominal Composition, wt.% Tensile Properties

Rare
Earth

0.2%
Proof
Stress

Tensile
Strength El

ASTM British Al Zn Mn Si Cu Zr MM Nd Th Y Ag Condition MN m−2 MN m−2 % Characteristics

AZ63 6 3 0.3 … … … … … … … … As sand cast 75 180 4 Good room temperature
… … … … … … … … … … … T6 110 230 3 strength and ductility

AZ81 A8 8 0.5 0.3 … … … … … … … … As sand cast 80 140 3 Tough, leak tight
… … … … … … … … … … … T4 80 220 5 casting with 0.0015%

Be used for pressure die
casting

AZ91 AZ91 9.5 0.5 0.3 … … … … … … … … As sand cast 95 135 2 General purpose
… … … … … … … … … … … T4 80 230 4 alloy used for sand and
… … … … … … … … … … … T6 120 200 3 die casting
… … … … … … … … … … … As chill cast 100 170 2
… … … … … … … … … … … T4 80 215 5
… … … … … … … … … … … T6 120 215 2

AM50 5 … 0.3 … … … … … … … … As die cast 125 200 7 (a) High pressure die castings
AM20 2 … 0.5 … … … … … … … … As die cast 105 135 10 (a) Good ductility and

impact strength
AS41 4 … 0.3 1 … … … … … … … As die cast 135 225 4.5 (a) Good creep properties

up to 150 °C
AS21 2 … 0.4 1 … … … … … … … As die cast 110 170 4 (a) Good creep properties

up to 150 °C
ZK51 Z5Z … 4.5 … … … 0.7 … … … … … T5 140 235 5 Sand castings, good

room temp. strength
and ductility

ZK61 … 6 … … … 0.7 … … … … … T5 175 275 5 As for ZK51
ZE41 RZ5 … 4.2 … … … 0.7 1.3 … … … … T5 135 180 2 Sand castings, good

room temp. strength
and castability

ZC63 ZC63 … 6 0.5 … 3 … … … … … … T6 145 240 5 Pressure tight castings,
good elevated temp.
Strength, weldable

EZ33 ZRE1 … 2.7 … … … 0.7 3.2 … … … … Sand cast 95 140 3 Good castability,
… … … … … … … … … … … T5 100 155 3 presure tight,

Child cast weldable, creep
T5 resistant up to 250 °C

HK31 MTZ … … … … … 0.7 … … 3.2 … … Sand cast 90 185 4 Sand casting, good
T6 castability, weldable,
T6 creep resistant up to

350 °C
HZ32 ZT1 … 2.2 … … … 0.7 … … 3.2 … … Sand or chill

cast (T5)
90 185 4 As for HK31

QE22 MSR … … … … … 0.7 … 2.5 … … 2.5 Sand or chill
cast (T6)

185 240 2 Pressure tight weldable
high proof stress up
to 250 °C

QH21 QH21 … … … … … 0.7 … 1 1 … 2.5 As sand cast 185 240 2 Pressure tight weldable,
… … … … … … … … … … … T6 good creep resistance

and proof stress up
to 300 °C

WE54 WE54 … … … … … 0.5 … 3.25(b) … 5.1 … T6 200 285 4 (a) High strength at room
WE43 WE43 … … … … … 0.5 … 3.25(b) … 4 … T6 190 250 7 (a) and elevated temp,

good corrosion
resistance, weldable

(a) Values quoted for tensile properties are for separately cast test bars and may not be realized in certain parts of castings
(b) Contains some heavy metal rare earth elements
MM mischmetal; El. elongation
Reproduced with permission from [14], Institute of Materials, London, U.K.
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3.2 General Corrosion

The corrosion potential of Mg is slightly more negative than
−1.5 V in dilute chloride solution or a neutral solution with
respect to the standard H electrode due to the polarization of
the formed Mg (OH)2 film since Mg standard electrode poten-
tial at 25 °C is −2.37 V. This indicates that the metal corrodes
with an accompanying fairly stable film of rather low conduc-
tivity even in acidic solutions. The oxide film on Mg offers
considerable surface protection in rural and some industrial
environments, and the corrosion rate of Mg lies between that of
Al and that of low carbon steels (Table 4).[24] Passivity of Mg
is destroyed by several anions, including chloride, sulfate, and
nitrate. Chlorides, even in small amounts, usually break down
the protective film on Mg. Fluorides form insoluble Mg fluo-
ride and consequently tend to passivate. The presence of oxi-
dants, such as chromate, vanadates, phosphates, and others that
promote the formation of a protective layer, tend to retard
corrosion.[25]

In natural atmospheres, the corrosion of Mg can be local-
ized. The conductivity, ionic species, temperature of the elec-
trolyte, alloy composition and homogeneity, differential aera-
tion, etc. influence the corrosion morphology.

Effective corrosion prevention for Mg components and as-
semblies begins at the design stage. General corrosion attack in
salt-water exposures can be minimized through the selection of
high-purity Mg alloys cast without introducing heavy metal
contaminants and flux inclusions.

3.2.1 Formation and Properties of the Barrier Film. Mg
exposed to air is covered by a gray oxide film, which can offer
considerable protection to Mg exposed to atmospheric corro-
sion in rural, most industrial and marine environments. In aque-
ous media, Mg may form a surface film, which protects it in
alkaline environments, and poorly buffered environments. This
may result from Mg(OH)2 formation during the corrosion re-
action and can increase the pH. In aqueous solutions, Mg dis-
sociates by electrochemical reaction with water to produce a
crystalline film of Mg hydroxide and hydrogen (H) gas, a
mechanism, which is highly insensitive to the oxygen (O) con-
centration, generally in absence of oxidizing agents. Then, sites

of H discharge can control the corrosion rate according to the
total reaction:

Mg(s� + 2H2O��� → Mg(OH)2(s) + H2(g�

The oxide layer is composed of (MgO · H2O). The film
formed in air immediately after scratching the metal surface is
initially thin, dense, amorphous, and relatively dehydrated. The
oxide thickness on pure Mg after exposure for only ∼10 s at
ambient is 2.2 ± 0.3 nm (approximately seven mono-layers of
MgO) and increases slowly, linearly with the logarithm of ex-
posure time during a test of 10 months period.[26] Continuing
exposure to humid air or to water leads to the formation of a
thicker hydrated film adjacent to the metal. Exposure to ambi-
ent air for a period of 15-60 min gives a film thickness of 20-50
nm, while exposure to humid air with ∼65% relative humidity
during 4 days gives 100-150 nm thickness.[27] In the case of Al,
the air-formed oxide film on the surface is an amorphous Al
oxide, 2-4 nm thick at room temperature and this oxide appears
to reach a terminal thickness after 1 h exposure. [26]

The morphology and structure of oxide films on Mg, formed
by immersion in distilled water after 48 h, have been shown to
be composed of a three-layer structure, consisting of an inner
cellular structure (0.4-0.6 �m), a dense intermediate region
(20-40 nm) and an outer layer with a platelet like morphology,
around 2 �m in thickness (Fig. 2). The hydrated inner and the
intermediate layers are similar in structure to the air-formed
film.[24]

The Mg oxide should be hydrated to produce hydrated Mg
oxide as the Al oxide does. The hydroxide film, brucite, has a
hexagonal crystalline structure, which is layered, alternating
between Mg and hydroxide ions, facilitating easy basal cleav-
age. Cracking and curling of the film have been noted though
it is not clear whether it is from the properties of the film or the
evolution of H gas. The Pilling-Bedworth ratio for Mg(OH)2 is
1.77, which indicates a resistant film in compression. A com-
bination of internal stresses and easy basal cleavage may ac-
count for a portion of the cracking and curling of the film.
Thus, the structure of the corrosion product directly influences
the corrosion behavior of the base metal.[28]

Table 2 Ultimate Tensile Strength, Elongation, and Corrosion Rate of Some Experimental and Commercial Cast
Magnesium Alloys

Designation
ASTM Major Alloying Elements

UTS, MPa Elongation, % Corrosion Rate,
(mg/cm2/day) (a)

Reference
Number20 °C 150 °C 20 °C 150 °C

AZ91D Commercial (Al, Zn) 260 160 6 18 0.11 3
AE42 Commercial (Al, RE 240 160 12 22 0.12 3
AS21 Commercial (Al, Si) 230 120 16 27 0.34 3
MRI 153M Experimental Al, Ca, Sr, RE (Be Free) 250 190 6 17 0.09 3
MRI 230D Experimental (Al, Ca, Sr, RE) 235 205 5 16 0.10 3
AJ62Lx Experimental (5.6–6.4% Al, 1.7–2.21% Sr) 276 12 0.04 6
AJ62x Experimental (5.6–6.4% Al, 1.7–2.21% Sr) 240 7 0.11 6
AE Experimental (5–9% RE) 280 10–12 0.02–0.04 (b) 16
AM60 Commercial (6% Al, 0.13% Mn) 0.055 (b) 16
AXJ Experimental (0.87–2.6% Ca, up to 0.17% Sr) (c) (d) (d) approx. 0.11 9, 48

(a) 200 h Salt Spray Test (ASTM Standard B-117)
(b) 10 days Salt Spray Test (ASTM Standard B-117)
(c) Optimum overall castability at 2% Ca
(d) 20% greater creep strength than AE42 at 150 °C
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3.2.2 Solution pH. The Pourbaix potential-pH diagram
shows possible protection of Mg at high pH values starting at
8.5 when the activity of Mg ions is equal to 1 M at 25 °C under
atmospheric pressure while Al oxide film is stable in the pH
range of 4.0-9.0.[22,23] The relatively high pH of Mg hydroxide
(10.4) allows Mg to resist well strong bases. At acidic and
neutral pH, the barrier layer on Mg is difficult to detect; how-
ever, at pH 9 a thick white precipitate of Mg hydroxide begins
to form on the outside of the inner film. The pH values between
8.5 and 11.5 correspond to a relatively protective oxide or
hydroxide film. However, above 11.5, a passive Mg hydroxide
layer dominates the electrochemical behavior of Mg.[25]

3.2.3 Passive Properties and Stability. The quasi-
passive hydroxide film on Mg is much less stable than the
passive films formed on Al or stainless steels, for ex-
ample.[29,30] Generally, the corrosion rate of Mg alloys lies
between that of Al and that of mild steel. Amorphous oxides
are in general regarded to have better passive properties than
the crystalline ones. Al oxide is a stable amorphous one while
Mg oxide is more prone to crystallization in the form of MgO,
as a result of dehydration.[31] There are two main processes of
attack of the passive Mg surface: conversion of the protective

surface film to soluble bicarbonates, sulfites and sulfates which
are washed away by rain and/or stimulation of local cell action
by chloride ions.[32]

The film is amorphous and has an oxidation rate less than
0.01 �m/y. In general, the Mg corrosion products resulting
from the anodic reaction depend on the environment and may
include carbonate, hydroxide, sulfite and/or sulfate com-
pounds. C dioxide and sulfur dioxide play an important role in
the stability and composition of the film. A mixture of crys-
talline hydroxycarbonates of Mg hydromagnesite, Mg CO3 ·
Mg (OH)2 · 9H2O, nesquehonite MgCO3 · 3H2O, and lansford-
ite MgCO3 · 5H2O are reported to be an oxidation product on
Mg; hydromagnesite and hydrotalcite Mg6 Al2 (OH)16 CO3 ·
4H2O are formed on AZ 31 B. In an industrial atmosphere with
high SO2 content, traces of MgSO4 · 6H2O and MgSO3 · 6H2O
were detected in addition to the hydroxy-carbonate products for
an unalloyed ingot.[33]

3.2.4 Influence of Oxygen and Some Active Ions

The influence of O concentration in aqueous media is not
completely agreed on. Dissolved O plays no major role in the

Table 3 Nominal Composition, Typical Tensile Properties, and Characteristics of Selected Wrought Magnesium Alloys
(Polmear, 1994)[14]

Designation Nominal Composition, wt.%

Condition

Tensile Properties

CharacteristicsASTM British Al Zn Mn Zr Th Cu Li

0.2%
Proof Stress

MN m−2

Tensile
Strength
MN m−2

El.,
%

Ml AM503 … … 1.5 … … … … Sheet, plate/F 70 200 4 Low to medium strength
Extrusions/F 130 230 4 alloy, weldable,
Forgings/F 105 200 4 corrosion resistant

AZ31 AZ31 3 1 0.3 … … … … Sheet, plate/O 120 240 11 Medium strength alloy,
0.2(a) Sheet, plate/H24 160 250 6 weldable, good

Extrusions/F 130 230 4 formability
Forgings/F 105 200 4

AZ61 AZM 6.5 1 0.3 … … … … Extrusions/F 180 260 7 High strength alloy,
0.15(a) Forgings/F 160 275 7 weldable

AZ80 AZ80 8.5 0.5 0.2 … … … … Forgings/T6 200 290 6 High strength alloy
0.12(a)

ZM21 ZM21 … 2 1 … … … … Sheet, plate/O 120 240 11 Medium strength alloy,
Sheet, plate/H24 165 250 6 good formability, good
Extrusions/F 155 235 8 damping capacity
Forgings/F 125 200 9

ZMC71 … 6.5 0.75 … … 1.25 … Extrusions/T6 300 325 3 High strength alloy
1

LA141 1.2 … 0.15(a) … … … 14 Sheet, plate/T7 95 115 10
Ultralight weight
(specific gravity 1.35)

ZK31 ZW3 … 3 … 0.6 … … … Extrusions/T5 210 295 8 High strength alloy,
Forgings/T5 205 290 7 some weldability

ZK61 … 6 … 0.8 … … … Extrusions/F 210 285 6 High strength alloy
Extrusions/T5 240 305 4
Forgings/T5 160 275 7

HK31 … … … 0.7 3.2 … … Sheet, plate/H24 170 230 4 High creep resistance up
Extrusions/T5 180 255 4 to 350 °C, weldable

HM21 … … 0.8 … 2 … … Sheet, plate/T8 135 215 6 High creep resistance up
Sheet, plate/T81 180 255 4 to 350 °C, short time
Forgings/T5 175 225 3 exposure up to 425 °C,

weldable
HZ11 ZTY … 0.6 … 0.6 0.8 … … Extrusions/F 120 215 7 Creep resistance up to

Forgings/F 130 230 6 350 °C, weldable

(a) Minimum
Reproduced with permission from [14], Institute of Materials, London, U.K.
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corrosion of Mg in either fresh water or saline solutions.[24] Mg
dissolution in aqueous environments generally proceeds by an
electrochemical reaction with water to produce Mg hydroxide
and H gas, so that Mg corrosion is relatively insensitive to the
oxygen concentration. Some schools perform experiments
without de-aeration or stirring to simulate practical conditions,
and it has been mentioned that the percentage of O does not
influence corrosion rates at least in certain circumstances.[34]

However, the presence of O is an important factor in atmo-
spheric corrosion.[35] The most positive potentials are observed
in pure water and alkaline solutions containing sub-critical
amounts of certain anions. These potentials are usually near the

H electrode reversible potential, or readily raised thereto, by
application of a very small anodic current. Only in environ-
ments of this type, and then under good aeration, does oxygen
reduction play a significant role.[32] As the potential is lowered
due to the presence of anions, O reduction becomes negligible
relative to H evolution.[32,35]

The solubility of air and O in saline solutions decreases with
increasing concentration of the salt, but salt increases the so-
lution conductivity. The two effects combine in O reduction
cathodic systems to produce increasing corrosion rates up to
about 3.5 wt.% sodium (Na) chloride solutions and decreasing
corrosion rates above that.[36] It has been shown that O plays a
major role in the initiation of pitting of AZ 91, HK31 and some
Mg-Zn alloys in 5 wt.% Na chloride solution at room tem-
perature at relatively high corrosion potentials. This concern of
initiation of pitting by the O reduction reaction can be ex-
trapolated to other forms of localized corrosion. In acidic so-
lution, and at more negative potentials, it seems that H reduc-
tion is the main cathodic reaction.[37] Hanawalt et al.[38] stated
that the H overvoltage on pure Mg is high and is greatly low-
ered by iron (Fe), with no correlation of corrosion effect with
H overvoltage.[38]

The ability of an anion to reduce the Mg potential appears
to depend on the solubility of its Mg salt. It has been suggested

Table 4 Results of 2.5 Year Exposure Tests on
Sheet Alloys[24]

Material
Corrosion Rate,

(µm/year)

Tensile Strength
Loss (after 2-5

years, %)

Marine atmosphere
Al alloy 2024 2.0 2.5
Mg alloy AZ31 18.0 7.4
Low C steel (0.27% C) 150.0 75.4

Industrial atmosphere
Al alloy 2024 2.0 1.5
Mg alloy AZ31 27.7 11.2
Low C steel (0.27% C) 25.4 11.9

Rural atmosphere
Al alloy 2024 0.1 0.4
Mg alloy AZ31 13.0 5.9
Low C steel (0.27% C) 15.0 7.5

Fig. 1 Equilibria of Mg-H2O system in presence of H2 at 25 °C[22]

Fig. 2 Schematic presentation of the three layer structure of the oxide
films on Mg[27]
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that anions are carried by electrochemical transport to anodic
sites on the metal surface, where they form Mg salts, which are
acidic to the Mg hydroxide film. The rapid uniform corrosion
rate observed in 3M MgCl2 at a lower electrode potential sup-
ports this mechanism.[39] Examples of these activating anions
are Cl−, Br−, SO2

−2, and CIO4
−. In the presence of salt solutions

of these anions, Mg becomes several tenths of a volt active
with respect to the H electrode potential. H discharge becomes
the controlling factor on effective sites as elements of low H
overvoltage other than that of the hydroxide film itself due to
its poor electronic conduction.[32] Baril and Pebere[40] studied
the corrosion behavior of pure Mg in aerated and de-aerated
solutions (0.01 and 0.1 M) by steady-state current-voltage and
electrochemical impedance measurements. It was shown that
the anodic current densities were lower and the resistance val-
ues higher in de-aerated media. They have stated that the pres-
ence of O does not influence the cathodic reaction and so O has
no effect on Mg corrosion; however the shift of the potential in
the cathodic direction in aerated solutions and higher anodic
corrosion current densities can be explained by the presence of
bicarbonate ion in natural conditions (40 mg HCO3

−/l). Around
the corrosion potential, on the anodic side, the current was
dependent on the rotation rate, so the process should be par-
tially controlled by diffusion.[40] They showed that the corro-
sion rate is dependent on HCO3

− concentration and as a con-
sequence of the presence of CO2 in solution. The impedance
measurements showed that the corrosion rate of Mg rapidly
reached a plateau during immersion in sodium sulfate, and a
porous layer on the Mg surface is formed. They stated that the
HCO3

− increased the rate of dissolution by the formation of
soluble salts.

3.3 Agitation Influence

Agitation or any other means of destroying or preventing
the formation of a protective film leads to corrosion. When Mg
is immersed in a small volume of stagnant water, its corrosion
rate is negligible. When the water is completely replenished,
the solubility limit of Mg (OH)2 is never reached, and the
corrosion rate increases. In stagnant distilled water at room
temperature, Mg alloys rapidly form a protective film that pre-
vents further corrosion. Small amounts of dissolved salts in
water, particularly chlorides or heavy metal salts will break the
protective film locally, which usually lead to pitting.[24]

3.4 Temperature Influence in Aqueous Media

Pure Mg (99.5+ % purity < 10 ppm: Fe + Ni + Cu) im-
mersed in distilled water, from which acid atmospheric gases
have been excluded, is also highly protected. However, this
good resistance to corrosion in water at room temperature de-
creases with increasing temperature, corrosion becoming par-
ticularly severe above 100 °C. The corrosion of Mg alloys by
pure water increases substantially with temperature. At 100 °C,
the AZ-alloys corrode typically at 0.25-0.50 mm/y. Pure Mg
and alloy ZK 60 A corrode excessively at 100 °C with rates up
to 25 mm/y. At 150 °C, all alloys corrode excessively. Another
example, the alloy (AZ 31 B) has a corrosion rate of 0.43 mm/y
(17 mpy) at 100 °C, but 30.5 mm/y at 150 °C.[32] Water vapor
in air or in O sharply increases the rates of oxidation of Mg and

its alloys above 100 °C, but boron trifluoride (BF3), SO2, and
BF6 are effective in reducing the oxidation rates.[24]

The increase in corrosion rate, with increasing temperature
in ternary alloys is higher than that of pure Mg and may be due
to the activation of some impurities in the ternary alloy at
higher temperatures. It appears that the onset of pitting in a
given alloy and in certain media depends on a critical pitting
temperature below which only uniform corrosion is encoun-
tered. The corrosion of AZ 31 in Mg perchlorate with tempera-
ture revealed only a gradual increase without pitting.[29,30]

Increasing temperatures sometimes precipitates protective
salts, such as Ca carbonate, which decreases corrosion rates in
normal-to-hard waters. Temperature differentials between
points in a flow system can produce accelerated attack due to
differences in ionic activity. The hot zones are generally anodic
in the start; however, protective scales occasionally precipitate
on the high-temperature metal surface regions and attack pro-
ceeds at the cooler sites.[36] Carbonate scaling and its measure-
ment through the Langelier Index should be determined. Tem-
perature increase generally decreases solubility of gases in
open aqueous solutions, particularly O. This reduces the ca-
thodic action, or more exactly that portion due to O reduction
that is not determined precisely till now for Mg and Mg alloys
and so the decrease of the amount of anodic reaction is not
guaranteed.[29,30,36]

3.5 Atmospheric Oxidation

At room temperature, there is a significant difference in
corrosion resistance between alloy constituents, and in a NaCl
aqueous environment, the Mg17Al12 phase exhibits a better
resistance by nearly one order of magnitude than �-Mg.[41]

Although the majority of present applications of Mg alloys
cover room temperature environments, the alloys are subjected
to high temperatures and detrimental contact with an oxidizing
medium at various stages of manufacture including heat treat-
ment, welding, casting, various routes of semisolid processing
or future automobile applications, for example. A requirement
of the removal of the skin layer, degraded by reheating prior to
thixocasting and thixoforming, not only causes losses of ma-
terial, but also contributes to a reduction in the billet tempera-
ture, important for the further stage of die-cavity filling.[41]

In Fig. 3, it is seen that the commercial AZ91D Mg alloy,
tested at a temperature of 197 °C, does not increase its mass for
time periods as long as 10 h. The measurements conducted at
437 °C revealed an accelerated mass gain after approximately
30 min of the reaction and this indicates that the capacity of
protection of the oxide barrier disappears progressively in a
critical temperature zone. The diffusivity (D) of Mg within the
MgO lattice at 400 °C is as low as 2.24 × 10−18 m2/s, justifying
negligible mass gains. Due to the large difference in densities
between the oxide and metal, expressed by the MgO to Mg
volume ratio of 0.81, the scale should not form a compact
layer. Observations show, however, that no systematic spall-
ation of oxide occurs in the thin film range where it exhibits
highly protective behavior. The inherent strength of the thin
MgO film in which the stress is operating is essentially two-
dimensional, and the oxide can withstand the tensile stress
necessary to adapt to the dimensions of the metal. Rupturing
occurs only after the film exceeds a critical thickness as a
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function of longer times and higher temperatures. Accelerated,
non-protective oxidation is expressed by the growth and co-
alescence of oxide nodules, subsequently transformed to scales
with a loose structure.[41]

4. Corrosion Influenced by Metallurgical
Properties

4.1 Intergranular Corrosion

Intergranular corrosion (IGC) of Mg alloys does not occur
because the grain-boundary constituent is invariably cathodic
to the grain body. Corrosion of Mg alloys is concentrated in the
grains, and the grain-boundary constituent is not only more
resistant to attack, but is cathodically protected by the neigh-
boring grain.[28,42] However, in the early stages of immersion,
a localized attack of Mg and its alloys can be formed at the
grain boundary at the interface of cathodic precipitates in mild
corrosive media and can be considered as intergranular (inter-
crystalline) corrosion. Since IGC has much sharper tips than
pitting corrosion, it is a more drastic stress riser and has a more
damaging contribution to corrosion fatigue.

Figure 4 shows the corroded surface of alloy AE81 after the
hydroxide film has been stripped off in chromic acid. The grain
bodies with a low Al concentration corrode at a faster rate than
the Al-rich regions along the grain boundaries, as can also be
seen in other Mg-Al alloys. However, in AE alloys, the pits
do not easily penetrate the Al-rich zones. Good pitting resis-
tance of the die-cast AE alloys is, therefore, attributed to the
presence of these Al-rich zones, which appear to act as barriers
against pit propagation. If these barriers are removed by a
homogenization heat treatment, the corrosion resistance is re-
duced. Homogenized AE81 exhibited corrosion rates more
than 100 times higher than the as-cast material during a three-
day immersion test in 5% NaCl solution. It is not yet clear
whether this unusual sensitivity of corrosion to heat treatment
is related to the absence of Mn in this AE81 alloy. The corro-
sion rate of alloys AM80 and AZ91 were only moderately
influenced by a similar heat treatment. In general, homog-
enized specimens exhibited deeper localized attack than the
as-cast material.[24,28]

4.1.1 Exfoliation Corrosion. Exfoliation can be consid-
ered as a type of intergranular attack, and this is observed in
unalloyed Mg above a critical chloride concentration. This
morphology was not seen in Mg alloys, in which individual
grains were preferentially attacked along certain crystallo-
graphic planes. The early stages of this form of attack caused
swelling at points on the surface due to apparent delamination
of the Mg crystals with interspersed corrosion products, but as
attack proceeded, whole grains or parts of grains disintegrated
and dropped out, leaving the equivalent of large irregularly
shaped pits.[43]

4.2 Alloying Elements and Corrosion

Concentrations above 4% of Al in Mg alloys have been
reported to give a significant increase of corrosion resistance to
them. Influence of Al on MgO passive film has been examined
by Nordlein.[31] Beldjoudi et al.[45] synthesized Mg-9Al, Mg-
3Al, Mg17Al12, and AZ91E from high purity materials and
studied their corrosion behavior in a 5% NaCl solution satu-
rated with Mg(OH)2. Corrosion rates were determined for each
material including pure Mg using polarization resistance meth-
ods after about 80 min of exposure. Except for Mg, corrosion
rates were remarkably similar with the Mg17Al12 material (i.e.,
lowest at 9�A/cm2).[44,45] Danielson and Jones[46] showed that
the corrosion rates determined by polarization resistance in
aerated 3.5% NaCl solution after 48 h of exposure are as fol-
lows: AE42 > ZAC8506 > AZ91D. This general trend follows
the Al content with the highest Al concentration resulting in the
lowest corrosion rate. The inner surface of the ZAC8506 cor-
roded at a rate almost a factor of six greater than the mold-side
surface. The spherical particles in the thixomolded alloys ap-
pear to be more resistant to corrosive attack even when the
particles showed some signs of aging compared with the sur-
rounding matrix, probably due to the high Al content in solid
solution.[46]

The alloys ZM5-A and ZM-6, which were prepared using

Fig. 3 Exemplary atmospheric oxidation kinetics of an AZ91D alloy
in air[41]

Fig. 4 Morphology of corroded AE81 after removal of the hydroxide
film[42]
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the pure Mg ingots produced by the Pidgeon process, i.e.,
distilled Mg, showed better corrosion resistance than ZM5-B
and ZM6-B, which were prepared using pure Mg ingots pro-
duced by electrolytic process. For the same purity grade, the
distilled Mg may possess less of the impurity elements Fe, Ni,
Cu, and Cl than electrolytic Mg.[47] Impurities, such as Fe, Ni,
Cu, Cl, etc., could accelerate the corrosion of these Mg alloys,
especially for ZM5, while alloying elements Zr and/or Nd
could increase corrosion resistance of ZM1 and ZM6.[47] It has
also been shown that melting Mg carefully and alloying with Zr
and other RE elements such as Nd improve the corrosion re-
sistance of Mg alloys.[47]

Other work by Pettersen et al.[8] has been done to improve
the corrosion resistance of AS21 by exchanging Mn with RE
elements, based on the mutually limited solubility of Mn and
RE in the AS-based alloys. AS21X alloys with RE in the range
0-0.4 wt.% and Mn in the range of 0-0.35 wt.% were produced
in 100 kg batches in mild steel crucibles. Standard protection
gases were used. The alloys were produced at 740 °C, and
thereafter stabilized stepwise at 720, 700, 680, and 660 °C. At
each of these temperatures both permanent mold-cast disk
samples and die-cast test plates were produced. The Fe content
was below 40 ppm in all specimens cast at 720 °C and below.
The die cast test plates were corrosion tested in salt spray for
240 h according to ASTM B117. The correlation between Mn-
content and corrosion rate is clear, showing an optimum for
0.05-0.1 wt.% Mn, and a corresponding RE content of around
0.15 wt.%. The study of the intermetallic particles in the die
cast material shows a significant difference in particle compo-
sitions between AS21 and AS21X, which can explain the im-
proved corrosion behavior of AS21X.[8]

The overall effect of an alloying element on corrosion rate
depends on where and in what form and amount it is present in
the alloy. Since both AC52 and AC53 were prepared by adding
Ca to AM50, the addition of Ca first decreases the corrosion
rate and then increases it. Calcium initially dissolves in Mg and
improves its corrosion properties by lowering its activity. On
further increasing the concentration of Ca in Mg, Ca forms an
intermetallic compound (Mg2Al)2Ca with Al and Mg,[48] which
is probably more cathodic in nature than Mg, and therefore,
increases the corrosion rate. Additions of 0.3% Si in AC53
increase the corrosion rate of the alloy, but the rate decreases
upon adding Sr to AC53 + 0.3%Si. Both Ca and Sr are anodic
to Mg, and therefore, both elements in small amounts reduce
the corrosion of Mg. On the other hand, Si increases corrosion
because it is cathodic to Mg.[49]

4.3 Influence of Alloying Elements and Microstructure on
Passivation

Alloying affects the nature of the barrier film, but these
effects are poorly understood. The presence of the elements Fe,
Mn, Al, Ca, and Sr as a part of the corrosion products and their
influence on the protection quality of the Mg oxide film has not
been completely examined. Another important consideration is
that modification of the oxide properties of Mg alloys can lead
to further improvements in corrosion resistance of Mg al-
loys.[44] The corrosion of Mg and its alloys is also strongly
dependent on the absence of impurity elements, some of which
have well-defined tolerance levels above which corrosion re-

sistance drops dramatically. For conventional Mg alloys, these
tolerance limits must be observed even if extensive surface
treatments are applied. These elements may influence the com-
position, adhesion, and protective quality of the hydroxide
film.

Atmospheric conditions give thicknesses of between 1 and
15 nm on pure and several Mg alloys.[26] In the case of pure Mg
with Al (3-8.5 wt.%), an initial oxide film is formed, which is
thicker than that formed on Al or Mg metals. However, it
should be noted that after this initial attack, the oxidation rates
are all significantly lower than for pure Mg during the first
week of exposure. It is believed that the presence of Al ions in
the oxide film increases the activation energy for ion move-
ment.[26,50] With increasing Al content of the alloy, all layers
become dehydrated and enriched in Al oxide. Furthermore, the
innermost and outermost layers decrease in thickness. These
changes are particularly significant when the Al content of the
alloy is increased above 4%, which corresponds to about 35%
Al in the innermost layer. This threshold is characterized by a
significant improvement in the corrosion resistance. It has been
shown that Zn is the fastest diffusing of the components in the
Mg–Al–Zn ternary system. Zn could thus compete with Al for
sites in the MgO lattice and would then lessen the beneficial
effects of the former ion. Mg containing low concentrations of
impurities of Fe or Mn is shown to oxidize significantly more
rapidly than pure Mg does. The impurities are present as in-
clusions, and localized oxidation is enhanced in their vicinity
around the Mn and Fe inclusions.[26]

The � phase is inert to the chloride solution in comparison
to the Mg matrix and acts as a corrosion barrier depending on
the manner in which the Mg17Al12 phase is distributed (Fig. 5).
The corrosion resistance of the � phase, observed generally in
the cast alloy, can be related to its passive behavior within a
much wider pH range than its pure components.[51,52] Mathieu
et al.[34] showed that galvanic corrosion occurs in AZ91D die-
cast and semi-solid castings between the two main phases, �
and �. However, it has been stated that the semi-solid process
induces strong modification of the microstructure of AZ91D
alloy in terms of distribution, composition, and volume fraction
of the constituent phases, and these castings have shown a
corrosion rate at least 35% below that of the die-cast alloy. The
better corrosion behavior of thixocast alloys is, thus, attributed
to the particular composition of the �-phase resulting from the
treatment of the �-phase (3 wt.% Al versus 1.8 wt.% Al for
die-cast alloy). Semi-solid castings lead to structures with large
rounded grains in a solid solution of Mg (� phase Mg4Al)
whereas the die-cast alloys are more homogeneous. Also, the
whole surface area of the � cathodic phase is very low com-
pared with that of the �-phase, and the � phase contains more
Zn in the thixocast alloy.[34] Daloz et al.[53] have shown that Zn
increases the potential and decreases the corrosion current rate
of the � phase (Mg17Al11Zn). The � phase Mg17Al11Zn should
be relatively unattacked within the alloy. The extent of the
phenomenon (galvanic corrosion) is connected to the surface
ratio between the cathodic � phase and the anodic �-phase.
This is very low for the semi-solid cast alloy as compared with
the die-cast alloy.[34,51-53]

Potentiodynamic polarization curve measurements in 0.17
mol/1 NaCl solution saturated with Mg(OH)2 were carried out
to analyze the electrochemical behavior of thin wall Mg prod-
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ucts including commercial housings. It was found that the
thixomolded and die-cast surfaces tend to be enriched with Al
and the former was more prominent. The good corrosion re-
sistance of thixomolded AZ91D was electrochemically verified
by the presence of pseudo-passivation in NaCl solution. The
passivation is considered as more stable at small ipass (passive
current) with noble Ebd (breakthrough potential). The test plate
with 1 mm thickness seems to create the most stable surface.
The decrease of section thickness is effective in improving the
corrosion resistance. The corrosion rate of 0.018 MCD (mg/
cm2day) was obtained at a site, 0.8 mm thickness, according to
ASTM B117 after 360 ks. Further decrease tends to provoke
the localized corrosion near the overflow section. The selection
of optimum wall thickness is useful for the production yields as
well as corrosion resistance.[54,55] A significant statement rel-
evant to the improvement of passivity can be attributed to the
amorphous structure and the beneficial effect of NiO and
Nd2O3 (for Mg65Ni20Nd15).[56] Krishnamurthy et al.[57] noted a
pseudo-passive behavior in rapidly solidified binary Mg-Nd
alloys, and this was attributed to the modified passive layer
enriched in Nd.[56,57] An improvement of corrosion behavior
can be expected by the formation of another oxide in MgO or
through the formation of a double oxide to give a continuous
and uniform coverage of the alloy surface under various cor-
rosion conditions.[58-60] It has been shown that the dissolution
rates, determined from the volume increase of collected H gas
of melt-spun amorphous Mg-Ni-Nd alloys immersed in 3%
NaCl solution, were all much lower than that of pure Mg rib-
bon. Mg65Ni20Nd15 exhibited a dissolution rate as low as 965.2
�m/y (38 mpy) in 3% NaCl solution saturated with
Mg(OH)2.[61] Using DP-XPS, Yao et al.[56] ascribed the high
corrosion resistance of Mg65Ni20Nd15 in 3% NaCl solution
saturated with Mg(OH)2 to the formation of a protective sur-
face film with high content of oxidized Nd. Using AES depth
profile, Gebert et al.[62] attributed the improved corrosion prop-
erties of amorphous Mg65Cu25Y10 in high alkaline hydroxide
electrolyte to the formation of a homogeneous, dense and
highly protective passive film. It was reported that some CO3

−2

species have been identified in the breakdown film, indicating
that the incorporation of CO3

−2 leads to a poor protection of the
Mg surface.[59,63]

4.4 Skin Properties of Castings

The skin for cast materials of AZ 91D has been shown to
have almost 10% of the corrosion current of the same polished
interior material in 1 N NaCl at pH 11. The penetration rate in
mm/y for the interior was 5.72 as compared with 0.66 of that
of the surface, with the difference in corrosion rate being nearly
a factor of 10 for corrosion rates in NaCl solutions.[64] The fine
grain microstructure, the high volume fraction and nearly con-
tinuous nature of the intergranular �-Mg17Al12 in the near sur-
face microstructure can result in the formation of an effective
barrier against further corrosion.[5] There were also more mi-
cropores and the pores were somewhat larger in the center of
the samples than towards the sample surfaces. Back-scattered
SEM images showed that there was much more � phase and the
� phase was finer in the skin layer of die-cast AZ91D than in
the sample center.[5,64]

The � phase serves a dual purpose in corrosion; the � phase
can act either as a barrier or as a galvanic cathode. When it has
a beneficial effect to increase the corrosion resistance, the �
phase is stable in the test solution and it is inert to corrosion
attack. So, if the � grains are very fine and the � fraction is not
too low, the � phase is nearly continuous like a net over the �
matrix, and the � phase particles do not easily fall out by
undermining. The corrosion of the �-phase is then quite easily
obstructed by corrosion products on its surface, and so corro-
sion is greatly retarded. The high density of porosity in the
center of the sample gives a larger exposed area to corrosion.
The electrochemical processes inside of a micro-pore are easily
obstructed by corrosion products and corrosion is accelerated
by the auto-catalytic pitting mechanism, assisted also by the
fact that the micro-pores usually originate from defects in the
alloy.[64]

4.5 Welding and Localized Corrosion

Welded Mg structures and localized corrosion, and stress
corrosion cracking (SCC) residual stresses heated by welding,
are found particularly dangerous to SCC resistance and so a
low-temperature thermal stress-relief is a recommended prac-
tice. Shot peening and other mechanical processes that create

Fig. 5 Schematic presentation of typical possible galvanic corrosion between some of the phases of Mg-Al alloys
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favorable compressive surface residual stresses may also in-
crease SCC resistance.[2,28] Magnesium extruded alloys with
approximately 3-8% Al and 0.5-0.8% Zn are susceptible to
filiform corrosion and pitting corrosion in aqueous chloride
solutions depending on the chloride concentration. The resis-
tance of non-welded alloys increases with Al content. On weld-
ing of the alloys, the corrosion resistance is determined by the
Al/Mg proportion at the surface of the non-affected material
and the laser-welding seam. The pits occur mainly in the heat-
affected zone of the welding seam. The laser beam welded
material AZ61HP was found to have excellent resistance.[65]

5. Localized Corrosion Phenomena

5.1 Galvanic Corrosion

Galvanic corrosion can start as general corrosion that can
change to localized corrosion, and in other instances, it can
begin as local galvanic attack depending on the metallic phase
distribution and morphology, solution properties, agitation pro-
file, temperature, etc. Since Mg is anodic (or sacrificial) to all
other engineering metals, the severe corrosive attack that often
occurs with Mg assemblies in salt water environments has long
been a deterrent to the use of Mg alloys in structural applica-
tions. The degree to which the corrosion of Mg is accelerated
by the galvanic couple in a given environment depends in part
on the relative positions of the two metals in the electrochemi-
cal series (Fig. 6). Practical free corrosion potentials in a chlo-
ride-containing medium are given to show a more realistic
estimation on the possible electromotive galvanic cell in a con-
ducting medium (Fig. 7). Equally important is the polarization
that reduces the potential difference of the couple as the gal-
vanic current develops. Because Mg shows little, if any, anodic
polarization in salt water, the reduction of the potential differ-
ence in the galvanic cell typically results from polarization of
the cathode, where water is reduced to H gas and hydroxyl
ions. Some metals, such as Fe, nickel (Ni), and copper (Cu)
serve as efficient cathodes, while other metals, such as Al, Zn,
cadmium (Cd), and tin (Sn), while equally cathodic to Mg in
some environments, are much less effective cathodes due to
their tendency to inhibit the combination of atomic H on sur-
faces to form the hydrogen gas that evolves.

Galvanic corrosion of Mg alloys can generally be attributed
to two basic causes: (a) poor alloy quality due to excessive
levels of heavy metal or flux contamination and (b) poor design
and assembly practices, which can result in severe galvanic
corrosion attack. For continuous outdoor use, where Mg as-
semblies may be wet or subjected to salt splash or spray, pre-
cautions against galvanic attack must be taken. Although cor-
rosive attack from any source can jeopardize the satisfactory
performance of Mg components, attack resulting from galvanic
corrosion is probably the most detrimental. Improved perfor-
mance in assemblies can be realized only if proper measures
are taken to control the potential for galvanic attack through
careful design, selection of compatible materials, and the se-
lective use of coatings, sealants, and insulating materials. Un-
der stagnant conditions of corrosion or under conditions of high
cathodic current density where the pH becomes strongly alka-
line, both the Mg and an amphoteric contacting metal such as
Al may suffer severe attack. Al alloys containing appreciable
Mg, such as 5052, 6053, and 5056, are least severely attacked
in chloride media when galvanically coupled. This fact was ob-
served in galvanic couples of Mg and Al alloys exposed to tide
water and in the atmosphere at Hampton Roads, Virginia.[24]

Although the general corrosion resistance of high-purity Mg
alloys is even better than A380 Al alloy in atmospheric or
saline environments, galvanic corrosion remains a concern for
design and applications engineers in developing Mg compo-
nents. The poor corrosion resistance of many Mg alloys is
mainly due to the internal galvanic corrosion caused by second
phases or impurities. The degree of external galvanic corrosion
attack on Mg is strongly influenced by the compatibility of the
second metal in contact with the Mg parts, with Al alloy 5052
being the most compatible metal and steel the least. Proper
design, combined with the use of non-conductive or compatible
Al shims or washers, is a very simple and efficient way to
prevent galvanic corrosion when a Mg part is attached to an-
other metal.[4]

Galvanic corrosion can start as general corrosion that can
transition to localized corrosion, and in several cases, it can
begin as local galvanic attack depending on the metallic phase
distribution and morphology, solution properties, agitation, and
temperature. Common impurities that influence corrosion in
commercial Mg alloys are Fe, Ni, Cu, Pb, and Si, and the

Fig. 6 Standard reduction potentials of various metals
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important Mg alloys containing Al, Mn and Zn. A general
pitting attack is observed when Fe, Ni, or Cu content is in
excess of the tolerance limit for one or more of the aforemen-
tioned elements. Blast residues such as steel from shot blasting
or silica from sand blasting can cause general pitting attack in
saline environments. Flux inclusions result in localized attack
that is clustered or distributed randomly on machined surfaces
of castings. Scanning electron microscopy/energy dispersive
x-ray analysis of a freshly machined surface (free of finger-
prints or other sources of contamination) reveal pockets of Mg
and potassium (K) chlorides, as well as traces of Ca, Ba, and S.
Zr and Zr-Fe compounds may also be associated with the de-
posits in Zr bearing alloys. Chromic acid pickling followed by
chemical treatment and surface sealing can alleviate the prob-
lem of galvanic corrosion related to inclusions in finished cast-
ings. The use of sulfur (S) hexafluoride (SF6) that replaces the
fluxes for the protection of melts during casting can also be
used to eliminate this problem.

The increase in corrosion rate due to Cu or Fe above their
respective tolerance limits is considerably reduced by the pres-
ence of Mn or Zn. Zn also increases the tolerance limit of Mg
to Ni. The use of 0.2-2% Mn and 1-1.5% Zn are indicated since
they correspond actually to the present common alloys. The
tolerance limits of these impurities have no explicit one reason
till now, however, the four reasons given by Hanawalt et al.
are[38]

• The limit of solubility of the impurity in the alloy can
explain the tolerance limit of Cu impurity but not that
of Fe.

• It can be admitted that isolated spots are not effective
unless there are a critical number of cathodic sites to create
an important attack.

• The absolute magnitude of the critical concentration de-
pends upon the extent of corrosion caused about each par-

ticle. Probably, corrosion continues until the particle is
removed by undermining itself.

• It is possible that there exists a critical anodic current
density that will permit the film to form on the surface.

Severe corrosion may occur in neutral solutions of salts of
heavy metals, such as Cu, Fe, and Ni. Such corrosion occurs
when the heavy metal, the heavy metal basic salts, or both plate
out to form active cathodes on the anodic Mg surface. This can
be considered as galvanic corrosion that leads typically to lo-
calized corrosion such as pitting. Chloride solutions usually
break down the protective film while fluoride solutions form
insoluble Mg fluoride and corrosion is reduced. Oxidizing
salts, containing chlorine (Cl) or S atoms, are more corrosive
than non-oxidizing salts. Chromates, vanadates, phosphates,
and many others are film forming and thus retard corrosion,
except at elevated temperatures.

5.2 Pitting and Filiform Corrosion

Pitting and crevice corrosion are usually associated with the
breakdown of passivity. Filiform corrosion was observed at
critical concentrations before that of pitting. Pitting is a form of
localized corrosion that is often a concern in applications in-
volving passivating metals and alloys in aggressive environ-
ments. Pitting can also occur in nonpassivating alloys with
protective coatings or in certain heterogeneous corrosive media
ASM.[36]

The AZ, AS, and AM type alloys maintain a bright and
shiny appearance in the unattacked part of the corroded sur-
face, whereas the AE alloys tend to become dull due to the
build-up of a relatively thick hydroxide film and the formation
of numerous small pits, usually only a few micrometers in
depth. The corresponding backscattered electron image (BEI)
and x-ray maps indicate a high chloride concentration in the

Fig. 7 Practical corrosion potentials of various metals and alloys measured in 3-6% sodium chloride solution[29]
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pits and high Al concentration in the unpitted areas. The few
studies of pitting of Mg and Mg alloys have been concerned
with comparing the pitting behavior of cast to that of rapidly
solidified Mg alloys. In these studies, two parameters indica-
tive of pitting resistance were measured: (a) ip, the passive
current density, which is a measure of the protective quality of
the passive film, and (b) Eb, the breakdown potential, which
indicates the resistance to the breakdown of the passive film
that results in pitting attack. The more positive the value of Eb,
the more protective is the film on the metal surface.[28]

Filiform corrosion tests for pitting and filiform corrosion
were performed both in unstirred solutions and by exposure in
a flow channel equipped with an optical cell for in situ micro-
scopic observation of the corroding surface. These tests con-
sisted of exposing the specimens to NaCl solutions of various
concentrations at room temperature, 5% NaCl in most cases.
Both de-aerated solutions and solutions exposed to ambient
conditions were used.[66]

Filiform corrosion observed on AZ91 is quite different in
nature from the well-known mechanisms of filiform corrosion
and occurs on an uncoated surface with unusually high filament
propagation velocities. This is very possibly due to the pres-
ence of a highly resistant air-formed oxide on alloy AZ91.
Filiform propagation does not require the presence of dissolved
oxygen in the environment; it is essentially fuelled by H evo-
lution occurring at the filament head and outside the filaments.
Anodic polarization enhances filiform corrosion at the expense
of pitting. The rate of filament propagation is independent of
material temper, surface treatment and presence of oxygen in
the environment. It is controlled by mass transfer limitations
resulting from the formation of a salt-film at the filament
tip.[66]

Filiform corrosion is thought to be a special form of tun-
neling, which appears to be the forerunner of regular pitting.
Filiform propagation is characterized by unusually high corro-
sion rates under high anodic control at the surface. Morphology
and directionality of filaments are determined by the material
microstructure such as compositional and crystallographic fac-
tors.[66] Filiform corrosion was observed in the uncoated AZ31,
while general corrosion mainly occurred in the deposition
coated AZ31, which seems to be suppressed during the pre-
ceding immersion test. Morphologies and compositions of cor-
rosion products formed on the uncoated and deposition coated
AZ31 alloy are different from one another, which is believed to
lead to the difference in corrosion behavior.[67]

5.3 Crevice Corrosion

It is recognized that the environment within the crevice is
different from that of the bulk environment. O differential cells
could be established between cathode surfaces exposed to, for
example, oxygenated seawater and anodic crevice areas. It
could also be admitted that hydrolysis reactions within crevices
could produce changes in pH and chloride concentration in the
crevice environment. It is very probable that crevice corrosion
can be initiated due to the hydrolysis reaction in case of Mg and
Mg alloys, at least in certain conditions where it is believed that
oxygen does not play a major role in the corrosion mechanism.
The formation of Mg hydroxide should influence the properties
of the interface between the Mg and the solution in the crevice.

It should be mentioned that in stagnant distilled water, Mg
and Mg alloys have a very low rate of corrosion. It is important
then to characterize water chemistry such as: pH, aeration,
temperature, alkalinity, and specific dissolved ion concentra-
tions. Contaminants may vary as a function of the source (well,
river, estuary, storm drains) and of climatic conditions (wind
direction, temperature, acid rain). Any heavy metal contami-
nation of the aqueous solution at the interface can plate out on
the metal surface and cause galvanic localized attack. Natural
waters, depending on the source, may have variable concen-
trations of dissolved carbonates such as Ca, Mg, and/or Na,
with the solubility controlled by the partial pressure of C di-
oxide and the solubility product of Ca carbonate that vary with
alkalinity and temperature.[36]
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