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Titanium and its alloys are considered interesting materials for endosseous implants. However, 

they still present drawbacks related to their in-vivo behavior that can be overcome by coatings, 

such as apatite. This work focuses on the deposition of apatite coatings on commercial pure 

titanium (grade II) substrates previously pre-calcified. The influence of the temperature used in 

the thermal treatment on the microstructure and tribo-mechanical surface properties was 

analyzed. The coatings were structurally and chemically characterized and their tribo-

mechanical behavior was evaluated. The nano-apatite coatings were only formed on surfaces 

with successively treatments in NaOH and CaCl2 solutions. In addition, the scratch tests showed 

that after the heat treatment the nano-apatite coatings had high bond strength to the substrate. 
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1. Introduction 

Medical advances in bone and/or tissues replacement are limited for the reduced number of 

materials available for such applications. Such materials have to show properties comparable 

to bones [1,2]. Usually, the clinical success of an implant is directly related to its proper 

osseointegration behavior [3], which strongly depends on the physical and chemical properties 

of its surface because they determine the adhesion, proliferation and differentiation of 

bone-forming cells [4,5]. 

Nowadays, commercially pure Titanium (cp-Ti) and Titanium (Ti) alloys are considered 

attractive materials for biomedical applications thank to their appropriate mechanical 

properties, good corrosion resistance and biocompatibility [6-10]. However, biomechanical 

failure are possible due to the high Young´s modulus mismatch between the implant and the 

bone tissue [11,12]. In addition, a long implantation time is generally required for achieving the 

osseointegration of Ti-based implants [13]. In order to improve the surface properties and 

promoting the osseointegration, different superficial modification treatments, which transform 

the roughness, the texture and/or the chemical composition of the implants’ surfaces, have been 

proposed [14-17]. These treatments can increase bioactivity, active the surface, enable coating 

deposition, improve the corrosion resistance and inhibit microorganism growth. 

Cp-Ti and Ti-based alloys surfaces can be modified by physical, chemical and electrochemical 

processes [14,18,19]. They lead to modifications of the roughness, topography, elemental and 

phase composition, making also possible the deposition of calcium-phosphate coatings by wet 

chemical treatment methods. The use of different coatings, such as oxides, hydroxides, titanates 

and calcium phosphate, has been already described [5,20,21]. Among them, apatite is frequently 

used because it is the main inorganic component of bones and presents similar properties [22]. 

Furthermore, calcium phosphate (Ca-P) coatings are commonly employed to improve the 

surface bioactivity and, therefore, the osseointegration of the implants. Several methods have 

been developed for the deposition of Ca-P coatings [19,23]. Nowadays, the use of wet chemical 

treatment methods have been reported by different researchers [24,25]. However, there are still 

some limits, especially related to the low coating-substrate bond strength [26-29] that must be 

solved. 

In this framework, this research is focused on the study of the deposition of apatite coatings on 

cp-Ti (grade II) substrates by precipitation methods. Furthermore, the influence of 
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pre-calcification and heat treatments on the morphology, the chemical and phase composition, 

and the tribo-mechanical properties of the apatite coatings were evaluated. 

2. Experimental Procedure 

2.1 Description of samples 

Cp-Ti grade II substrates (20 x 5 x 1 mm) were prepared. Frstly they were polished employing 

SiC sandpapers (grid numbers 280 and 400); next acid etched was used (67 % H2SO4 and HCl, 

V/V: 1:1) at 80 ºC for 20 minutes, after that they were cleaned with distilled water and dried at 

90 ºC for one hour (AE treatment). In a second stage, two pre-calcification treatments were 

tested. On the one hand, some of the substrates were treated in a saturated Ca(OH)2 solution at 

100 oC for one hour; following, they were rinsed employing distilled water and then, they were 

dried at 90 ºC for 30 minutes (CT treatment). On the other hand, other group of substrates was 

successively treated in NaOH and CaCl2 solutions (10 mol/l NaOH and 1 mol/l CaCl2). The 

specimens were firstly treated by NaOH solution at 60 ºC during 24 hours, following by rinsing 

and then the specimens were dried. After this stage, the specimens were immersed in CaCl2 

solution at 40 ºC during 24 hours. Concluding with this second treatment process, the specimens 

were thorough cleaned with distilled water and they were dried at 90 ºC for one hour (NT 

treatment). 

The apatite coatings were deposited on the cp-Ti samples in a supersaturate calcium solution 

(SCS). In 500 ml distilled water, the reagent grade CaCl2 (0.9713 g), NaH2PO4 (0.2625 g) and 

NaHCO3 (0.1278 g) were successively dissolved. The calcium ion concentrations tested were 

equal to a simulated body fluid (SBF x 7) [30]. The pre-calcified samples were treated in the 

SCS at 36.5 ºC during 4 hours, with a stirring rate of 100 rpm. After that, the samples were 

rinsed with distilled water. On the final stage, all the samples were thermal treated. Two 

temperature were used, 600 ºC or 800 ºC, setting time for one hour in order to compare the 

effect of the temperature. Table 1 summarizes the description of the treated samples. 

2.2 Characterization techniques 

The surface of the samples was characterized by scanning electron microscopy (SEM) using an 

S-4800 field emission gun microscope (Hitachi, Japan). SEM images were analyzed using the 

free software Image J to determine the size of the pores and particles. The semi-quantitative 

elemental composition was determined using X-ray energy dispersive spectroscopy (XEDS) 
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coupled to SEM (Quantax EDS, Bruker Corporation, Germany). X-ray diffraction (XRD) 

analysis was performed in a Panalytical X’Pert Pro instrument (Panalytical, Almelo, The 

Netherlands) equipped with a θ/θ goniometer, a Cu Kα radiation source (40 kV, 40 mA), a 

secondary Kβ filter and an X’Celerator detector. The diffraction patterns were scanned from 

20º to 90º (2θ) in a step-scan mode at a step size of 0.05º and a counting time of 300 s/step. 

Conventional surface roughness of the modified surfaces was tested by Surftest SJ-210 

(Mitutoyo, Japan) at 0.5 mm/s. These measures were carried out at least in two replica of each 

sample and data were acquired five times on each surface. The tribo-mechanical properties were 

measured by scratch tests performed in a MICROTEST commercial device (MTR3/50-50/NI) 

using a Rockwell diamond tip with a diameter of 200 µm and constant load of 5 N at a rate of 

0.5 mm/min for 4 mm length [31]. The normal load was continuously recorded during 

scratching. Results were given as scratch penetration-load curves. For each sample, the real 

plastic deformation (deformation after scratching) and the elastic recovery (difference in depth 

between the scratch and post-scan curves) were measured. However, before the scratch test, the 

sample was scanned to evaluate the roughness profile of the surface. From this test, different 

roughness parameters were determined: the arithmetic average of the absolute values of all 

points of the profile (Ra), the root mean square of the values of all points of the profile (Rq), 

the maximum peak-to-valley height of the entire measurement trace (Ry) and the arithmetic 

average of the maximum peak-to-valley height of the roughness values of five consecutive 

sampling sections over the filtered profile (Rz). 

The experimental results were processed by Statgraphics Centurion XV Software (Statpoint 

Technologies, Inc., USA), using a multi-samples comparison test (Multiple Range Tests) with 

an analysis of variance (ANOVA) test. A value of P < 0.05 was used to consider a difference 

as statistically significant. 

3. Results  

3.1 Surface modification treatments 

Figure 1a shows a SEM image of the cp-Ti surface after the polished process; it reveals a 

topography of valleys and peaks aligned along the direction of the abrasive particles from the 

sandpaper. However, the surface of the acid etched samples (Fig. 1b) did not present these 

valleys and peaks, it is a new highly porous topography, formed by micro-pores (average size 

4.1 ± 1.7 μm) with irregular shape was observed. In general, after the acid etching, the samples 
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presented the surface roughness (Ra) of 1.1 ± 0.1 µm. Treatment in aqueous Ca(OH)2 solution 

(labelled CT) did not generate important changes on the morphology of the acid etched surfaces 

(Fig. 1c), although it affected to the pores sizes. These surfaces showed an average size of pores 

of 2.9 ± 0.4 μm. Moreover, samples successively treated in aqueous NaOH and CaCl2 solutions 

(labelled NT) presented porous surfaces, with pores of different sizes (micro and nano 

topography, not shown in this work) and globular structures (Fig. 1d). These surfaces had an 

average pore size of 3.2 ± 1.3 μm. The SEM images also displayed micro-cracks on these 

surfaces, which is typical of Ti-surfaces treated in alkaline solutions [32]. Additionally, the 

surfaces of the specimens named CT (in aqueous Ca(OH)2) and NT (in aqueous NaOH) 

presented surface roughness (Ra) of 1.21 ± 0.36 and 1.33 ± 0.37 m, respectively. 

Semi-quantitative elemental analysis of the treated samples by XEDS-SEM showed the 

presence of Ti peaks in all surfaces (Fig. 2 and Table 2). The presence of Ca and O peaks was 

only detected in those pre-calcified samples that were successively treated in NaOH and CaCl2 

solutions.  

3.2 Apatite coatings 

Figure 3 shows SEM images of the pre-calcified cp-Ti surfaces after the SCS treatment (inset: 

higher magnification images of each surface). These images showed the formation of apatite 

layers only on NT600 and NT800 (named specimens in aqueous NaOH and heat treatment at 

600 ºC and 800 ºC) surfaces. The elemental composition of the surfaces was analyzed by semi-

quantitative XEDS-SEM analyses (Fig. 4). Values are summarize in Table 2. While O was 

detected in the four samples (CT and NT at 600 ºC and 800 ºC heat-treated), Ca and P peaks 

were only observed on the NT600 and NT800 surfaces, in which the formation of the apatite 

coating could be appreciated. 

Figure 5a-5d shows the XRD patterns of the four studied surfaces. Peaks corresponding to the 

hydroxyapatite were only detected on samples NT600 and NT800, confirming the XEDS-SEM 

results. In addition, the main peak of the Rutile phase was observed at 27.5º (2 Theta) in the 

specimens CT600, CT800 and NT800. Additionally, other peaks of this oxide appeared in the 

patterns of samples processed at 800 ºC (CT800 and NT800), indicating a higher oxidation 

extent of the titanium substrate. 

Concerning the tribo-mechanical studies, measurements of roughness and scratch tests were 

performed. Surface roughness profiles are displayed in Fig. 6. Moreover, the related parameters, 
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in absolute values, are summarized in Table 3. All data are expressed as mean values; relative 

error is below 0.1 % for all the measures. For similar treatments, CT or NT, values of Ra and 

Ry are comparable and they were larger for higher temperatures, it means in samples CT800 

and NT800.  

Figure 7 shows the difference between the in situ penetration (plastic and elastic deformation) 

(solid curves) and the real plastic deformation (penetration depth) associated to the scratch tests 

(dotted curves). Average values for the in situ penetration depth (Pd), permanent plastic 

deformation (Pl) and elastic recovery (εr) are summarized in Table 4.  

Figure 8a - d shows the SEM images of the scar (or track) scratch on the four surfaces (inset: 

higher magnification images of the scar). The low critical load value (LC1) in the samples 

CT600, NT600 and NT800 were higher than 5 N, while the samples CT800 failed to this load. 

A preliminary analysis of the feature  inside of the groove scratch and rounded regions indicates 

the presence of plastic deformation of the titanium substrate, as well as chipping and buckling 

spallation of the coating (layer affected by surface treatment). The observed features suggest a 

failure mechanism, mainly adhesive type (commonly under compression stress behind the 

stylus). For hard and brittle coating on ductile substrates, substrate deformation can occur 

before delamination or chipping failure. These facts may increase with coating thickness and 

hardness. In this context, the sample CT800 had an irregular shape, which was related to 

multiple globular structures protuberances on this surface. 

4. Discussion 

In this work, two different pre-calcification treatments (CT and NT) were tested before the 

deposition of the apatite coatings on cp-Ti substrates. Additionally, the effects of the possible 

formed layers were evaluated as influence factor on the mechanical properties. Both treatments 

caused significant changes in the topographies of the pre-calcified surfaces in comparison with 

the polished and acid etched surfaces. Furthermore, the surfaces obtained after these treatments 

showed remarkable differences of the pore size. Specifically, a micro-nanoscale topography 

was observed on the surfaces after the NT pre-calcification treatment (not shown in this work). 

In general, this topography is similar to the reported for titanium surfaces treated in NaOH 

solutions (micro/nano-network structured). Besides, the XEDS spectra of these samples did not 

show the presence of Na peaks, although Ca peaks were observed. The absence of Na on the 

surface of NT samples must be related to the fact that this element was replaced by Ca during 
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the treatment in the CaCl2 solution. According to Kisuki et al. [18], during NaOH treatment, a 

sodium hydrogen titanate (Na2H2xTi3O7nH2O) is formed on the titanium surface; in this 

compound, Na+ ions are easily replaced by Ca2+ ions on CaCl2 treatment. The formation of 

calcium compounds on the titanium surface is an important factor owing to its influence on the 

subsequent coating deposition [26], since they contribute to the nucleation of apatite structures 

and, therefore, it reduces the required time to obtain the desired layer thickness.  

Besides, two different temperatures (600 ºC and 800 ºC) were employed during the heat 

treatment of the samples treated in SCS solution to investigate the effects on the morphology 

and the tribo-mechanical properties of surfaces. Significant changes were also observed in the 

topography of both surfaces compared to the pre-calcified samples. Higher magnification SEM 

image of sample CT800 (inset Fig. 3c) displays rod-like structures, which should be related to 

the presence of rutile on the surfaces, as confirmed by XRD (Fig. 5). This particular 

microstructure has already been reported on titanium surfaces treated with NaOH solutions and 

subsequently annealed at 700-900 ºC [33,34]. 

Figure 3a and c did not clearly reveal the formation of apatite layers on the CT600 and CT800 

surfaces. However, significant changes in their topographies and morphologies were observed 

in comparison with the pre-calcified surfaces by the CT treatment. The micro-pores generated 

by the acid etching were not appreciated in CT800 surfaces, while at higher magnifications, 

rod-like shape structures were observed on these surfaces. In addition, CT600 surfaces showed 

a different topography that CT800 surfaces. XRD analyses performed on CT600 and CT800 

surfaces confirmed the lack of the hydroxyapatite coating on these samples, as also shown from 

the XEDS results.  

In the case of NT600 and NT800 samples, significant changes were detected on their 

topography compared to CT600 and CT800 samples (Fig. 3a-d). It was observed that both 

surfaces were completely covered by the apatite deposits (Fig.3b and d), which induced greater 

values of surface roughness (Ra). The formation of some agglomerates with globular shape and 

microcracks were observed in these surfaces. These microcracks could be related to the 

thickness of the apatite layer. Higher magnification SEM image of sample NT600 (Fig. 3b) 

displays a morphology typically reported for apatite coatings deposited by treatments based on 

solutions [35]. Furthermore, the nano-apatites plates were oriented perpendicular to the 

substrate surface. The higher magnification SEM image of NT800 surface shows a micro-nano-
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topography formed by micro and nano-pores and nano-plates of apatite. In addition, some dense 

areas were observed in these samples. 

XEDS-SEM and XRD analyses confirmed the apparition of hydroxyapatite coatings on samples 

NT600 and NT800 (Fig. 4 and 5), which is consistent with the superficial morphology observed 

by SEM, and it is related to the higher bioactivity of the pre-calcified samples through the NT 

route. Besides, this treatment had a significant influence on the formation of the hydroxyapatite 

phase. The XRD peaks associated with hydroxyapatite were more clearly observed in the 

pattern of the specimen NT800 due to a higher crystallinity. Additionally, the XRD analysis 

exhibited a preferential crystalline direction of the hydroxyapatite layers as the (002) reflection 

at 25.7º was the most intense. The effect of the temperature was also qualitatively appreciated 

in the intensity of the Rutile XRD peaks, the higher the temperature, the higher peak intensity 

(Fig. 5). It is related to the presence of a thicker layer due to an enhanced oxygen diffusion 

through the hydroxyapatite coating.  

Tribo-mechanical analyses were focused on the studies of the roughness and scratch tests for 

5 N loads. In the case of the sample CT800, the coating showed some damaged areas after the 

scratch test, so penetration and scratch curves presented different shapes. However, the 

measured parameters were comparable to the other samples. In the NT samples, the temperature 

used during the post-deposition treatment did not influence the values of surface roughness, the 

penetration depth of the indenter and the plastic deformation of the coatings. In addition, the 

coating phase composition (hydroxyapatite and/or rutile) showed influence on the tribo-

mechanical properties of the surfaces. The rutile layers in CT600 and CT800 surfaces showed 

lower values of surface roughness than the hydroxyapatite layers. Also, lower penetration 

depth, plastic deformation and elastic recovery were observed on the CT600 surface.  

The surface roughness (Ra) of the NT600 and NT800 samples showed a significant increase 

compared to the NT samples (pre-calcified). Note that the cellular adhesion, as well as the 

cellular proliferation and differentiation appear to be partly dependent on the surface roughness 

[36]. Besides, surface roughness can improve the bone growth and mechanical strength of the 

implant–bone [36]. 

Calcium phosphate coatings with low coating-substrate bond strength deposited by wet 

chemical methods on titanium have already been reported [26 - 29]. The bond strength of these 

coatings depends on different factors, such as, the substrate surface roughness, surface 
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modification treatment and post-deposition heat treatments [18, 26, 28, 37]. The low critical 

loads (LC1) of the apatite coatings on NT600 and NT800 surfaces were higher than 5 N. This 

value is at least similar to that obtained by Wang et al. [38] for apatite coatings deposited by 

the wet chemical method on rough titanium alloy. 

 

Conclusions 

This work has investigated the effects of two pre-calcification routes (CT and NT) and the 

influence of the temperature during heat treatments, in particular two temperatures, 600 ºC and 

800 ºC:  these heat treatments after the apatite deposition affected the microstructure and tribo-

mechanical properties of the specimens. Therefore, significant differences were found on the 

morphology, surface roughness, chemical composition and tribo-mechanical properties of 

specimens surfaces. In fact, nano-apatite coatings were formed only on samples pre-calcified 

with NT route consisting in successive treatments in NaOH and CaCl2 solutions. In particular, 

nano-apatites plates were observed by SEM on the NT600 surface; the hardness valued 

measured of this sample was the lowest one. Furthermore, NT800 surface showed nano-apatites 

with a rod shape. Considering the heat treatment temperatures, in samples treated at 800 ºC, 

rutile layers could be appreciated on the CT and NT samples. In the case of NT800 samples, 

the rutile layer was obtained under the apatite layer, because of oxygen diffusion through this 

layer. The rutile and apatite layers presented important differences in their surface roughness 

and tribo-mechanical properties. The rutile layers showed lower surface roughness, and in 

addition, greater hardness and brittleness.The scratch tests showed that after the heat treatment 

the nano-apatite coatings had high bond strength to the substrate.  
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List of figures. 

Figure 1. SEM images of the cp-Ti surface at different stage of the modification treatments. (a) 

Polished, (b) AE treatment, (c) CT treatment and (d) NT treatment. 

Figure 2. Normalized XEDS-SEM profile of the modified surfaces. 

Figure 3. SEM images of samples (a) CT600, (b) NT600, (c) CT800 and (d) NT800 (common 

scale bar). Inset: higher magnification images of each samples with a common scale bar of 

1 μm. 

Figure 4. Normalized XEDS-SEM profile of the whole set of samples after the SCS and thermal 

treatments. 

Figure 5. X-ray diffraction patterns of the all analyzed samples a) CT600, b) NT600, c) CT800 

and d) NT800. 

Figure 6. Surface roughness profile of the samples after of the SCS treatment. 

Figure 7. In-situ penetration depth and elastic recovery of samples during scratch test (load 5 

N). Difference between scratch (solid curves) and the real plastic deformation associated with 

the scratch tests (dotted curves). 

Figure 8. SEM images of micro-scratch scar on the surface of samples. (a) CT600, (b) NT600, 

(c) CT800 and (d) NT800 surfaces. 
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Tables 

Table 1. Sample codes and experimental design matrix. 

Sample Activation treatments Temperature (oC) 

CT600 AE + CT 600 

CT800 800 

NT600 AE + NT 600 

NT800 800 

 

Table 2. Compositional analyses (% at.) by EDX-SEM. 

Sample TiO2 CaO P205 

CT600 99 1 -- 

CT800 100 -- -- 

NT600 87 7 6 

NT800 90 6 4 

 

Table 3. Surface roughness parameters (absolute values) of the 

studied samples. Relative error below 0.1 %. 

 CT600 NT600 CT800 NT800 

Ra (m) 0.34 2.33 0.54 2.68 

Rq (m) 1.27 3.04 1.66 3.19 

Ry (m) 6.76 9.10 7.24 10.07 

Rz (m) 0.26 3.46 6.52 2.69 

 

Table 4. Scratch parameters.  

 CT600 NT600 CT800 NT800 

Pd (m) 5.5 ± 0.9 9.6 ± 1.4 89.5 ± 2.5 9.3 ± 1.3 

Pl (m) 4.0 ± 0.8 7.8 ± 1.6 87.0 ± 1.9 7.1 ± 1.2 

εr (m) 1.5 ± 0.8 1.8  ± 1.6 2.4 ± 2.1 2.2 ± 1.2 



    15 
 

Figures 

Figure 1 

 

  

 

 

 

 

 

 

 

 

 

Figure 2 

 



    16 
 

Figure 3:  

 

Figure 4:  

 

 

 

 



    17 
 

Figure 5 

 

  

Figure 6:  

 

 

 

 

 



    18 
 

 

Figure 7 

 

Figure 8 

 


