
147

한국표면공학회지
J. Korean Inst. Surf. Eng.

Vol. 50, No. 3, 2017.

https://doi.org/10.5695/JKISE.2017.50.3.147
<연구논문>

ISSN 1225-8024(Print)

ISSN 2288-8403(Online)

Electrochemical Properties of Air-Formed Oxide Film-Covered AZ31 Mg 

Alloy in Aqueous Solutions Containing Various Anions

Basit Raza Fazala,b and Sungmo Moona,b,*

aSurface Technology Division, Korea Institute of Materials Science, Changwon-si, Gyeongnam, Korea
bUniversity of Science and Technology, Daejeon, Korea

(Received April 17, 2017 ; revised May 2, 2017 ; accepted May 2, 2017)

Abstract

This research was conducted to investigate the electrochemical properties of the thin air-formed oxide film-
covered AZ31 Mg alloy. Native air-formed oxide films on AZ31 Mg alloy samples were prepared by knife-
abrading method and the changes in the electrochemical properties of the air-formed oxide film were inves-
tigated in seven different electrolytes containing the following anions Cl-, F-, SO4

2-, NO3
-, CH3COO

-, CO3
2-

, and PO4
3-. It was observed from open circuit potential (OCP) transients that the potential initially decreased

before gradually increasing again in the solutions containing only CO3
2-

 or PO4
3- ions, indicating the dissolution

or transformation of the native air-formed oxide film into new more protective surface films. The Nyquist
plots obtained from electrochemical impedance spectroscopy (EIS) showed that there was growth of new
surface films with immersion time on the air-formed oxide film-covered specimens in all the electrolyte.
The least resistive surface films were formed in fluoride and sulphate baths whereas the most protective
film was formed in phosphate bath. The potentiodynamic polarization curves illustrated that passive behaviour
of AZ31 Mg alloy under anodic polarization appears only in CO3

2-
, or PO4

3- ions containing solutions and
at more than -0.4 VAg/AgCl in F

- ion containing solution.
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1. Introduction

The importance of magnesium alloys has

increased significantly in various industries due to

the high strength/weight ratio, high dimensional

stability, good machinability, and recyclability [1].

However, extremely negative electrode potential of

magnesium makes it very active so it rapidly ionizes

into Mg2+ ions in corrosive environments. Moreover,

the hydroxide film formed on Mg alloys is less

stable than passive films that form on aluminium

alloys and stainless steels [2]. Therefore, poor

corrosion resistance of Mg and its alloys is the

major problem that has limited their widespread use

in outdoor applications. Surface modification of Mg

and its alloys is one of the most commonly used

techniques to improve their corrosion resistance.

Sol–gel-synthesized ceramic coatings [3,4], plasma

electrolytic oxidation [5-11], polymer coatings

[12,13], nitriding and ion implantation [14,15]

chemical conversion coatings [16-18], biomimetic

coatings [19,20] etc., are some of the commonly

used surface modification techniques.

Electrochemical techniques such as open circuit

potential (OCP) measurement, electrochemical impedance

spectroscopy (EIS), and potentiodynamic polarization

method are frequently used to investigate the

corrosion resistance of a surface coating. Open circuit

potential (OCP) measurements are carried out without

application of an external current and the resulting

graphs are used to determine the changes in inherent

reactivity of a metal with immersion time in aqueous

solutions. Electrochemical impedance spectroscopy

(EIS) is a non-destructive method of performing

coating evaluation in real time. EIS measurements are

carried out by applying a small sinusoidal voltage at
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various frequencies and measuring the current

response. When an alternating potential is applied to

the AZ31 Mg working electrode thin native oxide

films, between the metal substrate and electrolyte, act

as dielectric barrier, showing capacitive behaviour

under application of the sinusoidal voltage waves.

Results obtained from EIS technique are plotted in

Nyquist plots or Bode plot and fitted with an

equivalent electric circuit. The coating resistance and

reciprocal capacitance values obtained by the fitting

process are used to evaluate its corrosion protective

properties and thickness of the surface films,

respectively. Changes in coating resistance and

reciprocal capacitance can also reveal its growth or

deterioration in testing solutions [21,22]. Although

EIS technique is quite useful for studying the

electrochemical properties of surface oxide films on

metals, still there is little published literature that deals

with the changes in electrochemical properties of the

air-formed oxide-covered AZ31 Mg alloy surface

based on the EIS technique. Moreover, there is no

literature that compares the effect of inorganic anions

on the deterioration of air-formed oxide films or

growth of new oxide films on AZ31 Mg alloy.

Therefore, this study is aimed at elucidating the

changes in electrochemical properties of thin air-

formed oxide-covered AZ31 Mg alloy upon

immersion in solutions containing various anions. The

air-formed oxide layer was initially produced by knife

abrading method in air, and then the knife-abraded

samples were tested using open-circuit potential (OCP)

transient, electrochemical impedance spectroscopy (EIS)

and potentiodynamic polarization methods in seven

different solutions containing the following anions of

Cl-, F-, SO4
2-, NO3

-, CH3COO
-, CO3

2- and PO4
3-.

2. Experimental

2.1 Sample preparation

AZ31 Mg alloy plate (wt.%, Al 2.94, Zn 0.8, Mn

0.3, Si < 0.1, Fe < 0.005, Cu < 0.05, Ni < 0.005, and

Mg balance) fabricated by POSCO was cut into

80 mm × 30 mm × 1 mm sized samples. Thin air-

formed oxide film-covered samples were simply

prepared by knife abrading method, so as not to form

thick or porous native oxide films by contact with

water [23]. The abraded sample surface was

immediately covered with a masking tape to minimize

surface contamination or corrosion problems. A

testing area of 9 cm2 (3 cm × 3 cm) was then drawn

with an oil pen on the tape and the tape was cut along

the marked lines and kept attached until used for

electrochemical tests, i.e., the tape covering the test

area was removed only just before the electrochemical

tests.

2.2 Electrolyte preparation

Seven different electrolytes having Cl-, F-, SO4
2-,

NO3
-, CH3COO

-, CO3
2-, and PO4

3- anions were

prepared using their sodium salts i.e. NaCl, NaF,

NaCH3COO, NaNO3, Na2SO4, Na2CO3 and Na3PO4.

Each electrolyte contains only one type of anion.

Concentration of the seven different electrolytes was

chosen to be 0.01 M where reaction with thin air-

formed oxide film is not so fast upon immersion in

the electrolytes.

2.3 Property evaluation 

Open circuit potential (OCP) transients were

obtained for 5 min against an Ag/AgCl reference

electrode. EIS measurements and potentiodynamic

polarization experiments were performed at room

temperature in a three-electrode electrochemical cell,

consisting of the AZ31 Mg alloy working electrode,

an Ag/AgCl reference electrode, and a platinum wire

mesh as the counter electrode. EIS measurement was

conducted during immersion for 30 min with 5 min

intervals by the application of a 10mV sinusoidal

voltage in the frequency range between 100 kHz and

1 Hz. Potentiodynamic polarization curves were

obtained by scanning the potential from -500 mV

cathodic to +1500mV anodic versus corrosion

potential at a scan rate of 5mV/s. Every

electrochemical measurement was performed using

Garmry Ref. 3000 instrument. 

3. Results and Discussion

Figure 1 shows the OCP transients of the AZ31 Mg

alloy samples immersed in solutions containing seven

different anions. It can be seen that the OCP instantly

Fig. 1. Open circuit potential (OCP) transients of air-
formed oxide covered AZ31 Mg alloy in 0.01 M NaCl,
NaF, NaCH3COO, NaNO3, Na2SO4, Na2CO3 and
Na3PO4 solutions.
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increased from more active values to nobler values

upon immersion in the electrolytes containing Cl-, F-,

CH3COO
- and SO4

2- ions. The immediate increase in

OCP values can be attributed to the fast formation of

a new protective film on the thin air-formed oxide

covered specimens. The OCP did not increase much

with immersion time in a solution containing NO3-

anion.

In contrast, sharp drops in OCP within the first

10 ~ 30 s were observed in the CO3
2-
, and PO4

3- ion-

containing solutions. The drop in potential is ascribed

to dissolution of the native air-formed oxide films.

The OCP value in the CO3
2-
, and PO4

3- ion-containing

solutions showed fast increase immediately after the

initial drop in CO3
2- ion-containing solution but very

slow increase after 15 min of immersion in PO4
3- ion-

containing solution up to 30 min.

It can also be seen from Fig. 1 that the final OCP

value in the PO4
3- ions bath was much more active

compared to those recorded in other electrolytes. The

sharp decrease in OCP within the first 30 s, the most

active OCP value after 60 s of immersion, and the

longest time (15 min) required for the increase in

OCP in PO4
3- ion-containing bath, might imply easy

dissolution of the air-formed oxide film and formation

of a new surface film with porous nature, allowing

easy contact of the electrolyte with underlying AZ31

Mg alloy substrate.

It can be seen from Fig. 1 that nature of the thin air-

formed oxide film changes within first 5 min of

immersion in seven different electrolytes. It could be

due to the duplex nature of the surface film on AZ31

Mg alloy which consists of a thin, nano-crystalline

MgO inner layer and a Mg(OH)2 outer layer [24-26].

X-ray photoelectron spectroscopy (XPS) [27-29] and

focused ion beam (FIB) [26,30,31] studies on the

surface of Mg have shown that the surface film,

indeed, consists of both MgO and Mg(OH)2 [24].

XPS and FIB have also been used to calculate the

thickness of oxide layer formed on Mg and its alloys

[26,30,31]. It was found that flake-like outer Mg(OH)2
layer is ~500 nm thick while the inner MgO layer is

only 50 - 90 nm thick [26,30,31]. This mixed layer of

MgO/Mg(OH)2 exhibits passive behaviour only in

alkaline environments and is stable in pure alkaline

solutions with pH >10.5 [32].

The instant increase of OCP values in Cl-, F-,

CH3COO
-, NO3

-,and SO4
2-, ions-containing solutions

could be ascribed to the conversion of outer flake-like

Mg(OH)2 layer into MgCl2, MgF2, Mg(CH3COO)2,

Mg(NO3)2 and MgSO4. However, the sharp drops in

OCP within the first 10 ~ 30 s in the carbonate and

phosphate ions-containing solutions imply that these

anions are more corrosive for the AZ31 Mg alloy

substrate and can dissolve the thin nano-crystalline

MgO inner layer as well before the formation and

growth of MgCO3 and Mg3(PO4)2. Similar conclusions

were drawn from experiments that were conducted in

aerated solutions which allowed CO2 to react with the

Mg substrate and where magnesium carbonate

(MgCO3) was detected on the outer layer of the films

[33-36].

The Nyquist plots of AZ31 Mg alloy in seven

different electrolytes are shown in Fig. 2. Single

capacitive loop with different diameters was obtained

in the seven different solutions, which implies the

presence of dielectric layers on the surface of AZ31

Mg alloy. The magnitude of the diameter was

observed to increase with immersion time, indicating

an increased surface film resistance due to the growth

of surface oxide films.

Usually, the diameter of a capacitive loop in the

Nyquist plane represents the oxide resistance and a

large oxide resistance means a low corrosion rate. The

oxide resistance corresponds to an ionic resistance

through the oxide layer between the metal substrate

and the corrosive medium. The magnitude of oxide

film resistance, represented by the size of the diameter

of capacitive loop, obtained from EIS data was found

to be in the following order of PO4
3- > NO3- > CO3

2- >

CH3COO
- ~ Cl- > F- ~ SO4

2-.

It can also be seen from Fig. 2 that the diameter of

the capacitive loop increased with increasing

immersion time. The Nyquist plots obtained for the

AZ31 Mg alloy sample immersed in the phosphate

bath showed that initially there was a decrease in

resistance before an increase in resistance after 15 min

of immersion. This special behaviour in the presence

of PO4
3- ions also matches with the beginning of

increase in OCP after 15 min of immersion. It can be

assumed that the slow increase in resistance after 15

min of immersion in phosphate bath could be due to

the thickening or growth of the new surface film.

To analyse the EIS spectra of the AZ31 Mg alloy

sample, fitting of the data was conducted using the

simple Randle’s cell equivalent electrical circuit

shown in Fig. 3, where RS represents the solution

resistance, ROX is the oxide resistance connected in

parallel to the oxide capacitance, COX. Since the

Nyquist plots exhibit depressed semi-circles, a

constant phase element, CPEOX, replaced the COX

component in the circuit.

The variation in resistance of oxide film (ROX) and

CPE of AZ31 Mg alloy obtained by fitting are plotted

as a function of immersion time in Fig. 4. It can be

seen that Rox increased with immersion time in the

solutions containing Cl-, F-, SO4
2-, NO3

-, CH3COO
-,

and CO3
2- anions while it showed an initial decrease

in the phosphate-ion containing bath. The increase in

ROX might indicate growth of the oxide film due to
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the formation of a new surface layer over the air

formed film on AZ31 Mg alloy substrate. On the

other hand, the oxide resistance initially decreased and

then increased slightly after 15 min of immersion in

the phosphate-ion containing bath. The decrease in

resistance could be attributed to the dissolution of the

air-formed oxide film and the slight increase in

resistance after 15 min could be attributed to growth

of the surface film in the phosphate-ion containing

bath.

The change in capacitance with immersion time is

also illustrated as a function of immersion time in Fig.

4 and two distinct trends were observed. The first

trend was observed in the solutions containing Cl-, F-,

SO4
2-, NO3

-, CH3COO
-, and CO3

2- anions where the

oxide capacitance decreased initially with time but

slightly increased after 10 ~ 20 min. The initial

decrease in capacitance could be attributed to a

growth of the surface oxide film while the slight

increase in capacitance can be ascribed to an increase

of surface area. For example, in NaCl solution, the

adsorbed chloride ions on the surface of magnesium

Fig. 2. Nyquist plots of AZ31 Mg alloy in 0.01 M NaCl, NaF, NaCH3COO, NaNO3, Na2SO4, Na2CO3 and Na3PO4

solutions.

Fig. 3. Equivalent circuit used to fit EIS spectra.
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alloys tend to transform Mg(OH)2 into soluble MgCl2
[37,38] and therefore create more film free areas

where magnesium is corroded. This results in the

fluctuations of capacitance but doesn’t change the

resistance much as one corrosion product is replaced

by another [39]. The second trend was observed in the

phosphate bath where the capacitance showed large

increase with immersion time. The surface of the

sample was found to become roughened after 30 min

of immersion time due to dissolution reactions in the

Fig. 4. Variations in resistance ( ● ), and capacitance ( ■ ) of surface films on AZ31 Mg alloy as a function of
immersion time in seven different electrolytes.

Fig. 5. Potentiodynamic polarization curves of AZ31 Mg alloy in seven different electrolytes.
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phosphate bath. Thus, the large increase in oxide

capacitance with time in the phosphate bath could be

ascribed to an increase of surface area due to the

dissolution of the substrate partly.

It can be seen from Fig.4 that after 30 min of

immersion in seven electrolytes, the lowest film

capacitance was obtained in fluoride ion-containing

solution whereas the largest film capacitance was

obtained in chloride, sulphate, and phosphate ion-

containing baths. The lowest film capacitance in the

fluoride bath seems to results from the smallest

surface area form least surface roughening effect due

to the formation of protective MgF2 film. 

Figure 5 presents the polarization curves of AZ31

obtained in the seven different electrolytes. With

increasing anodic polarization, slight increase and

decrease after an increase of anodic current were

observed in carbonate and fluoride containing

solutions, respectively. It is noted also that no increase

of anodic current occurred with the increase of anodic

polarization in phosphate-containing solution, suggesting

the growth of porous anodic films on the AZ31

substrate. On the other hand, no passive behaviour or

film growth was observed in Cl-, SO4
2-, NO3

-, and

CH3COO
- ions-containing electrolytes.

4. Conclusions

In this work, native oxide films were prepared on

AZ31 Mg alloy samples in air by knife-abrading

method and changes in the electrochemical properties

of those samples were examined using OCP transient,

EIS and potentiodynamic polarization methods during

immersion in seven different aqueous electrolytes

containing various anions of Cl-, F-, NO3
-, CH3COO

-,

SO4
2-, CO3

2-
 or PO4

3-, and the following results were

obtained.

The OCP transient of AZ31 Mg alloy samples

showed initial decrease and then increase in the

presence of CO3
2-
 and PO4

3- ions but it showed only

increases without any initial decrease in the presence

of Cl-, F-, NO3
-, CH3COO

-, SO4
2- ions. These represent

that the air-formed oxide film is dissolved by CO3
2-

and PO4
3- ions and transformed into new surface. The

air-formed oxide film seems to be converted into new

films without its dissolution and grow in the presence

of Cl-, F-, NO3
-, CH3COO

-, SO4
2- ions.

The OCP transient of AZ31 Mg alloy in PO4
3- ion-

containing solution showed initial large decrease of

about 180 mV within 1 min of immersion and very

slow increase only after 15 min of immersion. The

final OCP value in PO4
3- ion-containing solution was

also the lowest amongst the solutions containing the

remaining six anions.

A single capacitive loop was obtained in Nyquist

plot for all the AZ31 Mg alloy samples immersed in

the seven different aqueous electrolytes. It was

observed that the diameter of the capacitive loops

increased with increasing immersion time in solutions

of Cl-, F-, NO3
-, CH3COO

-, SO4
2-, and CO3

2-
 ions but

only in the presence of PO4
3- ions, there was an initial

decrease and then slight increase after about 15 min

of immersion. The slight increase of diameter of the

capacitive loops and gradual increase in OCP after 15

min of immersion in the PO4
3- ion-containing solution

are attributed to the thickening of porous film; this

assumption is also supported from EIS date which

shows a linear increase in film capacitance with

immersion time corresponding to the growth of

surface film in the PO4
3- ion-containing solution.

The magnitude of oxide film resistance obtained

from EIS data appeared to become larger in the order

of PO4
3- > NO3

- > CO3
2-
 > CH3COO

- ~ Cl- > F- ~ SO4
2-.

Polarization curves, revealing the protectiveness of

newly formed surface films, presented the lowest

corrosion current density in PO4
3- ion-containing

solution. Passive behaviour of AZ31 Mg alloy under

anodic polarization was found in CO3
2-
 or PO4

3- ion-

containing solutions and in the electrolyte having F-

ions only at high anodic potentials more than -0.4 VAg/

AgCl. The surface films formed on AZ31 Mg alloy in

solutions of Cl-, NO3
-, CH3COO

-, and SO4
2- exhibited

no passive behaviour.
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