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ABSTRACT 
 
Bioactive materials have been studied as coatings on bioinert subtracts. Thus, it is 
possible to combine the bioactivity of materials such as calcium phosphate with the 
excellent mechanical properties of metals. Titanium (Ti) implants can be bioactivated 
by a biomimetic precipitation method. This study introduces a biomimetic method 
under a simplified solution (SS) with calcium and phosphorus ions. As substrates, 
commercially pure Ti sheet and micro-porous Ti samples produced by powder 
metallurgy were used. The substrates were submitted to chemical and heat treating 
and then immersed in the SS for 7, 14, 21 days. Surface roughness was evaluated 
by confocal scanning optical microscopy. Coating characterization was performed by 
scanning electron microscopy and high resolution X-ray diffraction (XRD). The results 
showed calcium phosphate crystal morphologies observed in all samples, which was 
confirmed by XRD phase identifications. These results reveal the solution potential 
for coating Ti substrates. 
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INTRODUCTION 
 

Titanium (Ti) and its alloys have been extensively applied as orthopedic and 

dental implant materials under load-bearing conditions due to their outstanding 

mechanical properties and biocompatibility. However, the mismatch of Young’s 

modulus between Ti and its alloys (90-110 GPa) and bones (0.3-30 GPa) causes 

severe “stress shielding”, leading to bone resorption. One way to solve this problem 

is to reduce the Young’s modulus of Ti-based biomaterials by introducing a porous 

structure, thereby minimizing or eliminating the stress-shielding and prolonging the 

implant lifetime(1,2). 
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A porous structure with macro-pores (100-500 μm) encourages osteointegration 

and prevents implantation failure by providing spaces for bone cells, vascular and 

bone tissue ingrowth to form mechanical interlocking. Micro-pores (< 20 μm) and 

nano-pores (1-10 nm) also contribute to higher bone protein adsorption, which favors 

cellular adhesion and implant osseotintegration(3). 

Among the techniques used to fabricate porous Ti, powder metallurgy (PM) has 

demonstrated to be an advantageous process, since all steps are performed in the 

solid state, in low temperatures, avoiding the high reactivity of Ti in the melt. Studies 

show that PM has contributed significantly to the development of effective surgical 

implants, providing a good control of porous structures that favors processing 

reproducibility(3). 

Early and stable osteointegration at the interface between Ti-based bone 

implant materials and a bony site is one of the most important indicators of clinical 

success. It has been reported that excellent osteointegration can be achieved on 

ceramic implants through a bioactive calcium phosphate (CaP) apatite layer formed 

at the bone-implant interface. The apatite formation in a biological environment also 

depends on the surface characteristics of biomaterials(2). 

One of the most technique used to precipitate CaP on metallic substrate is the 

biomimetic method(4), which consists in the immersion of substrate in simulated body 

fluid (SBF) for a period of time. However, this methodology has been modified for 

changing or simplifying the ion concentrations in the solution in order to reduce the 

time of immersion as well as to turn the solution preparation easier (5). 

Based on these statements, the present work introduces a simplified solution 

(SS) with calcium (Ca) and phosphorus (P) ions, aiming to simplify the biomimetic 

method for deposition of CaP coating on dense and micro-porous Ti substrates 

(produced by PM), with the purpose of optimize their biocompatibility characteristics. 

The results will be compared with interconnected macro-porous Ti substrates in the 

continuity of the research. 

 
MATERIALS AND METHOD 
 

Commercial pure dense Ti sheets grade 2 (DTi) with dimensions of 15mm x 

15mm x 4 mm, from TiBrasil, and micro-porous Ti samples (MTi) prepared by PM, 

were used as substrates. The MTi substrate were processed using Ti powder grade 

2 manufactured by HDH-hydrogenation-dehydrogenation process (Micron 
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Metals/USA). Ti powders with particle  size < 210 μm  were  uniaxially  pressed at 

384 MPa, producing samples with dimensions of 15mm x 15mm x 5mm. The 

compacted samples were sintered in a vacuum furnace (~10-5 Torr) at 1200°C for 1h. 

The porosity of MTi sample was assessed by geometric method, with 

determination of cross section area by Image-Pro software, resulting in a porosity of 

19,56 + 6,06 % consisted of closed micro-pores.  

The DTi and MTi substrates were cleaned by a sequence of ultrasonic bath, in 

order to eliminate the superficial organic impurities. Further, the DTi substrates were 

subjected to an acid descaling processing, according to ASTM B600-91, for removing 

the contaminated layer of surface formed during the conformation process. 

The cleaned substrates were submitted to chemical treatment with 1M NaOH 

solution at 130°C for 1h in an autoclave and heat treatment at 200°C for 2h before 

immersion in simplified solution (SS). SS was prepared with pH 7.0, based on CaCl2 

and Na2HPO4, resulting in the following ionic concentration (mM): 2.0 (Na+), 2.5 

(Ca2+), 5.0 (Cl-), 1.0 (HPO4
2-). The different substrates were immersed in SS at 37°C 

for 7 (DTi-7 and MTi-7 samples), 14 (DTi-14 and MTi-14 samples) or 21 (DTi-21 and 

MTi-21 samples) days, with replacement of the SS in each two days. Later, the 

samples were rinsed with deionized water and dried in air at room temperature. 

The porosity of MTi sample was assessed by geometric method, with 

determination of cross section area by Image-Pro software, resulting in a porosity of 

19,56 + 6,06 % consisted of closed micro-pores. Substrates surface roughness was 

evaluated by confocal scanning optical microscopy (CSOM) with an Alicona 

InfiniteFocus® microscope. 

The characterization of the coatings was performed by scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), with FEI (model 

Inspect S) and JOEL (model JSM-6460LV) microscopes and high resolution low 

angle in X-ray diffraction (XRD), using a synchrotron light source. 

 
RESULTS AND DISCUSSION 
 

Figures 1a and 1b show topographic maps of the DTi surface without and with 

chemical and heat treatments (CHT), respectively. It is observed that with CHT the 

DTi surface presented a significant modification with an increase in the roughness 

parameter (Ra), as shown in table 2. For MTi substrate (figures 2a and 2b), CHT did 
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not cause a considerably modification on the surface, as confirmed by the roughness 

parameter in table 2, which presented a slight increase. 

 

 
 

Figure 1 – CSMO images of DTi substrate: without CHT (a) and with CHT (b). 

 

 
 

Figure 2 – CSMO images of MTi substrate: without CHT (a) and with CHT (b). 
 

 
Table 2 – Roughness parameter of DTi and MTi surfaces. 

Parameter 
DTi MTi 

Without CHT With CHT Without CHT With CHT 

Ra (μm) 2.804 20.79 6.445 6.86 
Std. Dev. (μm) 3.519 30.43 8.372 9.466 

Ra – Average roughness; Std.Dev. – Standard deviation. 
 
The samples were coated by evaporating gold (Au) in order to become 

conductive for SEM/EDS analysis. SEM images of the samples (figure 3) show 

precipitations in all samples with different magnifications. From SEM analysis 

observation, the CaP precipitation amount increased progressively with the time of 

SS immersion. DTi-21 sample exhibited a CaP globular morphology consisting of 

micro-size globules, as reported by other researchers(2,7). Samples DTi-7, DTi-14, 

MTi-7, MTi-14 and MTi-21 showed large crystals with a CaP plate-like microstructure, 

as reported by Zhang(8) and Resende(9). 

a b

a b
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Figure 3 – SEM images of the samples: DTi-7 (a), DTi-14 (b), DTi-21 (c), MTi-7 (d), 

MTi-14 (e), MTi-21 (f). 

 
Figures 4 and 5 show SEM images of DTi-21 and MTi-21 samples, respectively, 

and the corresponding EDS spectra. The EDS spectrum of all samples presented Ca 

and P peaks, indicating CaP deposition onto the both substrates. It was not possible 

to determine the Ca/P molar ratio of the CaP precipitations by the EDS spectra, 

because P and Au peaks are coincident around 2.00 keV. 

 

                                         
 

Figure 4 – SEM images of DTi-21 sample (1000X) and the corresponding EDS 

spectrum. 

 

a b c

d e f
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Figure 5 – SEM images of MTi-21 sample (3000X) and the corresponding EDS 

spectrum. 

 
It is known that the pre-treatments favor CaP depositions(4). However, in spite of 

the difference in topography and roughness from dense and micro-porous 

substrates, the CaP precipitations and coatings homogeneity was not significantly 

affected by this parameter. From EDS/SEM analyses the dense and micro-porous Ti 

substrates presented similar results according to the time of treatment in SS solution.  

Due to the very thin CaP coating, as reported in a previous work(10), the Ti 

peaks appeared with a high intensity in the XRD diffractograms (figure 6). In order to 

reveal the  CaP  peaks,  the  original scale  of  the intensity  axis was  changed from 

0-5000 cycles per second (cps) to 0-3000 cps. The Ti and CaP peaks were identified 

by comparing the XRD diffractograms of the samples with the Ti JCPDS card 44-

1294 and hydroxyapatite (HA) JCPDS card 9-432. Figure 6 shows the XRD 

diffractograms of the DTi-7, DTi-14, DTi-21, MTi-7, MTi-14 and MTi-21 samples, 

where the peaks at 31.66°, 35.89°, 59.20° (figure 6a); 25.93°, 31.60°, 33.99°, 45.37°, 

46.51°, 49.34°, 66.00° (figure 6b); 31.98°, 45.40°, 66.01°(figure 6c), 30.20°, 31.59°, 

33.76°, 59.00° (figure 6e); 25.88°, 29.32°, 31.37°, 35.92°, 49.30°, 59.00° (figure 6f), 

are characteristic of HA phase. For MTi-7 sample (figure 6d), CaP peaks were not 

detected by XRD analysis, which can be related to the CaP amorphous phase 

formed in the beginning of the precipitation process or to the octacalcium phosphate 

(OCP), with peak at 4.72°, as the analysis was not performed at this angle range. 

However the OCP plate-like morphology could be identified by MEV/EDS analysis. 
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Figure 6 – XRD diffractograms: DTi-7 (a), DTi-14 (b), DTi-21 (c), MTi-7 (d), Ti-14 (e) 

and MTi-21 (f). 

 
CONCLUSIONS 

 
The use of a simplified solution (SS) successfully produced a CaP coating onto 

dense and micro-porous Ti substrates, demonstrating the solution potential as a 

coating technique. SEM/EDS images presented coatings rich in Ca and P with 

globular and plate-like CaP microstructures, deposited on the surface of both Ti 
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substrates immersed in SS for 7, 14 and 21 days. The XRD diffractograms showed a 

CaP coating compatible to hydroxyapatite, which is similar in composition to the 

mineral part of bones and teeth. 
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