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Abstract 

In this work, we provide a detailed investigation on the correlation between the surface 

chemistry, film morphology, global and local electrochemical behavior of the AZ31B 

alloy anodized under different constant current densities. The anodizing treatment was 

carried out in 1.0 M NaOH and 0.5 M Na2SiO3 solution, using three different current 

densities, 5 mA.cm-2, 10 mA.cm-2 and 20 mA.cm-2. The surface morphology and 

thickness of the anodized layers were examined by scanning electron microscopy. The 

surface chemical states were assessed by X-ray photoelectron spectroscopy. The global 

electrochemical behavior was investigated by electrochemical impedance spectroscopy 

and potentiodynamic polarization. The local electrochemical activity was monitored by 

scanning electrochemical microscopy and scanning Kelvin probe. In vitro 

biocompatibility was assessed by cytotoxicity tests. The results indicated a marked 

influence of the anodizing current density on the surface morphology and global 

electrochemical behavior of the treated samples. The surface chemistry, in turn, was 

little affected by this parameter. The best corrosion resistance was obtained for the 

samples anodized at 20 mA.cm-2.         
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1. Introduction 

Magnesium alloys have attracted considerable interest as important candidates for 

bioresorbable implant applications. Since they biodegrade via corrosion reactions in the 

human body a second surgery is not needed to remove them after the healing process is 

completed, which is expensive for the health care system and dangerous for the patient 

[1–8]. 

However, the main shortcoming of using these materials as temporary implant 

devices is its high degradation rate, which leads to hydrogen gas cavities [5,9,10]. 

Additionally, magnesium alloys suffer severe local corrosion attack, implying in 

premature loss of mechanical integrity, thus hindering their further clinical use 

especially in orthopaedical and cardiac applications [4,11–13]. 

Actually, 1.081 liters of H2 are released from 1g of corroded Mg [14]. Fortunately, 

there are several possibilities of controlling the corrosion rate, such as alloying, 

mechanical preprocessing and surface modifications [1,15,16].  

Anodization is an electrolytic oxidation process in which the metal (anode) is 

converted to an oxide film having desirable corrosion protective and functional 

properties [17–22]. The treatment promotes an increase in the film thickness, hardness, 

wear resistance, and better biocompatibility than the bare metal [3,19]. 

Extensive investigations have been performed to study the effects of the electrolyte 

composition, treatment time, electric parameters, post and pre-treatments on the 

properties of the anodized film [17,23–29]. The anodizing conditions have a deep 

influence on its composition and morphology. Thus, the search for an appropriate set of 

these parameters, which interact with each other, is necessary to obtain a film with the 

desired functionalities.  

While global electrochemical tests have been applied to investigate the average 

corrosion activity, scanning probe techniques with enhance spatial resolution allow a 

comprehensive understanding of local corrosion processes at electrochemically active 

sites. Among these analytical probe techniques, scanning electrochemical microscopy 

(SECM) and scanning Kelvin probe (SKP) have been successfully used to characterize 

localized corrosion processes of different metallic materials, such as aluminum alloys 

[30–32] and steels [33–35]. Degradation of magnesium alloys at a microscopic level has 

also been reported [36–41]. Notwithstanding, the assessment of local corrosion spots of 

anodized layers produced on magnesium alloys by combining SECM and SKP are 

scarcely reported in the current literature.  



In this study, we investigate the potentiality of anodization to control the dissolution 

rate of magnesium alloy in a simulated biological environment. The main focus is to 

study the correlation between film morphology, the chemical composition of the 

anodized layers and their global and local electrochemical behavior. The use of SECM 

and SKP to probe the local corrosion spots of anodized layers of magnesium alloys and 

the correlation between this information with the surface chemistry and global 

electrochemical response are rarely in the current literature. Furthermore, the in vitro 

biocompatibility was assessed by cytotoxicity tests.  

 

 

2. Material and methods 

2.1. Material and sample preparation 

Hot rolled AZ31B magnesium alloy sheet (composition in wt.%: Al 2.54%, Zn 

1.08%, Mn 0.38% and Mg balance), provided by Xi’an Yuechen Metal Products Co. 

Ltd., China was used as the substrate for the anodization process. Rectangular pieces 

were cut from the as-received sheet using a cut-off saw, obtaining dimensions of 10 mm 

x 10 mm x 3.5 mm. The specimens were connected to a copper wire in one side and 

then embedded in epoxy resin mounted in a PVC holder, leaving an average area of 1 

cm2 as the working surface. The surfaces were sequentially ground using waterproof 

silicon carbide paper (from #220 to #2400 grit size), polished using diamond paste (1 

μm) and cleaned using deionized water and ethanol, being subsequently dried in a warm 

air stream provided by a conventional heat gun.  

 

2.2. Anodizing treatment 

The anodization process was carried out by high voltage DC power supply 

(MP5003D, 50-500V, 0-3A). The experiments were performed in an aqueous solution 

consisting of a mixture of 1.0 M NaOH and 0.5 M Na2SiO3. The AZ31B magnesium 

alloy was used as the anode while the stainless steel container was used as the cathode. 

The anodizing treatment was carried out at three different constant current densities 5 

mA/cm2, 10 mA/cm2 and 20 mA/cm2 for 5 minutes at room temperature. Then, the 

anodized samples were rinsed with deionized water and dried in air. 

 

2.3. Film characterization 

2.3.1. Morphology, roughness and chemical composition 



 

The surface and cross-section morphologies were examined using scanning electron 

microscopy (SEM – JSM-6010LA, Jeol). Confocal laser scanning microscope (CLSM – 

LEXT OLS4100, Olympus) was used to determine the surface roughness. The Ra 

parameter was employed to quantify the roughness values.   

XPS analyses were performed to investigate the chemical composition of the 

anodized films. The XPS spectra were acquired using a ThermoFisher Scientific K-

Alpha+ spectrometer with a monochromated Al K-α X-ray source. The energy scale was 

calibrated with respect to the adventitious C1s peak at 284.8 eV. High resolution spectra 

for the Mg2p, Si2p and O1s regions were obtained to assess the surface chemical states. 

The spectra were deconvoluted by curve-fitting using the Smart baseline for background 

subtraction in the AvantageTM software. 

 

2.3.2. Electrochemical behavior 

2.3.2.1. Conventional electrochemical tests 

The global electrochemical measurements were assessed in a potentiostat/galvanostat 

(M101, Autolab) using a typical three-electrode cell configuration. The test cell 

consisted of Ag/AgCl (KCl 3 M saturated) as the reference, a platinum wire as the 

counter electrode and the treated AZ31B alloy as the working electrode. The tests were 

conducted in a phosphate buffered saline (PBS), which contains: 0.355 g/L 

NaH2PO4+H2O, 8.2 g/L NaCl, 0.105 g/L Na2HPO4 (anhydrous). The solution was 

prepared with deionized water and analytical grade reagents. Initially, the open circuit 

potential (OCP) was monitored for 1 h. Immediately, the samples were subjected to 

electrochemical impedance spectroscopy (EIS) at the OCP using 10 mV of AC voltage 

amplitude in a range of 100 kHz to 0.1 Hz. Right after, potentiodynamic polarization 

tests were carried out in a potential range from -500 mV (vs. OCP) to 0 VAg/AgCl at a 

scanning rate of 1 mV.s-1. Experiments were performed in triplicate.  

The porosity degree of the anodized AZ31B alloy was estimated using an 

electrochemical method based on the use of Equation 1 [42,43]: 

 𝑃𝑃 = �𝑅𝑅𝑝𝑝,𝑠𝑠

𝑅𝑅𝑝𝑝
� 𝑥𝑥 10|∆𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐|/𝑏𝑏𝑎𝑎       (1) 

This method consists in the variation of the corrosion potential (ΔEcorr = Ecorr,substrate – 

Ecorr,substrate+coating) caused by the presence of the anodized layer and from individual 

measurements of the polarization resistance (Rp) of the polished and anodized AZ31B.  



Where Rp,s denotes the polarization resistance of the polished substrate and Rp is the 

polarization resistance of the anodized substrate, while ba is the anodic Tafel slope of 

the bare substrate. Rp,s and ba are determined from separate measurements of the 

polished substrate. The values of Rp were obtained from the potentiodynamic 

polarization curves.  

 

2.3.2.2. Local corrosion techniques 

A scanning electrochemical microscope (SECM) built by Sensolytics (GmbH 

Bochum, Germany) was used to evaluate the local corrosion process on the AZ31B 

alloy surface. A three electrode configuration was employed, with a 25 µm Pt disk ultra-

micro-electrode (UME) as working electrode, Pt as counter-electrode (CE) and 

Ag/AgCl (KCl 3M saturated) as reference electrode (RE) was employed to complete the 

electrochemical cell. 

Measurements were made at room temperature and with the substrate at the open 

circuit potential (unbiased). The AZ31B alloy was cut into strips and then embedded in 

epoxy resin to expose a working area of approximately 0.25 cm2. The experiments were 

performed at selected heights of the tip above the surface. The operating height was set 

after recording z-approach curves, with the tip adjusted to ∼10 μm above the surface. 

All experiments were performed using the surface generation/tip collection (SG/TC) 

mode. In the SG/TC mode, H2 generation from corrosion of magnesium alloy was 

sensed in an oxidation reaction at the UME probe potential of 0.0 V versus Ag/AgCl 

(Equation 2). 

H2 → 2H+ + 2𝑒𝑒− (Reaction at the UME)    (2) 

SECM maps in constant height mode were obtained by scanning the UME tip in the 

x-y plane and recording the tip current as a function of its location. The maps were 

recorded after 30 minutes of immersion in PBS solution. A working area of 400 µm x 

200 µm was examined.  

Scanning Kelvin Probe (SKP) measures the Volta potential difference between the 

working electrode and the probe, which vibrates above the surface sample in air. It is a 

non-contact and non-destructive technique. Both surfaces generate a capacitor and 

according to the probe vibration and its local variation, an AC current is generated. The 

amplitude of this current is directly proportional to the Volta potential difference. Thus, 



the result enables to distinguish anode and cathode regions. Further, the SKP offers 

additional supportive information in the investigations of local corrosion processes. 

The SKP experiments were operated in an electrochemical scanning system 

(AMETEK, VersaScan, USA) at room temperature in air. The distance between the 

probe tip and the specimen surface was maintained at 100 μm ± 10 μm throughout the 

tests, thus avoiding potential fluctuation stemming from the change in distance. A 

scanning step of 200 µm and 500 µm were used for x-y, respectively. The scans were 

acquired over a 3 mm x 6 mm region.  

 

2.3.3. In-vitro biocompatibility 

The 3T3/NIH (murine fibroblasts) cells were employed for cytotoxicity analysis. 

Cells were maintained on a regular feeding regime in a cell culture incubator at 

37°C/5% CO2/95% air atmosphere for 72 h. The culture media was DMEM 

supplemented with 10% fetal bovine serum and 1% antibiotic/antimycotic solution. The 

samples were immersed in the cellular medium at final concentration of 6 cm2/mL. The 

cell viability samples were evaluated using the Methyl Tetrazolium (MTS) assay in 96 

well plates. Liquid extracts were added into wells containing 3T3/NIH cells in culture 

medium. The MTS assay was then added and the cultures were reincubated for further 2 

h (37 °C/5% CO2). Next, the cultures were removed from the incubator and the 

absorbance was measured at a wavelength of 490 nm. A sterile medium was used as a 

control, and the cells were assumed to have metabolic activities of 100% in normal 

medium culture. The cell viability was calculated as follows (Eq. 3): 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =
𝑂𝑂𝑂𝑂𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

 𝑥𝑥 100      (3) 

Where ODSample = optical density of the sample and ODcontrol = optical density of the 

control. 

 

 

3. Results and discussion 

3.1. Morphological and topographical aspects of the anodized layers 

SEM micrographs of the top surfaces of the AZ31B alloy in the polished and 

anodized conditions are shown in Fig. 1. The polished surface presents small white-

colored precipitates whose composition is mainly comprised of Al and Mn as confirmed 

by EDS analysis (Fig. 2). Similar findings are reported by other authors [44]. After 



anodization, the surface topography is altered. The anodized layer completely covered 

the substrate independently of the current dentisy. The compactness of the surface film, 

in turn, was affected by this parameter. As seen in Fig. 1b the film formed over the 5 

mA.cm-2 sample is discontinuously distributed throughout the surface, showing several 

cracks. These features are less marked when the anodizing current was increased to 10 

mA.cm-2 (Fig. 1c). The surface obtained at 20 mA.cm-2 (Fig. 1d) is the most compact 

one. Similar results were reported by Chai et al. [25]. The anodized layer became more 

compact as the current density was raised from 5 to 20 mA.cm-2. 

Figure 1 

Figure 2 

As the thickness of the anodic film may greatly affect its corrosion protection ability, 

the cross-sections of the anodized samples were examined by SEM. The results are 

shown in Fig. 3. The film obtained at 5 mA.cm-2 (Fig. 3a) is the thinnest one, reaching 

approximately 1 µm. By increasing the current density, the thickness of the resulting 

layer was markdly raised at 10 mA.cm-2 (Fig. 3b). The increasing trend was not kept, 

though, when the current density was raised to 20 mA.cm-2 (Fig. 3c). Notwithstanding, 

the interface between the substrate and the anodic layer became more homogeneous 

than for the film produced at 10 mA.cm-2 which can be beneficial to the barrier 

properties against electrolyte penetration. 

Figure 3 

Further evaluation of the topograpical features of the anodized layers was carried out 

by confocal laser scanning microscopy (CLSM). The average roughness (Ra) was, 

therefore, determined from CLSM micrographs shown in Fig. 4. Representative 

transverse profiles of the scanned lines across the sample surface are also presented. The 

Ra values are displayed in Table 1. The anodized films presented an obvious increase of 

the Ra values with respect to the polished condition. As shown in Table 1, the increase 

of the anodizing current density did not affect the average roughness of the anodic film, 

since the Ra values are very similar for all anodized layers. El Mahallawy et al. [45] 

reported that the surface roughness of the anodized layer formed on the AZ91 

magnesium alloy increased with the current density and the thickness of the anodic film. 

In the present work, in spite of the increased film thickness when the current density 

was raised from 5 mA.cm-2 to 10 mA.cm-2, the average roughness was not significantly 

affected. The same occurred for the film obtained at 20 mA.cm-2. Cely et al. [46], in 

turn, reported only a marginal effect of the current density on the average roughness of 



anodic layers formed on Ti6Al4V. According to El Mahallawy et al. [45] surface 

roughness is also affected by the pores and cracks  in the anodic film.  

Figure 3 

Table 1 

 

3.2. Surface chemistry  

XPS survey spectra of the polished and anodized samples are shown in Fig. 5. The 

main elements in the anodic films are Mg, Si, Na and O. The presence of Al was 

detected only in the polished sample as it is part of the naturally formed oxide film on 

the surface of the AZ31B alloy. Si and Na were not detected in the polished alloy, since 

these elements are incorporated by exposition to the anodizing electrolyte. Detailed 

information about the surface chemical states of the anodized layers was achieved by 

acquiring the XPS high resolution spectra for the Mg1s, Si2p and O1s regions. 

The Mg1s core level for the 20 mA.cm-2 sample is shown in Fig. 6. The spectra for 

the 5 mA.cm-2 and 10 mA.cm-2 (not shown) are very similar. The spectrum was 

deconvoluted into two components. The one at 1303.3 eV is ascribed to Mg(OH)2 [47] 

whereas the highest binding energy (1304.2 eV) component is assigned to Mg2SiO4 

[48]. Magnesium hydroxide is the dominant species, but the anodic film consists of a 

mixture of Mg(OH)2 and Mg2SiO4, independently of the current density employed 

during anodization. The formation of such species during anodization of magnesium 

alloys is in accordance with the literature, being related to the following reactions [49]: 

Mg2+ + 2e → Mg(OH)2           (4) 

Mg2+ + SiO32- + OH- → Mg2SiO4 + H2O         (5) 

Figure 6 

The Si2p core leves for the anodized samples are shown in Fig. 7. The fitting 

parameters are displayed in Table 2. The spectrum for the sample anodized at 5 mA.cm-

2 was deconvoluted into two components. The low binding energy one was assigned to 

silicate species (Mg2SiO4) whereas the high binding energy component was due to 

silica-type bonds (SiO2) [48,50]. Silica bonds predominate over silicate, as seen in Tab. 

2. The formation of SiO2 can take place due to the reaction between magnesium ions 

and silicate anions, according to equation (6) [17]: 

Mg2+ + SiO32- → Mg2SiO4 + SiO2         (6) 

Figure 7 



Table 2 

The Si2p core levels for the samples anodized at 10 mA.cm-2 and 20 mA.cm-2 shows 

one single component which was assigned to silicate-type species. These results point 

that reaction (5) is favored by increasing the current density of the anodizing process. 

Figure 8 shows the O1s core levels for the anodized samples. The spectra were 

deconvoluted into two components, independently of the current density employed 

during anodization. A third component at approximately 535 eV is also found in all 

spectra. It is due to an Auger peak of sodium (NaKLL), revealing that sodium species 

are adsorbed on the sample surface during anodization in the mixed NaOH/Na2SiO3 

electrolyte, in accordance with the results shown in the survey spectra (Figure 5). The 

component at the lowest binding energy is assigned to O2- species such as Mg2SiO4 

whereas the highest binding energy component is assigned to hydroxide species such as 

Mg(OH)2. These species were found in the Mg1s core levels, confirming that the anodic 

layers mainly consist of a mixture of Mg2SiO4 and Mg(OH)2, being SiO2 also part of the 

film obtained at 5 mA.cm-2.      

Figure 8 

 

3.3 Global electrochemical tests 

 

3.3.1 Electrochemical impedance spectroscopy (EIS) 

Nyquist plots of the polished and anodized samples are shown in Fig. 9. Bode plots 

(phase angle vs. frequency and impedance modulus vs. frequency) are displayed in Fig. 

10. The results were obtained after 1 h of immersion in PBS at room temperature. 

Figure 9 

The Nyquist plots are characterized by flattened capacitive loops whose diameter 

increased after anodizing. The diameter of the capactive loop is associated with the 

charge transfer resistance, being related to the corrosion resistance of the electrode in 

solution [51]. The polished sample presented the lowest impedance values, indicating 

the poor protective character of the naturally formed oxide film on its surface. 

Anodization promoted an increase of the corrosion resistance as denoted by the 

significant impedance rise with respect to the polished sample. The anodized layer 

obtained at 20 mA.cm-2 shows the highest impedance values, suggesting it presents the 

most protective surface. 



Bode plots (Fig. 10) point to the same direction. The maximum phase angles of the 

anodized samples are more capacitive (-70°) than for the polished one (approximately -

60°), as seen in Fig. 10a. Furthermore, the drop off of the phase angles occur at lower 

frequencies for the anodized samples, especially for the anodic film obtained at 20 

mA.cm-2. The resistive character of the electrode surface is, therefore, less marked for 

this condition, indicating its superior corrosion resistance when compared to the other 

anodized layers and the polished alloy.     

Figure 10 

Additional evidence for the superior corrosion resistance of the 20 mA.cm-2 film is 

perceived from the log |Z| vs. frequency plots shown in Fig. 10b. It presents slightly 

higher  impedance values at very low frequencies than the sample anodized at 10 

mA.cm-2. The polished condition is the least corrosion resistant, as indicated by its low 

impedance values. Moreover, the capacitive behavior associated with the typical -1 

slope is lost at the highest frequencies for the polished condition, assuming a resistive 

character (impedance modulus almost independent of the applied frequency) near 10 

Hz. The resistive behavior indicate that charge transfer reactions are taking place at the 

metal/electrolyte interface which is associted with a corroding surface [52,53]. This 

phemenon is delayed for the anodized samples, especially for the 20 mA.cm-2 film, 

confirming its remarkable protective ability against electrolyte penetration and the onset 

of corrosion at the metal/anodic film interface.   

 

3.3.2. Potentiodynamic polarization curves 

 Potentiodynamic polarization curves of the polished and anodized samples obtained 

in PBS at room temperature are shown in Fig. 11. The corrosion current densities (icorr) 

and corrosion potentials (Ecorr) were obtained from these curves, using the Tafel 

extrapolation method, considering only the cathodic branches. The values are displayed 

in Table 3.  

Figure 11 

Table 3 

The corrosion potentials were not significantly altered by the anodization process. If 

one notices the standard deviation of the values shown in Table 3, Ecorr can be 

considered similar for all conditions, both anodized and polished ones. The values of 

icorr, in turn, markedly decreased after anodization. The results suggest that the anodized 



layers were an effective barrier against electrolyte penetration. The icorr values are 

similar, though, for all anodized samples. Thus, the effect of the anodizing current 

density on the overall corrosion rate of the coated AZ31B alloy is not clearly observed 

from these data. It is, therefore, important to examine the anodic branches of the 

polarization with more detail. It is seen that the anodic current densities of the films 

obtained at 10 mA.cm-2 and 20 mA.cm-2 are significantly lower than those of the 

polished sample. In addition, a small passivity region can be clearly seen for these 

samples which is absent from the curve of the polished surface. In this respect, the 

anodized layer effectively slowed down the corrosion process of the AZ31B alloy. The 

20 mA.cm-2 film presented the widest passive region and the lowest anodic current 

densities throghouth the whole potential range, thus indicating its better protective 

ability. These results confirm those obtained by EIS. Yet, it is noteworthy that the film 

obtained at 5 mA.cm-2 presents only an incipient pseudo-passive region when compared 

to the anodic films produced at higher current densities. Moreover, the anodic current 

densities for this film are the highest among the anodized samples and even than those 

of the polished alloy. 

  The global electrochemical behavior of the anodized AZ31B alloy seems to be 

markedly affected by the morphological features shown in section 3.1 (Figure 1). 

According to Tab. 3, the porosity degree were strongly reduced for the anodized layers 

produced at 10 mA.cm-2 (Fig. 1c) and 20 mA.cm-2 (Fig. 1d), which is in agreement with 

their high impedance values (Figs. 9 and 10b), while the most stable passive region in 

the polarization curves is observed for the highest current density condition (Fig. 11). 

The porosity percentage is commonly associated with a function of the spark potential 

which, in turn, is a function of the applied current density [54–56]. Furthermore, when 

the current density rises, small sparks change into large ones, and it moves faster during 

the anodization process [25]. Thus, the molten oxide spreads more uniformly along the 

magnesium surface. This could be a reason for the decrease of the porosity percentage 

for those conditions. Whereas the conductivity to produce the anodized film at 5 

mA.cm-2, in turn, could be insufficient, which leads to a porous coating, and would 

assist a quicker penetration of the corrosive medium.  

It is also important to observe that the surface chemistry of the anodized layers were 

very similar for all samples, as seen in section 3.2. In this respect, the current density of 

the anodizing treatment did not affect the chemical state of the species in the anodized 



layer but deeply influences its morphology. This, in turn, play a prominent role on its 

overall corrosion resistance. 

 

3.4. Local electrochemical behavior 

The electrochemical behavior of the AZ31B in the polished and anodized conditions 

was further evaluated by scanning electrochemical microscopy (SECM). The UME 

detected the hydrogen oxidation reaction at a potential of 0 VAg/AgCl, as described in 

section 2.3.2. The substrate was kept unbiased. SECM 2D maps are shown in Fig. 12. 

The current scale at the right part of each one of the maps are related to the H2 flux 

probed by the UME. Higher currents are associated with more intense H2 generation at 

the surface of the AZ31B substrate and, thus, to a more intense corrosion process due to 

magnesium dissolution.  

Figure 12 

It is obvious that corrosion is much more intense at the surface of the polished alloy 

(Fig. 12a), as denoted by the high currents measured throughout the probed area. 

Anodization led to a significant decrease of the local current by blocking the access of 

the electrolyte to the underlying metallic substrate. The measured currents were reduced 

by almost two orders of magnitude after the anodizing treatment. They reach higher 

values for the 5 mA.cm-2 film when compared to the samples anodized at higher current 

densities, as observed in Fig. 12b.  

SECM is very sensitive to defects at coated surfaces [57]. The higher currents of the 

10 mA.cm-2 with respect to the 20 mA.cm-2 condition suggest that the probed area 

present more spots where H2 is being formed and, thus, the magnesium substrate 

corrodes. The local character of the technique is able to sense these species at small 

defective sites which can be probed by the UME while scanning the surface of the 20 

mA.cm-2. The heterogeneous nature of the anodized surface morphology can lead to 

variations of roughness and also to the presence of pores and microcracks over the 

treated surface. As such, the H2 flux detected by the UME depends on these local 

imperfections. SECM is able to detect it accurately. Our results show that the local 

electrochemical response of the anodized layers agrees well with the global response 

obtained by EIS and potentiodynamic polarization and the sample anodized at 20 

mA.cm-2 presents the lowest electrochemical activity.  

 The surface potential distributions over the AZ31B alloy in the polished and in 

the anodized conditions were measured by Scanning Kelvin Probe (SKP). SKP 2D 



maps are presented in Figure 13. The potential distribution is in agreement with the 

morphologies (Fig.1) and SECM results (Fig. 12). The surface Volta potential is related 

to the changes in electronic energy and the work function. Thus, higher potential is 

associated to an increased work function, hence, higher energy is required to remove an 

electron through the surface region [41]. The naturally formed oxide in the polished 

condition (Fig. 12a) presented a large potential difference between cathode and anode 

regions over its surface, assuming a very negative potential in the center of the map. 

This distinguishable potential variation act as a driving force for corrosion [58]. 

Meanwhile, the anodized layers show fewer negative potential spots and appeared to 

mitigate the larger potential difference over its surface film. As expected, the anodized 

film at 20 mA.cm-2 showed nobler and more homogeneous potential distribution 

compared to the other films, confirming the tendency suggested by SECM (Fig. 12d). 

Figure 13 

 

3.5 In vitro biocompatibility 

The in vitro biocompatibility of the AZ31B alloy in the polished and anodized 

conditions was evaluated by citotoxicity tests, taking into account the MTS metabolic 

activity assay. The cell viability results are shown in Fig. 14. Based on ISO 10993-5, the 

material is considered cytotoxic when the cell viability is below 70% [59]. Only the 

negative control (latex) was cytotoxic. The anodized samples were not cytotoxic. The 

highest cell viability was observed for the 20 mA.cm-2 condition. It is possible to infer 

that this treatment provided the best mean to control the anodic dissolution rate of the 

AZ31B alloy without sacrificing its intrinsic biocompatibility.    

Figure 14 

   

 

4. Conclusions 

Anodization of the AZ31B alloy in a mixed NaOH and Na2SiO3 solution was 

successfully accomplished in the constant current density mode. The surface 

morphology of the anodized layers was affected by the current density. The most 

compact layer was obtained at 20 mA.cm-2. This, in turn, markedly affected the global 

electrochemical behavior of the AZ31B alloy. The highest corrosion resistance was 

obtained for the most compact layer. The anodized films were mainly comprised of a 

mixture of Mg2SiO4 and Mg(OH)2. This composition was little affected by the current 



density of the anodizing process. SECM was effective at probing the oxidation of H2 

species at the surface of the anodized samples and proved to be very sensitive to surface 

defects. SKP confirms the protective character against localized corrosion of the film 

anodized at 20 mA.cm-2. The anodizing treatment did not alter the intrinsic in vitro 

biocompatibility of the AZ31B alloy. The results reveal that the current density is a 

relevant parameter to control the overall corrosion resistance of the AZ31B alloy.     
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Table 1. Average roughness (Ra) of the AZ31B alloy in the polished and anodized. 

 

 

 

 

 

Table 2. XPS fitting parameters for the Si2p core levels of the anodized samples. 
 

  

 

 

 

 

Sample Ra (µm) 
Polished 0.07 ± 0.01 

5 mA.cm-2 2.65 ± 0.24 
10 mA.cm-2 2.24 ± 0.31 
20 mA.cm-2 2.80 ± 0.21 

 5 mA.cm-2 10 mA.cm-2 20 mA.cm-2 

Component Sílica Silicate Sílica Silicate Sílica Silicate 
BE (eV) 104.1 102.6 ---- 102.4 ---- 102.0 

FWHM (eV) 2.49 2.57 ---- 2.81 ---- 2.04 

at.% 73.9 26.1 ---- 100 ---- 100 



Table 3. Electrochemical parameters obtained from the potentiodynamic polarization 

 

 
Figure 1. SEM images of the top surfaces of AZ31B alloy polished (a) and anodized in 

different current densities: b) 5 mA/cm2; c) 10 mA/cm2; d) 20 mA/cm2. 
 

 

 
 

 

 

 

 

 

 
Figure 2. (a) Top surface of AZ31B alloy polished and EDS mapping of: (b) Mg; c) Al; 

d) Mn. 

Condition Ecorr (mV vs. Ag/AgCl) icorr (µA.cm-2) Rp (kΩ.cm2) 𝑏𝑏𝑎𝑎𝐴𝐴𝐴𝐴31𝐵𝐵(mV.dec-1) P (%) 

Polished -1407 ± 4 30.6 ± 8.4 0.720 100.34 –    

5 mA.cm-2 -1464 ± 91 3.7 ± 2.9 5.676 – 9.39 

10 mA.cm-2 -1455 ± 42 1.4 ± 0.6 38.20 – 0.98 

20 mA.cm-2 -1473 ± 70 2.0 ± 0.8 51.32 – 0.85 

a) b) 

c) d) 



 

Figure 3. SEM cross-sectional images of the anodized AZ31B alloy in different current 
densities: a) 5 mA/cm2; b) 10 mA/cm2; c) 20 mA/cm2. 

 

 

Figure 4. CLSM 2D images and roughness profile of AZ31B alloy polished (a) and 
anodized in different current densities: b) 5 mA/cm2; c) 10 mA/cm2; d) 20 mA/cm2. 

  



 
 Figure 5. XPS survey spectra of the AZ31B alloy. 

 
 

  
Figure 6. XPS Mg1s core level for the AZ31B alloy anodized at 20 mA.cm-2. 

 

  
Figure 7. XPS Si2p core levels for the AZ31B alloy anodized at different current 

densities: a) 5 mA.cm-2; b) 10 mA.cm-2; c) 20 mA.cm-2. 



  
Figure 8. XPS O1s core levels for the AZ31B alloy anodized at different current 

densities: a) 5 mA.cm-2; b) 10 mA.cm-2; c) 20 mA.cm-2. 
 

 

 

Figure 9. Nyquist plots of the polished and anodized AZ31B alloy. Electrolyte: PBS at 
room temperature. 
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Figure 10. Bode plots of the polished and anodized AZ31B alloy: a) Phase plots; b) 
Impedance modulus vs. frequency plots. Electrolyte: PBS at room temperature. 

 
 
 

  
Figure 11. Potentiodynamic polarization curves of the polished and anodized AZ31B 

alloy in PBS at room temperature. 
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Figure 12. 2D SECM maps of H2 evolution in SG/TC mode on the surface of AZ31B 
alloy polished (a) and anodized in different current densities: b) 5 mA.cm-2; c) 10 

mA.cm-2; d) 20 mA.cm-2. The anodized sample maps are in the same scale, except the 
polished condition (a) due its greater difference. Larger current, e.g. red domains, 

corresponds to higher flux of H2.  
 

 
Figure 13. SKP surface distributions of AZ31B alloy polished (a) and anodized in 
different current densities: b) 5 mA.cm-2; c) 10 mA.cm-2; d) 20 mA.cm-2. Anode 

regions, e.g. blue domains. 

 
a) 

c) d) 

b) 



  
Figure 14. Cell viability of the control, polished and anodized AZ31B alloy. 

 

 

 


