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The effects of solution temperature on the initial corrosion characteristics of wrought AZ61 and die-cast AZ91D
Mg alloys in 0.1 M NaCl were analyzed. Systematic studies indicate that AZ91D exhibits higher corrosion resis-
tance than AZ61 at room temperature. However, at high temperatures of around 55 °C, we observed contradictory
corrosion behavior, as demonstrated by cyclic corrosion tests and electrochemical tests including potentio-
dynamic polarization, potentiostatic polarization, and elecrochemical impedance spectroscopy. As a result, AZ61
rather showed higher corrosion resistance from the point of view of pit initiation during the immersion at
55 °C resulting from the strengthening of surface passivation. These results can be attributed to the microstructure
of AZ61 which contains sub-micron scale β-phase particles dispersed effectively within the α-Mg grains whereas
AZ91D has many α-Mg that do not containing any β-phases.
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1. INTRODUCTION

Magnesium and its alloys have been favored as lightweight
solutions in automobile and aerospace industries during
past few decades. They are the lightest of all metal alloys, and
therefore, are an excellent choice for engineering applications
that demand critical weight design considerations. However,
Mg is a very active metal, and tends to form a surface layer
of corrosion products such as hydroxides and oxides, when
in direct contact with water or air. The corrosion suscepti-
bility of Mg alloys depends on the stability of such corrosion
products. In particular, the presence of Cl‒ degrades their stabil-
ity in aqueous solutions compared to Al alloys and steels.
Only under ideal condition is the corrosion of Mg alloy
limited, especially in places that are not exposed to environ-
ments containing H2O and Cl‒. Therefore, under real time condi-
tions, Mg alloys are used as chassis, interiors, and power train,
e.g. brake/clutch bracket assemblies, seat bases/risers, ABS
housing, steering wheels, and almost all sorts of brackets
and housings, wherein corrosion of Mg alloys is avoidable [1].

Consequently, recent research efforts on the development
and applications of new Mg alloys have focused on possible
ways to decrease their corrosion. Al is the principal alloying
element for various Mg alloys, which, when alloyed from

4% up to 10%, significantly impedes the surface corrosion
of Mg in active environments [2]. The corrosion of Mg alloys
is typically affected by the amount and distribution of inter-
metallic phases, e.g. Mg17Al12 (β-phase). In this context, several
studies have analyzed the effects of Al content and the cor-
responding microstructure on the corrosion behavior of Mg
alloys [3-15]. In general, increasing the Al content normally
decreases the corrosion susceptibility of Mg alloys. However,
some studies have recently reported a contradictory corrosion
behavior in Mg-Al type Mg alloys [8-11]. These results act
as direct experimental evidences for the theoretical prediction
that the β-phase either behave as a barrier for the corrosion or
act as a micro-galvanic cathode. The β-phase, which is in a
finely and continuously dispersed state, acts as a barrier layer
for surface degradation [7]. On the other hand, some authors
have claimed that the formation of small and intergranular
precipitates of β-phase results in a rapid galvanic corrosion
between α-matrix and β-phase [16]. This implies that, even for
the same alloy composition, different processing methods can
result in Mg alloys with different microstructures, leading to the
contradictory corrosion behavior [10,17]. Nevertheless, the
effect of Al content and the corresponding specific corrosion
mechanism of Mg alloy still remain ambiguous. Much less
studies concerning the effect of solution temperature on the
corrosion behavior of Mg alloys have been carried out [8].

In this study, we have investigated the effects of electrolyte
temperature on the electrochemical properties of wrought
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AZ61 and die-cast AZ91D. Especially, we have focused on
their initial corrosion behavior in 0.1 M NaCl solution and
demonstrated the contradicting corrosion behavior between
AZ61 and AZ91D at high electrolyte temperature. We cau-
tiously predict that the results obtained in this study may
provide guidelines for the methods adopted for processing
Mg alloys.

2. EXPERIMENTAL PROCEDURES

Table 1 summarizes the chemical compositions of the different
AZ-type Mg alloys (wrought AZ61, die-cast AZ91D) used as
test coupons in this study. The Mg alloy sheets were ground
up to 2000 grit by using a fine-grained emery paper, ultrasoni-
cally cleaned for 3 min in ethanol, and then quickly dried in
cool air. The working area of each coupon (1 × 1 cm2) was
limited with hydrophobic adhesive masking tape. 

The corrosion characteristics of the Mg alloys were assessed
by means of potentiodynamic tests, electrochemical imped-
ance spectroscopy (EIS), and potentiostatic tests in 0.1 M
NaCl aqueous solution in the temperature range of 25-55 °C.
The potentiodynamic polarization tests were carried out in
a potential ranging from -1 to +1 V vs. open circuit potential
EOCP after stabilizing EOCP for 30 min. The corresponding
currents were recorded at scan rate set to 1 mV s-1. For the
EIS measurements, the real and imaginary components of
the electrochemical cell were evaluated over a frequency
range of 105 to 10-2 Hz with a amplitude of 10 mV, where the
applied potential was -1.38 VAg/AgCl and EOCP, respectively.
The EIS measurements at the EOCP were carried out after an
initial open circuit delay of 30 min, and those at -1.38 VAg/AgCl

were carried out immediately after immersion, for all tem-
peratures. The electrochemical cells were fabricated by
using Mg alloy sheets under study as the working electrode
(WE), a platinum wire as the counter electrode (CE), and
Ag/AgCl reference electrode (with saturated KCl) as the
reference electrode (RE).

Figure 1 shows the photograph and schematic of the 3-
electrode electrochemical cell designed for monitoring the
corrosion behavior of Mg alloys in a chamber during the
cyclic corrosion tests (CCT). This cell is essentially a mod-
ification of the setup reported in previous studies [18,19].
Although the cyclic corrosion testing conditions are very
severe for Mg corrosion, it was carried out to adequately simu-
late complex service conditions usually found in the field.

The cell was constructed by embedding two identical Mg
alloys (WEs) in parallel in epoxy at a distance of 6 mm apart,

with the RE placed at the center, in between the WEs. Note
that it is highly important to maintain electrical contact
between these WEs and RE during the entire CCT measure-
ments, especially for the dry stage. When a localized corro-
sion occurs on one WE at a given test environment, excess
electrons flow toward the other WE to cathodically protect its
surface [19]. At this moment, the current difference between
the two WEs and their mixed potential can be measured by
connecting a zero resistance ammeter (ZRA) and a poten-
tiostat. The details of operating cycles and the conditions
for each setup of the CCT are described in Table 2. 

Furthermore, the microstructure of the test specimens was
examined by using scanning electron microscopy (SEM).
For this, AZ61 and AZ91D were etched for approximately
5 s with 5% Nital (5 mL HNO3 + 95 mL ethanol) to observe
the general constituents [8]. 

3. RESULTS AND DISCUSSION

3.1. β-phase distribution
The distribution of β-phase as a secondary phase of the

Mg alloys was examined by using SEM analysis, as shown
in Fig. 2. The precipitation of a relatively thick layer of β-
phase at the grain boundaries of α-Mg was observed in AZ91,
as compared to AZ61. We could also observe many grains
without any β-phase. In case of AZ61, however, the dimen-

Table 1. Chemical compositions (wt%) of the Mg alloys used in this study

Al Zn Mn Fe Si Cu Ni Mg
AZ31B 3.29 0.75 0.30 0.03 < 0.01 < 0.01 < 0.01 Bal.
AZ61 5.91 1.16 0.21 < 0.01 0.04 0.04 < 0.01 Bal.

AZ91D 9.12 0.55 0.31 < 0.01 0.02 < 0.001 < 0.001 Bal.

Fig. 1. Photograph and schematic of the electrochemical cell, employ-
ing two identical working electrodes, used for corrosion monitoring
during cyclic corrosion tests. The WE1 and WE2 connect the working
electrode and counter electrode of potentiostat, respectively.

Table 2. Test condition of the cyclic corrosion test (T = operating 
temperature, RH = relative humidity)

Operating cycles Conditions of each step
Salt spray (2 h) 5 wt% NaCl, T: 35 °C, RH: 100%

Dry (4 h) T: 60 °C, RH: 25%
Wet (2 h) T: 50 °C, RH: 100%
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sion of β-phase at the grain boundaries was approximately
half of that of AZ91D. Moreover, sub-micron scale parti-
cles of β-phase were being effectively dispersed within the
grains (Fig. 2b). For the metastable-stable pit transition, it

is mandatory to have a critical pit size or depth at a given
corrosive environment [20,21]. Moreover, on Mg alloys,
the pitting corrosion is demonstrated to happen mainly on
the α-matrix with a segregation of salt particles [4]. These
imply that the chances for the growth of active pits beyond
the critical size may be more remarkable in case of AZ91D,
when compared to AZ61.

3.2. Potentiodynamic polarization behavior
Potentiodynamic polarization tests were carried out to

predict the temperature-dependent probability of corrosion
of AZ61 and AZ91D in 0.1 M NaCl solution, in the tem-
perature range of 25-55 °C. The hydrogen evolution during
polarization under both anodic and cathodic conditions has
a complicated effect on the corrosion behavior of Mg alloys.
The hydrogen evolution proceeds as 2H2O + 2e-  H2 + 2OH-.
The hydroxyl ions (OH‒) during this reaction increase the pH
of the electrolyte, which leads to unexpected decrease in
the corrosion susceptibility of Mg alloys during anodic polariza-
tion time. Moreover, an interesting observation associated
with this reaction is that a rate of hydrogen evolution increases
with the anodic polarization [22,23]. Therefore, as shown
in Fig. 3, the potentiodynamic polarization tests are performed
with two specimens of the same alloy, separately in poten-
tial ranges of EOCP to +1 V (anodically) and then from EOCP

Fig. 2. SEM images of the alloys: (a, b) AZ61 and (c, d) AZ91D.

Fig. 3. Variation in (a) corrosion potential (Ecorr) and potential at 1 mA
cm-2 and (b) corrosion current density (icorr) of AZ61 and AZ91D as
functions of electrolyte temperature in 0.1 M NaCl, as estimated from
potentiodynamic tests. The icorr was estimated by the extrapolation of
cathodic Tafel slopes to the Ecorr. 

Fig. 4. Anodic and cathodic polarization behaviors of alloys AZ61
and AZ91D with electrolyte temperature in 0.1 M NaCl.
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to -1 V (cathodically), to minimize differentiating effect of
hydroxyl ions on the polarity.

As evidenced from the results of potentiodynamic tests
shown in Fig. 4(a) and 4(b), AZ91D shows higher corrosion
potential (Ecorr) and lower corrosion current density (icorr)
than AZ61 at 25 °C. However, it is remarkable that the Ecorr

of AZ61 increased with the electrolyte temperature while
that of AZ91D slightly decreased or not changed much.
Eventually, alloy AZ61 shows rather higher Ecorr at 55 °C.
Moreover, alloy AZ61 has a lower passivation current den-
sity than AZ91D at 55 °C, while their pitting potentials
(Epit) exhibit similar values. In addition, the icorr of AZ61
rather decreases at 55 °C, resulting in the lower corrosion
rate. These might be explained based on the strengthening
of surface passivation associated with the presence of the
sub-micron scale particles of β-phase being effectively dis-
persed within the grains. The lack of reproducibility of icorr

measurement for AZ91D might be attributed to the varia-
tion of the amount and distribution of α-Mg without any β-
phase from place to place.

3.2. Electrochemical impedance behavior
Figure 5 shows equivalent electrical circuit models used

in this study. Charge transfer resistance (Rct) is defined as
the impedance at intermediate frequency where -Zimag is 0
in Nyquist plots (Figs. 6 and 7). The Rct is a complex function
of R1, R2, C1, and C2, but is approximately equal to R1 + R2.

As shown in Fig. 6, the impedance diagrams of the Mg
Fig. 5. Equivalent electrical circuit models used at (a, b) open-circuit
potential and (c, d) -1.38 VAg/AgCl.

Fig. 6. Nyquist plots of alloys AZ61 and AZ91D measured at applied potential of -1.38 VAg/AgCl as a function of electrolyte temperature, immedi-
ately after immersion in 0.1 M NaCl.
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alloys AZ61 and AZ91D polarized at -1.38 VAg/AgCl (anodic
domain) at 25 °C afford one well-defined capacitive loop
over the high frequency domain. However, for AZ91D, the
onset of two inductive loops, extended by the capacitive loop
over low frequencies is observed. The origin of the inductive
loops in this electrolyte is related to the continuous dissolution
on oxide-free surfaces of the Mg alloy [24,25]. The oxide-
free areas are considered to be different for each specimen,
depending on the area fraction of β-phase. In other words,
the presence of α and β phases and their interactions (gal-
vanic action) enlarge the oxide-free area of α-Mg surface,
accelerating the initial corrosion rate. Exactly, β-phase has
140-200 mV higher potential than α-Mg matrix [26].

At temperatures higher than 40 °C, however, some part
of the inductive loop transforms into a capacitive loop, cor-
responding to the pre-passivation process [24]. This results
in an increase in Rct. Considering that the passivation appears
only as the capacitive loop in the impedance diagram, the partial
transformation of inductive loop into capacitive loop might
imply a manifestation of the corrosion barrier effect of β-
phase rather than the galvanic cathode effect to the α-phase.

Similar with above impedance results, an increase in electro-
lyte temperature leads to decrease in both the high and low
frequency capacitive loops when polarized at OCP (Fig. 7).
Therefore, some part of the low frequency capacitive loop
is transformed to inductive loops, which is accompanied by
a decrease in Rct. As mentioned, the expansion of the inductive
loop can be explained based on the relaxation of surface cov-
erage due to the corrosion. In case of AZ61 at 55 °C, the first

Fig. 7. Nyquist plots of alloys AZ61, and AZ91D measured at open-circuit potential as a function of electrolyte temperature, after immersion for
30 min in 0.1 M NaCl.

Fig. 8. Variation in charge transfer resistance (Rct) at (a) -1.38 VAg/AgCl,
(b) open-circuit potential, as a function of electrolyte temperature,
estimated from Fig. 6 and Fig. 7, respectively. 
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inductive loop occurs at a relatively lower frequency than
AZ91D, and exhibits higher value of Rct. In addition, the rapid
emergence of inductive loop also leads to an increase in the
number of inductive loops in AZ91D, representing a high
degradation rate of the electrode surface.

As shown in Fig. 8(a), the Rct of AZ61 maintained at almost
a constant value with increase in electrolyte temperature up
to 55 °C. On the other hand, the Rct of AZ91D gradually
decreases with increase in electrolyte temperature. As a result,
AZ61 affords rather higher Rct (21.0 Ω cm2) than AZ91D
(13.9 Ω cm2) at 55 °C, indicating that the degradation of AZ61
under high temperature is relatively impeded. The gradual
decrease in Rct for AZ91D with electrolyte temperature might
have resulted from the film breakdown and subsequent cor-
rosion on the α-phase surface without any β-phase during the
initial anodic polarization. These experimental results are
definitely consistent with those of impedance measurements
at OCP after prior immersion for 30 min (Fig. 8b). 

3.3. Current transient behavior
Potentiostatic tests were carried out to analyze the kinetics

of pitting corrosion in Mg alloys with electrolyte temperature.
As shown in Fig. 9, a continuous increase of pitting current
with short incubation time (ti) was observed when the cou-
pons were polarized at -1.38 VAg/AgCl which value is higher
than their Epit. The ti is the time required for pitting initiation.
In most cases, the passive film breakdown occurs more easily
above Epit in the presence of Cl- anions and results in a local
exposure of oxide-free area to the corrosive environment.
Therefore, a large value of ΔE (= Eapp - Epit) leads to the conver-
gence of ti to zero, according to the following Eq. [27]: 

(5)

where x is the negative charges, F is the Faraday’s constant,
R is the gas constant, T is the temperature, α is the potential
drop at the film/solution interface.

This equation well describes that ti is a function of ΔE in
an electrolyte, where the Cl- concentration is fixed. The results
imply that ΔE is quite large for Mg alloys, so that the experi-
mental condition might be considerably aggressive to cor-
rosion. Hence, the pitting current began to rise sharply with
time, reaching the maximum value of current density (imax)
within few minutes, with the onset of visible pits. The pitting
current of AZ61 increased at the slowest pace with time
(i.e. lowest slope) for all the temperature ranges considered
in this study. This indicates that the interaction between Mg
and Cl- is the slowest. The difference in increasing rates of
current density was more distinct at high temperatures. The
convergence of ti to almost zero and relatively high transient
currents during initial immersion at high electrolyte tem-
perature demonstrates that the initial rates of passive film
breakdown and pitting propagation is more severe in AZ91D

than in AZ61.
Furthermore, the corrosion behavior of the AZ-type Mg

alloys during CCT, which is composed of salt spray, drying,
and wet steps, was analyzed by measuring the current tran-
sients by means of a zero resistance ammeter (Fig. 10). During
first 1 h of salt spray, currents were nearly zero due to pas-
sivation or inadequacy of electrolyte levels on the electrode
surfaces. After 1 h of salt spray, the current abruptly increased
for all electrodes, as a result of pit initiation and propagation.
From a previous report, the effect of temperature is known
to more significant than that of [Cl-] concentration during
the salt spray [8]. During the initial drying period of both

ti exp
xFE

2RT
------------------– 

 

Fig. 9. Corrosion current transients as a function of electrolyte tem-
perature at -1.38 VAg/AgCl in 0.1 M NaCl: (a) 25 °C, (b) 40 °C, and (c)
55 °C.
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AZ61 and AZ91D, the current values were almost similar
(or just slightly increased), as compared to those under salt
spray period.

After the water was dried up completely, the current values
abruptly decreased to a nearly zero value again, thereby repas-
sivating the surfaces. This indicates that the electrochemical
corrosion stops for all electrodes. However, the wet stage
provides water and promotes the progress of cathodic reaction,
which leads to corrosion. The main cathodic reaction in neu-
tral aqueous solution is water reduction reaction. The dissolved
salts facilitate initiation and propagation of pits more actively in
wet stage than in salt spray stage. The high corrosivity of the
wet stage might be attributed to the high electrolyte tem-
perature (50 °C) and the presence of concentrated Cl- ions
within the pits. However, only a small current flows through
the AZ61 electrodes during the wet period. This result is consis-
tent with that of another our cyclic corrosion tests, except for
minor variations. In any case, the results obtained for AZ61
during the wet period were always lower than those of AZ91D.
After the first cycle, the currents gradually decreased through-
out the entire step, especially for AZ61 and AZ91D electrodes,
probably due to the build-up of corrosion by-products. 

In general, the higher the content of Al as an alloying ele-
ment, the lower the corrosion susceptibility of the Mg alloys.
Intriguingly, at temperatures higher than 40 °C, AZ91D with
the highest Al content revealed lower corrosion resistance
when compared to that of AZ61. On the other hand, at room
temperature, the corrosion resistance of AZ91D was superior
to that of AZ61. Meanwhile, several authors have demon-
strated that AZ91D suffers from a similar or higher corro-
sion attack compared to AZ61 and AZ80 under prolonged
exposure conditions, typically for more than 24 days [8-10].

These suggest that the corrosion behavior of AZ-type Mg
alloys has a dependency on their morphology and micro-
structure [10,28,29]. 

4. CONCLUSIONS

The presence of sub-micron β-phase particles dispersed
within the grains of AZ61 affords rather higher Ecorr and lower
icorr at 55 °C than AZ91D, resulting from the strengthening
of surface passivation. Moreover, AZ61 shows higher polar-
ization resistance both at open circuit potential and -1.38
VAg/AgCl (transpassive state), indicating that the film break-
down and subsequent corrosion over the entire surface of
AZ61 is relatively impeded. In addition, the pitting current
on AZ61 increased at the slowest pace with time when polar-
ized at -1.38 VAg/AgCl and it was predominant especially at
55 °C. In consequence, only a small current flowed through
the AZ61 during the wet period of cyclic corrosion test (50 °C).
On the other hand, AZ91D has many α-Mg that do not involv-
ing any β-phases, and therefore, the oxide-free area on the
α-Mg surface can be enlarged by the galvanic reaction during
the initial corrosion measurements.
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