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 Oxide coating will be formed on the specimen of AZ91D magnesium alloy using 

micro-arc oxidation coating. The specimens were anodized in solution containing 

gadolinium nitrate Gd(NO3)
3
 in concentration of 0.10 g/l at fixed applied voltage of 

500V and treatment time for 1.63 min. The specimens were immersed in the 15 ml of 

simulated body fluid (SBF) solution at 37.4 oC for different immersion periods 24 h, 
120 h, 216 h and 312 h respectively. The surface morphology and microstructure were 

investigated by optical microscope (OM), scanning electron microscopy (SEM) and X-

Ray diffraction (XRD). Results revealed that the larger extent of corrosion with more 
cracks, fractures, holes and pits are occurring when the time of immersion increase. 
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INTRODUCTION 

 

Magnesium and its alloys have many favorable properties such as lightest metal, higher specific strength 

and lower price. More importantly, the elastic modulus (41-45 GPa) is much closer to that (3-20 GPa) of the 

natural human bone, which enables to avoid the ‘‘stress shield’’ effect when implanted into the human bodies as 

bone replacement or temporary fixing materials (Wang et al. 2009). This intriguing characteristic makes 

magnesium the most potential biodegradable implants for biomedical applications (Wang et al. 2009). The 

biodegradable implants can gradually be dissolved, absorbed, consumed or excreted after the bone tissue 

healing. A substantial amount of magnesium is taken into the human body daily and is beneficial for bone 

strength and growth. These properties make it valuable in a number of applications including biomedical 

industries. However, a major drawback of magnesium as a potential bone implant material is their poor 

corrosion resistance which may result in the sudden failure of the implants where they tend to corrode quickly 

before the natural healing process is complete (Song et al. 2008). Hence, many surface treatment techniques 

have been carried out to decrease degradation rate for biomedical application (Habibovic et al. 2002; Laleh et al. 

2011; Redepenning et al. 1996). 

The micro-arc oxidation is one of the new surface treatment method used to form an oxide coating on 

magnesium alloys in a suitable electrolyte with a high anodic applied voltage (400-600V) (Salih Durdu et al. 

2011; Allen Bai et al. 2009). MAO is also called micro-plasma oxidation or anodic spark deposition, and has 

become a hotspot of international research. During the MAO process, plasma environment is generated by spark 

discharge at a high applied voltage giving rise to a series of plasma thermochemical interactions between the 

substrate and the electrolyte (Allen Bai et al. 2009). As applied voltage is raised to a high voltage discharge 

zone, an oxide coating is directly formed on the surface of magnesium alloy with a high instant temperature in 

the micro-arc zone. These micro-arc zone interactions result in the formation of dense and hard oxide coating. 

This oxide coating can remarkably enhance the surface properties of the magnesium substrate, such as wear 

resistance, hardness, corrosion resistance and adhesion strength compared with the traditional anodizing 

treatments (Lichen Zhao et al. 2010). It should be noted that the protective coating on the magnesium substrate 

for biomedical applications must be non-toxic, and aim to improve biocompatibility of the implants (Staigera et 

al. 2006). The MAO electrolyte should not have any toxic chemical components like chromate, fluoride, etc. 

(Yabuki et al, 2009). 

Recently, there are many researches regarding on magnesium alloys containing gadolinium and additional 

rare earth elements (REE) (Horta et al. 2010). These research have shown that Gadolinium can be used to adjust 
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mechanical properties with a wide range of alloy compositions and heat treatment due to its large solubility of 

23.49 wt.% at the eutectic temperature and the formation of intermetallic phases like Mg5Gd (Nayeb et al. 

1998). Although many authors stated that gadolinium is highly toxic, the acute toxicity is only moderate. Test 

regarding the cytotoxicity of Gadolinium in osteoblast like cells showed that it could be a suitable element 

which to design Mg-Gd based implant materials for medical applications. Besides, Gadolinium based contrast 

agents are widely used as the contrast medium in magnetic resonance imaging. In this research, biological 

response of magnesium alloy which have been coated with gadolinium using micro arc oxidation coating is 

measured by biocompatility test. 

 

MATERIALS AND METHOD 
 

Materials: 

Die cast AZ91D magnesium alloy was cut into square shape samples with cross section of 10 mm x 10 mm 

and a thickness of 10 mm by a jig saw machine (BOSCH, China). The chemical composition of the sample is 

shown in Table 1. 

 
Table 1: Chemical composition on AZ91D 

Al Zn Mn Be Si Cu Fe Ni Mg 

9.03 0.73 0.205 0.0010 0.00183 0.0010 0.0012 0.0003 Balance 

 

The samples were mounted using a mixture of epoxy resin and hardener. Then the mounted samples were 

grinded by using FH-700 Grinding Machine before samples were polished with SiC sand paper up to 1000# grit 

to obtain mirror finish and uniform surface prior to formation of micro arc oxidation coating. 

 

Micro-Arc Oxidation  process: 

The based electrolyte of alkaline silicate was prepared from the solution of Lanthanum Nitrate 

Hexahydrate,   La (NO3)
3
 and Magnesium Nitrate Hexahydrate, Mg (NO3)

3
 in distilled water with an addition of 

0.10 g/l of Gadolium Nitrate, Gd (NO3)
3
. The samples were used as the working electrode, while stainless steel 

plates were used as counter electrode in the electrolytic bath. To obtain oxide coatings with optimum 

microstructure, anti corrosion properties and biological performance, MAO was conducted at a fixed applied 

voltage 500 V for 1.63min. 

 

Biocompatibility and Corrosion Test: 

The 1cm
2 

sample with the area 1cm
2
 exposed to the 15 ml SBF  (Wang et al. 2009) which was prepared by 

dissolving reagent-grade chemicals of NaCl, NaHCO3, KCl, K2HPO4. 3H2O, MgCl2. 6H2O, CaCl2, NaSO4 and 

(HOCH2)
3
CNH2. The corrosion behavior of microarc oxidation treated specimen were evaluated by immersion 

in SBF solution at 37.4
o
C. Each sample was soaked in SBF for different immersion periods, 24 h, 120 h, 216 h 

and 312 h respectively. The changes in the surface morphology were observed under scanning electron 

microscope after the specimens were removed from the SBF, rinsed with the distilled water, and dried in 

dessicator for 24 h.  

 

Specimen Characterization: 

Optical microscope (OM), scanning electron microscope (SEM) and X-Ray diffraction are utilized to 

investigate the morphology and corrosion behavior of the coating film. 

 

RESULTS AND DISCUSSIONS 
 

Morphology of coatings: effect of gadolinium solution: 

Optical Microscope (OM) was used to examine the surface morphology of the samples. Surface 

morphologies of specimens for untreated and with gadolinium treated at 0.10 g/l concentration were shown in 

Figure 1. It is very obvious that the treated Mg alloy is characterized by micropores of different size and is 

coarser than the untreated Mg alloy. Figure 1(a) is formed of two main phases, α phase, magnesium rich and the 

β-phase, aluminum rich (Mg17Al12).  In the cast condition, the microstructure consists of primary α grain with 

the grain boundaries decorated by large β-phase particles. Conversely, Figure 1(b) shows that the surface has a 

smooth structure. The 0.10 g/l of gadolinium coatings produced fine grain and good homogeneous structure.  
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Fig. 1: OM images of surface morphology of specimens for (a) untreated and (b) with gadolinium treated at 

0.10 g/l concentration  

 

As shown in Figure 2, coating was obtained on AZ91d magnesium alloys by micro-arc oxidation (MAO) 

coating and it reveals that the MAO. coating on the AZ91D had a larger number of micro-pores and some 

micro-cracks on the surface. The micro-pores were formed because of the molten oxide and gas bubbles that 

throwing out in the MAO coating growth process. And the micro-cracks appeared because of the thermal stress 

from the molten oxide fast solidified in the relatively cooling electrolyte (Duan et al. 2006) 

 

 
 

Fig. 2: SEM image of MAO coating on AZ91D surface   
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X-ray diffraction (XRD) analyses were employed to further investigate the changes in the composition of 

the oxide film formed in the alkaline electrolyte with the additive Gd(NO3)
3
. The XRD pattern, as shown in 

curve of Figure 3 indicates that the oxide coating produced in the alkaline Mg(NO3)
2
  and La(NO3)

3
 electrolyte 

consists mainly of MgO, with a little of spinnel of Mg. It shows that MgO was the main crystalline structure in 

the pattern and increasing of MgO will form a homogeneous oxide coating on AZ91D alloy. These results 

indicated that magnesium ions from the substrate had been intensely involved in the micro-arc discharge 

reaction and had been incorporated into the oxide coating during the deposition.  

 
Fig. 3: Effect of gadolinium sol with concentration 0.10 g/l on phase composition microarc oxidation coating 

formed on AZ91D alloy 

 

Corrosion in SBF solution of coated Mg alloy: 

The corrosion behavior of coated magnesium alloys specimens were evaluated by immersion test in SBF. 

Almost no hydrogen evaluation is found on the sample of Bare Mg as shown in Figure 4(a) while some 

hydrogen bubbles are observed on microarc oxidation treated Mg alloy as shown in Figure 4(b), at the innitial 

immersion of 24 h in SBF solution, which indicates that microarc oxidation coatings effectively enable to retard 

the hydrogen gas evaluation, thus improve the corrosion resistance.  

 

       
Fig. 4: Hydrogen evolution phemomena on the immersed samples of (a) bare magnesium and (b) microarc 

oxidation treated Mg alloy at the innitial immersion of 24h in SBF solution 

 

Surface micrographs in SBF solution of coating: 

Figure 5 shows the optical micrograph images of AZ91D magnesium alloy for an untreated and a coated 

specimen with 1.0 g/l of gadolinium after immersing in SBF based solutions for 312 hours. It can be seen 

clearly that large corroded area is formed on the whole surface of the untreated specimen as shown in Figure 

5(a). However, the specimen treated with 0.10 g/l of gadolinium treatment solutions after 312h has a less 

(b

) 
(a) 

Bubbles 
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corroded area as shown in Figure 5(b). As expected, the corrosion resistance of sample treated with 0.10 g/l 

Gd(NO3)3 has increased significantly. It can be concluded that the coating gives better corrosion resistance.  

     
Fig. 5: Optical micrograph images of AZ91D magnesium alloy for an untreated (a) and a coated specimen with 

1.0 g/l of gadolinium (b) after immersing in SBF based solutions for 312 hours.  

 

In order to investigate the corroded surfaces after the electrochemical corrosion test, the optical surface 

micrograph shown in Figure 5 were produced for the MAO coated specimens after immersion in the SBF for 

different durations. The micrograph show the differences in the extent of corrosion damages of coated AZ91D 

alloy produced at 24 h, 120 h, 216 h and  312 h of SBF immersion time. Larger extent of corrosion with more 

cracks, fractures, holes and pits are occur when the time of immersion increase. As it can be observed from 

Figure 6(a), at time 24 h, the surface of the coated sample is full with small cracks. As the corrosion proceeds, 

cracks, fracture and pits gradually appear and enlarges with different sizes and depth in the MAO coatings. After  

312 h, a deep large pit is formed in the sample as shown in Figure 6(d). This indicates that the MAO is an 

effective coating technique which enhances the corrosiom resistance for AZ91D alloy. 

 

          

         
Fig. 6: SEM images of microarc oxidation treated Mg alloy after immersion tests in SBF solution for different 

time period; a) 24 h, b) 120h and c) 216h and d) 312h  
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Conclusions: 

The microarc oxidation coating on AZ91D magnesium alloy was obtained by pulsed DC power source in 

alkaline silicate electrolyte.  It reveals that a small amount of Gd(NO3)3 is introduced into the as-deposited 

coating mainly composed of Mg and MgO by the addition of 0.10 g/l of gadolinium based alkaline silicate 

electrolic bath. The microarc oxidation coating specimen indicates a better corrosion resistance compared with 

bare Mg, which is possibly attributed to the increasing amorphous  components  caused by Gadolinium 

involvement. Increasing SBF immersing time slowing down the biodegradation rate on coated Mg alloy. 
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