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Magnesium (Mg) and its alloys have increased applications in industry. These applications are getting
limited due to Mg corrosion, especially in chloride containing environments, because of its high
negative potential. The objective of the present work thus was to report the corrosion of Mg in stagnant
solutions of the naturally aerated Arabian Gulf seawater (AGS) and 3.5% NaCl. Weight-loss (WtL)
after different exposure periods and scanning electron microscopy (SEM) with X-ray analyzer (EDX)
investigations along with cyclic potentiodynamic polarization (CPP), potentiostatic current-time
(PCT), and electrochemical impedance spectroscopy (EIS) measurements were employed to achieve
this objective. WtL experiments indicated that Mg dissolves linearly and its corrosion rate decreases in
AGS and NaCl solutions when its exposure time increases in the range from 120 h to 600 h. CPP,
PCT, and EIS measurements confirmed the data obtained by WtL that the increase of exposure time
decreases the uniform. This effect also increases the severity of Mg pitting corrosion. Results together
showed clearly that AGS is more aggressive towards Mg surface than 3.5% NaCl solutions at the same
condition.
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1. INTRODUCTION
Magnesium (Mg) and its alloys are the lightest of all structural metallic materials. Because of
their low densities, good damping, excellent heat dissipation, good mechanical and electrical
properties, and good electro-magnetic shield, they have been extensively used in many applications [19]. Mg is widely used for manufacturing of mobile phones, laptop computers, cameras, and other
electronic components. Historically, Mg was one of the main aerospace construction metals and was
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used for German military aircraft as early as World War I and extensively for German aircraft in
World War II [10].
Mg is very reactive metal because of which, its free element is not naturally found on earth,
though once produced, it is coated in a thin layer of its oxide. The formation of this layer on the
surface of Mg and its alloys does not provide full protection against corrosion, especially in chloride
containing environments. This occurs as the Cl‒ ions from the surrounding environment penetrate the
oxide layer and reach the surface of Mg then react with the metal substrate. The high corrosion
susceptibility is also expected as a result of the high active potential of Mg. The presence of impurities
and second phases within Mg alloys can be considered as active cathodic sites, which accelerate the
local galvanic corrosion of the alloy matrix [11]. The presence of impurities such as iron, copper and
nickel in low amounts increases the corrosion resistant of the Mg alloy. These elements if present in
high contents will act as active cathodes with small hydrogen overvoltage and result in dissolution of
the Mg matrix [12-14]. This explains why the corrosion and corrosion protection of Mg in different
aggressive electrolytes have been reported [15-19].
The objective of the current work is to compare between the effects of naturally aerated
stagnant Arabian Gulf seawater (AGS) and 3.5% sodium chloride (3.5% NaCl) solutions on the
corrosion of magnesium after its immersion for 1 hour and 6 days. The study was carried out using
weight-loss immersion test for 600 hours along with SEM/EDX investigations and variety of
electrochemical measurements such as polarization (CPP), current time (PCT) and electrochemical
impedance spectroscopy. It is well known that AGS is a complex mixture of inorganic salts, dissolved
gases, suspended solids, organic matter and organisms [20,21]. It has inorganic salts that include Na+,
Mg2+, K+, Ca2+, and Sr2+ as well as very high concentrations of chloride (24090 mg/L), and sulfate
(3384 mg/L) ions. AGS also has HCO3-, Br-, and F-, with total dissolved solids (TDS) of 43800 mg/L
[21]. The presence of such high TDS concentration represents a very corrosive medium. Oxygen
content also has a marked effect on corrosivity of seawater. At the same time, 3.5% NaCl solution has
been also reported to simulate the percentage of chloride ion in the seawater and to be an aggressive
medium towards many metals and alloys [22-41].

2. EXPERIMENTAL PROCEDURE
AGS solution was brought directly from the Arabian Gulf at the eastern region of Saudi Arabia
and sodium chloride (NaCl, Merck, 99%) were used as received. An electrochemical cell with a threeelectrode configuration was used; a square magnesium electrode (circa 99% purity Mg having 1.2 cm
side length and total surface of 1.44 cm2), a platinum foil, and an Ag/AgCl electrode (in the saturated
KCl) were used as the working, counter, and reference electrodes, respectively. The Mg rod for
electrochemical measurements was prepared by welding a copper wire to a drilled hole was made on
one face of the rod; the rod with the attached wire were then cold mounted in resin and left to dry in air
for 24 h at room temperature.
Before measurements, the other face of the Mg electrode, which was not drilled, was polished
successively with metallographic emery paper of increasing fineness up to 1200 grit. The electrode
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was then cleaned using doubly-distilled water, degreased with acetone, washed using doubly-distilled
water again and finally dried with a stream of dry air. In order to prevent the possibility of crevice
corrosion during measurement, the interface between sample and resin was coated with Bostik
Quickset, a polyacrelate resin.
The weight loss experiments were carried out using rectangular magnesium coupons having the
same purity of magnesium rods with the dimension of 4.0 cm length, 2.0 cm width, and 0.4 cm
thickness and the exposed total area of 54.0 cm2. The coupons were polished and dried as for the case
of Mg rods, weighted (initial weight, mint.), and then suspended in 300 cm3 AGS and 3.5% NaCl
solutions for different exposure periods and up to 600 hours. After the designated exposure to the test
solution, the coupons were rinsed with distilled water, dried between two tissue papers, and weighted
again (final weight, mfin). Weight-loss measurements were made in triplicate and the loss of weight
was calculated by taking an average of these values. The maximum standard deviation in the observed
weight loss was calculated to be ±1.5%. The weight loss (Δm, mg.cm−2) and the corrosion rate (KCorr,
mg.cm−2.h−1) over the exposure period were calculated according to the previous studies as follows
[40-43]:
m 

mint  m fin

K Corr 

A
mint  m fin
At

(1)

(2)

Where, mint is the initial weight before immersion, mfin is the final weight after exposure to the
test solution, A is the total surface area, 54.0 cm2, and t is the time of exposure in hours.
The SEM investigation and EDX analysis were obtained for the surface of magnesium
specimens after their immersions in the test solution after 600 h exposure. The SEM images were
collected by using a JEOL model JSM-6610LV (Japanese made) scanning electron microscope with an
energy dispersive X-ray analyzer attached.
Electrochemical experiments were performed by using an Autolab Potentiostat (PGSTAT20
computer controlled) operated by the general purpose electrochemical software (GPES) version 4.9.
The cyclic potentiodynamic polarization (CPP) curves were obtained by scanning the potential in the
forward direction from -2000 to -800 mV against Ag/AgCl at a scan rate of 3.0mV/s; the potential was
then reversed in the backward direction at the same scan rate. Potentiostatic current-time (PCT)
experiments were carried out by stepping the potential of the magnesium electrodes at – 1200 mV
versus Ag/AgCl.
Electrochemical impedance spectroscopy (EIS) data were performed at corrosion potentials
(ECorr) over a frequency range of 100 kHz – 100 mHz, with an ac wave of  5 mV peak-to-peak
overlaid on a dc bias potential, and the impedance data were collected using Powersine software at a
rate of 10 points per decade change in frequency. All the electrochemical experiments were recorded
for the Mg electrodes after 60 minutes and 6 days immersions in the test electrolytes before
measurements. All measurements were also carried out at room temperature in freely aerated solutions.
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3. RESULTS AND DISCUSSION
3. 1. Weight-loss measurements and SEM / EDX investigations
Fig. 1 depicts the change of weight loss (Δm, mg cm-2, calculated using Eq. (1)) as a function
of immersion time for Mg coupons in 300 cm3 of AGS and 3.5% NaCl solutions. It is clearly seen
from Fig. 1 that the value of Δm for Mg in AGS and NaCl solutions increased linearly with increasing
immersion time. This is due to the continuous dissolution of Mg under the aggressiveness action of
AGS and NaCl solutions against Mg surface. It has been reported that [44] the anodic dissolution of
Mg occurs due to its high reactivity up on the immersion of Mg in the test solution as follows;
Mg = Mg2+ + 2e−

(3)

Mg also forms an oxide layer, which is included in the anodic reaction according to the
following reaction;
Mg + O = MgO

(4)

On the other hand, the cathodic reaction for Mg at these conditions is the hydrogen evolution
because of the electron consumption on Mg occurs by the unloading of hydrogen ions as shown in Eq.
(5) [45]. The hydrogen ions are produced due to the dissociated water repersented by Eq. (6).
2H+ + 2e− = H2

(5)

H2O = H+ + OH‒

(6)

This produced hydroxide ions will react with the dissolved Mg cations resulted from Eq. (3),
Mg , to form magnesium hydroxide as follows;
2+

Mg2+ + 2OH‒ = Mg(OH)2

(7)

The equilibrium between the water from the solution and its ions is disturbed and the reaction
becomes stronger in one direction [45] as can be seen by the following reaction;
H2O = (OH−)Mg + H+

(8)

Although Mg forms MgO and Mg(OH)2 on its surface, its dissolution rapidly increases with
increasing the exposure time. This is due to the fact that these forms are not compact and not protective
and allow the aggressive ions from AGS and NaCl solutions to attack the Mg surface. It is also seen
that the values of Δm for Mg in AGS solutions are higher than that obtained for Mg in NaCl ones. This
proves that AGS is more corrosive than 3.5% NaCl solutions towards Mg surface.
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Figure 1. The variation of the weight-loss (Δm / mgcm-2) as a function of time for Mg coupons in
aerated AGS and 3.5% NaCl solutions.

The scanning electron microscope (SEM) images were taken for Mg surface after its immersion
for 600 h in AGS and the micrographs are shown at different magnifications in Fig. 2a and Fig. 2b.
The corresponding energy dispersive X-ray analyzer (EDX) profiles are respectively shown in Fig. 2c
and Fig. 2d. The SEM micrograph, Fig. 2a, shows that the surface of Mg at this condition is
completely covered with thick layer of corrosion products and there are few shaped like mushroom
formed on the surface. The atomic percentages of the elements found in the mushroom like area of the
SEM and displayed in the EDX profile presented in Fig. 2c, were 62.12% O, 16.11% C, 19.06% Ca,
0.14% Sr, and only 2.58% Mg. The small amounts of Mg indicate that the investigated mushroom like
corrosion product is very thick and the compounds in this area might have formed on the Mg surface
due to the presence of micro-organisms in the seawater.
Increasing the magnification of the SEM image in the flat area of the surface as shown in Fig.
2b, indicates that the surface composes of two regions; one is covered with grass like corrosion
products from which the mushrooms were formed; and the other area is covered with a thin layer of
corrosion products. The corresponding EDX profile analysis for the selected area of the SEM shown in
Fig. 2b is shown in Fig. 2d. The atomic percentages of elements found in this area were, 66.70% O,
26.84% Mg, 3.99% C, 2.32% Ca, and 0.15% S. The high Mg content compared to that one found in
the mushroom like area confirms that the thickness of corrosion products of the surface was smaller.
The SEM/EDX investigations were also carried out for Mg surface after its immersion in 3.5% NaCl
solutions for 600 h, where SEM micrographs of (a) a large area of the surface and (b) an extended area,
which mainly contains white deposits, are respectively depicted by Fig. 3. The corresponding EDX
profile analyses for the selected areas on the SEM images (a) and (b) are also shown in Fig. 3c and Fig.
3d, respectively. It is clearly seen from the SEM images that there are black and white areas. The
atomic percentage of the elements found in the selected black area shown in Fig. 3a and represented by
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the EDX profile shown in Fig. 3d, were 55.74% O, 41.76% Mg, 2.40% C, and 0.11% Mn. The
elements found on the Mg surface suggest that the compounds formed at this condition were mainly
magnesium oxide. On the other hand, the atomic percentages of the elements found in the white area of
SEM image shown in Fig. 3b and displayed in the EDX profile presented in Fig. 3d, were 65.86% O,
30.14% Mg, and 4.00% C. this means that the oxide film in the white areas are more dense than the
black areas as the percentage of O is higher.

Figure 2. SEM micrographs (a) and (b) at different magnifications for magnesium surface after its
immersion in naturally aerated AGS for 600 h; EDX profile analyses (c) and (d) taken in the
selected SEM areas in image (a) and (b) , respectively.
The values of KCorr, which were calculated from weight-loss tests using Eq. (2) for Mg in AGS
and 3.5% NaCl solutions, are plotted against time as shown in Fig. 4. The KCorr of Mg recorded
decreased values with increasing the immersion time in both AGS and NaCl solutions. The values of
KCorr for Mg in AGS were higher than those in 3.5% NaCl solutions at all the exposure periods. This
proves that AGS is more corrosive towards Mg than 3.5% NaCl solutions at the same condition.
Although, the SEM micrographs for Mg in AGS showed thick layer of corrosion products, the oxide
film was more favorable to be formed on Mg in NaCl solutions, which may explain the higher values
of Δm and KCorr for Mg in AGS than those recorded in NaCl solutions. It is worth to mention also that
the decrease of KCorr for Mg in both media with decreasing the immersion time is due to the
accumulation of corrosion products including magnesium oxide and hydroxide, which cover up the
surface leading to decrease its uniform corrosion.
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Figure 3. SEM micrographs (a) and (b) at different magnifications for magnesium surface after its
immersion in 3.5% NaCl solution for 600 h; EDX profile analyses (c) and (d) taken in the
selected SEM areas in image (a) and (b) , respectively.
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Figure 4. The change of corrosion rate (KCorr / mg cm-2 h-1) as a function of time for Mg coupons after
its immersion in AGS and 3.5% NaCl solutions.
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3.2. Cyclic potentiodynamic polarization (CPP) measurements
The potentiodynamic polarization is a powerful technique always used in determining many
corrosion parameters through changing the potential values and measuring the corresponding output
currents for metals and alloys in corrosive environments [46-55]. The cyclic potentiodynamic type
(CPP) test in this study enabled us to record the values of corrosion potential (ECorr), corrosion current
density (jCorr), cathodic (βc) and anodic (βa) Tafel slopes, pitting potential (EPit), protection potential
(EProt), polarization resistance (RP), and corrosion rate (KCorr) for Mg in (a) AGS and (b) 3.5% NaCl
solutions after 60 min and 6 days as respectively shown in Fig. 5. The values of βc, ECorr, jCorr, βa, EProt,
RP, and KCorr were obtained from CPP curves shown in Fig. 5 according to our previous work as
follows [53–55] and are presented in Table 1.
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Figure 5. Cyclic potentiodynamic polarization curves for Mg electrode after its immersion in aerated
(a) AGS and (b) 3.5% NaCl solutions after 60 min and 6 days, respectively.

The CPP curve recorded for Mg after its immersion in AGS for 60 min only shows that an
active dissolution in the anodic branch due to the increase of potential in the positive direction as well
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as the presented corrosive species in the AGS. Reversing the potential in the backward direction at the
same scan rate resulted in increasing the current, which led to the appearing of a large hysteresis loop.
This indicates that Mg suffered sever pitting corrosion and its protection potential is more negative
than the corrosion potential as seen in Table 1. Increasing the immersion time to 6 days remarkably
reduced the values of cathodic, jCorr, anodic currents, and KCorr, as well as increased values of RP. This
effect shifted the values of ECorr and EProt to the less negative direction. This proves that increasing the
immersion time of Mg in AGS before measurements highly decreases its uniform corrosion. Increasing
the immersion time to 6 days also increased the area of the hysteresis loop confirming that the pitting
corrosion of Mg increases with prolonging the immersion time.

Table 1. Parameters obtained from polarization curves shown in Fig. 5 for Mg electrode that was
immersed in AGS and 3.5% NaCl solutions for 60 min and 6 days, respectively.

Solution
AGS after 60 min
AGS after 6 days
3.5% NaCl after 60 min
3.5% NaCl after 6 days

Parameter
βc /
mV dec-1
225
138
175
240

ECorr /
mV
‒1504
‒1420
‒1513
‒1405

jCorr /
μA cm-2
51.0
3.85
33.0
8.50

βa /
mV dec-1
65
140
63
105

EProt /
mV
‒1620
‒1617
‒1615
‒1622

Rp /
 cm2
430
863
610
3736

KCorr /
mmy-1
1.165
0.088
0.754
0.194

The CPP curves obtained for Mg in 3.5% NaCl, Fig. 5b, after 60 min and 6 days showed
almost similar behavior to that for Mg in AGS. The corrosion parameters listed in Table 1 for Mg
recorded lower values of jCorr and KCorr and higher values of Rp. This confirms the data obtained by
weight loss that both AGS and 3.5% NaCl solution cause severe corrosion for Mg and AGS is more
corrosive toward Mg than 3.5% NaCl solution at the same condition. It has been reported that [56] the
main corrosion product formed on the Mg surface after 10 days immersion in 3.5% NaCl is Mg(OH)2
according to Eq. (7). The formation of such compound on the Mg surface provides only partial
protection and thus decreases the uniform corrosion of Mg in NaCl solution compared to AGS one.
3.3. Potentiostatic current‒time (PCT) measurements
In order to shed more light on the dissolution of Mg and whether pitting corrosion occurs in
AGS and/or 3.5% NaCl solutions at a less negative potential value, the PCT experiments were carried
out. The change of the anodic currents as a function of time for Mg rod that was immersed in the
aerated stagnant (a) AGS and (b) 3.5% NaCl solutions respectively for 60 min and 6 days before
stepping the potential to ‒1200 mV vs. Ag/AgCl are shown in Fig. 6. The value of the constant
potential was determined to be in the anodic branch of the polarization curves of Fig. 5. For Mg that
was immersed in AGS solution for 60 min, Fig. 6a (curve 1), the initial current value recorded about
50 mAcm-2; the current then slightly increased in first 200 sec before decreasing again to reach circa
33 mAcm-2. The initial current increase was due to the dissolution of an oxide film probably was
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formed on the surface of the Mg during its immersion in the test solution before applying the constant
potential. The decrease of current and its small fluctuations with time to the end of the experiment
resulted from the dissolution of Mg to produce active site then the blocking of these sites due to the
formation of corrosion products on its surface. After 6 days of Mg immersion, curve 2, the initial
current recorded few microamperes then gradually increased with to reach 17.3 mAcm -2 by the end of
the run. The higher absolute current for Mg after its immersion for 60 min than its value after 6 days
indicates that Mg suffers more uniform corrosion after shorter exposure periods. The increase of
current with time for Mg after its immersion in AGS for longer time suffers more pitting corrosion.
For Mg after 60 min of its immersion in 3.5% NaCl solution, Fig. 6b, curve 1, the current
recorded ~ 35 mAcm-2 as an initial value and rapidly increased in the first few hundred seconds. The
current then slightly increased and decreased accompanied by small fluctuations with a slow absolute
current decrease at the end of the run. Increasing the immersion time to 6 days (Fig. 6b, curve 2) led to
decreasing the initial current values to almost zero. The current then remarkably increased with time
due to the occurrence of pitting corrosion.
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Figure 6. Potentiostatic current-time curves at -1.2 V vs. Ag/AgCl for Mg electrode after its
immersion for 60 min and 6 days in aerated (a) AGS and (b) 3.5% NaCl solutions, respectively.

The initial decrease can be explained by the formation of a passive oxide film and/or corrosion
products, which get thicker with time before applying the constant potential and then partially protect
the Mg surface against general corrosion. This also confirms that Mg in 3.5% NaCl solutions suffers
more pitting corrosion when the immersion time of Mg before measurement increases. The pitting

Int. J. Electrochem. Sci., Vol. 7, 2012

4245

corrosion here occurs because pits develop at sites where, oxygen adsorbed on the Mg surface is
displaced by an aggressive species such as Cl─ that is presented in the solution. This is because Cl─ has
a small diameter, which allows it to penetrate through the protective oxide film and displace oxygen at
the sites where metal-oxygen bond is the weakest [57]. The higher currents for Mg in AGS compared
to 3.5% NaCl solution indicate that PCT data are in good agreement with the weight loss and
polarization results that AGS is more corrosive towards Mg than 3.5% NaCl solution.

3.4. Electrochemical impedance spectroscopy (EIS) measurements
Fig. 7 shows the EIS Nyquist spectra that were taken at the corrosion potential of Mg after its
immersion in (a) AGS and (b) 3.5% NaCl solutions, respectively for 60 minutes and 6 days. It is
clearly seen from Fig. 7 that the diameter of the semicircle obtained for Mg after 60 min immersion in
both AGS and NaCl solution greatly increased when the immersion time of Mg was increased to 6
days. In order to quantify the corrosion of Mg in AGS and NaCl solutions to know which is more
aggressive and to also confirm the effect of prolonging the exposure time, the Nyquist plots shown in
Fig. 7 were fitted to the best equivalent circuit model as shown in Fig. 8. Also, the values of the
parameters obtained by fitting the equivalent circuit shown in Fig. 8 are listed in Table 2.
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Figure 7. Nyquist plots for Mg electrode at an open-circuit potential after its immersion for 60 min
and 6 days in (a) AGS and (b) 3.5% NaCl solutions, respectively.

Int. J. Electrochem. Sci., Vol. 7, 2012

4246

According to usual convention, RS represents the solution resistance between Mg and the
counter (platinum) electrode, Q1 and Q2 the constant phase elements (CPEs), RP1 the resistance of a
film layer formed on the surface of Mg, and RP2 accounts for the polarization resistance at the Mg
surface. According to the previous studies [58-60], the semicircles at high frequencies in Fig. 7 are
generally associated with the relaxation of electrical double layer capacitors and the diameters of the
high frequency semicircles can be considered as the charge transfer resistance (RP = RP1 + RP2)
[27,42]. At this condition, the value of RP is a measure of the uniform corrosion rate as opposed to
tendency towards localized corrosion.

Figure 8. Equivalent circuit model used to fit the EIS Nyquist plots presented in Fig. 7.

It is seen from Table 2 that the values of RS, RP1 and RP2 increased with increasing the
immersion time of Mg from 60 min to 6 days. It is also seen that these values are higher in the NaCl
solutions compared to AGS ones. The CPEs, Q1 with its n values close to 1.0 represent double layer
capacitors with some pores; the CPEs decrease, while their n-values increase with increasing the
immersion time, which is expected to cover the charged surfaces and to reduce the capacitive effects.
The CPEs, Q2 with its n value close to 0.5, especially after long immersion period represent Warburg
impedance and indicates that the Mg surface is more protected after 6 days exposure in the tested
media and the mass transport is limited by the surface corrosion products and/or oxide film. This
means that AGS is more aggressive than NaCl at this condition and confirms the weight loss,
polarization and current-time data.

Table 2. EIS parameters obtained by fitting the Nyquist plots shown in Fig. 7 with the equivalent
circuit shown in Fig. 8 for magnesium electrodes after 60 min and 6 days of immersion in AGS
and 3.5% NaCl solutions, respectively.
Solution

AGS after 60 min
AGS after 6 days
3.5% NaCl after 60 min
3.5% NaCl after 6 days

Parameter
RS /
Q1
Ωcm2
YQ1 / µF cm -2
6.425
20.49
12.07
11.06
8.420
0.205
16.36
0.153

n
0.89
0.91
0.80
0.89

RP1 /
Ω cm2
289
828
320
547

Q2
YQ2 / µF cm -2
10.6
1.48
1.058
0.805

N
0.11
0.74
0.11
0.67

RP2 /
Ω cm2
551
942
629
884

Int. J. Electrochem. Sci., Vol. 7, 2012

4247

4. CONCLUSIONS
The corrosion behavior of magnesium in Arabian Gulf seawater and 3.5% NaCl solutions after
different exposure periods was reported. The study was performed using weight-loss after up to 600
hours and the surface after exposure was examined by scanning electron microscopy (SEM), and
energy dispersive X-ray analyzer (EDX). The study was also complemented by cyclic potentiodynamic
polarization (CPP), potentiostatic current-time (PCT) and impedance spectroscopy (EIS)
measurements after 60 min and 6 days. The weight-loss data indicated that the weight-loss increases,
while the corrosion rate decreases with increasing exposure time of Mg in both AGS and 3.5% NaCl
solutions. The SEM micrographs and EDX profile analyses showed Mg in AGS develops shaped like
mushroom in the formed corrosion products on the surface, while Mg forms oxide layer in 3.5% NaCl
solutions. CPP curves proved that Mg surfers both pitting and uniform corrosion in AGS and 3.5%
NaCl solutions. PCT experiments revealed that the pitting corrosion of Mg increases with increase
immersion time. EIS spectra investigations confirmed that the increase of immersion time increases the
surface and polarization resistances of Mg against corrosion in the tested media. The results
collectively are internally consistent with each other, showing that AGS is more aggressive than 3.5%
NaCl solution and the uniform corrosion decreases, while the pitting corrosion increases with
increasing immersion time of Mg in both AGS and NaCl solutions from 60 min to 6 days.
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