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Moditying the surface of B-Ti alloys using the electrochemical anodizing process makes it possible
to produce TiO, nanotubes and nanopores that favor better bioactivity and cell-implant interaction. The
use of elements that benefit biological properties, such as Nb and Si, makes the whole process even
more advantageous. However, the microstructural and compositional characteristics of f-Ti alloys affect
the formation, organization and uniformity of nanotubes. Therefore, this study produced Ti-35Nb-xSi
alloys and analyzed the microstructure and formation of TiO, nanostructures in the as-cast and water
quenched (WQ) conditions. The results showed that the addition of Si reduced the precipitation of
the m-phase, making the 3-phase more stable and formed the (Ti,Nb),Si, compound for as-cast and
(Ti,Nb),Si compound for WQ. The growth of nanostructured and hydrophilic layers was benefited
from the chemical homogeneity of the substrate after heat treatment, with Si-rich regions affecting

nanotube formation and the size of their diameters.
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1. Introduction

B-Ti alloys are in considerable demand in the biomaterial
area, especially in the orthopaedic and dental sectors, where
their purpose is to make prostheses to replace damaged bone
structures. Their main advantages are related to their good
mechanical strength associated with a low elastic modulus,
high resistance to corrosion in body fluids, and appreciable
biocompatibility with biological tissues!'=.

In this respect, some alloying elements that promote the
stability of the B-Ti phase are preferred in the manufacture of
biocompatible titanium alloys**. Among these elements, Nb
is considered an excellent -stabilizer and stands out among
other competing elements, such as Mo and Ta, because
it has a lower melting temperature, making the casting
process more economical®. In addition, the presence of Nb
in Ti-based alloys provides better corrosion resistance due
to the formation of Nb,O,, as well as contributing to the
formation of apatites which are important for the formation
of bone tissue®!’. Another notable element is Si, whose
main promising characteristics are its f-stabilizing effect,
low cost, low density and high biocompatibility, as well as
being a trace element that stimulates bone mineralization
and is essential for cell metabolism'"'2.

The microstructure and properties of Ti-Nb-Si alloys
have been investigated in recent years'*-'®. Tavares et al.'’
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reported, in particular, the fundamental role of low Si
contents in reducing the elastic modulus of the Ti-35Nb alloy,
independent of the cooling rate adopted after solubilization
heat treatment. The presence of Si in Ti-Nb alloys has also
shown benefits in terms of hardness through the mechanisms
of solid solution hardening and precipitation of intermetallic
compounds'®!”. Regarding the corrosion resistance, the
addition of the elements Nb and Si to Ti led to the formation
of Nb,O, SiO, and Si doped TiO,, which increased the
barrier properties against the aggressive action of Cl ions
present in physiological fluids'.

In parallel with mechanical and corrosive behavior, the
interaction between the implant and bone tissue cells is a
significant factor to be considered and, in this case, polished
metal surfaces or those with flat oxide layers do not promote
the ideal interaction that accelerates the process of apatite
formation in vivo or in simulated body fluid (SBF)"-%.
Therefore, some methods of surface modification, such
as electrochemical anodizing, enable the formation of
nanostructured oxides that give a surface with roughness and
wettability more suitable for the deposition of hydroxyapatite,
adhesion, and proliferation of osteoblastic cells, which means
that they increase the rate of osseointegration®!">. Another
benefit associated with nanostructured oxides is increased
corrosion resistance, as they can difficult the infiltration of
the corrosive medium into the substrates®.

Obtaining ordered nanostructures and their geometry,
whether nanotubes (NTs) or nanopores (NPs), depends
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mostly on the requirements adopted for the process. The
literature shows a considerable number of studies on the
influence of anodizing parameters (voltage, and time), the
electrolyte nature (water, fluoride, and pH concentrations),
magnetic stirring, and electrolyte reuse on the synthesis of
these structures in commercially pure Ti (CP-Ti)**?’. On the
other hand, when the material of interest is a titanium alloy,
other influential factors must also be considered, such as the
type, quantity and distribution of crystalline phases and their
chemical compositions. In this regard, some studies have also
reported on the role of alloying elements in the stability of the
phases and in the different growth mechanisms of TiO,*2%3°.

However, to this moment, no reports have been found
in the literature about the characterization of the formation
and morphology aspects of TiO, oxide synthesized by the
electrochemical anodization method in alloys of the Ti-Nb-Si
system and, in view of this, this study aimed to investigate
the microstructural characteristics and the effect of the
chemical homogeneity of the Ti-35Nb-xSi alloy substrate
on the formation of TiO, nanostructures.

2. Experimental Procedure

2.1. Preparation of Ti-35Nb-xSi alloys

High purity elements were used to prepare the alloys (Ti
(94.84%), Nb (99.99%) and Si (99.99%)), whose masses
were measured on a semi-analytical balance, with their values
corresponding to those of the nominal compositions (Ti-35Nb-
xSi with x =0, 0.5 and 1 wt.%), resulting in a total mass of
100 g for each ingot. Melting was carried out in an arc furnace
under an Ar atmosphere, with a tungsten electrode and a water-
cooled copper crucible. The ingots were re-melted a total of six
times to ensure complete fusion of the high-purity elements.
After the melting process, part of the ingots was preserved
in as-cast, and the other part was destined for compositional
homogenization heat treatment at 1000 °C for 8 h with water
cooling. This heat treatment was carried out in a quartz tube
furnace under an Ar atmosphere. The samples without heat
treatment were designated as-cast, and the heat-treated and
water cooled samples as WQ. The chemical compositions of
the Ti-35Nb-xSi alloys were analyzed by X-ray fluorescence
spectroscopy (XRF - SHIMADZU EDX-7000). This analysis
was carried in a vacuum atmosphere with a measurement
time of 100 s and a collimator providing a beam spot with
a diameter of 10 mm on the surface of the samples of each
composition. The values obtained from five measurements
were expressed as the mean + standard deviation.

2.2. Microstructural characterization

The Ti-35Nb, Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys
(as-castand WQ) were subjected to metallographic preparation
consisting of grinding with SiC sandpaper up to 1500 mesh,
polishing with 3 um diamond paste and 1 pm alumina
suspension. Micrographs of all the samples were then taken
using an optical microscope (OM - LEICA DM 2500M) after
chemical etching with Kroll’s solution (91 mL of H,O, 6 mL
of HNO,, and 3 mL of HF). For the WQ Ti-35Nb-xSi samples
(x=0.5; 1.0), secondary electron images were also obtained on
polished-only surfaces using a scanning electron microscope
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(SEM - JEOL JCM 5700), operated at 10 kV. Si distribution
maps were generated from these samples using energy dispersive
spectroscopy (SEM/EDS), and spot analyses were carried out
to check the Ti, Nb and Si contents in different regions.

The X-ray diffraction (XRD) patterns of the alloys
were obtained through a Shimadzu LabX XRD-6000
diffractometer with monochromatic Cu-Ka radiation (A =
0.15406 nm), operated at 40 kV and 30 mA, at angular range
from 30°-90° (20). Rietveld refinement was carried out by
means of the General Structure Analysis System I (GSAS-
I1)*! to determine the volume fractions of the phases in the
as-cast and WQ samples. The Inorganic Crystal Structure
Database (ICSD) files were used for identifying the phases
and refining the XRD patterns.

2.3. Mechanical characterization

The microhardness test was carried out on the Ti-35Nb-
xSi alloys (as-cast and WQ) using the Future Tech FM-800
equipment, applying a load of 1000 gf for 10 s. The samples
used were submitted to a metallographic procedure of grinding
and polishing with a 1 pm alumina suspension. The values
obtained were expressed as the mean + standard deviation
after ten indentations.

2.4. Anodizing treatment of Ti-35Nb-xSi alloys

The electrochemical anodizing procedure was performed
in an Autolab 302N Potentiostat/Galvanostat using a three-
electrode electrochemical cell: counter electrode (platinum
rod), reference electrode (Ag/AgCl), and working electrode
(Ti-35Nb-xS:i - as-cast and WQ). Prior to anodizing, the samples
were grinded up to 1500 mesh and cleaned in an ultrasonic
bath of deionized water, ethyl alcohol, and acetone for 15 min.
The titanium alloys had an average area of 0.5 cm?* and were
anodized by applying a voltage of 10 V for 2 h. The electrolyte
used was glycerol/water (50:50) containing 0.54 mol/L of
NH,F, which was maintained under constant stirring at room
temperature. The morphology of the oxide formed after the
anodizing procedure was observed using field emission scanning
electron microscopy (SEM/FEG - JEOL JCM 7500F).

2.5. Wettability and surface energy

The wettability and surface energy of the Ti-35Nb-xSi
alloys (x=0, 0.5 and 1.0 wt.%) was determined by the contact
angle test using the sessile drop method. The surfaces of the
anodized titanium alloys were cleaned using ethyl alcohol
and acetone in an ultrasonic bath and dried in the open air.
The analysis was carried out with two fluids (water and
formamide) in an experimental device, where approximately
5 uL of each liquid was applied to each surface. The images
were taken immediately after placing the drop on the surface
and the contact angle was calculated using the open-source
Image] software. Subsequently, the surface energy was
determined using the Kaelble equation (Equation 1) for the
two fluids: ultrapure water and formamide.
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where y, 4 =21.8 mJ.m? and y,,» = 51.0 mJ.m? for water,
as well as y,,* = 39.0 mJ.m? and y,,» = 19.0 mJl.m> for
formamide. All tests were carried out with n =5 and the results
are expressed as the mean + standard deviation. Analysis of
Variance (ANOVA) with a significance level of 95% and
Tukey’s post hoc test (p < 0.05) were also applied to all data.

3. Results and Discussion

3.1. Microstructural analysis of the
Ti-35Nb-xSi alloys

Table 1 shows the chemical compositions of the Ti-35Nb-
xSi alloys (x = 0; 0.5; 1.0 wt.%) measured by XRF, which are
similar to the nominal compositions. Figure 1a-c presents the
XRD patterns of the Ti-35Nb-xSi alloys in the as-cast condition,
refined by the Rietveld method using the GSAS-II program. Some
refinement indicators (GOF and R ) are shown in Figure la-c,
with the difference between the observed and calculated patterns
represented by a solid blue line near the abscissa axis. The
variations in the volume fractions of the phases identified as a
function of Si concentration are seen in Figure 1d.

Table 1. Nominal and XRF chemical compositions (wt.%) of Ti-
35Nb-xSi alloys.

Regarding to the Ti-35Nb alloy, Figure 1a, it can be seen
that the § and ® phases were formed. In Ti-Nb alloys, it is
known that their microstructures are highly dependent on
the Nb content, which can result in the coexistence of stable
phases (a-Ti and B-Ti) and metastable phases (o’, @’” and ®)
depending on the processing routes adopted. The presence
of these phases essentially affects the mechanical properties
of Ti-Nb alloys, which requires controlling their volume
fractions in order to obtain more optimized conditions®*33,
In Ti-Nb alloys with Nb contents of 15 wt.% and 35 wt.%,
the moduli of the phases that make up the microstructure
show the lowest values, being favorable for biomedical
applications®. However, the 35 wt.% Nb content becomes
attractive due to the B-Ti phase being the majority, having
the lowest modulus among the phases of Ti alloys, and also
because it allows the controlled precipitation of phases through
ageing treatment*3%%7. In the case of the as-cast Ti-35Nb
alloy, it can be seen that the B-phase is predominant, since
it has a volume fraction of 0.871, as shown in Figure 1d.

In relation to the m-phase, its presence in the XRD pattern
of the Ti-35Nb alloy is consistent with studies reported in
the literature, which show that the 35 wt.% content of Nb is
situated within the range of compositions of the Ti-Nb system
that favors the precipitation of this phase'>*, The appearance
of the @-phase in the microstructure of B-Ti alloys can occur
through quenching (@ ) and aging (®._) procedures®“°.
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Figure 1. Observed (+) and calculated (solid green line) XRD patterns recorded for the as-cast Ti-35Nb-xSi samples with x =0 (a), x =
0.5 (b) and x = 1.0 (c). The difference (solid blue line) is shown at the bottom of the image and Bragg reflections are indicated by vertical
marks. The ICSD file code for each phase is shown in brackets in the legend. The variation of the volume fractions of the phases recorded
as function of Si content in all the as-cast samples are presented in (d).
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Figure 1b shows that the @-phase is still identified in the as-
cast Ti-35Nb-0.5Si alloy, but with an estimated volume fraction
0f0.038, while in the Si-free alloy this value is 0.129, Figure 1d.
Although there are limitations of the XRD technique in detecting
phases with low volume fractions in the microstructure and
difficulties in refining solid samples, these results, in any case,
indicate the existence of a significant reduction of ®-phase due
to the presence of Si, which results in greater stability of the
B-phase in Ti-Nb-Si alloys'>'. In this respect, it is important to
note that the m-phase promotes brittleness, reduces ductility, and
increases the elastic modulus in B-Ti alloys, so it is necessary
to prevent or control its precipitation in the microstructure®'.

On the other hand, with the additions of 0.5 and 1.0% Si
to the Ti-35Nb alloy, peaks referring to the Ti S, intermetallic
compound (AP16 structure)*” were identified, as shown in
Figure 1b, c. The Ti-Si phase diagram shows that this alloying
element is an important B-eutectoid stabilizer, which promotes
the formation of intermetallic compounds even at low contents,
the most stable being Ti,Si, Ti,Si,, Ti,Si,, TiSi and TiSi, in the
equilibrium condition. In addition, the maximum solubility
of Si in the B-phase is moderately limited, with a content of
around 2 wt.% at 1330 °C*, which is even more restricted in
the presence of Nb'>. Therefore, in as-cast Ti-35Nb-xSi alloys,
the increase in Si content should lead to the appearance of a
higher volume fraction of Ti,Si,, and this is confirmed by the
refinements of the XRD patterns, which point to values of
0.182 and 0.247 for 0.5 and 1.0% Si, respectively (Figure 1d).

Itis important to note that the Ti-Si and Nb-Si binary systems
are analogous and part of their intermetallic compounds are
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isomorphic, in which the Ti and Nb elements are considered to
be soluble***. In the research by Tian et al.* and Guo et al.*,
the authors reported that the Nb,Si, intermetallic compound is a
product of direct solidification, given the high cooling rate of the
water-cooled copper crucible. Their investigations were carried
out on the alloy Nb-22Ti-168Si (at.%) and, due to the solubility of
Ti in Nb,Si,, this compound is usually referred to as (Nb,Ti),Si,.
The formation process of (Nb,Ti),Si, in this case was attributed
to constitutional undercooling, generated by the rejection of Ti
into the liquid phase during the solidification process of the alloy,
with the onset of solidification approaching the (Nb, Ti, Si) +
(Nb,Ti),Si, phase field. Similarly, the appearance of (Ti,Nb).Si,,
or simply TiSi;, in the Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys
may also have been due to constitutional undercooling. However,
for the compositions in this study, it can be seen that Si is the
element rejected at the front of the solid-liquid interface, given
its partitioning coefficient, k, of 0.333 relative to Ti*". In this
way, the rejected Si accumulates, especially in the intergranular
region, which favors the formation of intermetallic compounds
under casting conditions'>.

The liquidus projection established by Bewlay and
Jackson*® for Ti-Nb-Si alloys located on the Ti-rich side and
with low Si contents, the formation of (Ti,Nb) Si, comes
from the transition reaction L + (Nb,Ti),Si — B(Ti, Nb,
Si) + (Ti,Nb),Si,. In this way, this information certifies the
probable solidification path in the Ti-35Nb-xSi alloys (x =
0.5; 1.0), with the peaks of the f and Ti,Si, phases identified
through XRD (Figure 1b, c¢). The microstructures of the
as-cast Ti-35Nb-xSi alloys are shown in Figure 2, where

Figure 2. OM images of Ti-35Nb-xSi alloys in the as-cast condition: (a) x =0, (b) x = 0.5 and (c) x = 1.0.
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typical grains of the B-phase can be seen for the Ti-35Nb
alloy (Figure 2a). For the Ti-35Nb-0.5Si and Ti-35Nb-1.0Si
alloys (Figure 2b, c), it can be seen that their microstructures
were more chemically attacked by the Kroll solution, most
likely due to the greater reactivity established by the presence
of the (Ti,Nb),Si, intermetallic compound. It is important to
mention that, to this moment, no studies have been identified
in the literature on Ti-35Nb-xSi alloys (x = 0.5; 1.0) in the
as-cast condition, most of which focus only on the Ti-Nb-Si
system after heat treatment.

Figure 3a-c shows the XRD patterns of the Ti-35Nb-xSi
(WQ) alloys, while Figure 3d presents the volume fractions
of'the phases as a function of Si concentration. Regarding to
the Ti-35Nb alloy, only the f and @ phases were identified
in the microstructure, with the volume fraction of @ being
0.16 (Figures 3a and 3d). As previously mentioned, rapid
cooling conditions, such as water quenching, result in the
formation of the @, -phase in particular compositions of the
Ti-Nb system'*4*52, However, Tavares et al.!> observed the
formation of the B, ®_, and o phases in the Ti-35Nb-0.55Si
alloy, differing from the results obtained for the analogous
composition in the present study.

It is frequently reported that metastable B-Ti alloys
are sensitive to the various processing routes adopted,
which can result in diverse microstructures even in similar
compositions***’. The a”’-phase is also formed through rapid
cooling®, so the literature has reported competitive and/or
simultaneous formation between the _, and o” phases, from
the B-Ti field in alloys of the Ti-Nb system*-*32, According

to Moffat and Larbalestier™, this competition is attributed to
the overlapping stabilities of a” and ® , and their formation
temperatures M_ and o, respectively. Slower cooling rates
favor the precipitation of @, while faster rates enable the
formation of a”. On the other hand, Talbot et al.*’ reported
the coexistence of both phases after rapid cooling, where
even after the formation of a”” when crossing the M, there
is no impediment to the formation of @ . Therefore, it is
not trivial to evaluate the competing processes of B-phase
decomposition, as several specific factors related to the
samples, processing methods and measurement techniques
lead to multiple results™.

The Si present in the Ti-35Nb-0.5Si alloy resulted in the
apparent suppression of the m_ -phase in the WQ condition,
given the disappearance of peaks in its XRD pattern (Figure 3b),
which is also seen in the Ti-35Nb-1.0Si alloy (Figure 3c).
Therefore, the addition of Si in Ti-Nb alloys is beneficial,
as this element acts to hinder the collapse of planes (111) of
the B-phase and, consequently, the formation of the @-phase
under high cooling rates'>">. It should be noted that other
alloying elements, e.g. Ta and Zr, can also act as favorable
candidates to suppress the formation of the ®_,-phase in
Ti-Nb alloys in the WQ condition®'**. Abdel-Hady et al.>*
pointed out that Zr is highly effective in suppressing the
o-phase, where Zr contents above 6 mol.% do not enable
the identification of peaks corresponding to this phase in
the XRD patterns of the Ti-23mol.%Nb alloy (~ 35 wt.%
Nb). Souza et al.*' also found no evidence of the @ ,-phase
in the XRD patterns of the Ti-35Nb-xTa alloys (x = 2.5,

15000
+ T{obs)

— I(calc)

—— background

—— obs-cale
I B(ICSD code 653278)
| o (ICSD code 52521)

12500

10000 (GOF=2.03; Ryy=9.87%)

Intensity

7500

5000

2500

(b) i + I(obs)
—— T{calc)
—— background
—— obs-cale
| P(ICSD code 653278)
Ti:Si (ICSD code 652417)

3000

(GOF=2.23; Ry,~9.60%)
2000

Intensity

1000

30 40 50 60 70 80 90

{c) + 1I(obs)

— I (calc)

—— background.

—— obs-calc
B (ICSD code 653278)
Tis8i (1CSD code 652417)

3000

(GOF=2.80; Ryy=27.28%) 1
2000

Intensity

1000

28

30 40 50 60 70 80 a0

1.00 T T
0954 (d)
0.90 4
0.85 4 -
0.80
075 e
0.70 EETESE
085
0.60
0.55 4
0.50 4
0.45 4
0.40
0.35 ]
0.30 4 R ey .
0.25 &
0.20 4
0.15 [ ]
0.10
0.05 4
0.00 T T T
0.0 0.5 1.0
Si content (wt.%)

Volume fraction

TR PR T RN T T S T WP L P PR P PO WP P TP O

Figure 3. Observed (+) and calculated (solid green line) XRD patterns recorded for the WQ Ti-35Nb-xSi samples with x =0 (a), x = 0.5
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5 and 7.5 wt.%). However, brightfield TEM and selected
area diffraction pattern (SADP) analyses confirmed the
presence of the -phase in the microstructures, but with
an indication of a reduction in the volume fraction of this
phase. In any case, it is important to mention that the positive
effect of partial or total ® suppression through Si additions
in Ti-35Nb-xSi alloys (as-cast and WQ) occurs at relatively
low contents when compared to the Zr and Ta contents
adopted in the aforementioned studies, which makes Si an
economical alternative for obtaining -Ti alloys.

On the other hand, the addition of Si resulted in the
formation of the Ti,Si intermetallic compound (P32
structure)*, which has a different crystal structure and chemical
composition to that observed in the as-cast condition. The
presence of Ti,Si in titanium alloys with the additions of Nb
and Si, after heat treatment at high temperatures and water
quenching, has already been reported in the literature!>!”->.
Considering the isothermal section at 1000 °C for the Ti-
Nb-Si system proposed by Xu et al.*®, whose temperature
is the same as the heat treatment in the present study, it is
noted that in this condition, the ternary compositions of
0.5 and 1.0% Si, both containing 35% Nb, are in the f-Ti +
Ti,Si two-phase field, as also reported by Tavares et al.'* for
the Ti-35Nb-0.55Si (WQ) alloy. This fact in itself naturally
leads to the formation of the Ti,Si compound, especially
when taking into account that these alloys were kept for 8 h
at 1000 °C, producing, according to the refinement, Ti,Si
volume fractions of 0.246 and 0.333 for samples containing
0.5 and 1.0% Si, respectively, as seen in Figure 3d. Once
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again, due to the similarities between the Ti-Si and Nb-Si
systems, the intermetallic compounds Ti3Si and Nb3Si are
isomorphic, but the latter only exists in the temperature
range of 1880-1770 °C*. In contrast, Nb has high solubility
in Ti,Si and can usually also be referred to as (Ti,Nb),Si*.

The microstructures of the Ti-35Nb-xSi (WQ) alloys
can be seen in the OM images in Figure 4. Typical B-phase
grains are observed in the Ti-35Nb alloy (Figure 4a). The
Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys (Figure 4b, ¢) also
showed B-phase grains, although once again it can be seen
that their microstructures were preferentially attacked by
the Kroll solution, which may be related to the presence
of the (Ti,Nb),Si intermetallic compound. The literature
mentions that (Ti,Nb),Si appears in the form of very small
particles'>, which makes it impossible to observe it using
OM. Similarly, the ®_,-phase is also not observed in the
OM image of the Ti-35Nb alloy (Figure 4a), since this phase
appears as nanometric spheroidal or ellipsoidal precipitates
dispersed in the B-matrix®’.

Therefore, to investigate the existence of the (Ti,Nb),Si
intermetallic compound, SEM micrographs and Si distribution
maps were obtained on the Ti-35Nb-0.5Si (WQ) and
Ti-35Nb-1.0Si (WQ) alloys, as shown in Figure 5. The
presence of precipitates is clearly seen in Figure 5a, b,
which are preferentially localized on the grain boundaries.
The distribution of Si in the microstructures of these alloys
(Figure 5c, d) shows its enrichment in these regions, the
content of which is 13 wt.%, as shown by the EDS analyses
corresponding to point 1 (Table 2). As previously mentioned,

Figure 4. OM images of Ti-35Nb-xSi alloys in the WQ condition: (a) x =0, (b) x = 0.5 and (c) x = 1.0.
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during the solidification process, Si is rejected in front of
the solid-liquid interface and is generally confined along the
grain boundaries or in interdendritic regions, which are more
conducive to the formation of intermetallic compounds'>. It
can also be seen that, in the matrix region (point 2, Table 2),
the Si content reaches 0.6% for the Ti-35Nb-1.0Si alloy, while
in that containing 0.5% Si, its value in the matrix is similar
to that of the alloy itself (Table 1). This may indicate that
the solubility limit of Si in -Ti has been reached and/or that
there is a decrease in Si in the matrix caused by the formation
of a greater volume fraction of (Ti,Nb),Si in relation to the
alloy with a higher concentration of this element.

3.2. Mechanical analysis of the Ti-35Nb-xSi alloys

The mechanical behavior of the Ti-35Nb-xSi alloys
(as-cast and WQ) was evaluated using the Vickers hardness
test. Figure 6 shows the variations in hardness values as
a function of Si content and processing methods. In the
as-cast condition, the values obtained for the Ti-35Nb,

Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys were 243 + 5,215 +
4 and 247 + 13 HV, respectively. In the case of the as-cast
Ti-35ND alloy, the result may be due to the contribution of
the hardness of the B and especially o , phases present in its
microstructure, as shown in the XRD patterns in Figure 1a.
According to investigations by Lee et al.*® in the Ti-Nb
system, the hardnesses of the phases are presented as: ® >
o’ >a”>p>a.

The as-cast Ti-35Nb-0.5Si alloy, on the other hand,
showed a reduction in hardness, which could, in part, be
related to the sharp drop in the density of @ precipitates
due to the presence of Si, whose estimated volume fraction
is 0.038, while in the Ti-35Nb alloy, the value is 0.129. It
is undeniable that Ti Si, was formed in this alloy with a
very significant volume fraction of 0.182 (Figure 1d), and
this intermetallic compound denotes an extremely high
hardness with a value of around 1154 HV*. This could
easily compensate for the lower density of @ precipitates
and maintain or further increase the hardness, but this is not

Table 2. EDS compositions (wt.%) of WQ Ti-35Nb-xSi alloys (x = 0.5; 1.0).

EDS Composition (wt.%)

. .. o .
Nominal Composition (wt.%) Analyzed Region T Nb Si
. . Point 1 (precipitate) 57.8 29.2 13.0
Ti-35Nb-0.5S
! ! Point 2 (matrix) 62.3 372 0.5
Ti-35Nb-1.0Si Pom? 1 (pre(:1p1.tate) 61.2 25.8 13.0
Point 2 (matrix) 66.6 32.8 0.6

Figure 5. SEM images of Ti-35Nb-xSi alloys in the WQ condition: (a) x=0.5, (b) x= 1.0 and (c-d) EDS maps of Si distribution, respectively.
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Figure 6. Vickers hardness measurements of Ti-35Nb-xSi alloys
in the as-cast and WQ conditions.

the case, which leads to the conclusion that the formation
of TiSi, particles promotes a strong depletion of Si in the
beta the B-matrix, and the influence of the solid solution
strengthening is weakened. It is worth noting that, in
this alloy, the B-Ti matrix still maintains a high volume
fraction of 0.78, and in the literature it is seen that Si in
solid solution plays a fundamental role in hardness®*¢! due
to the significant difference between the atomic radii of Ti
(1.44 A) and Si (1.18 A)®2 For the as-cast Ti-35Nb-1.0Si
alloy, the addition of a higher Si-content promotes a more
intense saturation of Si into the -Ti matrix and an increase
in hardness, showing a value similar to that obtained for the
alloy without Si-content. In this case, it is suggested that the
solid solution strengthening effect of Si in the B-Ti matrix
is recovered, although there is still a process of Si depletion
for the formation of TiSi,, which is further intensified given
the increase in its volume fraction to 0.247.

In the WQ condition, the hardness values for the Ti-35Nb,
Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys were 278 £ 5,323 +
4 and 332 + 5 HV, respectively. An initial comparison between
the processing methods shows that the WQ Ti-35Nb alloy
has a higher hardness value when compared to the as-cast
condition, which was 243 + 5 HV. In this respect, it is suggested
that the high-temperature compositional homogenization
heat treatment contributed to a better elemental distribution
and a more effective solid solution strengthening effect. In
addition, it should be noted that although in both conditions
(as-cast and WQ) there are the same phases: § and o, the
volume fraction of @ that precipitates in the $-Ti matrix in
WQ is higher, of 0.16 (Figures 1 and 3), which contributes to
a higher hardness value compared to the previous condition.

For the Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys in the
WQ condition, it can be seen that the additions of Si promote a
progressive increase in hardness. In these alloys, the @-phase is
no longer detected (Figure 3b-c) and hardness improvement can
also be attributed to solid solution strengthening mechanisms'?,
although the presence of the Ti,Si intermetallic compound also
promotes Si depletion from the -Ti matrix, which is likely to
be more intense in the alloy containing 1.0% Si, since it has
a higher volume fraction of 0.333 (Figure 3d). A comparison
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between alloys containing Si in the as-cast and WQ conditions
evidently shows that the latter have higher hardnesses, despite
Ti,Si having a lower hardness than Ti_Si,. This fact reinforces
the understanding that the solid solution strengthening effect
is the main mechanism in both groups of alloys, with the type
of silicide being responsible for imposing the degree of Si
depletion from the B-Ti matrix, i.e., Ti,Si and Ti Si, are silicides
with different stoichiometries and, in this case, Ti Si, will
require a greater amount of Si for its formation, so this will
further weaken the influence of solid solution strengthening
on the hardness of as-cast Ti-35Nb-(0.5;1.0) alloys. For WQ
alloys containing Si, the better elemental distribution in the
matrix due to heat treatment is considered to be a factor that
enhances the solid solution strengthening effect.

3.3. Surface morphology of anodized
Ti-35Nb-xSi alloys

Figure 7 shows SEM images of the morphology of the
oxide film obtained after anodizing the as-cast Ti-35Nb-
xSi alloys. It can be seen that the as-cast condition, i.e. not
applying the homogenization heat treatment, significantly
influenced the anodization behaviour of the Ti-35Nb-xSi
alloys under the synthesis parameters of 10 V, 2 h, and
0.54 mol/L of NH,F in 50:50 water/glycerol. The oxide
morphology is almost exclusively lamellar and disordered for
all compositions. However, in some areas it was possible to
see the formation of nanotubular structures with degenerate
aspects, especially in the Ti-35Nb and Ti-35Nb-0.5Si alloys.

However, the literature shows studies on obtaining
nanotubes in Ti alloys in the as-cast condition. Ferreira et al.*3
reported that heat treatment at high temperatures and different
times was not the key factor in the process of nucleation
and growth of NTs, as the same structure was formed in
a regular and homogeneous manner in the as-cast Ti-6Al
and Ti-6Al-7Nb alloys, under the identical parameters of
20V, 2 h, and 0.1% vol. of HF. Madian et al.** also found
the formation of nanotube structures in the as-cast Ti-20Co
alloy, using a formamide-based electrolyte containing 0.2 M
NH,F. Additionally, Ding et al.** obtained nanotubes in the
as-cast Ti-35Nb alloy using an ammonium sulfate electrolyte
containing 0.5 wt.% NH,F. In this study, the authors confirmed
that the application of different voltages has a direct response
on the formation of NTs and, at low voltages, such as 10 V,
only nanoporous layers were formed.

However, it is important to note that the type and contents
ofthe elements present in the substrates can have particular
influences on the anodizing process and, in addition, the
synthesis parameters (voltage, times, and nature of the
electrolyte) may not respond effectively to the chemical nature
of each element®®®’, Thus, it can be seen that the chemical
heterogeneity of the Ti-35Nb-xSi alloy substrates (x = 0;
0.5; 1.0 wt.%) may be resulting in elemental segregation
that directly impacts on the formation of nanotube structures
and, for those small regions where the NTs nucleate and
grow disorderedly, there is a compositional balance that
benefits the growth of the oxide with this morphological
and geometric characteristic.

Figure 8 shows SEM images of the morphology of the
oxide film formed after anodizing the WQ Ti-35Nb-xSi
alloys. The better distribution of the Ti, Nb and Si elements,
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Figure 7. SEM images of as-cast Ti-35Nb-xSi alloys after anodizing for 2 h at 10 V: (al, a2) x =0, (b1, b2) x = 0.5 and (c1, c2) x = 1.0.

promoted by diffusion in the heat treatment, evidently resulted
in a surface composed of nanotubes and/or nanopores under
the same parameters adopted in the synthesis of the alloys
in the as-cast condition. In Ti-35Nb alloy (Figure 8a), only
the presence of well-defined and uniform TiO, nanotubes is
observed, similar to those formed in CP-Ti and single-phase
Ti alloys?**68% Tt should be noted that the microstructure
of the Ti-35Nb alloy is mostly composed of the B-phase.
Luz et al.?® found that the differences in chemical composition
between the o and P phases in the Ti-10Nb alloy provided
different morphologies of the nanostructured oxide, with the
formation of nanotubes and lamellar structure in the region
of predominance of the . and § phase, respectively. Although
XRD analysis identified the -phase in the microstructure
of the Ti-35Nb alloy, its chemical composition is similar
to the surrounding B-matrix®’ and therefore should not be
affecting the growth kinetics of the nanotubes.

The formation of nanotubes in the Ti-35Nb alloy in the
WQ condition was also confirmed by Melo et al.”, however,
the internal diameter of the NTs measured in the authors’
study was 123 £ 15 nm, compared to the internal diameter
of 28.2 £ 0.2 nm in the present study. Here, the answer to
the different results can be explained, in particular, by the
composition of the electrolytes and the anodizing voltage.
Aqueous electrolytes and higher applied voltages, such
as the HF solution and 25 V voltage used in the study by
Melo et al.”?, increase the diameter of N'Ts®,

The Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys (Figure 8b, ¢)
also had nanotube layers on the surface of their substrates,
but the NTs were smaller and had internal diameters of 23.2 +
2.7nmand 18.8 + 2.1 nm, respectively. In addition to the NTs
on the Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys, nanoporous
layers were also observed (Figure 9), which indicates that
the attack of fluoride ions (F-) has a different action on the
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phases present in the microstructures of these alloys. The
formation of NPs may be associated with different reaction
rates in individual phases®-. It is important to mention that
the nanopore corresponds to the initial stage of nanotube
formation®®"". Thus, the existence of the nanoporous regions
in the Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys may be
related to the greater resistance to the oxidation process of
the phase in which the NPs are present.

The microstructure of the WQ Ti-35Nb-0.5Si and
Ti-35Nb-1.0Si alloys is composed of the B and (Ti,Nb),Si
phases, as shown in Figure 4. According to Nascimento et al.?,
the presence of the (Ti,Nb),Si intermetallic phase in the
Ti-10Mo-xSi alloy delayed the nanopore-nanotube transition
by turning the initial TiO, layer more resistant to the oxidation
and/or dissolution process, which was validated after anodic
polarization of the anodized surface, where the nanopore
regions remained intact. The study of Tavares et al.* found
that Si acted as a dopant for TiO, and increased the corrosion
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resistance of Ti-35Nb-xSi alloys. Thus, the NTs in the WQ
Ti-35Nb-xSi alloys have grown essentially in the B-phase,
while the NPs are present in the regions of the microstructure
where the (Ti,Nb),Si intermetallic compound is arranged.
The NPs of the Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys
also showed a reduction in diameter as the Si content increased,
with values of 16.0 + 1.2 nm and 8.4 + 2.8 nm, respectively.
This reduction in nanopore diameters can be explained by the
oxide’s greater resistance to attack by F-ions, since Si may
be acting as a dopant in the primary TiO, formed at the start
of the anodizing process. In this way, the greater amount of
Si in the Ti-35Nb alloy hinders the nucleation and growth of
pites which generate the localized dissolution of TiO, and,
subsequently, the growth of the diameters and morphology
of the nanostructures. Figure 10 shows a histogram where
it is possible to better observe the reduction in the internal
diameters of the NTs and NPs as a function of the addition

of Si to the Ti-35Nb alloy.

Figure 8. SEM images of WQ Ti-35Nb-xSi alloys after anodizing for 2 h at 10 V showing the presence of nanotubes: (al, a2) x =0, (bl,

b2)x=0.5and (cl, c2) x=1.0.
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Chernozem et al.” concluded that TiO, NTs with smaller
tube diameters were more favorable for cell adhesion and
growth on Ti-Nb alloys. Therefore, the anodization of Ti-35Nb-
0.5Siand Ti-35Nb-1.0 (WQ) alloys, under the experimental
parameters adopted, can enable better osseointegration in
orthopaedic and dental implants.

3.4. Wettability and surface energy

Figure 11 shows the wettability of the surfaces of
the Ti-35Nb-xSi alloys (as-cast and WQ) which were
determined by contact angle (0) using water. It can be seen

that the angles obtained for all the samples showed values
below 90°, suggesting that the surfaces examined have a
hydrophilic behavior, which is beneficial for metal alloys
that are produced for orthopedic and dental applications,
since this characteristic provides better interactions with
physiological fluids and bone tissue cells”*7°. According
to Figure 11, the as-cast Ti-35Nb-xSi (x = 0, 0.5 and
1.0 wt.%) alloys had the following 0 values, respectively:
19.6°+0.4°,19.4°+0.4° and 20.7° £ 0.4°. It is reasonable
to mention that the surfaces anodized in this processing
condition generally showed similar wettability, although

Figure 9. SEM images of WQ Ti-35Nb-xSi alloys after anodizing for 2 h at 10 V showing the presence of nanopores: (a, b) x = 0.5 and

(e, d)x = 1.0.

Figure 10. Histogram of the internal diameters of nanotubes (a) and nanopores (b).
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there was a subtle statistical difference between the Ti-35Nb
and Ti-35Nb-1.0Si alloys. It should be noted that the
SEM images of the as-cast Ti-35Nb-xSi alloys showed
an oxide with a predominantly lamellar morphology, as
well as the presence of small NTs sites with a degenerate
appearance (Figure 7).

Regarding to the WQ Ti-35Nb-xSi alloys, the alloy with
the addition of 0.5 wt.% Si had a contact angle of 17.1° +
0.5°, the lowest in this processing condition and also of
all the alloys investigated in this study. This result shows
that the WQ Ti-35Nb-0.5Si alloy has the most hydrophilic
character, i.e. the best wettability, when compared to the
angles of 19.7° + 0.4° and 19.02° + 0.4° of the Ti-35Nb and
Ti-35Nb-1.0Si alloys, respectively. When analyzing the
SEM images of the WQ Ti-35Nb-xSi alloys (Figure 8), all
the surfaces showed NTs, whose diameters were reduced as
the Si content increased. In addition, the alloys with 0.5 wt.%
and 1.0 wt.% Si have the presence of NPs which, once again,
have their diameters reduced with the gradual increase in Si.
This result diverges from the data presented by Liu et al.”,
who stated that hydrophilicity is improved in TiO, NTs with
larger diameters. On the other hand, it is important to note
that the SEM images of the oxide layer in the Ti-35Nb-0.5Si
and Ti-35Nb-1.0Si alloys (Figures 8bl and 8cl) show a
more irregular and consequently rougher topography , i.e.
marked unevenness, when compared to the Ti-35Nb alloy
which showed a more uniform and highly ordered nanotube
oxide layer (Figure 8al).

The topography of nanostructured TiO, layers considerably
alters the behavior of the water droplet on their surfaces and
estimating the level of water penetration into the cavities of
nanotubes and nanopores is not trivial’®. However, Wang etal.”’
found that a nanoporous TiO, layer presented a higher contact
angle value when compared to a nanotubular TiO, layer, in
which the result was attributed to the larger spaces existing in
ananotubular structure which allows greater water penetration,
since the nanoporous layer denotes a flatter characteristic. As
reported in section 3.3, the formation of nanopores in titanium
alloys with added Si is associated with the presence of the
intermetallic compound Ti,Si in their microstructures. In

27

24

Figure 11. Contact angle values of Ti-35Nb-xSi alloys (as-cast
and WQ). Data are expressed as the mean + standard deviation. (*)
Indicates statistical significance between groups (¥p <0.05, ANOVA).
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this way, it is reasonable to assume that the better wettability
for the WQ Ti-35Nb-0.5Si alloy is coherent, as the areas of
nanoporous layers, which enable a greater contact angle,
can be relatively smaller, since the 0.5 wt.% Si composition
showed the lowest volume fraction of Ti,Si, as indicated
in Figure 3d. Moreover, according Liu et al.”®, the increase
in roughness and capillary force induced by the disordered
nanostructure provides additional force for the penetration
or spreading of the liquid. Thus, although the WQ Ti-35Nb
alloy has nanotubes with larger internal diameters than the
WQ Ti-35Nb-0.5Si alloy, the morphological characteristics
of the nanostructured layers of the latter seem to have had
a stronger influence on wettability. A comparison between
alloys of the same composition and different processing
conditions showed that only the Ti-35Nb alloy (as-cast and
WQ) showed no statistical difference between the contact
angles shown in Figure 11. This result may indicate a similar
contact area between the 5 uL water droplet and the lamellar
(Figure 7al) and nanotular (Figure 8al) oxide layer in the
first few moments when it is dripped onto the surface. On the
other hand, the WQ Ti-35Nb-0.5Si and Ti-35Nb-1.0Si alloys
show a statistical difference in contact angles when compared
to the as-cast condition, which may be related to the presence
of a more irregular topography and therefore rougher.
Figure 12 shows the surface energy of the Ti-35Nb-
xSi alloys (as-cast and WQ) obtained from the Kaelble
equation (Equation 1), where the WQ Ti-35Nb-0.5Si alloy
had the highest surface energy (70.06 + 0.19 mJ.m™),
showing agreement with the contact angle (0) made only
with water. In general, all the anodized surfaces obtained a
surface energy (y) above 68.7 mJ.m?, which is positive for
artificial surfaces that interact with cells™. It is important
to note that surface energy has an appreciable influence on
cellular activities, such as protein adsorption, cell adhesion,
growth and proliferation’ and, in this sense, the Ti-35Nb-
xSi alloys (as-cast and WQ) are promising candidates for
dental applications, especially the WQ Ti-35Nb-0.5Si and
Ti-35Nb-1.0Si alloys, which had the lowest surface energies.

75.0

73.54 *

72.0 4

70.5 4

69.0 -

Superficial Energy / mJ.m

6754
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Figure 12. Surface energy values of Ti-35Nb-xSi alloys (as-cast
and WQ). Data are expressed as the mean + standard deviation. (*)
Indicates statistical significance between groups (¥p <0.05, ANOVA).
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4. Conclusions

In this study, the microstructure, mechanical behavior
and formation of nanotubes in Ti-35Nb-xSi alloys were
analyzed by increasing the Si content and different substrate
processing conditions: as-cast and heat treatment at 1000 °C
for 8 h followed by water quenching (WQ). Based on the
results, Si is a B-stabilizing element that acted to restrict the
precipitation of the m-phase in the as-cast and WQ conditions,
since the XRD peaks and volume fractions of this phase were
reduced or disappeared. On the other hand, the additions of
Siresulted in the formation of the (Ti,Nb),Si, and (Ti,Nb),Si
intermetallic compounds in the as-cast and WQ conditions,
respectively, which contributed to weakening the solid solution
strengthening effect which, nevertheless, still remained the
main mechanism for increasing hardness, being enhanced by
the heat treatment in the WQ condition. The heat treatment
applied to the Ti-35Nb-xSi alloy substrates was a key
factor in the nucleation and growth of nanotube structures,
particularly in the B-phase regions. The results also showed
that nanoporous structures were formed in the Ti-35Nb-0.5Si
and Ti-35Nb-1.0Si alloys, due to the presence of (Ti,Nb),Si
which may be increasing the resistance to dissolution of the
initial TiO, layer formed in the early stages of anodizing.
Finally, the nanostructured TiO, layers formed on the
Ti-35Nb alloys with added Si showed greater resistance to
dissolution, since they were more difficult for the nucleation
and growth of pites caused by the F-ions, which resulted in
smaller nanopore and nanotube diameters. The Ti-35Nb-xSi
alloys (as-cast and WQ) showed hydrophilic characteristics,
with the alloys containing Si and in the condition after heat
treatment obtaining the best wettability and surface energy
results with the WQ Ti-35Nb-0.58Si alloy standing out. It is
important to note that the alloys produced for this study are
intended for dental applications. Therefore, electrochemical
tests are currently being carried out on fluoridated artificial
saliva and simulated body fluid (SBF). Bioactivity tests and
antibacterial susceptibility tests will also be carried out.
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