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The corrosion resistance and semiconducting properties of the oxide film formed on the AZ91D alloy
were evaluated. The alloy was tested in the as-cast condition and after a solution annealing treatment.
Electrochemical impedance spectroscopy measurements and potentiodynamic polarization curves were
obtained in a H3BO3 (0.05 M) + Na2B4O7�10H2O (0.075 M) solution with pH = 9.2 at room temperature.
The semiconducting properties of the oxide film were evaluated using Mott–Schottky plots. The corrosion
resistance of the AZ91D was reduced after the solution treatment while the semiconducting properties of
the passive films were little affected.
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1. Introduction

As magnesium has the lowest density among the metals used as
structural materials, its specific strength and stiffness overwhelm
the performance of conventional light alloys [1]. Consequently,
magnesium alloys are very attractive materials for engineering
applications where weight reduction is of prime importance such
as in the aerospace and automotive industries [2]. In addition,
the attributes of magnesium alloys also include high damping
capacity, thermal and electrical conductivity, good machinability
and electromagnetic shielding thus expanding their market possi-
bilities to areas such as information technology industries and
housings for electronics [3,4]. Recently, the intrinsic biocompatibil-
ity of magnesium has been explored to the development of bio-
medical devices, especially regarding temporary fixation implants
[5,6]. In spite of these superlative properties, it is well-known that
magnesium alloys are highly reactive and easily corrode in a vari-
ety of practical environments [7,8]. This critical drawback is a seri-
ous obstacle to the expansion of their engineering applications [9].

The AZ91 series, which is alloyed with Al and Zn, is comprised of
typical materials for automotive applications [10]. AZ91D is the
most widespread material of this series. It is comprised of the
a-Mg matrix and a eutectic phase which consists of alternate
ll rights reserved.
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lamellae of a-Mg and the intermetallic b phase (Mg17Al12) [11].
The a-Mg has an anodic character while the b phase is cathodic.
Thus, there is a tendency for the corrosion of the a-Mg due to
the formation of microgalvanic cells [12]. The distribution of the
b phase was found to determine the corrosion resistance of
Mg–Al alloys [13]. Therefore, the corrosion rate of the AZ91D alloy
can be effectively controlled by properly designing heat treat-
ments. The partial or complete removal of the b phase during a
solution treatment may lead to marked alterations of the overall
corrosion behavior of the alloy. Zhou et al. [14] have demonstrated
that the corrosion resistance of the AZ91D decreased after a solu-
tion treatment due to the dissolution of the b phase. Song et al.
[15] evidenced the major role of the b phase on the corrosion resis-
tance of the AZ91D alloy. The volume fraction and the continuous
distribution of the b phase within the a-Mg matrix were beneficial
to the corrosion behavior of the alloy.

In spite of the several investigations regarding the corrosion
mechanisms of AZ91D and their relation with the microstructure
of the alloy [16–18], few reports are devoted to the study of the
correlation between the corrosion resistance and the semiconduct-
ing properties of the oxide films formed on this material [19,20]. In
this context, the understanding of the effect of solution treatments
on the electronic properties of the oxide films formed on the
AZ91D alloy is not found in the current literature. The aim of this
work was to study the correlation between the corrosion resistance
and the semiconducting properties of the oxide film formed on the
AZ91D after a solution treatment.

http://dx.doi.org/10.1016/j.corsci.2012.12.015
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http://dx.doi.org/10.1016/j.corsci.2012.12.015
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2. Experimental

2.1. Material and heat treatment

The specimens were cut from a die-cast ingot of the AZ91D
alloy kindly provided by Rima Industrial Magnésio S/A, Brazil.
The nominal chemical composition of the alloy (by wt.%) was
8.3–9.7% Al, 0.35–1.0% Zn, 0.15–0.30% Mn, <0.10% Si, <0.005% Fe,
<0.030% Cu, <0.002% Ni and Mg as the remainder. After cutting,
the specimens were solution annealed (T4) under argon atmo-
sphere at 445 �C during 24 h followed by water quenching.

2.2. Microstructural characterization

The effect of the heat treatment on the microstructure of the al-
loy was evaluated through optical microscopy (Olympus micro-
scope) and scanning electron microscopy (SEM LEO 440i). Both
as-cast and solution annealed specimens were observed. Cross-
sectional views were obtained using a Hitachi TM3000 microscope.

2.3. X-ray diffractometry

X-ray diffraction (XRD) measurements were used to characterize
the phases of the AZ91D alloy in the as-cast and solution annealed
conditions using a Rigaku diffractometer with Cu Ka radiation.

2.4. Electrochemical tests

The working electrodes for the electrochemical tests were pre-
pared by encapsulating the specimens into cold cure epoxy resin.
The specimens were prepared by mechanical grinding with pro-
gressively finer SiC paper up to 1000 grit size. All the electrochem-
ical measurements were performed with an Autolab PGSTAT 100
potentiostat/galvanostat. The electrolyte employed for the mea-
surements was a buffer solution of composition H3BO3

(0.05 M) + Na2B4O7�10H2O (0.075 M) and pH = 9.2 at room temper-
ature. This electrolyte is traditionally employed for investigating
the semiconducting properties of oxide films on different metallic
alloys due to stable condition of the film in the buffer solution
[19,21]. Thus, we adopted this electrolyte for all the electrochem-
ical tests conducted in this work aiming at investigating the corre-
lation between the corrosion resistance and the semiconducting
properties of the oxide film formed on the surface of the AZ91D al-
loy in a stable solution. A conventional three-electrode cell was
used for all the electrochemical tests with a platinum wire as the
counter-electrode, a standard calomel electrode (SCE) as the refer-
ence and the AZ91D alloy as the working electrode. All the poten-
tials mentioned in the text are referred to the SCE. As-cast
specimens were also tested for comparison. All the electrochemical
tests were conducted in triplicate to examine the reproducibility of
the results. The data presented throughout this text are represen-
tative of the electrochemical behavior observed for each condition.

2.4.1. Electrochemical impedance spectroscopy (EIS)
Before every experiment the open circuit potential was moni-

tored for 1 h to ensure a stable electrochemical condition. EIS mea-
surements were performed over the frequency range of 100 kHz to
10 mHz, with an acquisition of 10 points per decade of frequency,
at the open circuit potential (OCP), and an amplitude of the pertur-
bation signal of 10 mV (rms). The measurements were carried out
after 1, 7, 14 and 21 days of immersion in the electrolyte. The re-
sults are given as Nyquist plots.

2.4.2. Potentiodynamic polarization curves
Potentiodynamic polarization curves were obtained for speci-

mens immersed during 1, 7, 14 and 21 days of immersion in the
electrolyte, using a scanning rate of 1 mV s�1. The potential
range was from �0.5 V up to +0.5 V versus the open circuit po-
tential. The curves were obtained right after the EIS measure-
ments. A set of three different specimens was polarized at
each period of immersion. The results present here are represen-
tative of the mean electrochemical behavior observed for each
period.

2.4.3. Semiconducting properties of the oxide film (Mott–Schottky
analysis)

According to the Mott–Schottky theory the semiconducting
properties of oxide films can be studied by measuring the capaci-
tance of the interface layer developed in the oxide film and the
Helmholtz layer, as a function of the applied electrode potential
when the electrode is immersed in an electrolyte. The measured
capacitance (C) of the film–electrolyte interface can be described
by Eq. (1), where Csc is the space charge capacitance and CH is
the classical Helmholtz capacitance.

1
C2 ¼

1
CSC
þ 1

CH
ð1Þ

The capacitance of the space charge layer is very small com-
pared to that of the Hemlholtz layer. Then, the measured capaci-
tance can be assumed to be that of the space charge layer when
the potentials are applied at a sufficiently high frequency. Hence,
the interface oxide film/electrolyte may be described by the
Mott–Schottky relation that is shown in Eq. (2) which is valid for
a p-type semiconductor:

1

C2 ¼
2

ee0eNq
�U þ Ufb þ

kT
e

� �
ð2Þ

In this expression C is the capacitance of the oxide film/elec-
trolyte interface, U is the applied potential, e is the dielectric con-
stant of the oxide film, e0 is vacuum permittivity, Nq is the doping
density (for donors or acceptors, depending if it is related to an n-
type or p-type semiconductor, respectively), e is the elementary
charge, k the Boltzmann constant, T the absolute temperature
and Ufb the flat band potential. The plot of C�2 versus the applied
potential U is called Mott–Schottky plot. The slope of this plot is
associated with the semiconducting behavior of the oxide film.
Positive slope is typical of n-type semiconductors while negative
slope is typical of p-type semiconductors. Doping densities in the
oxide film are calculated from the slope of Mott–Schottky plots if
its dielectric constant e is known. In this work the Mott–Schottky
approach was used to determine the electronic properties of the
oxide film formed on the surface of the AZ91D electrodes. The
plots were obtained after 1, 7, 14 and 21 days of immersion in
the electrolyte. A set of three different specimens was tested at
each period of immersion. The results presented here are repre-
sentative of the mean electrochemical behavior observed for each
period. Capacitance measurements were performed at a fixed fre-
quency of 1 kHz. The working electrodes were polarized in the
cathodic direction in successive steps of 50 mVSCE from
2000 mVSCE up to – 1000 mVSCE. Doping densities in the oxide
film were determined from the slope of straight lines in the
Mott–Schottky plots, using the following parameters:
e = 1602 � 10�19 C; e0 = 885 � 10�14 F cm2 [22]; e = 9.6 for MgO
[23].

3. Results and discussion

3.1. Microstructural analysis

Optical micrographs of the as-cast and solution annealed AZ91D
alloy are shown in Fig. 1a and b, respectively. The microstructure of
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the as-received ingot presents a dual phase character, consisting of
the a-Mg matrix and the eutectic phase distributed along the grain
boundaries of the matrix. After solution annealing at 445 �C for
24 h the eutectic phase is dissolved. The eutectic phase is more
clearly seen in the SEM micrograph shown in Fig. 1c. This phase
consists of large b-Mg17Al12 phase particles and the eutectic
a-Mg phase. Other authors have confirmed these typical micro-
structural characteristics of the AZ91D alloy [14,15]. The a-Mg
matrix is identified as region 2 in Fig. 1c, whereas a representative
b phase portion is marked as region 1. The approximate composi-
tions of each phase were confirmed through energy dispersive
X-ray (EDX) analysis, as observed in Fig. 1e (a-Mg) and 1f (b
phase). Some residual b phase remained after the solution treat-
ment as clearly seen in Fig. 1d.
20 30 40 50 60 70 80 90

2 Theta (degree)

Fig. 2. X-ray diffraction patterns of the as-cast and SA AZ91D alloy.
3.2. X-ray diffractometry (XRD)

X-ray diffraction patterns of the as-cast and SA AZ91D alloy are
shown in Fig. 2. The as-cast specimen showed the presence of the
a-Mg phase and the b-Mg17Al12 phase. After solution annealing,
the b phase was dissolved and only the peaks of the a-Mg could
be identified in the diffraction pattern of the SA specimen. The
residual b phase observed after solution annealing (Fig. 1b) was
not detected by XRD measurements due to significant reduction
of its volume fraction after the heat treatment.
Fig. 1. Microstructure of the AZ91D: (a) optical micrograph an as-cast specimen; (b) opti
micrograph an as-cast specimen; (d) SEM micrograph of a specimen after solution anne
Fig. 1c.
3.3. Electrochemical tests

3.3.1. EIS measurements
Before the experiments the open circuit potential was moni-

tored for 1 h to ensure electrochemical stability. Representative
cal micrograph of a specimen that was solution annealed at 445 �C for 24 h; (c) SEM
aling; (e) EDX spectrum of region 2 in Fig. 1c; and (f) EDX spectrum of region 1 in
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results of this procedure are shown in Fig. 3 for as-cast and solution
annealed specimens for 1 day of immersion in the testing electro-
lyte. The variation of the open circuit potential was found to be
negligible for during the monitoring, ensuring a stable condition
for the EIS measurements. A similar variation was observed for
the specimens immersed for longer periods. Nyquist plots of the
as-cast and solution annealed (SA) specimens obtained after 1, 7,
14 and 21 days of immersion in 0.05 M H3BO3 + 0.075 M Na2B4O7-
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Fig. 4. Nyquist plots of the as-cast and solution annealed specimens in 0.05 M H3BO3 +
periods of immersion: (a) 1 day; (b) 7 days; (c) 14 days; and (d) 21 days.
�10H2O solution with pH = 9.2 at room temperature are shown in
Fig. 4.

The EIS response for 1 day of immersion (Fig. 4a) resembles that
of pure Mg [24,25]. Galicia et al. [26] have observed that the
impedance diagrams of AZ91 alloy were similar to those of pure
Mg. The same behavior was reported by Baril et al. [27]. The dia-
grams for the as-cast and SA specimens are characterized by two
well-defined capacitive loops in the high frequency (HF) and med-
ium frequency (MF) regions. An ill-defined inductive loop seems to
be present in the low frequency (LF) part of the diagrams. Inductive
loops are frequently reported for Nyquist plots of Mg alloys
[28,29]. The inductive behavior is associated with the presence of
adsorbed species on the surface of the electrode such as
Mg(OH)2ads [30] or Mg2þ

ads [24]. According to Anik and Celikten
[31], the LF inductive loop tends to disappear when the dissolution
rate of the alloy decreases due to the formation of a protective
oxide film. The low impedance values for the as-cast and SA spec-
imens of the AZ91D observed in the Nyquist plots obtained after
1 day of immersion indicate that the oxide film formed on the sur-
face of the specimens is not protective. The shape of the Nyquist
plots are similar to those obtained by Galicia et al. [26] for the
AZ91 alloy in a 1 mM Na2SO4 solution after 36 h of immersion. In
this regard, the HF capacitive loop can be ascribed to the charge
transfer resistance. The MF time constant is due to diffusion pro-
cesses through the corrosion oxide layer. Finally, the inductive loop
relates to the relaxation of absorbed species. The corrosion resis-
tance of an electrode is associated with the combined diameters
of the capacitive loops [32]. Hence, it is seen that the heat treat-
ment did not significantly alter the corrosion resistance of the
AZ91D alloy after 1 day of immersion.
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0.075 M Na2B4O7�10H2O solution with pH = 9.2 at room temperature after different



Fig. 5. SEM micrographs of the cross-sections of the as-cast specimens after different periods of immersion in 0.05 M H3BO3 + 0.075 M Na2B4O7�10H2O solution with pH = 9.2
at room temperature: (a) 1 day; (b) 7 days; (c) 14 days; and (d) 21 days. The thicknesses of the oxide films are indicated in the micrographs (the values are in micrometers).

Fig. 6. SEM micrographs of the cross-sections of the SA specimens after different periods of immersion in 0.05 M H3BO3 + 0.075 M Na2B4O7�10H2O solution with pH = 9.2 at
room temperature: (a) 1 day; (b) 7 days; (c) 14 days; and (d) 21 days. The thicknesses of the oxide films are indicated in the micrographs (the values are in micrometers).
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The corrosion mechanism of magnesium alloys has been re-
viewed by several authors [18,33,34]. It is generally agreed that
in neutral or basic aqueous solutions the following overall reaction
takes place:

Mgþ 2H2O!MgðOHÞ2 þH2 ð3Þ

According to this reaction, a stable corrosion product forms and
hydrogen gas bubbles evolve during anodic dissolution of the a-
Mg. Indeed, this phenomenon was observed for the as-cast and
SA specimens of the AZ91D alloy right after immersion and during
the first 24 h. For longer immersion times the gas evolution ceased
and an apparently thicker and denser oxide layer developed on the
surface of the specimens. SEM micrographs of cross-sections of
both the as-cast and SA specimens after different periods of
immersion are displayed in Figs. 5 and 6, respectively. It is ob-
served that the thickness of the oxide layer increases continuously
from 1 to 21 days of immersion for both the as-cast and SA
specimens.

The electrochemical behavior is markedly different for longer
immersion times. Initially, it is easily recognized that the LF induc-
tive loop disappeared from 7 days of immersion up to the end of
the experiments. It is noteworthy that this fact apparently con-
firms the report by Anik and Celikten [31] who observed the sup-
pression of the LF inductive loop as a protective oxide layer formed
on the surface of an AZ91 alloy. Furthermore, as shown in Fig. 4b
the impedance values presented a sharp increase after 7 days of
immersion. This effect is also a manifestation of the formation of
a more protective oxide film on the surface of the electrodes with
time. The phenomenon occurs for both the SA and as-cast speci-
mens, but it is more prominent for the last one, as attested by
the higher radius of the semi-circle that characterizes the capaci-
tive loop in lower frequencies. The same tendency is promptly
identified for 14 and 21 days of immersion. The radius of the
capacitive loop continues to increase with time for the as-cast
and SA specimens, suggesting that the protective character of the
oxide layer has an ascending nature. This is probably related to
the thickness of the oxide films shown in the cross-sectional views
of Figs. 5 and 6. It is also evident that the impedance values of the
SA-specimen are surpassed by those of the as-cast one.

3.3.2. Potentiodynamic polarization curves
Potentiodynamic polarization curves of as-cast and SA speci-

mens for different immersion times in 0.05 M H3BO3 + 0.075 M
Na2B4O7�10H2O solution with pH = 9.2 at room temperature are
shown in Fig. 7. Table 1 shows the electrochemical data obtained
from polarization curves. The data correspond to the mean values
of three different specimens tested at each condition. The values of
corrosion current density (Icorr) were determined using the Tafel’s
extrapolation method.

The evolution of the electrochemical behavior of both the as-
cast and SA specimens confirms the EIS results, showing a trend
of increasing corrosion resistance with time. The corrosion poten-
tial (Ecorr) shifted to nobler values with time for the as-cast and SA
specimens. Moreover, the polarization curves shifted to lower cur-
rent densities with time. The variation of both Icorr and Ecorr with
time reveals that the corrosion resistance of the as-cast and SA
specimens was enhanced. This is likely to due to the formation of
a protective oxide layer on the surface of the specimens in contact
with the electrolyte [35]. This assumption is supported by the SEM
micrographs in Figs. 5 and 6 which clearly show the thickening of
the oxide layer on both the as-cast and SA conditions with time.

The parameters in Table 1 evidence that the corrosion behavior
of the untreated AZ91D alloy was modified by solution annealing.
The untreated material presented higher Ecorr and lower Icorr than
the solution annealed alloy after 7, 14 and 21 days of immersion.
This result corroborates those obtained from the EIS measure-
ments. The reduction of the corrosion resistance of the AZ91D after
solution annealing is closely related to the undermining of the b-
phase. Notwithstanding, there was an opposite behavior after
1 day of immersion. In order to give a further understanding into
the corrosion mechanism active during the initial period of immer-
sion we performed an immersion test according to the same condi-
tions employed for the electrochemical measurements. Specimens
of the as-cast and SA AZ91D alloy were immersed in 0.05 M
H3BO3 + 0.075 M Na2B4O7�10H2O solution with pH = 9.2 at room
temperature for 1 day. Optical micrographs were taken from the
surface of the specimens at specific intermediate periods of immer-
sion up to 1 day. The aim of this procedure was to study the role of
the microstructure of the alloy on the initial corrosion attack. Thus,
the micrographs were obtained after 10 min, 1 h, 4 h, 8 h and 24 h
of immersion as shown in Figs. 8 and 9 for the as-cast and SA alloy,
respectively. Micrographs of the specimens in the as-prepared con-
dition (non-immersed) are also shown. The as-cast alloy showed a
preferential dissolution of the eutectic a-phase along the grain
boundaries in the vicinity of the b-phase. This effect was progres-
sively intensified from 10 min (Fig. 8b) to 8 h of immersion
(Fig. 8e), leading to a complete undermining of the b-phase. This
effect was observed by Song et al. [15] for the AZ91D alloy. One
possible explanation is that the grains of the a-phase are highly
polarized due to the presence of the cathodic b-phase along the
grain boundaries, leading to a strong galvanic effect and the prefer-



Table 1
Electrochemical data obtained from potentiodynamic polarization curves. The data correspond to the mean values of three different specimens tested at each condition.

Immersion (days) Ecorr (V) Icorr (lA cm�2) ba (V/decade) |bc| (V/decade)

As-cast
1 �1.61 ± 0.02 220 ± 21.0 0.443 ± 0.042 0230 ± 0.011
7 �1.42 ± 0.03 6.90 ± 0.86 0.406 ± 0.058 0.165 ± 0.013

14 �1.03 ± 0.06 0.21 ± 0.07 0.246 ± 0.036 0.169 ± 0.020
21 �1.17 ± 0.05 0.28 ± 0.05 0.299 ± 0.038 0.159 ± 0.016

SA
1 �1.55 ± 0.02 209 ± 10.6 0.425 ± 0.026 0.212 ± 0.015
7 �1.50 ± 0.02 31.0 ± 7.55 0.380 ± 0.021 0.146 ± 0.010

14 �1.42 ± 0.03 4.70 ± 1.82 0.572 ± 0.179 0.157 ± 0.024
21 �1.52 ± 0.03 1.46 ± 0.57 0.519 ± 0.137 0.182 ± 0.026

Fig. 8. Optical micrographs of the as-cast AZ91D alloy immersed for different times in 0.05 M H3BO3 + 0.075 M Na2B4O7�10H2O solution with pH = 9.2 at room temperature:
(a) non-immersed; (b) 10 min; (c) 1 h; (d) 4 h; (e) 8 h; and (f) 24 h.
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ential dissolution of the more anodic a-phase. Ultimately, with the
undermining of the b-phase, the corrosion process spreads out
throughout the primary a-phase within the grains of the matrix.
The final morphology observed after 24 h of immersion (Fig. 8f)
confirms this hypothesis. Once the oxide layer is developed, it
starts acting as a barrier to the corrosion attack. Consequently, Icorr

decreases from 1 to 7 days of immersion as seen in Table 1.
The SA treatment dissolved the b-phase. As seen in the Fig. 9,

this microstructural change altered the corrosion mechanism of
the AZ91D alloy during the initial periods of immersion. The
corrosion attack started within the a-Mg matrix, spreading
throughout the whole surface as the immersion time increased
from 10 min (Fig. 9b) to 8 h (Fig. 9e). However, the attack slower
than occurred with the as-cast alloy. This is probably related to
the large anodic area submitted to corrosion, giving rise to a smal-
ler current density in comparison with the as-cast alloy, in which
the anodic area was smaller due to the presence of the b-phase,
giving rise to a higher corrosion current density. It is also interest-
ing to note that some areas were not completely corroded on the
surface of the SA alloy whereas the oxide coverage was more



Fig. 9. Optical micrographs of the SA AZ91D alloy immersed for different times in 0.05 M H3BO3 + 0.075 M Na2B4O7�10H2O solution with pH = 9.2 at room temperature: (a)
non-immersed; (b) 10 min; (c) 1 h; (d) 4 h; (e) 8 h; and (f) 24 h.
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intense in the as-cast specimen. An example of an area with less
corrosion products on the surface of the SA alloy is shown in
Fig. 9g. It has to be emphasized, though, that most part of the sur-
face was corroded as seen in Fig. 9f. In this context, the lower Icorr

of the SA alloy in comparison with the as-cast one after 1 day of
immersion (see Table 1) can be explained by the mechanism ob-
served in Fig. 9. For longer immersion times the entire surfaces
were completely covered by a progressively thicker oxide layer
as shown in Figs. 5 and 6 for both the as-cast and SA specimens.
The thickness of the oxide film was higher for the as-cast speci-
men. The mechanism proposed here can justify the thickening of
the oxide film with time for the as-cast specimen, while this would
be more difficult for the SA alloy. Thus, the barrier effect of the
thick oxide film would dominate the corrosion process, giving rise
to higher impedance and lower Icorr values for both the as-cast and
SA alloy after 7 days and for longer immersion times.

3.4. Semiconducting properties of the oxide film

Mott–Schottky plots of the as-cast and solution annealed spec-
imens acquired after 1, 7, 14 and 21 days of immersion in 0.05 M
H3BO3 + 0.075 M Na2B4O7�10H2O solution with pH = 9.2 at room
temperature are shown in Fig. 10.

From the Mott–Schottky plots it stands out that the electronic
properties of the oxide films on the as-cast and SA specimens
changes with time. It is seen that the curves obtained for 1 day
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Fig. 10. Mott–Schottky plots of the as-cast and solution annealed specimens in 0.05 M H3BO3 + 0.075 M Na2B4O7�10H2O solution with pH = 9.2 at room temperature after
different periods of immersion: (a) 1 day; (b) 7 days; (c) 14 days; and (d) 21 days.

Table 2
Charge carrier concentration in the oxide film formed on the as-cast and solution annealed specimens in 0.05 M H3BO3 + 0.075 M Na2B4O7�10H2O solution
with pH = 9.2 at room temperature after different periods of immersion. The data correspond to the mean values of three different specimens tested at each
condition.

Condition Nq (cm�3)
Immersion (days)

1 7 14 21

As-cast 2.91 � 1022 ± 3.84 � 1020 1.83 � 1022 ± 2.63 � 1020 2.90 � 1020 ± 9.40 � 1017 1.06 � 1020 ± 3.07 � 1018

SA 1.21 � 1022 ± 1.40 � 1020 8.50 � 1021 ± 1.24 � 1020 9.95 � 1019 ± 3.20 � 1017 8.14 � 1019 ± 1.31 � 1018
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of immersion present a negative slope from �1.2 VSCE downward
to more cathodic potentials. This variation of the capacitance with
the applied potential is typical of a p-type semiconductor [36].
Zhang et al. [37] showed that hydrogen adsorbed on the surface
of magnesium can give rise to a p-type semiconducting behavior,
generating magnesium vacancies in the oxide layer which would
be the major charge carriers in the film. The same authors [38] re-
ported that a similar behavior was observed for the AZ91D alloy. As
already mentioned in Section 3.2.1 hydrogen gas bubbles evolved
during dissolution of both the as-cast and SA specimens up to first
day of immersion. The p-type behavior observed in the corre-
sponding Mott–Schottky plots (Fig. 10a) would be a consequence
of the hydrogen bubbles formed during the initial corrosion pro-
cess of the alloy. As a thicker and more compact oxide film devel-
oped with time, the evolution of gas bubbles ceased. Consequently,
the adsorption of hydrogen gas on the surface of the electrodes was
no longer possible. Then, the slope of the Mott–Schottky plots be-
came positive from 7 up to 21 days of immersion, indicating that
the semiconducting character of the oxide film was altered to that
of an n-type semiconductor [39]. Both the as-cast and SA speci-
mens assumed the n-type semiconductivity. For this type of behav-
ior, the main defects in the oxide film are cation interstitials or
anion vacancies [40]. Duan et al. [41] observed that the oxide layer
on the AZ91D alloy presented an n-type behavior when immersed
in a 0.1 M Na2B4O7�10H2O + 0.05 M NaCl solution. Heakal et al. [19]
have also found an n-type behavior for the oxide film formed on
the AZ91D alloy upon immersion in a borate solution.

Depending if the oxide film behaves as a p-type or n-type semi-
conductor, the corresponding acceptors (magnesium vacancies) or
donors (mainly oxygen vacancies) can be calculated from the slope
of the linear portion of the Mott–Schottky plots. This concentration
corresponds to the number of defects in the film. A high doping
density is typical of a defective oxide layer which, in turn, is asso-
ciated with a lower corrosion resistance [42]. The charge carrier
concentrations corresponding to the mean values of three different
specimens tested at each condition are shown in Table 2.

The highest charge carrier concentrations were found after
1 day of immersion. According to Carmezim et al. [43] this is a clear
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indication of a highly disordered oxide film. As already mentioned,
the oxide layer behaved as a p-type semiconductor after 1 day of
immersion. In this case, the defects are mainly cation vacancies.
As seen in Table 2, the number of defects continuously diminished
with time for the as-cast and SA specimens. For longer periods of
immersion the oxide film presented an n-type character. Oxygen
vacancies and cation interstitials are the main defects in this case,
acting as electron donors. It has been reported that the presence of
such doping species in the oxide film hampers the migration of cat-
ions from the metallic materials underneath the oxide layer. The
same occurs with the penetration of aggressive anions from the
electrolyte, such as Cl� and SO�4 [44]. In this regard the corrosion
resistance would increase when the semiconducting character of
the oxide film changes from p-type to n-type. The reduction of
the number of defects in the oxide film with time revealed in Table
2 also points to the formation of less conductive and more protec-
tive oxide layers. This result confirms the increase of corrosion
resistance with time observed from the Nyquist plots and poten-
tiodynamic polarization curves for both the as-cast and SA
specimens.
4. Conclusions

The solution annealing treatment was effective at dissolving the
b-Mg17Al12 phase. The corrosion resistance of the AZ91D alloy in-
creased with the time of immersion in the 0.05 M
H3BO3 + 0.075 M Na2B4O7�10H2O solution with pH = 9.2 at room
temperature for both the as-cast and solution annealed conditions.
This behavior could be explained based on the thickness increase
of the oxide film formed on the surface of the alloy with time as
revealed by the SEM micrographs. The results from EIS measure-
ments and potentiodynamic polarization curves indicated that
the solution treatment decreased the corrosion resistance of the
AZ91D alloy. The increase of the corrosion resistance with the
immersion time was accompanied by the decrease of the charge
carrier concentration in the oxide films formed on the as-cast
and solution annealed specimens. The Mott–Schottky plots
showed that the semiconducting behavior of the oxide films chan-
ged from p-type after 1 day of immersion to n-type for longer peri-
ods for both the as-cast and solution annealed specimens.
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