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Effect of the modification by titanium dioxide nanotubes with different structures on the 
fatigue response of Ti grade 2
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Nanotechnology is seeing as having potential to raise benefits to several research and application 
areas. Recently materials with nanostructured surfaces of nanopores, nanotubes and nanowires 
have become an important investigation field, since their chemical and physical properties may be 
substantially different from those of the corresponding substrate. In face of the necessity of assuring 
that such modifications are not deleterious to the mechanical behavior, the purpose of this work was 
to evaluate the fatigue performance of CP-Ti grade 2 with the surface modified by the formation of 
nanotubes on their different crystalline structures. The nanotubes layers were produced by anodic 
oxidation using a potential of 20V during 1h and a solution of glycerol, H2O and NaF, and analyzed 
by scanning electron microscopy. In order to obtain the anatase and rutile structures, annealing 
treatments were respectively performed at 450°C and 650°C. The axial fatigue tests were conducted 
in physiological solution at 37°C following the stepwise load increase approach. When compared to 
the material without surface modification (polished surface), the results showed that the anatase phase 
did not affect the fatigue response, maintaining the fracture stress in 500 MPa, whereas the rutile phase 
caused a decrease to 450 MPa.
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1. Introduction

Nanotechnology has been explored as a tool for the surface 
modification of Ti and its alloys for implants applications, 
for instance with the growth of nanotubular and nanoporous 
oxide layers1,2. It has been extensively shown that nano-scale 
oxide coatings are able to increase the surface bioactivity 
and consequently the osseointegration phenomenon3. Salou 
et al.4 studied the osseointegration behavior of Ti-6Al-4V 
implants with different surface morphologies after four weeks 
of implantation in the femoral condyle of rabbits. By these 
in vivo tests, it was testified that the nano-modified surface 
resulted in improved osseointegration when compared to 
the modified surfaces at the micrometer level. Within the 
most cost-effective possibilities to achieve nano-scale oxide 
coatings is the anodic oxidation process, which allows the 
growth of different morphologies according to the electrolyte 
composition. When fluoride-containing electrolytes are 
used, it is probable that self-organized and highly ordered 
layers of nanotubes arrays are obtained, typically with an 
amorphous structure5. It is known that the crystal structure 
of these layers can be modified by post-annealing treatments, 
inducing the enhanced formation of a hydroxyapatite layer6.

Due to the great sensitiveness to the surface condition, 
the fatigue performance is always a great concern when 
surface modification of implants is performed. In the case 
of a nanotubes coating, Bortolan et al.7 did not observe a 
deleterious effect of the coating itself on the fatigue response 
of Ti-6Al-4V, which was mainly attributed to the nano-scale 
thickness of the modified layer. The amorphous structure plays 
an important role, since it allows the elastic deformation of 
the oxide layer in a degree sufficient to avoid the generation 
of surface cracks8. However, when the amorphous structure 
is changed to a crystalline one, the introduction of residual 
stresses may become the main factor controlling the fatigue 
behavior. Apachitei et al.9 verified a significant influence of 
residual stresses on the fatigue response of plasma electrolytic 
oxidized Ti-6Al-4V and Ti-6Al-7Nb with coatings of several 
micrometers of thickness.

The aim of this work is a preliminary assessment of the 
fatigue performance of CP-Ti coated with an array of TiO2 
nanotubes in different crystal structures.

2. Materials and Methods

The material employed in this work was rounded bars 
of CP-Ti (grade 2) in accordance with the requirements of 
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ASTM F67 standard. Cylindrical fatigue specimens were 
machined following the geometrical aspects of ASTM E466 
standard, grinded with silicon carbide emery papers and 
polished with diamond pastes up to 1 µm. Anodic oxidation 
was therefore employed to obtain the nanotubes layer using 
an Agilent 6575A-J07DC power supply and a two electrode 
system, with the Ti as the working electrode and a 304 
stainless steel plate as the counter electrode. A solution of 
glycerol, H2O (50:50 vol.%) and 0.31M NaF was used as 
the working electrolyte and a potential of 20V was applied 
during 1h at room temperature, without stirring10.

In order to change the oxide structure, annealing treatments 
in air were performed during 3h in the temperatures of 450 and 
650°C, with subsequent air cooling. The surface morphologies 
were evaluated by scanning electron microscopy (SEM) in 
a FEI Magellan 400 L microscope. X-ray diffraction (XRD) 
analyses were conducted in a Siemens D5005 diffractometer 
with CuKα radiation. The phases were identified by matching 
the diffractograms to the JCPDS files and the XRD patterns 
were indexed through the Crystallographica Search-Match 
2.1.1.1 software.

Axial fatigue tests were conducted in a MTS Bionix servo 
hydraulic testing machine, employing a simple physiological 
solution (9 g/L NaCl) at 37°C, a frequency of 10 Hz and 
a stress ratio R = 0.1. Stepwise load increase tests were 
applied, in which the maximum stress started at 150 MPa 
and was increased by steps of 50 MPa every 5x104 cycles 
until the rupture. This method has been used as a low-time 
consuming approach aiming at the preliminary evaluation 
of the surface modification effect on the fatigue response, 
and therefore three replicates were adopted to provide the 
arithmetic mean of the fatigue fracture stress.

3. Results and Discussion

Figure 1a brings a SEM micrograph of CP-Ti after 
anodization in the conditions aforementioned. The surface 

typically consists of a well-organized and homogeneous 
arrangement of nanotubes with, under the employed 
conditions, an average diameter of 90 nm. It is known that 
the underlying microstructure of CP-Ti is fully comprised 
by alpha phase, in which the growth of nanotubes proceeds 
during the anodization process without any problems11. In 
Figure 1b, the cross-section micrograph of a mechanically 
scratched region also shows an organized arrangement of 
nanotubes, allowing the determination of their average length 
of approximately 1 μm. It is noteworthy the undulations 
observed in the substrate when the nanotubes layer was 
removed, which are not expected to work as mechanical 
notches due to their nano-scale dimension.

It is a well-established concept that the anodic oxidation 
treatment results in an amorphous oxide structure over the 
CP-Ti substrate. When the anodized samples were heat 
treated at both temperatures, no changes in the nanotubes 
morphologies were detected. Nevertheless, the oxide structures 
were confirmed to be changed into crystalline anatase and 
rutile at respectively 450°C and 650°C. These results are 
in accordance to the structural transformation by annealing 
of TiO2 nanotubes layer in Ti systems, as mentioned in 
the literature2,7,12. An example of these findings is shown 
in Figure 2, where the micrograph of the nanotubes layer 
after 450°C treatment is presented, and the XRD pattern of 
such condition is compared with the one of the as-formed 
nanotubes condition. It is clear that the oxide layer maintains 
the morphological features after the heat treatment and 
that the anatase phase is formed in this case, which were 
similarly noted after the 650°C treatment except for the 
rutile formation predominance.

The fatigue performance of the 450°C annealed 
nanotubes layer characterized by the stepwise load increase 
tests is presented in Figure 3. The maximum stress and 
the resultant maximum displacement are plotted against 
the number of cycles. If tangent lines are hypothetically 
plotted in the displacement curves, the slope of these lines 

Figure 1. SEM micrographs of CP-Ti after anodization at 20V and 1h: (a) top view and (b) cross-section.
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Figure 2. SEM micrograph and XRD pattern of the nanotubes layer after annealing at 450°C, along with XRD pattern of the as-formed 
condition.

Figure 3. Stepwise load increase plot for the specimens annealed 
at 450°C.

is significantly increased in the stress levels above 500 MPa 
for two specimens (and above 450 MPa for one specimen), 
which may indicate that macro-crack nucleation may have 
occurred. All specimens, however, failed with a few cycles 
(lower than 30,000) in the stress of 500 MPa. In the case 
of the specimens treated at 650°C, the curves presented in 
Figure 4 reveal that the displacement increase, as well as 
the specimens fracture, occurs with a few cycles (lower than 
25,000) in the stress of 450 MPa.

It is important to note that no microstructural alterations 
of the CP-Ti substrate were verified after the heat treatments. 
In addition to the fact that the morphologies and dimensions 
of the nanotubes layers were similar prior and after the 
annealing treatments, the changes in the fatigue performance 
may be explained by the differences of the oxide crystalline 
structure. A summary of the fatigue fracture results in all 
surface conditions is found in Figure 5. The average fracture 
stress of the amorphous and 450°C treated conditions is the 
same of the polished surface, but a reduction, albeit small, is 
clear when the 650°C treated condition is considered (note 
the error bars in all conditions).

Figure 4. Stepwise load increase plot for the specimens annealed 
at 650°C.

Figure 5. Summary of the fatigue results obtained with the stepwise 
load increase tests.

One reason for the reduced fatigue performance of coated 
specimens could be the generation of cracks in the nanotubes 
oxide layer under cyclic loading. For the amorphous structure 
of the oxide coating, a previous work of Campanelli et al.8 
on Ti-6Al-4V verified the absence of cracks after the fatigue 
tests. This was attributed to an elastic behavior of the oxide 
layer sufficient to allow the deformation and prevent the 
formation of cracks. Hence, in the absence of cracks, the small 
dimension of the coating led to a negligible influence on the 
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Figure 6. SEM micrographs of the nanotubes layer after the fatigue tests: (a) annealed at 450°C (anatase structure) and (b) annealed at 
650°C (rutile structure).

fatigue response. In the present work, the crystallization of 
the oxide may have changed the deformation behavior since 
cracks were detected after the fatigue tests. As presented in 
Figure 6, several cracks can be observed in both specimens 
treated at 450 and 650°C.

However, a fundamental difference is noticeable between 
the cracks pattern. In the case of rutile, fewer and larger 
cracks are observed in contrast to a large number of small 
cracks in the case of anatase. This can be attributed to the 
formation of residual stresses, which are tensile for the rutile 
and compressive for the anatase structure13. In consequence, 
in the rutile layer the cracks grew reaching a critical size 
before the cracks in the anatase layer for the same substrate 
material. Final fracture should therefore occur under smaller 
stresses in the case of rutile, as the fatigue results show in 
Figure 5. Such observation clearly shows the necessity of 
a careful evaluation in the selection of surface modification 
treatments that are expected to improve the osseointegration 
behavior, since the solely change of the oxide structure, even 
without modifying the nanotubes dimensions, may affect 
the fatigue behavior.

4. Conclusions

A well-organized and homogeneous arrangement of 
nanotubes with 90 nm diameter and 1 µm length was 
obtained on CP-Ti. Subsequent crystallization of the 
oxide layer into anatase and rutile through annealing did 
not alter the morphological features. The fatigue study 
based on the stepwise load increase approach revealed 
that the surface modification with amorphous and anatase 
phase resulted in a similar fracture stress of 500 MPa, but 
a reduction to 450 MPa was observed in the presence of 
rutile phase, suggesting caution in the design of surface 
modified implants.
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