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Abstract: In a basic solution containing 10 g/L NaOH, the thickness, morphology and corrosion resistance of anodic coatings formed 
in solutions without and with additions of Na2SiO3, Na2CO3, Na2B4O7 and Na2SnO3 were separately determined and evaluated. The 
results show that the electrolytes used above take part in the coating formation and the obtained anodic coatings contain elements 
from the electrolytes. These electrolytes, especially Na2SiO3 and Na2B4O7, contribute to the film thickness. The coating uniformity 
obtained by addition of Na2SiO3 is the best, while Na2CO3, Na2B4O7 and Na2SnO3 decrease the number of pores per area on the 
coatings surface though they worsen the uniformity of the anodic coatings. In addition, the anodic coatings formed in solutions with 
addition of Na2CO3 or Na2SnO3 exhibit loose and net-like structure. Na2SiO3 and Na2B4O7 can significantly improve the corrosion 
resistance of the anodic coatings while Na2CO3 and Na2SnO3 have minor effects on improving the coating corrosion resistance. 
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1 Introduction 

 
Because of the lightest density among the practical 

metallic materials and high specific strength, magnesium 
and its alloy offer various possibilities as regards 
applications in the automotive, electronic and 
aeronautical industries[1−2]. However, their poor 
corrosion and wear resistance restrict their practical 
applications. Surface treatment methods, such as 
electrochemical plating[3], conversion coatings[4], 
anodizing[5] and organic coatings[6], are applied to 
improve their properties in these areas prior to service. 
Micro arc oxidation is an effective method to improve 
the corrosion resistance of magnesium alloy and the 
properties of anodic coatings are mainly decided by the 
compositions and concentrations of the electrolytes[5]. 
According to the pH value of bath solutions, the 
anodizing process can be sorted into the acid and basic 
baths. The most favorable acid and basic solutions are 

separately DOW 17 and HAE. However, they contain 
harmful electrolytes such as chromate, phosphate and/or 
fluoride[7−8]. At present, developing environmentally 
friendly anodizing processes for magnesium alloy has 
received much interest and some processes have been 
successfully developed in the basic baths[9−10]. 

In this work, in a base solution containing 10 g/L 
NaOH, the effects of oxysalt such as Na2SiO3, Na2CO3, 
Na2B4O7 and Na2SnO3 on the thickness, morphologies 
and corrosion resistance of anodic coatings formed on 
AZ91HP magnesium alloy were separately determined 
and evaluated by an eddy current instrument, scanning 
electron microscope (SEM) and salt spray test. 
 
 
2 Experimental 

 
An ingot of AZ91HP magnesium alloy was 

employed and its chemical compositions were as follows 
(mass fraction, %): Al 8.93, Zn 0.47, Mn 0.22, Si 0.03, 
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Cu 0.002, Ni 0.001, Fe 0.001, Mg balance. 

The samples for anodization were masked with 
sealant leaving an area of 5 cm×6 cm exposed. A hole 
with 3 mm in diameter was drilled to connect with a 
copper rod, which was further connected with the anode. 
These samples were placed in a desiccator after they 
were polished successively on SiC paper up to 1000 grit 
finish, degreased by acetone, washed with distilled water 
and dried in a cool air stream. The samples were 
anodized by homemade micro-arc oxidation equipment, 
which consists of a MAOI−050 power supply, a stainless 
steel barrel and a stirring and cooling system that 
automatically controls the electrolyte temperature at 
(20±0.5) ℃. The power supply can provide unipolar 
pulse or bipolar pulses and electric parameters, such as 
current density, frequency and duty cycle, can be 
adjusted independently to obtain excellent anodic 
coatings. In this experiment, unipolar current was used 
under constant current mode. The same electric 
parameters, namely, current density 40 mA/cm2, 
frequency 2 000 Hz, duty cycle 20% and anodizing time 
3 min, were used for different processes. The base 
solution was 10g/L NaOH and Na2SiO3, Na2CO3, 
Na2B4O7 and Na2SnO3 were separately added in order to 
investigate their effects on the coating properties. The 
compositions and concentrations of different anodizing 
processes are list in Table 1. 
 
Table 1 Compositions and concentrations of anodizing 
electrolytes 

Process No. Composition of electrolytes 

1 10 g/L NaOH 

2 10 g/L NaOH, 18 g/L Na2SiO3 

3 10 g/L NaOH, 15 g/L Na2CO3 

4 10 g/L NaOH, 12 g/L Na2B4O7 

5 10 g/L NaOH, 15 g/L Na2SnO3 

 
The morphologies of anodized samples obtained 

were observed after they were rinsed with distilled water 
and then dried in a cool air stream before coating with 
gold. The coating thickness was measured by a 
6000−FN1 eddy current instrument (Made in Hong 
Kong), which was calibrated with the same base metal. 
The measurements were carried out 10 times and the 
readings were averaged to yield the coating thickness 
value. The corrosion resistance of the anodized samples 
was evaluated after 120 h salt spray test in 5% (mass 
fraction) NaCl solution. 
 
3 Results and discussion 
 
3.1 Voltage—time responses of five processes 

Fig.1 shows the curves of voltage vs time of the five 

anodizing processes. 
According to Fig.1, in the original anodizing stage, 

the working voltage increases fast in all processes. With 
prolonging anodizing, voltage increases with a small 
slope especially for process 1 and 3. After anodizing for 
3 min, the final voltage for processes 1, 2, 3, 4, 5 are 
separately 155, 338, 196, 324 and 225 V. Therefore, 
Na2SiO3, Na2CO3, Na2B4O7 and Na2SnO3 additions to 
the base solution resulted in higher final voltage, 
especially for Na2SiO3 and Na2B4O7. The final voltage is 
an important electric parameter and it is connected with 
the coating properties such as porous size, thickness and 
corrosion resistance of the anodic coatings[11−12]. In the 
solutions with additions of Na2SiO3 and Na2B4O7, the 
sample can be anodized to higher final voltage, which is 
generally helpful to achieve excellent anodic coatings. 
 

 
Fig.1 Curves voltage vs time by different anodizing processes 
 
3.2 Coating thickness 

The thickness of anodic coatings formed by 
different anodizing processes is shown in Fig.2. 
 

 
Fig.2 Coating thickness formed by different anodizing 
processes 
 

The anodization in sodium hydroxide (Process 1), 
with no other additional electrolyte, produces a coating 
with thickness of 2 mm. After addition of Na2SiO3, 
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Na2CO3, Na2B4O7 and Na2SnO3 to the base solution, the 
anodic coatings are thickened more or less. It is obvious 
that only some electrolytes, such as Na2SiO3 and 
Na2B4O7, contribute to the layers with significant 
thickness, which is in agreement with the results 
obtained by BARTON et al[13]. Other electrolytes, such 
as Na2CO3 and Na2SnO3, can not thicken the anodic 
coatings significantly. 
 
3.3 Appearance and surface morphologies of anodized 

samples 
The appearance of anodized samples by different 

processes is first observed with bare eyes after they are 
rinsed with water and dried in a cool air stream. The 
result of a visual examination of anodized samples is 
listed in Table 2. It is obvious that the certain electrolytes, 
such as Na2SiO3 and Na2SnO3, contribute to the film 
color. 

The surface morphologies of the anodic coatings 
obtained by different processes are shown in Fig.3. No 
coating forms on the magnesium surface by Process 1 
(Fig.3(a)). Scratches on the sample surface can be clearly 
seen. The result is contrary with the thickness of 2 µm by 

Table 2 Visual characteristics of anodized samples 

Process No. Composition of electrolytes Color 

1 10 g/L NaOH No coating

2 10 g/L NaOH, 18 g/L Na2SiO3 Gray 

3 10 g/L NaOH, 15 g/L Na2CO3 White 

4 10 g/L NaOH, 12 g/L Na2B4O7 White 

5 10 g/L NaOH, 15 g/L Na2SnO3 Dark 

 
eddy current method, which may result from the 
precision errors. It is worthy to note that on the sample 
surface anodized by Process 1, some areas are very 
rough and many small pits appear probably resulting 
from spark breakdown[14]. Na2SiO3 addition results in 
porous and uniform anodic coatings, generally 0.6−3.0 
µm in diameter and 1.8−3.2 µm from each other 
(Fig.3(b)). However, after additions of Na2CO3 and 
Na2SnO3, especially for Na2SnO3, the coatings become 
net-like and loose (Fig.3(c) and 3(e)). The coating 
achieved with Na2B4O7 addition is compact and the 
distance between the neighbor pores is very large,  
about 2−6 µm (Fig.3(d)). Compared with Na2SiO3,  

 

 

Fig.3 Surface morphologies of AZ91HP

anodized by different processes:

(a) Process 1; (b) Process 2; (c) Process

3; (d) Process 4; (e) Process 5 
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Na2CO3, Na2B4O7 and Na2SnO3 decrease the number of 
pores per area on the coatings surface though they 
worsen the uniformity of anodic coatings. 

EDX analysis show that the coating contains Mg, Al, 
O and other elements from the electrolytes, which 
indicates that the added electrolytes take part in the 
coating formation. 
 
3.4 Corrosion resistance of anodized samples by 

different processes 
After 120 h salt spray test, the corrosion resistance 

of anodized samples were evaluated and the sequence is 
as follows: Process 2＞Process 4＞Process 3＞Process 5
＞Process 1. About 20% and 80% of sample surfaces by 
Process 2 and Process 5 is separately eroded. 

The properties of anodic coating on magnesium 
depend on many factors, such as electrolyte[15], electric 
parameters[16] and substrate[17]. The electrolyte plays a 
main role in determining the coating properties, such as 
voltage—time responses, coating thickness, sample color, 
surface morphology and corrosion resistance. The 
corrosion resistance of anodic coatings depends on a lot 
of factors such as the coating composition, coating 
thickness, porous number and size (namely porosity). 
The results show that the corrosion of anodized samples 
could be classified into three stages[11, 18]. In the first 
stage, the water and electrolyte penetrates into the oxide 
film through the pores in outer porous layer, reaching the 
interface between the inner barrier and outer porous layer. 
In the second stage, it is suggested that MgO is converted 
to the lower density Mg(OH)2 film. In the third stage, 
small pores or microcracks in the barrier layer form and 
corrosion initiates. Therefore, the corrosion resistance of 
the anodized samples is mainly decided by coating 
thickness and porosity and it is improved with the 
coating thickening and decrease of coating porosity. The 
anodic coating obtained by addition of Na2SiO3 is 
uniform and the thickest, which can impede the corrosive 
ions such as chloride ions penetrating into the coating 
and therefore the best corrosion resistance is achieved. 
On the contrary, the coating by addition of Na2SnO3 is 
loose and the thinnest and its corrosion resistance is the 
worst. 
 
4 Conclusions 
 

1) Under the same electric parameters, the additions 
of Na2SiO3, Na2CO3, Na2B4O7 and Na2SnO3 into the base 
solution result in higher final voltage, especially for 
Na2SiO3 and Na2B4O7. 

2) Na2SiO3 and Na2B4O7 can significantly thicken 
the anodic coatings. 

3) The uniformity of anodic coatings obtained by 
addition of Na2SiO3 and Na2B4O7 is separately the best 

and the worst, while the coatings by Na2B4O7 and 
Na2SnO3 are separately the best compact and the loosest. 

4) The effect order of electrolytes on corrosion 
resistance of anodized samples is ranked as Na2SiO3＞

Na2B4O7＞Na2CO3＞Na2SnO3. 
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