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Corrosion behavior of AZ91D magnesium alloy in
sodium sulfate solution
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The corrosion behavior of as-cast AZ91D magnesium alloy in
0.1M sodium sulfate solution at the corrosion potential (Ecorr)
was investigated by using electrochemical impedance spectroscopy
(EIS), environmental scanning electron microscopy (ESEM), en-
ergy dispersive X-ray spectroscopy (EDS) and X-ray diffraction
(XRD). The results showed that the corrosion of AZ91D started
at both the primary a-Mg and the eutectic a-Mg. The surface first

was covered by a film (MgO,Mg(OH)2) which became thicker with
time. Due to the dissolution of the eutectic a-Mg, the concentration
of aluminum increased, MgAl2(SO4)4 � 2H2O precipitated at the
primary a-Mg and progressively spread to the eutectic a-Mg areas.
The surface film changed from two-layer to three-layer structure
with the increase of immersion time.

1 Introduction

Environment and resources have become the prime pro-
blems for the sustainable development in the 21st centuries.
Magnesium alloys, characteristic of low density, high
strength-to-weight ratio and relative abundance, which are re-
garded as the green metallic construction materials, have been
extensively applied in many fields such as in the automotive,
aerospace and national defence field [1–3]. But a major stum-
bling block that restricts the development and commercial ap-
plications of magnesium alloys is their poor corrosion resist-
ance. During the past decade, there were many research works
which had concentrated on the corrosion behavior and me-
chanisms of magnesium and its alloys [1–13].

Magnesium and its alloy spontaneously form oxide and hy-
droxide layers on the surfaces, which would influence the cor-
rosion behavior and mechanical-chemical interaction of ma-
gnesium and its alloys. Fairman and Bray [14] found that Al
existed in the Mg(OH)2 lattice by analyzing the corrosion pro-
ducts using transmission electron microscope (TEM).Nordien
et al. [6] observed the morphology and structure of the films
formed on pure magnesium by immersion in water for 1 h
with TEM. The film exhibited three-layer structure which
was composed of an inner cellular structure with
0.4–0.6 lm, a dense MgO region with 20–40 nm and an outer
platelet-like layer (Mg(OH)2 layer), which meant the true lim-
iting protective layer might be the dense intermediate layer,
i.e., MgO layer. But Schmutz et al. [11] proposed that the Pil-
ling/Bedworth ratio of 1.77 for Mg(OH)2 indicated a resistant
film in compression. Therefore, change of stress condition and
increase of the film thickness will be benefit to the corrosion
resistance of magnesium and its alloys.

Baril et al. [12] reported that the protection provided by the
porous film (MgO, Mg(OH)2) was very low and the corrosion
rate remained constant with the immersion time. Baril et al.
[13] had shown that there was only the porous film (MgO,

Mg(OH)2) formed on the AZ91D surface, and the corrosion
began inside the grain and later spread to the eutectic areas.
But according to the study by Song et al. [9], under the water
line, both the primary a-Mg and the eutectic a-Mg were cor-
roded, which meant that both primary a-Mg and the eutectic a-
Mg were anodic phases corresponding to the b phase.

Up to now, there are not many literatures about the corro-
sion behavior of magnesium alloys in sodium sulfate solution.
The present work aimed to understand the corrosion behavior
of AZ91D alloy in sodium sulfate solution.

2 Experimental

2.1 Samples preparation

The as-cast AZ91D alloy was used. Chemical composition
of this alloy (in wt.%) was 9.14 Al, 0.49 Zn, 0.26 Mn, 0.002
Fe, 0.002 Cu, < 0.001 Ni, and balance of Mg. Prior to the ex-
periment, samples were mounted by epoxy and only about
1.8 cm2 surface was exposed. The sample surface was po-
lished to 2000 grit silicon carbide paper, fine polished using
0.5 lm diamond paste, cleaned with distilled water and acet-
one, and then dried in cold air. Samples were etched for 3–8 s
in 2% oxalic acid, containing 3–6 g picric acid.

2.2 Electrochemical tests

The corrosive medium was 0.1M Na2SO4 solution (pro-
analysis grade, pH ¼ 6.1) in contact with air, maintained at
about 20 �C. Potentiodynamic polarization curves of
AZ91D alloy in 0.1M Na2SO4 solution were measured to de-
termine the corrosion potential (Ecorr) of the AZ91D alloy in
0.1M Na2SO4 solution with a scanning rate of 0.1667 mV/s.
The system consisted of three electrodes: working electrode
(AZ91D alloy), auxiliary electrode (Pt plate) and the saturated
calomel reference electrode (SCE). Electrochemical impe-
dance measurements were applied using a Solarton 1287 elec-
trochemical interface and a Solarton 1260 frequency response
analyzer in a frequency range from 100 000 Hz to 0.01 Hz.
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2.3 ESEM observation and EDS analysis

The surface morphology of each sample immersed in 0.1M
Na2SO4 solution at its corrosion potential was observed using
a Philips XL30 ESEM. EDS was used to analyze the compo-
sition of the corrosion products. XRD was applied to deter-
mine the corrosion products.

3 Results and discussion

3.1 Microstructure

Fig. 1 illustrates the microstructure of AZ91D alloy that
consisted of primary a-Mg, eutectic a-Mg, b phase
(Mg12Al17) and AlMn phase precipitated inside grains. The
eutectic a-Mg adjunct to the b phase is Al richer than the pri-
mary a-Mg [8–10]. b phase played a dual role in corrosion. It
could act as a cathode [9, 10] and a barrier so a higher volume
fraction of b phase and a more continuous b phase distribution
around a grains showed better corrosion resistance.

3.2 Polarization curve

The polarization curve is shown in Fig. 2. The corrosion
potential of AZ91D alloy was about � 1.52 mV/SCE that
was 500 mV higher than the pure magnesium in the same
Na2SO4 solution under the same condition of that measured
by Baril [12]. The cathodic limiting diffusion current was
about 3.5 E-3 A/cm2.

3.3 Surface examination

Figs. 3–5 showed the corrosion morphology of the sample
surfaces at immersion time of 4 h, 48 h and 181 h, respec-
tively, in 0.1M Na2SO4 solution at the Ecorr observed using
ESEM with (a) secondary electron (SE) image and (b)
back scatter electron (BSE) image.

Because Mg is very active (the Pauling electro-negativity,
1.2 V), it is equal to a kind of strong reducing agent. Accord-
ing to Natta [15], at � 2.78 VSCE, reaction (1) and (2) occurs.
However, reaction (3-2) also exists when the potential comes
to� 1.56 VSCE. Because of reaction (2), the pH of the solution
has been promoted, which prompts the reaction (4). But only
when the pH reaches 11 which is the equilibrium pH of the
formation of Mg(OH)2, reaction (4) takes place. Therefore,

the surface of magnesium and its alloys is likely covered
with a layer of Mg(OH)2 film, which can clearly explain
the experiment conducted by Nordien et al. [6] and Baril et
al. [12, 13]. Reaction (5) was the main mechanism after ma-
gnesium and its alloys were immersed in the solution.

Mg ! Mgþ þ e ð1Þ

Hþ þ e ! 1=2 H2 ð2Þ

Mgþ þ Hþ ! Mg2þ þ 1=2 H2 ð3� 1Þ

or

Mgþ ! Mg2þ þ e ð3� 2Þ

Mg2þ þ 2 OH� ! MgðOHÞ2 ð4Þ

The overall reaction:

Mgþ 2 H2O ! MgðOHÞ2 þ H2 ð5Þ

After 4 h immersion, a corrosive product film, likely to be
Mg(OH)2, formed on the sample surface as shown in Fig. 3.
The primary a-Mg and the eutectic a-Mg were anodic phases
and dissolved simultaneously but the corrosion rate of Al-rich
eutectic a-Mg was lower than that of the primary a-Mg [10].
Moreover, in Fig. 3(b), AlMn phase as a cathodic phase, which
distributed dispersively and evenly at primary a-Mg areas,
was directly responsible for the faster corrosion rate of the
primary a-Mg areas. In addition, the b phase was corroded
slightly as well. Therefore, the concentration of aluminum
in the solution was promoted.

The a phase plays an important role in the corrosion of the
alloy, and its corrosion performance determines the corrosion
behavior of the alloy. Song et al. [9] reported that the addition
of aluminum to the a phase increased the anodic dissolution.
As far as AZ91D is concerned, the aluminum distribution in
an a grain is not uniform. Lunder [10] indicated that the alu-
minum concentration varied from a few percent in the grain
interior to 10% in the vicinity of the b phase.

After 48 h immersion, another kind of corrosion product
precipitated only at the primary a-Mg areas as shown in
the BSE image in Fig. 4(b). The EDS analysis at the whiteFig. 1. The microstructure of AZ91D alloy

Fig. 2. Polarization curve of AZ91D alloy in 0.1M Na2SO4 solu-
tion with a scanning rate of 0.1667 mV/s
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spot (in Fig. 4(c)) indicated that this corrosion product con-
sisted of Al, Mg, S and O. The white net in the BSE image
was formed by b phase with larger atomic weight. When
the threshold of the concentration of aluminum in the solution
was achieved, a reaction could occur as follows:

Mg2þ þ 2 Al3þ þ 4 SO2�
4 þ 2 H2O ! MgAl2ðSO4Þ4 � 2H2O ð6Þ

With the increase of the immersion time, as shown in Fig. 5,
the amount of precipitate increased and they spread to the
areas of the eutectic a-Mg and b phase. XRD analysis of
the corrosion products after immersion for 181 h (in Fig. 6)

indicated that MgAl2(SO4)4 � 2H2O, Mg(OH)2 and
MgAl2(OH)8 � H2O existed in the product film, and Al ion ex-
isted in the lattice of Mg(OH)2 film with the molecular for-
mula of MgAl2(OH)8 � H2O, which confirmed the assumption
of Fairman and Bray [14] that Al2(OH)6 andMg(OH)2 had the
similar lattice structure.

3.4 Electrochemical impedance spectra

Electrochemical impedance spectra for AZ91D at Ecorr in
0.1M Na2SO4 solution at various immersion times were

Fig. 3. AZ91D alloy after immersion in 0.1M Na2SO4 solution for 4 h: (a) SE image, (b) BSE image

Fig. 4. AZ91D alloy after immersion in 0.1M Na2SO4 solution for 48 h: (a) SE image; (b) BSE image; (c) EDS analysis of corrosion
product at ‘spot’ in (a)
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shown in Figs. 7 and 8. There were two characteristic capaci-
tive loops especially when the samples were not immersed
very long and the AC frequency was at high and medium
ranges. Both the high-frequency (HF) and medium-frequency
(MF) capacitive loops increased with the immersion time. But
the MF loop increased much faster than the HF. It indicates
that both the resistances of the film and the charge transfer
increased with the immersion time. According to the observa-
tion of the corrosion morphology of AZ91D alloy at Ecorr in
0.1MNa2SO4 solution as shown in Fig. 3, when the immersion
time was about 4 h, there was no precipitates on the surface
except a relatively uniform corrosive product film. There was
localized corrosion around the AlMn phase, which may cause
the inductive loop in the low-frequency (LF) range appeared
after 1 h immersion. This inductive loop disappeared with the
increase of the immersion time. According to Baril et al.
[12, 13], the appearance of the HF loop resulted from both
charge transfer and a film effect, which corresponded to reac-
tions (1), (2) and (3-1). The MF loop was also attributed to a
film effect, which was parallel to the reaction (4).

When the immersion time was 48 h, as shown in Fig. 4,
there were MgAl2(SO4)4 � 2H2O particles precipitated at a-
Mg areas, i.e., reaction (6) occurred. Both the HF and MF
loops changed with time as shown in Fig. 7 due to the
thickening of the Mg(OH)2 films and the increase of
MgAl2(SO4)4 � 2H2O precipitation. The charge transferring

started to control the corrosion process. After 60 h immersion,
the MF loop still increased but the HF loop did not change
a lot, which indicated that the precipitation of
MgAl2(SO4)4 � 2H2O was the rate determining step whereas
the thickness of the Mg(OH)2 film did not change much.

After 181 h immersion, the HF capacitive loop was similar
to the HF loop at 88 h immersion but one inductive loop ap-
peared at the LF range as illustrated in Fig. 8. After 181 h im-
mersion, most of the surface was covered with precipitation as
shown in Fig. 5. The film thickness did not change a lot after
60 h immersion. When the precipitation had covered most of
the surface, there might be localized corrosion between the
precipitates and the film, which caused the appearance of
the inductive loop.

4 Conclusion

In the present work, the corrosion behavior of as-cast
AZ91D alloy in 0.1 M Na2SO4 solution at Ecorr was studied
by use of EIS, EDS, XRD and ESEM. The following conclu-
sions can be drawn that the structure of the surface film chan-
ged with the immersion time. At short immersion time a
Mg(OH)2 film first formed on the surface. With the increase
of immersion time, the thickness of the Mg(OH)2 film in-
creased and became stable and with the increase of Al ion con-

Fig. 5. AZ91D alloy after immersion in 0.1M Na2SO4 solution for 181 h: (a) SE image, (b) BSE image

Fig. 6. The X-ray diffraction analysis of
AZ91D surface immersed in 0.1M Na2SO4
solution for 181 h
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centration in solution, MgAl2(SO4)4 � 2H2O particles started
precipitating at the primary a-Mg areas and gradually spread
to the eutectic a-Mg areas and b phase. At long immersion
time, the film consisted of Mg(OH)2, MgAl2(SO4)4 � 2H2O
and MgAl2(OH)8 � H2O, and localized corrosion was incu-
bated.
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Fig. 7. Nyquist plot for AZ91D alloy immersed at Ecorr
in 0.1M Na2SO4 solution for different time

Fig. 8. Nyquist plot for AZ91D alloy after 181 h immer-
sion in 0.1M Na2SO4 solution at Ecorr
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