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Abstract. Powder metallurgy (P/M) of titanium alloys may lead to the obtainment of components 
having weak-to-absent textures, uniform grain structure and higher homogeneity compared with 
conventional wrought products. The production of the Ti-13Nb-13Zr alloy by P/M starting from 
blended elemental (BE) powders is a cost-effective route considering its versatility and also for 
allowing the manufacture of complex parts. This alloy due its high biocompatibility and lower 
modulus of elasticity is a promising candidate for implants fabrication. Samples were produced by 
mixing of initial metallic powders followed by uniaxial and cold isostatic pressing with subsequent 
densification by sintering in order to identify the microstructural evolution. Sintered samples were 
characterized for phase composition, microstructure, microhardness and density. The surface 
topography of the samples was studied by means of atomic force microscopy (AFM). It was shown 
that the route is adequate to reach high densities with homogeneous microstructure. Representative 
AFM images allowed distinguishing a lamellar structure caused by the different phases that are 
present in the surface of the specimens. 
 
1. Introduction  
 

The P/M aims to transform metallic powders, using pressure and heat, by means of a thermal 
treatment (sintering) that substitutes the classic melting and that is carried out below the melting 
point of the most important metal [1]. The use of the M/P in the biomedical area is recent and its 
great advantage is the production of prosthesis near to the final format and possibly less expensive 
than the conventional processes [2].  

The development of specific alloys for applications in implants is due to the concerns by the 
raised potential citotoxicity of the vanadium and aluminum contained in the Ti-6Al-4V alloy. The 
vanadium accumulation results, mainly, in the irritation of the respiratory system. However, the 
aluminum absorption is also harmful, and its deleterious effects are associates at the neurological 
disorders, including Alzheimer [3].  

Another goal would be the obtainment of alloys with low modulus of elasticity, next to the 
bone, that could simulate the action of tension distribution of the bone in the adjacent tissue [4]. 
Long-term experience indicates that insufficient load transfer from the artificial implant to the 
adjacent remodeling bone may result in bone resorption and eventual loosening of the prosthetic 
device [3]. These researches had provided a great interest in the production of biomaterials with low 
modulus of elasticity; having been established that the ideal titanium alloys for implant applications 
must have low modulus of elasticity, high corrosion resistance and no toxic potential [3]. 
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The Ti-13Nb-13Zr alloy was developed during the 90’s, it is classified as completely 
biocompatible and presents low modulus of elasticity allied at the higher values of mechanical 
resistance [5]. This alloy is classified as near-β (α+β) and its microstructure after water quenching 
consists of hcp martensite (α’).  In the aged condition present higher tensile strength, a lower 
modulus and higher toughness than the mill annealed Ti-6Al-4V [6]. 

In ideal terms, an implant must satisfactorily function during all the life of the patient, 
indicating that the development of materials and processes that provide a larger useful life at lower 
cost assumes great importance for the effective rehabilitation of the patients. In that sense, the 
titanium alloys production by powder metallurgy (P/M), starting from the elemental or prealloyed 
powders is a feasible route considering its lower costs, versatility and also allowing to manufacture 
dental implants with complex geometry and near the final dimensions. Other important feature of 
P/M is the possibility of implants production with controlled porosity aiming osseo tissue growing. 
 In the last years, atomic force microscopy (AFM) has become a useful technique for the 
study of the surface structure of materials [7]. An important application of AFM is high resolution 
imaging of different biomaterial surfaces with the aim of studying their topography. The AFM 
studies has assumed importance because to the influence of the roughness and topography of a 
biomaterial on its in vivo and in vitro cytocompatibility [7]. Therefore, the complete 
characterization of a biomaterial must include the investigation of its surface morphology, the main 
target of this work. 

 
2.Materials and Methods 

 
The blended elemental method (BE) followed by a sequence of cold uniaxial pressing, cold 

isostatic pressing and vacuum sintering was chosen for the preparation of the Ti-13Zr-13Nb alloy.  
The hydriding process was used to the production of the elemental powders. To the titanium 

powders, hydriding was carried out at 500°C in a vertical furnace for 3 hours under a posirtive 
pressure. After cooling to room temperature, the friable hydride was milled in a niobium container 
without protecting atmosphere. The dehydriding stage was carried out at 500°C in dynamic vacuum 
conditions. Niobium and zirconium powders were obtained using the same route, however, 
hydriding-dehydriding temperatures were significantly higher (800°C). Table 1 shows the principal 
characteristics of those powders. 
 
Table 1 - Characteristics of the powders used in the Ti-13Nb-13Zr alloy preparation. 
 

Characteristics Ti Zr Nb 
Medium particles size (μm)  10 37 12 

Morphology angular angular angular 
Melting point (°C) 1668 1850 2468 

 
The starting powders were weighed (100 g) and blended for 15 minutes in a double-cone 

mixer. After blending, powders were cold uniaxially pressed (40 MPa) in cylindrical 20 mm dia.-
dies. Afterwards, samples were encapsulated under vacuum in flexible rubber molds and cold 
isostatically pressed (CIP) at 300 MPa during 30 s in an isostatic press with capacity of 450 MPa. 
 Finally, sintering was carried out in furnace with resistive element of graphite at 900-
1400°C, in high vacuum conditions (10-7 Torr), with heating rate of 20°C/min. After reaching the 
nominal temperature, samples were hold at the chosen temperature for 1 h and then furnace cooled 
to room temperature. Metallographic preparation was carried out using conventional techniques. 
Specimens were etched with a Kroll solution: (3ml HF: 6ml HNO3: 100 ml H2O) to reveal its 
microstructure. Microhardness measurements were carried out in a Micromet 2004 equipment, 
Buehler, with load of 0.2 kgf. The micrographs were obtained using an optical microscope LEO 
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model 435VPi. The density of the sintered samples was determined by the Archimedes method. 
AFM measurements were performed using rectangular Si3N4 cantilevers, under ambient conditions, 
without additional sample preparations.  

 
3.Results  
 
3.1. Sintering 
 

The samples presented high densification varying between 69 and 71% of the theoretical 
specific mass after cold isostatic pressing and among 93 and 95% after sintering, with homogeneous 
microstructure, consisting of hcp-α��plates (Widmanstätten) and hcp-martensite (α’) dispersed in 
β-matrix. The samples presented hardness values around 300 HV, next to the observed in samples 
produced by the conventional methods (melting). 

The microstructural development during sintering (Figure 1) shows that niobium act as a β-
phase initiator agent, consequently, the Widmanstätten structure grows with the dissolution of the 
Nb particles by the increase of the sintering temperature by the same mechanism demonstrated in 
[4]. The plate-like α structure and intergranular β structure is predominant and chemical 
composition is reasonably homogeneous throughout the microstructure (at SEM resolution level). It 
does not exclude the possibility of very fine particles in the nm-range coexist in the microstructure. 
Further TEM investigation is necessary to clear this point. Concerning the alloy microstructure, the 
dark-contrasting areas are α-phase plates. The β-phase, present among the α-phase areas, gives rise 
to a white contrast.  

 

 
Figure 1- Microstructural evolution of Ti-13Nb-13Zr samples during sintering. All samples were 
sintered at the nominal temperature for 1 h and heating rate equal to 20 C min-1. 
 
3.2. AFM 
 
 Representative AFM images of P/M Ti-13Nb-13Zr alloy surfaces are shown in Figure 2. 
The morphology of Ti–13Nb–13Zr areas is clearly the lamellar (α+β) microstructure. This result 
agrees with previous SEM images obtained for this alloy produced by P/M [7]. The surface of the 
samples produced by P/M, as it is observed by AFM, is completely covered by a lamellar structure.  
 An advantage of AFM technique is the ability of acquiring simultaneously topographic and 
lateral (i.e. friction) images. The frictional forces between the AFM probe and sample surface lead 
to torsion of the AFM cantilever around its horizontal axis. This torsion is reflected in the lateral 
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AFM images, where different frictional forces appear bright and dark. It should be pointed out that 
the normal displacement of the lever contributes to the lateral force. Then, the friction 
measurements could be locally modified by the sample topography, especially in rough samples and 
when the morphology is not homogeneous [7]. Although it can be difficult to make reliable absolute 
measurements of friction by means of the AFM, it is possible to make a comparative study of the 
friction behavior for the different samples.  
 

 
 

 
 
Figure 2. AFM topographic images (15 µm x 15 µm; 3,75 µm x 3,75 µm) of P/M Ti-13Nb-13Zr 
samples sintered at 1400°C. 
 
 Differences in the chemical surface composition may cause a different frictional interaction 
between the tip and the surface structure as long as each composition has a different friction 
coefficient. Thus, these differences could be recorded and transferred into AFM images. Figure 3 
represent the simultaneous topographic and frictional AFM images of P/M Ti–13Nb–13Zr samples 
surface, respectively. Different intensities (dark and light colors) can be observed for the lamellar 
structures in both images.  
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Figure 3. AFM images (50 µm x 50 µm) of P/M Ti–13Nb–13Zr sample: (a) topographic image and 
(b) corresponding lateral force (friction) image. 
 
 There is not an evident correlation between the intensities of the topographic image and 
those of the friction image. This clearly indicates that the different structures show different friction 
behavior. Although in the AFM topographic images the observed structure cannot be associated 
with different phases, the simultaneous lateral imaging showed evidence of areas with different 
friction values that can be associated with α and β phases already analyzed by SEM–EDX [8].  
 The roughness was given by the root mean square value (RMS) of the topographic data 
(Figure 4). The RMS surface roughness from the Ti-13Nb-13Zr samples obtained with AFM can 
only be compared with images acquired in similar area size scanned.  

 

 
Figure 4- AFM topographic images presenting results of roughness in lamellas (sections a-b and    
c-d) of Ti-13Nb-13Zr sample sintered at 1400°C. 
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6. Conclusions 
 
 Based on the microstructural evolution observed during isochronal sintering of Ti-13Nb-
13Zr alloy, it is possible to conclude: (a) Sintering leads to the obtainment of low-porosity 
specimens (95% of theoretical density). The predominant microstructure found in specimens 
sintered above 1400 °C consists of coarse plate-like α with intergranular β. (b) The complete 
dissolution of niobium particles was observed in specimens sintered at 1500°C and it is responsible 
for an homogenous two phase microstructure in the entire area of the sample. (c) Higher pressing 
temperatures or longer holding times cause intensive grain growth. The surface structure and the 
topography of the Ti-13Nb-13Zr samples developed for biomedical applications were investigated 
by AFM and SEM. The material is protected by the passive layer generated spontaneously on the 
surface by air contact of the alloy. Considering the topographic surface study, AFM images are in 
accordance with previous SEM investigations showing the presence of two-phase lamellar 
structures. The frictional images confirm the presence of α+β phases, which constitute the typical 
microstructure of the alloy. P/M Ti-13Nb-13Zr samples presented large roughness values 
demonstrating high potential as biomaterial, since the most appropriate surface for this purpose 
should be homogeneous and with high roughness in order to promote a perfect adherence for 
tissular cells.  
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