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ABSTRACT

Nanotubes grown on Ti and its alloys have been extensively investigated for the biomaterials applica-
tions, since these structures improve the surface biocompatibility and the corrosion resistance due to
oxide formation. Some researchers showed that the microstructure of the pure Ti affect the morphology
of nanotubes grown by anodic process. However, this subject is rarely investigated for nanotubes grown
on Ti alloys. In the same way, nanostructured films formed by concomitant regions of tubes and lamellar
structures hardly ever were reported. Investigations concerning these topics are required once beta tita-
nium alloys are suitable candidates to replace the pure Ti and Ti-Al-V alloys for biomedical applications.
Beta alloys composed of non-toxic elements (Nb, Ta, Mo) are biocompatible and have an excellent
mechanical properties and corrosion resistance. The present work investigated questions regarding to
the effect of microstructure of Ti-10Nb alloy on morphology of nanostructured film growth by anodiza-
tion. The morphology, thickness, composition and atomic arrangement (amorphous/crystalline) of
formed oxides, and the contact angle of anodic film were investigated. The X-ray diffraction patterns
and SEM image show that the Ti-10Nb alloy is composed by alpha (hcp) and beta (bcc) phases. SEM
and TEM techniques revel that self-organized nanotubes grew on alpha phase, whereas a lamellar struc-
ture with transversal holes grew on B-phase. Crystalline oxides are formed at oxide-metal interface, as
indicated by X-ray diffraction patterns. However, the tubes and lamellas grown over the compact oxide
are amorphous, as-prepared and annealed at 230 °C for 3 h, as showed by SAED patterns. The nanostruc-
tured films annealed at 430 °C and at 530 °C were damaged. A few changes were observed in XRD pat-
terns of film annealed at 230 °C while the morphology held similar as the unannealed film. Finally, the
presence of phosphorus ions incorporated into the anodic layer makes the surface hydrophilic, since a
similar nanostructured film without phosphorous incorporation results hydrophobic.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

ment of other biomedical titanium alloys, prioritizing the utiliza-
tion of non-harmful elements and looking for the optimization of

Titanium alloys are largely used to fabricate endosseous
implants due to its higher biocompatibility when compared to
other metals [1]. Although, there is a concernment about the
long-term release of harmful ions, as aluminum and vanadium
by dissolution from the Ti6AI4V alloy [1,2]. Those ions are associ-
ated with the development of neurological diseases, such as Alz-
heimer, and accumulation on kidneys and liver [3]. In order to
overcome this drawback, many researchers propose the develop-

* Corresponding author.
E-mail addresses: alineluz@ufpr.br, arossettoluz@gmail.com (A.R. Luz),
lepiensm@fisica.ufpr.br (C.M. Lepienski), kuromoto@fisica.ufpr.br (N.K. Kuromoto).

https://doi.org/10.1016/j.apsusc.2018.04.079
0169-4332/© 2018 Elsevier B.V. All rights reserved.

its mechanical properties [4]. Among these alloys, B-type TiNb
alloys are being proposed as an alternative since those alloys have
low elastic modulus, what could prevent the bone resorption
caused by the mismatch between the bone and biomaterial elastic
modulus [4,5].

Surface modifications in metallic implants improve the biolog-
ical interaction since the early stage of contact. Surfaces tailored
in nanoscale are known to improve the hydroxyapatite deposition
[6]. Nanotube arrays can be easily obtained on titanium alloys by
electrochemical techniques, such as anodic oxidation [7,8].
Nanotubes improve the osseointegration rate by increasing the
surface wettability and modulating the cell response due to its
morphology [9].
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Different factors and their influence on nanotubes have been
investigated with details, such as pH, fluoride content, ageing of
the electrolyte, anodizing potential and time, current density and
temperature; which were summarized by several review [10].
Some authors investigated the effect of Ti crystalline orientation/
microstructure on morphology nanotubes [11-17] and others for
porous films obtained by anodic process [18-23].

For Ti alloys it is expected that the growth of films depends on
the type of crystalline phase, number of phases and their surface
distribution, as well as on the type and concentration of the consti-
tutive elements [24,25]. However, few researchers make a consis-
tent report about this subject for B-type alloys [24-28].

To obtain self-organized nanotubes can be used mixtures of the
phosphoric acid plus fluorine ions, for example NH4F, HF and NaF
[29-32]. The success to grow nanotubes with these electrolytes
can be attributed to fact that the phosphoric acid acts as a buffer
species regulating the local acidification during pore growth [29].
The data of some researches showed that nanotubes grew in mix-
tures of the H3PO4 plus fluorine ions are hydrophilic surfaces
[29,33,34]. In the same way, the presence of phosphorus ions into
electrolyte improved the wettability of films obtained by plasma
electrolytic oxidation [24,35,36].

However, comparing of wettability results it is not possible
because the surface wettability depends on applied processing
parameters [33]. And in doing so it is govern by the morphology,
surface chemistry and free energy [37]. For nanotubes, it is well
known that its morphology favors the liquid to penetrate into
the tube, thus a lower the contact angle can be observed [37]. Like-
wise, the increase of nanotube diameter and/or its length decrease
the contact angle, indicating an improve in surface wettability
[37,38].

In this research, nanostructured films composed of nanotubes
and lamellas were grown on Ti-10Nb alloy employing the elec-
trolyte containing H3PO4 plus NH4F. The objective was to analyze
the morphology and the crystal structure of the different mor-
phologies of film, i.e., nanotubes, lamellar structure and nanotubes
plus lamellar structure of samples unannealed and annealed by
TEM (Transmission Electron Microscopy) and SAED (Selected Area
Electron Diffraction) techniques. It is the first time that analyses
are reported for nanostructures of nanotubes and lamellas grown
on a Ti alloy and the morphology varies according to substrate
microstructure.

In addition, the wettability was investigated to determine its
suitability to be used as a surface modification in Ti-10Nb
implants. To discuss the wettability behavior due to the phospho-
rous incorporation into anodic film obtained in this work, the
results were compared to additional wettability results of nanos-
tructured films free of phosphorous incorporation reported else-
where [26].

2. Materials and methods

Ti-10Nb alloy was prepared in the form of ingots from high pur-
ity Ti (99.7%) and Nb samples (99.98%). For the fusion of elements,
it was used an arc melting furnace with cooper crucible and water
cooled, non-consumable tungsten electrode and an argon-
controlled atmosphere. These ingots were melted 5 times to ensure
an homogeneous chemical composition. The cooling was done in
furnace at rate of 5 °C/min. The Ti-10Nb alloy was machined into
9 mm diameter and 120 mm long cylinders. The cylindrical sam-
ples were heat-treated at 1000 °C for 24 h in argon atmosphere,
applying a rate of 5°C/min followed by slow cooling rates to
relieve residual tensions originated on the fusion process.

The pure Ti, pure Nb, and Ti-10Nb alloy phases were deter-
mined by X-ray diffraction (Bruker—D8 Advance diffractometer

with LYNXEYE-XE detector), operating at 40 kV and 20 mA, Cu K
o radiation, in Bragg-Brentano geometry (20 — 20-80°) in step scan
of 2° min~'. The microstructure, chemical composition and distri-
bution of elements in Ti-10Nb alloy were analyzed by scanning
electron microscopy (SEM, FEI Quanta 450 FEG) coupled to
energy-dispersive X-ray spectroscopy (EDS).

The samples surfaces were ground with SiC papers and polished
with colloidal silica. They were then degreased by sonicating in
acetone, isopropyl alcohol and deionized water, for 15 min in each
bath, and finally dried in an incubator at 40 °C for 24 h. Anodic oxi-
dation was carried out in a two-electrode electrochemical cell,
using a platinum wire as counter electrode and the Ti-10Nb sam-
ples as work electrode. The anodic film were obtained using an
aqueous solution of 1.0 M H3PO4 + 0.8 wt% NH4F as electrolyte.
The anodization was conducted at constant voltage of 20V for
40 min at room temperature. Some anodized samples were sub-
mitted to a subsequent thermal treatment. After the anodization,
these samples were washed with deionized water, dried, and cal-
cined for 3 h at 530 °C, 430 °C or 230 °C at a heating rate of 1 °C
per minute, and cooled in the oven.

The morphology and the thickness of the anodic film were
observed by SEM images. In particular, the thickness was observed
in the SE (Secondary Electron) and BSE (Backscattering Electron)
modes. Image ] software was used to measure the film length on
images of mechanically cracked samples. The chemical composi-
tion and distribution of elements in the anodized Ti-10Nb alloy
were analyzed by EDS in line mode.

The X-ray diffraction equipment (Bruker - D8 Advance,
LYNXEYE-XE detector) was used to identify the phases of oxide
formed on Ti-10NbD alloy after the anodic process and after anneal-
ing at different temperatures. Due to the low film thickness the
grazing X-ray incidence angle technique was employed at 6 = 3°,
divergence slit of 1.0 mm and 1.56% nickel filter was used to cut
the Kj radiation, at 40 kV and 20 mA, Cu K o radiation.

The morphology, thickness and pattern of diffraction of nanos-
tructured film were also investigated by transmission electron
microscopy (TEM -JEOL JEM 1200EX-II), operated at 120 kV. For
the TEM and SAED (Selected Area Electron Diffraction) analyses,
the nanostructured film was removed from the plate of Ti-10Nb
alloy using a paper stiletto, and then it was placed on the copper
grid. After that, it was dripped one drop of the distilled water, on
the copper grid with the nanostructured film, and then dried in
an incubator at 40 °C for 24 h.

Surface wettability was evaluated on polished samples and on
anodic film before and after annealing, using a contact-angle
goniometer (EasyDrop, Kriiss) in sessile drop mode with 1 pL PBS
(phosphate-buffered saline) drops. The contact angles within 1s
were monitored and the average of three measurements was ana-
lyzed. The wettability results were compared also with results of a
nanostructured film obtained using a 0.5 M Na2S04 + 0.1%wt HF
electrolyte that was characterized in a previous research [26], since
both films, have similar morphologies and oxide compositions. The
wettability behavior was investigated for as-prepared nanostruc-
tured film and after annealing at 230 °C for 3 h., for films obtained
using distinct electrolytes.

3. Results and discussions

Fig. 1 shows the XRD pattern of the pure Ti, pure Nb and of the
Ti-10Nb alloy. As expected, pure Ti showed only peaks correspon-
dent to o phase, whereas pure Nb showed peaks of the  phase. The
dots line correspond to B phase in the Ti-10Nb alloy. All the others
peaks of the Ti-10Nb alloy are the contribution of the o phase. The
presence majority of the o phase in Ti-10Nb alloy is due to the low
amount of the B stabilizer element [39]. During the fabrication, the
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Fig. 1. X-ray diffraction pattern of the polished surfaces: pure Ti, pure Nb, and Ti-
10NbD alloy.

alloy was heated above the beta transus temperature, but due to
the slow cooling rate (o + ) phases are produced, resulting in a
retained B structure [39]. The typical Ti-10Nb lamellar structure
can be observed on the SEM image (Fig. 2a), where light regions
are rich in B-phase and the dark regions are rich a-phase, in agree-
ment to operating principles of SEM. This microstructure is charac-
teristic of alloys compound by (o + B) phases [4,28,40], which can
improve the mechanical properties of Ti and its alloys [1]. The
Nb addition on Ti alloy can increse the strength and reduce the
elastic modulus [1,5]. As reported in a previous research [26], the
elastic modulus values obtained by instrumented indentation were
(131 £4)GPa for grade 2 Ti and (110 +2) GPa for Ti-10Nb alloy.
Therefore, the addition of Nb in the Ti-10Nb alloy can reduce the

TiK

stress shielding effect that is responsible for bone resorption, loos-
ening, and eventually replacement surgeries [1,5].

The manufactured alloy presented a homogeneous element dis-
tribution (Fig. 2b). Niobium is distributed over all the alloy
microstructure, being more concentrated in § phase regions (cir-
cles on Fig. 2). The element weight percentage obtained by EDS
analysis for Ti-10Nb alloy were (91 +4) and (9 * 3) for Ti and Nb,
respectively.

Fig. 3(a,b) show SEM images of the film morphology on the Ti-
10Nb alloy. It is possible to observe the well-defined nanotubes
presence just grown on o phase regions, as grown on pure Ti or
monophasic alloys [8,41]. Whereas, on regions rich in B, o phase
lamellar structure was observed.

This phenomenon was already described from previous
research [26], and different morphologies were also observed in
reports for nanotubes grown on biphasic (o + ) alloys [16,23-
25]. Luz et al. [26] showed the first results about nanotubes grew
on Ti-Nb alloy surface. They reported the influence of microstruc-
ture on the nanostructured film, tube like shape are formed on o
phase and lamellar structure with transversal holes on B phase of
the Ti-10NbD alloy; obtained using saline electrolyte by anodic pro-
cess. On the other hand, Berger et al. [25] obtained nanotubes on
refractory metals (Al, TiAl3, TiAl, Ti3Al and Ti), due to the compo-
sition of alloys two distinct morphologies were observed: (i) highly
ordered parallelly aligned porous oxide structures and (ii) ordered
arrays of oxide nanotubes.

The mechanisms for the formation and growth of the nanotube
structure is describe as the competition between two processes;
the oxidation of valve metals to form oxides and chemical dissolu-
tion of oxides at the oxide/electrolyte interface [10,12,42]. Because
of the chemical differences between the phases of Ti alloys, the
electrolyte may etch one of the phases preferentially, so different
dissolution rates can occur [12,24,25,43-47]. As a result, a non-
uniform morphology of the nanostructured film can be observed

10 pm
e

Fig. 2. Polished surface Ti-10Nb alloy: SEM image (a); EDS analysis on the surface showing: chemical map identifying Ti and Nb (b), distribution of each element in the

chemical map Ti K (c) and Nb L (d).
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# rich in B phase

Fig. 3. Morphology of the Ti-10NDb alloy anodized at 20 V in 1 M H3PO, (a) and (b); the insert in (b) is the EDS counts for elements in the nanostructured film in line mode

measured at the black dot line region, and cross-sectional view of nanotube arrays (c).

on the biphasic alloys. Therefore, the Ti-10Nb alloy regions rich in
o phase (Fig. 3) was etched preferentially in relation to regions rich
in B phase, explaining the presence of uniformly distributed and
self-organized nanotubes grown on the regions rich in o-phase.

The insert in Fig. 3b corresponds to the EDS analysis obtained in
line mode to investigate the chemical composition of the nanos-
tructured film grown on the Ti-10Nb alloy. The dot line region in
the Fig. 3b indicated the analyzed region. The data reveals the con-
tribution of substrate elements (Ti and Nb), F and P ions of elec-
trolyte were incorporated in the film and the presence of O; due
to the oxide formation by anodic process [48].

The light gray regions present higher Nb concentration than
dark gray regions (Fig. 3b). Unlike, Ti concentration decreases in
the light gray regions and increases in the dark gray regions. There-
fore, the dark regions are rich in a-phase and the light regions are
rich in B-phase, in agree with Fig. 2, since the Nb is a beta stabilizer
element [39,49].

The counts for oxygen, fluorine of the regions rich in B phase
was higher than in regions rich in o phase while the P counts are
higher in the o regions. The lamellar structure is narrow (Fig. 3)
and under it there is the nanotube arrays of o phase (Fig. 3c), so
the results of EDS analysis may be influenced for both phases.

In agreement to Bauer et al. [25], PO?{ ions are adsorbed
strongly on TiO, surfaces obtained with electrolyte containing
phosphoric acid. They observed the presence of ~4% of P on the
surface of anodic TiO, surface grown on titanium (in absence of flu-
orides) in the HsPO,4 solution by XPS analysis. In the same way,

Ghicov et al. [32] observed phosphate ions incorporation into the
nanotubes obtained with 1 M (NH4) HoPO4 + 0.5 wt% NH4F on pure
Ti. The film contained ~2% of the phosphorous species (~8% phos-
phates) by XPS analysis. Despite the phosphorus incorporation into
the film grew on the Ti-10Nb alloy was done by EDS analysis, it is
possible that this data is in agreement with XPS analysis reported
by Bauer et al. [25] and Chicov et al. [32], since a low counts for
phosphorous was obtained (Fig. 3b).

Furthermore, it is also well knew that incorporation of phos-
phates in oxide titanium suggest the presence of negatively
charged species [29,32,50]. For example, HPO; and POz can act
as preferential nucleation sites of calcium phosphates due to
attractive interaction with Ca* jons presents in biological fluid
[50]. Recently, Sanchez-Escobedo et al. [51] showed the in vitro
bioactivity of phosphorous-containing calcium monoaluminate
cements increased by adding phosphorous.

To investigate the difference of the anodic film grown on o or on
B regions, the cross-section of the sample was analyzed revealing
different length in each region (Fig. 3c). The cross-section image
shows that on the a-phase region nanotube arrays grown with
~0.82 um of length and on the B-phase region a lamellar structure,
likewise as observed in Fig. 3c.

In addition, the nanotubes on o-phase showed the growth of
ribs along the tubes walls, which can be formed in aqueous elec-
trolyte with regular current oscillations recorded in the current-
time transient, associated with pH bursts at the base of the tubes
as the anodization progressed [10]. Moreover, the presence of
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NH4F into electrolyte may be formed the ribs along the tubes walls
[30,52].

The oxides formed on each one of the phases have different con-
centrations of Nb [24,26], in agree with Figs. 2 and 3b. The attack of
the fluorine ions in the oxides on the alpha phase is different from
the attack in the oxides on the beta phase [24,26]. The oxide layer
grew on the beta phase is less attacked, with thickness ~0.71 pm
higher than the nanotubes of the alpha phase oxides, probably
due to oxide composition.

Berger et al. [25] attributed the transition from nanopores to
nanotubes, for films grew on refractory metals (Al, TiAl3, TiAl, Ti3Al
and Ti), to the oxide growth factor fgrowtn proposed by Yasuda et al.
[45]. The fgrowtn denote the proportionality between thickness ¢ and
anodization voltage U for the growth of compact valve metal oxide
layers [t = fgrowtnU]). The model implicate that the tube diameter
(dwupe) Of self-organized nanotubes arrays on several valve metals
essentially depends on the oxide growth factor fgrow, Which is
express by dtube = 2fgmwthu [45]

The fgroweh may be related to stress generated during oxide for-
mation and depends on the volume expansion during oxide growth
[29]. Therefore, the different morphologies and thickness observed
in Fig. 3 may be attributed to the fyrowen, since the oxide composi-
tion is different on o and B phase and the growth of compact oxide
is also different on phases of the Ti-10Nb alloy [26].

Fig. 4 shows the TEM, SEM- BSE and SAED results in order to
investigate the oxide composition of the nanostructured film in
relation of the different morphologies (Fig. 3). A significant rela-
tionship was observed between the film thickness and the features
morphology obtained by TEM (Fig. 4a) and the SEM images
(Fig. 4b), since the order of magnitude is close to 2 um for the

two results. Both TEM and SEM images (Fig. 4a,b) show a non-
porous edge (1) and region with tubes (3).

The TEM image (Fig. 4a) clarified the characteristics of the
region with holes (2) that have random diameters, which increase
of size from the edge towards to the region with tubes (3). So, the
holes in the wall are affected by the neighboring tubes on the o
phase. This behavior may be similar to the pore formation when
the pores that precedes the formation of nanotubes affects the
growth one of the others; and consequently the growth of nan-
otubes [45].

TEM images with different features of the nanostructured film
were selected: tubes (c), lamellar structure showed the edge and
holes (d) and the contribution of the all film (e), i.e., tubes plus
lamellar structure. The patterns of the SAED (Fig. 4f-h) correspond
to regions (Fig. 4c-e), respectively. All regions of the nanostruc-
tured film grown on Ti-10Nb showed diffuse rings and there are
not define points to index to crystalline oxide patterns. Thus, it is
an evidence that the nanostructured film is amorphous, indepen-
dent of the region on it grown (o or B phases). As well known,
the nanotubes grown by anodic process are amorphous, and it
can turn crystalline by annealing [7,37,41].

Fig. 5 shows results after annealing of nanostructured film by
SEM, EDS, TEM and SAED analyses.

In order to obtain higher crystallinity, the nanostructured film
were annealed at 530 °C for 3 h. This condition of annealing was
choice since it is frequently used to convert amorphous nanotubes
to crystalline nanotubes rich in anatase phase without collapsing
the nanotubes [53]. Fig. 5a shows the morphology of nanostruc-
tured film after this process. Unfortunately, the lamellar structure
grown on B phase was destroyed after the annealing at 530 °C for 3

Fig. 4. Morphology/film thickness grown on the Ti-10Nb alloy obtained by TEM (a) and SEM - BSE. Different selected area of the nanostructured film: tubes (c), lamellar
structure (d) and tubes plus lamellar structure (e). Pattern of the SAED (f-h), which correspond the fig. c-e, respectively.
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Fig. 5. Morphology of nanostructured film grown on the Ti-10NDb alloy after annealing by SEM: (a) 530 °C for 3 h, (b) 430 °C for 3 h, (c) 230 °C for 3 h. The insert in (d) is the
EDS counts in line mode for elements in nanostructured film after annealing at 230 °C for 3 h, the black dot line is the region analyzed. Morphology of different selected area
of nanostructured film after annealing at 230 °C for 3 h by TEM: tubes (e), lamellar structure (f) and tubes plus lamellar structure (g). Patterns of the SAED (h-j), which

correspond the fig. e-g, respectively.

h. Reducing the annealing temperature to 430 °C for 3 h, it was
observed cracks on lamellar structure (Fig. 5b, 1-black arrow)
and a region with collapsed nanotubes grown on o phase close
to lamellar structure (Fig. 5b, 2-black arrow).

Reducing the annealing temperature to 230°C for 3 h the
nanostructured film (Fig. 5c) was uniform over the substrate; it
were not observed cracks or collapsed regions. Therefore, the
nanostructured film was not damaged in this condition, so comple-
mentary analyses were done.

The insert in Fig. 5d corresponds to the EDS analysis obtained in
line mode to investigate the chemical composition after annealing
at 230°C for 3 h. The data reveals that the fluorine ions were
removed of film and the others elements (Ti, Nb, O and P) showed
the same features that Fig. 3b.

In order to investigated the crystallinity of nanostructured film
after the annealing at 230 °C for 3 h TEM and SAED analyses were
done. Fig. 5e-g show these morphologies: tube, lamella or tube
plus lamellar maintained the same features before the annealing
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(comparing Figs. 4 and 5), and the SAED patterns (Fig. 5h-j) are still
amorphous.

Nanotube grown on pure Ti showed that anatase formation
begins at around 280 °C [8], and increasing annealing temperature
the anatase formation can be enhanced. However, the alloying ele-
ments can change the phase transformation temperature [8]. Nan-
otubes grown on alloys containing Nb, Al, Ni, Ga, Ta, and W and
submitted to annealing shows retards to formation of anatase
and rutile crystallites and delays the anatase-to-rutile phase trans-
formation [8]. Verissimo et al. [54] observed by X-ray diffraction
patterns two peaks of anatase to nanotubes grown on pure Ti
annealing at 225 °C with low intensity, whereas the nanotubes
grown on Ti-35Nb alloy shows a low intensity to one peak of ana-
tase after annealing at 295 °C.

The temperature of 230°C has selected in according the
results of Verissimo et al. [54], in order to promote a minimum
changes at structure crystalline, maintained morphology of as-
prepared nanostructure film and remove the fluorine ions, since
that the unannealed film had a crystalline contribution of the
oxide formed in the oxide-metal interface, as showed by XRD
patterns (Fig. 6).

Fig. 6 shows the peaks on the XRD patterns of the Ti-10Nb sub-
strate in comparing to the anodized Ti-10Nb alloy, and after
annealing at different temperatures. In relation to pure Ti-10Nb
alloy, as-prepared nanostructured surface showed significant
change at peaks of the anatase at 48°, overlapping anatase peaks
with substrate at 38.5°, 55.7° and 62.7°, Nb,Os at 29° and 43°.
The presence of crystalline peaks of the XRD patterns (Fig. 6) can
be attributed to the oxide formation in the oxide-metal interface
[26,48,55,56], since the SAED results showed the lamellas and
tubes are amorphous.

Furthermore, the EDS analysis (Figs. 3 and 5) suggest that the
nanostructured film on Ti-10Nb alloy can be formed of TiO, and
Nb,Os oxides. Moreover, films grew by anodization may lead to
the formation of niobium oxides; being that depends of prepara-
tion conditions [57].

The oxidized surface annealed at 230 °C shows that anatase
peaks at ~38° were more defined than as-prepared film, and a
broad region from 7° to 18° of Nb,Os peaks, which are also
remained at other annealing conditions (430 °C and 530 °C). At
430 °C additional anatase peak was observed at ~25°, but at
~55.7° the anatase peak was suppressed. The same oxide contribu-
tion was observed on anodic film annealed at 530 °C, being that all
peaks were more defined than 430 °C.

Nanotubes grown on Ti-35Nb alloy showed that the anatase
phase starts the crystallization at 325-350°C [54], which can
explain the formation of the typical anatase peak ~25° (Fig. 6).
Whereas, the higher crystallization of Nb,Os powder was observed
at 500 °C [58], peaks of Nb,Os were obtained at 480-930 °C for
nanotubes grown on Ti-35Nb alloy [54], and nanotube arrays
grown on Ti-45Nb alloy showed highly crystalline Nb,Os after
annealing at 550 °C [59]. These data of literature are indicatives
of the lower crystallinity of Nb205 peaks observed after annealing
(230-530°C) in Fig. 6, as well as, it changed at crystalline structure
of the as-prepared nanostructured film on Ti-10Nb alloy. However,
due to extensive polymorphism of niobium oxides is not possible
comparing data. Furthermore, the formation of Nb oxides depends
of substrate, on the method of preparation and annealing condi-
tions [57].

Therefore, increasing the annealing temperature the crys-
tallinity of anatase phase of nanostructured film was enhanced
[8]. However, the different morphologies (tubes and lamellas) of
film grown on Ti10Nb alloy were damaged at higher temperatures
(Fig. 5).

The deterioration of nanotube arrays due to annealing can
depend of experimental parameters, as anodization condition,
temperature, hold time for thermal degradation, phase transforma-
tion and crystallization of nanotubes [60]. Shivaram et al. 2014
[60] also observed that the length tubes can lead to thermal degra-
dation at lower temperatures of nanotubes. In this work, the dete-
rioration of nanotubes can also be associated to differences at
morphologies and their oxide composition.
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At last, Fig. 6 showed that the nanostructured film (as-prepared
and after annealing) was formed by mixtures of oxides of elements
that compound the alloy [8,48]. Titanium and niobium oxides
show bioactivity in vitro and in vivo tests [61,62], whereas it was
demonstrated that amorphous nanotubes are adequate surfaces
for cell adhesion [63,64]. Being that the anatase phase may to
enhance the growth process of hydroxyapatite [56]. Besides that,
coatings with TiO, and Nb,0s oxides can improve the corrosion
resistance and the wear [42,58].

Therefore, a nanostructured film as obtained in this work prob-
ably have suitable characteristics for applications in biomaterials
area. In fact, the evaluation of biological response of nanostruc-
tured film with lamellas and tubes should be investigated in future
research, since the surface morphology is decisive to cell interac-
tion between bone and implant [56].

Fig. 7a shows that the contact angle of PBS on polished Ti-
10NDb alloy is approximately 57° (Fig. 7a), on this alloy were
grown nanostructured film using distinct electrolytes. In the pre-
vious research [26] the film was grown with 0.5 M Na,SO4 + 0.1%
wt HF electrolyte, which morphology had lamellas and tubes. In
this work, a similar nanostructured film obtained with 1M

H3PO,4 + 0.8 %wt NH4F electrolyte also had lamellas and tubes
(Figs. 3-4). The similar morphologies observed in Figs. 3-4 and
in previous research [26] were expressed in a schematic drawing
showed in Fig. 7b. Although these nanostrutured films had a
similar morphology and oxide composition (titania and niobia
oxides), the wettability of these surface were very different
(Fig. 7¢,d).

Fig. 7c shows that as-prepared surface obtained with 0.5 M Na,-
SO4 + 0.1%wt HF electrolyte had almost hydrophobic behavior with
contact angle (78° + 2°). After the annealing at 230 °C for 3 h, the
contact angle increased and showed a hydrophobic surface
(Fig. 7c¢) with (104°+3) contact angle. Whereas, when 1M
H3;PO,4 + 0.8 %wt NH4F electrolyte was employed to obtain the
nanostructured film, as-prepared and after annealing surfaces rev-
eled a hydrophilic behavior with (19° + 2°) and (37° + 2°) contact
angle, respectively (Fig. 7d).

Fig. c-1 shows a scheme for a low surface energy that corre-
spond the behavior of the nanostructured film obtained with
Na,SO4 + HF electrolyte, wich the liquid does not permate into
the film due to air pockets there are beetwen the liquid and solid
surface; as describe by the Cassie and Baxter model [65,66].

(2)

Ti-10Nb
polished

104° £3

lamellas
JR—

tubes

Fig. 7. Contact angle measurements of Ti-10Nb polished (a), schematics of morphology obtained with different electrolytes (b), contact angle measurements of as-prepared
surface and before annealing at 230 °C of nanostructured film on Ti-10Nb alloy grown using Na,SO,4 + HF electrolyte (c) and H3PO,4 + NH4F eletrolyte (d). Schematics of
wetting behavior: hydrophobic surface (c-I), hydrophilic surface when start of wetting of fluid into film (d-I) and complete wetting (d-II). The circles with “P” on (d-I) and (d-
1) are phosphorus incorporation.
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Whereas, Fig. d-I shows a schematic for a hydrophilic surface
when start of wetting of fluid into film. Perhaps, the phospho-
rous incorporation increase the surface energy, and then the
nanostructured film obtained with H3PO4+ NH4F was entirely
wetted by liquid droplet (d-II), which is in accordance with Wen-
zel model [66].

A hydrophilic behavior of nanotubes surface can be expected,
due to an increase of roughness, surface area in relation flat sur-
faces and reaction with hydroxide compounds on nanotubes sur-
faces [34,37]. However, the surface chemistry controls the
surfaces properties, those could be changed depend on the pro-
cessing method and heat treatment. Thus, a hydrophobic behavior
can be observed for nanostrucured films [37,56,60].

The increase on the contact angle after annealing is reported in
literature due to the adsorption of organic contaminants on nanos-
tructured surface in air ambience and the replacement of the che-
misorbed hydroxyl groups with the oxygens [65].

Both the surface morphology and the crystalline structure can
influence the surface wettability, as well as, surface energy [56].
In the way, Yavari et al.[24] attributted the low contact angle to
the porous morphology and films roughness, and the presence of
anatase, rutile and oxides of elements that compound the o/p-
Ti6Al7Nb and B-Ti45Nb alloys. Furthermore, nanotube surface
compound by crystalline anatase showed best wettability than
amorphous oxide and rutile phase [56].

However, these characteristics, surface morphology and crys-
talline structure, were not decisive in wettability behavior of
nanostructured films analyzed in this work. The most important
difference between the nanostructured films contained lamellas
and tubes was the phosphorous incorporation that, probably,
change the surface chemistry and the free energy to turn the
surface hydrophilic. This fact can be emphasized observing data
of others researches and our research group that have been
observing the presence of phosphorous on the anodic surface
seems improve the hydrophilicity. For porous films obtained by
plasma electrolytic oxidation [24,35,36] it was observed that
the incorporation of phosphorus plays decisive role to surface
hydrophilicity.

Due to the complexity of surface effects of thin films [56], fur-
ther studies are necessary to fully comprehend this behavior, such
as an extensive review of literature data, many wettability tests of
surface obtained using different electrolytes, as well as the com-
plete characterization of all surfaces (surface chemistry and free
energy).

In view of wettability results, films obtained using electrolytes
contained phosphorous ions can show a low contact angle, which
suggests a high surface energy of films. The higher hydrophilicity
and surface energy of anodized surface improved the apatite-
forming ability in SBF (simulated body fluid). In addition, the nan-
otube structure is more reactive due to a more open surface area
leading to enhanced apatite deposition [67]. The increased
hydrophilicity improves the surface-blood interaction, increase
the protein adsorption and consequently, modulate the cell growth
and differentiation [42,68]. The higher wettability also results on
an increased anti-inflammatory response, resulting in a reduced
healing time [69].

Therefore, the nanostructured film obtained with HsPOy4 +
NH4F eletrolyte can had optimize of the physic-chemical surface
properties of the Ti-10Nb alloy. The combination of the morphol-
ogy characteristics, the presence of the anatase phase and the
phosphorous incorporation may be improved surface wettability.
The analyses of the phosphorus incorporation (Fig. 3b and 5d)
and of the surface wettability (Fig. 7) showed an insight to need
more investigations to understand the relationship between the
low contact angle and the incorporation of phosphorous in ano-
dic films.

4. Conclusions

The present study showed that the oxides formed on o and on B
phases of Ti-10Nb alloy have different nanostructured morphology,
chemical composition and thickness that are result from an uneven
grow. On o~ type regions self-organized nanotubes grown, whereas
on B-type regions a lamellar structure with transversal holes was
formed with a higher thickness than for nanotubes on o phase oxi-
des. Crystalline oxide formation was observed near to oxide-metal
interface, whereas the tubes and lamellas grown over the compact
crystalline oxide phases are amorphous, as-prepared and anneal-
ing at 230 °C for 3 h. The nanostructured film was damaged when
submitted to annealing at 430 °C or 530 °C, whereas at 230 °C the
morphology was similar as unannealed surface and a few changes
were observed in structure by XRD patterns. An increase in the sur-
face wettability of the film was observed in comparison with the
polished alloy, attributed not only to the morphology, but also to
the anatase phase and the phosphorus ions incorporated into the
anodic layer, since a similar nanostructured film without phospho-
rous incorporation was hydrophobic.
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