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Abstract The microstructure of as-cast AZ91 alloy is com-
plex, with the presence of Mg17(Al, Zn)12 precipitates
surrounded by an eutectic phase, AlMn intermetallic particles
and an α-Mg solid solution. In addition, the distribution of
aluminium in the alloy was found to be heterogeneous. Under
these conditions, a multiscale approach coupling global and
local electrochemical measurements seems to be a promising
method to study its corrosion behaviour. Results show that the
multiscale approach can be used in 0.1 M NaCl. In this case,
AZ91 is susceptible to pitting corrosion. By contrast, the
multiscale approach is not valid for AZ91 in 0.1 M Na2SO4.
At the global scale, filiform corrosion and pitting corrosion are
observed in the matrix, whereas only pits initiate when using
the microcapillary techniques. The obtained results show that
the local electrochemical techniques have to be used carefully
in some environments.

Keywords Magnesium alloy . Polarisation . Pitting
corrosion . Eutectic . Microcell technique

Introduction

Magnesium alloys are commonly used as structural materials
in the automotive and aerospace sectors by virtue of their low
densities and high strength-to-weight ratios. However, in spite
of such attractive mechanical properties, their relatively low
corrosion resistance is a serious obstacle to their widespread

application [1–4]. On account of its relatively low cost and
excellent castability, AZ91 is one of the most widely used
magnesium alloys [5]. It has been shown that its chemical
composition has a fundamental influence on its corrosion be-
haviour and mechanical properties [5–9]. The addition of rare
earth elements improves the mechanical properties of magne-
sium alloys, especially the ultimate tensile strength, but de-
creases their corrosion resistance [6, 9]. Furthermore, the pres-
ence of a small amount of bismuth and antimony significantly
increases the corrosion rate of magnesium alloys [10]. By
contrast, some alloying elements such as silicon and calcium
enhance the corrosion resistance of magnesium alloys [7, 9]:
calcium improves the corrosion resistance through the forma-
tion of the reticular Al2Ca phase, which acts as an effective
barrier against corrosion, while the combined addition of Si
and Sb enhances the corrosion resistance of AZ91 alloy [7]. It
has been shown that the addition of calcium oxide to AZ91
alloy improved its corrosion resistance due to higher pitting
potential and the refinement of the precipitates [11]. A number
of additions also ennobled the corrosion potential of AZ91.
Addition of some elements, such as Cr, Mo and Y, leads to a
shift of up to approximately 20 to 50 mV towards more pos-
itive potential values. It was also noted [8] that the addition of
Y (1 or 2 wt%) induces a shift of the AZ91 corrosion potential
to the anodic direction. By contrast, addition of a low content
of Y (0.1 at.% Y) induces a significant decrease of the corro-
sion potential.

Many studies [12–32] have revealed that the corrosion be-
haviour of AZ91 alloy depends on the aluminium content and
microstructure, particularly the amount and distribution of in-
termetallic phases and inclusions. The influence of intermetal-
lic phases on the corrosion behaviour of magnesium alloys has
been investigated in a number of papers [4, 13, 14, 16–21,
23–30, 32, 33]. It has been shown that an increase in Al con-
tent (8–9 wt%) significantly improves the corrosion resistance
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of these alloys [23]. The AZ91 alloy consists of two interme-
tallic phases: β-Mg17Al12 and η-Al8Mn5. The presence of a
eutectic structure has been observed around theβ-phase. Song
et al. [26, 29] showed that in sodium chloride solution, the free
corrosion potential of the β-phase was 0.3 V more positive
than that of the α-phase, and this difference in free corrosion
potential was observed to cause microgalvanic corrosion. Ac-
cording to results obtained through Scanning Kelvin Probe
Force Microscopy, the β-Mg17Al12 and η-Al8Mn5 phases
act as local cathodes when coupled to the α-magnesium phase
(matrix) under atmospheric conditions [17]. Moreover, strong
dissolution of the matrix has also been detected around these
particles [19, 20]. Other studies [34, 35] have confirmed that
the α-phase is less noble than β-Mg17Al12. The higher corro-
sion resistance of the β-phase has been attributed to the for-
mation of a passive film on its surface [15, 18]. A similar
occurrence was observed for η-Al8Mn5 particles in 1 M
NaOH; this was followed by the formation of pits around
these particles [36]. It has been shown that β-Mg17Al12 plays
a dual role in the corrosion resistance of AZ91 alloy [24–26,
32]. Indeed, it can act as either a barrier or a galvanic cathode:
as mentioned above, the corrosion potential of β-Mg17Al12
has been found to be more positive than that of the α-
magnesium phase (matrix), which may therefore accelerate
the galvanic corrosion of α-magnesium [21]. On the other
hand, β-Mg17Al12 can, if present in the form of a continuous
network, act as a corrosion barrier and hinder corrosion prop-
agation in the matrix [24–26]. Lunder [19] showed that β-
Mg17Al12 could reduce the corrosion rate of AZ91 by forming
a corrosion-resistant barrier through the precipitation of an Al-
rich coring structure along grain boundaries.

It has been shown that the eutectic (α+β) and α-Mg
(matrix) phases have different aluminium contents [23, 26].
These dissimilar aluminium distributions give rise to different
corrosion behaviours: areas with aluminium concentrations of
less than approximately 8 % have been found to be more
prone to corrosion attack than areas with higher amounts of
aluminium or areas containing the β-phase [13]. Both α-
magnesium and the eutectic phase can cause galvanic corro-
s ion wi th the β -Mg17Al12 phase . Accord ing to
microelectrochemical measurements performed in 0.1 M
NaClO4 solution, the eutectic phase is more susceptible to
corrosion than α-Mg (matrix) [37].

The casting method has a primary influence on the micro-
structure—and hence the corrosion resistance—of magne-
sium alloys. Die-cast material with smaller grain sizes and a
fine β-phase has been found to exhibit marginally lower cor-
rosion rates and better passivation compared with ingots [13].
Moreover, the heat treatment has influence on the microstruc-
ture of AZ91 alloy and its corrosion resistance. It has been
shown [38] that the corrosion resistance of AZ91 decreases in
0.1 M NaCl solution as the T6 aging time increases (between
10 and 19 h).

In the present, a multiscale approach coupling global and
local electrochemical measurements is applied to AZ91 in
0.1 M NaCl and 0.1 M Na2SO4 solutions. Indeed, sulphate
ions, like chloride ions, often tend to cause passivity break-
down and initiate pitting corrosion. In the literature, small
attention has been paid to the behaviour of AZ91 in
Na2SO4-based solutions. The domain of validity of the
multiscale approach is first discussed. The electrochemical
response of the system is then discussed taking into account
the specimen microstructure and the approach considered
(multiscale or global approaches).

Experimental

Materials, specimens and surface preparation

All experiments were performed on AZ91 magnesium alloy
(chemical composition (wt%): Zn 0.6, Al 9.03, Mn 0.2, Fe
0.003, Mg 90.2). This alloy was cast at 700 °C in a SF6/CO2

gas atmosphere to produce four 100×100 mm2 plates of dif-
ferent thicknesses, namely 10, 15, 20 and 30mm for plates #1,
#2, #3 and #4, respectively. The mould used for the casting
was made of a resin that was sand-hardened by CO2. No heat
treatment or plastic deformation was carried out after casting.
Microstructural and electrochemical investigations were per-
formed on 2×23×27 mm3 (thickness×width×length) plate
specimens, which were mechanically ground with silicon car-
bide (SiC) papers down to 4000 grit and polished using dia-
mond pastes (3 and 1 μm). All specimens were ultrasonically
cleaned in ethanol between each grinding/polishing operation.

Electrochemical measurements and surface observations

The electrochemical behaviour of specimens was studied in
0.1 M NaCl and 0.1 M Na2SO4 solutions at room temperature
at both the global and local scales. All potentials were mea-
sured vs. Ag/AgCl (3 M KCl solution). An AUTOLAB302N
electrochemical interface with the Extreme Low Current De-
tection (ECD) module was used in order to achieve a current
detection of approximately 1 fA. At both scales, potentiody-
namic polarisation curves were plotted from −2000 mV vs.
Ag/AgCl in the anodic direction at a scan rate of 1 mV s−1.

Local measurements were performed using the electro-
chemical microcell technique [39–44]. The set-up for this
technique consists of an electrolyte-filled glass capillary
whose tip is adhered to the specimen surface with a layer of
silicon rubber. The electrolyte used is aerated. This microcell
is mounted onto a microscope to enable precise positioning of
the capillary on the specimen surface. In our investigations,
the capillary tip has a diameter ranging between 30 and
70 μm, depending on the microstructure that is studied. The
counter electrode is a platinum wire. Each electrochemical
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measurement was repeated six times. As it will be discussed in
the next sections, they were reproducible. By contrast, global
measurements were carried out using a classical three-
electrode cell, whose counter electrode is a 2.5-cm-diameter
platinum disc. Global experiments were repeated twice. Re-
sults are found to be very reproducible.

A field-emission type scanning electronmicroscope (JEOL
6400F) with an integrated energy-dispersive spectrometer
(FE-SEM/EDS) was used to determine the morphology and
chemical composition of precipitates and metallic phases.

Results and discussion

The microstructure of AZ91 was already studied, and results
are presented in [37]. In summary, AZ91 has a very complex
microstructure composed of α-Mg solid solution (dendrites),
β-Mg17(Al, Zn)12 precipitates, AlMn intermetallic particles
and a eutectic phase (Fig. 1). The chemical composition of
these phases and particles is given in Table 1. Moreover, het-
erogenous distribution of aluminium is observed. Boundaries
of α-Mg dendrites are enriched in aluminium (Fig. 1 and
Table 1). This necessarily implies highly heterogeneous elec-
trochemical behaviour, which prompts us to study the corro-
sion behaviour of samples at the microscale using local elec-
trochemical technique. However, it was already shown that
under certain conditions, the microcell geometry may affect
significantly local electrochemical measurements [42]. There-
fore, both local and global (using a classical three-electrode
cell) measurements have to be performed. Results obtained at
both scales are systematically compared to each other. This is
the multiscale approach. From this approach, it will be possi-
ble to study the relationships between the microstructure and
the corrosion behaviour of AZ91 and to propose metallurgical

criteria leading to corrosion. Note that the double-channel
microcapillary may be used to make a solution flow and to
overcome certain limitations of the microcapillary cell [42,
44]. However, to obtain stable and reproducible results, the
diameter of the double-channel capillary must be large (great-
er than 100 μm). This capillary size is not useful in the present
study.

Global and local electrochemical behaviour of AZ91
in 0.1 M NaCl

Figure 2a shows the open circuit potential (OCP) as a function
of time for the AZ91 alloy in 0.1 M NaCl at both scales.
Figure 2b shows the types of sites that were investigated at
the microscale, namely the α-Mg matrix (centre of dendrites),
the matrix containing the β-phase, the matrix containing
AlMn precipitates and the matrix containing both the β-
phase and AlMn precipitates. In this figure, the diameter of
the circles corresponds to that of the capillary.

At the global scale (grey curve in Fig. 2a), a steady state is
reached after roughly 700 s of immersion. At the local scale,
the time necessary to reach a steady state was found to depend
on the investigated site. A steady state is also quickly reached
in the presence of the matrix with β-phase (red curve in
Fig. 2a) or with AlMn particles (blue curve in Fig. 2a). In sites
containing β-phase+AlMn+α-Mg matrix (green curve in
Fig. 2a), the steady state is only reached after 6000 s of im-
mersion. The OCP values measured at the local scale are be-
tween −1345 mV vs. Ag/AgCl (sites with the matrix+β-
phase+AlMn particles) and −1640 mV vs. Ag/AgCl (matrix).
This confirms that the sample has a heterogeneous electro-
chemical behaviour. The lowest OCP is recorded for the α-
Mg matrix (black curve in Fig. 2a), suggesting that the prima-
ry α-Mg phase is the most prone to corrosion. In addition, the
OCP measured at the global scale follows the same evolution
as that of sites containing the matrix with AlMn (OCP around
−1510 mV vs. Ag/AgCl).

Figure 3 shows the polarisation curves of AZ91 in 0.1 M
NaCl at both scales. First, it can be observed that in the ca-
thodic domain, the global polarisation curve follows the same
evolution as those of sites containing the matrix with AlMn
(as it was found for the OCP). Therefore, cathodic reactions
occur preferentially in those sites. The anodic branch of the
global polarisation curve indicates active behaviour, with a
sharp increase in current density as soon as the corrosion po-
tential is reached (of about −1380 mV vs. Ag/AgCl). At these
applied potentials, the α-Mg matrix located in the centre of
dendrites becomes active (black curves in Fig. 3a). Pitting
potentials are between −1350 and −1250 mV vs. Ag/AgCl.
The local curves obtained in these sites are very reproducible.
Figure 4(a1) and (b1) shows a pit that initiated in one of these
types of sites during local potentiodynamic measurements.

AlMn

-Mg

dendrite

Mg17(Al, Zn)12

aluminium depleted -Mg

eutectic aluminium-enriched -Mg

α

α

Fig. 1 Optical micrographs of the as-cast AZ91 alloy after etching in
Nital solution for 10 s
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The polarisation curves of sites containing both the matrix
and the β-phase are also reproducible (red curves in Fig. 3b).
The values of the pitting potential measured at these sites are
similar to those for the matrix in the centre of dendrites, rang-
ing between −1350 and −1250 mV vs. Ag/AgCl. Thus, it
appears that pits initiate in the matrix, and the presence of
the β-phase at these sites has virtually no influence on the

value of the pitting potential. No significant differences are
also observed in the current density in the cathodic domain
and in the corrosion potentials between black (matrix) and red
(β-phase+matrix) curves in Fig. 3a, b. Subsequent surface
observations confirm this hypothesis. We observe that many
pits initiate at regions in the matrix far from the β-phase (cf.
Fig. 4(a2) and (b2) and site 1 in Fig. 4(b3)). Nonetheless, there
are some other pits that initiate at the interface between the
matrix and the β-phase (sites 2 and 3 in Fig. 4(b3)). It is
interesting to note that the role of β-phase may be affected

Table 1 Chemical composition (in at.%) of phases and particles in the AZ91 alloy determined bymeans of FE-SEM/EDS. Each value is an average of
10 measurements. The error is the standard deviation

Al Mn Mg Zn O Ni Cu

AlMn 38.1±2.0 44±5.0

β-Mg17(Al, Zn)12 33.3±3.0 0.3±0.05 61.3±4.0 3.4±0.8 1±0.06 0.37±0.02 0.2±0.05

Centre of dendrites 2.9±0.7 96.9±3.0

Boundaries of dendrites 7.1±1.0 90.6±2.0 0.5±0.03
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Fig. 2 a Evolution of the OCP of AZ91 in 0.1 M NaCl at the local
(capillary diameter of 35 μm) and global scales. Experiments were
performed after mechanical polishing. b Optical micrograph showing
the different sites where local measurements were carried out (capillary
positions indicated by circles)
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Fig. 3 a–b Polarisation curves (1 mV s−1) in 0.1 M NaCl at the local
(35 μm diameter capillaries) and global scales. Experiments were
performed after mechanical polishing
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by the presence of AlMn. Indeed, when comparing
polarisation curves measured in the matrix with AlMn (blue
curves in Fig. 3a) and the matrix with both β-phase and AlMn
(green curves in Fig. 3b), the presence of β-phase clearly
affects the current density in the cathodic branch and open
circuit potential.

Other sites remain passive up to greater applied potentials.
A large dispersion in pitting potentials is observed in the pres-
ence of AlMn precipitates (blue curves in Fig. 3a). Indeed,
they range between −1300 and −850 mV vs. Ag/AgCl, indi-
cating that these sites were generally more resistant to pitting
corrosion than the matrix. This behaviour can be linked to the
enrichment in Al observed in the matrix surrounding AlMn.
These particles are mainly located at the α-Mg dendrites
boundaries (region enriched in Al), Fig. 1. Moreover, recent
work has confirmed the beneficial effect of Mn on corrosion
resistance of AZ91 alloy [45].

To confirm previous results, a global chronoamperometry
test was performed at −1310 mV vs. Ag/AgCl for 60 s.
Figure 5a shows an optical micrograph of the specimen surface
after this test. Themetallic matrix underwent strong dissolution.
Numerous pits are observed in the matrix, most of which are
located in the centre of α-Mg dendrites where the aluminium
content is low (less than 3 at.%, Table 1 and reference [37]).
The average pit diameter is 20 μm, although a few of the pits
are larger than this. By contrast, the β-Mg17(Al, Zn)12 and
AlMn phases did not undergo dissolution. Therefore, previous
assumptions are confirmed. Figure 5b shows the specimen sur-
face after global chronoamperometry test at −1310 mV vs. Ag/
agCl for 60 s. FE-SEM/EDS analysis was performed in differ-
ent sites visible in Fig. 5b containing β-Mg17(Al, Zn)12 (site 1
in Fig. 5b), the matrix (sites 2 and 3 in Fig. 5b) and AlMn
intermetallic particles (site 4 in Fig. 5b). Data are reported in
Table 2. It can be seen that the surface is generally slightly
oxidised (oxygen content around 2–3 at.%). Sites containing
AlMn intermetallic particles are themost oxidised sites (oxygen
content around 25 at.% in Table 2). No highly resistant oxide
film covers the specimen surface. This explains why only
pitting corrosion is observed (and not filiform corrosion).

Under these conditions, corrosion of magnesium and its
alloys—which involves substrate dissolution, Mg-hydroxide
formation and hydrogen evolution—proceeds according to
Reactions (1–7). The overall reaction is given by Reaction (8).

Mg→Mg2þ þ 2e

anodic reaction; standardpotential : −2:375Vvs:NHEð Þ
ð1Þ

2H2Oþ 2e→H2 þ 2OH−

cathodic reaction; standardpotential : −0:827Vvs:NHEð Þ
ð2Þ

Mgþ 2Hþ þ 2e→MgH2

standardpotential : −1:085Vvs:NHEð Þ
ð3Þ

Mg2þ þ 2Hþ þ 4e→MgH2

standardpotential : −1:114Vvs:NHEð Þ
ð4Þ

Mg2þ þ 2OH−→Mg OHð Þ2 ð5Þ
MgH2→Mg2þ þ H2 þ 2e

standardpotential : −2:170Vvs:NHEð Þ
ð6Þ

MgH2 þ 2OH−⇆Mg OHð Þ2 þ H2 þ 2e

standardpotential : −1:67Vvs:NHEð Þ
ð7Þ

Mgþ H2O→Mg OHð Þ2 þ H2 ð8Þ

A2 B2

A1 B1

-Mg17(Al, Zn)12 -Mg17(Al, Zn)12

pit

pit

B3

-Mg17(Al, Zn)12

Site 1

Site 2

Site 3

pit

pit

pit

-Mg

15 µm

15 µm 15 µm

15 µm 15 µm

Fig. 4 Optical micrographs of the AZ91 surface after: (a1–a2)
mechanical polishing and (b1–b3) local electrochemical measurements
(polarisation curves) in 0.1 M NaCl. The diameter of the capillary
(black circles) was 35 μm
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The aluminium content in the matrix with corrosion
products (Site 3, Table 2) is higher than that in the
matrix (site 2, Table 2), indicating that the corrosion

products may also contain Al-Mg-O compounds (maybe
MgAl2(OH)8*H2O). The presence of MgAl2(OH)8*H2O
was already proposed in [46, 47]. Therefore, the main corro-
sion products should be Mg(OH)2 and MgAl2(OH)8*H2O. In
addition, Baril and Pebere [48] found that the presence of
oxygen did not influence the cathodic reaction during the cor-
rosion of Mg.

In the case of AZ91 in 0.1 M NaCl, the cell geometry does
not affect the electrochemical response of the system. The
multiscale approach can then be used to investigate corrosion
mechanisms. It was shown that (i) the matrix is prone to
pitting corrosion, (ii) the β-phase has virtually no influence
on the value of the pitting potential, and (iii) sites containing
AlMn precipitates are more resistant to pitting corrosion, (iv)
cathodic reactions preferentially occur at sites containing the
matrix with AlMn. In addition, local measurements can be
helpful to build a model with physical meaning (using rela-
tionships between electrochemical measurements and the mi-
crostructure described above) and to provide quantitative data
(pitting potentials, cathodic current densities…) which can be
used as boundary conditions in predictive numerical simula-
tion. These quantitative data have never been quantified for
AZ91 in the literature.

Global and local electrochemical behaviour of AZ91
in 0.1 M Na2SO4

The multiscale approach was also applied to AZ91 in 0.1 M
Na2SO4. By contrast to 0.1 M NaCl, there is no good agree-
ment between local and global measurements in 0.1 M
Na2SO4. The OCP measured at the global scale increases con-
tinuously (to reach a value of about −1450 mV vs. Ag/AgCl
after 7000 s of immersion), and no steady state is attained
(grey curve in Fig. 6). This is attributed to the formation of a
corrosion product film at the sample surface. As already
discussed, the main corrosion products are Mg(OH)2 and

-Mg17(Al, Zn)12

-Mg 

pits

AlMn

A

B

2

1

4

3

+

Fig. 5 a Optical and b SEM-FE micrographs of the AZ91 alloy surface
after global chronoamperometry test in 0.1 M NaCl at −1310 mV vs. Ag/
AgCl for 60 s

Table 2 Chemical composition (in at.%) of various sites at the specimen surface (AZ91 alloy) determined by means of FE-SEM/EDS after different
corrosion tests

Al Mg Zn O S Cl Mn

Site 1 in Fig. 5b, β-Mg17(Al, Zn)12 30.8 65.4 0.95 2.6 – 0.2 0

Site 2 in Fig. 5b, matrix 3.24 93 0 3.4 – 0.24 0

Site 3 in Fig. 5b, matrix with corrosion products 21.2 65.3 0.6 12.7 – 0.17 0

Site 4 in Fig. 5b, AlMn 36.8 12.4 0 25.3 – 0.1 23.7

Site 1 in Fig. 8a, β-Mg17(Al, Zn)12 32.1 60.2 1.9 5.5 0.28 – 0

Site 2 in Fig. 8a, matrix 5.7 64.7 0.5 28.5 0.6 – 0

Site 1, in Fig. 8b, matrix 7.7 23.8 64.6 4 – 0

Site 2 in Fig. 8b, β-Mg17(Al, Zn)12 32.1 59.9 2 5.9 – 0

Site 1 in Fig. 9c, β-Mg17(Al, Zn)12 28.3 64.9 1.8 4.8 0.4 – 0

Site 2 in Fig. 9c, matrix 4.4 63 0.2 30.9 1.6 – 0

Site 3 in Fig. 9c, eutectic 7.3 84.8 0.8 7 0.2 – 0
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MgAl2(OH)8*H2O. In aqueous solutions containing SO4
2−

ions [47], corrosion of AZ91 alloy proceeds at OCP according

to reactions (1) and (9–10). Moreover, SO4
2− ions can be

reduced, and reactions (11–12) can also proceed.

Mg2þ þ 2Al3þ þ 4SO2−
4 þ 22H2O→MgAl2 SOð Þ4*22H2O

ð9Þ
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Fig. 6 Evolution of the OCP of AZ91 in 0.1 M Na2SO4 at the local
(capillary diameter of 35 μm) and global scales. Experiments were
performed after mechanical polishing
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Fig. 8 a–b FE-SEM and c optical micrographs of the AZ91 surface after
global chronoamperometry test in 0.1 M Na2SO4 at −1320 mV vs. Ag/
AgCl for 60 s
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Mg2þ þ SO2−
4 →MgSO4 ð10Þ

SO2−
4 þ H2Oþ 2e→SO2−

3 þ 2OH−

standardpotential : −0:93Vvs:NHEð Þ
ð11Þ

2SO2−
3 þ 3H2Oþ 4e→S2O

2−
3 þ 6OH−

standardpotential : −0:571Vvs:NHEð Þ
ð12Þ

Alkalization of the solution and formation of Mg(OH)2 at
the specimen surface are expected (reactions (2), (11) and
(12)). This may hinder the formation of MgH2 in 0.1 M
Na2SO4 solution.

By contrast, a steady state is attained at the local scale for
all investigated sites after approximately 4000 s of immersion
(Fig. 6). The OCP values determined at the local scale (be-
tween −1660 and −1560 mV vs. Ag/AgCl) are shifted to the
cathodic direction compared to that measured at the global
scale (−1450 mV vs. Ag/AgCl). This suggests that no film
was formed during the local tests. Therefore, one may assume
that dissolved oxygen may be quickly consumed in the capil-
lary near the specimen surface preventing both strong oxida-
tion of the matrix and the formation of the corrosion products

film. By contrast, dissolved oxygen is not quickly consumed
in the classical three-electrode cell near the specimen surface,
and strong oxidation is observed. In the case of AZ91 in 0.1M
Na2SO4, the cell geometry seems to affect the corrosionmech-
anisms, and the electrochemical microcell technique has to be
used carefully. The current density measured in the cathodic
domain of local polarisation curves is significantly lower than
that measured at the global scale (Fig. 7). Cathodic reactions
correspond to dissolved oxygen and water reduction. There-
fore, this confirms that dissolved oxygen may be quickly con-
sumed in the capillary near the specimen surface and that
under these conditions, the electrochemical microcell tech-
nique has to be used carefully. Additionally, the strong
alkalization of the environment (reduction reactions: (2),
(11) and (12)) has significant influence on the corrosion be-
haviour at the local scale.

The global polarisation curve of AZ91 obtained with the
Na2SO4-based solution reveals the presence of a two-stage
breakdown mechanism (grey curve in Fig. 7). The first stage
occurs for applied potentials greater than Eb1=−1380 mV vs.
Ag/AgCl. During this stage, the current density increases
slowly. Global chronoamperometry measurements were per-
formed within this region at −1320 mV vs. Ag/AgCl for 60 s,
and the surface changes that were induced were quantified by

B

20 µm

D

2 µm

C

1
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2

5 µm

A pits

100 µm

pits

Fig. 9 a–bOptical and c–d FE-SEMmicrographs of the AZ91 surface after global chronoamperometry test in 0.1MNa2SO4 at −1240mV vs. Ag/AgCl
for 60 s
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using optical miroscopy and FE-SEM/EDS (Fig. 8). The ma-
trix is heavily oxidised. Indeed, a large amount of oxygen was
detected by means of FE-SEM/EDS measurements in the ma-
trix (site 2 of Fig. 8a and site 1 of Fig. 8b, results in Table 2).
The fact that sulphur species were detected indicates that SO4

2

− ions are adsorbed. We also found that β-Mg17(Al, Zn)12 is
slightly oxidised (site 1 of Fig. 8a and site 2 of Fig. 8b, results
in Table 2). The slight oxidation at these last two sites (β-
phase) is caused by the presence of a high amount of alumin-
ium in the particles. In addition, small quantities (less than
0.3at.% in Table 2) of sulphur species were detected at these
two sites. Therefore, the evolution of the current density ob-
served in the first stage of the polarisation curve can be attrib-
uted to the formation of Mg(OH)2, which hinders anodic re-
actions and the adsorption of SO4

2− ions. Optical observations
conducted at low spatial resolution indicate that oxidation oc-
curs over the whole specimen surface (Fig. 8c). These obser-
vations also reveal that filiform corrosion starts during the first
stage of the polarisation curves. This corrosion mode is ob-
served because of the formation of a highly resistant oxide
film due to strong oxidation of the surface during this stage.

The second stage of the polarisation curve corresponds to
potentials greater than Eb2=−1270 mV vs. Ag/AgCl and is
characterised by a rapid rise in the anodic current density. Glob-
al chronoamperometry measurements were performed at
−1240 mV vs. Ag/AgCl for 60 s (second region of the
polarisation curve, grey curve in Fig. 7). Optical microscopy
conducted after this test reveals the presence of numerous pits
with a diameter of approximately 20 μm at the specimen sur-
face (Fig. 9a, b). The evolution of the current density in the
second stage of the polarisation curve can be attributed to the
breakdown of the Mg(OH)2 film (formed during the first stage)
and the dissolution of the alloy. A surface analysis revealed that
sites located within the matrix (away from pits), eutectic struc-
ture and β-Mg17(Al, Zn)12 all have roughly the same chemical
composition as in the first stage. Results derived from EDS
measurements corresponding to the sites visible in Fig. 9c are
reported in Table 2. These results also show that the sample is
not significantly oxidised during the second stage of the
polarisation curve. However, the α-Mg solid solution located
between the ultrathin β-Mg17(Al, Zn)12 precipitates in the eu-
tectic structure starts to oxidise (Fig. 9d). This is not observed in
the first region of the polarisation curve (Fig. 7).

After the alloy was immersed in 0.1MNa2SO4 at −1240mV
vs. Ag/AgCl (second stage) for 60 s, filiform corrosion con-
tinues to grow. This is clearly visible in Fig. 9a, b. We also
observe that filaments propagate in different directions and nev-
er intersect. It appears that a filament would stop in its path upon
encountering another filament. Observations conducted at high
spatial resolution (Fig. 10a, b) reveal that no filaments propagate
in either the eutectic structure or the β-phase. Indeed, they only
propagate in the α-Mg matrix. The reason for the development
of such filiform corrosion is that a resistant oxide film was

formed on the matrix during the first stage. The presence of this
resistant surface film was revealed by EDS measurements. Fili-
form corrosion has previously been observed in pure magne-
sium [13, 49–56] as well as Mg–Al [57, 58], Mg–Y [50], Mg–
8Li [55], AM30 [59], AZ31 [60, 61], AZ80 [60], AZ91D [13]
and AZ91 [51] alloys after immersion in chloride-containing
solutions. It has been found that the propagation of filaments
occurs with voluminous gas evolution at the head while the
body immediately behind it passivates [62]. Filiform corrosion
has been observed in high purity magnesium of unpolarised and
galvanostatically polarised specimen in aqueous sodium chlo-
ride electrolyte [52, 56]. A relatively widespread surface cover-
age of what is the typically observed filiform-like corrosion
morphology [63] was observed for pure Mg. The presence of
alloyed As (0.37 %) decreases cathodic reaction and modifies
the resultant corrosion morphology upon Mg, mitigating the
typically observed filiform-like corrosion [64]. It has also been
established that the cathodic reaction of filiform corrosion in
magnesium alloys is driven by hydrogen evolution [48]. To
our knowledge, until now, filiform corrosion has never been
observed in Mg alloys in Na2SO4-based solutions.

pits

-Mg17(Al, Zn)12

Filament tail

eutectic

A

B

10 µm

10 µm

Fig. 10 a–b Optical micrographs of the AZ91 surface after global
chronoamperometry test in 0.1MNa2SO4 at −1240mVvs. Ag/AgCl for 60 s
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Numerous pits also initiate during the second stage
(Figs. 9a, b and 10). The filiform corrosion appears to be the
forerunner of regular pitting [16]. Indeed, only one pit,
encircled in Fig. 9a, was not connected to any filaments.

According to local measurements, sites containing the ma-
trix located in the centre of dendrites (black curve in Fig. 7a)
and sites containing the matrix close to β-phase (red curve in
Figs. 7a and 11(a1) and (b1)) undergo pitting corrosion during
the first stage of the global polarisation curve. Sites containing
the matrix+AlMn remain passive up to 0 mV vs. Ag/AgCl

(blue curves in Fig. 7a). This is confirmed from surface ob-
servations (Fig. 11(b2)). Filiform corrosion is never observed
using local techniques. As it was already demonstrated by
means of OCP vs. time (Fig. 6) and local polarisation curves
(Fig. 7), the amount of dissolved oxygen quickly decreases in
the capillary, preventing the formation of a resistant oxide
film. Under these specific conditions, filiform corrosion can-
not develop. Indeed, this type of corrosion is typically associ-
ated with a metal surface having a protective coating or a
highly resistant oxide film.

To conf i rm the p rev ious hypo the s i s , g loba l
chronoamperometry test was performed at −1240 mV vs. Ag/
AgCl for 60 s in deaerated 0.1 M Na2SO4. The solution was
deaerated by bubbling with argon gas for 1 h. The content of
dissolved oxygen in the solution is then low. These conditions
are close to those found in the capillary (although it is impos-
sible to measure the content of dissolved oxygen in the capil-
lary). As shown in Fig. 12, filiform corrosion is significantly
hindered. Only a few filaments are visible, whereas numerous
filaments are observed after global chronoamperometry test in
aerated 0.1 M Na2SO4 (Fig. 9a). This confirms the effect of the
oxygen content on the corrosion behaviour to explain the oc-
currence of the filiform corrosion of AZ91 in 0.1 M Na2SO4

only in the global-scale measurement.

Conclusions

AZ91 has a complex microstructure. The microstructure and
corrosion behaviour of as-cast AZ91 alloy was studied. The
following conclusions can be drawn:

1. The results obtained in 0.1 M NaCl indicate that only
pitting occurs in the alloy. Slight oxidation of the matrix
is detected by means of FE-SEM/EDS. Both local and

100 µm

Fig. 12 Optical micrograph of the AZ91 surface after global
chronoamperometry test in deaerated 0.1 M Na2SO4 at −1240 mV vs.
Ag/AgCl for 60 s

A1

-Mg17(Al, Zn)12

eutectic

B1

pit

B2

20 µm

20 µm

20 µm

Fig. 11 Optical micrographs of the AZ91 surface after: (a1) mechanical
polishing and (b1–b2) local electrochemical measurements (polarisation
curves) in 0.1 M Na2SO4. The diameter of the capillary (black circles)
was 35 μm
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global measurements show that AlMn precipitates have
the highest corrosion resistance owing to Al enrichment at
these sites, whereas the α-Mg (matrix) phase is the most
susceptible to corrosion. Numerical values of pitting po-
tentials and current densities in the cathodic branch and in
the current plateau have been proposed. Under these con-
ditions (only pitting corrosion is observed), the multiscale
approach can be applied to AZ91 in 0.1 M NaCl.

2. By contrast, the multiscale cannot be applied to AZ91 in
0.1 M Na2SO4 because corrosion mechanisms were af-
fected by the microcell geometry. Using the classical cell,
a two-stage breakdownmechanism has been identified for
corrosion in Na2SO4 solution. During the first stage, a
highly resistant oxide film forms on the matrix, while
AlMn precipitates and the β-phase undergo slight oxida-
tion. Fifliform also starts to grow (due to the presence of
the highly resistant oxide film at the specimen surface).
During the second stage, pitting occurs in the matrix, and
filiform corrosion continues to grow. Filiform corrosion is
not observed using local techniques. It was proposed that
the dissolved oxygen is quickly consumed in the capillary,
preventing strong oxidation of the specimen surface (and
therefore preventing filiform corrosion). This was con-
firmed from global chronoamperometry test performed
in deaerated solution. Under these conditions, filiform
corrosion is significantly hindered.

These results show that the local techniques have to be used
carefully and that local measurements have to be validated
before being used to understand corrosion mechanisms. Ad-
ditional experiments will be performed to explain definitively
why the different local conditions in the microcell as com-
pared with the classical electrochemical cell lead to such dras-
tic differences in the corrosion mode in Na2SO4 but not in
NaCl.
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