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NANOTUBES FORMED BY ANODIZING OF Ti6Al4V ALLOY

ABSTRACT

The electrochemical formation of oxide nanotubes on the Ti6AI4V alloy has been so far difficult due to easy
dissolution of vanadium reach B-phase of the two phase material. Due to the topographical heterogeneity of the
anodic layer in nano and microscale at anodizing of the Ti6Al4V alloy we focused to establish the relationships
between nanotube diameters on both phases of the alloy and fluorides concentration in electrolyte. We studied
the effect of fluoride concentration (0.5-0.7 wt.%) in 99% ethylene glycol on morphological parameters of
nanotube layer on the Ti6Al4V alloy anodized at 20V for 20 min. Nanotubes with diameter ~40-50 nm +5nm on
the entire Ti6Al4V alloy surface in electrolyte containing 0.6% wt. NH4F were obtained. Microscale roughness
studies revealed that nanotubular layer on a-phase is thicker than on B-phase. The annealing of nanotube layers
at 600°C for 2h in air, nitrogen and argon, typically performed to improve their electrical properties, influenced
chemical composition and morphology of nanotubes on the Ti6Al4V alloy. The vanadium oxides (VO,, V,0s3,
V,0s) were present in surface nanotube layer covering both phases of the alloy and the shape of nanotubes was
preserved after annealing in nitrogen.
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INTRODUCTION

Formation of layer by anodizing of the two phase Ti6Al4V alloy has been so far a difficult
task because vanadium reach B-phase easily dissolves in fluorides. Only few works describe
formation of nanotubes on Ti6Al4V [1-4], though nanoscale electrochemical modification of
surface layer properties may be beneficial to obtain implant coatings able to induce bone
growth and/or to immobilize drugs. The Ti6Al4V alloy has been for years the most popular
titanium implant material due to its mechanical properties[5], irrespective of the release of
vanadium and aluminum. Recent intensive studies on biological effect of vanadium have
revealed its advantageous role as the anti-diabetic and anti-carcinogenic element [6].
Electrochemical treatments carried out on titanium in inorganic and organic electrolytes, with
or without small amounts of fluoride ions, may change surface layer composition and produce
compact, porous, gel-like, and/or nanotubular layers [7,8]. Due to simplicity of
electrochemical methods such anodic layers are cheaper than obtained by nitriding [9] sol-gel
coating [10], plasma oxidation [11] or biological modifications [12]. Particularly titania
nanotubes are very useful for numerous applications due to the excellent adsorption,
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hydrophilic and photonic properties [13,14], the inertness and good biocompatibility [15], as
well as sensing abilities [13,16]. Nanotubes on the Ti6Al4V alloy with their unique chemical
composition consisting titania and vanadium oxides should prove their beneficial effect in
biomedical applications due to chemical and biological activity [13,17,18]. The expected
heterogeneity of oxide coating may enhance osteoblasts ingrowth and increase
biocompatibility of implant surface covered with porous nanotube layer of mixed oxides.
Vanadium oxides belong to ‘“smart materials” [19] with potential use in sensing and
optoelectronic applications [20]. Vanadium oxides, which form Magnelli phases [21], are
excellent electrical conductors [22]. as for example vanadium oxide, VO with its partially
filled conduction band and delocalized electrons in the d orbitals [23]. The aim of this work
was to produce oxide nanotubular layers with highly ordered structure on both phases of the
Ti6Al4V alloy. In such nanotubular layers, the mixture of vanadium oxides may convert
during thermal treatment into vanadium (IV) oxide [24-26]. Thus, the establishing of the
chemical and electrochemical characteristics of nanotube layers on the Ti6Al4V alloy,
thermally treated in three atmospheres: air, nitrogen and argon, was another task for this work.

MATERIALS AND METHODS

Samples of the Ti6Al4V alloy Gr5 (5%x10%0.5 mm) were cut off from the alloy sheet (William
Gregor Co., UK), sonicated in isopropanol, acetone and deionized (DI) water, and dried in
nitrogen stream. Anodizing and electrochemical examination were carried out using AutoLab
PGSTAT 302N potentiostat/galvanostat, equipped with voltage multiplier, and Nova 1.8
software. Anodizing was carried out in two stages: first the potentiodynamic stage from the
Open Circuit Potential (OCP) up to 20 V, and the potentiostatic, when the sample was hold at
20 V for 1200 s. Ethylene glycol (99% water solution) with addition of 0.5, 0.6, 0.7 %wt. of
NHyF was used as electrolyte. All solutions were prepared from high purity reagents: ethylene
glycol, NH4F, Phosphate Buffered Saline (PBS) (Sigma Aldrich) and DI water. The thermal
treatment of the anodized samples was carried out in nitrogen, argon and air atmosphere at
600 °C (30 °C/min) for 2 h. The OCP was recorded in 0.01 M PBS solution (pH 7.4) 1800s,
immediately after immersion in three electrode system, with the Ti6Al4V alloy sample as a
working electrode, platinum gauze as a counter electrode, and the Ag/AgCl reference
electrode (+0.220 V, 25 °C). The SEM and EDS analysis were performed with FESEM JEOL
7600F and (Oxford INCA) analyzer at 8 kV voltage. Surface composition was studied using
the X-ray Photoelectron Spectroscopy (XPS) in VSW (Vacuum Systems Workshop, Ltd.)
equipped with a concentric hemispherical electron analyzer with radius of 150 mm and the
two-plate 18-channel detector (Galileo). The electron analyzer was operated in fixed
transmission mode (FAT) with constant energy of 22 eV. Samples were exposed to the MgKa
(1253,6 aV) X-ray radiation working at power of 210 W (22.5 kV - voltage, 14 mA —
emission current). The background pressure during the analyses was lower than 5x10™® mbar.
Calibration of the binding energy scale was done by assuming the position of the adventitious
C 1s line of C-C and C-H bonding at 284.6 eV. XRD measurements were performed on the
X-ray Diffractometer Empyrean DY 1061 (PANalytical) operating in the reflection mode
with Cu-K a radiation, diffracted beam monochromator using step scan mode with the step of
0.03" (20) and 20s per step in range 20-100°.
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RESULTS AND DISCUSSION

Figure 1 shows SEM images of nanotubes on the Ti6Al4V samples anodized in 99% ethylene
glycol with different amounts of fluoride ions. As it was expected, regular nanotubes with
diameter ranging from 35-65 nm are obtained on both phases at all applied concentrations of
NH4F (Fig. 1d). The etching of nanotubes on -phase causes also that they are located lower
than on a-phase of the alloy.
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Fig. 1. SEM images for nanotubes formed on the Ti6Al4V alloy by anodizing at 20V for 20 min in 99.0% ethylene
glycol with 0.5 (a), 0.6 (b), and 0.7%wt. NH4F (c) and diameters of nanotubes above two phases of the Ti6AI4V
alloy vs. fluorides concentration in ethylene glycol (d)

Current transients for two stages of anodizing (Fig. 2) show the effect of fluoride ions
concentration on nanotubes formation process. Particularly in the second stage of anodizing
of the Ti6Al4V alloy in both applied electrolytes with different amounts of fluorides the
current transients are typical to recorded for other metals, including titanium [13]. The
proportionality between anodizing parameters (the anodic current, the fluorides concentration)
and nanotube diameters on a-phase formed in ethylene glycol, observed in Fig. 2b, is clearly
revealed in Fig. 1d for the relation between fluoride ions concentration and nanotube
diameters on both phases of the alloy. Thus, according to the conditions described in
experimental details, nanotubes of highly ordered and uniform morphology of diameter 50 nm
+ 5 nm can be formed on both phases the Ti6Al4V alloy in ethylene glycol with 0.6% wt. of
NH4F. Such samples were selected for further studies- the thermal treatment in three
atmospheres at 600°C (30 °/min.) for 2 h and for electrochemical, XPS and XRD
examinations.
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Fig. 2. Polarization curves of first (a) and second (b) stage of anodizing the Ti6Al4V alloy at 20V in 99.0%
ethylene glycol with addition of NH4F

The SEM images (Fig. 3) and results of the EDS analysis (Table 1) for thermally modified
nanotube layers, illustrate apparent changes of their structure caused by the annealing process.
Only after thermal treatment in nitrogen (Fig. 3a,b) the nanotubular character is well
preserved and vanadium is present in oxide layer on both phases (Table 1), unfortunately a
lack of oxygen in beta phase after thermal treatment is observed, and the stechiometric ratio
between elements is not calculable. After thermal treatment in argon (Fig. 3¢,d) some oxide
deposits are observed on B-phase, whereas oxides on a-phase became non-regularly porous.
Similarly, nanotubes treated thermally in air show significantly decreased inner diameters due
to thickening of tube walls (Fig. 3e,f).
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Fig. 3. SEM images for nanotubes on a-phase and B-phase of the Ti6AI4V alloy formed by anodizing at 20V for
20min in 99.0% ethylene glycol with 0.6%wt. NH4F, after thermal treatment at 600°C (30°C/min)

in nitrogen (a,b), argon (c,d), and air (e,f)

Table 1. Results of EDS analysis for nanotubes covering a-phase and 3-phase of the Ti6Al4V alloy, formed by
anodizing in 20V for 20 min. in 99% ethylene glycol with 0.6%wt. NH4F after thermal treatment

at 600°C in nitrogen, argon and air

Atmosphere Air Argon Nitrogen Non-annealed
Phase o B o B o B o B
[% weight]
Ti 57.84 | 59.05 | 6247 | 51.89 | 43.24 | 59.23 63.9 | 52.70
0) 39.26 | 14.15 | 34.84 | 10.03 | 29.78 | 14.72 | 33.96 | 17.13
\Y - 25.98 - 36.97 | 25.01 | 25.13 - 28.98
Al 2.29 0.82 2.69 1.13 1.91 0.93 2.34 1.24
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The measurements of the OPC, were carried out on the annealed samples. The OPC records
(Fig. 4) for nanotube layers on the Ti6Al4V alloy in PBS solution (pH 7.4) show stable values
for samples annealed in nitrogen (~10 mV vs. Ag/AgCl), contrary to values recorded for
nanotubes thermally treated in argon (~120 mV) and air (~150 mV vs. Ag/AgCl). For the
latter, as also for the non-annealed ones the curves show current oscillations, which may
prove their metastable nature and ongoing processes in PBS solution. The positive value of
the OPC for samples thermally treated in nitrogen are advantageous for an example their
adsorption abilities towards negatively charged proteins.
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Fig. 4. Corrosion potential values measured during 1800s in the PBS solution for nanotubes on the Ti6AI4V alloy
formed by anodizing at 20V for 20min in 99.0% ethylene glycol with 0.6%wt. NH4F, before and after thermal
treatment at 600°C in nitrogen, argon and air

The results of XPS (Fig. 5a) and XRD (Fig. 5b, Table 2) analyses carried out for the nitrogen
treated samples revealed the presence of titania and three vanadium oxides in nanotube layer:
Ti0,, VO,, V7,03, V,0s5 in form of anatase and rutile.

Table 2. XRD results for nanotubes on Ti6AlI4V after thermal modification in different atmospheres in 600°C for 2h

Modification Crystaline structures

atmosphere

Non- annealed TiO; (R) (A); VO3 (R); V205, Al,O3
Nitrogen TiO, (R); VO, (R); V705, Al,O;
Argon TiO; (R) (A); VO, (R); V705, Al,O5
Air TiO, (R); VO, (R); V,0s, ALO;
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Fig. 5. Results of XPS (a) and XRD (b) analysis for nanotubes on the Ti6Al4V alloy obtained by anodization in
20V for 20 min. in 99% ethylene glycol with addition of 0.6 %wt. NH4F after thermal treatment
in 600°C in nitrogen

After thermal modification at high temperatures vanadium occurs in its most common
oxidation states as VO, V,03;, VO, and V,0s and can change the oxidation states in relation to
anatase- rutile transformation. The identification of vanadium oxides in uniform nanotubes on
both phases of the Ti6Al4V alloy is the first step to further studies on using these layers as the
platforms of biosensors.

CONCLUSIONS

The layer of regular nanotubes with 50nm+5nm diameter and rich in vanadium oxides was
formed on both phases (a and B) of the Ti6Al4V alloy by anodizing in 99.0% ethylene glycol
with the addition of 0.6% wt. NH4F. The developed method allowed to produce nanotubes of
uniform morphology which after thermal treatment in nitrogen consisted three vanadium
oxides VO,, V,03 and V,0s on both phases and making them a promising novel platform for
highly sensitive biosensors and the efficient electrode nanomaterial. Movement of the
vanadium atoms inside oxide layer on both phases of Ti6Al4V alloy during thermal
modification in nitrogen is still an open task.



19

ADVANCES IN MATERIALS SCIENCE, Vol. 14, No. 4 (42), December 2014

ACKNOWLEDGMENTS

This work was financially supported in the project ERA-NET-/MNT/TNTBIOSENS/1/2011 by the
NCBR (Polish National Centre for Research and Development).

10.

11.

12.

13.

14.

15.

REFERENCES

Variola F., Yi J.H., Richert L., Wuest J.D., Rosei F., Nanci A.: Tailoring the surface properties of
Ti6Al4V by controlled chemical oxidation. Biomaterials 29 (2008), 1285-1298.

Narayanan R., Seshadri S.K.: Phosphoric Acid anodization of Ti6Al4V- structural and corrosion
aspects. Corrosion Science 49 (2007), 542-558.

Lukacova H., Plesingerova B., Vojtko M., Ban G.: Electrochemical Treatment of Ti6Al4V. Acta
Metallurgica Slovaca 3 (2010), 186-193.

Abdolldhi Z., Ziaee A.A., Afshar A.: Investigation of titanium oxide layer in thermal-
electrochemical anodizing of Ti6Al4V alloy. International Journal of Chemical and Biological
Engineering 2 (2009), 44- 47.

Brown S.A., Lemons J.E.: Medical Applications of Titanium and Its Alloys: The Material and
Biological Issues. Brown S.A. [ed.], ASTM International, USA, 1996.

Mukherjee B., Patra B., Mahapatra S., Banerjee P., Tiwari A., Chatterjee M.: Vanadium an
enhancement of atypical biological significance. Toxicology Letters 150 (2004), 135-143.

Krasicka- Cydzik E., Kowalski K., Kaczmarek A., Glazowska I., Bialas- Heltowski K.:
Competition between phosphates and fluorides at anodic formation of titania nanotubes on
titanium. Surface and Interface Analysis 42 (2010), 471-474.

Kaczmarek A., Klekiel T., Krasicka- Cydzik E.: Fluoride concentration effect on the anodic
growth of self-aligned oxide nanotube array on Ti6Al7Nb alloy. Surface and Interface Analysis
42 (2010), 510-514.

Dahorte S.N., Vora H.D., Pavani K., Banerjee R.: An integrated experimental and computational
approach to laser surface nitriding of Ti6Al4V. Applied Surface Science 271 (2013), 141-148.

Wu C., Ramaswamy Y., Gale D., Yang W., Xiao K., Zhang L., Yin Y., Zreiqat H.: Novel sphene
coatings on Ti6Al4V for orthopedic implants using sol-gel method. Acta Biomaterialia 4 (2005),
569- 576.

Zhang X. L., Jiang Zh. H., Yao Zh. P., Wu Zh.D.: Electrochemical study of growth behavior of
plasma electrolytic oxidation coating on Ti6Al4V: Effect of the additive. Corrosion Science 52
(2010), 3465- 3476.

Paital S.R., Dahotre N.B.: Calcium phosphate coatings for bio-implant applications: Materials,
performance factors and methodologies. Materials Science and Engineering R 66 (2009), 1-70.

Macak. J.M., Tsuchiya H., Taveira L., Ghicov A., Schmuki P.: Self- organized nanotubular oxide
layers on Ti-6Al-7Nb and Ti-6Al-4V formed by anodization in NH4F solutions. Journal of
Biomedical Materials Research 4 (2005), 928-933.

Balaur E., Macak J.M., Taveira L., Schmuki P.: Tailoring the wettability of TiO, nanotube layers.
Electrochemistry Communications 7 (2005), 1066-1070.

Grimes C.A., Mor G.K.: TiO, Nanotubes: Synthesis, Properties and Applications. Graims C.A.
[ed.], Springer, U.S.A. 2009.



A. Kaczmarek-Pawelska, E. Krasicka-Cydzik: Morphological and chemical relationships in nanotubes ... 20

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Xiao P., Garcia B.B., Guo Q., Liu D.W., Cao G.: TiO, nanotube arrays fabricated by anodization
in different electrolytes for biosensing. Electrochemistry Communications 9 (2007), 2441-2447.

Liu X., Chu P.K., Ding C.: Surface modification of titanium, titanium alloys, and related
materials for biomedical applications. Materials Science and Engineering R 47 (2004), 49-121.

Rehder D.: Bioinorganic Vanadium Chemistry. Wollins D. [ed.], John Willey& Sons Ltd.
Chichester, UK, 2008.

Privman M., Hepel T.: Electrochemistry of vanadium electrodes Part 1. Cyclic voltametry in
aqueous solutions. Journal of Electroanalytical Chemistry 382 (1995), 137-144.

Wu ch., Wei H., Ning B., Xie Y.: New Vanadium Oxide Nanostructures: Controlled Synthesis
and Their Smart Electrical Switching Properties. Advanced Materials 22 (2010) 1972-1976.

Jung H., Um S.: An experimental feasibility study of vanadium oxide films on metallic bipolar
plates for the cold start enhancement of fuel cell vehicles. International Journal of hydrogen
Energy 36 (2011), 15826-15837.

Yang Y., Kim D., Schmuki P.: Lithium-ion intercalation and electrochromism in ordered V,0s
nanoporous layers. Electrochemistry Communications 13 (2011), 1198-1201.

Podraza N.J., Gauntt B.D., Motyka M.A., Dickey E.C., Horn M.W.: Electrical and optical
properties of sputtered amorphous vanadium oxide thin films. Journal of Applied Physics 111
(2012), 073522.

Yang Y., Lee K., Zobel M., Mackovi¢ M., Unruh T., Spiecker E., Schmuki P.: Formation of
Highly Ordered VO, Nanotubular/ Nanoporous Layers and Their Supercooling Effect in Phase
Transitions. Advanced Materials 24 (2012), 1571-1575.

Martinez- Huerta M. V., Fierro J.L.G., Banares M.A.: Monitoring the states of vanadium during
the transformation of TiO2 anatase-to-rutile reactive environments: H, reduction and oxidative
dehydrogenation of ethane. Catalysis Communications 11 (2009), 15-19.

Yang B., Ng C.K., Fung M K., Ling C.C., Djurisic A.B., Fung S.: Annealing study of titanium
oxide nanotube arrays. Materials Chemistry and Physics 130 (2011), 1227-1231.



