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Abstract: The vertically aligned highly ordered TiO2 nanotube arrays were fabricated by potentiostatic anodization of biologic Ti 
alloys(TLM) and pure Ti substrates, followed by annealing at 480 and 550 ℃ for 6 h. High-resolution scanning electron microscopy 
(SEM) was applied to characterize the original films. The phase of the film was characterized by XRD. The interfacial adhesion and 
bond strength between thin films coating and substrate were tested by scratch method. The results show that the films on the TLM 
alloy have high adhesion strength compared with them on pure Ti. 
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1 Introduction 

 
Titanium and titanium alloys, such as Ti6Al4V, or 

other new kind of biological titanium alloys (TLM, a 
β-type, with nominal composition of Ti-Zr-Mo-Nb) are 
widely applied for orthopedic and dental implantation 
because of their superior mechanical properties, low 
modulus, excellent corrosion resistance and good 
biocompatibility[1−3]. However, titanium and its alloys, 
being bioinert, cannot directly bond with bone. So 
surface treatments, such as hydroxyapatite coating, 
formation of anatase phase TiO2 or other physical 
treatments, have been used to further improve the 
bioactivity of Ti alloys[4−7]. Studies have demonstrated 
that bone tissue could form on the titanium surface with 
a very thin TiO2 oxide layer[2−3]. Recently, TiO2 
bioactive layer with nanostructures has been suggested as 
a potential alternative to HA coatings[8−10]. 

Titanium oxide nanotubes can be fabricated by 
hydrothermal reaction or anodization. JIN et al[11] have 
reported that the arrays of vertically aligned titanium 
oxide nanotubes on Ti implant surface can be useful for 
accelerated bone growth. The typical nanotube arrays 
consist of single tube possessing a uniform morphology  

with diameter of 100−150 nm and length up to 0.5−   
20 µm, and their physical and chemical properties can be 
controlled by changing the fabrication conditions. 
Another advantage of using this kind of TiO2 nanotube 
arrays as bioactive layer is that it can be fabricated 
directly on the Ti/ titanium alloys surface by 
cost-effective techniques. 

As we know that the stability and the durability are 
obviously necessary for all the implant tissues materials，
because of the long-term staying in vivo living body. On 
the view of the applications, the most important attribute 
of titanium and titanium alloys is good adhesion strength 
property for bioactive layer on its surface. Thus, it is 
significant to improve the adhesion strength of these 
implant materials and characterize the adhesion strength 
relationship between bioactive layer and implant 
materials. However, to our knowledge, a systematic 
investigation of the adhesion strength between 
self-assembled, vertically aligned nanotubes and Ti/ 
titanium alloys substrate has not yet been carried out. In 
this paper, the anodization process for fabrication the 
TiO2 nanotube arrays on the pure Ti and biological Ti 
alloy in an organic electrolyte solution were reported, the 
adhesion strength between the layer of TiO2 nanotubes 
arrays and pure Ti/Ti alloys substrate was also 
investigated. 
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2 Experimental 
 

The vertically aligned TiO2 nanotube arrays were 
fabricated on the titanium and biological titanium alloys 
(TLM) sheets using anodization technique. Both the pure 
titanium (0.50 mm thick, 99.9% purity) and TLM alloy 
(about 0.6 mm thick, β-type Ti-Nb-Zr-Mo alloy) sheets 
were produced by Northwest Institute for Non-ferrous 
Metal Research, Xi’an, China. These sheets were cut into 
small pieces with dimensions of 2.0 cm×3.0 cm, then 
chemically etched to remove oxide layer for 5 min in 1.0 
mol/L of HNO3 with a few drops of HF (ACS grade, 
Xi’an Chemicals Co, China), cleaned in distilled water, 
ethanol and dried with N2 stream. After treated, the Ti 
and TLM alloy were anodized at 40 V for 8 h with a two 
electrodes system, respectively. In order to reduce the 
interfacial stress between layer of TiO2 nanotube arrays 
and substrates, the electrolyte solution for anodization 
process was prepared as ethylene glycol containing 
0.55% (mass fraction) NH4F, 1.0% H2O. A platinum 
electrode (thickness of 0.1 mm, area of 6.0 cm2, purity of 
99.99%, Xi’an Chemicals Co, China) was used as the 
cathode. After anodized, samples were rinsed with 
deionized water and dried with N2 stream. Then the 
samples were annealed at elevated temperature. 

The morphology of the surfaces was characterized 
using a field emission scanning electron microscope 
(FESEM) JSM-6700F. The chemical composition of the 
nanostructures was determined by energy dispersive 
X-ray spectroscope (EDS) analysis. XRD of D/max- 
2550VB/PC type was used to carry out the crystal 
structure characterization of the as-prepared samples and 
annealed samples. The adhesion strength between the 
layer of nanotube arrays and Ti/Ti alloys substrate was 
evaluated by a WS-2005 Scratch Tester. 
 
3 Results and discussion 
 
3.1 Nanotube arrays on substrate 

Two kinds of metallic sheets were anodized in an 
ethylene glycol solution containing 0.55% NH4F and 
1.0% H2O for 8 h. Fig.1 shows FESEM images of TiO2 
nanostructures on pure titanium surface. The typical 
dimensions of the nanotubes grown in this study are 
about 100 nm in outer diameter, 70 nm in inner diameter, 
15 nm in wall thickness, and 9 µm in length. The whole 
surface of TiO2 layer is very plane and the dimensions of 
nanotubes are uniform. However, as Figs.2(a), (b), (c) 
and (d) show, the nanostructures on the TLM alloy 
surface are completely different compared with those on 

Ti surface. The results indicate that some microscale 
cracks exist on the oxides surface, though the oxide layer 
still consists of nanoporous structures. So a very 
interesting micro- and nanoscale hierachical rough 
surface is obtained, which might be useful to the cell’s 
growth. It is found from Fig.2(b) that the inner diameter 
of the tube is approximately 80 nm and like the 
diameters, as previously reported, of zirconium oxides 
nanotube arrays or porous niobium oxides [12–15]. These 
FESEM images demonstrate that a highly regular 
self-organized nanotube arrays layer can be fabricated by 
anodization of the new biological titanium alloy (TLM) 
in a fluoride-containing organic electrolyte. From the 
EDS spectrum, as Fig.3 shows, it is concluded that the 
oxide layer on the TLM alloy consists of titanium, 
niobium, molybdenum and zirconium oxides. 
 
3.2 Annealing treatment 

The oxide layer of nanotube arrays by anodization 
was proved to be amorphous by the presence of a diffuse 
diffraction pattern in thin film X-ray diffraction analysis, 
which carried out at a glancing angle of 2˚, as Fig.4(a) 
shows. As we know, the anatase phase TiO2 is much 
more efficient for nucleation and growth of osteal cell 
than the rutile phase TiO2 because of the better bioactive. 

 

 
Fig.1 FESEM images of nanotube arrays sample grown at 40 V 
in ethylene glycol solution containing 0.55% NH4F and 1.0% 
H2O on titanium for 8 h: (a) Views of top surface; (b) Cross- 
sectional view 
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Fig.2 FESEM images of nanotube arrays sample grown at 40 V in ethylene glycol solution containing 0.55% NH4F and 1.0% H2O 
on titanium for 8 h: (a), (b) Views of top surface; (c), (d) Cross-sectional views 
 
 

 

Fig.3 EDS analysis for oxide layer on TLM 
 
And crystal lattice of anatase phase also matches well 
with hydroxyapatite phase[16]. Therefore, these samples 
after anodized were annealed, with heating and cooling 
rates of 1 ℃/min, in order to obtain more bioactive 
nanostructure TiO2 with anatase phase. Figs.4(b) and (c) 
show the XRD patterns of oxide layer of nanotube arrays 
prepared on titanium surface, which were annealed at 
480 and 550  for 6℃  h, respectively. The patterns 
indicate that TiO2 layer of nanotube arrays on the 
substrate are anatase phase and the sample annealed at 
550 ℃ is crystallite completely. 

 

Fig.4 XRD patterns of nanotube arrays sample grown on 
titanium surface: (a) As-formed without annealing treatment;  
(b) Annealed at 480 ℃; (c) Annealed at 550 ℃ 
 
3.3 Adhesion strength 

Adhesion strength is an important target in 
evaluating the quality of bioactive coating layers on 
orthopedic and dental implantation materials. The 
traditional way of adhesion strength test for coating 
layers is bonding pull-off method and scratching test for 
the surface. In this case, The Ws-2000 scratch tester, 
which has an autoloaders system for adding load on the 
scratch needle, moving scratch needle at synchronization 
that through the coating surface, was used to valuate the 



ZHANG Wen-yan, et al/Trans. Nonferrous Met. Soc. China 17(2007) s695

adhesion strength of oxide layers with nanostructures and 
the Ti & TLM alloy substrates. 

The scratching test results are shown in Table 1. The 
experimental data are the valuations of critical load of 
oxide layer breaking away from substrate, which were 
obtained by methods of acoustic emission signals 
recording and observation of scratching tracks. From the 
experimental data we can conclude that adhesion 
strength of crystallized nanotube arrays and substrates 
are relatively low, the average critical load are just about 
7.89 N and 6.45 N for the Ti and TLM alloy. However 
the adhesion strength of amorphous nanotube arrays and 
substrates are much higher. And the average critical load 
measured on the TLM alloy is up to 38.73 N, which is 
nearly twice as that on titanium. 
 
Table 1 Critical load of oxide layer breaking away from 
substrate by acoustic emission signals recording and 
observation of scratching tracks by scratch tester 

Sample Average critical load/N

As-prepared on Ti 20.73 

After crystallized on Ti 6.45 

As-prepared on TLM 38.73 

After crystallized from TLM 7.89 

 
4 Conclusions 

 
1) Nanotube arrays were fabricated using anodic 

oxidation method in ethylene glycol solution electrolyte 
containing 0.55% NH4F and 1.0% H2O on titanium and 
TLM alloy. After treatment, micro- and nano-scale 
hierachical rough oxide surface was obtained on the 
TLM alloy substrate. 

2) When these samples after anodized were 
annealed at 480 and 550 ℃ for 6 h, TiO2 layer of 
nanotube arrays on the substrates transfer into anatase 
phase completely. However, the adhesion strength 
between the TiO2 layer of nanotube arrays and the 
substrate reduces. 

3) The oxide layer with micro- and nano-scale 
hierachical structures on TLM alloy sheet shows better 
adhesion strength than those on the pure titanium sheet. 
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