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Abstract 

Titanium (Ti) has been extensively applied to orthopedic 

and dental implants due to its excellent physical and 

mechanical properties. However, its bioinert nature 

restrains its further uses. To address this, surface 

modification can be implemented to enhance its 

osteogenic activity. Hydroxyapatite (HAp) is a calcium 

phosphate material, with high bioactivity and 

biocompatibility, with composition and structure similar 

to the natural bone. HAp-coated dental implants have 

early bone response and a higher interface shear 

strength with bone. In recent years, many methods 

have been developed to deposit a HAp layer onto 

biomedical metal surface. 

The aim of this work is to develop a nanostructured 

HAp coating on top of pure titanium. For that different 

experimental conditions were studied and then the 

coatings were characterized using different physico-

chemical techniques. Additionally the mechanical 

properties were evaluated using simulation and bending 

test.  

Hydroxyapatite was successfully synthesized on 

titanium substrate by hydrothermal method. The results 

showed that the presence of      on titanium is a key 

factor inducing the growth of hydroxyapatite coating 

during the synthesis. According to SEM/EDS results 

and ATR-FTIR spectroscopy, HAp particles were 

present on all produced coatings. Additionally, in 

presence of      and with 24 hours of hydrothermal 

process, the nanocoating was homogeneous, crack-

free and adherent with uniform thickness, smaller 

particle size and well distributed in the surface 

On the other hand, from modelling results it is possible 

to corroborate the experimental results. Young‟s 

modulus value is reduced in presence of the coating.  

For a higher treatment time and in the presence of 

oxide layer, a higher Young‟s Modulus is obtained 

Keywords: Titanium, Hydroxyapatite coating, surface 

functionalization, hydrothermal method. 

 

 

 

 

1. Introduction 

High requirements for dental and orthopedic implants have 

pushed the research towards complex and intelligent 

biomaterials. To overcome the disadvantages of a single 

phase implant, such as low biocompatibility for metals and 

poor mechanical properties for ceramics, a significant 

amount of research has focused on the development of 

their combination, i.e. covering load-bearing metallic 

implants with thin bioactive ceramic-like films. Titanium (Ti) 

and its alloys are widely used as metallic biomaterials for 

dental and orthopedic implants for their good 

biocompatibility and high corrosion resistance[1]. 

However, Pure Ti provoked adverse effects in the local 

tissues, thus Ti is not recommended as the „„golden 

standard‟‟ for osteosynthesis material because of the 

increased release of toxic, allergic and potentially 

carcinogenic ions. In recent studies, coating on Ti has 

become a popular method to decrease ion release rate. 

Calcium phosphate ceramics, like HAp and bioactive 

glasses, have better compatibility to hard tissue than that 

of Ti. 

Calcium phosphate ceramics have better compatibility to 

hard tissue than that of Ti. In 1980s, HAp-coated implants 

became much admired mainly because of their 

compatibility in the biological system.  

The structural similarity of hydroxyapatite 

[Ca10(PO4)6(OH)2, or HAp] with the hard tissues makes 

HAp an attractive coating material to accelerate bone 

growth around the implant. Hydroxyapatite  is the main 

and most intensively studied phase in ceramics for bone 

tissue replacement and bioactive ceramic coatings of 

metallic implants. 

The HAp-coated surface exhibited excellent tissue 

response and osteoconductivity without interfering the 

mechanical properties of the implant material. Therefore, 

HAp-coated Ti implant can be an ideal candidate for 

implant device. Coating of HAp layer on Ti implants was 

considered as a way of promoting osseointegration and 

overcoming the drawbacks of Hap[2]. In vivo studies 

achieved good results with respect to both bone 

adaptation to HAp-coated implants [3] and the binding 

strength of HAp-coated implant-bone interfaces [4,5]. 



An ideal calcium phosphate coating should have strong 

surface attachment, proper coating coverage, and simple 

experimental method. Hydrothermal method presents a 

simple, inexpensive and environment friendly method to 

synthesize thin (or thick), shaped, sized, oriented and 

homogeneous ceramic films and coatings in aqueous 

solutions in a one-step process for a variety of 

applications. 

Briefly, varied techniques have been developed to 

fabricate as discussed composite coating. Plasma 

spraying, sputter coating and electrochemical deposition, 

which are even commercially applied but the operation is 

complex and high-cost, either, phase-pure and crystalline 

coatings were seldom obtained through these methods; 

hydrothermal process is one excellent method for 

synthesizing crystalline coatings onto different substrates, 

however, single step hydrothermal requires high 

roughness of the substrate surface so that a high 

temperature is always used to annealing-treat the metal 

substrate could possibly damage the original phase and 

cause undesired by-products[6]. However, by 

hydrothermal synthesis in a   (    )    and 

(   )     , it allows to produce well-crystallized HAP 

coatings with the thickness of 170 µm and good adhesion 

[1]. 

Hap particles precipitate when the solution has pH in the 

range between 7,4 and 8,5 [7] and with a temperature 

range between 37°C and 240°C[8]. 

Regarding to mechanical study, The success or failure of 

an implant is determined by how the stresses at the bone-

implant interface are transferred to the surrounding bones. 

The 3D finite element analysis (FEA) used for the 

evaluation of stresses on the implant and its surrounding 

bone. In the review, many researcher consider only static 

loading effect on the implant however dynamic loading and 

fatigue effects has not considered formally. Fatigue life of 

dental implant is calculated based on Goodman, 

Soderberg, Gerber and Mean-Stress theories[9]. 

In this study, Hap coating was obtained with conditions of 

pH≃8 and temperature of 180°C, with a thickness about 

100 nm, and mechanical features were studied with 

Abaqus software, and torsion/bending test.  

2. Material and methods 

2.1 Preparation of Ti substrates 

Commercially available pure titanium rod was cut into 

plates with 16 mm of diameter.  The samples were 

polished by SiC abrasive papers with roughness 800 

and 1000 and then washed with water and acetone in 

order to remove small particles, before coating the Ti 

surface and after that the coatings were dried with a 

dryer. These samples were used to analyze the 

characterization of the coating.  

On the other hand, pure titanium rods of 32 mm length 

and 4 mm diameter were used to perform bending test.  

All the samples, plates and rods, were treated in the 

same way.  

The nomenclature of the samples was defined 

regarding to the conditions (6 or 24 hours of treatment 

and in presence or absence of     ) applied in it: 

Ti6NO, Ti24NO, Ti6O and Ti24O. 

2.2 Hydrothermal synthesis 

For hydrothermal synthesis, a citrate aqueous solution 

of citric acid monohydrate(                )  (0,6M) 

was prepared in 80 ml of distilled water. 

After that, the pH of the solution was adjusted with 

ammonium hydroxide solution (         ) until reach 

pH-8. Then a 0.2 M of calcium nitrate 

tetrahydrate(  (   )          ) was added. 

Finally 0.2 M of a aqueous solution of ammonium 

hydrogen phosphate ((   )     ) were added. Then, 

both solutions were mixed and filled in with distilled 

water until obtaining 200 ml of final volume solution.  

The final solution was divided into four 50 ml glass 

vessel and put into the oven at 180°C. The 

hydrothermal autoclave were sealed and set up to 

180°C two for 6 h and the others for 24 h. 

2.3 Surface characterization 

HAp coatings were characterized with an ATR-FTIR 

system in the spectral range from 400     up to 4000 

     with a spectral resolution of 4     . 

The X-ray diffraction (XRD) analysis was done by a 

powder X-ray diffractometer (D8 Advance Bruker) with 

a CuKα radiation (ʎ=1.5406 Å)  operated at 40 kV of 

tube voltage and 40mA of tube current to identify the 

crystalline phase in the phosphate coating. In addition a 

0.5° grazing incident angle and scan rate at 0.02°step 

size from 8°-75° were applied to this test.   The coating 

morphology and thickness view was examined using a 

scanning electron microscope (SEM) (Analytical FEG-

SEM: JEOL 7001F with Oxford light elements EDS 

detector and EBSD detector).  

The surface roughness of coated and uncoated 

specimens was measured using an atomic force 

microscopy (AFM). The parameter evaluated was Ra 

(the arithmetic mean of the area between the 

roughness profile and its mean line) at 1µm and 4µm of 

magnification. Besides that, a “goniometer” was used to 

measure contact angles to evaluate the adhesion of the 

coating. 

In order to evaluate the mechanical properties of the 

coatings, a dynamic ultra-micro hardness test was used 

in this work with the following conditions: load-unload 

test mode, 0.2-50 mN test force, 2 loading speed (6.66 

mN/s), poisson‟s ratio of 0.3 and hold time 15 s. In 

addition, a three point bending test was performed with 

an universal testing system  Instron Model 3369 50kN 



capacity. This test was correlated with the Abaqus 

software by finite element method (FEA). The coating 

was simulated like a shell cylinder with the following 

properties: Young‟s Modulus of 40GPa and Poisson‟s 

ratio of 0,3. The contact was defined by a friction 

coefficient of 0,2 in the tangential contact. 

3. Results and discussion 

3.1 Physical-chemical characterization 

In this work was produced a biocompatible and 

nanostructured calcium phosphate coating on pure 

titanium with the variation of the synthesis time and the 

presence of a titanium oxide layer. Then the mechanical 

properties of pure titanium and coated titanium were 

evaluated. 

The temperature of 180ºC was chosen due to the 

hydrothermal method should be carried out a high 

temperature since the dissociation constants of the 

calcium–citrate complexes mentioned before increase 

with temperature, it is suggested that heating up the 

solution promotes complex dissociation and subsequent 

release of calcium ions, which become available for the 

nucleation and growth of the hydroxyapatite particles. In 

addition to this, heating the solution also contributes to 

supersaturation as hydroxyapatite solubility decreases 

with temperature increase [8]. 

The SEM images of calcium phosphate coatings on 

pure titanium produced in the absence and presence of 

titanium oxide layer after 6 hours and 24 hours in 

hydrothermal conditions are showing in figure 1 and 

figure 2 respectively :  

 

 

Fig 1. SEM images of the calcium phosphate coating 

synthesized after 6 hours in (a, b) (Ti6NO) absence of titanium 

oxide layer, (c, d) (Ti6O) in presence of titanium oxide layer 

In the samples without oxide layer in 6 hours, is 

possible to observed a continuous and uniform calcium 

phosphate layer and the formation of agglomerated 

CaP nanoparticles with needle like shape (figure 1.b). 

Doing a comparative analyses of the obtained 

morphologies in absence and presence of titanium 

oxide layer, it is observed that the absence of oxide 

induce the formation of small nanoparticles on Ti 

subtract, while in the presence of oxide layer it is 

observed agglomeration of big particles with needle 

shape. In all cases it is observed a total coverage of the 

titanium surface. 

It is observed that surface, when the coating is under 24 

hours and with oxide layer, an uniform coating is getting 

with very small particles and well distributed. However, 

when the coating is performed without oxide by 

hydrothermal conditions, there is a low quantity of Ca/P 

and the coating is not so uniform.  Comparing the 

results, it can be concluded that at 24 hours the coating 

is more uniform due to the presence of the 

agglomerations at 6 hours. In addition, a small particle 

size is observed in 24 hours. 

 

 

Fig 2. SEM images of the calcium phosphate coating 

synthesized after 24 hours and without oxide layer (a, b) 

(Ti24NO) and in presence of titanium oxide layer (c, d) (Ti24O) 

The surface of the produced coatings was also 

evaluated by AFM as represented in figure 3.1 at 1µm 

of magnification and figure 3.2 at 4µm of magnification. 

At 6 hours, the rod-like morphology observed in SEM 

pictures from the calcium phosphate coating produced 

without oxide is confirmed by AFM. The nanostructures 

have a width of ~100 nm and a length of 150 nm (figure 

3.1a-2). The size and the morphology of the calcium 

phosphate nanostructures formed on titanium with 

oxide layer are more difficult to evaluate by AFM, 

however they seems have a size less than 100 nm and 

a round like shape (figure 3.1a-3).  

As it can see in figure 3.1b, the specimen without oxide 

layer exhibits higher surface roughness (Ra=24,5 nm), 

as Ra is the double of the value compared to the 

sample in presence of oxide (Ra=12,1 nm). In figure 

3.1.2 at 6 hours, there was no difference between the 

values (Ra=12-13 nm), but in this figure there is a big 

change in the presence of oxide coating. Then, a longer 

time and in absence of oxide layer, a higher roughness 

of the coating. Besides that, the roughness increases 

when the hydrothermal time is higher, since at 6 hours 



at high magnification the roughness got is Ra=46 nm 

and at 24 hours it varies from Ra=65 nm to Ra=57 nm. 

On the other hand, due to the low thickness of the 

coating, the values obtained do not differ too much from 

the roughness of pure Titanium.  

Regarding to the bibliography, coatings have good 

results regarding to the roughness. The relevance of 

the presence of a nanotextured (nanoporous) layer is 

here discussed: surface nanotopography can be used 

to selectively modulate the response of osteoblasts and 

bacteria, because their size and rigidity are different. 

Nanoscale surface patterns and roughness can attract 

osteoblasts, through specific integrin recruitment and 

the response of filopodia and lamellipodia. On the other 

side, while a surface with roughness on the micro scale 

(0.5 μm or higher) can induce a higher bacterial 

proliferation, the selection of a roughness on the 

nanoscale can be useful to reduce bacteria adhesion, 

when it is required [10].  

The roughness of titanium oxide layer defined in the 

literature [10] is         . As it can be seen in figure 

3.1, our oxide roughness value is in the order of the 

reference. Comparing the roughness between without 

oxide calcium phosphate coating and with oxide, at low 

magnification the values are 12,6 nm sand 13,9 nm, 

varying  only a bit and they are in the same range of 

magnitude. At high magnification the results remain in 

the same value of 46 nm. Having a nanocoating and a 

low roughness of the coating, the biocompatibility of the 

coated implant will be better to biomedical applications 

[10].  

 

 

Fig 3.1. AFM pictures at 1µm of titanium and titanium coated 

with calcium phosphate in presence and absence of oxide 

layer at 6 hours(a) and at 24 hours (b) by hydrothermal 

treatment 

The roughness of the coating in TI24NO increases 

while the others lower it. Therefore the coating in 

TI24NO has higher HAp particle size, followed by TI6O, 

TI6NO and finally TI24O which seems the thinnest. 

To characterize the chemical composition of the formed 

calcium phosphate coating on the Ti substrate 

mentioned above were realized EDS analyses as well 

as EDX maps. In figure 4.1a and b is presented the 

EDS analysis of both coatings produced after 6 hours 

(without (4.1a) and with oxide (4.1b)). It is observed that 

the only elements that are present in both coatings are, 

calcium (Ca), phosphorus (P) and oxygen (O). Using 

the EDS results was possible to estimate the Ca/P ratio. 

The obtain Ca/P ratio were 1.42 for coatings without 

oxide and 1.23 with oxide. The value are lower that the 

Ca/P ratio of stoichiometric hydroxyapatite (Ca/P-1.67) 

[11]. The obtained result suggest that  

 

 

Fig 3.2. AFM pictures of at 4 µm titanium and titanium coated 

with calcium phosphate in presence and absence of oxide 

layer at 6 hours (a) and at 24 hours (b) by hydrothermal 

treatment 

coatings are nonstoichiometric, which occur when the 

apatite contains HPO2  ions in place of PO3 
4-

 ions or 

when carboxylate (C) replacing phosphate groups (P) 

[11]. In this last case, the Ca/P ratio should be 

considered as Ca/(P+C). It was impossible to determine 

the amount of carbon since all samples were coated 

with a uniform carbon film to do SEM pictures. 

 

Fig. 4.1. EDS analysis of calcium phosphate coating on pure 

titanium at 6 hours (a) without oxide layer, (b) with oxide layer. 

Then it is presented in figure 4.2 the EDS spectrum for 

the treatment in 24 hours. It can assume that the 

quantity of Ca/P is lower than in 6 hours, but the coating 

is more uniform and with a smaller size particle. 
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Fig 4.2. EDS analysis of calcium phosphate coating on pure 

titanium at 24 hours (a) without oxide layer, (b) with oxide 

layer. 

In figure 5.1 (a, b, c and d) it is observed the EDX maps 

for the several elements that constitute the coating at 6 

hours, namely: oxygen (O), calcium (Ca) and 

phosphorus (P). Also is presented the EDX maps for 

the substrate Titanium. These results also allowed a 

qualitative analysis of the coating thickness. It was 

observed that the thickness of both coatings is less than 

10µm, since the titanium (Ti) signal is detected in the 

EDX maps. The Ca and P signal present in all surface 

confirms the formation of a calcium phosphate on top of 

titanium. In the presence of oxide layer the Ca and P 

signal it is more intense in nanoparticles agglomerates 

(figure 5.1e and f) when compared with titanium signal, 

which is less intense in these agglomerates. 

 

Fig 5.1. SEM picture of calcium phosphate coating  at 6 

hours(a) without and (b) with oxide layer; EDX maps of 

calcium, phosphorus, oxygen and titanium elements 

respectively (c, d; e, f; g, h; i, j).  

 

Fig5.2. SEM picture of calcium phosphate coating at 24 hours 

(a) without and (b) with oxide layer; EDX maps of calcium, 

phosphorus, oxygen and titanium elements respectively (c, d; 

e, f; g, h; i, j).  

In ATR- FTIR technique, each sample has been tested 

with attenuate total reflection (ATR) and the results 

obtained are presented in figure 6. An amplification is 

presented in figure 7.  

In the figure 6 it is observerd a well-defined band at 

1100     , characteristic of hydroxyapatite. Additionally 

it is identified three different vibrations: The first peak, at 

1092     , arises from a triply degenerate 

antisymmetric stretching mode vibration, of the    
   

groups ʋ3. The other vibration band of this degenerate 

vibration, ʋ3, of the P-O bond appears at 1052    . 

The peak at 962      is characteristic bands of    
   

ions (ʋ1 band). The shift in the obtained peaks is 

indicative of an modification of the ions in the vicinity of 

the phosphate groups. As Ca/P ratio is lower than 

1.667, there is no a crystalline HAp coating, and the 

presence of the group P+Cit could be present in the 

coating.  

The peaks at 602    , 605      and 601      are 

present in all coating samples and they correspond to 

   
   ʋ4 [11]. In addition the peaks at 584      and 594 

     define the same group. It can be seen that in Ti6O 

and Ti24O they are better defined, followed by Ti6NO. 

There are no presences of these peaks in Ti24NO.  

The figure 7 shows a peak at 1570     , which is 

typically of Cit [11]. Then it can be justified the Ca/P 

ratio lower than 1.667 with the presence of the group 

P+Cit, that is a big presence of carbon is detected. This 

peak is also well-defined in presence of oxide layer. 

Then, in order to compare the influence of the oxide 

layer in ATR-FTIR results, Ti6O has the characteristic 

peaks of hydroxyapatite better defined than Ti6NO. 

That is the oxide CP-coating has a better definition than 

without oxide CP-coating. 

 Regarding to the graph, Ti6O, and Ti24O have the best 

defined peaks as for the presence of the HAp layer due 

to the peaks are well defined at 1060     and 

1100     . Then TI6O has a lower definition and finally 

Ti24NO, in which it‟s difficult to appreciate    
   ions 

and the band at 1064 it is not defined. In addition, it can 

be seen that when the coating is whit the presence of 
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oxide layer the peaks are defined very similar and well 

defined.  

Comparing both samples at 24 hours, it can be seen a 

big difference in the brands, getting the best result in 

presence of oxide layer (Ti24O). 

In the range of 632      to 642     , the peak for OH 

for hydroxyapatite is defined and it suggests the 

interaction of      layer and HAp coating [12]. Then this 

peak is well defined for both conditions, with and 

without oxide layer. However, when the time increases, 

this interaction disappears, so that there is lower 

interaction between both layers and it‟s better in 

presence of the oxide layer, since the peak is a bit 

defined.  

In order to evaluate the crystal structure of the coating 

XRD analyses were done. Figure 8 presents the XRD 

diffraction patterns of titanium, titanium coated with 

calcium phosphate after 6 hours with and without oxide 

layer in 2θ range of 20°–60°. As observed the only 

crystalline phases that are detected in XRD patterns are 

titanium and anatase phase. These peaks observed are 

from titanium substrate, which suggest that it was 

produce a thin coating with few nanometers of 

thickness. From the XRD results were not possible to 

identify and characterized the calcium phosphate phase 

formed on titanium.  

 

Regarding to XRD patterns in figure 9, in Ti24O is 

possible identified two smalls peaks in the range of 35º, 

and comparing with Ti24NO, any characteristic peaks 

are present when coating is in absence of the oxide 

layer. 

On the other hand, Ti24O has a better definition on 

these peaks comparing with Ti6O, however they are 

very small in all the cases and due to their definition it 

cannot be affirmed the presence of the HAp coating. 

Regarding to the thickness, a fracture of the sample 

was performed in order to observe the thickness of the 

coating. As it can see in figure 10, the coating is uniform 

and has a thickness of the order of 100 nm. The 

coating's thickness was thoroughly characterized using 

broken sections shown in figure 10. The thicknesses 

were assessed directly from SEM images at 100 μm for 

Ti substrate. 

These images show the thickness in the presence of 

titanium oxide (figure 11) and without it (figure 10). It 

can be seen that in no presence of oxide layer, the 

coating has a smaller particle size and without 

agglomerations. In both cases, the coating is uniform 

but in presence of oxide layer the coating is well-

distributed.  

 

 

 

Considering that surface roughness and topography 

highly affect surface wettability, the wettability of the 

polished and coating surfaces was evaluated. Then, 

wettability test was performed 4 times in each sample. 

The figure 12 shows contact angles for all the samples: 

 

 



 

Fig 12. Static contact angle measurements on pure Titanium 

and HAp coatings in plane samples 

As it can be seen in figure 12, the contact angle in 

Ti6NO, Ti24NO and Ti24O is reduced in comparison 

with pure Titanium. However, contact angle in Ti6O is 

higher and this is due to one of the drops having an 

angle higher than 90°. Then an increase in the surface 

wettability has been observed for the samples Ti6NO, 

Ti24NO and Ti24O, being the Ti24O the best result 

because has the lowest contact angle between the 

surface and the drop. Then as it can be observed in the 

figure, the contact angle in coatings obtained in 24 

hours is reduced more than in 6 hours, confirming an 

increase of the wettability at 24 hours. 

It‟s interesting this result because considering that high 

wettability of the implant by the physiological fluid is 

believed to facilitate protein adsorption, formation and 

link of the fibrin clot and cell attachment [10]. Then, it is 

assuming that a higher treatment time, the contact 

angle decreases.  

 

It can be assumed from the results, that the presence of 

TiO2 doesn‟t have influence when the hydrothermal 

treatment is during 6 hours but there is influence in 24 

hours. 

These wettability data corroborate with the surface 

roughness. Analyzing the results, when the time is 6 

hours in presence of oxide layer the roughness is 

Ra=13nm and the contact angle value is 70º, and 

without oxide layer is Ra =13nm  and the contact angle 

is 62º. On the other hand, analyzing the results at 24 

hours, in presence of oxide layer the roughness is 

Ra=56nm and the contact angle is about 55º, and in 

absence of oxide layer the roughness is Ra =65nm and 

the contact angle is 49º.  Comparing all results, it is 

observed that a worst adhesion of the coating is getting 

in 6 hours due to high contact angle value obtained, 

which corresponds to the low roughness value. 

However, when the time to perform the coating is 24 

hours, the roughness is higher and the contact angle is 

reduced, so the adhesion of the coating is better. Then 

the wettability increase in the case of 24 hours and in 

presence of oxide layer.  

3.2 Mechanical properties 

The Young‟s modulus value for the bone is ranges 

between 6.9±4.3 GPa and 25.0±4.3 GPa, while the 

same value for cp-Ti 103–107 GPa [5]. 

The hardness of thin hydroxyapatite coating has been 

studied using nanoindentation method and the results 

are presented in figure 14. The hardness of the 

nanocrystalline HA coating is close to the Vickers 

hardness of the HA single crystal (about 10 GPa) 

[13].According to the references, the Young‟s modulus 

of the HA coatings is equal to ~14 GPa for amorphous 

calcium phosphate coatings and ~19 GPa for 

nanocrystalline HAp coatings [13]. 

 

Fig 14. Young‟s modulus results 

It can be seen that Young‟s Modulus of pure Ti obtained 

is in the order of the referred value in the papers about 

100 GPa [12]. In addition, the values in all the samples 

with HAp coatings differ according to the values of the 

bibliographic references. Figure 14 presents a Young‟s 

modulus value higher for all the coatings. These 

differences could be possible because in these results, 

a different coating crystallinity is obtained that which is 

reported in the papers.  

In other words, the Young‟s Modulus is reduced in the 

HAp coating when the hydrothermal treatment is 6 

hours. However, when the sample is treated in 24 hours 

and in presence of the oxide layer, the Young‟s 

Modulus is higher.  

A three point bending test was performed in order to 

corroborate the Young‟s modulus with nanoindentation 
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test and Abaqus simulation. As it can be seen in the 

results presented in figure 13, the elastic limit zone in 

coating rods is until around 2 kN and for pure Ti is 

about 3 kN. Then it can be concluded that in the 

presence of the coating, the elastic limit is reduced, so 

that, the resistance of the coating is reduced. The 

Young‟s modulus values are presented in table 1 for the 

bending test: 

Table 1. Experimental values of Young‟s Modulus in 

pure titanium and in coated titanium 

 Pure Ti 
1 (R4) 

Pure Ti 
2 (R5) 

24 h 1 
(R1) 

24 h 2 
(R2) 

24 h 3 
(R3) 

Slope 3698,24 3860,09 3636,69 3501,27 3103,56 

Inertia 12,56 12,56 12,56 12,56 12,56 

Load at yield 
point (N) 

3070 3200 2495 2185 1909 

Displacement 
at yield point 

(mm) 

0,83 0,82 0,56 0,54 0,45 

Stress at 
yield point 

(MPa) 

1620 1563 1553 1348 1229 

Young’s 
Modulus 

(GPa) 

25,13 26,23 24,71 27,79 21,09 

 

It is possible to see that the values of Young‟s modulus 

in pure Ti (25GPa) are far from what we expected from 

the literature (100GPa). This error could be due to the 

deformations of the supports, since in the experimental 

test; at the end of the test they have a deformation in 

the middle of the rod. Then, it can be observed that 

there is no difference in the values between pure 

titanium and coated rods. This is logical because the 

nanocoating is too small and the effect it can‟t be 

measured. 

Additionally, Abaqus software simulation was performed 

in order to compare the mechanical properties: 

 

Fig 15. Stress distribution in pure titanium rod 

In figure 15 is simulated only the rod without coating 

and it is obtained a stress distribution in the order of 

what it expected. The maximum stress value is 9512 

MPa, which is a very far from the experimental test, but 

this value is only obtained in the contact zones. If we 

assume that the stress should be symmetrical, taking 

the stress from the lower part of the main rod, the stress 

is 1585 MPa, which is in the order of the experimental 

value in the elastic zone (1500 MPa). 

 

Fig 16. Load-displacement graph in pure Ti rod from finite 

element analysis 

Numerically in figure 16, the value obtained for the 

Young‟s Modulus is 70GPa in pure Titanium, which 

doesn‟t march with the experimental value (25GPa) and 

it also differs from the reported value (100GPa). The 

stress obtained is in the order of the experimental 

value. 

On the other hand, the simulated coating was defined 

with the Young‟s modulus obtained from the literature. 

The thickness defined for the coating is 100µm. 

 

Fig 17. Half view of stress distribution in the coating rod by 

finite element analysis 

Comparing the graph in figure 16 obtained with FEA 

and the graph in figure 18 experimentally, they are very 

similar. The plastic zone finishes at a similar force.  

 

Fig 18. Load-displacement plot in coated Ti rod from finite 

element analysis 
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Evaluating Young‟s Modulus for coated Titanium with 

FEA, a value of 27 GPa is obtained. This value match 

perfectly with the results obtained experimentally.  

However, the stress got in FEA is much higher than 

numerically. Maybe this is due to the thickness, since it 

has been imposed a higher thickness in FEA due to 

computational errors. Another possibility of error is the 

contact interaction between the top rod and the main 

rod.  

It can be assumed then, although the numerical and 

experimental results differs a bit, they are in the range, 

so the Young‟s modulus in titanium coated is reduced 

from pure titanium, and the stress distribution obtained 

with the layer is lower, so that its elastic limit is lower 

and will have lower strength than titanium without being 

coated. The errors in the numerical test may due to 

different the geometry of the punch in the experimental 

test and the deformation of the supports in the 

experimental test too. In addition, the thickness of the 

supports is not considered in this model, and then it 

could be a possible error.  

4. Conclusions and future work 

In the current work, many samples have been treated in 

order to evaluate HAp layers for different conditions. 

Calcium phosphate coatings were former easily on 

titanium surface during hydrothermal treatment at 180 

°C during 6 and 24 hours. The results have been 

analyzed according to the influence of the presence of 

oxide layer and the time in the hydrothermal process.   

With XRD, SEM, ATR-FTIR analysis, Ca/P coatings are 

performed in the surface of the titanium with a thickness 

of 100 nm, which is a great improvement in terms of 

obtaining a nanostructure layer. It can be conform that 

could be HAp coating due to the spectrum characteristic 

of it but it can‟t not be defined the crystallinity of HAp 

coating due to the XRD results. It can be concluded that 

the thinner coating is obtained, higher adhesion to the 

surface (lower contact angle), which is according to 

Ti24O according to SEM results. They show that the 

coating is well defined when is formed in presence of 

TiO_2and when the time is 24h. This option is the best 

because the particle size is smaller and well distributed 

in the surface. It is confirmed that the presence of 

TiO_2is better according to the information of the 

bibliography too. By nanoindentation test, the hardness 

is reduced in the HAp coating when the hydrothermal 

treatment is 6 hours. However, when the sample is 

treated in 24 hours, the hardness is higher or equal 

than pure Titanium. 

Therefore, it can be concluded comparing all the 

results, when the coating is produced at 6 hours under 

hydrothermal conditions, the presence of TiO_2 doesn‟t 

affect, but when the coating is produced at 24 hours, 

the presence of TiO_2 makes better the coating 

properties. Then, in presence of TiO_2 and treated in 

24 hours by hydrothermal conditions, the coating is the 

optimal for the required applications. That is 

nanocomposite coating was observed homogeneous, 

crack-free and adherent with uniform thickness, which 

could be considered as a good quality biomaterial for 

versatile usages. 

In this project, a dental implant is simulated by the 

approximation of a rod and analyzed numerically and 

experimentally. With the validation of the bending test 

and Abaqus software, the simulation of the coating gets 

a high stress value, so that the elastic limit is higher and 

deformation lower. Limitations exist due to the 

simplification made on the coating thickness in the finite 

element model. Then, the coating has better response 

to the bending test than pure titanium. 

Regarding to the mechanical properties is obtained that 

a higher time and in presence of oxide layer, higher 

Young‟s Modulus. However, the presence of the coating 

reduces Young‟s modulus and Berkivich Hardness 

comparing with pure Titanium. While Young‟s Modulus 

increases in presence of the coating, Berkivich 

Hardness decreases but it remains in the same order. 

Young‟s modulus in titanium coated is reduced from 

pure titanium, and the stress distribution obtained with 

the layer is lower, so that its elastic limit is lower and will 

have lower strength than titanium without being coated.  

This study showed that titanium prepared in the 

described way is a very promising substrate to 

hydrothermally produce good quality HAp coatings, as it 

is a uniform layer and a very small thickness. 

 

In summary: 

 Hydroxyapatite coating was successfully 

synthesized on titanium by hydrothermal 

method.  

 The results showed that the presence of TiO_2 

on titanium is a key factor inducing the growth 

of hydroxyapatite coating during the synthesis.  

 According to SEM/EDS results and ATR-FTIR 

spectroscopy, HAp particles were present on 

all produced coatings.  

 In presence of TiO_2 and with 24 hours of 

hydrothermal process, the nanocoating  was 

homogeneous, crack-free and adherent with 

uniform thickness, smaller particle size and 

well distributed in the surface 

 From modelling results it is possible to 

corroborate the experimental results. Young‟s 

modulus value is reduced in presence of the 

coating.  For a higher treatment time and in the 

presence of oxide layer, a higher Young‟s 

Modulus is obtained 

 

 

 



As for future work 

 Improve the finite element model of the 

bending test (e.g. geometry and deformation of 

the pins); study the stress field, especially at 

the substrate-coating interface. 

 Investigate the biological response of the 

coating (in vivo study). 

 Evaluate the mechanical response of the 

coating under realistic loadings 
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