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This study investigates the passive film formation and its 

breakdown on to AZ31 Mg alloy in simulated body fluid 

solution using dynamic electrochemical impedance 

spectroscopy (DEIS). The change in impedance values as a 

function of applied potential indicated the transformation of 

Mg from its passive to active state and dissolution.   

 Development of magnesium and its alloys with low aluminium 

content as biodegradable implant materials is one of the promising 

areas in current research. 1-8 Since Mg and its alloys have similar 

mechanical properties as that of the natural bone, they significantly 

reduce the stress shielding effect and enhance bone mineralization.9 

However, Mg is one of the chemically active materials and easily 

corrodes when it is in contact with aqueous environment and hence 

limits its application.10-13 Atmospheric humidity is sufficient to 

oxidize Mg into magnesium hydroxides/oxides. The protection 

provided by this film against corrosion is limited because the formed 

film is no longer stable in chloride containing environment, 

immediately reacts with Cl- present in the solution and is converted 

to soluble MgCl2. 
1, 14, 15 

 It is important to study the several stages involved in the 

corrosion of Mg to understand their surface chemistry16-18. DEIS is 

one of the recently used electrochemical techniques to study 

passivation, pit initiation, propagation and degradation of metallic 

materials.19-22 The effect of pH on the corrosion behaviour of pure 

Mg in 0.1 N NaCl solution using DEIS has recently been studied by 

Darowicki et al.23 There are hardly any reports on the study of 

corrosion behaviour of AZ31 Mg in physiological medium using 

DEIS. The present study investigates the electrochemical corrosion 

behaviour of AZ31 Mg in SBF solution using DEIS. 

Potentiodynamic (PDP) and potentiostatic polarization studies have 

also been carried out to explore the distinct behaviour of AZ31 Mg 

alloy at cathodic and anodic regions. Change in chemical 

composition was analyzed using energy dispersive X-Ray analysis 

(EDAX). Surface morphology of AZ31 Mg polarized at different 

potential regions was also analysed using optical microscopy (OM). 

 AZ31 Mg alloy (2.83 wt. % Al, 0.8 wt. % Zn, 0.37 wt. % Mn, 

and balance Mg) was used as substrate material. Prior to carrying out 

the electrochemical measurements, AZ31 Mg samples (20 x 15 x 4 

mm) were ground up to 2000# silicon carbide (SiC) emery papers, 

ultrasonicated in acetone for 15 min. The samples were then 

thoroughly washed with double distilled (DD) water, air dried and 

used for electrochemical studies.  

 Electrochemical measurements were carried out in a 

conventional three electrode flat cell and AZ31 Mg was used as 

working electrode (1 cm2). Saturated calomel electrode (SCE) and Pt 

sheet were used as reference and counter electrodes, respectively. 

SBF solution reported by Kokubo et al.24 was used as electrolyte. 

Auto lab PGSTAT 12 Potentiostat/Galvanostat, The Netherlands 

was used for DEIS and PDP and potentiostatic polarization studies. 

PDP study was carried out in the potential region from open circuit 

potential (OCP) - 0.050 V to several mV after breakdown potential 

at a scan rate of 1 mV/s. DEIS studies were carried out with an 

increment of 30 mV potential in the same potential range used for 

PDP studies. The frequency range was 100 kHz to 0.01 Hz with 

sinusoidal amplitude of 10 mV. Potentiostatic polarization 

measurement was carried out at constant potential for 600 s. JEOL-

JSM 6360 scanning electron microscope attached with INCA X-

Sight Oxford Instruments EDAX analyzer was used to obtain the 

surface chemical composition. The surface morphology of the 

samples after potentiostatic polarization was observed using Nikon 

P-III, OM model in bright field mode. 

 PDP curve of AZ31 Mg after 1 hour of exposure in SBF solution 

is shown in Fig. 1. The obtained polarization curve can be broadly 

divided into two major regions viz., (i) cathodic and (ii) anodic 

regions. The anodic region includes passive and break down regions. 

The possible electrochemical reaction in the cathodic region is 

hydrogen evolution (H+ + e- → ½ H2 ↑). In most of the corrosion 

experiments the anodic region is more important rather than cathodic 

region because the metal surface undergoes different transformations 

there starting from passive to breakdown region ( Mg → Mg2+ + 2e- 

and Mg2+ +2(OH-) → Mg(OH)2). Hence, the anodic region is more 

focused to explain the corrosion behaviour of AZ31 Mg in SBF 

solution. As seen in Fig.1, the corrosion potential of AZ31 Mg in 

SBF solution is about -1.61 V, where both anodic and cathodic 

reactions are at equilibrium. However, upon increasing the potential 

in the anodic direction, the current density was slowly increasing up 

to -1.38 V. It is clear from the result that the region between -1.61 V 
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and -1.38 V is attributed to the passive region due to the formation of 

Mg (OH)2. When the potential above -1.38 V, the anodic current 

density suddenly increased, indicating that the breakdown of the 

passive film. The increase in current density was recorded with 

further increase in anodic potential also confirming the pit growth 

and severe corrosive attack of the substrate AZ31 Mg in SBF 

solution. From the results it was possible to identify the potential 

regions of passive film formation and break down of AZ31 Mg in 

SBF solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Potentiodynamic polarization curve of AZ31 Mg alloy in SBF 

solution (I- Cathodic region, II-Passive region and III-Breakdown 

region). 

  

 Nyquist plots obtained under potentiodynamic condition in SBF 

solution are given in Fig. 2 (a-d). It is seen from the Fig. 2a that two 

depressed capacitive semicircles were obtained when the applied 

potential is between -1.65 and -1.62 V. It clearly indicates the 

existence of two different interfaces between AZ31 Mg and SBF 

solution. The capacitive semicircle appearing at high frequency 

region is attributed to the surface film/ SBF solution interface and 

low frequency capacitive semicircle is due to charge transfer 

between the film and metal interface. There is no inductive loop in 

low frequency region which indicates the absence of electrolyte 

diffusion at film/metal interface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Nyquist plots of AZ31 Mg in SBF solution as a function of 

applied potential. 

 

 Increasing the potential up to -1.53 V (Fig. 2a), increases the 

diameter of the high frequency capacitive semicircle. This indicates 

the increase of impedance value, which is due to the existence of 

passive film and it hinders the ingress of aggressive ions into the 

metal surface thereby lower the kinetics of corrosion process.16 It is 

also presumed that the Al present in the alloy also would participate 

in the passive layer formation and that could stabilise the passive 

layer. 25, 26 Further the appearance of inductive loop at -1.53 V 

indicating the adsorption of corrosive ions.  However the capacitive 

semicircle at high frequency region vanished when the applied 

potential is increased above -1.53 V and only one capacitive 

semicircle with inductive loop at low frequency was visible (Fig. 

2b). The diameter of the capacitive semicircle subsequently was 

reduced and also the inductive loop was predominant as a function 

of anodic potential. The absence of high frequency semi-circle 

indicated the degradation of passive film. Further, the appearance of 

well distinguished inductive loop at -1.50 V confirmed the onset of 

corrosive ions diffusion at the interface and is a direct evidence for 

the initiation of corrosion at the metal surface. The disappearance of 

high frequency capacitive semicircle and also the reduction in 

diameter of the semi-circle indicated the reduction in charge transfer 

resistance (Rct) and increase in the Mg dissolution kinetics. The 

change in the nature of semi-circle with variation in the applied 

potential clearly depicted the transformation of passive to active 

state. 

 The diameter of the capacitive semicircle was continuously 

reducing with increasing anodic potential, indicating the severe 

attack of the corrosive ions on the surface of the alloy. It is also seen 

form Fig. 2c and d that increasing the potential above -1.38 V results 

in significant reduction of impedance value and the diffusion of 

electrolyte into the film/ metal interface was predominant due to the 

intense micro galvanic corrosion within the alloy. 27 DEIS studies of 

pure Mg by Orlikowski et al 23 in 0.1 M NaCl solution with varying 

pH does not show any sign for the appearance of inductive loop even 

with increasing the potential. The appearance of well distinguished 

inductive loop in the present study with increasing potential could be 

due to the detrimental effect of the alloying elements. These results 

further confirming the complete breakdown of the passive film from 

the surface and accelerate the degradation rate of AZ31 Mg in SBF 

solution. 

 In order to further explain the corrosion behaviour of AZ31 Mg 

using DEIS, the obtained results were curve fitted using equivalent 

circuit (EC) models (Fig. 3 a-c) and the derived EC parameters are 

compared and given in Fig. 4 a-c. The fitting error between the 

measured and calculated values was about 5%.   

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Equivalent circuit models used for curve fitting of DEIS 

results. (a) -1.65 to -1.56 V: (b) -1.53 V and (c) -1.50 to -1.20 V. RE 

- Reference electrode, CE - Counter electrode and WE- Working 

electrode. Rs- Solution resistance, R1 and R2 - Surface film and 

charge transfer resistance. CPE1 and CPE2 - Constant phase elements 

of surface film and double layer. RL and L - Inductive resistance and 

L - Inductance. 
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 Since there is a significant difference in Nyquist plots obtained 

as a function of applied potential, three different equivalent circuit 

models have been proposed and used to analyse the obtained 

impedance results. EC model depicted in Fig.3a was used for the 

fitting of Nyquist plots obtained between -1.65 to -1.56 V. R1 and R2 

values increased with increasing potential from -1.65 to -1.56 V is 

the direct evidence for the formation of passive film on to the 

surface. Decreasing trend in CPE1 and CPE2 values in the same 

potential region are also further supporting the passive film 

formation (Fig. 4b). When the applied potential increased to -1.53 V 

as can be seen in the Nyquist plot, the inductive loop was appeared 

along with two capacitive semi circles. Hence the circuit element 

corresponding to inductive loop (RL and L) was introduced in Fig.3a 

and suitably modified as show in Fig.3b. 28 This EC model would be 

more appropriate for curve fitting of Nyquist plot at-1.53V.  RL and 

L values are high at -1.53V (Fig. 4c) clearly indicating adsorption of 

corrosive ions and onset of pit initiation. Further increase in applied 

potential resulted in the disappearance of high frequency capacitive 

semi circle is due to the breakdown of the passive film. Therefore 

the EC model in Fig. 3c was used when the applied potential exceeds 

-1.53 V. It is noticed from Fig. 4 a & b that the R2 value decreased 

and CPE2 value increased with increasing the potential confirming 

the Mg dissolution. Further, the RL and L values also exhibited 

decreasing trend with increasing potential revealed the acceleration 

of Mg dissolution.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Comparison of EC parameters derived from Nyquist plots.  

 

 The change in current density was measured in SBF solution as a 

function of potential and given in Fig. 5. The current density was 

found to be about 0.001 A cm-2 after 600 s at -1.65 V in SBF 

solution. Increasing the potential up to -1.44 V, results in increasing 

the current density to 0.002 A cm-2 which is about two times when 

compared to the current density at -1.65 V. When the applied 

potential was increased between -1.44 to -1.20 V, the current density 

was also increased to about 0.005 A cm-2 at -1.20 V. The slow 

increase (0.001 A cm-2) in current density up to -1.44 V is due to the 

presence of passive film on the surface. However, the formed film is 

no longer stable when the applied potential is increased further and 

breaks to allow the corrosive ions to penetrate through the film to 

metal surface thereby rapidly increasing the current density to 0.005 

A cm-2. By careful analysis of the results it is seen that the change in 

current density was found to be 0.001 and 0.005 A cm-2 for the 

potential range of -1.65 to -1.44 V and -1.44 to -1.20 V respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Change in current density values of AZ31 Mg in SBF solution 

with potential. 

 

 Change in surface chemical composition of AZ31 Mg after 

potentiostatic polarization has been analyzed using EDAX and are 

given in the Fig. 6. The amount of O was slowly increased and Mg 

was decreased as the applied potential increased up to -1.44 V 

(Fig.6a). When the potential increased above -1.44 V the amount of 

O was suddenly increased and Mg content drastically reduced. These 

results confirmed the formation of passive film and its breakdown 

with potential. It is interesting to note that when the applied potential 

increased upto -1.44 V slight increase of Al content is attributed to 

the participation of Al in passive film formation. Further increase in 

applied potential resulted in sudden increase of Al and Zn content on 

the surface indicating the enrichment of these elements in the loosely 

bound corrosion product on the surface of AZ31 Mg due to 

corrosion. No significant difference was noticed in the Mn content 

with increasing potential. EDAX composition analysis clearly 

indicated the change of surface composition due to the Mg corrosion 

and also the influence of alloying elements on the corrosion 

behaviour of AZ31 Mg as a function of applied potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Change in chemical composition of AZ31 Mg subjected to 

potentiostatic polarization in SBF solution for 600 s. 

 

 The optical microscopic images of polarized samples are given 

in Fig. 7. The pit formation and propagation was not well 

distinguished until the potential was -1.44 V and above -1.44 V the 

pit formation and growth were well distinguished. In particular when 

the potential reached above -1.32 V the pit growth was seen thus 

directly confirming the severe attack of AZ31 Mg in SBF solution. 
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Fig. 7 Optical micrographs of AZ31 Mg after potentiostatic 

polarization studies in SBF solution. 

 In summary the electrochemical corrosion behaviour of 

AZ31 Mg alloy in SBF solution has been carried out. 

Potentiodynamic polarization studies helped to identify 

potential at which the passive film formation and break down 

processes occur. DEIS studies confirmed the existence of 

passive film and change in charge transfer resistance value as a 

function of applied potential.  The complete breakdown of the 

passive film was ensured from the disappearance of high 

frequency capacitive semicircle with predominant inductive 

loop at low frequency region. Equivalent circuit parameters 

derived from DEIS results and EDAX chemical composition 

are also substantiated the results. About 2.5 times increase in 

current density in potentiostatic polarization studies was 

evidenced from -1.44 V to -1.20 V and was attributed to 

breakdown of the passive film and severe corrosive attack was 

further supported by the optical microscopic studies. Hence 

DEIS could be a useful technique to understand the Mg 

corrosion for biomedical applications in future.   
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       The change in impedance values as a function of potential 

indicated the transformation of Mg from its passive to active 

state.   
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