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INTRODUCTION

	 Titanium and Ti6Al4V alloy are among the most 
modern metallic biomaterials. Their applications are 
mainly in orthopaedics and dental implantology due 
to their low density, high fatigue strength, excellent 
corrosion resistance, biocompatibility and osseointegra-
tion ability [1-3]. However, these materials may exhibit 
the considerable degree of biomechanical incompati-
bility because of the relatively high modulus of elas-
ticity, approximately 110 GPa, compared to the compact 
bone (10-25 GPa) [4]. This incompatibility may cause 
the “stress shielding effect”. Thereafter the bone tissue 
is not sufficiently regenerated and a bone-implant 
binding could be lost [5, 6]. Because of that, current 
materials research has been focused on β titanium alloys 
which have lower Young ś modulus (approximately 
40-80 GPa) [7, 8]. The major alloying elements stabili- 
zing the β phase are Nb, Ta and Zr [9]. These alloys are 
in principle bioinert. Appropriate surface modifications, 
e.g. organic coatings, plasma spraying of hydroxyapatite 
and especially the formation of an ordered nanostructure 

on the surface of the material are used to enhance 
bioactivity. The larger area of the nanostructured surface, 
compared to the polished surface, allows the adsorption 
of biologically active substances, such as proteins 
[10-12]. The nanostructuring of the commercially 
pure titanium and the Ti6Al4V alloy is well described 
[13, 14]. Also, several studies about nanostructuring 
of the titanium beta alloys were published [15-17]. In 
addition to increasing bioactivity, nanostructuring also 
has a positive effect on corrosion resistance [18]. Nano-
tubes act as an effective barrier layer. Its corrosion 
resistance could be increased by heat treatment [19, 20] 
and influenced, together with apatite-forming ability, 
by tubes diameter and length tuning [21]. The corrosion 
resistance of the nanostructured surfaces in phosphate 
buffered solution containing serum proteins was 
higher in comparison with flat surface [22]. Jang et al 
published increase of the current density e.g. decreased 
corrosion resistance of the nanotubes formed on Ti-xNb 
systems [23]. Same results were stated by Kim et al 
in the case of nanotubes prepared on Ti-xZr alloys 
[24]. However, increased corrosion currents could be 
caused by differences in geometrical and real surface 
[25]. Application of titanium and its alloys in dental 
implantology represent a specific problem, because of 
they get in contact with fluoride ions coming from dental 
treatment products. Fluorides can cause destruction of 
passive layer and substantially increase corrosion rate 
of the implant [26-29]. The nanostructured surface 
could be used on dental implants, so there is a danger 
of the contact of the nanotubes with highly aggressive 
environment specific for dentistry.
	 The main purpose of this work is to describe the 
stability of the nanostructured surface in the presence 
of the fluoride ions and to point out on the possible risks 
when such treated surface is used in dental applications.
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	 The titanium bioactivity could be increased by surface 
nanostructuring. Titanium alloys are using for dental im-
plants manufacturing. It represents a specific problem because 
of using of the dental treatments with high concentration of 
fluoride ions and with acidic pH. The corrosion resistance of 
nanostructured surface of titanium beta alloy in environments 
with fluoride ions was examined by common electrochemical 
technique. The electrochemical impedance measurement sho-
wed high corrosion resistance in physiological solution. The 
fluoride ions have expected negative influence on corrosion 
behaviour of the layer. The nanotube bottom was preferentially 
attacked which resulted in layer undercoroding and its deta-
chment.
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MATERIALS AND METHODS

Specimens preparation
and surface characterization

	 The beta-titanium alloy with nominal chemical 
composition Ti-35Nb-2Zr was prepared via powder 
metallurgy process. Elemental powders were used – 
purity of at least 99.5% and grain size -325 mesh (i.e. 
average diameter < 44  μm). Powders were mixed and 
filled in moulds under protective Ar atmosphere. Spe-
cimens were cold isostatically pressed (CIP) at 400 MPa 
and subsequently sintered. Sintering has been carried 
out in a vacuum furnace. The specimens were heated up 
to 800 °C and hold for 1 hour and subsequently heated 
to the sintering temperature of 1300  °C and sintered 
for 20  hours. Sintered specimens were machined into 
cylinders of about 33 mm in diameter and forged at 
1000  °C to 17.5 mm diameter (in multiple steps). The 
forged specimens were annealed at 1000 °C for 0.5 h and 
water quenched. Furthermore, they were machined and 
cut into cylindrical samples with 16 mm in diameter and 
about 3 mm in thickness. 
	 These specimens were wet ground (up to P2500 
FEPA) and polished using an alkaline suspension of 
pyrogenic silica with a particle size of 12 μm (Fumed 
Silica, pH 9.5-10, Hanyko). Polished specimens were 
rinsed with water and ethanol, then cleaned in an 
ultrasonic bath for 10 minutes and dried by hot air. The 
metallographic structure was studied after etching by 
Kroll ś agent.
	 The nanostructures were prepared in an electrolyte 
containing 11.6  wt  % of (NH4)2SO4 and 1  wt  % of 
NH4F. The pH value of the solution was adjusted to 5 
by sulfuric acid. Anodic oxidation consisted of linear 
potential growth to 20 V at a rate of 100 mV/s, 2000 s 
duration at this potential value and then decrease to 0 V 
(sweep rate 100 mV/s). The process of anodic oxidation 
was controlled by potentiostat Jaissle Potentiostat – 
Galvanostat IMP 88 PC – 200 V. The adhesion of the 
nanostructured layer with the basic material was tested 
by a pull-off test according to ASTM F 1147-99 and 
ASTM C 633-79 using the Scotch-Weld EXP Adhesive 
DP 490 glue.
	 The resulting nanostructures were observed with a 
TESCAN VEGA 3 LMU scanning electron microscope. 
Diameter and length of nanotubes were evaluated 
by image analysis of ten image fields using ImageJ 
software.

Electrochemical measurement

	 Electrochemical measurements were realized at 
37.0  ±  0.1  °C in thermostated corrosion cell. Silver-
silver chloride electrode with 3 mol l-1 KCl (SSCE) was 
used as a reference and two glassy carbon rods were 
used as counter electrodes. The open circuit potential 

(OCP) was monitored for 12 hours. The electrochemical 
impedance spectra were measured in the frequency 
range from 60  kHz to 1.6  mHz with an amplitude of 
AC signal 10  mV. The potentiodynamic curve was 
scanned within the potential range from -50 mV/OCP 
to 1 V/SSCE. Measurements were performed in physio-
logical solution (9  g/l NaCl) with unadjusted pH and 
with pH adjusted to 4.2 (phthalate buffer). Fluoride 
ions in the form of NaF were added into the solutions in 
concentrations 1000 ppm (unadjusted pH) and 200 ppm 
(pH  4.2). For comparative purposes, measurement 
with a specimen with the polished surface was made 
in physiological solution with a pH value of 4.2 and 
1000 ppm fluoride ions (environment will be abbreviated 
as PS/pH/F concentration).

RESULTS AND DISCUSSION

Specimens characterization

	 The Ti-35Nb-2Zr alloy consisted of the homoge-
neous β structure with almost equal grain geometry of 
size 128.3 ± 22.1 μm (Fig. 1a). The mechanical properties 
of the alloy have been described in our previous study 
[8]. Figure 1b shows nanostructured surface prepared 
by anodic oxidation. The entire surface of the specimen 
was homogeneously nanostructured with a major inter-
nal tube diameter of about 35  nm. The histogram of 
nanotubes diameter distribution is shown in Figure 1c. 
The layer thickness of approximately 4 µm was evaluated 
from tubes cross-section. The compact interlayer was 
formed between nanotubes and base material as a result 
of the controlled potential decrease in the last step of 
anodization [30]. This layer guarantees increased 
adhesion of the nanostructure with the base metal. The 
pull-off strength was 34 ± 2 MPa, which is more than 
sufficient value for layers used in implantology. The 
minimum bonding strength of 18  MPa is required for 
biomedical coatings [31]. 

Corrosion behaviour

	 The physiological solution was chosen for the 
description of corrosion behaviour. It represents the 
simplest model of the human body environment. Due to 
the fact that the studied alloy is considered for use in the 
field of dental implantology, measurement was carried 
out also in the environment with fluoride ions, which 
are a common part of dental hygiene products [26, 32]. 
Measurements were realized in the physiological solu-
tion with unadjusted pH value and also with pH 4.2. 
Since the results in these two environments did not 
differ substantially, the following data will be presented 
only for the solution with pH 4.2.
	 Open circuit potential of both the polished and na- 
nostructured surface after 12 hours exposure in the en-
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vironments mentioned above is summarised in Table 1. 
The potential values clearly exemplify the corrosive 
aggressiveness of the environments. In the presence of 
fluoride ions, both the corrosion potential of the polished 
specimen and the nanostructured surface decreased. The 
decrease of the pH value in combination with fluoride 
ions results in a subsequent diminution of the open 
circuit potential. However, there was no decrease of the 
potential to values indicating the active dissolution of 
titanium, i.e. about -1 V/SSCE [26, 28, 33]. In the case 
of a nanostructured surface, the measured values were 

higher than for the polished surface. This behaviour 
results from the surface state – the polished surface 
consists of a native passive layer which is relatively 
thin and contains also non-stoichiometric oxides, while 
the nanostructure is formed by the thick oxide layer 
containing single elements of the alloy in their highest 
oxidation state. Detailed analysis of the nanostructure 
was described in our previous study [25]. 
	 Impedance spectra of the polished surfaces in given 
environments are shown in Figure 2a. The impedance 
spectrum in the physiological solution corresponds 
to the spectrum of passive surface and was evaluated 
by the equivalent circuit shown in Figure 3a. This cir-
cuit describes the behaviour of a two-layer structure 
where R1 and CPE1 correspond to the pore electrolyte 
resistance and the capacitance of the outer porous layer. 
The R2 and CPE2 describe the charge transfer resistan-
ce and the capacitance of the inner phase boundary 
respectively. This circuit is usually used for tita-
nium and its alloys impedance spectra fitting [34-36]. 
In case of the specimen exposed to both fluoride ion 
containing environments, the spectra were fitted with 
the circuit shown in Figure 3b, which is common for 
a corroding metal [37]. In the spectrum measured in 
the solution containing 200  ppm F-, it is possible to 
see a significant decrease in phase angle accompanied 
by a slight decrease in impedance modulus in the low 
frequency range. The impedance modulus is increasing 
subsequently. The pseudoinductive loop is clearly visible 
in the Nyquist presentation (Fig. 2b). This loop reflects 
precipitation of corrosion products [38-40] and was not 
considered in spectra evaluation. 
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Fig. 1.	 Ti-35Nb-2Zr alloy microstructure (a), nanostructured surface (b) and distribution of the tubes inner diameter (c)
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Tab. 1.  Open circuit potential of the Ti-35Nb-2Zr alloy with the different superficial state in physiological solutions

E (V/SSCE) PS/4.2/0ppmF PS/n.a./1000ppmF PS/4.2/200ppmF

Polished -65 -234 -526
Nanostructured -27 -121 -375
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	 The impedance spectra of the nanostructured 
surface are more complicated. In case of exposures 
in physiological solution and a physiological solution 
containing 1000  ppm  F–, the capacitive behaviour of 
the surface can be observed, which is reflected by the 
decrease in phase angle in the low frequency range. 
In the case of measurement in physiological solution 
with 200 ppm F–, the phase angle limits to zero at low 
frequencies indicating the presence of corrosion process.
	 Impedance spectra of the nanostructured surface 
in the physiological solution without fluorides and in 
physiological solution with 1000 ppm F– were fitted 
by an equivalent circuit in Figure 3c. The individual 
elements have the same meaning as described above.  
Added R3 and CPE3 model barrier layer between tubes 
and metal. This model was used for nanotubes spectra 
fitting in several works [41-44].

	 The results of the impedance spectra analysis are 
summarized in Table 2. In the physiological solution, 
both the polished and nanostructured surfaces reached 
high total resistance values. The lower resistance of the 
nanostructured surface was caused by higher real surface 
than the relative geometrical [25]. The resistance of the 
pore solution (R1) was lower for the nanostructured 
surface. This was caused by large nanotubes diameter 
in comparison with pores in the native passive layer. The 
highest resistance was achieved by a compact interlayer, 
which is the main element involved in the corrosion 
resistance of the nanostructured material.
	 It is possible to state the decrease in the order of 
magnitude of the polished surface charge transfer re-
sistance in physiological solution with 1000 ppm F– in 
comparison with the environment without fluorides. 
This is due to the ongoing corrosion process, which is 
also confirmed by the EIS analysis – the appropriate 
equivalent circuit is model of corroding metal (Fig. 3b). 
There is no significant change of the values of the 
individual circuit elements in case of the nanostructured 
surface. The negative effect of fluoride ions on the 
corrosion resistance of the nanotubes was also indicated 
in Munirathinam et al [45]. They observed an increase 
in corrosion currents in the case of nanotubes after 
immersion in fluorides containing electrolyte. However, 
measurement was realised in fluoride free environment.
	 The corrosion process was more intensive in phy-
siological solution with pH adjusted to 4.2 containing 
200 ppm of fluoride ions. This is evidenced by both the 
relatively low R2 value and by the increased capaci-
tance of CPE2 as well. This corresponds to the massive 
thinning of the surface layer. The pseudoinductive loop 
was not included in the analysis. However, the resistance 
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values, as well as open circuit potential, do not drop to 
the active dissolution range of titanium. To obtain data 
for active dissolution of the alloy, the measurement in 
physiological solution with pH 4.2 containing 1000 ppm 
of fluoride ions was realised. The open circuit potential 
and charge transfer resistance were approximately 
-940 mV/SSCE and 600 Ω cm2 respectively. The charge 
transfer resistance of the nanostructured surface in 
PS/4.2/200 was in the order of magnitude higher than 
that of the untreated surface. Its impedance spectrum 
was evaluated using the equivalent circuit in Figure 3a. 
Thus, one can assume that the interlayer between the 

nanotubes and the surface of the material do not act as 
a barrier anymore. Compared to the polished surface, 
nanotubes showed only a slight decrease in charge 
transfer resistance. This is due to the localization of 
corrosion at the bottom of nanotubes where the thinnest 
oxide layer is. Because of this localization, the actively 
corroding surface is smaller than that of the polished 
sample, where the entire exposed surface corrodes. The 
open circuit potential is thus affected by the large non-
attacked surface.
	 According to the potentiodynamic curves in phy-
siological solution without fluoride ions (an environment 
without acceleration of corrosion processes), the real 
exposed area of the nanostructured surface caused an 
order increase in the passive current density which in 
this case corresponds predominantly to electrolyte 
reactions (Fig. 4) [25]. This trend is not so obvious in 
physiological solution with 1000 ppm F–. The corrosion 
reaction is dominant in this case. However, the thickened 
oxide layer underneath the nanostructure shifts the 
corrosion potential to the more positive values and the 
current density to lower values in comparison with a 
polished surface. Only a small increase in corrosion 
current density compared to a solution without fluoride 
ions indicates that no active corrosion has occurred yet 
on any type of specimens.
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Tab. 2.  Results of the impedance spectra analysis

Polished surface Nanotubes

PS/4.2/0 PS/n.a./1000 PS/4.2/200 PS/4.2/0 PS/n.a./1000 PS/4.2/200

R1 (Ω cm2) 6.97·105 – – 184 320 119
R2 (Ω cm2) 1.06·106 4.49·105 2.7·103 2.88·104 2.35·104 1.31·104

R3(Ω cm2) – – – 4.76·105 5.35·105 –
CPE1(S sα cm-2) 3.71·10-5 – – 2.34·10-5 1.89·10-5 5.45·10-4

CPE2 (S sα cm-2) 1.58·10-5 3.78·10-5 1.22·10-4 1.25·10-4 7.29·10-5 1.39·10-4

CPE3 (S sα cm-2) – – – 9.98·10-4 1·10-3 –
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	 A significant decrease in corrosion potential as 
well as the increase in corrosion current density for 
both types of specimens in solution with pH  4.2 and 
200 ppm F– shows that the part of the oxide layer on the 
surface has been already dissolved in this environment. 
The corrosion current density of the same order for both 
nanostructured and polished material also points to the 
localization of corrosion at the bottom of nanotubes. 
Lower current density and more positive corrosion 
potential of the nanostructured specimen are due to 
a smaller corrosion area. This localized corrosion is 
also evident in the SEM image of the nanostructure 
underneath (Fig 5.). There are clearly visible etched 
tube bottoms. The layer of the tubes was easily detached 
by common tape and thus tubes bottom could be 
documented.  Dissolved tubes bottom lead to the layer 
under corroding and to the loss of the adhesion. This 
could be a limiting factor in the dentistry because of the 
possible risk of the loss of the connection between the 
nanostructured implant and surrounding tissue and also 
a technological problem. The nanostructuring electrolyte 
is very aggressive and in the case when the sample with 
nanotube was not removed from bath immediately after 
the process, the corrosion of the bottom of the tubes 
could occur. 

CONCLUSION

	 The nanotubular oxidic surface was successfully 
prepared on the Ti-35Nb-2Zr beta titanium alloy which 
was manufactured by powder metallurgy. The corrosion 
behaviour of nanotubes was comparable with a polished 
surface in the physiological saline solution. Increased 

corrosion resistance of nanostructured samples was 
observed in the electrolytes with fluoride ions. The 
pH decrease in combination with fluorides caused 
dissolution of the tubes bottom and subsequent layer 
under corroding. The adhesion of the nanostructure was 
lost as a consequence of this process. This is limiting 
factor for using this surface in dentistry.
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