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HIGHLIGHTS

¢ The commercial pure magnesium was coated by micro-arc oxidation method.

¢ The coating is composed of two layers, a porous outer layer and a dense inner layer.
e A super corrosion resistance was achieved with MAO coatings.

e Coating with Mg,SiO4 is more resistant to corrosion than that containing Mgs(PO4),.
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In this study, the commercial pure magnesium was coated in different aqueous solutions of Na;SiO3; and
Na3PO4 by the micro-arc oxidation method (MAO). Coating thickness, phase composition, surface and
cross sectional morphology and corrosion resistance of coatings were analyzed by eddy current method,
X-ray diffraction (XRD), scanning electron microscope (SEM) and tafel extrapolation method, respectively.
The average thickness of the coatings ranged from 52 to 74 wm for sodium silicate solution and from 64
to 88 pm for sodium phosphate solution. The dominant phases on the coatings were detected as spinal
Mg,Si0O4 (Forsterite) and MgO (Periclase) for sodium silicate solution and Mgs(PO4), (Farringtonite) and
MgO (Periclase) for sodium phosphate solution. SEM images reveal that the coating is composed of two
layers as of a porous outer layer and a dense inner layer. The corrosion results show the coating consisting
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Mg,SiO4 is more resistant to corrosion than that containing Mgs(PO4),.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium and its alloys have high strength to weight ratio,
a low elastic modulus, excellent dimension stability, an electro-
magnetic shielding property, a good damping capacity for reducing
noise and vibration, a good manufacturing and machinability.
Therefore, they are preferred in the automotive, electronic and
aerospace industry fields [1-7]. However, the magnesium and
its alloys are extremely susceptible to a galvanic corrosion [8],
which can further cause severe pitting corrosion on the metal
surface resulting in decreased mechanical stability and unattrac-
tive appearance [9]. Its poor corrosion resistance has hindered its
widespread use in many applications, especially in acidic envi-
ronments and in salt-water conditions [10]. In order to overcome
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corrosion problems, the magnesium can be coated by the micro-arc
oxidation method.

The micro-arc oxidation, also called plasma electrolytic oxida-
tion, is one of the new surface modification methods for forming
oxide layer on the metal surface [11-17]. Dielectric oxide passive
film forms on the metal substrate/electrolyte interface when the
sample is applied considerably to a low anodic potential in the elec-
trolyte. In the first stage, discharge channels form in the oxide layer
as aresult of losing of dielectric stability in the low dielectric region.
In this case, micro sparks are observed rapidly to move through the
oxide film. Temperatures in the discharge channels vary from 800
to 10,000 K by means of electron collision [ 18]. Anionic compounds
diffuse into the electrolyte due to the presence of electric field. At
the same time, the magnesium melted due to the high tempera-
ture enters into the discharge channels. So, plasma channels form
on the surface. In the second stage, plasma chemical reactions form
in the discharge channels. In this case, a pressure increases in the
plasma channel and the plasma channels extend to balance the high
pressure. Moreover, opposite charged ions are separated due to
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the existence of electric field. All of cations are pushed out from
channels to electrolyte by electrostatic forces. In the last stage, the
discharge channels are cooled by electrolyte and reaction products
deposit on the channel walls [18-20]. This process that repeats
in many different areas causes the coating thickness and surface
roughness to increase.

The aim of this study is to increase the corrosion resistance of
the commercial pure magnesium coated by the micro-arc oxida-
tion method. The corrosion resistances of micro-arc oxide coatings
on the pure magnesium were investigated in varied electrolytic
solutions in the literature [21-23]. Mu and Han investigated the
corrosion resistances of composite coatings produced in zirconate
electrolyte solution [21]. The corrosion resistance in Hanks’ solu-
tion of composite coatings produced on the pure magnesium was
investigated by Shi et al. [22]. The corrosion resistance of coatings
produced in Na,SiO3-9H,0, NaOH and Na,;B407-10H,0 was inves-
tigated in SBF (simulated body fluid) by Zhao et al. [23]. The coated
samples by MAO have different magnesium oxide phases depend-
ing on the parameters such as current density and the electrolyte
solution of MAO. Therefore, different phases show a different cor-
rosion behavior. In this study, the different electrolyte solutions
of coating from the literature were used to observe the effect of
the solution and the current density on the corrosion behavior of
the coatings in NaCl solution. Moreover, much corrosive solution
than the literature for the corrosion study was used in the current
research.

The present work deals with electrochemical investigations of
uncoated commercial pure Mg and coated Mg in 3.5wt.% NaCl
aqueous solution. It also investigates the morphological, structural
and surface analyses of the coated Mg.

2. Experimental
2.1. Materials and preparation of coatings

Commercial magnesium blocks with the purity of 99.96% were used in this study.
Chemical composition of the commercial pure magnesium is given in Table 1. Sur-
faces of the samples were polished to grits of 400, 800 and 1200 by SiC papers. Then,
the samples were cleaned by distilled water and acetone. The electrolyte solutions
which consist of 5 g/L Na,Si03-5H,0, 1 g/L KOH called as silicate solution and 5 g/L
Na3POy4, 1g/L KOH called as phosphate solution were prepared in distilled water.
The coatings were produced on the magnesium specimens using micro-arc oxida-
tion (MAO). The MAO coating system that consists of a stainless steel container,
cooling and stirring systems was performed with an alternating current (AC) power
supply (100 kW). The magnesium substrate and the stainless steel container were
used as the anode and the cathode, respectively. Magnesium samples were coated
at 0.060, 0.085 and 0.140 A/cm? current densities in sodium silicate solutions and
sodium phosphate electrolyte solutions for 60 min. After the MAO, the influence of
the coating parameters such as the current density and electrolyte concentration
on the kinetic, phase composition, microstructure and corrosion resistance of the
coatings were investigated.

Coating thicknesses of MAO coatings were measured by using “Fischer
Dualscope MP20” device. The characteristics of the coatings were analyzed using
an eddy current coating thickness measurement gauge. The phase structures of
MAQO coatings were analyzed by “Bruker D8 Advance” X-ray diffraction device with
scanning between 20° and 80° angles by a scanning speed 2°/min rate.

2.2. Electrochemical measurements

In order to evaluate the anti-corrosion performance of coatings, potentiody-
namic polarization and linear polarization studies were carried out using Voltalab 80
Radiometer potentiostat. Specimens used in the electrochemical measurement were
mechanically cut into coupons of dimension with 1cm x 1cm. The working elec-
trode was inserted in sample holder and its surface area (1.33 cm?) was in contact
with the solution.
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Fig. 1. Variation of coating thicknesses of samples coated at different current den-
sities for 60 min.

Electrochemical experiments were performed in a conventional three elec-
trodes electrochemical cell at 25 °C with a platinum counter electrode and saturated
calomel electrode (SCE) with a Lugin capillary. The electrolyte conducting the corro-
sion tests was the aqueous NaCl solution (Merck) with the concentration of 3.5 wt.%.

Potentiodynamic polarization studies were performed with a scanrate of 1 mV/s
in the potential range from —2000 to —1200mV relative to the corrosion poten-
tial. To evaluate the corrosion resistance of coating samples, the Tafel polarization
curves of the coatings and Mg substrate were measured in a three-electrode cell.
Ecorr, icorr and corrosion rate obtained from polarization techniques were determined
simultaneously by VoltaLab 80 PGZ 301 electrochemical analyzer software.

3. Results and discussion
3.1. Thickness of coatings

Fig. 1 shows that the thickness of the micro-arc oxidized coat-
ings was changed with current density. The average thicknesses
of the oxide coatings were measured as 52 um, 66 pm and 74 pum
for 0.060 A/cm?, 0.085 A/cm? and 0.140 A/cm? in the silicate solu-
tion, whereas they are 64 um, 80 um and 88 pm for 0.060 A/cm?,
0.085A/cm? and 0.140 A/cm? in the phosphate solution.

Coatings produced in the phosphate solution were thicker than
ones produced in the silicate solution for the same current den-
sity. Coatings formed faster in the phosphate solution due to the
greater growth rate of coating in the phosphate solution. Although
the resistance of the coating electrolyte is increased with decreased
current, oxide film grows rapidly on the surface. In addition, the
number of micro discharge channels decreases, however, the mag-
nitude of them increases at the high current density. This causes
micro discharge channels to provide new electrical paths at a very
low resistance. As a result, the coating thickness increased with
increasing current as noted in the literature [24].

3.2. Phase structure of coatings

Figs. 2 and 3 illustrate X-ray diffraction results of micro-arc
oxide coatings produced in the silicate and phosphate solution,
respectively. For coatings produced in the silicate solution, major
phases were found to be spinal Mg,SiO4 and MgO while the coat-
ings produced in the phosphate solution consists of Mg3(PO4), and
MgO. The existence of MgO phase produced in the both electrolyte
solution was observed in the Figs. 2 and 3. The intensity of peaks

Table 1

Chemical composition of the pure magnesium (wt.%).
Al Ag Ca Fe Mn Si Zn Mg
0.0045 0.0009 0.0004 0.0037 0.0054 0.1480 0.0040 Balance
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Fig.2. X-ray diffraction patterns, showing Mg, MgO, Mg, SiO, in the silicate solution.
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Fig. 3. X-ray diffraction patterns, showing Mg, MgO, Mg3(PO4), in the phosphate
solution.

of MgO produced in the phosphate solution was stronger than the
one produced in the silicate solution owing to the thicker coatings
produced in the phosphate solution for the same current density.
The intensity of XRD peaks of coatings increased due to increas-
ing coating thickness with increasing current density for 60 min
in the both electrolyte solution. Si and P anions came from elec-
trolyte solutions. Mg2* cations react with 02~ anions and form

MgO phase under the high temperature and the high pressure due
to the existence of electric field [12]. Mg,SiO4 phase forms in the
coating structure when MgO and SiO, react under the high tem-
perature. Similarly, Mg2* cations which react with (PO4)3~ anions
from electrolyte produce Mg3(POg4);.

3.3. Surface and cross sectional morphologies of coatings

Fig. 4 shows the surface morphology of micro-arc oxide coatings.
Surface of coatings produced in the phosphate solution has more
pores and craters than that of in the silicate solution owing to apply-
ing low electric current as a result of losing of dielectric stability.
There are many crater-like structures on the coating surface in the
early stages of micro-arc oxidation (MAO) process. Also, the surface
is considerably porous due to discharge channels on coating surface
in the MAO process. In the first stage, the coating has a low sur-
face roughness due to the homogeneous distribution of discharge
channels on the surface. When the number of discharge channels
decreases with increasing coating thickness resulting in nonuni-
form coating structure, the surface roughness gradually increases
[25]. In addition, the cracks form on the surface due to the thermal
stresses [26]. As a result, when the current density increases, the
cracks are formed by thermal stresses. Pores on the surface grow
with increasing current density and the surface becomes rougher
with respect to untreated specimen.

Fig. 5 shows the cross sectional morphologies of coatings pro-
duced in both electrolyte solutions at different current densities for
60 min. As shown in SEM images, there is a high density of poros-
ity on the coated surface. Micro-pores on the surface should have
a detrimental effect on the corrosion performance, however, only
the outer layer consists of porosity and there is almost no porosity
in the dense inner layer (Fig. 5). It is reasonable to conclude that the
dense inner layer prevented the specimens from the corrosion. As
seen in Fig. 5, the dense inner layer increases with increasing the
current densities of MAO method. This situation is the same for the
silicate and the phosphate solution.

3.4. Polarization measurement

Figs. 6a-c and 7a and b display the typical potentiodynamic
polarization and the linear polarization studies of uncoated and
coated specimen by micro-arc oxidation in silicate and phosphate
electrolyte. The corrosion potentials, corrosion current densities

Fig. 4. Surface morphologies of coatings produced in the silicate solution at (a) 0.060 A/cm?, (b) 0.085 A/cm?, (c) 0.140 A/cm? for 60 min and in the phosphate solution at (d)

0.060A/cm?, (e) 0.085 A/cm?, (f) 0.140 A/cm? for 60 min.
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Fig. 5. Cross sectional morphologies of coatings produced in the silicate solution at (a) 0.060 A/cm?, (b) 0.085 A/cm?, (c) 0.140 A/cm? for 60 min and in the phosphate solution
at (d) 0.060 A/cm?, (e) 0.085 A/cm?, (f) 0.140 A/cm? for 60 min: (1) epoxy resin region, (2) MAO coatings region, (3) the substrate region.

and anodic/cathodic tafel slopes (84 and f¢) were calculated from
these tests. Then, based on the approximate linear polarization at
the corrosion potential (Ecorr), polarization resistance (Rp) values
were determined by the Eq. (1) below [27].

_ BaBc
2-3icorr(ﬂA + ﬂc)

In this equation, icor refers to the corrosion current density. A sum-
mary of the electrochemical corrosion parameters derived from the
potentiodynamic polarization curves is listed in Table 2.
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Fig. 6. (a) Potentiodynamic polarization curves of bare Mg and (b) potentiodynamic
polarization curves of the coated specimens in the silicate solution at 25°C, pH 7.3
and open to air after an immersion time of 1 h for stabilization. (c) Linear polarization
curves of the coated specimens.

The curves of the specimen coated at 0.060, 0.085 and
0.140 A/cm? current densities in the silicate solution were shifted
from 49mV, 29 mV and 25mV to the positive direction and in
the phosphate solution they were shifted from 167 mV, 182 mV
and 184 mV to the positive direction relative to the curve of the
uncoated specimen. This result indicates that the corrosion resis-
tance of the coated specimen is greater than that of the uncoated
one.

The corrosion current densities for uncoated specimen
decreased from 50.92 pA/cm? to 13.65, 2.064 and 4.482 pA/cm?
at 0.060, 0.085 and 0.140A/cm? in the silicate solution, respec-
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Fig.7. (a) Potentiodynamic polarization curves of the coated specimens in the phos-
phate solution at 25°C, pH 7.3 and open to air after an immersion time of 1h for
stabilization. (b) Linear polarization curves of the coated specimens.
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Table 2
Electrochemical parameters related to potentiodynamic polarization curves.

Electrolytes Electrode Potentiodynamic polarization
Thickness (pm) —Ecorr (MV) icorr (MA/cm?) CR (pm/y)

Pure Mg - 1581.5 50.92 1481.0

The sili luti 0.060 519 1532.6 13.65 3114

e silicate solution 0.085 65.8 1552.9 2.064 47.07

0.140 73.5 1556.7 4.482 102.2
0.060 63.8 1414.9 49.70 1133

The phosphate solution 0.085 80.4 1399.5 9.428 215.0
0.140 88.0 1398.0 13.35 304.4

Fig. 8. Surface morphologies of coatings after corrosion test produced in the silicate solution at (a) 0.060 A/cm?, (b) 0.085 A/cm?, (c) 0.140 A/cm? for 60 min and the phosphate

solution at (d) 0.060 A/cm?, (e) 0.085 A/cm?, (f) 0.140 A/cm? for 60 min.

tively. For the phosphate solution, the corrosion current densities
decreased from 64.92 pA/cm? to 49.70, 9.428 and 13.35 pA/cm?,
respectively. These values show that the corrosion rates of the
coated specimen are lower than 1 mmy/y at the silicate solution and
2 mm/y for the phosphate solution. According to the data obtained
in this study, itis seen that using the silicate solution resulted higher
corrosion resistance for the magnesium in 3.5% NaCl medium. In
Fig. 5, some cracks were observed in dense inner layer for the
specimen coated at 0.140 A/cm? for two different solutions. A lit-
tle higher corrosion current of the specimen coated at 0.140 A/cm?
than that of the specimen coated at 0.085 A/cm?2 may be attributable
to these cracks. The corrosion resistance of the sample coated in
the electrolyte can be attributed to the more uniform and compact
structure of this coating which acts as a barrier against the transfer
of corrosive ion from aggressive solution into the coating.

Fig. 8 shows the surface morphology of the specimens coated
and uncoated with two different solutions after the salt immersion
tests for 60 min. Magnesium is an electrochemical active substrate,
when a bare specimen is initially immersed in 3.5% NaCl solution. In
this condition, hydrogen evolution is seen to occur immediately and
the surface is covered with bubbles. The hydrogen bubbles nucleate
and periodically are released from the surface. Once pitting initi-
ates, a white precipitate, likely Mg(OH), is seen to form around the
pits and the alloy surface becomes porous and gray in color [28].

4. Conclusions

Oxide coatings were produced on magnesium using micro-arc
oxidation in different aqueous solutions of Na;SiO3 and Na3POg4.
Coatings produced in the phosphate solution were thicker than

ones produced in the silicate solution for the same current den-
sity. Pores on the surface grow with increasing current density and
the surface becomes rougher with respect to untreated specimen.
Moreover, the surface of the coatings produced in the phosphate
solution has more pores and craters than that of the one produced
in the silicate solution owing to applying low electric current as
a result of losing of dielectric stability. The corrosion resistance of
the sample coated in the electrolyte can be attributed to the more
uniform and compact structure of this coating which acts as a bar-
rier against transfer of corrosive ion from aggressive solution into
the coating. The corrosion rates of the coated specimen are lower
than 1 mmy/y at the silicate solution and 2 mmy/y for the phosphate
solution according to the electrochemical measurements.
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