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a b s t r a c t

The electrochemical behavior of Mg, Mg–Al–Zn and Mg–Al–Zn–Mn alloys were investigated in aqueous
acidic, neutral and basic solutions. Conventional electrochemical techniques such as open-circuit poten-
tial measurements, polarization methods and electrochemical impedance spectroscopy (EIS) were used.
The results have shown that the rate of corrosion in acidic solution is relatively high compared to that
vailable online 10 November 2009
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in neutral or basic solutions. The presence of Al, Zn and Mn as alloying elements decreases the rate of
corrosion of the alloy. The activation energy of the corrosion process occurring at the surface of Mg or Mg
alloys in aqueous solutions is less than 40 kJ mol−1. This value indicates a one electron transfer electrode
as a rate controlling process. The impedance data were fitted to equivalent circuit models that explain
the different electrochemical processes occurring at the electrode/electrolyte interface.
agnesium
olarization

. Introduction

Magnesium alloys containing 2–10% Al with minor additions
f Zn and Mn are widely used for different technological applica-
ions. These alloys are comparatively cheap and possess attractive
haracteristics, especially machinability and corrosion resistance
t temperatures above 100 ◦C [1]. The alloys have high stiffness
o weight ratio, ease of workability, high damping capacity, cast-
bility, weld-ability and recyclability [2]. Because of these excellent
roperties they are mostly used in aerospace and automotive

ndustries. The alloy design development, surface treatment meth-
ds and understanding of corrosion mechanisms have extended
he potential applications of the Mg alloys [3]. The corrosion resis-
ance of the alloy depends on its composition, microstructure and
mbient medium. It is sensitive to the chloride ion concentration
nd the pH of the environments [4,5]. In neutral and basic solutions
he corrosion resistance is relatively high because of the formation
f a partially protective Mg(OH)2 layer on the alloy surface [4]. The
resence of chloride ions promotes the dissolution of the protective
ayer and leads to increased rates of corrosion [4,6].
The corrosion of Mg alloys in non-oxidizing neutral or basic chlo-

ide solutions at free-corrosion potential initiates as irregular pits.
he mechanism of the corrosion process is quite different from
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the auto-catalytic pitting experienced by stainless steels and the
local increase of pH resulting from the formation of Mg(OH)2 has
no effect on the pitting process [7,8]. The film is not very stable
and its free-corrosion potential is more positive than the pitting
potential for both single � phase alloys as well as for two phase
(� + �) alloys [9–11]. The corrosion of Mg is a localized corrosion,
which starts at irregular pits that spread laterally and cover the
whole surface [11,12]. In two phase Mg alloys the corrosion mech-
anism is influenced by microstructures. Fine, uniformly dispersed,
cathodic phases are the most detrimental to the corrosion resis-
tance of Mg-base alloys [13]. The casting method influences the
corrosion performance through control of the microstructures [14].
The presence of alloying elements with Mg not only modifies its
mechanical properties but also improves its corrosion resistance
[15].

In this paper it is aimed at the investigation of the corrosion
and passivation behaviors of Mg and two different Mg alloys in
aqueous solutions covering the acidic, neutral and basic ranges. The
effect of temperature on the corrosion rate and the determination
of the molar activation energy of the corrosion process have been
carried out. Equivalent circuit models for the electrode/electrolyte
interface were suggested.
2. Experimental

The working electrodes were made from massive rods of Mg
(99.9% + 0.03% Cu, 0.03% Ni and 0.04% Fe), Mg–Al–Zn (92% Mg + 7%
Al and 1% Zn) and Mg–Al–Zn–Mn (89.2% Mg + 10% Al, 0.5% Zn and

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:wbadawy50@hotmail.com
mailto:wbadawy@cu.edu.eg
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.3% Mn). The metallic rods were mounted in suitable glass tubes
y two component epoxy resin leaving a surface area of 0.50 cm2 to
ontact the solution. The electrochemical cell was a three electrode
ll-glass cell with a Pt-counter and a saturated calomel reference
SCE) electrodes. Before each experiment the working electrode
as mechanically polished using successive grades emery papers
own to 2000 grit, rubbed against a smooth polishing cloth then
ashed with triple distilled water and transferred quickly to the

lectrolytic cell. The electrochemical measurements were carried
ut in aqueous solutions, where analytical grade reagents and triple
istilled water were always used. The test electrolytes were buffer
olutions of pH 2 (44.2 mL 0.1 M COOKC6H4COOH + 54.3 mL 0.1 M
Cl + 151.5 mL H2O), pH 7 (113.6 mL 0.1 M KH2PO4 + 56.8 mL 0.1 M
aOH + 79.6 mL H2O), and pH 12 (100 mL 0.2 M KH2PO4 + 163.7 mL
.2 M NaOH).

Before each measurement, the pH of the test electrolyte was
ontrolled by a standard pH-meter. The electrochemical measure-
ents were performed using a Voltalab 10 PGZ 100 “All-in-one”

otentiostat/galvanostat. The system is provided by an interrup-
ion unit to compensate any ohmic, (IR), drop between the working
nd the reference electrodes and the potentiodynamic polariza-
ion curves were extrapolated automatically to the most linear
art of the Tafel lines. The impedance, Z, and the phase shift, �,
ere measured in the frequency range 0.1–105 Hz. The superim-
osed ac-signal was 10 mV peak to peak amplitude. To achieve
eproducibility, each experiment was carried out at least twice.
ll potentials were measured against and referred to the SCE at
oom temperature of 25 ± 1 ◦C. The potentiodynamic polarization
xperiments were carried out at a scan rate of 10 mV s−1. Details of
xperimental procedures are as described elsewhere [16,17].

. Results and discussion

.1. Open-circuit potential measurements

The open-circuit potential (OCP) of the materials under inves-
igation was followed over 180 min in naturally aerated aqueous
olutions of pH 2, 7 and 12. The results of these experiments are
resented in Fig. 1a–c for Mg, Mg–Al–Zn and Mg–Al–Zn–Mn in the
hree different electrolytes, respectively. The results show that Mg
nd its alloys tend to passivate in aqueous solutions. The open-
ircuit potential gets more positive and the steady state corrosion
otential is achieved within 1 h from electrode immersion in the
olution and the values are presented in Table 1. Longer times of
mmersion up to 6 h did not show significant effect on the steady
tate potential and did not affect the polarization experiments. The
teady state potential of Mg is more positive than that of the two
lloys (cf. Table 1).

.2. Potentiodynamic polarization measurements

The potentiodynamic polarization curves of Mg and the two
lloys are presented in Fig. 2a–c in solutions of pH 2, 7 and 12,
espectively. The measurements were carried out after reaching
he steady state (90 min after electrode immersion in the test solu-
ion) in naturally aerated solutions at a scan rate of 10 mV s−1. In all
olutions the tendency for corrosion occurs. The corrosion param-
ters, corrosion potential, Ecorr, corrosion current density, icorr, and
orrosion resistance, Rcorr, were calculated from the automatically
xtrapolated Tafel lines. The corrosion current density was used
or the calculation of the corrosion rate in mm y−1 according to the
araday’s law [18]:
orrosion rate (mm y−1) = 3.27 × 10−3 × icorr (�A cm−2)

× M (g mol−1)
n

× d (g cm−3)
Fig. 1. Variation of the open-circuit potentials of Mg and the two alloys with time
in naturally aerated aqueous solutions of different pH at 25 ◦C: (a) pH 2, (b) pH 7
and (c) pH 12.

The factor 3.7 × 10−3 includes the Faraday’s constant, and the met-
ric and time conversion factors, d is the density, M the molecular
mass and n the number of equivalents (number of exchanged
electrons in the corrosion process). The calculated parameters for
the three materials in the three different solutions are presented
in Table 1. The results show apparent changes in the corrosion
potential and corrosion current density values of Mg according
to the alloying condition. In general, the shape of the polar-
ization curves is almost the same and the presence of alloying
elements does not make significant changes in the shape, which
suggests a similar electrochemical behavior. The appearance of an
anodic current plateau in the neutral and basic solutions suggests
a pseudo-passivation step [19,20]. Fig. 3 presents the potentiody-

namic polarization curves of the three investigated materials [Mg
in Fig. 3a, Mg–Al–Zn in Fig. 3b and Mg–Al–Zn–Mn in Fig. 3c], sep-
arately, in the acidic, neutral and basic solutions. The results show
the similarity of the curves and indicate that there is no passivity in
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Table 1
Polarization parameters and rates of corrosion of Mg and the two alloys in naturally aerated solutions of pH 2,7 and 12 at 25 ◦C.

Sample pH = 2 pH = 7 pH = 12

Ecorr/V icorr/�A cm−2 Rcorr/
� cm2

Rate/
mm y−1

Ecorr/V icorr/�A cm−2 Rcorr/
� cm2

Rate/
mm y−1

Ecorr/V icorr/�A cm−2 Rcorr/
� cm2

Rate/
mm y−1

64.5
44.5
38.9

t
s
a
a

a

F
a
p

that of the metal itself, i.e. the presence of the alloying elements
Mg −1.458 230 88 5.25 −1.550
Mg–Al–Zn −1.530 144 113 3.28 −1.668
Mg–Al–Zn–Mn −1.628 89 130 2.04 −1.796

he acidic solutions. The corrosion current density of Mg in acidic

olution is more than 3 times that recorded in neutral solutions and
bout 45 times that recorded in basic media. The same trend was
lso observed with the two alloys.

Although that the corrosion potential of the alloys is more neg-
tive than that of Mg, the rate of corrosion of the alloys is less than

ig. 2. Potentiodynamic polarization curves for Mg, Mg–Al–Zn and Mg–Al–Zn–Mn
lloys in naturally aerated aqueous solutions of different pH at 25 ◦C: (a) pH 2, (b)
H 7 and (c) pH 12.
254 1.56 −1.426 5.1 4250 0.12
410 1.01 −1.522 5.1 4260 0.12
650 0.89 −1.658 2.9 5680 0.06
in the Mg matrix decreases the corrosion rate, in other words it
leads to a significant increase in the corrosion resistance [21]. The
relatively higher corrosion rate of Mg can be attributed to the pres-

Fig. 3. Potentiodynamic polarization curves of the three different materials in nat-
urally aerated aqueous solutions of different pH at 25 ◦C: (a) Mg, (b) Mg–Al–Zn and
(c) Mg–Al–Zn–Mn.
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Table 2
Activation energies of the corrosion of Mg and the two alloys in naturally aerated
solution of pH 2, 7 and 12.

Sample Ea/kJ mol−1

pH = 2 pH = 7 pH = 12

Mg 8.0 9.9 10.3
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Mg–Al–Zn 8.7 10.4 10.2
Mg–Al–Zn–Mn 8.6 11.3 14.7

nce of Fe impurity that exceeds the tolerance limit, which was
eported to be 0.017% in Mg alloys [13]. Away from this impurity
evel and alloying elements and as it can be expected for active

etals, the rate of corrosion of these metallic materials in acidic
edium is relatively high compared to that in neutral or basic

olutions. Also, no reproducible data could be obtained in acidic
olutions. The calculated values of the corrosion rates of the three
aterials in the three different solutions are presented in Table 1.

he calculated values, either from the polarization measurements
r from the impedance data, show clearly that the three investi-
ated materials have comparable corrosion rates in basic solutions.
his can be explained by the formation of a barrier layer of Mg(OH)2
hich is insoluble in basic solutions [4,22]. In acidic solutions, no

arrier layer can be formed, since Mg(OH)2 is simultaneously sol-
ble and hence higher corrosion rates were recorded. In neutral
olutions, the barrier magnesium hydroxide layer is partially sol-
ble and so a decrease in the rate of corrosion compared to the
cid solution was recorded. From the three investigated materi-
ls, the Mg–Al–Zn–Mn alloy shows the lowest corrosion rate and
g metal possesses the highest one. The low corrosion rate of the

lloy is due to the presence of alloying elements, especially Mn.
mall additions of Mn increases the corrosion resistance of the
lloy and at the same time reduces the effects of metallic impurities
15,23].

.3. Effect of temperature

The effect of temperature on the corrosion and passivation
ehaviors of Mg, Mg–Al–Zn and Mg–Al–Zn–Mn was investigated.
n all-glass double-walled electrochemical cell with the same
rrangements as described before was used. The measurements
ere performed in unstirred naturally aerated buffer solutions

f pH 2, 7 and 12 in the temperature range between 285 and
15 K. In general, the rate of corrosion increases as the temperature

ncreases. At each temperature, the corrosion current density, icorr,
as obtained from the polarization measurements. A plot of log

corr versus 1/T was found to obey the familiar Arrhenius equation
24].

d log icorr

d(1/T)
= −Ea

R

here Ea is the molar activation energy of the corrosion process
nd R is the gas constant (8.314 J mol−1 K−1). The correspond-
ng Arrhenius plots are presented in Fig. 4a–c for Mg, Mg–Al–Zn

nd Mg–Al–Zn–Mn in the three different solutions. The acti-
ation energy of the corrosion process was calculated from
he slope of the corresponding Arrhenius plot. The calculated
alues for the different materials in the three solutions are
resented in Table 2. The calculated activation energy val-
es are <40 kJ mol−1, which means that the rate determining
tep in the corrosion process is one electron transfer process
25,26].
Fig. 4. Arrhenius Plots (log icorr vs. 1/T relations) for the corrosion behavior of Mg,
Mg–Al–Zn and Mg–Al–Zn–Mn alloys in naturally aerated solutions of different pH:
(a) pH 2, (b) pH 7 and (c) pH 12.

3.4. The electrochemical impedance measurements

Electrochemical impedance spectroscopy (EIS) is essentially
a steady state technique that is capable of accessing relaxation
phenomena whose relaxation times vary over orders of magni-
tudes and permits single averaging within a single experiment to
obtain high precision levels. It confirms the conventional polar-
ization techniques for corrosion rate measurements. Open-circuit

impedance of Mg and the two alloys was traced over 90 min from
electrode immersion in the test solutions. Longer immersion of
the electrodes in the electrolyte did not show reasonable changes.
Some experiments were carried out after 6 h of the electrode
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ig. 5. Impedance plots for Mg, Mg–Al–Zn and Mg–Al–Zn–Mn alloys in naturally
erated solutions of pH 2 at 25 ◦C. [�, �, � represent experimental data and contin-
ous lines are fitted data.] (a) Bode plots and (b) Nyquist plots.

mmersion in the different solutions. Typical data for the three
aterials in aqueous solutions of pH 2, 7 and 12 are presented

s Bode and Nyquist plots in Figs. 5–7 in acidic, neutral and basic
olutions, respectively. Bode plots are recommended as standard
mpedance plots, since the phase angle, �, is a sensitive parame-
er for indicating the presence of additional time constants in the
mpedance spectra and the whole impedance data are presented
xplicitly. Nyquist plots are presenting a direct comparison of the
orrosion resistance of the different materials in the various solu-
ions. It gives also a direct indication of the presence of different rate
ontrolling steps and also diffusion controlled processes [27–30].

In Fig. 5a Bode plots of Mg, Mg–Al–Zn and Mg–Al–Zn–Mn alloys
n aqueous solution of pH 2 are presented. The figure shows two
hase maxima at low and high frequencies for the three investi-
ated materials which assigns the presence of two time constants
ontrolling the corrosion process. The first at the law frequency
egion can be attributed to the charge transfer (corrosion) resis-
ance, Rct, and the double-layer capacitance, Cdl, at the electrode
urface, while the second at high frequency is attributed to a par-
ially protective surface film of Mg(OH)2 [31–33]. The impedance
pectra are similar except for the diameters of the loops assigning
he corrosion resistance (cf. Nyquist plots). This similarity means
hat the corrosion mechanism of these materials is the same, but
hey possess different corrosion rates [34]. In order to enable an
ccurate analysis of the impedance data equivalent circuit models

ave been suggested (cf. Fig. 8). In the model presented in Fig. 8a,
s represents the solution resistance, Rct the charge transfer (cor-
osion) resistance, i.e. the resistance to the electron transfer of
he faradic process on the metal surface, in parallel to a capac-
tor representing the double-layer capacity, Cdl. To account for
Fig. 6. Impedance plots for Mg, Mg–Al–Zn and Mg–Al–Zn–Mn alloys in naturally
aerated solutions of pH 7 at 25 ◦C. [�, �, � represent experimental data and contin-
uous lines are fitted data.] (a) Bode plots and (b) Nyquist plots.

the capacitance and resistance of the surface film formed on the
electrode, an additional capacitor, Cf, and a resistance, Rf, were
introduced. This model fits the impedance data obtained in acidic
and neutral solutions. In basic solutions, where a clear diffusion
controlled step was recorded (cf. Fig. 8b), the Warburg impedance,
Zw, was introduced to account for the diffusion process. It is worth
to mention that both the charge transfer resistance, Rct, and the
barrier film resistance, Rf, represent the polarization resistance of
the Tafel interpretation or the corrosion resistance that could be
obtained from the corrosion measurements.

It was observed that the addition of alloying elements to Mg has
led to an increase in the value of the absolute impedance, Z, which
means that the presence of Al, Zn and Mn in the Mg matrix increases
the corrosion resistance of the metallic material as can be seen in
Figs. 6a and 7a.

In neutral solutions, compared to the acidic solutions, the phase
maximum in the low frequency region is suppressed and that in
the high frequency region dominates. This means that the corrosion
rate of Mg and its alloys is decreased by the increase of the solution
pH. The increase of the corrosion resistance of the alloy is due to
the stability of the corrosion product formed as a protective film on
the metallic surface at higher pH’s. The protective film thus formed
is relatively stable in neutral solutions but soluble in acid solutions
[4].

The EIS spectra of Mg and the two alloys in basic solutions
show only one phase maximum. The disappearance of the other
phase maximum at the low frequency region and the relatively high

impedance values recorded in basic solutions are good indication
for the presence of a stable protective layer on the metallic surface.
The results indicate that the corrosion process is controlled by the
protective film formation and a diffusion controlled step.
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Table 3
Equivalent circuit parameters for Mg and the two alloys in naturally aerated solu-
tions of pH 2,7 and 12 at 25 ◦C.

pH Sample Rs/� cm2 Rf/� cm2 Cf/�f cm−2 Rct/� cm2 Cdl/mf cm−2

2 Mg pure 72.5 20.5 12.2 5.4 2.4
Mg–Al–Zn 64.8 44.2 72.0 30.1 6.7
Mg–Al–Zn–Mn 73.4 70.6 11.3 34.5 5.8

7 Mg pure 53.0 340.5 23.4 578.6 994.9
Mg–Al–Zn 47.0 425.2 18.7 498.7 797.7
Mg–Al–Zn–Mn 68.8 613.9 13.0 579.5 137.3

to oxide, hydroxide or the divalent ion in aqueous environments
depending on the pH of the solution. The active sites at the metal are
easily oxidized and separated from the electrode surface according
ig. 7. Impedance plots for Mg, Mg–Al–Zn and Mg–Al–Zn–Mn alloys in naturally
erated solutions of pH 12 at 25 ◦C. [�, �, � represent experimental data and con-
inuous lines are fitted data.] (a) Bode plots and (b) Nyquist plots.

The impedance data for the three investigated materials after
0 min immersion in the aqueous solutions of pH 2, 7 and
2 were fitted to theoretical data according to the proposed
odel presented in Fig. 8 and the values of the impedance
arameters were calculated and presented in Table 3. The val-
es of the film resistance, Rf, are increasing with the increase
f the pH of the solution. Also, the presence of the alloying
lements improves the film resistance. The film resistance fol-

ig. 8. Equivalent circuit models for fitting of the impedance data of Mg and
ts alloys, Rs = solution resistance, Rct = charge transfer (corrosion) resistance,
dl = electrode capacitance, Rf = film resistance, Cf = film capacitance and Zw is the
arburg impedance. (a) Model for fitting the data in acidic and neutral solutions.

b) Model for fitting the data in basic solutions, where a Zw was introduced to account
or the diffusion controlled process.
12 Mg pure 12.7 2615 15.2
Mg–Al–Zn 23.8 2010 15.8
Mg–Al–Zn–Mn 266.7 3186 12.5

lows the order Mg < Mg–Al–Zn < Mg–Al–Zn–Mn at the same pH.
These results are consistent with the results of the polarization
measurements.

From the above presented data, it can be concluded that Mg
either pure or in the alloy is the most active element and oxidized
Fig. 9. Potential-pH diagrams of Mg (a), and Mg, Al, Zn (b).
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Fig. 10. Scanning electron micrographs of mechanic

o [35]:

g → Mg+ + e−

hich is consistent with a one electron transfer kinetics and the low
ctivation energy of the corrosion process [23,26,36]. The mono-
alent ion is further oxidized by the H+ ions in acid solutions as

Mg+ + 2H+ → 2Mg2+ + H2

r, by water molecules in neutral solutions under the formation of
g(OH)2 as corrosion product [14,21]:

Mg+ + 2H2O → 2Mg2+ + 2OH− + H2

g2+ + 2OH− → Mg(OH)2 (corrosion product)

The formation of the stable magnesium hydroxide as protective
ayer on the metallic surface is responsible for the relatively high
mpedance and corrosion resistance of the materials in neutral or
lkaline solutions. It is also possible that a disproportionation reac-
ion of the Mg+ ions into magnesium metal and Mg2+ ions may take
lace according to:

Mg+ → Mg + Mg2+
The magnesium atoms thus formed represent active centers
hat can be oxidized in neutral or basic solutions to give a stable
orrosion product according to:

g + 2H2O → Mg(OH)2 + H2

Fig. 11. Scanning electron micrographs of Mg–Al–Zn (a) and Mg–Al–Zn–Mn (b) a
olished Mg–Al–Zn (a) and Mg–Al–Zn–Mn (b) alloys.

The recorded effect of pH on the corrosion and passivation
behavior of Mg and its alloys is consistent with the potential-pH
diagrams of these materials presented in Fig. 9a for Mg and Fig. 9b
for Mg, Al and Zn [37,38]. According to these diagrams the dissolu-
tion of Mg in aqueous solutions proceeds via reduction of water
and the formation of Mg(OH)2 which is soluble in acidic solu-
tions leading to the recorded high corrosion rate. At pH ≥ 4, this
corrosion product is stable and hence lower corrosion rates can
be measured. In the pH range 4–9, Mg(OH)2 is stable and Al is
passive and above pH 9 the formation of magnesium aluminates
and stabilization of Mg(OH)2 occurs. In the range between 8.5 and
10.5 Zn is also passive. The formation of microstructures due to
the presence of alloying elements in some Mg alloys leads to the
stabilization of the alloy and higher corrosion resistance values
were recorded [6,20,34,39]. For example, the as-cast microstruc-
tures of Mg–9Al–1Zn (AZ91) alloy consist mainly of �-Mg matrix
and �-Mg17Al12 intermetallic. This intermetallic is more stable than
the �-Mg matrix because of its high Al content. The �-Mg17Al12
phase acts as an effective barrier and as an active cathode for the
�-Mg matrix. The oxide film on this intermetallic is continuous
and inhibits the dissolution of the �-Mg phase [6]. The effect of
alloying elements on the microstructure formation and the con-
tribution of these elements to the improvement of the corrosion
resistance of the alloys was clearly seen on the scanning electron

micrographs presented in Figs. 10 and 11. In Fig. 10(a), the SEM
of Mg–Al–Zn shows clearly the primary �-phase (Mg matrix) and
large areas of �-phase (Mg17Al12) intermetallic. The large areas of
this phase leads to the recorded relatively higher corrosion rates as
indicated by the formation of the cylindrical deep pits present in the

lloys after 90 min immersion in naturally aerated solutions of pH 7 at 25 ◦C.
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icrograph taken after 90 min immersion in the solution presented
n Fig. 11a. In the Mg–Al–Zn–Mn alloy the areas of the intermetallic
re decreased and seem that the surface does not contain such gal-
anic initiated corrosion process (cf. the micrograph of Fig. 10b).
he corrosion of this alloy after immersion in the aqueous elec-
rolyte is still present in the form of spots. Small cylindrical pits that
ave a diameter of approximately 6.2–6.7 �m are present. There are
ome flawed regions in the form of line cracks concentrated on the
lack �-phase which could be attributed to defaults on the oxide
lm (cf. the micrograph of Fig. 11b). It is worth to mention that Mg

tself did not show structures that should be interpreted. It is more
ikely in the form of overall corrosion that is then suppressed by the
ormation of the passive Mg(OH)2 as a stable corrosion product.

The improvement of the corrosion behavior of Mg alloys due to
he alloying elements was reported to be due to: (i) refining of the
-phase and formation of more continuous network, or (ii) sup-
ression of �-phase formation by forming another intermetallic,
hich is less harmful to the �-Mg matrix, which is clearly seen in

he presented micrographs, and (iii) added elements may incorpo-
ate into the protective film and thus increasing its stability [40–42].

. Conclusions

. The corrosion rates of Mg, Mg–Al–Zn and Mg–Al–Zn–Mn alloys
in acidic solution are three times that occurs in neutral solutions
and more than 28 times that measured in basic solutions.

. Addition of Al, Zn and Mn to Mg decreases the rate of corrosion
of the metal and the Mg–Al–Zn–Mn was found to be the most
corrosion resistant alloy.

. The activation energy of the corrosion process is <40 kJ mol−1.
This supports one electron transfer step as the rate determining
corrosion process.

. The EIS results have shown that the corrosion process involves
a diffusion controlled step which is not occurring in acidic or
neutral solutions.

. The relatively high corrosion resistance in basic solutions is due
to the formation of the stable Mg(OH)2 barrier film on the metal
surface.

. SEM results have shown that the effect of the intermetallic �-
phase (Mg17Al12) is suppressed or at least minimized in the

presence of Zn and Mn.
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