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ABSTRACT
Porous titanium have been used for bone-replacement implants, since it induces new bone tissue formation inside the pores providing a better mechanical stability at the implant-bone interface. A high and interconnected porosity is required to enhance bone ingrowth and osseointegration. In this work, porous Ti-35Nb samples with different porosity levels were manufactured by powder metallurgy for implant applications. The mixture of titanium and niobium powders with and without a pore former additive was studied, by using different mixing parameter, in order to evaluate the influence of these parameters on microstructure. Uniaxial compaction technique was performed followed by sintering step. Metallographic quantitative analysis was used to determine the total porosity. The microstructure was assessed by scanning electron microscopy. The results indicated that the processing parameters used made it possible to obtain a homogeneous microstructure throughout the length of the sample.
Keywords: Titanium-Niobium alloy; powder metallurgy; porosity; orthopedic implant.
INTRODUCTION


The Titanium-Niobium (Ti-Nb) alloy system has interesting properties from the standpoint of engineering applications as biomaterial. Nb promotes the reduction of the elastic modulus and increases corrosion resistance, as well as it is nontoxic element, nonallergenic, and has a good biocompatibility. When Nb is mixed with Ti in the range between 10 and 20% wt, or alternatively in a range between 35 and 50%wt, it produces low modulus of elasticity (less than 85 GPa). Deviations from this range of concentration increase modulus of elasticity (1,2).


Acting as a β-phase stabilizing element and a biocompatible element, Nb has attracted much attention and it has been added to many β-Ti alloys. But, when the alloy is used for orthopedic applications, the effects of stress shielding caused by the difference between the elastic modulus of the alloy and bone require attention(3,4).
Stress-shielding may be minimized by introducing a porous structure, which reduces the modulus of elasticity of metal. In addition, the porous structure contributes to the formation of a functional and structural connection between bone and implant, which promotes bone growth into the porous structure, fixing and stabilizing the implanted device(5).
Essential requirement for successful bone ingrowth and long-term implantation is, the development of new implants that mimic the architecture and low modulus of elasticity of natural bone and encourage bone to grow into the pore. A porous structure with macro-pores (100-500 (m) encourages osteointegration and prevents implantation failure by providing spaces for bone cells, vascular and bone tissue ingrowth to form mechanical interlocking. Micro-pores (< 20 (m) also contribute to higher bone protein adsorption, which favors cellular adhesion and implant osteointegration(4,6).
Studies have shown that powder metallurgy (PM) is an efficient alternative technique for obtaining biomedical implants with controlled porosity, with advantage of performing all steps in the solid phase. Further, the consolidation degree of powders can be reached by controlling processing parameters(5,7).
Brazil is self-sufficient in the production of Nb(8), which suggests the possibility of production Ti-Nb alloys in the country with lower cost; hence the importance of developing science and technology using such material. Thus, the present paper introduces the development and study of Ti-35Nb alloy by using PM technique, setting parameters for obtaining porous Ti with different porosity levels for implant applications.
MATERIALS AND METHOD
Microporous and macroporous Ti-35Nb samples were processed by PM. Ti powder was manufactured by Baoji First Titanium Industry Co. and Nb powder by Companhia Brasileira de Metalurgia e Mineração (Brazilian Metallurgy and Mining Company, CBMM). The particle size range of Ti (50-149 µm), Nb (31-500 µm) and ammonium bicarbonate (355 a 425 µm) powders was obtained by sieving.
Elemental powders of titanium grade 2 (ASTM 67-00) with 99,5% purity and niobium with 99,8% purity, were mixed in composition of Ti-35Nb. The powders from macroporous Ti-35Nb alloy were mixed with 30%wt ammonium bicarbonate (AB), which was used as a pore former additive. Mixing study was conducted by varying the mechanical mixture time (15 min, 30 min, 1h and 2h) and mixture type (mechanical or manual), in order to optimize mixture and green compact properties. The mechanical mixing was made in a mixer Orbital GlenMills INC, model tubular. 

The samples were uniaxially pressed at 400 MPa. The pore former additive elimination was conducted at 170°C for 2 hours in a chamber furnace in air. Sintering was performed in a vacuum furnace (better than 10-5 Torr) at 1200°C for 2 hours, using a Thermal Technology Inc. model Astro equipment. The green compact samples without pore former were analyzed by SEM/EDS in order to observe the distribution of Ti and Nb particles.
The chemical analyses of powders were performed according to ASTM F67-89 and ISO 5832-2 for Ti, and ASTM B392-09 and ASTM B391 – 09 for Nb. In addition, the powders were analyzed by X-ray diffraction (XRD), using a Panalytical Model X'Pert Pro equipment. The morphologies of BA, Nb and Ti powders were assessed by scanning electron microscopy (SEM) coupled energy dispersive spectro (EDS), using a FEI (model Inspect S) microscopy.
The characterization of sintered microporous and macroporous Ti-35Nb samples were performed by SEM and XRD and conventional metallography. The samples were etched with a Kroll solution: 3mL HF: 6mL HNO3: 100 mL H2O, to reveal its microstructure. The cross section was analyzed by optical microscopy and the porosity was measured by quantitative metallographic analysis, using Image Pro Plus 4.0 software, in about 16 images per sample.
RESULTS AND DISCUSSION


The results of chemical analysis for Nb and Ti powders showed that the element chemical contents are in accordance to the respective specified standards. Therefore, the powders presented suitable chemical compositions for biomedical applications 

Morphologic analyses of Nb, Ti and BA powders are shown in Fig. 1. SEM images showed that Nb (Fig. 1a) powder presented acicular particles and Ti (Fig. 1b) and BA (Fig. 1c) powders presented angular particles with a tendency to rounding, which may favor the fluidity and apparent densification. The Nb particles also have higher average sizes when compared to Ti, as expected.
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Figure 1 – SEM images of the powders: Nb (a), Ti (b), AB (c).

Figure 2 shows SEM images of the powder mixtures uniaxially compacted, varying the mixture times. The image was made after the AB withdrawal in mixed samples for 15 min, 30 min and 2h. The SEM picture of the sample mixed for 1h was not performed due to the sample breaking. By analyzing the images, it was noted that there was no difference between them. Thus, it was adopted the time of 15 min for mechanical mixing to prevent further loss of BA by evaporation.


Figure 3 shows SEM image, EDS maps of a Ti-35Nb green compact without AB mixed for 15min. By Fig. 3a, it is observed a porous structure, with dispersed pores. Despite the difference in particle morphology, Ti-35Nb mixture of this sample shows that the amount of Ti and Nb are homogeneously distributed throughout the sections analyzed, which indicates that the parameters of the mixture are suitable (Figs. 3b and 3c).
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Figure 2 - SEM images of the green compact in mixture times: 15 min (a), 30 min (b) and 2h (c).
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Figure 3 –Ti-35Nb green compact without BA: SEM image (a), Ti and Nb maps (b,c). 

The SEM micrographs of the sintered Ti-35Nb samples, are shown on transversal sections in figures 4 and 5. The figures 4a and 4b present images of the microporous sample that were mixed mechanically without the presence of AB, with uniformly distributed micropores. Figure 5 presents images of macroporous samples that were mixed mechanically (Fig. 5a and 5b) and manually (Fig. 5c and 5d) using the AB pore forming. 
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Figure 4 - SEM images of microporous Ti-35Nb alloys after sintering: mechanically mixed sample without AB.


As reported(9), the porous sample contains two types of pores, i.e., micropores distributed in the cell wall of the open interconnected macropores, induced by the volume shrinkages during the sintering process of the powders, and interconnectedive macropores created by the AB pore former, as shown in figure 5. In Figure (b) can be observed that the grains are interconnected and neck formation, showing that sintering was efficient. These features of microporous and interconnected macroporosity are preferable in the osteoinductivity(3).
Figure 6 shows SEM images of the sintered macroporous samples with the corresponding Ti and Nb maps. It can be observed that the Ti and Nb maps showed similar results to those of the pressed sample.
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Figure 5 - SEM images of the macroporous Ti-35Nb alloys after sintering: mechanically mixed sample (a, b) and manually mixed sample (c, d) with AB. 
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Figure 6 – Sintered macroporous Ti-35Nb: SEM image (a), Ti and Nb maps (b,c).

Figure 7 shows the XRD patterns of macroporous and microporous Ti-35Nb samples. The diffraction peaks of the two samples showed β-Ti, Nb and TiNb phases. However, some peaks of Ti3O and NbO also can still be observed with relatively high intensities and NbO peaks with lower intensity in the microporous sample. This implies that the sintered samples primarily consist of Ti, Nb and TiNb phases characteristic peaks, but the mixture introduces oxygen, resulting in the formation of Ti and Nb oxides, as indicated by the XRD patterns, but this was expected due sintering process. The presence o Nb implies that the sintering parameters must be optimized, for improving Nb reaction.  

Figure 8 shows the optical micrographs of macroporous and microposrous Ti-35Nb samples. For macroporous samples processed by manual mixing (Fig. 8a) and mechanical mixing (Fig. 8b), the image analyses indicated a microstructure composed by interconnected macropores and closed micropores with 63.97% and 58.60% porosity, respectively. In Fig. 8c, the microporous sample, processed by mechanical mixing, presented predominately close micropores and 25.37% porosity. Further, the chemical etching of the microporous sample revealed the grain boundaries and β-Ti phase. 
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Figure 7 - XRD diffractograms: macroporous Ti-35Nb (a), microporous Ti-35Nb (b).
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Figure 8 - Optical microstructures of as-sintered Ti35Nb alloy: macroporous (a) sample; microporous sample (b).
CONCLUSIONS

The study showed that porous Ti-35Nb samples were successfully made by powder metallurgy, with a high porosity, suitable for use as implants. According to the SEM analysis it was found that the ideal time for mixing was 15 min and that the mechanical mixture yielded samples with higher porosities. No differences were observed between samples mixed with mechanical and manual mixing types. The compacting and sintering parameters made it possible to obtain a homogeneous microstructure throughout the length of the sample. However, sintering parameters may be optimized in order achieve the complete reaction of Nb powders.
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