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Abstract 
 
Die-cast AZ91D magnesium alloy specimens have been submitted to anodizing at 
different potentials. Anodizing was conducted in an environmental friendly solution 
comprised of 3 M KOH + 1 M Na2SiO3 at room temperature. The surface treatment was 
performed electrolytically at four different potentials: 3 V, 5 V, 8 V and 10 V. The 
corrosion resistance was evaluated by electrochemical impedance spectroscopy (EIS) 
and potentiodynamic polarization curves obtained after 7 days of immersion in a 3.5 
wt.% NaCl solution at room temperature. The porosity of the anodic films was 
estimated by means of the linear polarization method. SEM images revealed that the 
surface oxide was more uniform for the anodic films obtained at 3 V and 5 V. The films 
obtained at these potentials were less porous than those formed at 8 V and 10 V, leading 
to a higher protective character. 
 
Keywords: AZ91D; anodizing; porosity measurement; corrosion 
 
1. Introduction 
 

Magnesium alloys are highly recognized as potential candidates for engineering 
applications demanding lightweight structural materials such as in aerospace and 
automotive industries1. The AZ91 series which is alloyed with Al and Zn have been 
extensively used in the automotive sector2. Other attractive properties are 
electromagnetic shielding and intrinsic biocompatibility which expands the applicability 
of magnesium alloys to areas such as electronics and biomedical devices3. In spite of 
these valuable features, magnesium alloys have high chemical activity4. As a 
consequence, high corrosion susceptibility is frequently reported5-7, which restricts the 
widespread application of these materials especially in aggressive environments8.  

Surface treatments are commonly employed to deal with this limitation. Gray and 
Luan9 reviewed the corrosion protection treatments of magnesium alloys. Chemical 
conversion coatings, electrochemical and electroless plating, physical vapor deposition 
(PVD) coatings, laser surface alloying and hydride coatings are mentioned by the 
authors. Anodizing plays a prominent role among the surface treatments of magnesium 
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alloys. Its popularity arises from the typical adherent, thick, dense and abrasion-resistant 
character of the anodized layer10. The morphology and composition of the surface varies 
depending on the anodizing voltage and on the electrolyte in which the treatment is 
conducted11. The most important commercial anodizing processes are based on the use 
of environmental harmful inorganic compounds such as chromates and fluorides or 
toxic organics such as hexamethylenetetramine12. However, there is a strong research 
activity toward the development of environmentally friendly anodizing processes 
aiming at achieving high corrosion resistance without adding chromates and/or 
fluorides13. Fukuda et al.14 proposed a new eco-friendly anodizing bath, consisting of 
only potassium hydroxide and sodium silicate. They observed that the anodic film 
formed on the surface of the AZ91D alloy was denser, thicker and more uniform when 
sodium was added to the bath. The anodic films were comprised of Mg(OH)2 and few 
amounts of Mg2SiO4. The benefits of the presence of sodium silicate in the anodizing 
electrolyte to the corrosion resistance of the AZ91D alloy were also evidenced by Li et 
al.15. 

The importance of the anodizing potential to the quality of the anodic film formed on 
magnesium alloys was unequivocally showed by several authors11,16. Zhang et al.16 have 
found that the corrosion resistance of anodized AZ91HP specimens was proportional to 
the anodizing voltage which influences both the thickness and morphology of the 
anodic film. Higher voltages promoted the formation of thicker and more porous anodic 
films. In this regard, the corrosive medium can diffuse more easily through anodized 
layers formed at higher potentials. The influence of porosity was assessed only 
qualitatively. Other reports have mentioned the relevance of porosity to the performance 
of anodized films on magnesium alloys17,18. However, a quantitative estimation of the 
porosity degree through the anodized layers by electrochemical methods is not found in 
the current literature.  

In this context, we aimed at correlating the corrosion resistance of anodic films 
formed on the AZ91D magnesium alloy with the intrinsic porosity formed after 
anodizing in an environmentally friendly bath consisting of KOH with addition of 
Na2SiO3. The treatment was conducted at different voltages to investigate the influence 
of this parameter on the porosity of the anodized layers. The porosity of the anodic films 
was electrochemically determined using the linear polarization method. The corrosion 
resistance of the anodized specimens was evaluated by means of electrochemical 
impedance spectroscopy and potentiodynamic polarization curves. Scanning electron 
microscopy (SEM) was used to observe the morphology of the anodic films. 
 
2. Experimental details 
 
2.1 Material 
 

Die-cast alloy AZ91D was used in this work. The nominal chemical composition 
of the alloy is given in Table 1. 
 
 

Table 1. Nominal chemical composition of the AZ91D alloy. 

Element Al Mn Zn Si Fe Cu Ni Mg 

Mass (%) 8,30 – 

9,70 

0,15 

mín. 

0,35 – 

1,00 

0,10 

máx. 

0,005 

máx. 

0,030 

máx. 

0,002 

máx. 

Bal. 
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2.2 Anodizing process 
 

The specimens were cut from the as-cast ingot in rectangular parts with 
approximately 1 cm2. Next, the specimens were electrically connected to a copper wire 
and then embedded in room temperature curing epoxy resin. Before anodizing, the 
electrode surfaces were prepared by mechanical polishing with progressively finer SiC 
paper up to 1200 grit size.  

The anodizing process was conducted in a 3 M KOH solution with addition of 1 M 
Na2SiO3 at room temperature. A three-electrode cell configuration was used for the 
treatment with the AZ91D as the working electrode, a standard calomel electrode (SCE) 
as reference and a platinum wire as the counter-electrode. The anodic films were 
produced at four different conditions of constant potentials: 3 V, 5 V, 8 V and 10 V. The 
potential was controlled with a potentiostat/galvanostat Autolab PGSTAT 100 which 
was used for all the electrochemical measurements performed in this work. The 
treatment was carried out for 1 h for each condition of potential. 
 
2.3 Electrochemical measurements 
 
2.3.1 Film porosity 

 
Elsener et al.19 proposed an electrochemical method to estimate the porosity of PVD 

layers based on the use of equation (1): 
 

 
 
The porosity of the film is estimated from the change of the corrosion potential 

(ΔEcorr = Ecorr,substrate – Ecorr,substrate+coating) caused by the presence of the coating layer and 
from individual measurements of the polarization resistance (Rp) of the bare and coated 
substrate. In equation (1) Rp,s denotes the polarization resistance of the bare substrate 
and Rp is the polarization resistance of the coated substrate while ba is the anodic Tafel 
slope of the bare substrate. Rp,s and ba are determined from separate measurements of 
the bare substrate. The values of Rp can be obtained by the linear polarization method 
which is valid only if the polarization current of the coating is negligible compared to 
that of the substrate and if the substrate does not passivated in the electrolyte20. We used 
this method to estimate the porosity degree of the anodized specimens of the AZ91D 
alloy. The measurements were conducted in a 3.5 wt.% NaCl solution at room 
temperature, right after stabilization of the open circuit potential.      
 
2.3.2 Corrosion resistance 

The corrosion resistance of the anodizing specimens was evaluated by means of 
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization 
curves. All the tests were carried out using a potentiostat/galvanostat Autolab PGSTAT 
100 with a frequency response analyzer (FRA) module for the impedance 
measurements, using the same configuration described for the anodizing process. The 
EIS spectra were obtained over the frequency range of 100 kHz to 10 mHz, with 
acquisition of 10 points per decade, at the open circuit potential (OCP), with an 
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amplitude of the perturbation signal of 10 mV. Potentiodynamic polarization curves 
were obtained at a scanning rate of 1 mV.s-1 from -0.5 V versus the OCP up to 0 V. The 
potentials mentioned in this work are referred to the standard calomel electrode. The 
tests were performed in a 3.5 wt.% NaCl solution at room temperature up to 7 days of 
immersion. 
 
2.4 Scanning electron microscopy (SEM) 
 

The surface morphology of the anodic films was observed by SEM, using a 
Leica/LEO 440i. A TM3000 Hitachi microscope was used to observe the morphology of 
specimens immersed in a NaCl 3.5 wt.% solution at room temperature, aiming to 
evaluate the corrosion degradation of the AZ91D alloy anodized at the conditions 
described in section 2.2. 
 
3. Results and Discussion 
 
3.1 Anodizing process 
 

Chronoamperometric curves of the AZ91D anodized at different constant potentials 
are shown in Fig. 1. The anodic currents decrease with increasing voltages. The general 
behavior consisted of a steep current increase which is then followed by a current 
plateau after a specific anodization time that depended on the constant voltage applied 
during the treatment. For the samples anodized at 3 V and 5 V the plateau was reached 
after 1000 s while for those treated at 8 V and 10 V the steady state currents were 
observed after 400 s. It is noticeable that the currents during anodizing at 8 V and 10 V 
were more than ten times lower than those developed at 3 V and 5 V. This is clearly 
shown in Fig. 1b where the x-axis scale was expanded in order to facilitate the 
visualization of the small currents observed at 8 V and 10 V. According to Fukuda et 
al.14 the anodic currents arise from both the anodic dissolution and formation of the 
anodic film. The initial increase of the current density observed in the 
chronoamperometric curves would be caused by the anodic dissolution of the 
magnesium alloy. The electric charge during anodizing was larger in the following 
order: 3 V > 5 V >> 8V > 10 V. This is an indication that the thicknesses of the anodic 
films follow the same order21. 
 
3.2 Surface morphology  

 
The surface morphology of the AZ91D anodized at different constant voltages is 

shown in the SEM micrographs of Fig. 2. The images reveal that the anodic film on the 
surface of the samples anodized at 3 V and 5 V are relatively thick and porous whereas 
the films formed at 8 V and 10 V are smooth. This suggests that these films are also 
thinner than those formed at 3 V and 5 V, confirming the indications of the results 
obtained from the chronoamperometric curves. In fact, the samples anodized at 8 V and 
10 V maintained a metallic lustre while those anodized at 3 V and 5 V showed a thicker 
anodic oxide and no metallic lustre after treatment. The metallic lustre of the samples 
anodized at 8 V and 10 V can be observed in the macroscopic images shown in Fig. 3. 
However, despite the thin character of the films formed at 8 V and 10 V small pores 
were clearly seen spreading throughout the whole surface of the samples as shown in 
Fig. 4.   

 

20º CBECIMAT - Congresso Brasileiro de Engenharia e Ciência dos Materiais
04 a 08 de Novembro de 2012, Joinville, SC, Brasil

7325



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Chronoamperometric curves of the AZ91D alloy anodized at different constant 
voltages. 
 

Figure 2. Surface morphology of the AZ91D alloy anodized at different constant 
voltages: a) 3 V; b) 5 V; c) 8 V and d) 10 V.  
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Figure 3. Optical micrographs of the samples anodized at: a) 8 V and b) 10 V. 
 
3.3 Corrosion resistance 
 
3.3.1 Electrochemical impedance spectroscopy (EIS) 
 

Nyquist plots of the untreated and anodized AZ91D alloy obtained after 7 days of 
immersion in NaCl 3.5 wt.% solution at room temperature are shown in Fig. 5. Fig. 5a 
shows the plots for the untreated alloy and for the samples anodized at 5 V, 8 V and 10 
V. The impedance values of the sample anodized at 3 V were significantly higher than 
those obtained for the other conditions. Thus, for clarity reasons, its plot is shown 
separately in Fig. 5b. For all the samples, the plots are characterized by a capacitive 
loop in the high frequency to medium frequency domain followed by an inductive 
behavior in the low frequency region. The inductive loop is less defined for the material 
anodized at 3 V as is clearly seen in Fig. 5b. The diameter of the Nyquist plot along the 
real axis is related to the charge transfer resistance (Rct) of the electrode22 which, in turn, 
indicates its corrosion resistance23. In this regard, the best anodizing condition that 
produced a significant increment of Rct compared to the untreated alloy was for potential 
of 3 V. The sample anodized at 8 V presented the smallest diameter of the capacitive 
loop, denoting its poor protective character. The samples anodized at 5 V and 10 V were 
only marginally better than the untreated material.  

The inductive loop at low frequencies is frequently reported for magnesium-based 
alloys24,25. According to Turhan et al.22 inductive loops are associated with the 
dissolution of a metallic species yielding its cation to solution, involving an 
intermediate transition to an adsorbed species like the metal hydroxide. In the case of 
magnesium alloys, the presence of adsorbed Mg()H)+

ads, Mg(OH)2,ads and Mg+
ads would 

account for the inductive behavior in the low frequency domain of the Nyquist plots26,27. 
It is also reported that high concentrations of Mg ions on relatively film-free surfaces 
lead to the formation of inductive loops with high diameters28. As shown in Fig. 5, the 
inductive loop is only barely observed for the specimen anodized at 3 V (Fig. 5b). The 
presence of a protective oxide layer reduces the dissolution rate of the alloy. According 
to Anik and Celikten29, the low-frequency inductive behavior tends to disappear in this 
case. In this regard, the anodizing process conducted at 3 V seems to be the most 
protective treatment employed in this work. 

 
 
 
                       

a 
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Figure 4. SEM micrographs of the samples anodized at: a) 8 V and b) 10 V, revealing 
the presence of small pores spreading throughout the anodized surfaces. 
 

In order to give a visual indication of the relative chemical stability of the different 
anodized samples we performed immersion tests. The samples remained immersed 
during 7 days in NaCl 3.5 wt.% at room temperature, that is, the same conditions 
employed for the EIS measurements. Then, the top surfaces of the samples were 
observed using SEM. The images obtained before and after immersion are shown in 
Fig. 6. The non-anodized alloy was severely corroded. The samples anodized at 8 V and 
10 V were completely covered by a thick surface oxide. The samples anodized at 5 V 
and 3 V were the least affected by the immersion conditions, confirming the higher 
protective character in comparison with those anodized at 8 V and 10 V. 
 

200

400

600

im
ag

 (Ω
.c

m
2 )

Untreated
5 V
8 V
10 V

a) 

4000

6000

8000

10000

12000

im
ag

(Ω
.c

m
2 )

3 Vb) 

20º CBECIMAT - Congresso Brasileiro de Engenharia e Ciência dos Materiais
04 a 08 de Novembro de 2012, Joinville, SC, Brasil

7328



 
 
 
 
 
 
 
 
 
 
 
Figure 5. Nyquist plots of the untreated and anodized AZ91D alloy obtained after 7 days 
of immersion in NaCl 3.5 wt.% solution at room temperature. 
 
3.3.2 Potentiodynamic polarization curves 
 

Potentiodynamic polarization curves of the untreated and anodized AZ91D alloy 
obtained 7 days of immersion in NaCl 3.5 wt.% solution at room temperature are shown 
in Fig. 7. Table 2 shows the electrochemical data obtained from the polarization curves 
in Fig. 7. The corrosion current densities (Icorr) were determined using the Tafel's 
extrapolation method. 
The samples anodized at 3 V and 5 V presented the lowest values of Icorr and the highest 
values of polarization resistance (Rp), indicating their superior corrosion resistance in 
comparison with the samples anodized at 8 V and 10 V. Moreover, the corrosion 
potential (Ecorr) is also nobler for the samples anodized at 3 V and 5 V, confirming their 
higher stability during the measurements. It is noteworthy that the anodic Tafel’s slope 
(ba) was far higher for the anodized samples in comparison with the untreated alloy. 
This is an indication that the anodizing treatment, besides forming a physical barrier to 
the corrosive environment, restrains the anodic partial reaction, that is, magnesium 
oxidation, protecting the substrate. This is especially true for the anodizing conditions 
conducted at 3 V and 5 V. The cathodic Tafel’s slope (bc), in turn, was little affect by the 
anodizing treatment. These results support the findings from the EIS measurements. 
 
3.4 Porosity determination 
 

The results obtained from the linear polarization measurements for the untreated and 
anodized AZ91D alloy are shown in Tab. 3. The porosity of the anodic films was 
calculated according to equation (1). The results reveal that the samples anodized at 8 V 
and 10 V are less porous than those anodized 3 V and 5 V. This is in accordance with the 
visual aspect observed from the SEM micrographs shown in Figs. 2 and 5. According to 
Khaselev et al.30 higher current densities during the anodizing process result in higher 
degree of porosity and more cracks in the anodized layers. The porosity levels shown in 
Table 2 agrees with the current densities achieved during the anodizing process as can 
be observed in the chronoamperometric curves  shown in Fig. 1. It is noticeable that the 
corrosion resistance of the samples was inversely proportional to the porosity level 
shown in Table 3. The most protective anodized layers were obtained at 3 V and 5V as 
was unequivocally shown by the EIS measurements (Fig. 5) and potentiodynamic 
polarization curves (Fig. 7). Thus, it is clear that the corrosion resistance was 
determined rather by the thickness of the anodic film than for its porosity level. 
 
a c b 
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Figure 6. SEM micrographs of the untreated and anodized AZ91D samples, before 
immersion: a) untreated; b) 5 V; c) 3 V; g) 8 V; h) 10 V. The same samples after 7 days 
of immersion in NaCl 3.5 wt.% solution at room temperature: d) untreated; e) 5 V; f) 3 
V; i) 8 V and j) 10 V. 
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Figure 7. Potentiodynamic polarization curves of the untreated and anodized AZ91D 
alloy obtained 7 days of immersion in NaCl 3.5 wt.% solution at room temperature.  
 
Table 2. Electrochemical data obtained from the potentiodynamic polarization curves in 
Fig. 7. 

 
Sample Ecorr (V) Icorr (μA.cm-

2) 
ba (mV/decade) bc (mV/decade) Rp (Ω.cm2) 

Untreated -1.29 0.14 78 185 342 

3 V -1.26 0.54 590 182 8928 

5 V -1.28 0.26 483 167 9618 

8 V -1.40 1.25 160 51 248 

10 V -1.35 1.11 59 170 438 

 
Table 3. Electrochemical parameters obtained from the linear polarization 
measurements and the calculated porosity of the AZ91D alloy anodized at different 
constant voltages.  

 
Untreated AZ91D alloy 

Ecorr,substrate 
(mV) 

Rp,s 
(Ω.cm2) 

ba 
mV/decade) 

-1609 940.8 42 
Anodized AZ91D alloy 

 3 V 5 V 8 V 10 V 
Ecorr,anodized (mV) -1586 -1592 -1600 -1596 

Rp (Ω.cm2) 410.2 617.4 1105 1048 
Porosity (%) 65 60 52 44 

 
4. Conclusions 
 

The influence of the anodizing potential on the porosity level and on the corrosion 
resistance of the AZ91D magnesium alloy has been studied. The anodic films obtained 
at 3 V and 5 V were thicker than those obtained at 8 V and 10 V, as suggested by the 
chronoamperometric curves registered during the anodizing treatment. The metallic 
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lustre observed on the samples anodized at 8 V and 10 V confirms this indication. The 
anodizing potential strongly affected both the corrosion resistance and porosity of the 
anodic films. The corrosion resistance of the samples was higher for the anodizing 
potentials of 3 V and 5 V as well the porosity level of the anodic films. The corrosion 
resistance was rather determined by the thickness of the anodized layer than by its 
porosity level.  
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