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This work investigates the microstructure and corrosion resistance of the oxide layer on MggsZns3Yo7
alloy powder consolidates prepared by plasma electrolytic oxidation (PEO). The oxide layers on the
MggsZn43Yo7 alloy samples exhibited surface morphology typical of bulk Mg and Mg alloys treated using
the PEO process, regardless of the thickness of the layer. The polarization resistance of the oxide layer
increased as the thickness of the layer increased. The best corrosion resistance was obtained for the
sample with a 30 wm oxide layer. All samples were produced using an electrolyte containing K4P,07. A

I[fle i’s Vr\;:):(isl:ectrolytic oxidation reasonable equivalent circuit to analyze the corrosion behavior of MggsZn43Yo 7 alloy was established,
Mg alloy and the fitting results were consistent with the results of electrochemical impedance spectroscopy (EIS)

Corrosion resistance testing. These results explain the relationship of enhanced corrosion resistance to the thickness of oxide
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layer in environments containing CI~ ions.
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1. Introduction

Mg alloys have a superior strength-to-weight ratio, higher
dimensional stability, lower density and better electromagnetic
shielding than several other alloys. For these excellent physical and
mechanical properties, Mg alloys have been used in many applica-
tions, such as mobile electronics, aerospace products, computers,
and household equipment. Unfortunately, magnesium alloys have
poor corrosion resistance, especially in acidic environments and in
conditions where exposed to salt-water [1].

In recent years, it has been found that an addition of rare-earth
elements, especially yttrium, to Mg alloys can improve both the low
and high temperature strength of such alloys [2,3]. In Mg alloys, a
small addition of yttrium is effective to modify the low flowability,
the microstructure, the ambient and high temperature mechanical
properties, and the corrosion resistance of these alloys [4-7]. Addi-
tionally, it was reported that Mg alloys, especially Mgg5Zn43Yo.7,
fabricated by the powder metallurgy (PM) process yielded better
performances [8]. However, Mg alloys produced by the PM process
need additional treatment to improve their corrosion resistance
due to the fact that such alloys are still active in ambient environ-
ments.

Plasma electrolytic oxidation (PEO) is one of the most attractive
surface treatment methods for Mg alloys, and forms an oxide layer
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on Mg alloy in the plasma state generated by applying extremely
high voltage to the alloy in a suitable electrolyte [9,10]. The sur-
face structures formed during the PEO process depend on various
processing conditions, including the chemical composition and
concentration of the electrolyte, the current density, and the alloy
composition of the substrate. The chemical composition of the elec-
trolyte used in the PEO process exerts a particularly important
influence on the formation of final properties of the oxide coating
on Mg alloys. Additives such as phosphate, fluoride, and borate are
commonly used in the PEO process for Mg alloys [11]. However,
most studies to improve corrosion resistance have concentrated
on bulk Mg and Mg alloys and have been devoted to exploring the
effects of processing parameters such as composition, electrolyte
concentration, and electric variables. As a result, there is still a lack
of information on the corrosion resistance of the plasma-anodized
oxide layer on MggsZn43Y( 7 alloy prepared using the PM process.
In this study, MggsZn4 3Yg 7 alloy prepared via direct extrusion after
gas atomization was processed by PEO to improve its corrosion
resistance, and the corrosion behavior of the oxide layer formed on
the Mgg5Zn43Y(.7 alloy was evaluated by electrochemical analysis.

2. Experimental procedure

MgosZna3Yo7 alloy extruded with an extrusion ratio of 15:1 at 623K and a
ram speed of 1mm/s was used in this study. MggsZns3Yo7 alloy cylinders with
10mm in diameter and 2 mm in height were mechanically prepared for the PEO
process. Stainless steel was used as the counter electrode in an electrolyte con-
taining 0.12M KOH +0.05M KF+0.02 M Na,SiO3 +0.02 M K4P,07, and the stirring
and cooling system were set up to maintain the temperature of the electrolyte at
293-303 K during the PEO process. The applied current density was maintained at


http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dhshin@hanyang.ac.kr
dx.doi.org/10.1016/j.jallcom.2010.02.146

K.M. Lee et al. / Journal of Alloys and Compounds 504S (2010) S328-S331 S329

Fig. 1. Morphologies of oxide layers on PM-processed MggsZn43Yo 7 alloy synthesized by the PEO process; surface images: (a) 10 wm, (b) 20 um, (c) 30 wm, and cross-sectional

images: (d) 10 wm, (e) 20 pm, (f) 30 wm.

50 mA/cm?. The surface morphology and cross-sectional images of the oxide layer
were observed using a scanning electron microscope (HITACHI, S-4800) and energy-
dispersive spectroscopy (EDS) was conducted to examine the constituent elements
in the oxide layer. The phase composition of coatings was determined by using X-
ray diffraction (XRD, RIGAKU, D MAX-2500) with a step size 0.02° and a scan range
from 20° to 80°. Spectra were recorded using Cu Ka radiation (1.54 A) generated at
an acceleration voltage of 40 kV and a current of 250 mA. After the PEO process, the
corrosion resistance of the specimen was tested by subjecting the specimen to a salt
immersion test (3.5 wt.% NaCl) for 120 h. Electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization were utilized to evaluate the corrosion resis-
tance of the oxide layer on the MggsZn43Yo7 alloy with a Reference 600 potentiostat
(Gamry Instruments, Warminster, PA, USA).

3. Results and discussion
3.1. Characteristics of the oxide layer on MggsZny3Yy 7 alloy

Fig. 1 shows surface and cross-sectional images of the oxide
layer on MggsZns3Yo7 alloy coated in the electrolyte contain-
ing K4P,07. As shown in Fig. 1(a)-(c), the oxide layers on the
MggsZng43Y0 7 alloy samples exhibited the typical surface morphol-
ogy of materials treated with the PEO process regardless of the
thickness of the layer, i.e., dense crater-like microstructures with
some round shrinkage pores observed in the crater centers. For
the 10 wm oxide layer, small pores of 1-2 wm in diameter were
observed on the oxide surface. The pore size on the surface of
the oxide layer increased as the processing time increased. The
30 wm oxide layer exhibited some cracks and small irregular pores
of 1-2 um in diameter, with occasional coarse pores of ~5pum
(Fig. 1(c)).In general, the oxide layer produced on the Mg alloy sam-
ples by the PEO process comprised two different layers: an outer
porous layer and a very thin inner barrier layer (100-300 nm). As
shown in Fig. 1(d)-(f), the pores only existed in the outer porous
layer and interconnected with each other, but did not cross over
through the inner barrier layer to the MggsZn,4 3Y( 7 alloy substrate,
irrespective of the thickness of the oxide layer. These morphologies
were not much different from those of oxide layers coated on bulk
Mg and Mg alloys.

The X-ray diffraction (XRD) patterns of the oxide layer of the
MggsZn43Yo 7 alloy coated using the electrolyte containing K4P,07
are shown in Fig. 2. The oxide layer mainly consisted of MgO
and Mg,SiO4. The peak of MgO increased as the coating thickness
increased and the intensity of the peak of MgO was the highest

in the 30 wm oxide layer. To determine whether phosphorus was
present in the PEO coatings, EDS analysis was performed on the
surface and cross-section of the oxide layer. The phosphorus con-
tent on the surface of the 30 wm oxide layer was 4.2-6.4 at.%. Fig. 3
shows the result of the EDS line scanning from the cross-section
images of the oxide layer. The phosphorus was distributed uni-
formly throughout the oxide layer. This result indicates that the
phosphate was successfully incorporated into the inner oxide layer
during the PEO process. Liang et al. [12] reported that phospho-
rus from the electrolyte was indeed incorporated into the oxide
coating during microarc oxidation and was present in the form of
noncrystal phosphate.

3.2. Corrosion resistance behavior of the oxide layer on
MgosZny3Yo 7 alloy

The corrosion phenomenon and corrosion mechanism for
the MggsZny3Yo7 alloy with different oxide thicknesses were
evaluated by EDS testing in 3.5wt.% NaCl solution. An AC
impedance measurement was carried out for the oxide layer on

Fig. 2. XRD patterns of MgysZn43Yo7 alloy coated to 10 wm, 20 wm and 30 pwm.
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Fig. 3. Energy-dispersive spectra of MggsZn43Yo7 alloy coated to 30 wm.

Fig. 4. Nyquist plot of oxide layer coated to 10 wm, 20 pwm and 30 pm.

the MggsZn43Y( .7 alloy samples coated using electrolyte containing
potassium pyrophosphate. The Nyquist plots for the 10 pm, 20 pm,
and 30 m oxide layers are shown in Fig. 4. It was found that the
corrosion resistance of the sample coated to 30 wm was superior to
those of the samples coated to 10 wm or 20 pwm. In order to develop
appropriate models for the impedance which fit the experimental
data and allow extraction of the parameters that characterize the
corrosion process, a simplified equivalent circuit on the oxide layer
is proposed as shown in Fig. 5 [13]. In the equivalent circuit, the
electrolyte resistance (Rs) is in series with the unit of the oxide layer
system. R;, is the outer porous layer resistance paralleled with the
constant phase element (CPE;). The properties of the inner barrier

Fig. 5. Equivalent circuit used for fitting the impedance data of oxide layer.

layer are described by the resistance R}, in parallel with the CPE;,.
Based on the equivalent circuit model in Fig. 5, the best fit for the
Nyquist plot was determined and the fitting result is shown in Fig. 4
as solid lines passing through the test results. The corresponding
values of the equivalent elements are listed in Table 1. It has been
reported that the low frequency range of an impedance diagram
characterizes the inner layer properties and the high frequency
range reflects those of the outer layer [14,15]. The fitting results
show that the resistance of thin inner barrier layer is higher than
the corresponding value of the outer porous layer. Although the
barrier layer of the Mg alloys was very thin, it could play an impor-
tant role in corrosion resistance. Furthermore, the phosphate in the
oxide layer has been previously reported as having a favourable
influence on the corrosion resistance of Mg alloys [16].

The results of the 120 h immersion test for are shown in Fig. 6.
Severe filiform corrosion was observed on the surface of the
uncoated MggsZny4 3Yq 7 alloy sample. Pitting and filiform corrosion
occurred on the surface of the sample with the 10 wm coating. By

Table 1

Equivalent circuit data of 10 wm, 20 wm, and 30 wm oxide layers.
Thickness (m) Rs (R2-cm?) CPE,, (F/cm?) CPE,-P R, (2-cm?) Ry (R2-cm?) CPE;, (F/cm?) CPE,-P
10 27.64 9.45E—-6 0.72 1.63E2 2.08E3 5.82E—-4 0.66
20 16.47 2.19E-6 0.68 5.91E2 6.86E3 7.31E-6 0.69
30 17.57 1.13E-7 0.86 1.79E3 2.57E4 1.58E-6 0.6
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Fig. 6. Appearance of coated MggsZn43Yo7 alloy after salt spray test (120 h).

contrast, the sample with a 30 wm coating showed only localized
pitting corrosion. Thus, the best corrosion resistance was observed
in the sample with a 30 wm coating in the electrolyte containing
potassium pyrophosphate.

4. Conclusions

The study has investigated the application of the PEO process to
the coating of Mggs5Zn,43Y( 7 alloy coated with different thickness of
oxide layers using an electrolyte containing potassium pyrophos-
phate. Oxide layers were successfully formed on PM-processed
MggsZn43Y0 7 alloy samples, and the morphology of the oxide lay-
ers was not much different from that of oxide layers coated on bulk
Mg alloys. The corrosion resistance of MggsZng3Yo 7 alloy synthe-
sized by the PEO process relied on the thickness of the oxide layer
and the presence of the phosphate compound. The corrosion behav-
ior of PM-processed MggsZn,3Yg 7 alloy was successfully described
through electrochemical analysis, and the corrosion resistance of
the oxide layer was confirmed through immersion testing.
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