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a  b  s  t  r  a  c  t

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  TiO2 nanotubes  via  anodization  process.  The  heat  treatment  during  in  situ
Raman  measurement  revealed  that  the  TiO2 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
above  of  500 ◦C,  at which  the  phase  rutile  appears,  the  nanostructure  tends  to  vanish.  It  was  observed  in
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)
of  the  Ti–7.5Mo  alloy  can  provide  a guideline  for  future  biomedical  applications.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Titanium dioxide (TiO2) is among transition-metal oxides most
idely studied due to its broad range of functional properties (opti-

al, electronic, chemical, and mechanical) exhibits a large number
f applications, including, photocatalysis, energy store, water split-
ing, gas and humidity sensor, solar cells, electrochromic devices,
elf-cleaning and anti-bacterial coatings [1–3]. However, the TiO2
roperties in their conventional state, bulk or powder, can be

mproved or offer new characteristics if reduced to the nanometer
cale, due to high surface/volume ratio.

Based on one-dimensional structure of the carbon nanotubes,
hich provides outstanding electronic properties, such as, high

lectron mobility or quantum confinement effects, a very high spe-
ific surface area, and yet high mechanical strength [1,4], other

aterials with nanotubular structure, based in transition-metal

xides, has received considerable attention.

∗ Corresponding author.
E-mail address: rosifini@feg.unesp.br (A.P.R. Alves Claro).

ttp://dx.doi.org/10.1016/j.apsusc.2016.02.017
169-4332/© 2016 Elsevier B.V. All rights reserved.
In this sense, nanorods, nanowires and nanotubes of TiO2 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 TiO2 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 to its very high dielectric constant. On  the other

dx.doi.org/10.1016/j.apsusc.2016.02.017
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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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
J.M. Chaves et al. / Applied S

and, evidences of the effect of the substrate features on phase
ransformation temperature between the allotropic forms of TiO2
s well as on morphology of nanotubes have also been reported
15–18].

Since exist a wide versatility on TiO2 nanotubes, and that, an
mproved performance can be achieved by manipulation of differ-
nt parameters, the aim of this work is to characterize the effect
f the annealing on morphology, structure, thermal stability, phase
ransformations and wettability of TiO2 nanotubes grown on the
urface of the experimental Ti–7.5Mo alloy for biomedical appli-
ations. The interest in the surface modification of Ti–7.5Mo alloy
rises from constants efforts to design new alloys with adequate
echanical and chemical properties, since the current commercial

lloys Ti–6Al–4V and Ti-cp, have issues due the higher elastic mod-
lus values (∼110 GPa) as compared to bone human (10–30 GPa),
s well, the presence of harmful ions such as Al and V which are
requently linked to Alzheimer disease and infections.

. Experimental procedure

Ingots of Ti–7.5Mo alloy (wt.%) were produced in an arc melting
urnace under inert atmosphere. These were remelted five times
t least to ensure compositional homogeneity. The ingots were
ubmitted to heat treatment at 950 ◦C for 24 h under vacuum, cold-
orked by swaging producing rods with 8 mm of diameter. It was

hen measured the elastic modulus on plates Ti–7.5Mo alloy using
he impulse excitation technique in the flexural configuration. The
rinciple of detection of this equipment is described in the previous
aper [19].

Discs of 4 mm thickness were obtained and after polishing
nd ultrasonic cleaning were used as substrates for growing TiO2
anotubes. TiO2 nanotubes (TNT) were produced by anodization
rocess, at room temperature, with a constant potential of 20 V
uring 24 h in an electrolyte containing glycerol (90%) in combi-
ation with ammonium fluoride (2.5 g NH4F) and water (10%). In
rder to promote the amorphous–anatase–rutile transition of TiO2
anotubes, samples were annealed in air at different temperatures:
00 ◦C, 400 ◦C, 450 ◦C, 500 ◦C, 600 ◦C and 800 ◦C for 1 h. The samples
nnealed were denoted as TNT-200, TNT-400, TNT-450, TNT-500,
NT-600, and TNT-800, respectively.

The surface morphologies of the samples were characterized
y scanning electronic microscopy (SEM) using FEI Magellan 400L.
iO2 nanotubes structure was evaluated by X-ray diffraction (XRD),
n a Rigaku Rotaflex RU200B equipment, using Cu-K� radiation
� = 1.54056 Å). Vibrational characteristics were investigated by
aman spectroscopy. The spectra were collected under ambient
onditions by a triple grating Jobin-Yvon T64000 spectrometer,
sing the line 514.5 nm of an Ar+ laser as excitation source. The
cattered light was collected in a backscattering configuration with

 spectral resolution of 2.0 cm−1.
Surface wettability characteristics were evaluated by con-

act angle measurements using the sessile drop technique, in a
oniometer CAM-101 KSV Instruments, equipped with camera for
apturing video with 60 s recording interval. From the drop pro-
le of distilled water on the substrate, the software is responsible

or determining the contact angle between the two  surfaces. The
xperiments were performed in ambient conditions, taking the
ean value of four measurements, at different places on the sam-

les. Additionally, distilled water (polar liquid) and diiodomethane
apolar liquid) were used as test fluids whose surface energy is
ell-defined. Based on the surface energy parameters of these

ifferent liquids, the surface energy was calculated according to
wens–Wendt model, as implemented in software of the equip-
ent. From 3D resolved images of the sample surface, obtained
ith an objective magnification 100× in a LEXT OLS4100 3D
 Science 370 (2016) 76–82 77

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 (�′′), 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 � phase field was sufficient for retain �′′ 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 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 TiO2 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 TiO2 nanotubes in the as-
Fig. 1. (a) SEM micrograph and (b) XRD pattern of Ti–7.5Mo alloy used as substrate
for  growth of TiO2 nanotubes.
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ig. 2. SEM micrographs showing the nanotubular structure of TiO2 nanotubes in
he  as anodization condition (TNT-AC). Inset: cross section view.

46 cm−1, corresponding to E1
g vibration mode, associated to the

ymmetric stretching vibration of O–Ti–O of the anatase structure
21].

Anatase phase is stable in the full range of temperature stud-
ed and it can be observed that, whereas as the temperature is
ncreased, the peak becomes more intense. The increase in the peak
ntensity may  be attributed to the increase in the crystallinity, this
act is consistent with another peak observed around 613 cm−1,

2
orresponding to Eg vibration mode. Thus, from in situ Raman
pectra, was showed that the minimum temperature to induce the
hase transformation, amorphous–anatase of the TiO2 nanotubes

s around 400 ◦C.

ig. 4. SEM images of top view of TiO2 nanotubes annealed at (a) 200 ◦C, (b) 400 ◦C, (c) 4
egion.
Fig. 3. In situ Raman spectra of TiO2 nanotubes in the as-anodized condition, col-
lected during heating from room temperature (RT) to 630 ◦C.

The structural stability of the TiO2 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 ◦C and 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

50 ◦C, (d) 500 ◦C, (e) 600 ◦C and (f) 800 ◦C. Inset: cross section view of a scratched
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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,

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 E1

g vibrational
ig. 5. Raman spectra of TNT anodized and annealed at temperatures between
00 ◦C and 800 ◦C, showing the evolution phases, anatase (A) and rutile (R).

impled structure on metal surface formed by the rounded bottoms
f the nanotube was modified by the annealing treatment.

In the Raman spectra, Fig. 5, is possible to observe that the lack of
rystallinity of the amorphous state is held up to 200 ◦C, this behav-
or is also showed in the XRD pattern, Fig. 6, since, only peaks related
o substrate are observed. For 400 ◦C the amorphous–anatase phase
ransformation is evident. This fact was identified in the Raman
pectrum for TNT-400 sample, by a sharp peak at 147 cm−1, as well
s, peaks at 192 cm−1, 395 cm−1, 516 cm−1 and 634 cm−1 associ-
ted to E1

g , E2
g , B1

g , A1
g , and E3

g vibrations modes characteristics of
he anatase phase, respectively. This phase was also identified by
iffraction peaks in the XRD pattern, being the most intense around
5◦ associated to (101) diffraction plane. In general, in Raman spec-
ra, the Eg mode is mainly caused by the symmetric stretching
ibration of O–Ti–O in TiO2, the B2

g mode is caused by symmet-
ic bending vibration of O–Ti–O, and the A1

g mode is caused by
nti-symmetric bending vibration of O–Ti–O [21].

As increase of the temperature, the anatase phase is held up to
00 ◦C. XRD pattern for TNT-600 sample shows an anatase–rutile
ixed phase. This transformation is more evident in the TNT-800

ample, since, the diffraction peaks associated to rutile phase are
isplayed, while the most intense diffraction peak vanishes. The
etection of the rutile phase in the Raman spectrum is given by
he presence of the E1

g vibration mode, in 446 cm−1, and a shoulder
round 610 cm−1, corresponding to A1

g vibration mode (Fig. 5).
An analysis more detailed of XRD patterns (Fig. 6), shows as

ith increasing of the temperature, the intensity of (101) diffrac-
ion peak is increased. Also an interesting effect can be notice in the
owest energy range of the Raman spectra (Fig. 5). With increasing
f the annealing temperature, the peak at around 147 cm−1 related
o E1

g mode, progressively shifts to higher energies and become
roader. Fig. 7(a) shows the Raman spectra of the samples annealed
t 400 ◦C, 600 ◦C and 800 ◦C, in which the differences in both energy
nd breadth can be clearly noticed. Fig. 7(b) shows the decrease of
he central position and of the full width at half maximum (FWHM)
f the peak E1

g with the increasing of temperature.
These changes in the central position and width of Raman peaks

an be associated to an increasing in the average size of the crys-

allites in the nanotubes. For phonons propagating in perfect and
nfinite crystals, the momentum conservation requires that only
honons with momenta lying near Brillouin zone center (q ∼ 0)
articipates in Raman scattering, resulting in a sharp symmetrical
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 �-phase of hexagonal
structure appear.

peak. When we are dealing with small crystallites, the phonon
Fig. 7. (a) Raman spectra taken from TiO2 nanotubes annealed at different temper-
atures. (b) Central position (stars) and full width at half maximum (circles) of E1

g

peak as a function of annealing temperature.
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ode presents a positive dispersion relation, phonons with higher
avenumbers will participate of the Raman scattering, resulting in

 peak with upward asymmetric shape. The smaller the crystallite
imensions the broader (and more energetic) the peak. The result-

ng theoretical Raman intensity can be calculated using the phonon
onfinement model [22].

By fitting it with the experimental spectra, we have found the
imensions in which the phonons are confined, that correspond
pproximately to the crystallites size. The method used here is simi-
ar to that reported in [23]. As an example of the adopted procedure,
ig. 8(a) shows experimental Raman spectrum of the nanotubes
nnealed at 800 ◦C (open circles) and its best fit with the theoretical
pectrum (solid line). By performing these calculations with every
aman spectra we have estimated the average crystallite sizes of
he anatase phase in the annealed nanotubes. The dispersion rela-
ions of E1

g phonons of anatase TiO2 used in our calculations were
aken from [24]. The results are shown in Fig. 8(b).

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

On the other hand, Hardcastle et al. [25] suggested that impuri-
ies interstitial and oxygen vacancies in the nanotubes/substrate
nterface plays an important role during the crystallization and
hase transformations of the TiO2 nanotubes. Since the impurities
oming from the reduced states of titanium, increases the num-
er of oxygen vacancies in the nanotube/substrate interface, during
nnealing, it may  be form an oxide layer of rutile phase on interface.

In this sense, an additional characterization obtained by XRD
nd SEM in the Ti–7.5Mo alloy (Fig. 9(a)), revealed that the heat
reatment above 500 ◦C leads to precipitation of rutile layer, of
bout 2 �m,  on surface of the alloy. A sample with TiO2 nanotubes
nd annealed at 500 ◦C (TNT-500) which was scratched, to permit
ake off part of the nanotubes of the substrate surface, was ana-
yzed by Raman scattering (Fig. 9(b) and (c)). As expected the Raman
pectrum revealed that the oxide layer formed in the interface sub-
trate/nanotube is in the rutile phase.
Thus, the nanotubes in amorphous state transforms to anatase
hase and whereas the oxygen diffusion occurs at interface, pro-
eeds the nucleation and growth process. From the work of the
hang et al. [26], the nucleation of rutile phase could take place at

ig. 9. Precipitation of layer rutile in: (a) Ti–7.5Mo alloy annealed 500 ◦C showed from XR
f  the TNT-500 sample obtained by optical and scanning electronic microscopy; and (c) c
Fig. 8. (a) Experimental Raman data for the sample treated at 800 ◦C (open circles)
and  its best fit with the theoretical spectra (solid line). (b) Average crystallite sizes
for  each sample determined by this technique.

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

D and SEM analysis; (b) interface substrate/nanotube showed the scratched region
omparative Raman spectrum of TNT-500 and scratched region.
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Fig. 10. Representative surface images and average roughness values (R

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

On the other hand, it is well known that wettability, which
ay  be studied by water contact angle (WCA) measurements, of

hin films can be influenced by the processing method and heat
reatment, which modifies the chemical and physical properties.
hus, to WCA  < 90◦ the surface is considered hydrophilic, whereas
CA  > 90◦ the surface is hydrophobic.
In order to study the annealing effect on wettability of the TiO2

anotubes, were carried out measures of contact angle, surface
nergy (�) and average roughness (Ra), the results are summarized
n Fig. 10 and Table 1. In general, the changes showed in the con-
act angle, � and Ra,  may  depend on the crystalline structural and
urface morphology of the film. Evidences of these dependencies
ere recently observed, such as, more hydrophilic surfaces (con-

act angle lower to 40◦) in samples with 300 nm length nanotubes
6]; pH and electrolyte bath conditions may  vary the length and

odifies the presence of lattice imperfections in the anatase phase,
hich affect the surface energy and contact angle [27].

Samples with TiO2 nanotubes in the amorphous state showed
igher contact angle values, which are related to hydropho-
ic behavior. It was found that annealing treatment affect this
ehavior, making the surface more hydrophilic in the samples
ith nanotubes in anatase phase (TNT-400 and TNT-450), since

here was a decreasing on contact angle values. This fact, can be
ssociated to the chemisorbed hydroxyl groups as result of the
nodization process, which favors the formation of the hydrogen

onds on surface [28] and so makes the surface with high superficial
ctivity, as observed by the � values in Table 1.

able 1
ontact angle and surface energy values of TNT anodized and annealed at temper-
tures between 200 ◦C and 800 ◦C.

Sample Contact angle (◦) Surface energy (mJ/m2)

DI water Diidomethane

TNT-AC 116.3 ± 1.6 93 ± 1.9 49.2 ± 2.3
TNT-200 118.5 ± 1.9 84 ± 2.1 50.12 ± 2.8
TNT-400 76.2 ± 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 ± 1.4 83.77 ± 1.8
TNT-600 99.8 ± 1.8 87 ± 2.3 57.32 ± 2.5
TNT-800 80.6 ± 2.3 71 ± 1.6 65.28 ± 2.6
NT anodized and annealing at temperatures between 200 ◦C and 800 ◦C.

As increase the annealing temperature, the anatase–rutile
phases coexist and the contact angle values again increased (�
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 � values. The Ra values shown a roughness
profile homogenous with a mean value of about 0.063 �m in the
samples with nanotubes, while, in the sample annealed at 800 ◦C a
slight change on roughness profile (Ra = 0.070 �m) 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 TiO2 nanotubes and subsequent anneal-
ing treatment, that lead to changes on crystallinity and morphology
of the TiO2 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, TiO2 nanotubes highly ordered, vertically aligned
and homogeneously distributed were grown on surface Ti–7.5Mo
alloy, which is attractive for applications, such as, metallic alloys for
biomedical implants, in view of lower elastic modulus and compo-
sition free toxic elements.

TiO2 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. TiO2 nanotubes presented
a wettability and surface energy dependent on crystalline struc-
ture and morphology, since TiO2 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



8 urface

i
f
t
c
p

A

F
c
5
(

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

2 J.M. Chaves et al. / Applied S

s dependent on surface features, the results indicate that sur-
ace modification of the Ti–7.5Mo alloy, may  have characteristics
hat satisfy these requirements. Studies in regarding to biologi-
al behavior are ongoing and will be discussed in ongoing future
ublications.
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