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Abstract: Anodic oxidation was applied to prepare the nanostructured titanium surface with different roughnesses and 

hydrophilicities. The morphology was characterized by scanning electron microscopy (SEM). The surface roughness was tested by 

atomic force microscopy (AFM), and the hydrophilicity was assessed from the contact angle between the deionized water and 

sample surface at room temperature. The results show that surface morphologies change remarkably with applied voltage and 

oxidation time during anodic oxidation. Under optimized oxidation conditions, well-ordered nanotube arrays were fabricated on the 

Ti surface. Roughness values increase with increase of the oxidation time, ranging from several dozen to several hundred 

nanometers, while the influence of voltage on surface roughness is not obvious. The hydrophilicity increases initially with the 

increase of oxidation time, but then decrease. The variations of surface morphology, roughness and hydrophilicity are correlated to 

the reactions occurring during the anodic oxidation. 
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Titanium and its alloys are widely applied as implant 

materials in many medical fields including dentistry and 

orthopedics due to their excellent mechanical properties, 

high corrosion resistance and good biocompatibility  
[1,2]

. It 

was reported that these favorable properties resulted from 

the chemical stability and the structure of the titania (TiO2) 

film which grew spontaneously on the surfaces of Ti and its 

alloys upon exposure to air. However the TiO2 film is 

bioinert, which usually leads to the insufficient 

ossointegration 
[3, 4]

. Therefore, the surface modification of 

Ti and its alloys is required to enhance their bioactivity.  

A number of methods (e.g., sand blasting, acid etching, 

hydroxyapatite coating) have been employed to modify the 

Ti implant surfaces. However, a major disadvantage of 

these approaches is that they are either incapable of 

producing highly controllable surface structure, or prone to 

impose toxicity on the cells/tissues due to the harmful 

chemical residuals on the implant surface. Anodic oxidation 

is a low-cost, efficient, versatile technique to produce oxide 

coatings with highly controllable nanostructures. The 

anodic oxidized coatings usually have strong interfacial 

adhesion due to their direct in-situ growth on metal 

substrates, and the discharging-associated thermal effect 

also makes the coating rigid. During recent years, TiO2 

coatings with controllable nanostructures have been 

produced on Ti surface by anodic oxidation and proved to 

have good bioactivity 
[5]

. Therefore, the anodized TiO2 

coatings have great potential as bioimplant materials in 

clinic. 

The nanostructure of the oxidized TiO2 coatings has been 
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proved to play a critical role in improving the bioactivity. 

However, till now, the mechanism of the beneficial effect of 

nanostructures on bioactivity is not well understood, and 

there is still no consensus on the optimal nanostructures for 

the biomedical application 
[6]

. The bioactivity of 

biomaterials are known to strongly depend on their surface 

properties, especially surface roughness and hydrophilicity, 

which are two important factors regulating a number of 

biological events including protein adsorption, cell 

attachment and other aspects of cell behaviors including 

proliferation and differentiation
[7]

. Therefore, the 

investigation of the influence of surface nanostructures on 

the surface roughness and hydrophilicity will definitely 

help understanding how the surface nanostructures affect 

the bioactivity, thus, providing more insight into the design 

of the optimal surface on the implant surface. 

In the present paper, to conduct the systematic research on 

the relationship between roughness, hydrophilicity and the 

anode oxidation induced nanostructures, TiO2 coatings with 

different types of nanostructures were prepared by adjusting 

anode oxidation conditions (e.g. voltage and oxidation time), 

and the influence of nanostructures on surface roughness and 

hydrophilicity was also investigated. 

1 Experiment 

Commercially pure Ti plates with dimension of 10 mm×10 

mm×1 mm were mechanically polished by 1000# abrasive paper, 

and then ultrasonically cleaned successively in acetone, ethanol 

and deionized water. Anodic oxidation was carried out in 

potentiostatic mode at room temperature using a direct current 

(DC) voltage source (WYK-150, Yangzhou, China) in 1.0 mol/L 

NaF electrolyte. The Ti plate was used as anodic electrode, and 

rectangular graphite was used as cathode electrode. The distance 

between anodic and cathodic electrodes was about 40 mm. After 

anodic oxidation, all samples were ultrasonically cleaned with 

deionized water, and then air-dried. Samples without anodic 

oxidation were used as the control group.  

The surface morphologies of samples were observed using 

scanning electron microscope (SEM, HITACHI S-4800). The 

surface roughness was characterized by atomic force 

microscope (AFM, Agilent 5500). The hydrophilicity was 

assessed from the measurements of the contact angle 

between the deionized water and sample surface at room 

temperature. Drop volumes of 2 μL were chosen to avoid 

gravitation-induced shape alteration and to diminish the 

evaporation effects. The drop image was acquired using a 

digital camera (1280 × 960 pixels) attached to a microscope 

and processed by an image analysis software. 

Samples were prepared in quintuplicate for each group. 

Standard deviations were plotted as error bars for the data 

points on all figures. Statistical difference was determined by 

Students t-test. Difference with p < 0.05 was considered to be 

significant. 

2  Results 

2.1  Surface morphologies of anodized Ti 

Fig.1 shows surface morphologies of the Ti samples 

treated by anodic oxidation at 10 V for 10 min, 30 min, 1 h 

and 4 h. From these surface images, it can be seen, when Ti 

samples are anodic oxidized at 10 V for 10 min, nanopores 

and nanotube arrays with diameters of 20~30 nm are 

obtained on the surface (Fig.1a). The diameters of 

nanopores and the nanotube arrays increase with the 

increasing of oxidation time (Fig.1b). When the oxidation 

time is 1 h, only nanotubes with inner diameters of 40~50 

nm are formed, and uniformly distributed over the entire 

surface (Fig.1c). However, as the oxidation time is further 

prolonged to 4 h, the surface structure and the diameters of 

nanotubes remain unchanged (Fig.1d). 

Upon increasing the voltage from 10 V to 20 V, the 

surface morphologies of the Ti samples treated for different 

time are shown in Fig.2. It can be seen that after anodic 

oxidation for 10 and 30 min, only nanopores are obtained 

and uniformly distributed over the entire surface on Ti 

substrate (Fig.2a), which is different from the case at a 

voltage of 10 V where both nanopores and nanotubes are 

formed simultaneously (Fig.1a, Fig.1b). The diameters of 

nanopores also increase with the increase of oxidation time 

(Fig.2b), which is in good agreement with the results shown 

in Fig.1. When the Ti samples are treated for 1 h, some 

nanotubes and collapsed structure are observed on the Ti 

surfaces (Fig.2c). As the oxidation time is further prolonged 

to 4 h, mainly collapsed structure is distributed over the 

entire surface. In addition, the diameter of nanostructures of 

samples treated at 20 V is much larger than that treated at 

10 V (Fig.2d). 

 

 

 

 

 

 

 

 

 

Fig.1  Surface morphologies of the Ti samples treated by anodic oxidation at 10 V for 10 min (a), 30 min (b), 1 h (c), and 4 h (d) 

a b c d 
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Fig.2  Surface morphologies of Ti samples treated by anodic oxidation at 20 V for 10 min (a), 30 min (b), 1 h (c) , and 4 h (d) 

 

Fig.3 shows surface morphologies of the Ti samples 

treated at 30 V for different time. When the Ti samples are 

treated at 30 V for short time (10 and 30 min), nanopores 

are observed, and the size of nanopores treated for 30 min is 

much larger than that treated for 10 min (Fig.3a and 3b). 

When the oxidation time is increased to 1 h, nanotubes with 

some collapsed structure are observed (Fig.3c). And the 

nanotubes disappear from the surface of samples treated for 

4 h (Fig.3d). 

2.2  Surface roughness of anodized Ti 

Fig.4 shows the surface roughnesses of the Ti samples 

after anodic oxidation for different time. It can be seen that 

roughness values increase with the increase of oxidation 

time, ranging from several dozen to several hundred 

nanometers. When samples are initially oxidized, the 

surface roughness is increased quickly; however, as the 

oxidation time is further prolonged, the growth rate of 

roughness values is reduced. While the influence of voltage 

on the surface roughness is not obvious (results are not 

shown here). 

2.3  Surface hydrophilicity of anodized Ti 

The contact angles between the anodic-oxidized samples 

and deionized water are represented in Fig.5. From this 

figure, it can be see that the contact angle of water on the Ti 

surface without anodic oxidation is about 89.5°. After anodic 

oxidation for 5 min, the contact angle of water is increased, 

indicating that the sample surface is converted to a 

hydrophobic state. When the oxidation time is further 

prolonged to 30 min，the contact angle of water is decreased 

to less than 90°, meaning that sample surface is converted to 

a hydrophilic state again. This phenomenon was also seen in 

other studies 
[8]

. From then on, the contact angles of water  

 

 

 

 

 

 

 

 

 

 

Fig.3  Surface morphologies of the Ti samples treated by anodic oxidation at 30 V for 10 min (a), 30 min (b), 1 h (c), and 4 h (d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Surface roughnesses of Ti samples after anodic oxidation 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Water contact angles of Ti samples after anodic oxidation 
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Fig.6  Schematic diagram of the formation of nanostructures on 

Ti surface by anodic oxidation 

 

decrease with the increasing of oxidation time, and then 

remain stable when oxidation time is prolonged to a certain 

extent. Anodized under different voltages, the similar 

variation trend of hydrophilicity was observed, however, the 

statistical significance among different voltages was not 

obvious. 

3  Discussion 

The formation of nanotubular TiO2 coating during anodic 

oxidation could be described as follows: during the process 

of anodic oxidation, Ti reacts with oxygen (from H2O) to 

form an oxide layer, as shown in Fig.6a. Due to the 

formation of the oxide layer, the electric field intensity in 

the layer increases sharply, and then the consequent oxide 

growth occurs. However, as the system is under a constant 

voltage, the electric field within the oxide layer is 

progressively reduced by the increasing of oxide growth, so 

the oxidation process is self-limiting 
[9,10]

. The field strength 

would slack down the binding force of Ti-O bond, which 

makes the Ti
4+

 ions that have combined with O
2-

 combine 

with F
−
 ions (from the electrolyte), resulting in the 

formation of soluble fluoride complexes 
[11]

. This process is 

called field-assisted dissolution, and at this stage the oxide 

layer partially dissolved to form pits, as shown in Fig.6b. 

The above described dissolution will continue, and then it 

makes the pits into pores, as shown in Fig.6c. As the 

oxidation time is prolonged, pore size is expanded and 

deepened. The thickness of the oxide film is thicker at the 

wall than at the bottom; consequently, the electrical field 

intensity at the pore bottom is much higher than that at the 

wall. Therefore, TiO2 will be consumed at higher rate near 

the bottom of the pores, which results in further pore 

growth towards the vertical direction on the Ti substrate, 

and finally a tubular structure is yielded, as shown in 

Fig.6d. 

Many parameters can affect the nanostructures of TiO2 

coating during anodic oxidation process, such as voltage, 

current, oxidation time, and temperature of the solution. 

Among them, voltage and oxidation time are the two most 

important factors. In the present research, the two 

parameters have been investigated in detail. At low voltages 

of 10 V, electric current is small, and heat emission is low, 

so the influence of solution temperature on the Ti surface is 

not obvious. It was reported that the small current would 

lead to the growth of nanotubes with long length, and the 

low voltage and solution temperature are mainly attributed 

to the diameters 
[8,9,12]

. So, when voltage is low, the 

expanding effect of nanopores is weak initially, while the 

growth of nanotubes is dominant, so that nanotubes 

together with nanopores can be observed for 10 V in the 

early stage, but could hardly be observed at higher voltage 

(e.g. 20 and 30 V). However, as oxidation time is prolonged, 

the influence of expanding and deepening effects of 

nanopores are more and more obvious, resulting in the 

formation of only nanotubes. That is also the reason that the 

diameter of nanostructures treated for long time or at high 

voltages is much bigger than that treated at 10 V for short 

time. However, higher voltage could produce higher heat 

emission that increase the solution temperature, and the 

high solution temperature would damage the formation of 

nanotubes and lead to the collapse of nanostructures, that is 

why a lot of collapsed structure can be seen on the sample 

surface after anodic oxidation at 20 V (Fig.2). When the 

voltage or solution temperature is up to a certain extent, 

there would be only collapsed structure remaining on the 

surface, which accounts for the phenomenon occurring at 

30 V (Fig.3). 

According to Wenzel theoretical model 
[13]

, it can be seen, 

that if the surface is hydrophilic (θ < 90°), increasing of the 

surface roughness will decrease the surface contact angle, 

however, if the surface is hydrophobic (θ > 90°), increasing 

the surface roughness will increase the surface contact 

angle. In our work, the contact angle of original Ti surface 

is less than 90° (Fig.5); after anodic oxidation for 5 min, the 

hydrophilic surface is converted to be hydrophobic, 

however the prolongation of the oxidation time finally 

results in hydrophilicity again. Usually, the increasing of 

surface roughness will enhance the hydrophilicity. The 

inconsistency between surface roughness and hydrophilicity 

in initial period in our experiments (shown in Fig.4 and 

Fig.5) can be explained by surface energy 
[14]

. At the begin- 

ning of anodic oxidation, the F
−
 ions from electrolyte can 

react with TiO2 to generate fluorine compounds. Because 

the fluorine compounds have low surface energy 
[15]

, sample 

surface is detected to be hydrophobic. With the 

prolongation of oxidation time, the influence of F
−
 is 
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weaker due to consuming, and then the formation of 

hydroxyl groups (-OH) which have high surface energy 

determines the enhanced hydrophilicity of nanostructured 

surface 
[16]

. 

4  Conclusions 

1) Anodic oxidation can be applied to prepare different 

nanostructures on Ti surface, resulting in different surface 

roughnesses and hydrophilicities.  

2) Roughness values of the anodized Ti surface increase 

with the increase of oxidation time, ranging from several 

dozen to several hundred nanometers, while the influence 

of voltage on surface roughness is not obvious.  

3) The contact angle of water on the anodized Ti surface 

increases initially, then decreases, and finally remains 

stable with the prolonging of oxidation time. 
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阳极氧化处理对钛表面粗糙度和亲水性的影响 
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摘  要：通过阳极氧化处理技术在钛表面制备出具有不同粗糙度和亲水性的纳米表面。采用扫描电镜观察表面特征，原子力显微镜检测

表面粗糙度，接触角仪测量亲水性。实验结果表明，表面形貌随着氧化电压和时间的改变有较大变化。在优化的电解液和氧化条件下，

可以在钛表面制备规则排列的纳米管阵列。粗糙度随着氧化时间的延长而增大，在几十到几百纳米之间变化，而氧化电压对粗糙度的影

响不大。表面亲水性随着氧化时间的延长先增加再降低。钛表面结构形貌、粗糙度与亲水性的变化可用阳极氧化过程中表面发生的反应

进行解释。 

关键词：钛；阳极氧化；粗糙度；亲水性 
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