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Abstract—Magnesium is used implant material potentially for 

non-toxicity to the human body. Due to the excellent 
bio-compatibility, Mg alloys is applied to implants avoiding removal 
second surgery. However, it is found commercial magnesium alloys 
including aluminum has low corrosion resistance, resulting 
subcutaneous gas bubbles and consequently the approach as 
permanent bio-materials. Generally, Aluminum is known to pollution 
substance, and it raises toxicity to nervous system. Therefore 
especially Mg-35Zn-3Ca alloy is prepared for new biodegradable 
materials in this study. And the pulsed power is used in 
constant-current mode of DC power kinds of anodization. Based on 
the aforementioned study, it examines corrosion resistance and 
biocompatibility by effect of current and frequency variation. The 
surface properties and thickness were compared using scanning 
electronic microscopy. Corrosion resistance was assessed via 
potentiodynamic polarization and the effect of oxide layer on the body 
was assessed cell viability. Anodized Mg-35Zn-3Ca alloy has good 
biocompatibility in vitro by current and frequency variation. 

 
Keywords—Biodegradable material, Mg, anodization, osteoblast 

cell, pulse power. 
 

I. INTRODUCTION 
INCE the magnesium is the lightest material available 
metals and excellent specific strength in commercially can 

obtain a required strength by using a smaller amount than 
conventional materials [1]. Magnesium has even been 
suggested for use as an implant metal due to its low weight and 
inherent biocompatibility [2]. Mg is essential to human 
metabolism and is toxic-free. Therefore, it is possible to 
develop a kind of biodegradable magnesium implant, since 
gradual release of magnesium ion into the human body is 
acceptable [3]. Commercially available metals, such as AZ91D, 
AZ31B, WE43 and LAE442 are examined as a degradable Mg 
material, but the toxicity of aluminum [4] and operation failures 
due to the formation of hydrogen bubbles during Mg 
degradation into the body have been reported. A study on the 
control of the corrosion rate and the improvement of 
mechanical strength will be required before magnesium can be 
used as a biomaterial.  
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Based on the aforementioned study, this study examined the 
corrosion resistance and biocompatibility of Mg-35Zn-3Ca 
alloy to use it as a degradable implant material. Surface 
treatment is another method to improve the corrosion resistance 
of Mg alloys. Many protective surface treatments of 
magnesium alloys, including chemical conversion coating, 
anodizing, plating and metal coating [5] have been widely 
studied for improving the corrosion resistance of Mg alloys. 
Micro-arc oxidation, also call plasma electrolytic, anodic spark 
deposition or micro-arc discharge oxidizing is a relatively to 
form ceramic coatings on valve metals in a suitable electrolyte 
by increasing the voltage to a high stage, usually accompanied 
by discharge phenomenon and intensive gas evolution [6-9]. 
Especially plasma anodization is possible with a direct current 
(DC) or uni/bipolar mode. A pulse current is mainly used in 
Russia, while in USA; the spark anodization technology is used 
by applying an alternating current, which can produce a 
ceramic film with compact and solid adhesion [10]. Therefore, 
the micro-arc oxidation by frequency and current density 
variation is applied on new magnesium alloys (Mg-35Zn-3Ca 
alloy) with the aim of providing protection against corrosion in 
this study. Also it is valued physical properties and in vitro test 
on the surface of oxide film for biodegradable magnesium 
implant.  

 
II.  MATERIALS AND METHODS 

A. Prepared Material 
A Mg-Ca master alloy and Mg-35Zn-3Ca alloy were 

prepared in this study. For master alloy preparation, Mg 
(99.93%, Sincere East Co., China) and Ca (99.50%, Junsei 
Chemical Co., Ltd, Japan) quantities were charged into a 
Vacuum Arc Remelting Furnace (Ace Vacuum Co., Korea). 
And it was performed under a current and voltage of 300 A, 12 
V while injecting argon gas. Zn was charged into the lower part 
of melting pot, and Mg was charged into the middle and upper 
parts of the melting pot. The liquid mixture was poured into an 
alumina mold to prepare the Mg-35Zn-3Ca alloy. To observe 
the surface morphology of the casting alloy and to assess the 
corrosion resistance, a Mg bar with 16 mm in diameter was cut 
into pieces, 2 mm in thickness, prior to surface treatment. The 
sectioned plane was sequentially ground using SiC sand paper 
from # 600 to # 2000.  

 
B. Surface Treatment 
For plasma anodization, a platinum plate and sample were 

connected to the cathode and anode of DC power supply 
(Kwangduk FA, Korea), respectively using unipolar pulse 
power. A preliminary test was conducted in an electrolytic 
solution consisting of 2.0 M sodium hydroxide (NaOH), 0.1 M 
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sodium phosphate (Na3PO4) and 0.1 M sodium silicate 
(Na2SiO3) by regulating the 100~300 mA/cm2 current density 
and frequency, as shown in Table I. The start voltage of the 
pulse was set to 5 V, and the duty cycle of the unipolar pulse 
power was fixed at 50%, followed by anodization for 3 minute.  

 
C. Analysis of Morphology 
The morphological microstructure of the sample surface and 

cross section for film thickness was observed by SEM 
(JSM-6400, JEOL, Japan). The surface roughness was 
measured 5 times using a roughness detector (Surftest 
SV-3000, Mitutoyo, Japan) to obtain the mean value. After 
calculating the centerline average roughness (Ra) and 
maximum height roughness (Ry), the sample group with the 
densest microstructure of the anodized oxide layer and the most 
homogenous surface morphology was selected, and then used 
for biological tests. 

 
TABLE I 

VARIATION OF THE TREATMENT CONDITION 
Gr

oup 
Current 
(mA/cm2) 

Frequency 
(Hz) 

Time 
(min) 

A 100 50 

3 

B 100 160 

C 200 50 

D 200 160 

E 300 50 

F 300 160 
 
 D. Corrosion Test   
To examine the corrosion of the anodized oxide layer, 

potentiodynamic polarization was conducted using 
Potentiostatic / Galvanosatic 2273 (AMETEK, USA) to 
measure the corrosion potential and current density. A 
Ag/AgCl electrode, platinum electrode, and the sample were 
connected to the reference electrode, counter electrode and 
working electrode, respectively. 0.185 g/l calcium chloride 
dihydrate, 0.09767 g/l magnesium sulfate and 0.350 g/l sodium 
hydrogen carbonate were added to Hanks Balanced Salt 
Solution (H2387, Sigma Chemical Co, USA) to prepare the 
simulated body fluid used as an electrolytic solution. The test 
was carried out at a scanning rate of 3 mV·s-1 and room 
temperature. Table III lists the composition of the SBF.  

 
TABLE II 

REAGENT COMPOSITION OF HANK’S SOLUTION 

 
 

E. In vitro Test 
Marrow cells (MC3T3) collected from cranium of 

neogenesis mice. Samples of size 10×10×2mm3 were cut and 
immersed in 1mL (1% antibiotic and 10% FBS(Fetal Bovine 
Serum) including α-MEM(Gibco Co, USA) )during 2 days for 
soaking out. 1% antibiotic and 10% FBS (Fetal Bovine Serum) 
were chose for culture medium. According to ISO 
10993-5:1999[11], extraction was carried out in an extraction 
medium with a ratio of α-MEM medium: sample weight 
percent = 9:1 under the condition of a humidified atmosphere 
with 5% CO2 at 37℃ for 72 hours. Α-MEM medium was used 
as the negative control, whereas α-MEM medium containing 
10% dimethyl sulfoxide (DMSO, Duksan pure chemical Co., 
Ltd. Korea) was used as the positive control. The prepared 1mL 
culture solution containing of extracted sample were placed on 
medium cell amount of 5×104cells/well. And then it grows cells 
during 2 days in 5% CO2 incubator. Incubation was carried out 
at 37℃ in an atmosphere containing 5 vol. % CO2. 

The fixing fluids were used by 3% Formaldehyde, 0.2% 
Glutaraldehyde and PBS, and 0.3% Crystalviolet was used for 
staining. The cells were fixed and stained prior to morphological 
analysis by stereoscopic microscope (Leica microsystem DE/EZ 4). 

 
III. RESULTS AND DISCUSSION 

Fig. 1 presents SEM images obtained from anodization 
under a range of conditions for 3 min. A current of 100~300 
mA/cm2 and two frequencies of 50 Hz and 166 Hz were used 
for testing to obtain the optimal anodized oxide layer. As shown 
in Fig. 1(a, b), an anodized oxide layer was locally formed on 
the surface when a current of 100 mA/cm2 was applied. On the 
other hand, a rougher and more heterogeneous oxide layer was 
observed when a current of 200mA/cm2 was applied, as shown 
in Fig. 1(c, d). Fig. 1(c) shows the results where 50 Hz of pulse 
was applied. Meanwhile, partly oxide layer was formed when a 
pulse of 166 Hz was applied 200mA/cm2 as shown in Fig.1 (d). 
In Fig. 1(e, f), where a current of 300 mA/cm2 was applied, a 
thick and heterogeneous oxide layer was formed over the entire 
surface. In Fig. 1(e) where a pulse of 50 Hz was applied, 
homogenized pores with a pore size of approximately 20~60 
μm were observed. In Fig. 1(f), where a pulse of 166 Hz was 
applied, the oxide layer with a rough surface was formed and 
overgrown. In a previous study, when the same electrolytic 
solution used in this study was applied to an AZ91D alloy, the 
anodized layer with the most homogenous porosity was formed 
under the following conditions: a current density of 300 
mA/cm2 , 125 Hz, and 3 minute treatment [12]. 

 Nevertheless, a current density of 100-300 mA/cm2 and 
frequency of 50 Hz and 166 Hz were applied again as the 
composition of the alloy used was different. As a result of 
anodization, the most appropriate oxide layer was obtained in 
Mg-35Zn-3Ca under a current density of 300 mA/cm2 and a 
frequency of 50 Hz (Fig. 1(e)). In the cases of the groups treated 
with a current density of 100mA/cm2, it was difficult to obtain 
the formation of a complete oxide layer within the treatment 
time regardless of the frequency applied.  

Fig. 2 shows a cross section SEM image of the samples 
shown in Fig. 1. The increase in frequency and pulse current 

Components Value (g/L) 

Potassium Chloride 
Potassium Phosphate Monobasic [anhydrous] 
Sodium Chloride 
Sodium Phosphate Dibasic[anhydrous] 
D-Glucose 
Phenol red Na 

0.4 
0.06 
8.0 
0.04788 
1.0 
0.011 
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enabled the acquisition of a regular and compact film compared 
with the sample group having an irregular cross section when 
DC was used. The film thickness formed at 100~200 mA/cm2 

(Fig. 2(a~d)), ranged from 8 -20 μm, but the film thickness 
formed over 200 mA/cm2 (Fig. 2(e,f)) was 35 μm, suggesting a 
thicker film forms at higher current  and frequency. In the cross 
sectional analysis result, the separation between the substrate 
and the film was barely observable as the frequency was 
increased. This is beneficial to the strength of the formed film 
and to the binding force with the substrate.  

Fig. 3 and Table III shows the surface roughness of the six 
groups treated with various currents and frequencies. Ra was 
shown to increase with increasing current but there was no 
difference in roughness due to the change in frequency. On the 
other hand, in Fig. 3(E), where 300 mA/cm2 and 50 Hz were 
applied, Ra was 1.185±0.232 μm, which was the lowest among 
formed complete oxide film (Fig. 3(C~F)), where the entire 
surface was covered with the oxide layer, which also had low 
Ry as 8.767±1.278 μm. When a current density of 300mA/cm2 
and a frequency 50 Hz were applied, the lowest Ra and Ry were 
obtained in the oxide layer. Therefore, the oxide layer is likely 
to be maintained stably under the aforementioned condition. 
The excessive formation of oxide layers builds a double layer 
on top of the layer already formed, and is detached easily due to 
cracks and overgrowth as the spark increases [13]. 

 
Fig. 1 Surface morphology of Mg-35Zn-3Ca alloy after anodization, 

applied (a) current 100 mA/cm2, frequency 50 Hz ,(b) current 100 
mA/cm2, frequency 166 Hz, (c) current 200 mA/cm2, frequency 50 Hz, 
(d) current 200 mA/cm2, frequency 166 Hz, (e) current 300 mA/cm2, 

frequency 50 Hz, (f) current 300 mA/cm2, frequency 166 Hz. 
 

Fig.4 shows the result of potentiodynamic polarization for 
corrosion assessment. The potential voltage is -1.53 V in the 
untreated Mg alloy (Fig.4 (a)) and highest potential voltage 
-0.806 V in the anodized group by high current (Fig.4 (g)). The 
corrosion voltage increases, which resulted in an improvement 
of the corrosion resistance after surface treatment. When 
potentiodynamic polarization was conducted of treated 300 
mA/cm2 (Fig.4(f and g)), both groups have similar potential 
voltage value but current density of treated 300 mA/cm2, 
frequency 166 Hz (Fig.4(g)) has lower than Fig.4(f). For good 
corrosion resistance, the result should be low current density 
and high potential voltage, generally. The surface corrosion 
resistance of Mg and Mg alloy can particularly achieve the 
maximum effect through anodization [14]. MC3T3-E1 cells 
(2.5 x 104 cells ml-1) was stained with 0.3% crystal violet, and 
observed by optical microscopy in Fig.5. MC3T3-E1 cells are 
osteoblast cells isolated from the skulls of neonatal rats. They 
initially look like fibroblasts, and show high activity after 
long-term culture. In addition, they differentiate into osteoblast 
and bone cells, and cause calcification of the bone matrix [15].  
Compared to the negative group (Fig.5 (h)), the cell bioactivity 
was similar or higher in formed complete oxide film (Fig. 
5(e~g)), but the cell viability show low in uncompleted groups 
as (Fig. 5(a~d)). Uncompleted oxide surface make it local and 
pitting corrosion, caused by degradable property of Mg alloy by 
nature.  

Fig. 2 film thickness of Mg-35Zn-3Ca alloy after anodization (a) 
current 100 mA/cm2, frequency 50 Hz ,(b) current 100 mA/cm2, 
frequency 166 Hz, (c) current 200 mA/cm2, frequency 50 Hz, (d) 
current 200 mA/cm2, frequency 166 Hz, (e) current 300 mA/cm2, 

frequency 50 Hz, (f) current 300 mA/cm2, frequency 166 Hz. 
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