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Abstract: Present paper deals with investigation of the mechanism of TiO2 nanotubes growth on titanium surface during anodization 
process. The samples were made of Ti-6Al-4V alloy. They were grinded, etched with 0,5 wt. % HF acid and anodized. The anodization was 
done in electrolyte containing 0,5 wt. % HF acid using DC power supply with graphite electrode as cathode. The samples were investigated 
by SEM, EDAX and XRD analysis. The results show that after 5h anodization the regions with nano-roughness as well as the regions with 
nanotubes with average internal diameter 102nm exist on the surface of the Ti-6Al-4V alloy sample. The field-enhanced oxidation and field-
enhanced dissolution are the main processes for TiO2 nanotubes formation during anodization. The surface micro-roughness influences on 
the processes running rate in different micro-regions determining origination of the titanium nanotubes on different stage and by different 
mechanism as well.  
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1. Introduction 

Titanium and titanium alloys are the main materials currently 
used for production of implants [1,2]. The pure titanium has a 
biological inert surface, which make it biocompatible. It possesses 
excellent mechanical properties and very good osseointegration. 
Good corrosion resistance of titanium depends upon the formation 
of a solid oxide layer (TiO2) to a depth of 10 nm. Geometry, 
roughness and other characteristics of the implant surface also 
importantly influence the surface–tissue interaction. The design of 
implants could be discussed in four aspects: macro-design, mini-
design, micro-design and nano-design. The last two aspects, 
referring to the surface roughness at micro-level and to the 
molecular organization of the implant surface at nano-level, are of 
big importance. Implant surface can be modified by different 
methods [1,3]: mechanical methods of removal of surface material 
by cutting, abrasive action (grinding and polishing) and blasting by 
particles; chemical methods of solvent cleaning, wet chemical 
etching and passivation treatments; electrochemical methods of 
surface electropolishing and anodic oxidation or anodizing. 

Microroughness by sandblasting and nanostructures by 
subsequent alkali and heat treatment have been created on the 
surface of the Ti-6Al-4V samples [4]. It was shown that the addition 
of nano-polymorphic features (comprising of tuft-like, plate-like, 
and nodular structures smaller than 100 nm) to the micro-roughened 
surface significantly increased the implant fixation, the area of peri-
implant bone formation, and the percentage of bone-implant contact 
at the early and late healing stages. The hierarchical hybrid 
micro/nano-textured surfaces have been produced by acid etching 
and anodization [5]. The addition of nanotubes to the 
microstructured surface enhances multiple osteoblast behaviors, 
resulting in better in vivo osseointegration. The presence of a 
vertically aligned TiO2 nanotube surface on Ti foils had a critical 
effect that improved the proliferation and mineralization of 
osteoblasts [6]. The cell response depends on the nanotubes’ 
diameter, thus on small-diameter nanotubes, increased cell adhesion 
and growth with minimal differentiation is prevalent, while on 
larger-diameter nanotubes, mesenchymal stem cells are forced to 
differentiate specifically into osteoblast cells [7]. It was established 
that 70 nm diameter is the optimum size for TiO2 nanotubes 

implants to obtain favorable osteoconductivity and osseointegration 
[8]. Furthermore, TiO2 nanotubes can control cell fate and 
interfacial osteogenesis by altering their nanoscale dimension. 

The TiO2 nanotubes surface can mimic the dimensions of the 
components of natural bone, because natural bone is composed of 
nanophase hydroxyapatite (Hap) in the collagen matrix [8,9]. It is 
well established that the anatase phase TiO2 is much more efficient 
in nucleation and growth of Hap than the rutile phase TiO2 because 
of the better lattice match with Hap phase. The tendency in surface 
treatments is to produce surfaces completely covered with anatase 
phase TiO2 which enhances the osteointegrative characteristics of 
the titanium [6-8].  

TiO2 nanotubes can be prepared by various techniques: sol-gel 
method, electrochemical deposition and anodization [6,10]. 
Anodization is preferred to the rest two processes because it 
provides strongly adherent TiO2 layer. Moreover the process itself is 
a rapid, simple and inexpensive ensuring large array of titania 
nanotubes [11]. For bio-medical applications, the adhesion and 
mechanical integrity of the TiO2 layer are essential. That is why it is 
important to understand the mechanism of its formation. The 
formation process of the nanotubes on the smooth surface of 
titanium foils (99,5% pure) is explained very well [11,12]. The aim 
of the present paper is to investigate the growth mechanism of TiO2 
nanotubes on the surface with micro-roughness of samples made of 
Ti-6Al-4V alloy.  

 
2. Experimental methods 

Round samples with dimensions 24mm x 3mm (diameter x 
thickness) were made of Ti-6Al-4V alloy, delivered by Sandvik, 
Sweden, with chemical composition: Al-5,7%; Fe-0,13%; V-3,8%, 
O-0,089%; Ti-the rest (wt.%). The samples’ surface was grinded 
with sandpaper 300, 600 and 800. After grinding they were 
ultrasonically cleaned consecutively in acetone, ethanol and 
deionized water for 15 min in each media and dried with 
compressed air. On the next stage the samples were etched for 30 
min in 0.5 wt.% HF acid, immediately rinsed with deionized water 
and dried. They were anodized in an electrolyte containing 0.5 wt.% 
HF acid using a DC power supply with a graphite electrode as 
cathode. The voltage was constant - 30V, while the process duration 

 

Table 1: Varying of TiO2 nanotubes parameters depending on the anodization time. 

Anodization time, h 0.5 3 4 5 6 7 

Surface area covered with NT, % - Small spots 30-40 50-60 70-80 80-90 

NT average diameter, nm - 86 92 102 109 114 
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was variable (Table 1). Immediately after anodization the samples 
were rinsed several times with deionized water and dried with 
compressed air.  

The surface morphology was observed and EDAX analysis was 
made on high resolution field emission scanning electron 
microscope FEI Quanta 400 ESEM FEG (ESEM2). The phase 
composition was investigated by XRD analyzer Rigaku D/Max in 
Cu Kα irradiation.  

 
 
 

3. Results and analysis 

3.1. Results obtained 

Fig.1 shows the samples’ surface after grinding and etching. The 
grinded surface (Fig.1a) is relatively smooth with traces of abrasive 
paper. The micro-roughness appears on the samples’ surface after 
etching (Fig.1b and Fig.1c).  

The short time anodization of 30 min produced only nano-
roughness on the micro-roughened surface (Fig.2a). The first Nano-
Tubes (NT) with average internal diameter about 86 nm were 

Fig. 1 Surface of Ti-6Al-4V alloy samples after grinding – a) and etching – b) and c).  

Fig. 2 Surface of Ti-6Al-4V alloy samples after anodization with different duration: 30min - a); 3 hours - b) and 6 hours - c). 
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observed after 3h anodization (Fig.2b and Table 1). They were 
located in small spots scattered over the whole sample’s surface. 
The bigger part of the rest regions was characterized with nano-
roughness of higher depth, but the regions with lower roughness 
were also observed (Fig.2b-2). After 6h anodization 80% of the 
sample’s surface was already covered with NT (Fig.2c) with average 
internal diameter about 109 nm. The oxide layer with nano-
roughness and the beginning of tubular structure formation were 
observed in the rest regions (Fig.2c-2). After 7h anodization nearly 
90% of the sample’s surface was covered with NT. They were well 
shaped with average internal diameter of about 114nm (Fig.3a). 
EDAX analysis of the same region (Fig.3b) shows presence mainly 
of the elements Ti and O, which is evidence that NT are made of 
TiO2. Their structure is amorphous, because clearly pronounced 
peaks only of titanium can be seen on X-Ray difractograms after 
anodization of Ti-6Al-4V samples (Fig.4).  
 

3.2. Discussion  

Two are the main processes responsible for formation of TiO2 
NT during anodization: field-enhanced oxidation and field-enhanced 
dissolution [11,12]. The chemical dissolution of the titanium and 
titanium oxide in HF acid also takes part. According to G.K. Mor et 
al. [11] the mechanism of TiO2 NT formation consists of the 
following processes: a) formation of a thin oxide layer on the 
titanium surface; b) origination of small pits due to the localized 
oxide dissolution and their growing into pores with thin barrier layer 
on the bottom; c) growing of the pores in depth due to the field-
enhanced oxidation processes on the metal-oxide interface and field-
enhanced  dissolution processes on the oxide-solution interface; d) 
origination of the voids between the pores; e) simultaneously growth 
of the tubes and voids in equilibrium to forming a tubular structure. 
The proposed mechanism concerns to the formation of tubular 
structure in anodization of smooth surfaces.  

The etching before anodization produces micro-roughness on 
the samples’ surface (Fig.1b and Fig.1c). Therefore the particular 
micro-regions are situated at different angle towards the electrode 
surface which causes running of the field-enhanced oxidation and 
field-enhanced dissolution with different rate. Hence the formation 
of a thin oxide layer on the sample’s surface is embarrassed. As a 
result, in the zones with intensive dissolution of titanium, the 
regions with nano-roughness exist (Fig.2a-1 and Fig.2b-2). More 
over the titanium oxide can be etched at a high rate in HF solution 
even in the absence of an anodizing voltage [12]. That is why in 
these regions the TiO2 layer begins to form later, only after settling 
of equilibrium between the processes of dissolution and oxidation. 
In our experiments the oxide layer was observed after 5h-6h 
anodization (Fig.2c-2). The tubular structures are formed further by 
the above mentioned mechanism, where the nano-roughness 
facilitates the pores origination.  

In the rest regions, most probably, the oxidation process is 
dominant and as a consequence the first nano-scale nuclei of 
titanium oxide originate (Fig.5-1 and Fig.5-2). These, so called, 
“nano-seeds” with average diameter about 132 nm gradually cover 
the surface of the whole micro-region (Fig.5-3). The voids around 
them are observed on the picture with high magnification. The 
surface of some “nano-seeds” has already begun to dissolve due to 
the high solubility of titanium oxide in HF acid. The thinner bottom 
of the oxide nuclei provokes the easier penetration of oxygen ions 
and the subsequent oxidation of the metal surface on the metal-oxide 
interface [11]. The processes in the central part of the nuclei most 
probably run faster leading to transformation of the nuclei shape 
from “nano-seed” to “bowl-like” with clearly pronounced bottom 
and walls (Fig.5-4). The as originated nuclei grow into depth of the 
material due to the simultaneously running of the processes of 
oxides dissolution and metal oxidation. As a result well shaped 
tubular structures are formed in particular micro-regions on the 
earlier anodization stage (Fig.5-5).  

In anodization of micro-roughened surfaces the processes in 
different micro-regions run with different rate, determining 
originating of titanium NT on different stage and by different 
mechanism as well. In the regions, where the dissolution processes 
are dominant, TiO2 NT are formed on the later stage by the well-
established mechanism [11]. In contrast to it, however, the nano-
roughness forms at first, thus facilitating the pores originating in the 
oxide layer and their further development in tubular structure. In the 
regions with more intensive oxidation processes the TiO2 NT are 
formed earlier after originating of oxide nano-nuclei which then 
grow into depth of the metal due to the simultaneously running of 
oxidation and dissolution processes.  

Ti 

Fig.4 XRD spectra of Ti-6Al-4V samples after different 
treatments. 

Fig.3 TiO2 nanotubes on the surface of Ti-6Al-4V 
sample after 7 hours anodization – a) and EDAX 
analysis of the same region – b). 
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4. Conclusion  

The surface of the Ti-6Al-4V alloy samples were investigated 
after etching and anodization with different duration. The etching 
produces micro-roughness on the samples’ surface. Short time 
anodization of 30 min leads to forming of nano-roughness, while 
after 7h anodization about 90% of the samples’ surface is covered 
with TiO2 nanotubes. The first nanotubes originate in particular 
small spots scattered on the surface after 3h anodization. Increasing 
the process duration leads to increasing the surface area covered 
with nanotubes.  

The field-enhanced oxidation and field-enhanced dissolution are 
the main processes for formation of TiO2 nanotubes during 
anodization. The surface micro-roughness influences on the 
processes running rate in different micro-regions determining 
origination of the titanium nanotubes on different stage as well as by 
different mechanism.  

In the regions with dominant dissolution processes the TiO2 
nanotubes are formed on the later stage after formation of nano-
roughness, thin oxide layer and pores originated in it developing in 
tubular structure. In the regions with prevalent oxidation processes 
the TiO2 nanotubes are formed earlier after originating of oxide 
nano-nuclei which transform their shape from “nano-seed” to 
“bowl-like” with clearly pronounced bottom and walls, growing in 
tubular structures.  
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Fig.5 Growth stages of TiO2 nanotubes on the surface of Ti-6Al-4V alloy sample (anodization regime: 30V, 5h). 
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