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INFLUENCE OF TECHNOLOGICAL PARAMETERS
ON TITANIUM NANOTUBES FORMATION

Present paper deals with investigation of the influence of technological parame-
ters on the titanium nanotubes formation on the surface of pure Ti Grade-2 and Ti-6Al-
4V alloy in anodization with graphite cathode. The anodization was done in two con-
centrations of HF solution in different voltages and process duration. The surface mor-
phology, chemical and phase compositions were investigated by SEM, EDAX and XRD-
analyses. It was established that anodization in 0,5% HF solution allows obtaining of
oxide layer with nano-tubular structure in narrow voltage range 30V +/-5V for the Ti-
6AI-4V alloy and 20-25 V for the pure Ti Gr-2 in a relatively long process duration. The
average inner diameter of the nano-tubes is close for the both materials (80 nm -

120 nm) and increases with increasing of process duration. The surface morphology at
lower voltages characterizes with nano-roughness in short-term process which changes
to TiO, nano-fibers with increasing of process duration. At higher voltages - 40V for
Ti-6A1-4V alloy and 30V for pure Ti porous sponge-like structure of the oxide layer is
observed. Higher 1,5% HF concentration leads to formation of nano-tubes after 30min
process, while increased duration leads to the areas with different morphology — nano-
tubes, porous microstructure and dense oxide layer.
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Introduction

Pure titanium is an inert metal with good corrosion resistance which
possesses mechanical properties and elastic modulus close to that of the
bone tissues. That is why it is preferable material for production of im-
plants. Good corrosion resistance and biocompatibility of titanium depends
upon the formation of a solid oxide layer (TiO;) to a depth of 10 nm. Ge-
ometry, roughness and other characteristics of the implant surface also im-
portantly influence the surface-tissue interaction. Biocompatibility of the
implant can be enhanced by surface modification with different methods —
mechanical, chemical, electro-chemical [1,2].

The biomimetic approach in surface treatment is the main tendency
last years. According to it the surface topography of the implant should con-
sists of hierarchical structure, composed of micro- and nano-components,
which mimic the structure of the natural bone [3,4]. The microtopographies
can promote osteoblast differentiation and bone-to-implant contact via me-
chanical interlocking, while they depress osteoblast proliferation [3].
Whereas the last year’s investigations show that the nanotopography has
played a critical role in accelerating the rate of cell proliferation and en-
hancing the tissue acceptance [5].
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The TiO, nanotubes are of increasing interest as they can mimic the
dimensions of the components of natural bone, because natural bone is
composed of nanophase hydroxyapatite in the collagen matrix [6,7]. The
presence of a vertically aligned TiO, nanotube surface on Ti foils had im-
proves the proliferation and mineralization of osteoblasts [8]. The cell re-
sponse depends on the nanotubes’ diameter, thus on small-diameter nano-
tubes, 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 [5]. It was estab-
lished that 70 nm diameter is the optimum size for TiO, nanotubes implants
to obtain favorable osteoconductivity and osseointegration [6].

The TiO, nanotubes can be prepared by various techniques: sol-gel
method, electrochemical deposition and anodization [8,9]. Anodization is
preferred to the rest two processes because it provides strongly adherent TiO,
layer. The process itself is a rapid, simple and inexpensive ensuring large ar-
ray of titanium nanotubes [10-12]. The TiO, nanotubes fabricated using this
method are highly ordered and oriented perpendicularly to the substrate.

The nano-tubular structures are obtained during anodization in fluorine
electrolyte solutions with applied voltage lower than the dielectric break-
down. The most of researchers use 0,5% HF electrolyte solution and plati-
num cathode for anodization process [4,8-12]. S. Oh et al. [5] fabricate
nanotubes layers in a mixture of 0,5% hydrofluoric acid and acetic acid,
while N. Wang et al. [6] and A. Roguska et al. [13] use glycerol electrolyte
containing 0,3% NH4HF, or 0,86 wt.% NH4F respectively. In the most elec-
trolytes containing fluorides, nanotubes can be grown with diameter of 40-
150 nm at anodic voltages in the range of 5-30V [4-6, 8-13]. It was found
that the diameters of nanotubes were determined by applied voltage while
the final length of the tubes was independent of the anodization time. The
thickness of the formed tubular-structure oxide layer can be from a few
hundred nanometers up to a few microns by controlling pH and electrolytes.

The up to now studies have been focused preliminary on the samples
of pure Ti. The data for fabrication of TiO, nanotubes on the surface of Ti-
6AIl-4V alloy, widely used for orthopedic implants, are insufficient.

Purpose

The aim of the present paper is to investigate the influence of the tech-
nological parameters on the titanium nanotubes formation on the surface of
pure Ti and Ti-6Al-4V alloy in anodization with graphite cathode.

Experimental methods

Round samples with dimensions 24mm x 3mm (diameter x thickness)
were made of commercially pure (CP) Ti Grade-2 (99,5%) and Ti-6Al-4V alloy
with chemical composition: Al-5,7%; Fe-0,13%; V-3,8%, 0-0,089%; Ti-the
rest (wt.%). The samples’ surface was grinded with sandpaper 300, 600 and
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800. After grinding they were ultrasonically cleaned consecutively in acetone,
ethanol and deionized water for 15 min in each media and dried with com-
pressed 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 ano-
dized in an electrolyte containing 0.5 wt.% HF acid using a DC power supply
with a graphite electrode as cathode. We used different voltages: 20 V, 25V
and 30 V for the CP Ti samples and 20 V, 30 V and 40 V for the Ti-6Al-4V
alloy. The process duration varied from 30min to 7 hours. As the anodization
for covering the entire sample’s surface with nano-tubular structure took too
long time we made experiment with 1,5% HF solution for Ti-6Al-4V alloy.
Immediately after anodization the samples were rinsed several times with de-
ionized water and dried with compressed air. The surface morphology was ob-
served and EDAX analysis was made on high resolution field emission scan-
ning electron microscope FEI Quanta 400 ESEM FEG (ESEM2). The phase
composition was investigated by XRD analyzer Rigaku D/Max in Cu Ka irra-
diation.

Results obtained

The samples’ surface after grinding and etching is shown on Fig. 1.
The grinded surface of Ti-6Al-4V alloy (Fig. 1a - 1) is smoother than that of
the pure Ti Gr-2 (Fig. 1b - 1). Traces of abrasive paper can be seen on the
surface of the both samples. After etching micro-roughness appears on the
surface of Ti-6Al-4V alloy (Fig. 1a - 2 and 3) while on the samples of the
CP Ti the micro/nano-roughness is observed (Fig. 1b - 2 and 3).
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Fig. 1. Samples’ surface of Ti-6Al-4V alloy — a and pure Ti Gr-2 — b
after grinding — 1 and etching — 2 and 3
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Anodization of Ti-6A1-4V alloy

The short time anodization of 30 min produced only nano-roughness
on the micro-roughened surface of Ti-6Al-4V alloy in the three different
voltages applied (Fig. 2). Increasing the duration of 20V process caused
nano-roughness on the entire surface and the peaks oxidation (Fig. 2b). The
first Nano-Tubes (NTs) were observed after 3h anodization in voltage of
30V (Fig. 2d). Their average internal diameter was about 86 nm (Fig. 3) and
they were located in small spots scattered over the whole sample’s surface.
The rest regions were characterized with nano-roughness of the oxide layer
and beginning of tubular structures formation (Fig. 2¢).

Increasing the process duration led to increasing of the surface covered
with NTs as well as their internal diameter. After 6h anodization 80% of the
sample’s surface was already covered with NTs (Fig. 2f) with average in-
ternal diameter about 109 nm. After 7h anodization nearly 90% of the sam-
ple’s surface was covered with NTs. They were well shaped with average
internal diameter of about 114nm (Fig. 3). Their structure is amorphous, be-
cause clearly pronounced peaks only of titanium can be seen on X-Ray difrac-
tograms after anodization of Ti-6Al1-4V samples (Fig. 4).

The EDAX analysis of the region on Fig. 2f shows presence of the ele-
ments Ti, O, Al and V (Fig. 5a) which is evidence that NTs are made of TiO,.
But it also means that the all alloying elements take part in the oxidation-
reduction processes. After 3h anodization in voltage 40V about 30% of the
surface was covered of layer with mainly sponge-like structure (Fig. 2g). Well
shaped NTs could be seen in particular regions, while the rest part of the sur-
face was characterized with nano-fibers (Fig. 2h).

The anodization of Ti-6Al-4V in 0,5% HF solution and graphite cath-
ode for coverage of the entire surface of the sample with nano-tubular oxide
layer took about 7 hours. To decrease the process’s duration the experi-
ments with 1,5% HF concentration of the electrolyte and voltage of 30V
were done. The results showed presence of TiO, NTs after 30 min anodiza-
tion (Fig. 6). Their average internal diameter was about 100 nm and they
covered about 20% of the samples’ surface. To increase the surface, cov-
ered with nano-tubes, the anodization time was increased. After 1h anodiza-
tion the NTs covered about 30% of the surface sample. Nano tubular struc-
ture was not observed in further increase of process duration. After 2h ano-
dization the oxide layer possesses rather porous micro-structure which re-
mains in most of the surface after 3h process. But then in some regions
dense and thick oxide layer with many cracks could be observed.
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Fig. 2. Surface morphology of T1-61-4V samples after anodization with different
voltage and duration: 20V, 30min — a; 20V, 3h - b; 30V 30min - ¢; 30V, 3h - d and
e; 30V, 6h-f; 40V, 3h-gand h

Anodization of pure Ti Gr-2

After anodization of pure Ti Gr-2 in voltage of 20V only nano-
roughness and nano-fibers could be seen (Fig. 7a and Fig. 7b). The first nano-
tubular structure originated after 1h anodization in 25 V. Like titanium alloy,
it was located in small spots scattered over the entire sample’s surface.

The structure is rather sponge-like consisting of pores with irregular
shape and sizes (Fig. 7c). Well-shaped NTs with average internal diameter
82nm could also be observed in some zones. The rest surface was covered
with nano-fibers (Fig. 7d). Increasing of the process duration led to the lar-
ger surface of the sample covered with nano-structure. After 3h anodization
the covered surface is about 50% (Fig. 7e), after 6h: 60%-70%, while after
7h it reaches about 70-80%. With increasing the process duration the struc-
ture morphology changes from sponge-like to nano-tubes with regular shape
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and sizes (Fig. 7f). The average internal diameter of tubular structures also
increases with increasing of anodization time. After 6h anodization the av-
erage NTs diameter is 109 nm, while after 7h it is about 121 nm (Fig. 3).
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Fig. 3. Average internal diameter of Fig. 4. XRD spectra of anodized
titanium nanotubes after anodization pure Ti Gr-2 and Ti-6Al-4V alloy
of pure Ti Gr-2 and Ti-6Al-4V samples
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Fig. 5. EDAX analysis of anodized samples of Ti-6A1-4V alloy
(30V, 7h, 0,5% HF) — a and pure Ti Gr-2 (25V, 7H, 0,5% HF) — b

EDAX analysis of the NTs region on Fig. 7f shows presence of the
elements Ti and O (Fig. 5b) proving the oxide nature of the structure. Like
the titanium alloy, it is amorphous, because clearly pronounced peaks only
of titanium can be seen on X-Ray difractograms after anodization of the
pure Ti samples (Fig. 4). The first nanostructure in 30V anodization origi-
nated after 30min. Its morphology is sponge-like, consisting of pores with ir-
regular shape and sizes. The nano-pores’ average inner diameter is about 68nm
and it is smaller than that of the NTs. The morphology and sizes of nano-
structure do not change with increasing the process duration (Fig. 7g and Fig.
7h). After anodization of 1h, 3h and 6h the porous nano-structure was observed
in 30%, 50% and 60% respectively of the samples’ surface. The rest regions
were covered with nano-fibers (Fig. 7i).
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1 1,5
Fig. 6. Surface morphology of Ti-6Al1-4V samples after anodization in 1,5% HF solution

Discussion

During anodization process, when a constant voltage is applied be-
tween the anode and cathode, electrode reactions - oxidation and reduction
in combination of field-driven ion diffusion lead to the formation of an ox-
ide layer on the anode surface.

The chemical reactions specifically for anodizing of titanium are the
following [12]:

At the Ti/T1 oxide interface:

Ti & Ti*" +2¢ (1
At the Ti oxide/electrolyte interface:

2H,0 < 20* +4H" )

2H,0 <> 0, +4H" + 4¢” 3
At both interfaces:

Ti*" + 20% & TiO, + 2¢ 4)
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Fig.7 Surface morphology ofp Ti Gr-2 samples after odlzatlon with different
voltage and duration: 20V, 1h —a; 20V, 3h —b; 25V, 1h—c and d; 25V, 3h —e, 25V,
6h —f; 30V, 1h—g; 30V, 3h—h and 30V, 6h —i

The titanium oxide is a dielectric and has higher resistivity than the electro-
lyte and the metallic substrate. Therefore the applied voltage will mainly drop
over the oxide film on the anode. As long as the electrical field is strong enough to
drive the ion conduction through the oxide, the oxide film will keep growing,

Nano-tubular structures are usually formed in anodizing in fluorine electro-
lyte solutions when the applied voltage is much lower than the dielectric break-
down [12]. In addition to the electro-chemical oxidation and dissolution, the
chemical dissolution of the titanium and titanium oxide in HF acid also takes part.

The processes of tubular nano-structures formation for both materials
begin in higher voltages — 30V for Ti-6Al-4V alloy and 25V for the pure Ti
Gr-2. Seven hours and more are required for covering the entire surface of the
sample. So long process time can be due to the graphite cathode used from
one hand. It is inert as working electrode and only indirectly affects the elec-
tro-chemical process, unlike platinum electrode, which has a positive elec-
trode potential. On the other hand, etching before anodization produces mi-
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cro-roughness on the surface of Ti-6A1-4V alloy and micro/nano-roughness
on the surface of the pure Ti. The particular micro-regions are situated at dif-
ferent angle towards the electrode surface which causes running of the field-
enhanced oxidation and field-enhanced dissolution with different rate thus
leading to a longer time required to cover the entire surface with nano-tubular
oxide structure. In the zones, parallel to the cathode surface, intensive dissolu-
tion of titanium runs resulting in nano-roughness after short time anodization.
With increasing the process duration the oxides in the form of nano-fibers
appear on the nano-peaks. In the micro-regions with more intensive oxidation
processes the nano-tubular structures originate earlier — after 3h process in
30V for Ti alloy and after 1h in 25V for the pure Ti. The lower process pa-
rameters for the CP Ti Gr-2 are probably due to its higher reactivity in com-
parison with that of Ti alloy. With increasing the process duration the surface,
covered with NTs, increases as well as their inner diameter.

Anodization in higher electrolyte concentration leads to formation of
nano-tubular structure on the earlier stages — after 30 min. Increasing of
process duration does not lead to covering of the entire sample’s surface
with NTs, but to the appearance of regions with thick oxide layer which
confirms our theory about running of different processes at different rates in
different areas. So it is difficult to control the process for producing of
nano-tubular structure in higher electrolyte concentrations.

With voltage increase the structure of the surface oxide layer of both
materials changes from nano-tubes to nano-porous sponge-like, confirming
the results of [11]. The nano-porous structure covers Ti-6Al-4V alloy in
40V, while in the pure Ti it originates in 30V. As the anodized layer is not
uniform due to existence of micro-roughness, flaws, defects and local stress
the formation of nano-porous sponge-like structure is probably due to the
blasting process accompanied with intensive gas release at weak points
where the potential drop exceeds the dielectric limit [12].

Conclusions

Anodization of pure titanium and titanium alloy in 0,5% HF acid solu-
tion using a graphite cathode allows obtaining of oxide layer with nano-
tubular structure in narrow voltage range 30V +/-5V for the Ti-6Al-4V al-
loy and 20V-25V for the pure Ti Gr-2 in a relatively long process duration
of about 7 hours for the both materials. The average inner diameter of the
nano-tubes is close for the both materials and increases with increasing of
the process duration. The first nano-tubes have a diameter of 86nm for Ti-
6AI-4V alloy and 82nm for the CP Ti Gr-2, while after 7h anodization their
diameter is 114nm and 121nm respectively.

At lower voltages and short-time process the nano-roughness is observed
on the surface of both materials, on that TiO, nano-fibers are formed with in-
creasing the process duration. At higher voltages - 40V for Ti-6Al-4V alloy and
30V for pure Ti porous sponge-like structure of the oxide layer is observed
which originates at first in particular regions in short-time process and gradually
spread over the entire sample’s surface with increasing of the process duration.
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Higher 1,5% HF concentration of the electrolyte leads to the formation
of nano-tubes in particular regions after 30min process, while increased
duration does not lead to coverage of the entire sample’s surface with nano-
tubes, but to obtaining of areas with different morphology — nanotubes, po-
rous microstructure and dense oxide layer.

Our investigation shows that it is possible to obtain nano-tubular oxide
structure on titanium surface by anodization in 0,5% HF solution with
graphite electrode. Additional research is needed for precise defining of the
technological regimes for obtaining of continuous layer of TiO, nano-tubes.
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Aikosa I]./]. BiIMB TeXHOJIOTiYHUX NIapaMeTpiB Ha OpMyBaHHS TUTAHOBUX
HAHOTPYOOK.

Hocnioxceno eniue mexHono2iuHux napamempie Ha GOPMYS8aHHI MUMAHOBUX
HaHompy6oK Ha nogepxui yucmoeo mumary Grade-2 i mumarogozo cnnagy Ti-6Al-
4V nicis anody8anHs 3a 00NOMO2010 2papimuo2o Kamooa. AHOOYE8aAHHA GUKOHYEATU
6 060X KoHyenmpayisx pozuuny HF kucnomu npu pisnux manpyeax i mpuganocmi
npoyecy. Mopgonocis nosepxui, ximiunui i ¢pazoeutl ckiad oKcuoHo2o wapy Oyu
oocniooceni 3a donomozoro CEM, EDAX i penmeenocpagiunozo ananizy. Bcmarnos-
neno, wjo anooysanusa 6 0,5% pozuuni HF xucnomu 003801a€ ompumamu oKCUOHUlL
wap 3 HaHOMpPYOUAMOoo CMPYKmMypor y 8y3bkomy oianasowni Hanpye 30 B +/-5 B
ona cnaagy Ti-6A1-4V i 20-25 B ons wucmoeo Ti Gr-2 npu oocmammuiii mpueanocmi
npoyecy. Cepeoniti eHympiwHill  diamemp HAHOMPYOOK OnU3bKUll 0Nl 000X
mamepianie (80 um - 120 Hm) i 3pocmae 30 30iIbWEHHAM MPUBATOCE NPOYECY.
Mopgonozis noeepxui npu 6inbu HUZLKUX HANPY2aX | MEHWII MpUganocmi npoyecy
Xapakmepusyemvcs HAHOWOPCMKICMIO, WO MPAHCHOPMYEMbCS Y HAHOBOLOKHA
TiO, 3i 36invuenusam mpusarocmi npoyecy. Ilpu 6inows eucoxux nHanpyeax - 40 B
ona cnaagy Ti-6A1-4V i 30 B ons uucmoeo Ti cnocmepicaemvcs nopucma Cmpykmy-
pa oxcuonozo wapy. 36invuenns konyenmpayii enekmponimy (1,5% HF) npuseo-
Oumov 00 ymeopenns Hanompybox nicis 30 Xxeununnozo npoyecy, mooi K
30IMbUEHHA MPUSATOCI NPU3EOOUMb 00 POPMY6anHa pisHoi mopghonoeii nosepx-
Heg020 wapy - HAaHOMPY6OK, NOPUCIOT MIKPOCIMPYKMYPU | WibHO2O APy OKCUOY.

Knrouoei cnosa: mumarn, cnias mumary, aHoOY8aHHsl, HAHOMPYOKU OKCUOY MUMAH).

[Muxoea 1]./]. BiusiHue TEXHOJI0TH4YeCKHX NapaMeTPoB Ha GOpMHUPOBaHHe
TUTAHOBBIX HAHOTPYOOK.

Hccnedosaro enusnue mexHonoeu4eckux napamempos Ha popMuposaHue muma-
HOBbIX HAHOMPYOOK Ha nogepxHocmu ucmozo mumana Grade-2 u mumanogoeo cniasa
Ti-6A1-4V nocre anoOuposanust ¢ NOMOWBIO SPAPUIMHOL0 Kamood. AHOOuUposatue bi-
NOTHEHO 8 08YX KoHyenmpayusx pacmeopa HF kuciomel npu paselx Hanpsijrcenusx u
onumensrHocmu npoyecca. Mopgonoeus nosepxnocmu, xumudecKuti u azoswlii cocmas
OKCUOHO20 cosi Gvliu ucciedosanst ¢ nomowgpto CEM, EDAX u penmeenoepaguuecko-
20 ananuza. Yemanoeneno, umo arnoouposanue 6 0,5% pacmeope HF kuciomul no3eo-
Jislem NOyYumb OKCUOHDLIL CIOU ¢ HAHOMPYOUAMOU CIMPYKIMYPOU 8 Y3KOM OUAnazoHe
Hanpsioicenutt 30 B +/-5 B ona cnaasa Ti-641-4V u 20-25 B ons yucmoeo Ti Gr-2 npu
omHocumenbHo 601bLUol nPodocUmensHocmu npoyecca. Cpeoruti 6HympeHHull oua-
Memp HaHompyook 6uzok onst oboux mamepuanos (80 um - 120 um) u eospacmaem ¢
yeenuyenuem onumensnocmu npoyecca. Mopghonoeuss nosepxnocmu npu 6oiee HUKUX
HANPSIJICEHUSIX U OTUMETLHOCIU NPOYecca XapaKmepuszyemest HAHOWepoXo8anocmoio,
Komopasi mpancgopmupyemcest 6 Hanogonokua TiO, ¢ ygenuueHuem npoooIdNcUumenbHo-
cmu npoyecca. Tlpu 6onee svicokux Hanpscenusx - 40 B ona cnnaea Ti-6A1-4V u 30 B
ona yucmoeo Ti Habmooaemcs nopucmas CmpyKmypa oKCUOH020 Closl. YeenuueHue
Konyenmpayuu anexkmponuma (1,5% HF) npusooum k o6pazosanuio HaHompybok nocie
30 munymmuoeo npoyecca, moz0a Kax ysenuyeHue npoooaHCUMENbHOCU NPUBOOUm K
hopMmUposanuIo paziuyHot MOpoIoSUU NOBEPXHOCIHO20 CIOSL — HAHOMPYOOK, NOPUC-
MO MUKDOCIPYKIYPbL U NIONHO20 CIOSI OKCUOA.

Kntouesvie cnosa: muman, cniag mumana, anoouposanue, HaHompyoKu OKCUOa MUmana.
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