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Study on the Anodic Oxide Films formed on Mg
Alloys Using DC, AC Methods in Alkaline Solution

S. A. Salman

Abstract— Magnesium is the lightest of all structural metal materials in practical use, with a density equivalent to two-thirds that of Al, one-
third that of Zn and one quarter that of steel. However, applications of wrought Mg alloys have not been as successful as those of
aluminum (Al) alloys because of the high corrosion susceptibility under certain service conditions. In this research, we have investigated
the DC/AC anodizing of AZ31 Mg alloy samples in alkaline NaOH solutions under various applied potentials. In the DC anodizing
experiments, the current density showed a maximum value at a potential of 3 V, and thicker anodic films were obtained at this potential.
The films formed at lower potentials were mainly composed of magnesium hydroxide, and the films formed at higher potentials were
composed of magnesium hydroxide and magnesium oxide. At AC anodizing experiments, the anodic coatings formed at 10 V AC potential
had the best anticorrosion resistance compared with the other anodic coatings. At DC anodizing, thicker anodic films with a high corrosion
resistance were obtained at a potential of 3 V. However, a potential of +10 V showed better corrosion resistance for AC anodizing.

Index Terms— Anodizing, Pulse, Magnesium, Alkaline, Corrosion, Alkaline, Coating.

1 INTRODUCTION

agnesium is the lightest applied structural metal; it

has many other desired properties, such as a high spe-

cific strength and good electromagnetic shielding. Fur-

thermore, some magnesium alloys are well known as damp-

ing materials. Therefore, magnesium alloys are very attractive

for many applications, especially when a reduction in weight

is needed. Magnesium alloys are widely used in structural and

industrial materials, such as in aerospace equipment, in auto-
mobiles, in electronic sporting goods, and in handheld tools.

Poor corrosion resistance is a major problem that limits the
widespread use of magnesium alloys. Therefore, surface
treatments are applied to protect magnesium alloys against
corrosion and to improve their surface properties. There are
many methods that have been applied as surface treatments,
such as electroplating, plasma spraying, chemical vapor depo-
sition, anodizing, and conversion coating [1-4]. Anodizing in
hexavalent chromium-containing solutions has been common-
ly applied over the last decade. However, because of the tox-
icity of these solutions and because of environmental and re-
cycling problems, there has been a push to replace chromates
that contain hexavalent chromium ions. Anodizing and con-
version coatings are carried out in environment friendly solu-
tions, such as alkaline-, cerium-, vanadate- and phosphate-
based solutions [5-10].

Recently, intensive research has been carried out to develop
the anodizing process in alkaline solutions containing various
additives, such as borate, aluminate, and silicate ions [11, 12].
In another development in this process, some studies have
explored the idea of using either a pulsed current or potential
(pulse anodizing) instead of a constant applied source to ob-
tain a higher mean current density and thereby to decrease the
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processing time and total energy consumption [13]. Zn-Ni
alloy coatings were plated on AZ91 magnesium alloy using a
pulse potential electrodeposition method. The pulse current
electrodeposition process can bring about homogeneous and
compact Zn-Ni coatings with good corrosion resistance [14].

In our previous research, we examined the effect of square
pulse anodizing on the surface morphology and corrosion
characteristics of AZ31 Mg alloy samples for different duty
ratios between the transpassive (10 V Ag/AgCl) and active
regions (1.35 V Ag/AgCl). The corrosion resistance was im-
proved and the surface porosity was decreased by approxi-
mately 11 times compared with samples obtained using a con-
stant potential [15]

In this research, we have investigated the anodizing of AZ31
Mg alloy samples in alkaline NaOH solutions under DC and
AC voltages. The polarization behavior and the effect of the
applied potential were investigated.

2 EXPERIMENTAL METHODS

The chemical composition of the AZ31 Mg alloy used is shown
in Table 1.

Table 1 Chemical composition (mass %) of AZ31 Mg alloy

Element | Mg | Al [ Zn [ Mn | Si | Cu Ni Fe

Conc. Bal. | 3.0 | 1.0 | 0.43 | 0.01 | <0.01 | <0.001 | 0.003

The samples were first abraded using emery paper up to 2000
grit, polished with alumina powder (diameter = 0.05 pm),
washed using deionized water, and then dried in cool air us-
ing a handheld dryer.

The samples were subjected to a treatment in 200 ml of a 1 M
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NaOH solution at 298 K under AC and DC voltages for 600 s.
The anodizing was performed at various p-p voltages chang-
ing from 0 to 50 V. The frequency was set to 1 Hz in the AC
method.

The surface and cross-sectional microstructures and corre-
sponding chemical composition of the samples were character-
ized using scanning electron microscopy (SEM) and X-ray dif-
fraction (XRD). The corrosion resistance was examined using
the potentiodynamic polarization method. The polarization
tests were carried out using a Solartron 1285 potentiostat em-
ploying a scan rate of 1 mV/s in a 17 mM NaCl and 0.1 M
Na2504 solution at 298 K in a three-electrode cell with the
coated samples as the working electrode, an Ag/AgCl/sat
KCI as the reference electrode, and a platinum coil as the
counter electrode. The potential difference, AE, was used to
compare the pitting potential results. AE was defined as the
difference between the anodic potential values at 1 mAcm?2 for
both anodized and nontreated samples.

3 RESULTS AND DISCUSSION
3.1 Polarization measurements using a DC method

The polarization measurements of AZ31 Mg alloy samples
using a DC method were carried out in 200 ml of an alkaline 1
M NaOH solution at pH = 13.5 and 298 K. The starting poten-
tial was set to 0 V moving toward the anode direction using a
scanning rate of 0.1 Vs-'. Figure 1 shows that while the cath-
ode current flowed, an accompanying intense gas evolution on
the surface of the sample occurred at a potential of <0V, and
an overcurrent occurred near the potential of -5 V. Hydrogen
was liberated from the decomposition of water according to
the following equation.
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Fig. 1. Polarization curve of AZ31 in 1 M NaOH solution of 298 K
using DC voltage at scanning speed of 0.1V st

2H,O +2e — H, +20H

On the other hand, on the anode side, the current density
showed a maximum value at a potential of 3 V. During this
process, magnesium dissolution occurred, and an intensive

1651

generation of oxygen gas was observed. The color of the solu-
tion turned to a light gray because of the active movement of
the liberated gases. The current density then decreased again
because of the formation of a layer of magnesium hydroxide
on the sample. The following equations explain the active dis-
solution and passivation reactions of magnesium and the gas
evolution process.

Mg — Mg?* + 2e 1)
Mg?* + 20H — Mg (OH)> )
Mg (OH); — Mg2* + 5 Oy + HoO + 2e 3)
40H — Oy +2H,0 + 4e’ 4)

At a potential starting from 10 to 50 V, only a slight liberation
of gas occurred, and a lower current flow was observed. A
possible reason for this is the formation of a passive MgO lay-
er. Magnesium oxide can form according to equation (5). Sev-
eral reports have demonstrated that the above compounds can
be interconverted between each other by either hydration or
dehydration processes [1, 17].

Mg(OH), — MgO + H,O )
3.2 Polarization measurements using an AC method

The polarization measurements using an AC method were
carried out in 200 ml of a 1 M alkaline NaOH solution at pH =
13.5 and 298 K. An alternating current was applied as a sine
wave with a frequency of 1 Hz. The maximum positive value
of E (E1) was set to be equal to the negative minimum value of
-E (-Es). The polarization was measured using a scan rate of
0.1 Vs-1 up to Er.

Figure 2-a shows the potential and current density of a single
cycle, single cycle run, where i; represents the anode maxi-
mum current value in the forward path, i, represents the cur-
rent value at the maximum potential of the first half of the
cycle, and i5 represents the maximum current value in the se-
cond half of the cycle.

Fig.2-b shows the polarization for 30 s; almost no current
flowed at 0 V, but the current density began to increase from 6
V, reaching its highest value at 9 V: this potential represents
the active region. Subsequently, the current density decreased
up to 12 V, and then increased again at a stable rate. Among
these three current regions, the highest gradient with a sharp
increase in the current density was located at i; and i3 between
10 and 20 V. This could refer to a second active region. The
current density increased at a stable rate on further increasing
the potential, but i; increased at a faster rate than i3 did. This
may be from the formation of MgO, which would lead to a
decrease in the potential.

In the case of iy, the voltage did not change for most of the
scanning speeds because i, represents the value of the current
at the maximum potential of the first half of the cycle.
Therefore, an increase in i, is considered to have a greater im-
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pact than changes in the voltage scan rate because it involves
an increase in the value of ET. The increase in gradient be-
tween 20 and 50 V of i2 is similar to that observed for il.

Figure 3
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to its lowest thickness of 0.3 pm at 30 V. On increasing the po-

tential above 30 V, the thickness of the film increased again to
Fig. 2. Polarization curve of AZ31 in 1 M NaOH solution of 298 K 1.0 pm at50 V.

using AC voltage at scanning speed of 0.1V s-1 . (a) One cycle
polarization and (b) 30 s polarization. . .
The volume fraction analysis of AZ31 Mg alloy from XRD data

before and after anodizing at various potentials is shown in

Figure 4
3.2 Effect of changes in potential

The anodizing process was carried out in 200 ml of a 1 M

NaOH solution at 298 K and pH = 13.5 for 600 s. The value of

ET was set to be equal to the value of -EB. Anodic films were

obtained at 7.5, 10, 20, 30, 40, and 50 V. The films formed at a ' ' ' '
potential of (7.5 V, -7.5 V) and (10 V, -10 V) had a uniform
skin-colored film. The surface between a potential of 20 and 50
V was uniformly white. The mirrored surface of the substrate
was still visible after anodizing at (30 V, -30 V), which indi-
cates the formation of a very thin film.

The SEM images shown in Fig. 3 show the surface morpholo- -
gies of the anodic films. At a potential of (7.5 V, -7.5 V), the o S
anodic films had a porous structure, and those formed at (10 0
V, -10 V) contained some visible cracks. On the other hand, Potential , Er/V
the films formed at higher potentials had irregular, rough sur-

faces with a flake-like structure. Fig. 4. The relation between the film thickness and the voltage of
the film produced in a sine wave of 1Hz
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Figure 4 shows the relationship between the film thickness o i
and the applied voltage. The film thickness increased with Fig. 5. The anodic films produced at a potential of 10 V were
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mainly composed of Mg(OH)., while the anodic films pro-
duced at a potential of 50 V contained Mg(OH),, and MgO
had formed on the film. This explains the thicker coating ob-
tained at lower voltages, as the samples contained a large
amount of Mg(OH),. On the other hand, a thinner coating was
obtained at higher potentials because the film changed from
Mg(OH), to MgO and consequently decreased in volume.
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Fig. 5. The relation between the film thickness and the voltage of
the film produced in a sine wave of 1Hz
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Fig. 6. Polarization curves of AZ31 Mg alloy samples before and
after anodizing under various applied AC potentials

The potentiodynamic polarization method was used to charac-
terize the corrosion properties of the AZ31 Mg alloy samples
before and after the anodizing treatment. Figure 6 shows the
anodic and cathodic polarization curves of AZ31 Mg alloy
samples before and after anodizing under various applied AC
potentials. All the anodized samples had a less negative pit-
ting potential, which means that the anodizing treatment im-
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proved the corrosion resistance. However, the coatings ob-
tained at a potential of 10 V had the most notable pitting po-
tential and the highest value of AE. On the other hand, the
coatings obtained at a potential of 30 V had the lowest pitting
potential and consequently exhibited a poor corrosion re-
sistance compared with the other anodic coatings. These re-
sults show that the thickness of the films played an important
role in the enhancement of the corrosion resistance as shown
in Fig. 6.

CONCLUSION

In the DC anodizing experiments, the current density
showed a maximum value at a potential of 3 V, and thicker
anodic films were obtained at this potential. The films formed
at lower potentials were mainly composed of magnesium hy-
droxide, and the films formed at higher potentials were com-
posed of magnesium hydroxide and magnesium oxide.

In the AC anodizing experiments, the film thickness in-
creased with increasing potential and reached a maximum
film thickness of 3 pm at a potential of 10 V. The film thickness
then decreased to 0.3 pm at a potential of 30 V.

The anodic coatings formed at 10 V AC potential had the
best anticorrosion resistance compared with the other anodic
coatings.
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