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In this study, the Ti-7.5Mo experimental alloy for biomedical applications was processed showing
orthorhombic («”) martensite phase and low elastic modulus (54 GPa). The surface treatment permit-
ted the growth of ordered TiO, nanotubes via anodization process. The heat treatment during in situ
Raman measurement revealed that the TiO, nanotubes were transformed of the amorphous state for
crystalline (anatase phase) around 400 °C. Annealing of the nanotubes was evaluated by XRD, SEM and
Raman spectroscopy. Results showed a high stability of the nanostructure, since only for temperatures

ﬁ?nggiimbes above of 500 °C, at which the phase rutile appears, the nanostructure tends to vanish. It was observed in
Ti—; 5Mo alloy Raman analysis an increasing of the average size of the crystallite of the anatase phase with annealing

temperature ranging from 6.5 nm up to 13 nm, besides of the precipitation of the layer rutile in the inter-
face nanotubes-substrate. It is believed that the contact between anatase crystallites or layer rutile of the
interface lead to growth of the rutile phase, causing coalescence and subsequent collapse of the tubular
nanostructure. The wettability, as well as, surface energy was dependent of the crystalline structure and
morphology, becoming more hydrophilic in the anatase phase when as compared with amorphous and
rutile phase. The typical features of the surface together excellent bulk properties (low elastic modulus)

Phase transformation
Average size crystallite

of the Ti-7.5Mo alloy can provide a guideline for future biomedical applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) is among transition-metal oxides most
widely studied due to its broad range of functional properties (opti-
cal, electronic, chemical, and mechanical) exhibits a large number
of applications, including, photocatalysis, energy store, water split-
ting, gas and humidity sensor, solar cells, electrochromic devices,
self-cleaning and anti-bacterial coatings [1-3]. However, the TiO,
properties in their conventional state, bulk or powder, can be
improved or offer new characteristics if reduced to the nanometer
scale, due to high surface/volume ratio.

Based on one-dimensional structure of the carbon nanotubes,
which provides outstanding electronic properties, such as, high
electron mobility or quantum confinement effects, a very high spe-
cific surface area, and yet high mechanical strength [1,4], other
materials with nanotubular structure, based in transition-metal
oxides, has received considerable attention.
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In this sense, nanorods, nanowires and nanotubes of TiO, had
been produced from different techniques, such as, sol-gel method,
hydrothermal process, template assisted process. However, a
self-ordered growth with superior control over their nanoscale
geometry can be obtained via anodic oxidation. This last process
allows control on diameter, wall thickness, length, by tailoring
parameters such as, electrolyte composition, applied voltage, tem-
perature, and anodizing time [5].

It is well known that nanotubes produced by anodization pro-
cess are typically amorphous [6,7]. However, the TiO, can be
crystallize into three structures, being the rutile (tetrahedral) the
most stable phase and the anatase (tetrahedral) and the brookite
(orthorhombic) metastable phases, which on heating can be trans-
formed to rutile phase. Thus, for a specific application, although
having control over the growth parameters of the nanotubes, fac-
tors such as, crystalline structure and stability thermal of the
structure must be evaluated. For example, in biomedical applica-
tions have been reported [8-10] that lattice features of the anatase
phase, may to enhance the growth process of hydroxyapatite; the
mixed anatase and rutile phases may enhance the photo-catalytic
activity [11,12]; and the rutile phase is preferred in electronic
devices [13,14] due toits very high dielectric constant. On the other
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hand, evidences of the effect of the substrate features on phase
transformation temperature between the allotropic forms of TiO,
as well as on morphology of nanotubes have also been reported
[15-18].

Since exist a wide versatility on TiO, nanotubes, and that, an
improved performance can be achieved by manipulation of differ-
ent parameters, the aim of this work is to characterize the effect
of the annealing on morphology, structure, thermal stability, phase
transformations and wettability of TiO, nanotubes grown on the
surface of the experimental Ti-7.5Mo alloy for biomedical appli-
cations. The interest in the surface modification of Ti-7.5Mo alloy
arises from constants efforts to design new alloys with adequate
mechanical and chemical properties, since the current commercial
alloys Ti-6Al-4V and Ti-cp, have issues due the higher elastic mod-
ulus values (~110GPa) as compared to bone human (10-30 GPa),
as well, the presence of harmful ions such as Al and V which are
frequently linked to Alzheimer disease and infections.

2. Experimental procedure

Ingots of Ti-7.5Mo alloy (wt.%) were produced in an arc melting
furnace under inert atmosphere. These were remelted five times
at least to ensure compositional homogeneity. The ingots were
submitted to heat treatment at 950 °C for 24 h under vacuum, cold-
worked by swaging producing rods with 8 mm of diameter. It was
then measured the elastic modulus on plates Ti-7.5Mo alloy using
the impulse excitation technique in the flexural configuration. The
principle of detection of this equipment is described in the previous
paper [19].

Discs of 4mm thickness were obtained and after polishing
and ultrasonic cleaning were used as substrates for growing TiO,
nanotubes. TiO, nanotubes (TNT) were produced by anodization
process, at room temperature, with a constant potential of 20V
during 24 h in an electrolyte containing glycerol (90%) in combi-
nation with ammonium fluoride (2.5 g NH4F) and water (10%). In
order to promote the amorphous—anatase-rutile transition of TiO,
nanotubes, samples were annealed in air at different temperatures:
200°C,400°C,450°C,500°C,600°C and 800 °C for 1 h. The samples
annealed were denoted as TNT-200, TNT-400, TNT-450, TNT-500,
TNT-600, and TNT-800, respectively.

The surface morphologies of the samples were characterized
by scanning electronic microscopy (SEM) using FEI Magellan 400L.
TiO, nanotubes structure was evaluated by X-ray diffraction (XRD),
in a Rigaku Rotaflex RU200B equipment, using Cu-Ko radiation
(A=1.54056 A). Vibrational characteristics were investigated by
Raman spectroscopy. The spectra were collected under ambient
conditions by a triple grating Jobin-Yvon T64000 spectrometer,
using the line 514.5nm of an Ar* laser as excitation source. The
scattered light was collected in a backscattering configuration with
a spectral resolution of 2.0cm™1.

Surface wettability characteristics were evaluated by con-
tact angle measurements using the sessile drop technique, in a
goniometer CAM-101 KSV Instruments, equipped with camera for
capturing video with 60 s recording interval. From the drop pro-
file of distilled water on the substrate, the software is responsible
for determining the contact angle between the two surfaces. The
experiments were performed in ambient conditions, taking the
mean value of four measurements, at different places on the sam-
ples. Additionally, distilled water (polar liquid) and diiodomethane
(apolar liquid) were used as test fluids whose surface energy is
well-defined. Based on the surface energy parameters of these
different liquids, the surface energy was calculated according to
Owens-Wendt model, as implemented in software of the equip-
ment. From 3D resolved images of the sample surface, obtained
with an objective magnification 100x in a LEXT OLS4100 3D

measuring laser microscope, was estimated the average roughness
of the samples.

3. Results and discussion

Fig. 1(a) shows the morphology of the Ti-7.5Mo alloy, which
exhibits an acicular microstructure typical of orthorhombic
martensitic phase (a”), that is consistent with the XRD pattern of
Fig. 1(b). In this way, is observed that the wt.% Mo and quench-
ing process from {3 phase field was sufficient for retain o” phase at
room temperature, as suggested in the literature [20]. The elastic
modulus obtained from impulse excitation technique in the flex-
ural configuration was 54 4+ 4 GPa at room temperature, which is a
good low value for a Ti alloy free of toxic elements as compared
with current commercial alloys.

After anodization process, highly ordered and vertically aligned
and homogeneous nanotubes were produced on surface of
Ti-7.5Mo alloy as observed in Fig. 2. From micrographs obtained
by SEM, the inner diameter and mean length of nanotubes were
estimated as 65 nm and 500 nm, respectively.

In order to study the structural characteristics of the TiO, nano-
tubes, in situ Raman measurements were accomplished with the
sample temperature changing since room temperature (RT) until
630°C, the spectra collected are shown in Fig. 3.

Fig. 3 shows the amorphous nature of TiO, nanotubes in the as-
anodized condition (TNT-AC), which was held below of 400 °C. The
lack of crystallinity of the amorphous state in the Raman spectra
is associated to weak and broad peaks. Above 400°C are observed
changes in the Raman spectra, since appears a sharp peak around
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Fig. 1. (a) SEM micrograph and (b) XRD pattern of Ti-7.5Mo alloy used as substrate
for growth of TiO, nanotubes.
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Fig. 2. SEM micrographs showing the nanotubular structure of TiO, nanotubes in
the as anodization condition (TNT-AC). Inset: cross section view.

146cm™!, corresponding to E; vibration mode, associated to the
symmetric stretching vibration of O-Ti-O of the anatase structure
[21].

Anatase phase is stable in the full range of temperature stud-
ied and it can be observed that, whereas as the temperature is
increased, the peak becomes more intense. The increase in the peak
intensity may be attributed to the increase in the crystallinity, this
fact is consistent with another peak observed around 613cm™1!,
corresponding to E; vibration mode. Thus, from in situ Raman
spectra, was showed that the minimum temperature to induce the
phase transformation, amorphous-anatase of the TiO, nanotubes
is around 400°C.
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Fig. 3. In situ Raman spectra of TiO, nanotubes in the as-anodized condition, col-
lected during heating from room temperature (RT) to 630°C.

The structural stability of the TiO, nanotubes was studied in
samples annealed in the temperature range between 200°C and
800 °C, during 1 h with heating rate 5 °C/min. The surface morphol-
ogy of samples after annealing is shown in Fig. 4.

In general, from Fig. 4 could be observed a highly stable nan-
otubular structure. For samples annealed at 200°C and 400°C no
changes was observed in the microstructure. During annealing
between 450 °Cand 500 °C, the precipitates formation leads to close
some nanotubes. This behavior is more evident for sample annealed
at 600°C, where part of the nanotubular structure has collapsed.
Finally, by annealing at 800 °C the formation of nanoparticles takes
place and as consequence the nanotubular structure vanishes being
formed a film bulk, as observed in the inset of Fig. 4(f). Insets
in Fig. 4 also show that the nanotube-substrate interface, the

Fig. 4. SEM images of top view of TiO, nanotubes annealed at (a) 200°C, (b) 400°C, (c) 450°C, (d) 500°C, (e) 600°C and (f) 800 °C. Inset: cross section view of a scratched

region.
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Fig. 5. Raman spectra of TNT anodized and annealed at temperatures between
200°C and 800°C, showing the evolution phases, anatase (A) and rutile (R).

dimpled structure on metal surface formed by the rounded bottoms
of the nanotube was modified by the annealing treatment.

In the Raman spectra, Fig. 5, is possible to observe that the lack of
crystallinity of the amorphous state is held up to 200 °C, this behav-
ioris also showed in the XRD pattern, Fig. 6, since, only peaks related
to substrate are observed. For 400 °C the amorphous-anatase phase
transformation is evident. This fact was identified in the Raman
spectrum for TNT-400 sample, by a sharp peak at 147 cm~1, as well
as, peaks at 192cm~1, 395cm~1, 516 cm~! and 634 cm! associ-
ated to E}, E2, B}, A}, and E; vibrations modes characteristics of
the anatase phase, respectively. This phase was also identified by
diffraction peaks in the XRD pattern, being the most intense around
25° associated to (101) diffraction plane. In general, in Raman spec-
tra, the E; mode is mainly caused by the symmetric stretching
vibration of O-Ti-0 in TiO,, the Bé mode is caused by symmet-
ric bending vibration of O-Ti-0, and the A; mode is caused by
anti-symmetric bending vibration of O-Ti-O [21].

As increase of the temperature, the anatase phase is held up to
500°C. XRD pattern for TNT-600 sample shows an anatase-rutile
mixed phase. This transformation is more evident in the TNT-800
sample, since, the diffraction peaks associated to rutile phase are
displayed, while the most intense diffraction peak vanishes. The
detection of the rutile phase in the Raman spectrum is given by
the presence of the E; vibration mode, in 446 cm~!, and a shoulder
around 610cm™!, corresponding to A§ vibration mode (Fig. 5).

An analysis more detailed of XRD patterns (Fig. 6), shows as
with increasing of the temperature, the intensity of (101) diffrac-
tion peak s increased. Also an interesting effect can be notice in the
lowest energy range of the Raman spectra (Fig. 5). With increasing
of the annealing temperature, the peak at around 147 cm~! related
to E; mode, progressively shifts to higher energies and become
broader. Fig. 7(a) shows the Raman spectra of the samples annealed
at400°C, 600 °Cand 800 °C, in which the differences in both energy
and breadth can be clearly noticed. Fig. 7(b) shows the decrease of
the central position and of the full width at half maximum (FWHM)
of the peak E; with the increasing of temperature.

These changes in the central position and width of Raman peaks
can be associated to an increasing in the average size of the crys-
tallites in the nanotubes. For phonons propagating in perfect and
infinite crystals, the momentum conservation requires that only
phonons with momenta lying near Brillouin zone center (g~ 0)
participates in Raman scattering, resulting in a sharp symmetrical
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Fig. 6. XRD pattern of TNT anodized and annealed at temperatures between 200 °C
and 800°C, showing the evolution phases, anatase (A) and rutile (R), as well as,
peaks related to the substrate (S). It is worth noting that for temperatures above
450°C occurs changes on substrate, and peaks related to the a-phase of hexagonal
structure appear.

peak. When we are dealing with small crystallites, the phonon
propagation describes a finite correlation length with dimensions
of the same order as the crystallites sizes, leading to a relax-
ation of selection rule for phonon momenta. Since Eé vibrational
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Fig. 7. (a) Raman spectra taken from TiO, nanotubes annealed at different temper-
atures. (b) Central position (stars) and full width at half maximum (circles) of E;
peak as a function of annealing temperature.
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mode presents a positive dispersion relation, phonons with higher
wavenumbers will participate of the Raman scattering, resulting in
a peak with upward asymmetric shape. The smaller the crystallite
dimensions the broader (and more energetic) the peak. The result-
ing theoretical Raman intensity can be calculated using the phonon
confinement model [22].

By fitting it with the experimental spectra, we have found the
dimensions in which the phonons are confined, that correspond
approximately to the crystallites size. The method used here is simi-
lar to that reported in [23]. As an example of the adopted procedure,
Fig. 8(a) shows experimental Raman spectrum of the nanotubes
annealed at 800 °C (open circles) and its best fit with the theoretical
spectrum (solid line). By performing these calculations with every
Raman spectra we have estimated the average crystallite sizes of
the anatase phase in the annealed nanotubes. The dispersion rela-
tions of E; phonons of anatase TiO, used in our calculations were
taken from [24]. The results are shown in Fig. 8(b).

As showed in Fig. 8(b), the annealing treatment led to increas-
ing of the average size crystallite ranging from 6.5 nm up to 13 nm.
Indeed this increase on average size crystallite given by the atomic
rearrangement during phase transformations, toward an energet-
ically more favorable equilibrium state causes changes on the
nanotubes, observing an increase in the wall thickness, as well as,
closure of pores and subsequent collapse.

On the other hand, Hardcastle et al. [25] suggested that impuri-
ties interstitial and oxygen vacancies in the nanotubes/substrate
interface plays an important role during the crystallization and
phase transformations of the TiO, nanotubes. Since the impurities
coming from the reduced states of titanium, increases the num-
ber of oxygen vacancies in the nanotube/substrate interface, during
annealing, it may be form an oxide layer of rutile phase on interface.

In this sense, an additional characterization obtained by XRD
and SEM in the Ti-7.5Mo alloy (Fig. 9(a)), revealed that the heat
treatment above 500°C leads to precipitation of rutile layer, of
about 2 pwm, on surface of the alloy. A sample with TiO, nanotubes
and annealed at 500°C (TNT-500) which was scratched, to permit
take off part of the nanotubes of the substrate surface, was ana-
lyzed by Raman scattering (Fig. 9(b)and (c)). As expected the Raman
spectrum revealed that the oxide layer formed in the interface sub-
strate/nanotube is in the rutile phase.

Thus, the nanotubes in amorphous state transforms to anatase
phase and whereas the oxygen diffusion occurs at interface, pro-
ceeds the nucleation and growth process. From the work of the
Zhang et al. [26], the nucleation of rutile phase could take place at
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and its best fit with the theoretical spectra (solid line). (b) Average crystallite sizes
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interface of contact between two anatase particles, which results
in the transformation of anatase grains into large rutile grain; the
growth may happen when rutile crystallites comes into contact
with a crystallite of anatase, or when two rutile nuclei emerge
together [26].

Herein, the annealing increase the crystallites size of the anatase
phase, as observed in Fig. 8(b), and since these come in contact
with each other or with rutile crystals at the interface, occurs
the anatase-rutile phase transformation in the nanotubes. So,
with growth rutile crystals start the coalescence and the tubular
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Fig. 9. Precipitation of layer rutile in: (a) Ti-7.5Mo alloy annealed 500 °C showed from XRD and SEM analysis; (b) interface substrate/nanotube showed the scratched region
of the TNT-500 sample obtained by optical and scanning electronic microscopy; and (c) comparative Raman spectrum of TNT-500 and scratched region.
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Fig. 10. Representative surface images and average roughness values (Ra) of TNT anodized and annealing at temperatures between 200 °C and 800 °C.

nanostructure tends to vanish. As the rutile phase spread out into
the nanotubes, the collapse of the tubular nanostructure is expected
and a dense rutile film is observed.

On the other hand, it is well known that wettability, which
may be studied by water contact angle (WCA) measurements, of
thin films can be influenced by the processing method and heat
treatment, which modifies the chemical and physical properties.
Thus, to WCA <90° the surface is considered hydrophilic, whereas
WCA >90° the surface is hydrophobic.

In order to study the annealing effect on wettability of the TiO,
nanotubes, were carried out measures of contact angle, surface
energy (y) and average roughness (Ra), the results are summarized
in Fig. 10 and Table 1. In general, the changes showed in the con-
tact angle, y and Ra, may depend on the crystalline structural and
surface morphology of the film. Evidences of these dependencies
were recently observed, such as, more hydrophilic surfaces (con-
tact angle lower to 40°) in samples with 300 nm length nanotubes
[6]; pH and electrolyte bath conditions may vary the length and
modifies the presence of lattice imperfections in the anatase phase,
which affect the surface energy and contact angle [27].

Samples with TiO, nanotubes in the amorphous state showed
higher contact angle values, which are related to hydropho-
bic behavior. It was found that annealing treatment affect this
behavior, making the surface more hydrophilic in the samples
with nanotubes in anatase phase (TNT-400 and TNT-450), since
there was a decreasing on contact angle values. This fact, can be
associated to the chemisorbed hydroxyl groups as result of the
anodization process, which favors the formation of the hydrogen
bonds on surface [28] and so makes the surface with high superficial
activity, as observed by the y values in Table 1.

Table 1
Contact angle and surface energy values of TNT anodized and annealed at temper-
atures between 200°C and 800°C.

Sample Contact angle (°) Surface energy (mJ]/m?2)
DI water Diidomethane
TNT-AC 1163 £ 1.6 93 +1.9 49.2 +£23
TNT-200 1185+ 1.9 84 +2.1 50.12 + 2.8
TNT-400 762 £ 1.4 67 + 1.8 72.84 + 2.1
TNT-450 58.1 £2.1 52 £ 2.6 93.15 £ 2.5
TNT-500 68.6 + 2.6 73+ 14 83.77 £ 1.8
TNT-600 99.8 + 1.8 87 +23 5732+ 25
TNT-800 80.6 £ 2.3 71+ 1.6 65.28 &+ 2.6

As increase the annealing temperature, the anatase-rutile
phases coexist and the contact angle values again increased (y
decrease), lowering the hydrophilic behavior. In this case, the loss
of the hydrophilicity for the samples annealed above 500 °C, could
be due to growth of the rutile phase that break the nanostructure.
It might so the surface become irregular and take off film of the
substrate, retaining air inside, which prevents the liquid perme-
ates the surface. When the sample was annealed at 800°C, and
the nanostructure collapses completely forming a dense rutile film,
occurs a new reduction on contact angle value accompanied with
a slight increase of y values. The Ra values shown a roughness
profile homogenous with a mean value of about 0.063 wm in the
samples with nanotubes, while, in the sample annealed at 800°C a
slight change on roughness profile (Ra=0.070 pm) is qualitatively
observed which may be due to dense rutile film formed.

These results shown that the surface modification of the
Ti-7.5Mo alloy by growth TiO, nanotubes and subsequent anneal-
ing treatment, that lead to changes on crystallinity and morphology
of the TiO, nanotubes, influences its hydrophilic behavior. So the
following directions for future research will seek evaluate its bio-
logical response, since as reported in literatures [29,30] the human
bone cell interaction is dependent on surface morphology.

4. Conclusions

In summary, TiO, nanotubes highly ordered, vertically aligned
and homogeneously distributed were grown on surface Ti-7.5Mo
alloy, which s attractive for applications, such as, metallic alloys for
biomedical implants, in view of lower elastic modulus and compo-
sition free toxic elements.

TiO, nanotubes presented high thermal stability, since on
annealing between 400°C and 450°C, temperature in which the
transformation amorphous-anatase occurs, the surface morphol-
ogy remains uniform. For temperature above 500°C, with the
growth of the anatase crystallites and the oxidation in the interface,
nanotubes/substrate, is induced the anatase-rutile transformation,
that leads to coalescence of the nanostructure with subsequent col-
lapse after growth of the rutile phase. TiO, nanotubes presented
a wettability and surface energy dependent on crystalline struc-
ture and morphology, since TiO, nanotubes in the anatase phase,
becoming more hydrophilic, as compared with amorphous and
rutile phase.

Whereas that the biological responses of the biomaterials,
such as, protein adsorption, adhesion and proliferation cellular
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is dependent on surface features, the results indicate that sur-
face modification of the Ti-7.5Mo alloy, may have characteristics
that satisfy these requirements. Studies in regarding to biologi-
cal behavior are ongoing and will be discussed in ongoing future
publications.
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