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Abstract- The influences of solution temperature and immersion time on formed passive film 
semiconducting behaviors of AZ31B Mg alloy in sodium hydroxide electrolyte (pH=12) 
under steady-state terms has been investigated applying electrochemical measurements such 
as Mott–Schottky, impedance spectroscopy and potentiodynamic polarization tests. Mott–
Schottky measurements showed the formed passive film on AZ31B magnesium alloy 
indicates an n-type semiconducting characteristics regardless the immersion time and 
electrolyte temperature, and the figured donor density rises exponentially by increasing 
solution temperature and immersion time. While, potentiodynamic polarization data showed 
that the alloy corrosion and passive current density diminishes as a result of increasing 
immersion time. Furthermore, the data obtained from impedance spectroscopy revealed that 
the passive film the reciprocal capacitance being proportional to its thickness, rises by 
increasing immersion time. It was found that despite the increase in thickness and resistance 
of passive layer with prolonged immersion time, long immersion times led to favor a less 
hydrated oxide film the transformation into a more hydrated phase followed via rising the 
film donor concentration.  
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1. INTRODUCTION  

Alloys of Mg have been attractive as structural materials in aerospace and automotive 

industries because of their high ratio of strength/weight [1-3]. However, the Mg alloys low 

corrosion resistance compared with other competing materials including Al alloys or steels 

greatly restricts their widespread applications [4,5].  

In general, the formed passive films on metals are mostly composed of hydroxides or 

metallic oxides that can protect them from further corrosion in contact with reactive 

environments, and the protective behavior of passive films can be related to this layer the 

semiconducting properties. The formed passive layer on Mg alloys, according to the Pourbaix 

diagram, has the advantage of impressive stability in a wide pH zone in alkaline mediums. 

This surface film has a protective nature against metal dissolution [6]. 

Numerous theories have been developed for describing the passive behavior of materials 

in addition to models, but recent studies have focused on point defect model (PDM) [7]. The 

PDM expresses that the passive film includes a high point defects concentration like metal 

cation interstitials and anion vacancies. This model provides an opportunity for analysis of 

the passive layer breakdown of and growth, as well as point defects formation, annihilation, 

and transport of in electrostatic field in the passive film on an atomic scale. In this way, Mott–

Schottky (M–S) test in conjunction with the PDM has been widely utilized in order to 

investigate the passive films semiconducting behaviors [7]. 

Recently, many investigations have been carried out on Mg and its alloys the passivity. 

Pinto et al. [1] have studied the passive behavior of magnesium alloys WE54, EZ33 and 

ZK31 in alkaline solution in the chloride ions presence and absence. Song et al. [8] have 

addressed the protection performance and microstructures of naturally formed oxide layers on 

Mg–2Zn and Mg–5Zn alloys. El-Taib Heakal et al. [9] have investigated the AZ91D 

electrochemical behavior in diverse aqueous sodium halide solutions, they result revealed that 

passive behavior is dependent on the halide nature, its temperature and concentration. Also, 

we have studied the immersion time influence on the AZ31B Mg alloy electrochemical 

properties at room temperature [10]. However, the simultaneous effects of the solution 

temperature and immersion time on the formed passive film semi-conductive behavior of 

these alloys need to be clarified in further detail. Thus, the first objective of this work is to 

measure the dopant levels semiconductor character and the calculating the passive layer as a 

function of the immersion time and solution temperature. Furthermore, electrochemical 

impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) tests were applied to 

determine the electrochemical behavior of the formed passive films in solution of 0.01 M 

NaOH. 
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2. EXPERIMENTAL PROCEDURES 

AZ31B magnesium alloy ((%, wt.): Al 2.6, Zn 0.89, Mn 0.43, Sn 0.002, as well as 

balanced Mg) was utilized as working electrode. Each specimen was wet ground up to P2000 

grit (FEPA Standard) SiC abrasive papers followed by deionized water cleaning before 

testing. A set of three distinct samples was tested in each electrochemical study, and all the 

reported electrochemical data stands for the best values in three distinct specimens. All of the 

electrochemical tests were conducted in a 0.01 M NaOH (pH=12) solution at diverse 

temperature (5, 25, 45 and 65 °C) and before electrochemical testing, working electrodes 

were immersed at distinct time periods (20, 40, 80 and 120 min.). The electrochemical tests 

were carried out in a 250 mL conventional 3-electrode cell configuration under aerated 

condition with a Pt counter electrode and a reference electrode of Ag/AgCl (saturated, 3M 

KCl). Moreover, all measurements were done by a III/FRA2 system of a µAutolab type, 

controlled by the Nova software on a personal computer. In the PDP tests, the potential being 

used was scanned from –0.25 V to about 3.0 V with respect to open circuit potential (OCP) 

Ag/AgCl with a scan rate of 1 mV s-1. In order to evaluate all samples passive behavior, EIS 

was carried out at OCP using an AC potential with 10 mV the amplitude in the frequency 

range between100 kHz and 100 mHz. The resulted data were modeled and curve-fitted by 

impedance software of NOVA 1.7.8. Furthermore, more detailed proofs about the passive 

layer nature have been gained via M–S test measuring 1 kHz frequency response during a 

cathodic potential of 25 mVs-1 scan from +2.0 to –1.0 V vs. Ag/AgCl reference electrode. 

 

3.  RESULTS AND DISCUSSION 

3.1. Polarization behavior 

Fig. 1 indicates the solution temperature effects (5, 25, 45 and 65 °C) on the AZ31B 

magnesium alloy PDP behavior in an aerated solution of 0.01 M NaOH in different 

immersion time from 20 to 120 min. It can be seen that all AZ31B Mg alloy samples depicts 

the same polarization curve [11]. It is easily observed that anodic current densities remain 

unchanged with a constant value (passive current density) in a wide range of potential, 

displaying an ignorable Faraday current and the passive films capacity character. At 

potentials higher than about 2.5 V vs. Ag/AgCl, pitting corrosion occurs which results in 

increase in anodic current density. According to Fig. 1, the corrosion potential at different 

temperatures and different immersion times were almost same as about -1.4 V. All anodic 

branches of the polarization curves show an obvious passive characteristic in the solution 

temperature range of 5–65 °C at different immersion times, while the extent of the passive 

zone developed and the passive current density diminished by rising immersion time. 

As can be seen in Fig. 2 and 3 respectively, the AZ31B Mg alloy corrosion current 

density (icorr) and passive current density (ipass) variation in solution of 0.01 M NaOH as a 
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function of temperature and immersion time. For a fixed immersion time, it is evident that 

icorr and ipass of AZ31B Mg alloy are increased significantly with an increase of solution 

temperature from 5 to 65 °C. Also, it is observed that icorr and ipass are declined by an increase 

in immersion time in each solution temperature. It is found that, the maximum of icorr and ipass 

is occurred for the AZ31B alloy at the highest temperature (65 °C) and shortest immersion 

time (20 min.) and the least amount is recorded for the passive layer formed in the lowest 

temperature (5 °C) and longest immersion time (120 min.).  

 

 
 

Fig. 1 .  PDP curves of AZ31B alloy at different temperatures in 0.01 M NaOH solution after 

(a) 20 minutes; (b) 40 minutes; (c) 80 minutes and (d) 120 min immersion times 

 
Fig. 2. The variation of corrosion current density as a function of solution temperature and 

immersion time 
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These results indicate that rising the immersion time and declining the temperature of 

solution considerably boosts the the AZ31B alloy protective behavior in 0.01 M NaOH 

solution. 

 

 
Fig. 3. The variation of passive current density as a function of solution temperature and 

immersion time 

 

3.2. EIS tests 

Figs. 4 and 5 indicate the Nyquist and Bode diagrams of AZ31B magnesium alloy gained 

at open circuit potential in solution of 0.01 M NaOH at 5, 25, 45 and 65 °C during different 

immersion times. Measured impedance spectra shows habitual features that are mainly seen 

in a passive film grown on AZ31B Mg alloy at a room temperature [10,12]. The Nyquist (Fig. 

4) and Bode diagrams (Fig. 5) indicate a resistive behavior. However, in the middle to low 

frequency range they display a certain capacitive response. Nyquist diagrams showed the 

semicircle, which expands significantly with decreasing solution temperature and increasing 

immersion time. Bode-phase diagrams (Fig. 5) depict the behavior of constant phase in the 

intermediate frequency zone. Also, these phase angle values stayed near 90 and showed a 

passive film formation and growth [13]. Increasing temperature caused phase angle to 

decrease in the intermediate frequency zone. The region of low frequency indicates the point 

defects transport while the region of intermediate frequency is related to reactions of the 

interfacial charge transfer in a space charge layer [14]. In the other words, the time constant 

tendency toward the low frequencies, especially at 5 °C is as a result of the oxide film defect 

transport due to the migration under the influence of the charge transfer and at higher 

temperature, the diffusion has a dominate contribution to the defect transport, manifesting to 

a clear shift of time constant toward higher frequencies [15]. Moreover, for a fixed 

temperature of solution, there was a little rise in the low frequency impedance within the 

immersion time. This evolution showed a protective surface film formation and growth. 
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As the Bode-phase diagrams display one time constant, the electrical equivalent circuit 

(EEC) indicated in Fig. 6 was utilized to simulate the AZ31B Mg alloy EIS response 

/film/0.01 M NaOH solution system. RS is the solution impedance and Rp is the passive layer 

resistance and related to the passive film impedance and it presents one time constants (CP) 

corresponding to the passive film capacitance in this EEC [16]. The capacitance (C) can be 

determined from Eq. (1) in a circuit having a constant phase element: 

1
0 )(  n

MaxYC                                                                                                                          (1)    

In which, n shows a parameter of surface roughness, ωmax stands for the angular 

frequency in which the impedance the imaginary part has a peak and Y0 is the admittance 

[17]. The passive layer resistance and the calculated values of the passive films capacitance 

formed on AZ31B magnesium alloy immersing in solution of 0.01 M NaOH as a function of 

solution temperature and immersion time are illustrated in Fig. 7. As shown, the film 

resistance Rp declines by rising solution temperature. On the other hand, the film capacitance 

Cp rises by rising temperature.  

 

 
Fig. 4. Nyquist diagrams of AZ31B alloy at different temperatures in 0.01 M NaOH solution 

after (a) 20 minutes; (b) 40 minutes; (c) 80 minutes and (d) 120 minutes immersion times 

 

This behavior shows the diffusion susceptibility of charge carrier within the film enhances 

by rising temperature of the solution. Needless to mention that, the oxygen vacancy rises 

while increasing the temperature of solution, consequently leading to forming a more 

inhomogeneous and deteriorated layer [18]. Accordingly, the migration of charge carriers, 
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ions and electrons, in the film rise by rising the temperature of solution and the passive film 

protective characteristic declines. Also for a fixed temperature, resistance of passive film Rp 

rises by increasing immersion time when passive film capacitance (Cp) diminishes, indicating 

the growth of passive layer is affected by immersion time.  

Generally, a reduction in the film capacitance Cp can be related to the thicker passive 

layer formation, according to the Eq. (2) [19]: 

C

A
d 
                                                                                                                                 (2) 

Where d is the layer thickness, A is the exposed area,   represents the vacuum 

permittivity, ε is the passive layer the dielectric constant (ɛ=9.6 [10,16,20]), and C is the 

passive layer total capacitance. Therefore, the passive layer the thickness is proportional to its 

capacitance which increases with increasing solution temperature and decreasing immersion 

time. 

 

 
Fig. 5. Bode and Bode-phase diagrams of AZ31B alloy at different temperatures in 0.01 M 

NaOH solution after (a) 20 minutes; (b) 40 minutes; (c) 80 minutes and (d) 120 minutes 

immersion times 
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Fig. 6. The EEC used to model the experimental EIS data of AZ31B Mg alloy in 0.01 M 

KOH solution in different solution temperature after different immersion time 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. (a) The passive layer resistance and (b) the capacitance of the passive layer on AZ31B 

Mg alloy in 0.01 M KOH solution in different solution temperature after different immersion 

time. 

 

3.3. M–S analysis 

M–S measurements were done as a function of immersion time and temperature of 

solution for the passive film on AZ31B magnesium alloy after exposing in aerated 0.01 M 

NaOH solution at OCP condition. For M–S tests, the interfacial capacitance, C, was gained 

from Eq. (3): 

Z
C





1
                                                                                                                               (3) 

Where ω stands for the angular frequency and Zʺ is the impedance imaginary part. 

According to the M–S measurements, the relation between the electrode potential, E, and the 

space charge capacitance, C, of a n-type semiconductor can be written as Eq. (4) [10,16]: 
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where ND related to the donor concentration of the passive layer, ԑ indexes the dielectric 

constant of passive layer, e marks the electron charge, ԑ0 is symbol of the vacuum 

permittivity, T is mark of the absolute temperature and EFB is sign of the flat band potential, k 

indexes the Boltzmann's constant. This equation shows an E plot versus linear C−2, for n type 

semiconductors, its slope should be positive that is inversely related to the donor 

concentration. Fig. 8 indicates the M–S plots for the formed passive layers on AZ31B 

magnesium alloy in solution of 0.01 M NaOH at 5, 25, 45 and 65 °C in different immersion 

times. It is seen that the values of capacitance all increased by applying potential. Further, in 

the range of -0.5–1.0 V vs. Ag/AgCl a straight line having E plots versus positive slope in the 

C−2 implies the passive film on AZ31B magnesium alloy is a semiconducting characteristic of 

n-type irrespective of the immersion time and solution temperature. Based on Fig. 8, the 

decrease of the slops with the increment of solution temperatures means an increasing of 

donor densities.  

 

 
Fig. 8. M–S plots of AZ31B alloy at different temperatures in 0.01 M NaOH solution after 

(a) 20 minutes; (b) 40 minutes; (c) 80 minutes and (d) 120 minutes immersion times 

 

The layer contains MgO, and at higher temperatures the tendency of Mg oxidation 

reaction is higher, on the other word, the oxidation of Mg can be considered as an alternative 

for Mg2+ in the passive layer, that is able to create an ionic species consist of cation in 

interstitial sites or oxygen vacancies. It can be seen that at a fixed solution temperature by 

rising time of immersion, the slopes of M–S straight lines decrease, indicating an increase in 

donor densities. In contrast, the M–S measurements of passive behavior of iron and nickel 
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indicated that the doping (donor or acceptor) density decreased with increasing immersion 

time [21,22]. For a passive layer on AZ31B Mg alloy, prolonged immersion time seems to 

favor the absorption of water by the passive film and the water in a layer of  n-type passive 

may function as the donor impurities due to increase in hydration of the passive film [23-25]. 

The concentration of donor densities as a function of solution temperature and time of 

immersion are illustrated in Fig. 9. It is easily seen that the donor concentrations are from 

order of 1018 cm-3 magnitude. Such high donor concentrations indicated a widely disordered 

passive layer nature on AZ31B Mg alloy. 

 

 
Fig. 9. The concentration of donor densities as a function of solution temperature and 

immersion time 

 

4. CONCLUSION 

AZ31B alloy was passivated in solution of 0.01 M NaOH (pH=12) under different 

solution temperature and immersion time at open circuit potential. Based on the obtained 

results from this study, the following results can be gained: 

PDP studies demonstrate that AZ31B Mg alloy displays a wide passive range in alkaline 

solution of 0.01 M NaOH at the temperature range of 5-25 °C. At high anodic potentials the 

passive film breaks up, allowing localized corrosion, independent of temperature and 

immersion time. Also, the passivated AZ31B alloy corrosion current density increased with 

solution temperature while increasing the immersion time leads to decrease in passive current 

density and corrosion current density. 

The EIS analysis showed that for a fixed immersion time of AZ31B Mg alloy, the 

increase of temperature decreases the oxide film resistance due to porosity increase, resulting 

in the degraded protective property of the oxide film. With the increased time of immersion, 

the passive layer capacitance declines indicating that the passive film becomes more stable 

and its protective properties are improved.  
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The M–S measurements showed that the film grown on the surface of AZ31B Mg alloy 

are clearly n-type in electronic character. In a fixed immersion time of AZ31B Mg alloy, the 

donor density had a slight trend for the density to increase with increasing solution 

temperature,  on account of a less protective film formation. Also for a fixed solution 

temperature, increasing immersion time can  produce M–S plots slopes declining, the higher 

immersion time, the lower M–S plots slopes. The data obtained in this study demonstrate that 

low immersion time and solution temperature recommends better status to form the passive 

layers by higher protective behavior, because of a less defective film growth.  
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