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The degradation of materials generally occurs via corrosion, fatigue, and wear. Once a magnesium (Mg)
alloy is chosen for a certain application, corrosion testing is generally required as a function of the expected
service environment, the type of corrosion expected in service, and the type of surface protection, depend-
ing on the material and its use in the intended surface. In the absence of appropriate standards for the
testing of magnesium alloys, a brief summary of the various procedures of accelerated electrochemical and
corrosion testing of Mg alloys that have been adopted by different schools is given, accompanied by some
critical comments for future work. Hydroxide, hydroxide-chloride, and corrosive water formulated ac-
cording to American Society for Testing Materials (ASTM) standard 1384-96 are considered to evaluate
general corrosion, localized corrosion, and corrosion influenced by metallurgical parameters. The influ-
ence of agitation, oxygenation, pH, and temperature are discussed. Surface cleaning, superficial micro-
structure, and surface preparation for testing are discussed. Appropriate electrochemical methods that can
be applied to this relatively new and electrochemically active structural material are described. Corrosion
potential measurements, polarization, impedance, noise electrochemistry, and surface reference electrode
technique are recommended as valuable methods for evaluating the resistance of existing or experimental
alloys to these types of corrosion. Corrosion kinetics and varying properties of the solution at the alloy/
solution interface are examined. A critical description of the relevance and importance of these methods
to corrosion testing of Mg alloys is given.
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1. Prior Considerations to Mg Testing

One of the most important and indispensable steps to pro-
mote the use of magnesium (Mg) as a structural material is the
development of standardized testing procedures that can be
accepted by the interested organizations and customers, as well
as by the government agencies that regulate them. Precise test-
ing standards can give the manufacturer and the user a solid
and safe basis for the fabrication, use, and performance of Mg
alloys. Corrosion testing can also help in the development of
both new alloys with better corrosion performance and efficient
coatings. Properly conducted corrosion testing can mean the
saving of millions of dollars and, more importantly, can save
lives by preventing premature failures of structural compo-
nents. Determining the best material to meet a requirement and
predicting the probable service life of a product or a structure
depends enormously on environmental conditions and on varia-
tions of the metal/liquid interface properties as a function of
time. The selection of the appropriate Mg alloy for the targeted
environment should help to establish Mg alloys as light struc-

tural materials for this century. Testing can help in selecting
and/or developing suitable inhibitors and/or efficient coat-
ings.[1]

The degradation of materials generally occurs via three
well-known mechanisms, which are frequently interconnected
(i.e., corrosion, fatigue, and wear). In selecting corrosion tests,
generally, four factors should be studied and adapted to Mg and
Mg alloys. These are 1) the expected service environment, 2)
the type of corrosion expected in service, 3) the primary ma-
terial requirements of the application, which should not be
excessively degraded by corrosion, and 4) whether the material
requires surface protection for use in the intended environ-
ment.[2] The most reliable prediction of performance is service
experience, followed closely by field testing, because both are
based on the actual environment. Previous performance data
for the alloys of interest, or one as close to a certain environ-
ment as possible, should be examined before planning labora-
tory tests. For example, references concerning corrosion data,
such as those of NACE,[3] ASM,[4] De Renzo,[5] and
Schweitzer,[6] should be considered. When service history is
lacking, or when budget constraints prohibit field testing, labo-
ratory corrosion tests are important for quality control, mate-
rials selection, and materials development. However, labora-
tory testing can be misleading if appropriate media and
accelerating corrosive conditions are not closely related or do
not simulate the service conditions.

Some form of surface protection is necessary for most of
Mg alloys in outside structures. For the evaluation of protective
coatings, considerations of the grain structure of the metal may
not be relevant. However, the testing of coated Mg alloys
should have some specific considerations pertaining to the
quality of the coating, the interface, and the coated surface.
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This article is devoted more specifically to evaluating the non-
coated surface of Mg and its alloys by some conventional and
electrochemical methods. Methods are described that can be
extrapolated to a bare surface of an electrochemically inert
coating, assuming that the coating does not create special cor-
rosion phenomena, such as a differential oxygen cell or a
crevice.

1.1 Metallurgical Description and Sampling

A fabrication history describing the major steps together
with an accurate analysis of the metal composition is necessary
to characterize the material. Metallographic examination may
also be necessary for the interpretation of corrosion test results,
especially for new alloys or new production and/or processing
routes. Cast or wrought alloys should be tested in the same
surface conditions as those in which they are used. For ex-
ample, the skin of some cast alloys can have a finer structure
than the interior due to ingot cooling speed and has shown
better corrosion resistance if used in the as-received or as-
fabricated condition.[7]

1.2 Accelerated Electrochemical and Conventional Testing

For electrochemical corrosion, the properties of the medium
at the interface should be considered in accelerated tests. Tests
of the bare, unprotected metal are useful to establish a mini-
mum required basis of performance, while the prediction of
service life requires an evaluation of the coatings and a selec-
tion of maintenance procedures.[2] Corrosion rates tend to de-
crease as the electrolyte becomes spent and saturated with Mg
ions, while contamination of a pure solution can increase or
decrease the corrosion rate, depending on the quantity of mag-
nesium hydroxide. Consequently, flow rates and the ratio of the
area of metal surface to the volume of the solution should be
considered. It is recommended that electrochemical testing
should be generally accompanied and interpreted by natural
and accelerated corrosion tests.

The number of replicates can be deduced by considering the
objectives of the test, the accuracy and precision required for
the test, the known reproducibility of the test, and the cost of
doing the test. The American Society for Testing and Materials
(ASTM) recently made it mandatory that statements on the
precision (reproducibility) and bias (systematic error) of a ma-
terial be included in every standard. For example, pitting can
depend on intrinsic properties of the metal, which can be ir-
regularly distributed and may depend on the hazardous nucle-
ation of a pit, and so a statistical approach is highly recom-
mended if duplicates or triplicates are not available.[8]

2. Designation, Uses, and Properties of
Mg Alloys

2.1 Designation of Commercial Alloys

Commercial Mg casting alloys are identified by a standard
ASTM/SAE system for alloy and heat treatment designation[9]:

1. Two capital letters indicate the two principal alloying ele-
ments in order of decreasing percentage. The letters are:

A, aluminum; E, rare earth; H, thorium; K, zirconium; M,
manganese; Q, silver; S, silicon; Z, zinc, and less frequent
metals such as, for instance, W for yttrium.

2. Two digits indicate the nominal percentage of the two prin-
cipal elements in the same order as the letters.

3. A capital letter distinguishes between alloys of the same
major composition that differ in minor elements. The letter
represents a chronological sequence of development.

4. A letter and number indicate the condition or temper,
such as

• F, as-cast,
• T4, solution heat treated,
• T5, artificially aged only,
• T6, T61, solution heat treated and artificially aged, and
• T7, solution heat treated and overaged.

2.2 Uses and Properties

The use of Mg as a structural material is a major factor in
the implementation of lightweight construction approaches in
automotive engineering. One of the reasons for this is the com-
mitment of the automobile industry to achieve a 25% reduction
in average fuel consumption for all new cars by the year 2005
compared with 1990 levels. Apart from air resistance, the per-
formance of a vehicle and fuel consumption are affected by
rolling resistance and acceleration, both of which are depen-
dent on mass.[10] Wrought products such as extrusions, forg-
ings, sheet, and plate are also being used in a variety of dif-
ferent applications. There is a growing interest in the
automotive industry in the use of wrought alloys. Aghion and
Bronfin[11] stated that currently only 5000 tons of wrought Mg
alloys are used per annum, compared with more than 125,000
tons of cast Mg. Thus, the situation in the automotive industry
with respect to the use of Mg is completely different from that
in the steel and aluminum industries, where most of the prod-
ucts are made of wrought alloys.

Mg has made significant gains worldwide in vehicle interior
applications, replacing mostly steel stampings in instrumental
panels, steering wheels, and steering column components. The
overall demand for Mg alloys, other than for die casting, is
expected to show only very modest growth, if any, over the
next several years. However, high-pressure die casting contin-
ues to remain a promising long-term potential growth area.
Special zirconium-containing casting alloys with rare earth el-
ements, yttrium, silver, and zinc are used for parts operating at
temperatures between 250 and 300 °C for extended periods of
time. Sand-cast aerospace applications should also be men-
tioned.[9] It is widely accepted that the commercial Mg alloys
AZ91D, AM60B, and AM50A offer a good balance between
mechanical and physical properties at ambient temperature,
excellent die castability, good corrosion resistance, ease of han-
dling, and relatively low cost. An important material-intensive
area exists in which improved elevated-temperature perfor-
mance is required for products, such as drive-train components
(e.g., gearbox housings, intake manifolds, oil pans, transfer
cases, crankcases, and oil pump housings) for automobile ap-
plications.[12]

One potential exception in Mg processing is thixomolding,
which is attracting considerable interest as an alternative for
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replacing plastic injection moldings that are used in transpor-
tation applications and portable devices with Mg.[13] For ex-
ample, the Mg content per vehicle is expected to rise from the
present 3-4 kg to about 6 kg in 2005. Yet, this lags behind the
use of aluminum, 123 kg of which are used per General Motors
(GM) vehicle, for example.[14]

Recent growth has been stimulated by the AM series of Mg
alloys. These alloys comprise excellent energy absorbing prop-
erties, enabling their use in safety-related applications such as
steering wheels, instrument panels and beams, seats and struc-
tures, brackets, and inner door panels. Mg alloys, which are
one-third lighter than an equal volume of aluminum alloys,
offer many possibilities for the weight reduction of major
heavy components such as engine blocks, wheels, gear-box
casings, and front cradles.[11] In the power train area, GM and
Ford lead the push for applications of Mg in four-wheel-drive
transfer cases in high-volume truck production, while Volks-
wagen is aggressively expanding the use of Mg in manual
transmission cases produced in both Europe and China. Only a
limited number of body and chassis components are currently
made of Mg. Mg applications with the highest growth potential
are in instrument panels and steering structures.[14] As material
for passenger seats, Mg was preferred over plastic, steel sheet,
and aluminum gravity-casting designs. Mg die castings made
of the high-ductile alloys AM50 and AM20 offered the best
combination of high strength, extreme rigidity, low weight, and
cost.[12] However, for automatic transmissions and engine ap-
plications (i.e., blocks and crank cases) in which the operating
temperatures are significantly higher, new Mg alloys with bet-
ter creep resistance have to be developed. The development of
low-cost, corrosion-resistant coatings, and new Mg alloys with
improved fatigue and impact strength will also accelerate the
acceptance of Mg for chassis applications.[14]

Thixocasting is a well-established process for the semisolid
forming of aluminum alloys, while thixomolding was espe-
cially developed for Mg alloys in an attempt to adopt machin-
ery ideas from plastic molding.[15] Numerous applications for
Mg housings produced by thixomolding can be found in the
audio and electronic/information industries. The components
are generally thin-walled and relatively small in size and are
most commonly found in laptop computers, as well as in hand-
held devices such as cell phones and various types of cameras.
With thinner cast sections, the solidification of the Mg melt
would be accelerated to create a fine-grain microstructure. This
is beneficial for corrosion resistance.[16] Most of these parts
require a high-quality surface finish and are usually painted.
Mg holds a unique combination of advantages over plastic in
that it is 100% recyclable, has good heat dissipation, electro-
magnetic and radio frequency (RF) shielding, and it is light,
rigid, and compact.[13] More than 40 different parts were thixo-
molded in 1997 with an overall production volume of 10 mil-
lion pieces.[17]

Mg wrought alloys offer crucial advantages, such as supe-
rior mechanical properties. Unlike casting components, they
are weldable and offer the possibility of thermal treatment and
an improved ductility and are therefore interesting for a wide
range of applications.[18] It is conceivable to use them in vari-
ous areas, depending on the loads exerted on the component in
applications such as outer body panel structures, window
frames, seat structures, and carrier or support structures. Struc-

tures made of Mg extrusions are interesting for use in “bodies-
in-white.” However, forming behavior, corrosion resistance,
and alloy development are areas in which further research is
still required before Mg extrusions can be used in vehicles.
Sheet forming with heated tools offers an interesting method
for the production of large-area and very thin-walled, light-
weight components made of Mg sheets.[19] The further appli-
cation of Mg wrought products will mainly depend on the
progress made in surface treatment, joining techniques, and
cost-reduction programs.[10]

3. Testing Solutions for General Corrosion,
Passivation, and Localized Corrosion

Most Mg-testing solutions include chloride or sulfate ions in
neutral or alkaline media and are used to evaluate general and
localized corrosion. Buffer solutions and saturation of the so-
lution with magnesium hydroxide, as well as surface cleaning,
have been adopted by some schools.

3.1 Hydroxide Solutions

With pH increasing above 10.2, the point at which magne-
sium hydroxide is formed, the effect of impurities both in the
metal and in the solution media is apparently overshadowed by
the high tendency of film formation. When the pH exceeds
10.5, a value that corresponds to the pH of saturated magne-
sium hydroxide, a magnesium hydroxide film is formed on the
surface, and Mg becomes very resistant to corrosion in alkaline
solutions.[20] In deaerated 0.1 N sodium hydroxide solution (pH
13), even without sodium chloride additions, the corrosion po-
tential (Ecorr) of a Mg FSI alloy (e.g., Al 3.1% and Zn 1.3%)
oscillated from passive to active values periodically. The ad-
dition of a strong oxidizing agent such as hydrogen peroxide
(10 mL) maintained the potential in the passive region.[21] In
NaOH solutions adjusted to pH 12, the protective properties of
the passive layer were shown to be much better than that of the
basic metal. However, the properties of the formed passive
layer are generally a function of the base metal (less or more
porous), containing some compounds of alloying elements. In
a 1 M NaOH solution (pH 14), i.e., at a pH far above that of a
saturated magnesium hydroxide solution, Mg should show a
good active-passive behavior.

A 10% caustic solution is frequently used for cleaning Mg
at temperatures up to the boiling point before testing and in
practice. A deliberate increase of pH to about 10.5 by the
addition of CaO or NaOH suppresses corrosion in a large vol-
ume of water. The beneficial effects of a calcium oxide treat-
ment are the possible precipitation of undesirable metals such
as copper in addition to the formation of a protective hydrox-
ide. It has been observed that once attack is inhibited, and if it
is uniformly distributed, an increase of the critical pitting po-
tential and a delay in the onset of pitting usually occurs.[20]

Soak cleaners are used as alkaline cleaning in concentrations of
30-75 g/L (4-10 oz/gal) and at 71-100 °C.[22]

3.2 Chloride, Sulfate, and Hydroxide Solutions

A sodium chloride solution (3%) has been used by
Hanawalt et al.[23] to generate important data on the tolerance

Journal of Materials Engineering and Performance Volume 13(5) October 2004—519



limits and the individual or combined effects of impurities in
Mg alloys. A 1 N NaCl solution with a normal pH of around 7
is recommended and has been used by some authors and com-
pared with a 1 N NaCl solution adjusted to pH 11 by NaOH to
show the influence of pH, and the passivation aptitude and
passivation quality of the corrosion products formed. A solu-
tion of 5% NaCl saturated with Mg(OH)2 at pH 9 can distin-
guish between the behavior of different Mg samples and is
frequently used but not standardized. This can be accompanied
by experiments in a 5% NaCl solution to show the influence of
saturation with magnesium hydroxide.

Polarization curves obtained in a 1 N NaCl solution adjusted
to pH 11 by NaOH showed different pitting potentials as a
function of the microstructure.[7,20,23-26] A 2 N NaCl solution
alone has also been used, but it seems to be aggressive, espe-
cially if Mg composites are tested.

Solutions of 0.1 M NaOH with additions of 0.005, 0.01,
0.02, and 0.03 M NaCl are used for the determination of pitting
or filiform corrosion during a 24 h immersion period. Passiva-
tion and reproducible results are obtained by using an addition
of 10 mL hydrogen peroxide (30%) in corrosion-pitting stud-
ies, preferably with pH adjustment to 11.[21] A 1 N sodium
hydroxide solution saturated with Mg2SO4 can show the influ-
ence of the aggressive sulfate ion with reference to industrial
media.[24-26]

3.3 Buffer Solutions

Buffered solutions generally do not correspond to the prac-
tical aspects of Mg corrosion, except for those buffered with
high magnesium hydroxide concentrations, since this can simu-
late the interfacial corrosion of some Mg alloys in a non-stirred
solution. In effect, in solutions with low concentrations and
initial pH values of 7, 9, and 11, the pH value had changed to
a value of approximately 10.5.[21] Borated boric acid buffer
(pH 8.4) containing 0.001 N NaCl is advantageous for materi-
als that are susceptible to pitting. The low percentage of so-
dium chloride and sodium hydroxide can give a controlled
attack and reproducible results. Higher quantities of NaCl can
also give reproducible results for situations that are less sensi-
tive to agitation.[27]

A 0.1 N sodium borate solution (buffer pH 9.3) saturated
with Mg(OH)2 at pH 10.5 was used to measure corrosion rates
at different strain percentages by the linear polarization
method. It has been found that the borate anion acts as a cor-
rosion inhibitor.[28] For strained specimens, an aerated sodium
tetraborate (0.05 M) with a pH of 9.7 has been chosen by
Bonora et al.[29] since the Mg surface can be covered by a
protective layer and the pH is stable. It has been shown by
Inoue et al.[30] that corrosion rates of cast pure or highly pure
Mg AZ31 and AZ91 in deaerated solutions containing 10 g/L
NaCl at pH 6.5 and a pH 9 borate buffer, depended solely on
the pH of the solution. The corrosion rates were determined
gravimetrically. This electrochemical behavior corresponds to
the resistivity of the passive layer to anodic reactions. AZ91E
was an exception. Higher buffer capacity masked the detrimen-
tal effect of the cathodic impurities by reducing the difference
between local pH at cathodic and anodic sites. However, Gut-
man et al.[28] showed that the highest sensitivity to creep in the
corrosive environment is observed in the alloy with the highest

Al content in the AZ91D and AM50 Mg alloys tested in a
0.1 N sodium borate aqueous buffer solution at pH 9.3 or in
the same solution saturated with magnesium hydroxide at pH
10.5.

3.4 The ASTM Standard D 1384-01 Corrosive Water

Corrosive water, formulated according to ASTM standard D
1384-96, has been used, either alone or saturated with magne-
sium hydroxide, to simulate the Mg alloy/solution interface
that may contain important concentrations of magnesium hy-
droxide in stagnant solutions.[31,32] The ASTM corrosive water
has been designed to distinguish between coolants that are
definitely deleterious from the corrosion point of view. The
corrosive water should contain 100 parts per million (ppm)
each of sulfate, chloride, and bicarbonate ions that are intro-
duced as sodium salts and is prepared using the anhydrous form
of 148 mg sodium sulfate, 165 mg sodium chloride, and 138
mg sodium bicarbonate. Although the recommended tempera-
ture of the test for engine coolants is 88 ± 2 °C and the aeration
rate is 100 ± 10 mL/min, Mathieu et al.[31] worked at room
temperature (RT), and the solution was exposed to atmospheric
oxygen and was not agitated. It has been shown that the ASTM
corrosive water alone, or saturated with magnesium hydroxide,
is appropriate to distinguish between the electrochemical cor-
rosion resistance of high-pressure, die-cast and semisolid cast
AZ91D Mg alloys. Also, Adeva-Ramos et al.[32] examined pit-
ting corrosion by immersing samples in the ASTM standard D
1384-01 corrosive water at pH 8.2. This was followed by po-
tentiodynamic polarization for the determination of pitting po-
tential in the same solution but saturated with Mg(OH)2 at pH
10.6. The first solution can be considered as moderately ag-
gressive, while the second solution simulates the metal/solution
interface and can give lower corrosion rates.

4. Open Circuit Ecorr Measurements

To get a stable potential, a time interval between 20 and 60
min has been considered by several authors.[29,31,33,34] How-
ever, for some alloys in certain media, a relatively varying
potential can be obtained even after 1 h. The potential of the
�-phase Mg4Al is −1.82 VSCE (−1.58 VSHE), and that of the
�-phase Mg17Al11Zn1 is −1.23 VECS (−0.99 VSHE) in ASTM D
1384 water at pH 8.2 and RT. The aluminum concentration in
the primary �-phase is 3 wt.%, whereas it is only 1.8 wt.% in
a die-cast alloy. Lunder et al.[35] and Beldjoudi et al.[36] showed
a decrease of both the corrosion current density (icorr) and the
Ecorr with the increase in Al content in a solution of 5% NaCl
saturated with Mg(OH)2. In a deaerated solution, Baril and
Pebere[37] stated that as the concentration of sodium sulfate
decreases from 0.1-0.01 M Na2SO4, the Ecorr shifts toward
more noble (positive) potentials of about 100 mV. The current
densities were �10 mA/cm2 for 0.1 M Na2SO4 and were
halved for 0.01 M aerated solutions. In deaerated solutions, the
Ecorr of pure Mg is more noble (positive) and the anodic current
densities are lower, when compared with that of the aerated
solutions. This was attributed to the absence of bicarbonate
ions and carbon dioxide gas, which is present in the natural
environment.[37] An oxidant such as chromate shifts the poten-
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tial in the more anodic direction (i.e., a more noble value) and
reduces the icorr.

5. Some Conventional Testing Methods

5.1 The Weight-Loss Method, and the Salt-Spray Test and
Cyclic Tests

5.1.1 The Weight-Loss Method. The weight loss of a
specimen was measured by dissolving the corrosion products in
a hot chromic solution. The specimen was washed with dis-
tilled water and dried quickly in hot, flowing air. Then it was
put into a 100 g/L CrO3 solution at about 90-95 °C for about
5-10 min. After that, the specimen was washed with distilled
water, dried, and weighed.[38] Gravimetric studies have been
used by several investigators. This approach can be accompa-
nied by some other methods such as atomic absorption, and
spectrophotometric and calorimetric methods to determine the
levels of Mg and alloying elements in the solution. The use of
highly pure analytical quality reagents is recommended, and
the magnesium hydroxide reagent can be avoided, preferably
as an electrolyte.

To reduce the error caused by the dissolution of the uncor-
roded areas and substrate under the corrosion products during
removal of the corrosion products, an uncorroded specimen is
usually used as a reference in the chromic cleaning process.[38]

Weight loss increased with increased chloride concentra-
tion.[21] The weight-loss method is not capable of measuring
corrosion rates over short periods of time since in salt water,
for example, as the corrosion reaction proceeds, the pH of the
solution increases, and Mg(OH)2 precipitates on the surface of
the sample often cause a weight gain.[39]

Hanawalt et al.[23] have used weight-loss measurements
taken from samples that were 25.4 × 38.1 mm with a thickness
of 6.35 mm. Complete removal of the corrosion products was
performed by a 1 min immersion in a boiling 20% CrO3 solu-
tion containing 1% silver nitrate.[23] The usual boiling 20%
H2Cr2O4 solution in water is used to remove corrosion products
from Mg and Mg alloys without attacking the base metal, while
the silver nitrate is expected to form a fine precipitate of
Ag2CrO4 that can react in turn to precipitate chloride ions that
can be carried away from the corrosion products.[40] Molded
samples are preferred to control the conditioning of the surface,
and for potential recording for the first hour and at the end,
however, a big surface in this case is not practical. Triplicates
are recommended. Hanawalt et al.[23] have successfully com-
pared some selected Mg alloys to pure Mg (e.g., WE43, which
has good mechanical properties and is widely used). AZ91E
has the lowest corrosion rate for Mg alloys, and AZ91D has
good mechanical properties and low impurity levels and be-
haves in a way that is acceptable for many applications in
certain corrosive media.[23]

The salt-spray test according to ASTM standard B 117-01
was carried out for 360 ks (100 h) using a solution of 0.86
mol/L NaCl. A corrosion rate of 0.018 mg/cm2/d was obtained
for an AZ91D alloy that had been prepared by thixomolding
with an 0.8 mm thickness. This rate is almost 40% of that of the
conventional cast alloy.[14] The samples (rods 40 mm in diam-
eter and 10 mm in thickness) are exposed for 7 days to ASTM

standard D 1384-87 corrosive water (pH 8.2) without and satu-
rated with magnesium hydroxide at pH 10.6, and are main-
tained at RT, without stirring, to yield a solution volume five
times that of every exposed square centimeter.[31]

5.1.2 The Salt-Spray Corrosion Test. The salt-spray cor-
rosion test normally used to determine corrosion behavior is
based on measuring the weight difference of the samples before
and after the tests.[7] It is slow (3-10 days) and labor intensive,
and it is error prone due to the cleaning procedure used. The
corrosion samples also lose weight due to crumbling during the
tests.[39] The salt-spray method determines the overall corro-
sion rate, which also includes weight loss due to disintegration,
and this could result in misleading data depending not only on
corrosion rate but also on the aptitude of the alloys to disinte-
grate.[39] Salt spray with a highly conductive electrolyte and
continuous wetting of the sample surface is very aggressive for
galvanic corrosion and consequently also for the corrosion test-
ing of Mg. The corrosion mechanism of Mg alloys is attributed
to microgalvanic corrosion between the matrix, and the noble
intermetallic particles and secondary phases. This corrosion is
strongly promoted in salt spray due to the presence of a very
conductive electrolyte and the continuous wetting of the sur-
face. Despite the poor correlation to real-life applications, salt-
spray testing is commonly used to investigate the corrosion
performance of die-cast Mg.[41]

5.1.3 Cyclic Corrosion Tests. For alternate immersion-
emersion, Hanawalt et al.[23] carried out experiments in 3%
NaCl solution for 16 weeks. The cycles consisted of 30 s in the
solution followed by 2 min in air. During the latter time period,
the specimens did not completely dry. The cyclic corrosion test
currently used is that of GM9540P (Fig. 1).

Unfortunately, there is limited published experience about
the correlation between the GM test and the life of automotive
components that are made of Mg. It is, however, accepted that
cyclic corrosion testing gives far better correlation to service
than does salt spray. For zinc-plated and coated steel,
GM9540P-cycle B (16 cycles in duration) was one of the tests
showing the best correlation to an on-vehicle exposure test.
The cyclic corrosion test uses a less conductive electrolyte and
combines drying/wetting of the surface; it is thus less aggres-
sive. For some applications, this test may be too mild due to the
short time of the salt mist application and the lack of deposits
of mud and dirt with hygroscopic salts.[41]

Fig. 1 GM adopted cyclic testing GM9540P. One cycle represents 1
day of exposure (Skar and Albright[41]).
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5.2 Amount of Hydrogen Gas Evolved and
pH Measurements

5.2.1 Volume Measurement of Evolved Hydrogen. The
overall corrosion reaction of Mg in aqueous solutions at its
Ecorr can be expressed as follows:

Mg + 2H2O = Mg2+ + 2OH + H2

The evolution of 1 mol of hydrogen gas corresponds to the
dissolution of 1 mol of Mg. The contribution of oxygen reduc-
tion to the cathodic process is neglected. It is believed that,
particularly in aggressive solutions such as NaCl, the cathodic
reaction is mainly hydrogen evolution and the contribution of
oxygen reduction is practically negligible.[38] The experimental
setup can be designed in such a way that hydrogen evolution
from the undermined particles can also be collected together
with the hydrogen from the Mg specimen.[38] The dissolution
of some alloying elements can cause error since the corrosion
rate is based on the Mg dissolution reaction. Some alloying
elements, however, can also produce hydrogen, which to some
extent reduces the error. This method can reveal the instanta-
neous corrosion rate, and the changing corrosion behavior of
Mg and its alloys.

The accuracy of this method could be affected by some
corrosion products that are stuck on the specimen surface, so it
is best used for short-term immersion experiments. It is diffi-
cult to determine whether the hydrogen evolution rate is more
accurate than the weight-loss measurement. However, com-
pared with the estimation of corrosion rates based on polariza-
tion curves, hydrogen evolution collection is undoubtedly very
reliable.[38]

5.2.2 Evolution of pH Measurements. The principle of
the method is based on measuring specific ions (such as hy-
drogen (H) cation or Mg cation) by an ion-selective electrode
in a corrosive environment such as 5 wt.% NaCl solution in
distilled water. The variation of ion concentration with time is
recorded, and the corrosion rate is calculated. Weiss et al.[42]

gave the following experimental details: The sample size was
40 × 30 × 15 mm, and it was machined, thoroughly washed
with acetone, and dried in air. A solution was made of 5 wt.%
NaCl in distilled water, for example. The solution volume was
1 L and was boiled for CO2 degassing and kept under argon
bubbling for the entire test. Figure 2 gives a schematic presen-
tation of the evolution of pH as a function of time for Mg and
some commercial alloys.

The corrosion rates of each sample were calculated from
several measurements (pH between 10 and 15), which were
taken at an interval of 1 min and showed good agreement with
those obtained by weight-loss methods.[42] As in the volumetric
method of H determination, the oxygen catalysis of the cath-
odic reaction, the dissolution of oxides or alloying elements
can cause some error in the calculation of the corrosion rate.

5.2.3 Controlled pH Measurements. In the last two
methods, the H concentration of the salt solution decreases
significantly with time, causing the precipitation of Mg(OH)2

on the surface of the samples. This affects the intrinsic corro-
sion rate. This technique was used to compare the corrosion
behavior of newly developed creep-resistant Mg-Al-Ca (AC)
alloys with several known Mg alloys. Tiwari and Bom-

marito[39] recently succeeded in determining the intrinsic cor-
rosion rate of these alloys and thus in evaluating the perfor-
mance of new or experimental alloys. The method measures
the dissolution rate of Mg alloy samples in a 5% NaCl solution
under a controlled pH. It is fast (<5 h) and is capable of dis-
cerning the effect of small compositional changes or different
tempers on the corrosion behavior of selected Mg alloys. As a
Mg alloy sample dissolves in a 5% NaCl solution, the disso-
lution rate is determined by measuring the amount of HCl
added to the NaCl solution to obtain a controlled pH of be-
tween 5 and 7. The corrosion curve showing the amount of HCl
added (in milliliters) as a function of time generally has three
portions (Fig. 3). The first portion corresponds to the reaction
of magnesium oxide with H ions, producing water and Mg
ions. The corrosion rate can be constant from the beginning if
an excessive oxide layer on the surface is not present and this
portion is not observed.

In the middle or second portion of the corrosion curve, the
rate is exclusively controlled by the reaction Mg + 2H+ �
Mg2+ + H2. The corrosion rate is determined from the slope of
the curve where the dissolution rate reaches a steady state. This
represents the intrinsic corrosion rate of the alloy. In the third
portion of the corrosion curve, a disintegration of Mg caused
by the H2 bubbles in form of fine particles was observed that
increases the effective surface area and thus the corrosion rate.
The rate of corrosion seems to be closer in the second and third
portions of the curve; however, this can depend on the micro-
structure and the composition of the alloy.[39]

This method is capable of discerning the effect of small
changes in alloy composition on corrosion rates. An addition of
small amounts of Si (0.3%) to AC alloys increases the corro-
sion rate, while Sr (0.07%) reduces it. It was also shown that
the corrosion rate of AC52 (Mg-5%Al-2%Ca) is comparable to
AZ91, meeting one of the several design criteria for new,
creep-resistant alloys.[39]

5.3 Potentiodynamic Measurements

The polarization curve may exhibit Tafel linear regions;
however, the corrosion current cannot be extrapolated from
this linear region. The reason for this is that the reaction

Fig. 2 A schematic presentation of pH evolution as a function of time
for Mg and two commercial alloys in a 5% NaCl solution (Weiss et
al.[42])
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mechanism around the Ecorr is different from that in the Tafel
region, due to the negative difference effect. This is a special
electrochemical phenomenon of Mg and its alloys, in which the
H evolution rate increases during anodic polarization. It is also
possible that much of the negative difference can be due to the
disintegration of the metal into fine particles, which has been
described as the chunk effect.[43] Hence, the determination of a
polarization curve is not a reliable method for estimating the
corrosion rate of Mg and its alloys.[38] Another method to
assess the corrosion resistance of Mg alloys is linear polariza-
tion, which is based on the polarization resistance over the
range of the Ecorr ± 10 mV (5-20 mV is acceptable) and on the
coefficients of the Tafel slope.[8,44-46] However, due to passi-
vation or the negative difference effect, the anodic Tafel slopes
are not easily determined so as to give more precise values of
the corrosion current by the linear method.

5.4 Corrosion Current Measurements

The working electrode generally consists of a cylindrical
rod, on the order of 1 cm2 in size, that gives a good represen-
tation for Mg alloys. It is more advisable to have a round
surface to avoid the phenomenon of corrosion around the edges
(concentration of corrosion current and products). The solution
volume can be on the order of 100 mL/cm2 of the metal sur-
face. It is recommended that there be a rather stable open
circuit potential (Eoc) before scanning. The potentiodynamic
scan can start at −250 mV versus the Ecorr to an anodic poten-
tial, at which point the current density should not exceed 1
mA/cm2. The potential scan rate can be on the order of 0.1-0.2
mV/s however; depending on the composition, the microstruc-

ture of the examined alloy, and solution characteristics, slower
scan rates could be advantageous. Due to the possible forma-
tion of magnesium hydride compounds, which can change the
properties of the natural corroded surfaces, cathodic cleaning
of the surface at moderate or high cathodic potentials, as well
as very slow stationary potential scanning, is to be avoided. It
has been found that the level of cathodic polarization, adopted
normally to clean the metallic surface of oxide films, can in-
fluence the form and characteristics of the polarization
curves.[21] However, higher cathodic potentials have been used,
even a polarization of −4 V. No reliable data can show at what
potentials magnesium hydrides may form and thus change the
electrochemical properties of the Mg surface. It is preferred to
start with two identical surfaces of the same sample and scan
one to generate the cathodic curve and the other to generate the
anodic curve in starting from the steady Ecorr.

The polarization resistance method has been used success-
fully for comparison purposes to determine icorr as a function of
the elongation for AM50 and AZ91D commercial alloys. In an
aerated borate solution at pH 9.7 and RT, the corrosion rate
passes over a maximum in relation to the increase in plastic
deformation. Also, the most negative value of the Eoc corre-
sponds to the maximum value of the corrosion rate.[29,31,47] The
electrochemical impedance spectroscopy at open circuit or at
imposed potentials gives polarization resistance (Rp) values in
considering the solution resistance. The 1/Rp corrosion current
calculations for AM50 and AZ91D alloys were found to give a
parallel classification to those obtained from potentiodynamic
measurements using the linear polarization method (0.2 mV/s)
in aerated buffer solution at pH 9.7.[29]

6. Electrochemical Evaluation of Subtypes of
Localized Corrosion

Every subtype of localized corrosion may have its appro-
priate methods for assessing corrosion rates besides the use of
general corrosion rate measurements such as weight loss. For
example, pitting requires micrometer gauges and statistical
considerations, while intergranular attack necessitates metallo-
graphic examination.[1]

6.1 Evaluation of Pitting Corrosion

Mitrovic-Scepanovic and Brigham[48] found that the critical
concentration of chloride that causes pit initiation on a number
of Mg alloys falls in the range of 2 × 10−3 to 2 × 10−2 M NaCl.
The appearance, morphology, distribution, and depth of pits
(i.e., the average penetration of the 10 deepest pits and the
deepest one) should be determined in parallel with pitting po-
tential determinations.[1,8] The statistical distribution of pits
and the morphology of the pit should be examined by different
microscopic technologies. The susceptibility of Mg alloys to
localized corrosion can be evaluated as that of an alloy having
an active-passive behavior in certain media by cyclic voltam-
metric, potentiodynamic, galvanostatic, scratch potentiostatic,
and triboellipsometric methods, pit-propagation rate curves,
impedance spectroscopic studies, and electrochemical noise
measurements. Time-to-perforation data can be obtained by
designing a specimen that is pressurized with air. This pressure

Fig. 3 A schematic presentation of the three regions of attack of a
commercial alloy, AC53, in a controlled pH between 5 and 7 using 1
M HCl (Tiwari and Bommarito[39])
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is monitored over a period of time until failure is indicated by
a decrease in pressure.[1,48]

ASTM standard F 746-87 (i.e., “Pitting or Crevice Corro-
sion of Metallic Surgical Implant Materials”) is designed to
determine comparative laboratory indices of performance and
can be used to rank materials in the order of increasing resis-
tance to pitting and crevice corrosion. The test method given in
ASTM standard F 746-87 covers the determination of the re-
sistance to either pitting or the crevice corrosion of passive
metals and alloys from which surgical implants will be pro-
duced. The resistance of surgical implants to localized corro-
sion is carried out in dilute sodium chloride solution (9 g/L)
under the specific conditions of the potentiodynamic test
method. Typical transient decaying curves under potentiostatic
polarization should be interesting and are recommended for
implants made of Mg alloys.

The Ecorr of the working electrode (specimen) is recorded
for 1 h in the NaCl solution (E1). The current is recorded at
+0.8 V/SCE for a period of time that depends upon the reac-
tion. If localized corrosion is not stimulated in the initial 20 s,
the polarizing currents will remain very small or will decrease
rapidly with time. The stimulation of localized corrosion is
marked by increasing polarization current with time or by cur-
rent densities that exceed 500 �A/cm2. The test consists of
alternating between stimulation at 0.8 V/SCE and returning to
a preselected potential (i.e., E1 + a jump of +50 mV) until
continuous increases or large fluctuations in current occur dur-
ing the 15 min observation period. Evidence of pitting and
crevice corrosion should be noted. This procedure is strongly
recommended for Mg alloys that are in development for use in
human body implants.[49]

6.2 Evolution of Ecorr and Pitting

In a 0.1 M NaCl air-saturated solution without peroxide
additions, the free Ecorr of Mg and some of its alloys was
measured to be in the range of −1500 to −1600 mV versus SCE
for chloride concentrations of 5 × 103 to 5 × 104 M. In these
solutions, no visible localized attack occurred, but a weight loss
of approximately 5 mdd (which is equivalent to a current den-
sity of 5 �A/cm2) was measured. On the other hand, with the
addition of peroxide, the potential becomes much more noble,
and the effect of the critical chloride concentration becomes
clear. With 0.005 M NaCl, localized corrosion occurs, and the
potential remains below the H line (approximmately −1.009
mV versus SCE at pH 13), which is indicative of a corrosion
mechanism in which H reduction is the cathodic reaction. With
0.0005 M NaCl, no localized attack occurs, and the potential
shifts toward very noble values. Localized attack is observed
only when the free Ecorr adopts a value active to the H line
(Fig. 4).[48]

For aluminum, the suggested solution is 1 M sodium chlo-
ride and 9 ± 1 mL 30% hydrogen peroxide per liter at 25 °C.
The period of immersion is on the order of 1 h, and the average
value for the last 30 min should be within ±5 and ±10 mV for
duplicate specimens.[8]

An increase in the chloride level to the critical value for
each alloy, leading to the onset of localized corrosion, is ac-
companied by a shift in free Ecorr to a value active to the
hydrogen line, thereby making the production of hydrogen

thermodynamically possible. This proposes that hydrogen is a
prerequisite for localized corrosion.[1,48]

It is possible to use the pH change with time as a measure
of the pitting corrosion resistance of Mg alloys. In acidic so-
lutions, pitting is initiated mainly by the reduction of hydrogen
ions, but in neutral solutions, the reduction of dissolved oxygen
plays a major role during pitting. At a relatively high Ecorr at
the initiation step, oxygen consumes H ions. In neutral or
weakly acidic solutions, two steps of pitting were clear: initia-
tion and propagation. Between these two steps, there is a re-
tention period that can vary in length according to the corrosion
resistance of the alloy and that disappears completely at pH
1.25 in a 5% aerated sodium chloride solution.[42,50]

In many Mg alloys, the Eoc is higher than the pitting poten-
tial, and, thus, the pitting potential cannot be determined with
the traditional methods. However, when the solution is mild
and the alloy shows a good active-passive behavior, cyclic
voltammetry can be used. The polarization curve showing the
active-passive behavior for a Mg alloy (with or without a coat-
ing), and as a function of increasing chloride concentration, Ebd

and Eprot can be determined. The breakdown potential (Ebd)
corresponding to the considerable increase of the anodic cur-
rent at a certain scan rate gives the susceptible condition for the
initiation of localized attack. The more noble the breakdown
potential, the more resistant the alloy will be to pitting and
crevice corrosion. The potential at which the loop is completed
upon reverse polarization determines the potential below which
there is no localized attack (Eprot) for this scan rate. The ob-
tained values are dependent on the scan rate. Also, allowing too
much pitting propagation to occur along with the accompany-
ing chemistry changes can influence the reversal in the scan
rate.[1,8,50,51]

Fig. 4 Ecorr of Mg in a 0.1 N NaOH solution. The H evolution
reaction was around −1.009 V/SCE at pH 13 (Mitrovic-Scepanovic
and Brigham[48]).
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The quality of the passivation depends on the solution pa-
rameters, pH, chloride concentration if any, agitation, and tem-
perature. For example, in ASTM standard D 1384 corrosive
water saturated with Mg(OH)2 at pH 10.6 and 25 °C, the criti-
cal passivation current and the passivation current are higher
than 100 �A/cm2 for pure Mg and lower than 10 �A/cm2 for
AZ91D alloy (die cast). It is not only the absolute value of the
passivation potential that counts for an easy passivation, but
also the difference between the passivation potential and the
Ecorr; this indicates the potential polarization required to attain
passivation.[31] The good corrosion resistance of the thixo-
molded AZ91D alloy was electrochemically verified in a 0.17
mol/L NaCl solution saturated with Mg(OH)2 by the presence
of an important pseudo-passivation in NaCl solution with a
small ipassive and a noble Ebd.[16,51-53]

For a NaCl solution of 3.56 wt.% that has been deaerated at
25 °C, it is believed that concentrations up to 0.05-0.1 M
should be sufficient to identify the relative resistance of Mg
alloys in an alkaline solution of magnesium or sodium hydrox-
ides at about pH 11-13.[21] The scan rate should be around
0.1-0.2 mV/s, instead or much less than 6 mV/s for iron-,
nickel-, or cobalt-based alloys.[49]

Scan rates from 0.05-0.2 mV/s may give the standard ac-
tive-passive behavior, otherwise scan rate of 0.01-0.04 mV/s
can be tried and argon or nitrogen should be bubbled to remove
oxygen from the solution.[8] Passive films can be formed by
potentiostatic polarization for 10-15 h at a relatively noble
potential, which is just enough for passivation to occur. The
breakdown of the films can be determined by holding the
sample in the electrolyte at a potential higher than Ebd until
localized corrosion occurs. Another possibility is to initiate pits
above the pitting or breakdown potential and then shift to lower
values above or below the protection potential. It is assumed
that at imposed values below the protection potential, one
should observe a current decrease until complete repassivation
occurs. At constant chosen currents, the evolution of potential
as a function of time is recorded until the time rate of change
in potential approaches zero. This technique is under develop-
ment for aluminum alloys.[8]

In the so-called scratch-repassivation method for localized
corrosion, the alloy surface is scratched and exposed to a con-
stant potential. The current change is monitored as a function
of time, and this will show the influence of potential on the
induction time and the repassivation time. A careful choice of
the level of potential between the breakdown potential and the
critical pitting potential can give the critical pitting potential for
a certain material in certain environmental conditions.[1]

6.3 Crevice Corrosion

The methods of analysis described in ASTM standard G
78-01 provide a guide for crevice corrosion testing of iron- and
nickel-based alloys in seawater, especially with respect to the
importance of the crevice geometry and specimen preparation
on the obtained results.[1,8]

The crevice assembly described could be installed on any
alloy type in any environment if crevices are being studied.[1]

The Materials Technology Institute (MTI) of the Chemical
Process Industry has identified five corrosion tests for iron- and
nickel-based alloys, of which MTI-4 could be the most appro-

priate for Mg alloys. The MTI-4 method uses an increase in
neutral bulk Cl− concentration at eight levels, ranging from
0.1-3% NaCl, to establish the minimum critical Cl− concentra-
tion that produces crevice corrosion at RT (20-24 °C).[54]

6.4 Filiform Corrosion

It has been mentioned that filiform corrosion was com-
monly observed and tended to occur at lower chloride concen-
trations than pitting. The critical chloride concentration for the
initiation of localized corrosion (filiform and pits) was less than
0.05 M for several of the alloys tested. Weight loss increased
with increased chloride concentration. Increases in temperature
from 25-50 °C showed a minor effect in promoting the initia-
tion of localized corrosion. Mg without intentional alloying
additions showed exfoliation in which individual grains were
preferentially attacked along crystallographic planes.[21]

6.5 Intergranular Corrosion

An innovative procedure should be considered for this pur-
pose since there is no special targeted ASTM standard proce-
dure for the intergranular corrosion of Mg. Susceptibility to
this type of attack depends primarily on the type of alloy, the
fabrication process, and the presence of efficient cathodic sites
at the interface. The standard practice ASTM standard G 110-
92 that evaluates the intergranular corrosion resistance of heat-
treatable aluminum alloys by immersion in sodium chloride
and hydrogen peroxide solution could be the most adaptable
standard for testing intergranular attack in Mg alloys.[8] Ac-
cording to this standard, an immersion period of 6 h in a so-
lution containing 57 g sodium chloride and 10 mL/L hydrogen
peroxide (30%) is recommended. A metallographic cross sec-
tion that is approximately 20 mm in length, preferably through
a corroded area, should be examined. The type, extent, and
depth of intergranular corrosion can be determined.[2,8] It is
very possible that a less concentrated sodium chloride test so-
lution could be appropriate for testing Mg alloys. For simple
etching, for surface cleaning, and for microscopic observation
or testing purposes, an immersion for 1 min into a boiling 20%
CrO3 solution with 1% silver nitrate is usually sufficient.

6.6 Galvanic Corrosion

Galvanic corrosion can give uniform and/or localized cor-
rosion information. For example, pitting is observed in 5%
sodium chloride solutions at an acidic pH of 1.25. However,
well-defined pitting corrosion is common in neutral and alka-
line solutions. Corrosion testing for galvanic corrosion can be
predicted specifically by ASTM standards in the form of po-
tential measurements. In general, the Ecorr difference between
the anode and cathode becomes the driving force for galvanic
corrosion. A galvanic corrosion test between low-carbon steel
and Mg alloys (NA42/AZ91D) was performed in an acid-
chloride solution (pH 5.4, 200 ppm Cl−) at the ambient labo-
ratory temperature (22 ± 2 °C) to compare the galvanic effect.
The galvanic currents were measured using a zero resistance
ammeter (ZRA) for 7 h. The ratio of the anode area to the
cathode area of the specimen was 1:1. Although the Mg-4Ni-
xAl alloys had lower corrosion resistance than AZ91D, the
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results of comparative galvanic corrosion tests between the
low-carbon steel and the Mg alloys indicated that the galvanic
corrosion resistance was higher in the Mg-4Ni-2Al (NA42)
alloy than in AZ91D alloy.[43]

7. Impedance Measurements

Impedance measurements are usually performed at the Eoc

and under potentiostatic conditions. Impedance measurements
are appropriate to show the influence of mechanical deforma-
tion on surface electrochemical reactions.[29] Impedance mea-
surements are carried out in a tetraborate buffer solution (0.05
M at pH 9.7). The scanned frequency ranged from 6 mHz to
100 kHz. The Nyquist plots of both Mg alloys at open circuit
exhibit two capacitive loops, one for high and intermediate
frequencies and the other, the small one, for low frequencies.
The first capacitive loop is attributed to the charge-transfer
process. Thus, for frequencies higher than 1 Hz, a resistor Rp

and a capacitor double-layer capacitance (Cd1) in parallel can
model the electrode/electrolyte interface. A partial data fitting
made with the Boukamp circuit equivalent software for the
charge-transfer process produced the Rp and Cd1 values.[55]

The Rp values for the charge-transfer process were 207.7
and 374.0 �cm2, respectively, for the AM50 and AZ91D al-
loys. The obtained capacitance values were 22.6 and 68.0 �F/
cm2, respectively, for the AM50 and AZ91D alloys. The
slightly lower value of Cd1 for the AM50 alloy implies the
formation of a thick, protective film on the electrode surface,
with the much lower Cd1 values having already been reported
for other Mg-based alloys.[56] The second small capacitive loop
is generally attributed to mass transfer in the solid phase, which
consists of the oxide/hydroxide layers.[57]

Over an immersion period of 72 h for the die-cast AZ91D
alloy in ASTM corrosive water saturated with magnesium hy-
droxide (pH 10.6), the transfer resistance (Rt) increased gradu-
ally due to the formation of a protective corrosion film. A
discontinuity during the first 10 h was linked to a partial deg-
radation of the coating, a process that is irreversible. This be-
havior is closely related to the microstructure and composition
of this alloy.[31] Maximum Rt values were on the order of 17
k�cm2 but dropped to about 5 k�cm2 during the 72 h immer-
sion. Mathieu et al.[31] reported that the potential amplitude is
set normally to 5 mV, and the frequency range is set between
10 kHz and 5 MHz. Generally, high and low capacitive loops
are seen. The high-frequency capacitive loop can be attributed
to charge-transfer reactions, and the diameter of the loop can be
attributed to the Rt. The capacitance values for this loop were
always below 50 �F/cm2 and can be attributed to the Cdl of the
partially covered surface. Cdl values were on the order of 5-10
�F/cm2 and increased progressively to about 20 �F/cm2. The
second capacitive loop is generally attributed to the diffusion of
ions through the hydroxide or oxide coating. Generally, the Cdl

should decrease with the increase of passivity, and it was ob-
served that the evolution of the Cdl was not in agreement with
the covering of the surface as a function of the 72 h immersion
of the die-cast AZ91D alloy in ASTM standard D 1384 corro-
sive water saturated with magnesium hydroxide. It can then be
stated that the high-frequency loop can be related to the charge

transfer and the surface film formation, as in the case of pure
Mg.[8,37,58]

The electrochemical impedance spectra (EIS) spectra ob-
tained under anodic polarization inside the potential range of
MgO formation exhibit one capacitive loop followed by a lin-
ear part for both Mg alloys. An increase in Rp, which is sig-
nificant in the case of the AZ91D alloy, suggests that the layer
is growing on the electrode surface. The equivalent circuit
consists of a resistor (Rp) in series with a constant-phase ele-
ment (CPE), the two being connected with a capacitor (Cd1) in
parallel. The CPE can be assumed to be Warburg diffusion
according to the n values close to 0.5. Thus, under anodic
polarization, the corrosion process is controlled by the mass
transfer of the corrosion products through the oxide layers. The
Nyquist plots for both Mg alloys obtained under cathodic po-
larization present one loop that is capacitive, which was attrib-
uted to the water reduction.[29,59]

8. Electrochemical Noise Technologies

New and accurate technologies are required to investigate
the rather fast kinetics of localized corrosion. Electrochemical
noise is an interesting tool that is used to monitor metastable
pitting, which operates by recording the galvanic current be-
tween nominally identical electrodes on the Ecorr of a single
electrode. The spatial separation of the anodic processes in the
pit and the cathodic processes on the surrounding surfaces
necessitates the passage of current that gives rise to the mea-
sured noise signals.[60]

Since localized corrosion sites are typically very small, on
the order of 100 �m in diameter or less, the current densities
inside these cavities can be on the order of 1 A/cm2, which can
be detected. Electrochemical noise studies can be performed
under Eoc, very close to the natural conditions of pitting. How-
ever, to complete the electrochemical studies and distinguish
between repassivating superficial pits and penetrating ones,
microscopic studies are highly desirable. The scanning refer-
ence electrode technique (SRET) should be an excellent
complementary tool.[60]

The corrosion behavior of the Mg alloy AM60 has been
investigated by electrochemical noise measurements made in
chloride and sulfate solutions. Galvanostatic tests in combina-
tion with the measurements of the current noise were useful in
determining the breakthrough potential in a 0.01 M aerated
sodium sulfate solution. In this study, the potential was stabi-
lized for 30 min in the open circuit and then was subjected step
by step to a gradually increasing imposed current (galvano-
static mode). The potential-time noise diagram showed oscil-
lations that were characteristic of the pitting phenomena at a
certain level. The potentials determined from this method were
found to be very similar to those obtained by cyclic voltam-
metry for the same conditions using a scan rate of 0.1 mV/s for
a current density of 1 mA/cm2. This technology helped to
examine the influence of different corrosion inhibitors.[33]

Noise measurements were carried out for two Mg alloys,
AZ91D and ZA1040, in a 5% sodium chloride solution satu-
rated with magnesium hydroxide. The sample was not sub-
jected to an external applied current. The corrosion rate can be
obtained from an estimate of the polarization resistance, Rp,

526—Volume 13(5) October 2004 Journal of Materials Engineering and Performance



which is inversely related to the linear corrosion rate by the
Stern-Geary approximation. Three approaches are possible for
obtaining Rp from the electrochemical noise (EN) current and
potential measurements: noise resistance, spectral noise resis-
tance, and self-linear polarization resistance. The latter is used
in this work because it seems to be more accurate than the other
two. The corrosion rate was found to be much higher for the
experimental alloy than for the AZ91D alloy. The results were
supported by scanning electronic microscopy and in situ mea-
surements using the SRET.[53]

Zhang et al.[61] studied the aluminum alloy LY12 in a 1 N
sodium chloride solution with electrochemical noise and im-
pedance techniques. They found that the fractal dimension (Dn)
obtained from spectral power density (SPD) was mainly di-
rectly proportional to the intensity of pitting corrosion or the
value of the pitting parameter (SE) derived from dimensional
analysis, while the fractal dimension (DE) obtained from EIS
was mainly related to the uniform corrosion.

9. The SRET

The SRET has enabled the measurement of localized cur-
rent densities in the vicinity of pits in a stainless steel in natural
water. Novel applied potentiodynamic pitting scans have been
obtained for localized areas immediately adjacent to accurately
defined regions of the electrode surface.[62]

Isaacs has made a good design of the SRET to study the
pitting and intergranular corrosion in stainless steels. He is also
associated with the scanning vibrating electrode technique
(SVET), in which the probe is mounted on a biomorph piezo-
electric reed that vibrates the tip normal to the electrode at a
characteristic frequency.[63] Another variation of the technique
has been used in the localized measurement of electrochemical
impedance spectra (LEIS).[64]

The commercially fabricated SRET consists of a pair of
platinum electrodes made of a wire that is 0.2 mm in diameter.
The probes have electrochemically sharpened tips of an ap-
proximate radius of 1 �m and, apart from the tips, have as little
platinum exposed to the electrolyte as possible. One tip is close
to the metal surface and samples the electric field created by
the ion flux (10-20 �m from the metal). The other probe,
placed a few millimeters behind the first, samples the noise in
the bulk electrolyte. The output from the platinum electrodes is
taken to an alternating current (ac)-coupled differential ampli-
fier before being digitized into a form that the computer can use
and display.[62] The description of the electrochemistry of the
method has been provided by Eden.[65]

Quantifying the degree of localized corrosion in terms of
current density, as opposed to simply measuring the amplitude
of the electric field adjacent to the source of activity, is a
challenging goal in the use of SRET. The point in space (SPI)
is a reference calibration signal for a known current that has
been derived from an electrode of known surface area. Every
specific metal/interface with operational conditions should
have certain characteristics for better, more sensitive signals,
and Mg has its special characteristics with a passive non-
perfect covering layer.

SRET measurements were carried out for two Mg alloys,
AZ91D and ZA1040, in a solution of 5% sodium chloride

saturated with magnesium hydroxide. In this approach, the mi-
cropotential gradients in solution just above the surface of the
material under study are recorded. The micropotential gradient
in the solution that is perpendicular to the surface is propor-
tional to the ionic current either leaving from or going toward
the surface. The potential difference is equal to the ionic cur-
rent times the solution resistance. The SRET maps of potential
difference, or equivalently ionic current, over both samples are
shown at two different times (i.e., 20 min and 8 h). The SRET
studies illustrated that localized corrosion occurred more fre-
quently on the ZA1040 sample than on the AZ91D sample. The
location of localized corrosion was also much more likely to
change on the ZA1040 sample than on the AZ91D sample.[52]

Figure 5 gives a two-dimensional SRET map of a
ZACS1040305 alloy and shows the distribution of pits on the
surface after only 48 min in a solution of 5% NaCl that was
saturated with magnesium hydroxide. As a function of time,
some of the pits were blocked, giving rise to pits growing in
other sites. This behavior was closely related to the microstruc-
ture and the alloying elements since the commercial AZ91D
showed a different pattern.

The SVET that has been used to examine the performance
of coatings is composed of the microelectrode, scanning sys-
tem, measurement system, and so on. The distance from the
surface of the specimen to the microelectrode was held at a
constant distance of 8 �m. The oscillation frequency was 625
Hz, the amplitude of vibration of the microelectrode was 0.5
�m, and the scanning range was 1.5 mm2. Thermal spray coat-
ings of WC-CO were studied. The distribution of potential on
the surface of the coating (8 �m distance between the electrode
and the surface of the specimen) was measured using the
SVET. However, because the pores were very small, informa-
tion on the locations of the distributed potential could not be
obtained. Using a Vickers hardness tester, indentations were
made on the coating (i.e., a 50 g load with a diagonal length
equal to 405 �m) to induce an artificial defect, and,

Fig. 5 Two-dimensional SRET map of a ZACS 1040305 alloy after
48 min in a solution of 5% NaCl saturated with magnesium hydroxide.
C, cathode; A, anode[52]
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considering a pore model short-circuited between the base and
the solution, temporal changes in the potential distribution on
the coating surface (8 �m distance) were investigated. Such
studies can be extrapolated to examine passive Mg alloys. Of
course, such corrosion behavior varies with changes in chemi-
cal and coating characteristics.[66]
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