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ABSTRACT 

The surface condition of an implant has a significant impact on response occurring at the implant-biosystem 
border. The knowledge of physical-chemical and biological processes allows for targeted modification of 
biomaterials to induce a specified response of a tissue. The present research was aimed at development of 
technology composing of obtaining the nanotube oxide layers on a porous titanium alloy Ti13Nb13Zr, followed 
by the deposition of phosphate coating. The porous substrate (porosity about 50%) was prepared by a selective 
laser melting of the Ti13Nb13Zr powder with the SLM Realizer 100 equipment. The nanotubular oxide layers 
were fabricated by electrochemical oxidation in H3PO4 + 0.3% HF mixture for 30 min. at a constant voltage of 
20V. The calcium phosphate coatings were formed by the electrochemically assisted deposition (ECAD). The 
presence of nanotubular oxide layers with their internal diameters ranging from 30 to 100 nm was observed by 
SEM (JEOL JSM-7600F). The nanotubes have dimensions that facilitated the deposition of hydroxyapatite.
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INTRODUCTION 
 
 

Titanium and its alloys are materials the mostly used for load-bearing implants, like 
endoprostheses of the hip joint. They possess a very good strength, high corrosion resistance, 
relatively low Young's modulus and above all they are highly biocompatible [1-8]. Among 
many titanium alloys used for implants, the most common is the Ti6Al4V alloy. However, 
aluminum present in its composition may result in bone softening [2,6]. As the next 
candidate, the Ti13Nb13Zr alloy can be considered, which is completely biocompatible and 
has lower Young's modulus (70 GPa) as that of the Ti6Al4V alloy (80 GPa) [6,15]. High 
Young's modulus is disadvantageous when designing the endoprosthesis; the significant 
difference in elasticity modulus between metal and a bone may result in a change of stress 
distribution inside a bone, resulting in undesirable bone resorption and a lack of strong and 
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stable implant-tissue connection [11-12]. Despite the improvement of biomaterials and 
technologies for their production, about 15-25% of metallic implants is destroyed after some 
fifteen years of use. Such negative behavior may be associated with a loosening of the implant 
caused by insufficient joining between a body and the bone implant. There is then a need for 
such metal modification, which would increase the biological activity on the interface 
between the implant and an environment of tissues and body fluids. The receipt of bioactive 
surfaces is possible by performing their oxidation resulting in titanium nanooxide layer, 
followed by deposition of hydroxyapatite coating binding the implant and the body [5, 9, 11]. 
The anodic oxidation parameters such as time, voltage and electrolyte allow to control the 
effect the morphology of the resultant layer. The nanocrystalline structure of titanium oxide is 
composed of crystals of anatase possessing the same crystallographic structure as 
hydroxyapatite [1, 10]. The bioactivation of the surface of titanium implants increases the 
potential biomechanical contact at the border implant-bone and affect the rate of adsorption of 
proteins [14]. In vitro, the surface roughness effects on osteoblasts, shaping their proliferation 
and differentiation [13-15].  

Even if these phenomena were very extensively studied for titanium alloys, there was no 
such research on the porous Ti13Zr13Nb alloy. The application of porous substrate with a 
pore diameter of 200 µm allows for better adherence of the metal to the bone tissue [2,10]. 
However, the porous/scaffold structure may or may not make the oxidation and phosphate 
deposition processes more difficult or even impossible. Therefore this research was aimed 
development of technology composing of obtaining the nanotube oxide layers on a porous 
titanium alloy Ti13Nb13Zr, followed by the deposition of phosphate coating. 

 
 

MATERIALS AND METHODS 
 

Substrate preparation 

Tests were carried on porous specimens (Fig. 1) made of the Ti-13Nb-13Zr alloy by the 
selective laser melting of powders using the SLM Realizer 100 equipment. The mean 
porosity, examined with the SEM, was about 50%. The specimens were polished with a 
waterproof paper with a final grit 2500. Then the samples were cleaned in an ultrasonic 
cleaner in three different reagents - acetone, 2-propanol, and distilled water. The morphology 
of surfaces after polishing process were made with the JEOL JSM-7600F scanning electron 
microscopy (SEM).   
 

 
Fig. 1. Surface top view (SEM) of porous sample made of titanium alloy Ti13Nb13Zr 
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Electrochemical oxidation 

The electrochemical oxidation was performed in the 1M H3PO4 + 0,3%wt. HF environment, 
during 30 min. at a voltage of 20 V. The Pt cathode of dimensions 20x20x0.5 mm was used. 
The distance between the cathode and anode was 20 mm. The surface morphology was 
examined with the JEOL JSM-7600F SEM.   
 
Deposition of hydroxyapatite coating 

Calcium phosphate coatings were formed by the ECAD (Electrochemical Assisted Deposition 
method). The electrolyte used for deposition was prepared from solutions of 0.033 M CaCl2 
and 0.02 M NH4H2PO4. The final pH of the electrolyte was adjusted to 6.4 with 0.5% 
ammonium hydroxide solution. The ECAD was performed in a galvanostatic mode using a 
combined potentiostat/galvanostat (Jaissle IMP 88-100) in a two-electrode assembly at 
temperature 36±1°C. The potentials were measured as cell potentials via the platinum net 
counter electrode. The surface morphology was observed with the JEOL JSM-7600F SEM. 
The chemical composition of obtained coating was found in another research as close to that 
of hydroxyapatite. 
 

 

RESULTS AND DISCUSSION 
 
 

Formation of nanotubes on the surface of the two-phase alloy is a complex process, 
determined by the crystallization of the acid solution in the presence of fluoride. The process 
of TiO2 tube growth can be divided into three stages, as explained in detail by Crawford et al. 
[16]: 
− Initial barrier layer formation – there is an exponential decrease in anodic current density 

until it reaches the steady state. A current drop is due to the formation of the compact 
oxide film that increases the resistance thus reducing the current density [17]. 

− Formation of uniformly distributed pores – chemical dissolution of barrier oxide layer 
and increase of current density. During this stage, nanopores are formed by random local 
dissolution of TiO2 surface, as often indicated [18]. Beranek suggests that pore formation 
at the beginning takes place at random locations and self-organization of pores is the 
effect of completion of simultaneous processes (1) and (2). Raja et al. [19] suggest that 
pore’s ordering is an effect of local surface perturbations, where the strain energy 
increases, causing the migration of F- ions to regions of higher strain energy and of 
hydrogen ions, in order to maintain electrical neutrality, and leading to the appearance of 
Ti4+ ions. 

− Separation of interconnected pores into nanotubes – the current density again stabilizes. 
The nanotubes formation is the result of the simultaneous growth of voids (regions 
between pores which are susceptible to field-assisted oxidation/dissolution) and pores as 
suggested by Mor et al. [20]. In contrast, Raja et al. [19] claim that separation of pores 
into individual nanotubes may be a result of the repulsive force between cation vacancies. 
After 1 h nanotubes are grown, as also confirmed by Crawford [16]. 
Based on the previous research the growth mechanism of titania nanotube arrays, the 

nanotube formation can be schematically represented by Fig. 2 [20]. 
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Fig. 2. Schematic diagram of the evolution of titania nanotubes in anodization: (a) oxide layer formation; (b) pore 

formation on the oxide layer; (c) chimbs formation between pores; (d) growth of the pores and the chimbs; 
(e) fully developed titania nanotube arrays [20] 

 

The results of microscopic examinations of the anodized specimen are presented in Fig. 3. 

 

      a)                          b) 

 

Fig. 3. Surface of nanotubular oxide layer formed in 1M H3PO4 + 0.3% HF, at temperature 20°C for 30 min;  
a) top view, b) cross-section 

 
The obtained results are evidence that this ternary and two-phase porous alloy can be 

successfully oxidized electrochemically with appearing nanotubular structure. The length of 
nanotubes can be adjusted by the mainly change in time. The drastic change in voltage may 
result in a disappearance of nanotubular structure, and change in temperature – in the increase 
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in porosity or decrease in crystallinity. The colonies of nanotubes may vary depending on the 
phase composition of the substrate, but this effect seems relatively small. 

The presence of nanotubes with an internal diameter ranging from 20 to 100 nm is 
observed. The resulting nanotubes have dimensions able to facilitate an adhesion of 
hydroxyapatite. The calcium phosphate coating formed on nanotubular oxide layer is shown 
in Fig. 4.  
 

 

Fig. 4. Surface top view of the calcium phosphate coating formed by the ECAD technique 

 

CONCLUSIONS 
 

 
The conducted research is one of the few which concern on surface modification porous 

titanium implants made by SLM. The results confirm the expected results : 
− The porous titanium alloy Ti13Zr13Nb may be successfully electrochemically 

oxidized, that results in an appearance of fine nanotubular surface oxide layer.  
− The oxide nanotubes possess internal diameter ranging from 20 to 100 nm, able to 

facilitate an adhesion of hydroxyapatite. 
− Colonies of the nanotubes may vary depending on the local phase composition of the 

substrate.  
− The nanotubular oxide layer may be covered with hydroxyapatite coating also with 

porous titanium alloy as a substrate.  
− The formed hydroxyapatite coatings are dense and well adjacent to the base, 

enhancing the bioactivity of the metallic material. 

The discussed surface modification indicates the possibility of its widespread use in the 
field of surface engineering of titanium implants.
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