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Abstract: Al

2

O

3

/cerium oxide composite films were prepared on the surface of aluminum by an anodic oxidation and chemical 

conversion method. The aluminum was firstly anodized in sulfuric acid, and then the anodized aluminum was treated with the 

Ce(NO

3

)

3

 solution. The effect of different concentrations of 1H-Benzotriazole (BTA) on the corrosion resistance of Al

2

O

3

/cerium 

oxide composite films was investigated. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron 

microscope (SEM) with energy dispersive spectrometer (EDS), and electrochemical workstation were used to characterize the 

properties of the composite films. The results show that the deposition effect of cerium ions is optimal in 0.5 g/L BTA. At the same 

time, the surface uniformity and smoothness of the composite films are both enhanced. And the corrosion resistance of the composite 

film is strengthened. 
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On account of the advantages of their relatively low density, 

strong weldability, easy processing, and good mechanical 

strength, etc, aluminum and its alloys are widely used in 

various fields

[1-3]

. Due to the active chemical properties of 

aluminum, it will generate a thin layer quickly which has 

weak corrosion resistance and wear resistance when its fresh 

surface is exposed to the air. So this kind of oxide film cannot 

meet the needs of industry. Thus, the aluminum and aluminum 

alloys cannot be used unless their surfaces are treated. The 

traditional technique for surface treatment includes anodic 

oxidation, plasma spraying, wear corrosion-resistant coating 

technology, etc. The current researches and development of 

anodic oxidation are also relatively mature

[4]

. The anodic 

aluminum oxide film has universal applications in many 

advanced industry fields

[5]

 because of its outstanding 

mechanical properties, excellent corrosion resistance, good 

tribological properties, surface adsorption, and other 

advantages. However, the corrosion ions can be easily 

adsorbed on the anodic aluminum oxide film for the film’s 

porous structure, which would result in poor resistance 

corrosion. Therefore, it is necessary to seal the holes of the 

anodic oxidation film 

[6]

 aby steam sealing method, enclosed 

nickel salt, dichromate sealing method, etc

[7-9]

.  

With the awareness of environmental protection and health 

requirements, and the issued policies for the relevant 

environmental protection and energy saving, researchers 

gradually began to search for new, green and low energy 

sealing processes. At present, there are four major green 

closing processes: enclosed organic acids, enclosed rare earth 

salt, enclosed microwave hydration, and sol-gel method 

closure. The enclosed rare earth salt

[10,11]

 is the main focused 

research. According to the data reported 

[12, 13]

, the most widely 

used method of the rare earth salt sealing process for anodized 

film is a chemical impregnation method. In 2010, Li et al

[14]

 

modified the anodized aluminum by chemical impregnation 

method with Ce and Nd, and this research has obviously 

improved the resistance corrosion of Al

2

O

3

 films. 

In the corrosion of aluminum, inhibitors are usually added. 

BTA is a commonly used corrosion inhibitor

[15]

. Zhao et al

[16]

 

synthesized an inhibitor (BTA) with a structure of 

strawberry-shaped hollow microspheres and explored the 

corrosion resistance for copper. The test results show that the 
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corrosion resistance is very good. BTA also plays an important 

role in the corrosion protection for aluminum and aluminum 

alloys. If BTA was added into to a solution for preparing 

cerium conversion coatings, it could not only play a role of 

corrosion inhibitor of aluminum, but also be complexed with 

cerium ions. So BTA can effectively improve the micro- 

structure of cerium conversion coatings. 

In this experiment, BTA was added to the immersion liquid 

of cerium conversion coatings as an organic stabilizer. And 

this paper is intended to explain the effect of the addition 

contents of BTA on the corrosion resistance of Al

2

O

3

/rare 

earth oxide composite films. 

1  Experiment 

1.1  Materials 

The substrate used in this research was 1060 aluminum 

(nominal composition (wt%): Al>99.6, Fe<0.35, Mn<0.03, 

Mg<0.03, Si<0.25, Zn<0.05, Ti<0.03, Cu<0.05), whose size 

was 50 mm×15 mm×1 mm. The surfaces of aluminum 

samples were ultrasonically cleaned by ethanol, and then the 

samples were ultrasonically cleaned in mixed alkali containing 

5 g/L sodium citrate, 1 g/L sodium silicate, 8 g/L sodium 

hydroxide, and 40 g/L trisodium phosphate anhydrous. Lastly 

the panels should be washed by a mixed acid containing 100 

g/L sulfuric acid and 50 g/L phosphoric acid. After each step, 

the samples needed to be rinsed in distilled water and dried in 

air. 

1.2  Preparation of composite films 

The samples were anodized in a 49 g/L sulfuric acid 

electrolyte for 1 h using WYK-30010 DC power supply 

(Yangzhou Huatai Company). The current density was 1 

A/dm

2

, and the graphite (50 mm×40 mm×5 mm) was used as 

the cathode. After anodizing, the panels were cleaned in 

distilled water and dried in air. 

Cerium conversion coatings were prepared by a chemical 

impregnation method on the surface of anodic oxide films 

under the water bath conditions at 50 

o

C for 30 min. Different 

densities of BTA were added into the immersion liquid 

containing 2 g/L Ce(NO

3

)

3

·6H

2

O and 20 mL/L H

2

O

2

. BTA 

contents were 0, 0.25, 0.50, 1.00, 1.50 g/L. 

1.3  Evaluation of composite films 

The microstructure of composite films was analyzed by 

using SU-70 scanning electron microscope which was 

produced by Hitachi High-Technologies Corporation. X-ray 

diffraction (XRD, D/max-TTR III) was used to characterize 

the crystalline structure of Al

2

O

3

/cerium oxide composite 

films. Element distribution was acquired by scanning electron 

microscope (SEM) with energy dispersive spectrometer 

(EDS)-Mapping. And X-ray photoelectron spectroscopy (XPS) 

was used to obtain the element content and valence. 

The corrosion behavior of the composite films was 

evaluated using a commercial model CHI760E electro- 

chemical workstation in a three electrode cell, where the 

sample was used as the working electrode, and a platinum 

sheet and saturated calomel electrode (SCE) were the counter 

and the reference electrodes, respectively. A sample area of 1 

cm

2

 was exposed to NaCl solution. The test frequency of 

electrochemical impedance spectroscopy (EIS) ranged from 

105 Hz down to 10

-2

 Hz, and the scanning voltage was 10 mV. 

The EIS spectra of the composite films were fitted using 

ZSimpWin software. The potentiodynamic polarization curves 

were recorded on independent specimens starting from the 

corrosion potential. The scanning rate of the polarization 

curves was 1 mV/s, and the scanning voltage was ±0.5 V. All 

the tests were performed in 3.5 wt% NaCl solution at room 

temperature. 

2  Results and Discussion 

2.1  Crystalline structure of composite films 

Fig.1 shows the XRD pattern of Al

2

O

3

/cerium oxide 

composite films under 50 

o

C water bath conditions for 30 min 

in the electrolyte which contains 2 g/L Ce(NO

3

)

3

·6H

2

O, 20 

mL/L H

2

O

2

, 0.5 g/L BTA. We can see in Fig. 1 that there are 

two peaks of Al

2

O

3

 around 65° and 78°. The miller indexes are 

(040) and (313), respectively. In the figure, there are only 

diffraction peaks of Al

2

O

3

, and the intensity of peaks is strong. 

The cerium oxide peak at 22°~27° in the pattern indicates a 

amorphous phase structure of the cerium conversion coating. 

2.2  Microstructure of composite films 

The surface of the matrix without any pretreatment was 

silver white. After anodizing the aluminum, the surface was a 

layer of transparent and dense oxide film. When the cerium 

conversion coating was obtained, the color would turn into 

yellowish. 

The stabilizer addition could effectively control the depo- 

sition rate of cerium ions and prevent the accumulation of 

cerium oxide. A uniform deposited composite film would be 

obtained. Fig.2 shows the microstructures of Al

2

O

3

/cerium 

oxide composite films which are immersed in a solution 

containing 2 g/L Ce(NO

3

)

3

·6H

2

O, 20 mL/L H

2

O

2

 and different 

contents of BTA (0.25, 0.5, 1 and 1.5 g/L) at 50 

o

C for 30 min.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  XRD pattern of Al

2

O

3

/cerium oxide composite films acquired 

from the electrolyte with 0.5 g/L BTA 
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Fig.2  Microstructures of Al

2

O

3

/cerium oxide composite films acquired from the electrolyte with different concentrations of BTA: (a) 0.25 g/L, 

(b) 0.5 g/L, (c) 1.0 g/L, (d) 1.5 g/L, and (e) 0 g/L 

 

As shown in Fig. 2a, when the content of BTA is 0.25 g/L, the 

cerium conversion particles are tight and nonuniform, which 

leads to accumulation of particles. Less stabilizer in the sealed 

hole solution results in a quicker deposition rate compared to 

that of other cerium oxides. However, the microstructure of 

Al

2

O

3

/cerium oxide composite films immersed in a solution 

containing 0.5 g/L BTA (Fig.2b) is smooth and the hole 

sealing effect is better.  

In addition, the size of the cerium conversion particles is 

about 15 nm. The surface of the film failed to cover 

completely when the contents of BTA reached 1 and 1.5 g/L 

(Fig.2c and 2d), due to the fact that the obstructed deposition 

of cerium oxide let the cerium particles become less 

depositional and sparse. As BTA, an aluminum corrosion 

inhibitor, is absorbed by the surface of the Al

2

O

3

 porous layer, 

the higher the content of BTA in the immersion solution, the 

stronger the complex effects of BTA and cerium ions, which 

will also seriously hinder the deposition reaction of cerium 

ions. 

The sectional view of Al

2

O

3

/cerium oxide composite films 

under 50 

o

C water bath conditions for 30 min in the electrolyte 

containing 2 g/L Ce(NO

3

)

3

·6H

2

O, 20 mL/L H

2

O

2

 and 0.5 g/L 

BTA is shown in Fig.3. The thickness of the cerium 

conversion coating is 2.5 µm, the section is neat and the gap 

between the Al

2

O

3

 film and cerium oxide film is very small. 

What’s more, there is no crack or shedding phenomenon in the 

section. Thus, the composite films has good plasticity and 

adhesion.  

2.3  Component analysis of composite films 

XPS spectra of composite films obtained from the solution  

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Sectional view of Al

2

O

3

/cerium oxide composite films acquired 

from the electrolyte with 0.5 g/L BTA 

 

containing 2 g/L Ce(NO

3

)

3

·6H

2

O, 20 mL/L H

2

O

2

, 0.5 g/L BTA 

at 50 

o

C for 30 min are shown in Fig.4. Fig.4a is the binding 

situation of all elements in the composite films, while Fig.4b 

and Fig.4c show the valence of O and Ce, respectively. It can 

be seen that the composite films contain O, Al and Ce. And 

their bonding orbitals are O 1s, Al 2s, Ce 3d

3/2

, Ce 3d

5/2

. The 

valence of Al is +3 and it exists in the form of Al

2

O

3

, while Ce 

exists in two forms, CeO

2

 and Ce

2

O

3

. Fig.4c illustrates that the 

presence status of Ce is mainly CeO

2

, because the peak of 

Ce

2

O

3

 only appears near 885 eV and its intensity is weak, 

which apparently demonstrates that the composite films only 

contain few Ce

2

O

3

. According to the study by Valdez et al

[17]

, 

the deposition mechanism of Ce conversion coating is as 

follows: 

OH

− 

will

 

be

 

produced

 

after

 

adding

 

H

2

O

2

 

to

 

the

 

solution:  

H

2

O

2

(aq)+2e

−

↔2OH

−

(aq)                         (1) 

a 

b 

c 

d 

e 
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Fig.4  XPS spectra of Al

2

O

3

/cerium oxide composite films acquired from the electrolyte with 0.5 g/L BTA 

 

After OH

-

 is generated, it will react with Ce

3+

. Therefore, 

the composite films will have Ce

2

O

3

. The reaction process is 

as follows:  

Ce

3+

(aq)+3OH

−

(aq)→Ce(OH)

3

(s)→1/2Ce

2

O

3

·3H

2

O    (2) 

Simultaneously, Ce

3+

 can be oxidized to Ce

4+

 under the role 

of H

2

O

2

. This is why the CeO

2

 is contained in the composite 

films:  

2Ce

3+

(aq)+H

2

O

2

(aq)+2OH

-

(aq)↔2Ce(OH)

2

2+

(aq)      (3) 

Ce(OH)

2

2+

(aq)+2OH

-

(aq)→CeO

2

·H

2

O(s)+H

2

O        (4) 

Ce(OH)

2

2+

(aq)+2OH

-

(aq)→CeO

2

+2H

2

O             (5) 

Because of the oxidation of H

2

O

2

, most of the Ce

3+

 is 

oxidized to Ce

4+

 in electrolyte, and Ce mainly exists in the 

form of CeO

2

 in Al

2

O

3

/cerium oxide composite films. 

Fig.5 shows the partial element distribution of Al

2

O

3

/ cerium 

oxide composite films when the concentration of BTA is 0.5 g/L. 

The distribution of each element on the surface of Al

2

O

3

/cerium 

oxide composite films could be gained according to these 

spectra. With the largest content, Al is also distributed uniformly 

in the black side of the composites films because the anodic 

oxidation film is a base film. With a large proportion in the 

composite film, Ce is the main component of the outer layer 

structure of the composite films. Moreover, Ce also has an even 

distribution without agglomeration phenomena. C and N appear 

in the composite films, which show that they are involved in the 

forming process. The composite films are formed by Al

2

O

3

 and 

cerium oxide, so the most abundant element is Ce. And this 

result can be proved in Fig. 5f. It is clear that the films are rich 

in Ce, which is uniformly distributed. 

2.4  Corrosion resistance of composite films 

Fig.6 is EIS results of Al

2

O

3

/cerium oxide composite films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  SEM image (a) and EDS element distribution of Al (b), C (c), Ce (d), N (e), and O (f) of Al

2

O

3

/cerium oxide composite films acquired 

from the electrolyte with 0.5 g/L BTA 
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Fig.6  EIS plots of Al

2

O

3

/cerium oxide composite films with different concentration of BTA in 0.1 mol/L NaCl solution: (a) Nyquist, (b) Bode 

phase diagram, and (c) Bode mode diagram 

 

in 0.1 mol/L NaCl solution acquired from the electrolyte 

containing 2 g/L Ce(NO

3

)

3

·6H

2

O, 20 mL/L H

2

O

2

 and different 

concentrations of BTA (0, 0.25, 0.5, 1.0, 1.5 g/L) under 50 

o

C 

for 30 min. The upper left corner is a partial enlarged view of 

the high frequency region in Fig.6a. Fig.6b and Fig.6c are the 

Bode phase diagram and the Bode mode diagram, 

respectively. 

It is clear that the capacitive arc radius of composite films 

obtained from the solution containing 0.5 g/L BTA is much 

larger than that of others. Therefore, under this condition, the 

corrosion resistance of Al

2

O

3

/cerium oxide composite films is 

effectively improved. However, with the increasing 

concentration of BTA, the capacitive arc radius of the 

composite films decreases, which illustrates a declined 

corrosion resistance of composite films. Nyquist curves show 

that when the solution containing 1 g/L BTA or 1.5 g/L BTA, 

the corrosion resistance of composite films is worse than that 

of the composite films acquired from the solution without 

BTA. In the Nyquist curve, the order of the capacitive arc 

radius is 0.5 g/L>0.25 g/L >0 g/L >1 g/L >1.5 g/L. This rule 

reflects the corrosion resistance changes of composite films. 

Thus, adding an appropriate amount of BTA can effectively 

improve the resistance corrosion of composite films.  

Fig.6b shows that there is a time constant which is related 

to the response of Al

2

O

3

/cerium oxide composite films at 

10

3

~10

4

 Hz. In Fig. 6c, with the increasing concentration of 

BTA, the impedance values show a trend of first increasing 

and then decreasing at a low frequency (about 10

2

 Hz). In 

addition, by adding 0.5 g/L BTA to the solution, the 

impedance values of composite films increase by four orders 

of magnitude compared with that in other concentrations. It 

also illustrates that the optimum concentration of BTA is 0.5 

g/L, which can effectively enhance the corrosion resistance of 

the composite films and attain an excellent protective effect on 

matrix. 

Using the equivalent circuit module, the EIS was simulated 

and the results are shown in Fig.7 according to the shape of  

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Equivalent circuits used for numerical simulation of the EIS 

plots: (a) equivalent circuits of 0, 0.25, 1.0, 1.5 g/L BTA;   

(b) equivalent circuits of 0.5 g/L BTA 

 

Nyquist curves. It is shown that if different concentrations of 

BTA are added, the corrosion mechanism is also different. 

Fig.7a is the equivalent circuits with different concentrations 

of BTA, and these concentrations are 0, 0.25, 1.0, 1.5 g/L. In 

Fig.7b, the equivalent circuit of the 0.5 g/L BTA, where R

s

 

represents the resistance of solution; R

c

 represents the 

resistance of cerium oxide film; R

int

 represents the resistance 

of interface; R

o

 represents the resistance of Al

2

O

3

 film; CPE

c

 

(Q

c

), Q

int

, CPE

o

 represent the capacitor of the cerium oxide 

film, interface, Al

2

O

3

 layer, respectively. The conclusion could 

be drawn that when the concentration of BTA is 0.5 g/L, the 

protective effect of the composite film on the substrate is 

strong, and the corrosive ions could not penetrate into the 

cerium oxide film. Therefore, under other BTA concentration 

conditions, the corrosive ions pass through the cerium oxide 

film, and begin to corrode the porous Al

2

O

3

 film. 

Fig.8 shows the potentiodynamic polarization curves 

recorded on Al

2

O

3

/cerium oxide composite films which are 

acquired from the electrolyte with different concentrations of 

BTA (0, 0.25, 0.5, 1.0, 1.5 g/L) in 0.1 mol/L NaCl solution. 

The corrosion current density (i

corr

) and corrosion potential 

(E

corr

) are summarized in Table 1. 
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Fig.8  Potentiodynamic polarization curves of Al

2

O

3

/cerium oxide 

composite films acquired from the electrolyte with different 

concentrations of BTA 

 

Table 1  Corrosion current density (i

corr

) and corrosion potential 

(E

corr

) obtained from potentiodynamic polarization 

curves in Fig.8 

BTA/g·L

-1 

0 0.25 0.5 1.0 1.5 

−E

corr

/V 0.458 0.610 0.174 0.747 0.713 

i

corr

/µA·cm

-2

 1.106 1.454 0.245 10.20 18.62 

 

The test results of the potentiodynamic polarization curves 

show that under the condition of BTA addition, with the 

increasing contents of BTA, the resistance corrosion of 

Al

2

O

3

/cerium oxide composite films is first increased and then 

decreased. The rank of resistance corrosion of composite films 

from strong to weak is: 0.5 g/L>0.25 g/L>1 g/L>1.5 g/L. The 

results of the comparison between the solution containing and 

without BTA can be concluded that adding suitable BTA can 

effectively enhance the corrosion resistance of Al

2

O

3

/cerium 

oxide composite films. In Table 1, when adding 0.5 g/L BTA 

into the solution, the corrosion resistance is significantly better 

than that in the case without BTA. The corrosion current 

density is reduced by an order of magnitude, and the corrosion 

potential also has a greater degree of positive shift. While 

when adding too much BTA, for example 1 g/L or 1.5 g/L, the 

corrosion current density increases by an order of magnitude, 

and the corrosion potential shifts negatively. The corrosion 

resistance of the composite films is even worse than that in the 

case without adding BTA.  

According to the microstructure of the composite films with 

corrosion resistance, it can be learnt that the adding of 

appropriate BTA can effectively improve the corrosion 

resistance of the films. BTA is adsorbed on the surface of the 

Al

2

O

3

 porous layer as an aluminum corrosion inhibitor, and it 

can be complexed with the cerium ions. With the adsorption 

and complexation, BTA can effectively control the deposition 

of cerium ions. When BTA is 0.5 g/L, the deposition effect of 

cerium ions is the best. Also, the surface uniformity and 

smoothness of the composite films are both enhanced. And 

there is no crack, which can decrease the channels for the 

corrosion ions to invade the matrix. So the corrosion 

resistance of the composite films is greatly improved. 

However, when the concentration of BTA is too high (1.0, 1.5 

g/L), the adsorption and complexation of BTA are both too 

strong, which will seriously impedes the deposition of cerium 

ions, so the cerium conversion coatings can not completely 

cover the Al

2

O

3

 film. Part of the Al

2

O

3

 film is exposed to the 

air, which provides the accesses for the corrosion ions to etch 

the substrate. Therefore, the resistance corrosion of composite 

films at this time is even worse than that in the case without 

BTA. If the added BTA is too little, the adsorption and 

complexation are not effective enough to control the deposition 

of cerium ions. So the microstructure and corrosion resistance 

of Al

2

O

3

/cerium oxide composite films will not get a good 

improvement, and their properties are quite comparable with 

those of the films gained from the solution without BTA. 

3  Conclusions 

1) Adding BTA can effectively improve the surface 

microstructure of Al

2

O

3

/cerium oxide composite films, reduce 

the surface crack and make the films become more uniform 

and smoother.  

2) The optimal concentration of BTA is 0.5 g/L, and the 

corrosion current density of Al

2

O

3

/cerium oxide composite 

film is 0.245 µA/cm

2

, and the corrosion potential is −0.174 V. 

Compared with no adding of BTA, the corrosion current 

density decreases by one order of magnitude, and the 

corrosion potential shifts positively by 0.284 V. At the same 

time, the corrosion resistance of Al

2

O

3

/cerium oxide 

composite films is effectively enhanced. 
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