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Micro arc oxidation (MAO) coatings are prepared on LZ91 Mg alloy at different voltages (400, 450
and 500 V). A DC, unpolarand bipolar power mode is used, respectively, in this work. The aim of
this study is to investigate the effect of electrical parameters (power mode and voltage) on the
morphology, microstructure and the corrosion behavior for LZ91 alloy. The elemeributistr,
morphology, and corrosion resistance were studied by Electron Pradne Micro-analyzer, Scanning
Electron Microscope, potentiodynamic polarization in\8t36 NaCl solution and salt spray test. It is
found that the increase of voltage make thatings more porous and thicker. The applied power mode
(DC, unipolar and bipolar modes) shows a significant influence on the coating morphology and
corrosion resistance. Analysis of SST and potentiodynamic polarization technique on the samples
show thatthe corrosion resistance of the MAO coated samples is much better than that of the bare
LZ91 Mg alloy. The MAO coating prepared at 450 V undepdiiar power has smallest porosity, and
hence yields best corrosion resistance on LZ91 Mg alloy.
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1. INTRODUCTION

In light of their low density and high specific strength as well as stiffness, magnesium alloys
are extensively used in electric appliances and structurap@oents. Unlike the magnesium
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aluminum alloys, the magnesidiithium alloys are known for their excellent formabilitost of the
magnesium alloys are relatively reactive and tend to suffer corrosion, especially LZ91Tai®y.
difficulty is ascribed tahe fact that lithium ions are completely solvable in the aqueous solution of
various pHs [19]. Consequently, surface modifications are performed to enhance the corrosion
resistance, wear resistance and paint adhesion of the base magnesiunMidimysrc oxidation
(MAO), a novel surface engineering technology, has been considered as one of the redfatvet
and environmentally friendly ways to improve the corrosion resistance of Mg alloy=l[10

The retarding effect of the MAO coating on the m@lecorrosion resistance of MAO coated
Mg alloy is critically important and it depends on the level of porosity and chemical composition of the
coating.lIt is well known that the structure and composition of the MAO coatings are controlled by
substrate nmarials, electrical parameters and electrolyte concentration. Therefore, electrical parameters
play a crucial role in obtaining the coatings with desired properties. A D&oleni or bipolar pulsed
DC and AC power supplies are usually used for the MA@gss. Depending on the choice of the
power mode and the current or voltage parameters, coatings with different compositions, morphologies
and porosity levels can be obtainddherefore, this study investigates how the electrical parameters
(power mode amhvoltage) influence the microstructure and the corrosion behavior of MAO coating on
a LZ91 alloy.

2. EXPERIMENTAL
2.1. Preparation of specimens

Table 1. Sample codes and their respective eleakrparametergsor MAO treatment onLZ91 Mg

alloy

Samplecode Current mode voltage
DC 400 400 V
DC 450 DC 450V
DC 500 500 V
UP 400 400 V
UP 450 uni-polar 450V
UP 500 500 V
BP 400 400 V
BP 450 bi-polar 450V
BP 500 500 V

LZ91 magnesium alloy (9.73 wt% Li, 0.84 wt% Zn, and Mg in balance) waghaf 50 mm X
50 mm X 1 mm was used in this study a substrate for MAO coating process. Prior to the MAO
treatment, the surface of the plates was ground by emery paper from 800 grit up to 2000 grit, followed
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by rinsing with ethanol in an ultrasonic fd® min, washing with deionized water and drying with an

air stream. The MAO coatings were formed at 400 V, 450 V and 500 V for 7 min D@demipolar

pulsed, and bpolar pulsed electrical source, respectiveljie pocessparametersduring MAO
proces and the corresponding sample codes listed in Table.IThe process was carried out in an
electrolyte composed of 10 g/L p&Os, 3 g/L NaPQ,, 1.5 g/L NaOH, and 3 g/L NaF, in which
temperature was maintained at approximatdy . After the MAO treamnent the LZ91 plate was
thoroughly rinsed with acetone in an ultrasonic for 10 min. Then, the samples were washed with
deionized water and dried in cool air.

2.2.Microstructure characterization

The surface and crossectional morphologies of th®IAO coatngs were examinedby
scanning electron microscopy (SEM;3S00N; HITACHI, Japan). Imagé softwarewas processed
from the stored SEM imagdsr the quantification opore characteristicsiimber andveragesize of
poreg anddetection ofcoating defectsThe Electron Probe Xay Micro-analyzer (EPMA, JXA8200)
was utilized to identify theelements othe coating, whicthas been performed across the entire cross
section with line scanning analysis

2.3.Corrosion studies

To evaluate the corrosion resistarof MAO coatings, potentiodynamic polarization tests were
performed for the substrate and MAO coated samples in 3.5 wt.% NaCl solution using an Autolab
PGSTAT30 potentiostdtequency analyser with GPES (General Purpose Electrochemical System)
software.Potentiodynamic polarization tests were carried out in a-#lesrode cell system in which
a tested specimeaf 1 cnf, a platinum plate and a saturated calomel electrode were used as the
working, counter and reference electrodes, respectivitier stailization of 30 min at the open
circuit potential (OCR)the mtentiodynamic polazation test was performedith a scan rate of 0.5
mV/s from-300 mV to 500 mV based on the OQWeanwhile, he corrosion behavior of the bare and
coated LZ91 alloys was alsvaluated by the salt spray téSST). The samples with a dimension of
50 mm X 50 mm X 1 mm werexposedin 5 wt.% NaCl fog for various hours. The corrosion
morphologies were observéa accordance with ASTM B17 standard. All SSTs were conducted in
triplicate to confirm the reproducibility of results

3. RESULTS AND DISCUSSION

3.1. Surface morphology of the MAO coatargl compositional analyzing

Fig. 1 shows the surface morphologies of the LZ91 plate after MAO with different treatment
conditions. Wien a DC power mode was used, an irregularly mstroctured surface was formed, as
shown in Fig. 1a, b and c. It can be seen from Fig-d) (aat these surfaces were very smooth, on
which many small pores were observed, which could be ascribed toettmeathstresses generated
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during the growth of coating as a result of melting oxide product and the rapid solidification of
magnesium oxide (MgO) [289]. The pore size and surface roughness both increased with increasing
voltage.

(a) 8

Figure 1. Surface morpology of the LZ91 alloy treated in the different electrical sources) @C,
(d-f) uni-polar and (g) bi-polar, respectively.

The surface morphologies of the MAO films formed unttherunipolar pulsed power mode at
various voltages (40800 V) are sbwn in Fig. 1 (df). The features of multiple micfpores with
roughly diselike shape can be clearly seen on the coatinface That is a wetknown feature of
MAO coatings. The relatively large micpores are produced in the center of the ciidtersurface
suggesting that they were produced by gas bubbles ejected from strong discharges and might penetra
deep into the coating. Hence, it causes an increase in the surface roughness. In addition-troeemicro
numbers of the MAO film decrease with reasing the applied voltage, while the average rpone
size increases. In terms of micaoc oxidation under kpolar pulsed mode, the evolution in surface
morphology as shown in Fig. 1-{gis similar to those under wpiolar pulsed moddadowever, the
MAO coating produced by using the-folar pulsed mode was found to improve the coating quality
compared with the uspolar current mode, in terms of surface morphology where the pore size was
reduced significantly and the surface became smoother, wiigtt mfluence the corrosion behavior.
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Figure 2. Crosssectional composition of the coatings on LZ91 Mg alloy determined by EPMA.

Distribution of main chemical elements across MAO coatorg®C 450, UP 450 and BP 450
are investigated using ElectromoBe Xray Micro-analyzer (EPMA) methodcPMA analysis results
are shown in Fig. 2. During MAO treatment, the ®gpns are derived at the anedkectrolyte
interface and the dissociation of ions such &s $i0;"and PQ* ions in the bath might be
incorporated into the oxide coating during miaoc oxidation. Therefore, the MgO, MgRVIg,SiOq4
and Mg(PQOy), are the main chemical compounds that exist in the MAO coatir§1Bdt can also be
found that Si and P elements mainly distribute at the outesnregithin the coating, while F prefers to
distribute at the inner region. The element distribution result that the Si content is higher in the outer
region than that in the inner one and F content in the inner region is higher than that in the outer region
Is in good agreement with a previous work [32]. The fact that enrichment of F nears to the
coating/substrate interface suggests the formation ofMgfing the initial stages of MAO process.

3.2.Corrosion Properties of the Coatings

MAQO coatings containunavoidable micro-pores, which might deteriorate the corrosion
resistance of thecoatings. Barik investigated thecorrosion property ofMAO coatings, and
demonstrated that unsealBtRO coatinglet penetration of theorrosivemedium through thenicro-
pores in the coatingd3]. In addition, he results fromliteratures concerning theorrosion protection
effect of MAO coaing on magnesium alloyshowedthatthe corrosion resistance of MAO coatings
wasnot directly related to the coating thickne88-B5]. In order toexaminethe corrosionbehavior of
the coatingsthe potentiodynamic polarization tested salt spray testsere carried out.The Tafel
extrapolation of polarization curges widely used for the evaluation of the corrosion of magnesium
alloys, because it is simple and fash this study polarizationcurves of the bare and coated LZ91
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plates in 3.5 wt.% NaCl solution are illustrated in gThe electrochemicaValues ofthe corrosion
potential Ecorr), the corrosion current density.4;) and anodic/cathodic Tafel slopds and b
extracted from the polarization curves are listed in Table
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Figure 3. Potentiodynamic polarization curves of bare LZ91 and the MAO coated LZ91 samples in 3.5
wt.% NaCl solution.

Table 2. Results of potentioghamic polarization tests of bare LZ91 and the MAO coated LZ91 Mg
alloy in 3.5 wt.% NacCl solution.

Ecorr Icorr ba bc

Sample (V vs SCE) (Alcm?) (V/decade) (V/decade)
Substrate -1.75 371 x 1% 0.036 -0.159
DC 400 -1.58 1.51 x 16° 0.222 -0.096
DC 450 -1.64 1.03 x 16° 0.225 -0.088
DC 500 -1.67 2.15 x 16° 0.111 -0.117
UP 400 -1.58 1.01 x 167 0.373 -0.089
UP 450 -1.53 3.45 x 10’ 0.378 -0.071
UP 500 -1.54 7.58 x 10’ 0.122 -0.134
BP 400 -1.48 1.41 x 107 0.310 -0.111
BP 450 -1.46 5.04 x 16° 0.387 -0.069

BP 500 -1.47 3.80 x 16/ 0.323 -0.075
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The results shown in TabBdemonstrate that the bare LZ91 has a lolgst and highesicor,
indicating that it has a highest corrosion rate. Compared to the bare LZ91, alchbt€d samples
exhibted a lower corrosion current density and a higher corrosion potential. It indicates that MAO
coatings significantly improve the corrosion resistance of the LZ91 alloy.

DC 400 DC 450 DC 500

Figure 4. Opticalimages of theMAO coated LZ91plate prepared und&C power male after 60 h
SST.

The ranking for the.or values obtained in the potentiodynamic polarization tests for various
MAO coatings was LZ91 uncoated < MAO coated samples prepared under DC < MAO coated
samples prepared under palar pulsed power < MAO coatesamples prepared undergular pulsed
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power. In particular, theample BP 450iad the lowest corrosion current density, which is about three
orders of magnitude lower than that of the substrate, indicating this coating had best corrosion
resistance amantested MAO coatings.

UP 400 UP 450 UP 500
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Figure 5. Optical images of thtMAO coated LZ91 plate founi-polar pulsed electrical souredter 60
h SST.
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Figure 6. Optical images of th#1AO coatedLZ91 plateprepared unddbi-polar pulsedower mode
after 60 h SST.



