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ABSTRACT

Titanium-Niobium alloys have been studied for biomedical applications due to their satisfactory biocompati-
bility. In order to improve the long-term implantation, surface modification techniques have been developed
to generate suitable topography, roughness, chemical composition, surface energy, etc. Considering this ap-
proach, the present work aimed to characterize Titanium-35Niobium (Ti-35Nb) surface modified by con-
trolled chemical oxidation. Ti-35Nb (wt%) substrates were processed by powder metallurgy. The powders
were mechanically mixed, uniaxially cold pressed and sintering at 1300°C/2h. Then, the sintered substrates
were immersed in a solution consisting of equal volumes of concentrated H,SO, and 30% aqueous H,0, for 4
hours at room temperature under continuous agitation. Sample characterizations were performed by scanning
electron microscopy, profilometry, contact angle measurement, X-ray diffraction, and X-ray photoelectron
spectroscopy. The results showed that the samples exhibited a microporous structure with micro-roughness
on surface, and the B-Ti phase was stabilized by complete niobium atoms diffusion in titanium matrix. In
addition, the chemical treatment successfully modified the Ti-35Nb surface with micropore formation and
enhancement of hydrophilic feature and TiO, and Nb,Os layer, which can improve the biocompatibility of
TiNDb alloy implants.
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1. INTRODUCTION

Titanium (Ti) — Niobium (Nb) alloys have attracted much attention in recent times as promising materials for
fabrication of bone implants not only because their non-toxity, high corrosion resistance and beneficial me-
chanical properties, but also because of their high biocompatibility, i.e. improved cell adhesion and prolifera-
tion, particularly on their oxidized surfaces [1].

Researchers have demonstrated that titanium and titanium alloy implants with porous structure, which
may consist of macropores (100-500 um) and micropores (< 20 um), can encourage osseointegration and
prevent implantation failure by providing spaces for bone cells, vascular and bone tissue ingrowth to form
mechanical interlocking [2-5]. Metal implants with or without controlled porosity have been successfully
fabricated by powder metallurgy (PM), proving to be an advantageous technique for processing Ti-based
parts at low temperature without undesirable reactions or contaminations [6, 7]. These implants may have
their bioactivity improved by various surface modification techniques, such as physical and chemical meth-
ods, which can modify the surface properties on a range of scales. Further, it is recognized that material-host
tissue interactions are principally governed by surface cues [8].

In fact, surface characteristics play a vital role to improve the service life of metal implants. In princi-
ple, engineers and scientists have been seeking diverse techniques to develop the biocompatibility and the
corrosion behavior of metal implants, aiming to make them adapt to the implant environment better. Superior
corrosion behavior, improved wear resistance, better osseointegration rate, high biocompatibility and en-
hanced aesthetics are most important features which can be attained through surface modification [9]. Some
examples of surface modification techniques which can be employed to improve the properties of titanium-
based surfaces are: physical and chemical vapor deposition, laser cladding, thermal and chemical oxidation,
thermal spraying, plasma spray, ion implantation, micro-arc oxidation, sandblasting, electrochemical treat-
ment, sol-gel, biomimetic processes, bioceramic or biopolymer coating deposition and others [6, 10-15].
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Among the various surface modification techniques, the controlled chemical oxidation to create re-
producible nanopatterns on Ti and Ti alloy surfaces has received attention. By immersing the Ti-based mate-
rials, e.g. B-Ti alloys, in an etching solution made by mixing concentrated sulfuric acid (H,SOy, a strong acid)
and aqueous hydrogen peroxide (H,0,, an oxidant), it is possible to create a reproducible network of na-
nopore on surface and generate a controlled surface roughness [8, 16, 17].

Based on the literature review, the controlled chemical oxidation successfully modified Ti and Ti al-
loy surfaces at the nanoscale for improving their bioactivity, but it lacks reports about the use of this tech-
nique for inducing modifications at the microscale. In this context, the present work aimed to investigate the
ability of H,SO4/H,0, solution to also create micropores on Ti-35Nb (wt%) substrates processed by powder
metallurgy and enhance the oxide layer.

2. MATERIALS AND METHODS

2.1 Processing of Ti-35Nb substrates

Ti-35Nb (Wt%) substrates were processed by powder metallurgy using Ti grade 2 powder (ASTM F67-00)
manufactured by Baoji First Titanium Industry Co., and Nb grade 2 powder (ASTM B392-09el) from the
Brazilian Metallurgy and Mining Company (CBMM). The particle sizes of Ti (< 53 um) and Nb (< 62 pum)
powders were obtained by sieving.

Elemental powders of titanium grade 2 with 99.5% purity and niobium with 99.8% purity were mixed
in the composition of Ti-65 wt.% and Nb-35 wt.%. The mechanical mixtures were conducted in a Retsch™
MM 400 Mixer Mill for 15 min. at a vibrational frequency of 15 s*. Then, the powder mixtures were uniaxi-
ally cold pressed at 730 MPa and sintered in a vacuum furnace (better than 10 Torr) for 2 hours at 1300°C
with heating rate of 10°C/min. Further, all substrates were cleaned by a sequence of ultrasonic bath, in order
to eliminate the superficial organic impurities, and air-dried in a oven for 1 hour at 60°C. Such processing
parameters were based on previous works [7, 18]

2.2 Controlled chemical oxidation of Ti-35Nb substrates

The cleaned Ti-35Nb substrates were submitted to the controlled chemical oxidation treatment with a mixture
consisting of equal volumes of concentrated H,SO, and 30% aqueous H,O, for 4 hours (Ti-35Nb_4h) at
room temperature under continuous agitation, according to literature data [8, 11, 17]. Later, the samples were
rinsed with deionized water in an ultrasonic bath for 10 minutes and air-dried in an oven for 1 hour at 60°C.
Before immersion of samples in the oxidative mixture, the components were mixed in an ice bath to control
the exotherm of mixing and the cooling bath was removed to allow the temperature to rise to room tempera-
ture.

2.3 Characterization of Ti-35Nb samples

The microstructure of untreated Ti-35Nb sample (Ti-35Nb_Control) was analyzed by Scanning Electron Mi-
croscopy (SEM) conducted in FEI (model Inspect S) microscopy, operated at 20 kV. From images with mag-
nification of 500 times, the pore size was measured by the calibrated scale bar from the image software of
FEI Inspect S SEM. At the same magnification, the average porosity was determined by quantitative SEM
image analysis, using ImageJ free software (version 1.52a), in about 37 random images.

Surface topography characterization of Ti-35Nb_Control and Ti-35Nb_4h samples was performed by
Field Emission Scanning Electron Microscopy (FEG-SEM) conducted in a FEI (model Quanta FEG 450)
microscopy, operated at 20 or 30 kV.

Surface roughness from Ti-35Nb_Control and Ti-35Nb_4h samples was evaluated by profilometry,
using Nano Eva ST400 Z profilometer. The roughness profile parameters were assessed in three different
regions of the same image for each sample, in order to determine the average roughness (Ra).

The wetability characteristics of control and treated surfaces were analyzed by distilled water contact
angle measurements, using a contact angle meter (PocketGoniometer PGX+). This goniometer is equipped
with a software capable of automatically measuring the contact angle () in static mode on a sessile drop pro-
file. To establish the balance of the involved forces, the contact angle was recorded 10 seconds after deposi-
tion of the drop on the surface of samples under ambient conditions. Each 6 value corresponds to the average
of 10 measurements.

Ti-35Nb_Control and Ti-35Nb_4h samples were characterized by X-ray Diffraction (XRD), using a
Panalytical diffractometer (Model X'Pert Pro). The XRD equipment with CuKa (A = 1.54 A°) monochro-



(=) R SILVA, R.S., RIBEIRO A.A. revista Matéria, v.24, n.3, 2019.

matic radiation was operated at 40 mA and 40 kV. The diffraction data were recorded in the 20 interval from
5° to 80° with step size of 0.05° and count time of 2 s.

The chemical composition of control and treated surfaces was analyzed by X-ray Photoelectron Spec-
troscopy (XPS) using a Hemispherical Energy Analyzer (Specs Phoibos 150), equipped with an AlKa
(1486.6 eV) unmonochromatic source at base pressures less than 10™° mbar. All high-resolution spectra were
charge-compensated by setting the binding energy of the C1s peak to 284.6 eV. Spectra were Shirley back-
ground-subtracted across the energy region and fitted using CasaXPS Version 2.3.14 (Casa Software Ltd.,
Cheshire, UK).

3. RESULTS AND DISCISSION

3.1 Scanning Electron Microscopy (SEM)

Figure 1 shows the SEM image of Ti-35Nb_Control sample, where it is observed a microstructure composed
of closed and homogeneously dispersed micropores with average size of 18.51 + 3.52 um, and the presence
of Ti/Nb inter-particle necks. In addition, the result of quantitative image analyses indicated an average po-
rosity of 1.37 £ 0.47%. Such closed micropores and necks are intrinsic to the sintering process, which indi-
cate that the sintering parameters were suitable to provide a satisfactory consolidation of Ti and Nb particles.
Initially, the bonds develop mainly by atomic diffusion between adjacent particles, forming the neck region
with a high degree of cohesion. As the temperature increases, the bonding surfaces increase, noting the inter-
particle neck growth. Then, the intercommunicating pores are closed and simultaneously the closed pores are
rounded off. Finally, in the last stage of sintering the coalescence and growth of the remaining pores occur.
This stage consists of the contraction and elimination of the small and isolated pores and the growth of the
larger pores, contributing to the free energy reduction of the system [19, 20].

Although closed-pore metal parts do not allow for much bone ingrowth, due to the large numbers of
isolated pores, they still possess the potential to be used in orthopaedic load bearing implants. In particular,
the lowered structural stiffness brought about by the presence of voids allows the reduction of their bulk
stiffness, enabling a match with the mechanical properties of bone, which in turn reduces stress shielding of
the bone host. This characteristic can be further enhanced by the low elastic moduli inherent to Ti-Nb alloys
[21]. Thereby, the pore size, shape and distribution are of importance only because of the mechanical
strength and fatigue resistance of the porous metal that is associated with these parameters. It has been stipu-
lated that non-homogeneous distributions of pores as well as localized thin pore walls can lead to a reduced
materials strength and early fatigue failure. Then, the fixation of implants based on closed-pore porous metal
would have to be achieved by allowing bone ingrowth onto an additionally fabricated porous surface [22].

|

Figure 1: SEM image of Ti-35Nb_Control sample.
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3.2 Field Emission Scanning Electron Microscopy (FEG-SEM)

Figure 2 exhibits FEG-SEM images and EDS spectra of untreated (Figures 2a and 2c¢) and treated (Figures 2b
and 2d) samples. The surface with micro-roughness of the Ti-35Nb_Control sample can be seen in Figure
2(a). From Figure 2(b), it is noted that the simple combination of a concentrated acid and an oxidant agent
was able to modify the Ti-35Nb surface, leading to formation of a microstructure composed of closed and
open micropores with average size of 0.84 + 0.50 um and angular shape, uniformly distributed across the
surface. In addition, EDS spectra, Figures 2(c) and 2(d), revealed Ti, Nb, O and C peaks for all samples,
suggesting no relevant chemical modification on the treated surface at micrometre scale.

According to literature, microporosity (< 10 um) results in larger surface area that is believed to con-
tribute to higher bone protein adsorption as well as to ion exchange and bone-like apatite formation by disso-
lution and reprecipitation, favoring cellular adhesion and implant osseointegration. Further, porous-surfaced
implant provide a more effective means of dissipating implant forces over a greater volume of bone as a re-
sult of the three-dimensional bone-implant interlock. This allows the transfer of tensile, shear, and compres-
sive forces from implant to bone, yielding greater mechanical stability at this critical interface [23, 25].
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Figure 2: FEG-SEM images and EDS spectra: (a,c) Ti-35Nb_Control and (b,d) Ti-35Nb_4h.

3.3 Profilometry

The average roughness (Ra) of untreated and treated Ti-35Nb surfaces was obtained by profilometry. The
roughness profiles indicated Ra values of 0.55 + 0.07 um and 1.0 £ 0.09 um for Ti-35Nb_Control and Ti-
35Nb_4h samples, respectively, demonstrating that the controlled chemical oxidation treatment was able to
induce an increase in average roughness of Ti-35Nb surface. Moreover, the low standard deviations denote a
uniform surface for both samples.

Such increase in roughness can enhance the bioactivity characteristics of metal implant surfaces, since
some reports have shown that both the early fixation and long-term mechanical stability of the prosthesis can
be improved by roughness profile in the range of 1-10 um compared to smooth surfaces. For example, im-
plant surfaces with micro-topographies, obtained from chemical treatments, have presented greater percent-
age of bone-to-implant contact when compared with machined or polished titanium-based surfaces [26, 27].
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3.4 Contact angle measurement

Contact angle (6) equal to 0° is an extreme situation of chemical affinity between surface and liquid and,
therefore, the liquid material spreads completely on the solid surface (superhydrophilic surface). Contact an-
gle equal to 180° is another extreme situation, where the liquid material presents no interaction with the solid
surface (superhydrophobic surface). When 6 is lower than 90° it is considered the surface is wet by liquid
(hydrophilic surface). Otherwise, when 6 is higher than 90° it is considered the surface is not wet by liquid
(hydrophobic surface) [28].

Ti-35Nb_Control and Ti-35Nb_4h samples displayed average 6 values of 50.4 + 1.5° and 43.2 £ 1.6°,
respectively. It is observed that the controlled chemical oxidation treatment enhanced the hydrophilic feature
of treated sample. This behavior is influenced by the surface topography of sample, which determines its hy-
drophilic or hydrophobic nature. For implant materials, a hydrophilic surface is considered to be desirable in
view of its better interaction with biological fluids, cells and tissues [29, 30].

3.5 X-ray Diffraction (XRD)

Figure 3 presents the X-ray diffractograms: (a) Ti-35Nb_Control, and (b) Ti-35Nb_4h. The crystalline phases
were identified according to X-ray powder diffraction patterns (PDF n° 01-089-4913). From Figures 3(a) and
3(b), the successful B-Ti phase stabilization is noted, suggesting that the processing parameters were suitable
to form Ti-35Nb alloy with complete niobium atoms diffusion in titanium matrix. The sintering variables that
can affect the alloy formation, such as temperature, time and atmosphere, require strict control [20]. In addi-
tion, titanium or niobium oxide peaks were not identified in both samples, which indicates that the oxide lay-
er is very thin.

Studies have demonstrated that B-Ti alloys present superior properties compared to cp-Ti and
Ti6AI4V, since their body-centered cubic microstructure causes an improved workability and remarkably
lower elastic moduli, reducing the stress shielding effects. Moreover, B-stabilizing elements like, Nb, Ta, Zr,
Mo or Sn have low cytotoxicity, which at the same time cause a high corrosion resistance related with very
low metal release rates. This implies significantly improved tissue reactions and longevity of the implant ma-
terial [17, 21, 31].
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Figure 3: XRD diffractograms of the samples: (a) Ti-35Nb_Control and (b) Ti-35Nb_4h.

3.6 X-ray Photoelectron Spectroscopy (XPS)

High-resolution spectra of the Ti,,, Nbsq and Oy core levels are displayed in Figure 4 for Ti-35Nb_Control
(Figures 4a, 4b, 4c) and Ti-35Nb_4h (Figures 4d, 4e, 4f) samples. From Figures 4a (peaks at 458.3 eV and
463.9 eV) and 4d (peaks at 457.8 eV and 463.5 eV), it is noticed an intense Ti*" doublet for both samples,
demonstrating that TiO, is the main constituent of the oxide layer on surfaces. However, the deconvolution of
Ti,, peak suggested the occurrence of specie ascribed to Ti** like in Ti,O5 (Figure 4a: peaks at 456.4 eV and
461.4 eV; Figure 4b: peaks at 456.1 eV and 461.1 eV). Moreover, peaks at 453.9 eV and 460.1 eV (Figure
4a), and 453.6 eV and 459.7 eV (Figure 4d) are assigned to the Ti™®" [17]. This peak was considered to be
from the Ti-35Nb substrates, since the native oxide layer is very thin [11]. But, a comparison between Fig-
ures 4a and 4d, it is noted that the Ti™™"" peak completely disappeared for treated sample (Figure 4d), denot-
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ing a significant modification of the Ti-35Nb surface by the controlled chemical oxidation treatment, which
seems to have promoted a thickness increase of the TiO, layer.

From the Nbgy core level spectra, in Figure 4b, the untreated sample presented a doublet at 203.7 eV
and 206.2 eV attributed to Nb** (NbO,). In the other hand, in Figure 4e, Ti-35Nb_4h sample showed a dou-
blet at 206.8 eV and 209.5 eV related with Nb®*, indicating an effective oxidation of Ti-35Nb surface by
H,S04/H,0, solution with layer growth of Nb,Os, assigned to the better resolution of Nbsy spectrum in Fig-
ure 4e [17]. Further, Nb™®" peak was not observed for both samples. This phenomenon may be related to
the sintering process, which even performed under high vacuum, the residual oxygen presents in the furnace
chamber can induce a thermal oxidation of surface.

The Oy core level spectra are exhibited in Figures 4c (peak at 529.1 eV) and 4f (peak at 529.1 eV),
which clearly indicate the O, peak from Ti-O or Nb-O bonds with shoulder peaks at higher energy for both
samples. The deconvolution of Oy spectra suggested that the origin of these shoulder peaks is due to oxygen
in OH" species (Figure 4c: peak at 531.8 eV; Figure 4f: peak at 530.3 eV) and adsorbed water (Figure 4c:
peak at 533.7 eV; Figure 4f: peak at 531.9 eV). For Ti-35Nb_4h sample, in Figure 4f, the chemical treatment
enhanced the O” peak relative to the shoulder, which can be related to the thickness growth of the oxide lay-
er. The thickness increase of titanium and niobium oxide layer has a positive effect on the biocompatibility
and kinetics of the bone formation process, since it avoid or reduce the diffusion of Ti and Nb ions from the
bulk metal [32, 33]. Additionally, the OH" content on the surface may improve the apatite nucleation and
protein adsorption, since it give a negative charge to the oxide layer [34, 35].
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Figure 4: XPS spectra of the Ti,,, Nbsg and O core levels for Ti-35Nb_Control (a,c,e) and Ti-35Nb_4h (b,d,f) samples.

4. CONCLUSIONS

Powder metallurgy technique successfully processed microporous Ti-35Nb samples with micro-roughness on
surface, and stabilized B-Ti phase by complete niobium atoms diffusion in titanium matrix. H,SO,/H,0, solu-
tion was able to generate micropores on the Ti-35Nb surface with 0.84 + 0.50 um average size, enhancing the
hydrophilic feature and oxide layer. In addition, the treated sample presented an oxide layer consisting pre-
dominantly of TiO, and Nb,Os with negative charge provided by the presence of hydroxyl groups. Therefore,
the results demonstrated that the used acid-oxidizing solution has also potential to modify TiNb alloy surfac-
es at the microscale.
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