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Abstract

The control of the texture in synthetic hydroxyapatite ceramics had limited their appli‐
cation in the field of the materials for bone implantation, even more when it is used as 
a filling in cements and other formulations in orthopedic surgery. The present article 
shows preliminary results demonstrating the effectiveness of a modification of the con‐
trolled rate thermal analysis (CRTA), developed by J. Rouquerol, used for the prepara‐
tion of ceramic materials with controlled textural characteristics, during the formation 
of ceramic powders of synthetic hydroxyapatite at low temperatures. The thermal treat‐
ments of the hydroxyapatite were carried out in a device connected to a computer, to 
control temperature and pressure system, keeping the decomposition speed constant. 
Results, reported when preparing ceramic powders of hydroxyapatite at 300 and 850°C 
under controlled pressure, using synthetic hydroxyapatite with a Ca/P molar ratio equal 
to 1.64, were checked using IR spectroscopy and X‐ray diffraction, showed that the 
formed phase corresponds to that of crystalline hydroxyapatite, even at 300°C of maxi‐
mum temperature. Values of specific surface (BET) between 17 and 66 m2/g, with pore 
size in the range of 50–300 Å in both cases are obtained by N

2
 absorption isotherms, when 

analyzing the isotherms of nitrogen absorption.

Keywords: hydroxyapatite, formation, thermal analysis to controlled speed, specific 
surface, pore size
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1. Introduction

It is known the diversity of materials in use today as bone substitutes. Among them the 
hydroxyapatite (HA) has deserved special attention because of its excellent biocompatibil‐
ity, almost the same of that of natural bone. Most of commercial HA used in clinical and 
research applications are in solid and granulated forms with pore sizes between 100 and 150 
μm. It has been demonstrated that such a range of pore dimension is appropriate to cause 
tissue growth in direct applications as bone substitutes [1–5]. HA ceramics and thin films can 
be synthesized by many methods [3, 4]. The conventional chemical precipitation method is 
the more extended method [6]. Following chemical precipitation, combination methods and 
the hydrothermal process are the next most well‐known methods of preparing HA [6–10]. 
Nevertheless, the scientific community is devoting great efforts looking for new alternative 
methods in order to obtain hydroxyapatite ceramics with improved microstructural and cor‐
rosion properties. In this way, laser‐assisted bioprinting and pulsed laser deposition tech‐
niques are very promising methods to obtain this kind of hydroxyapatite ceramics and thin 
films [11–14]. Also, alternating current electric field modified synthesis [15] and magnetron 
sputtering techniques (MST) [16, 17].

In this context, several methods of synthesis of HA with appropriately controlled textural 
characteristics as well as its use as a filler in formulations for systems in orthopedic sur‐
gery have been reported, however, the uniformity of the pore size is a problem unsolved 
up to now [18–20]. The sol‐gel synthesis of HA thin films and ceramics has attracted much 
attention because it offers a molecular‐level mixing of the calcium and phosphorus pre‐
cursors, which is capable of improving chemical homogeneity of the resulting HA to a 
significant extent, in comparison with conventional methods [18–20]. Fortunately, Vila et 
al. have obtained significant progress in recent years using the sol‐gel process [22]. In the 
context of the present work, they have obtained a bimodal porous process for nanocrystal‐
line hydroxyapatite (HA) coatings with pore sizes in the range of meso/macrometer scale 
deposited onto Ti6Al4V substrates by the sol‐gel method using nonionic surfactants as the 
porous former agent [22].

When phosphates are treated at several temperatures important changes occur in their 
properties, in particular, in their chemical contents and physicochemical characteristics, 
which permit an assessment of admixtures in the phosphates and the effects of substitution 
of the fundamental elements with others. But, on the other hand, the thermal treatment of 
the material poses a serious problem, due to difficulties to effectively control the gradients 
of pressure and temperature originated in different parts of the sample in most experi‐
ments [23–25].

The method for the thermal analysis developed by Rouquerol [26, 27], known as “control rate 
thermal analysis” (CRTA), has been tested in formulations for the control of textures in solids 
[28–30]. This method is very useful in cases of complex thermolysis usually lapses through 
superimposed, parallel or serial reactions. Thermal treatment at a controlled speed can allow 
the formation of homogeneous porosity and a homogeneous surface in its chemical composi‐
tion and distribution of defects.
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In previous studies, we have prepared organic‐inorganic hybrid sol‐gel films with nanocrys‐

talline hydroxyapatite as a filler and triethylphosphite (TEP)as a network forming agent to 
enhance the in vitro biocompatibility and corrosion protection of these coatings deposited on 
Ti6Al4V alloys [31, 32]. Now, the purpose of this new study is to apply the CRTA technique 
to crystallize synthetic HA with a controlled specific surface and homogeneous distribution 
of pores, appropriate to be used in bone implantation and other formulations for orthopedic 
surgery. These parameters may be very important in different situations. For example, when 
HA is used as a filler in cement‐based composites, the superficial specific area must be small 
because a frail material may be obtained due to the presence of microfracture centers when 
are too big. Taking into account thermogravimetric analysis results, several pressures and 
temperatures of control were tested in the preparation of ceramic powders.

2. Experimental

2.1. Preparation of hydroxyapatite

Hydroxyapatite used in this study was obtained by hydrolysis and condensation of suit‐
able precursors following a water‐based sol‐gel process in accordance with the preparation 
method of Dean Mo Liu et al. [33–35]. Triethylphosphite (TEP), C6H15O3P (Aldrich, 98%) and 
calcium nitrate tetrahydrate, Ca(NO3)2

·4H
2
O (Aldrich) were used as precursors of phospho‐

rus and calcium, respectively.

The preparation process includes the following stages: the first stage is the hydrolysis of the 
precursor of phosphorus. TEP is mixed with ultrapure distilled water under vigorous agita‐

tion. Given the immiscibility between TEP and water, the mixture initially becomes opaque. 
However, after 24 hours of agitation the emulsion is transformed into a clear dissolution indi‐
cating that the TEP is hydrolyzed completely. In the second stage, the saline precursor of cal‐
cium is added to the medium in a stoichiometric quantity (Ca/P molar ratio = 1.64) using a 4 
M aqueous solution of nitrate of calcium. In this step, the agitation is continued for 30 min and 
then the mixture is left to stand for 24 hours at room temperature. The gelation is guaranteed 
by the evaporation of the solvent at 80°C, until a viscous liquid is obtained whose volume is 
about 40% of the initial solution.

2.2. Preparation of HA sol‐gel coatings on Ti6Al4V substrates

Ti6Al4V disks of 2 cm of diameter and 0.4 cm of thickness were polished using different sili‐
con carbide grit up to 1200 grade. The substrates were ultrasonically degreased with acetone 
for 10 min and washed with distilled water. Finally, the substrates were dried at 200°C for one 
hour in an air oven to form a titanium oxide layer. The formation of TiO

2
 layer might decrease 

the stress concentration and thermal expansion coefficient mismatch between the coatings 
and the titanium substrate.

These substrates were dip coated in the HA sol solution, with a dipping and withdraw speed 
of 12 cm/min. The sol‐coated substrates were then immediately transferred into an air oven 
and held at 80°C for 30 min to stabilize the deposited layer. To increase the coating thick‐
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ness, the above process was repeated three times and finally it was thermally treated under 
conventional and controlled rate thermal treatments (CRTA). Cross section SEM micrographs 
revealed that the estimated thickness of all the HA crystalline sol‐gel derived coatings was 
about 1–2 μm. Nevertheless, these thicknesses were nonuniform due to roughness of the 
Ti6Al4V substrate.

2.3. Crystallization of hydroxyapatite under conventional and controlled rate thermal 

treatment

The conventional thermal treatment was carried out in a furnace, burning the precipitate at 
various temperatures (600, 800°C) for 2 h, at a heating speed of 2°C/min. For the controlled 
rate thermal analysis (CRTA), samples of 1 g were placed in a quartz sample holder, which was 
introduced in a programmable tubular oven with Eurotherm control of ±1°C error temperature 
and connected to a vacuum group, where a Pirani for measuring pressure and a diaphragm 
with an aperture of 0.1 mm are already present. A home‐made software allows the regulation 
of the temperature and the measurement of generated pressure. This last parameter is the one 
that regulates the transformation rate. The basis of this thermal treatment is to control the tem‐

perature and the pressure system, keeping the decomposition rate constant. Figure 1 shows a 
photograph of the CRTA equipment and a simplified schematic diagram of the device.

In parallel studies a set of HA sol‐gel coatings previously deposited on Ti6Al4V substrates 
was densified at the optimal pressure and temperature, which is determined by CRTA. The 
adequate pressure was accomplished with the use of a vacuum pump connected to the muffle 
furnace.

2.4. Characterization of the powders of hydroxyapatite

The relation Ca/P was calculated starting from the percentage of Ca, determined by absorp‐
tion spectroscopy in Philips Pye Unicam SP9 at a λ = 422.7 nm and the percentage of P 
obtained by emission spectrometry in a Perkin Elmer Capture 40 at a λ = 213.6 nm. On the 
other hand, powders were characterized by infrared spectroscopy (IR) in a PHILIPS FTIR PU 
9800, using the method of pills of KBr and X‐ray diffraction (XRD), in a Philips Pye Unicam 
PW1710, by the method of powders. The thermogravimetric analysis (TGA) was carried out 

Figure 1. Equipment for controlled rate thermal treatment (CRTA).
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with 30 mg of the sample in a SHIMATZU at a speed of 10°C/min, up to 1200°C. The mor‐

phology of powders was examined by scanning electron microscopy (SEM) in a SEM Tescan 
Vega TS 5130SB. The specific surface (BET) and porosity of the material were determined in 
Coulter equipment; model Omnisorp TM 100, starting from isotherms of adsorption for N

2
 at 

a temperature of 77 K.

2.5. Cytotoxicity/osteoblasts adhesion

The cytocompatibility of coated samples was analyzed by indirect contact as described in ISO 
10993‐5 (ISO Standards 1999). Briefly, HA coated Ti6Al4V alloy were placed in culture plates 
and incubated in 15 ml of culture medium (DMEM, Dulbecco's Modified Eagle Medium, 
Gibco) without fetal bovine serum (FBS) for 24 hours at 37°C. The supernatant of this mixture 
is called pure extract (100%) which then subjected to dilutions of 0, 10, and 50%.

Fibroblast cells (BALB/c, 3T3, ATCC clone A31) were purchased from American Type Culture 
Collection (ATCC; MD, USA) and seeded in 24‐well plates and cultured in DMEM. 1% antibi‐
otic was added, supplemented with 10% FBS and kept in incubator at 37°C in 5% CO

2
 atmo‐

sphere. The culture medium was then replaced by extracts of the material to which 10% FBS 
was added and after 24 hours, the cells were counted using a Neubauer camera. The number 
of cells cultured in DMEM containing 10% FBS alone was considered the negative control 
(corresponding to 0% of the extract dilution).

The experiment was carried out six times, means and standard deviations were subjected to 
a variance analysis, considering significant differences if p < 0.05. Additionally, were seeded, 
30.000 cells of pre osteoblasts of femur of Balb/c 3T3 (FOST) in plates with Ti6Al4V coated 
samples, these were maintained in culture supplement DMEM with 10% FBS at 37°C and 
atmosphere of 5% CO2 for 24 hours. At the end of this period, the plates were moved and the 
cells were fixed in 2.5% of glutaraldehyde solution, then subjected to treatment with 0.1 M of 
cacodylate buffer solution at pH 7.3 for 24 hours.

After the cells were washed twice with buffer solution 0.1 M cacodylate, dehydrated with 
increasing concentrations of alcohol (50–100%), they were immersed in ethanol‐hexamethyld‐

isilazane absolute solution (50:50 v/v) and then in hexamethyldisilazane (100%) and dried for 
24 hours. Finally, metallization of samples with palladium‐gold allowed them to be observed 
using a scanning electron microscope (SEM).

2.6. Corrosion behavior

The corrosion behavior of the HA film/Ti6Al4V system was evaluated by applying electro‐

chemical impedance spectroscopy (EIS) [21, 31, 32]. These electrochemical measurements 
were performed using an AutoLab potentiostat/galvanostat PGSTAT30 equipped with a FRA2 
frequency response analyzer module (EcoChemie, The Netherlands). A standard three‐elec‐

trode cell was used for this purpose. The working electrode was the investigated sample with 
an area of 3.14 cm2. The reference and the counter‐electrode were a saturated calomel elec‐

trode (SCE) and a large size graphite sheet, respectively. The electrochemical cell was filled 
with Kokubo's solution. (SBF; pH = 7.4) [36, 37]. The EIS measurements were made at the open 
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circuit potential (OCP). Logarithmic frequency scans were carried out by applying sinusoi‐
dal wave perturbations of ±10 mV in amplitude, in the range of 105–10‐3Hz. Five impedance 
sampling points were registered per frequency decade. The impedance data were analyzed 
by using the ZView software, version 3.5a (Scribner Associates Inc, Southern Pines, NC, USA).

3. Results and discussion

3.1. Characterization of the powders of hydroxyapatite

The Ca/P rate was determined by chemical analyses (absorption spectroscopy for the Ca and 
emission spectrometry for the P) of the powder preparations and was 1.64. This rate is appro‐

priate to keep the apatite structure after the thermal treatment.

It has been found reports are scarce in the literature of application of controlled rate thermal 
treatment (CRTA) technique, for treatments of HA. Consequently, a thermogravimetric anal‐
ysis (TGA) of as‐prepared HA green powders (without a previous thermal treatment) was 
carried out (Figure 2) for determining the characteristic temperatures of HA decomposition. 
The TGA showed different stages in the thermolysis of HA, the first one is associated with 
the dehydration. The second one and last one are associated with dehydration‐crystallization. 
These processes have been studied by other authors [38–40]. However, practically no effort 
has been dedicated to study the influence of the experimental conditions used for the thermal 
decomposition on the morphology of the final products.

The results obtained for TGA, were verified by CRTA (Figure 3) to obtain characteristic tem‐

peratures and partial pressure for each step of crystallization of the HA. Table 1 shows the 

Figure 2. TGA of as‐prepared HA green powders.
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experimental parameters used in the different CRTA, which seeks to determine the optimal 
parameters of crystallization of HA at the lower temperature; where r

c
 is the controlled rate, 

T
cp

 is the temperature of control of the pressure, p
c
 is the pressure of control and T

m
 is the 

maximum temperature used to achieve such pressure control.

Analyses by IR and XRD demonstrated that both types of the sample, conventional treated 
and treated with CRTA, were pure crystalline phases of HA.

Figure 3. CRTA of as‐prepared HA green powders.

Sample r
c
 (°C/min) T

cp
 (°C) p

c
 (mbar) T

m
 (°C)

HA‐1 2 100 2.65 300

HA‐2 2 100 0.50 300

HA‐3 2 300 1.00 850

HA‐4 2 300 0.33 850

Table 1. Experimental conditions for the CRTA.
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In Figure 4 are shown the IR spectra typical of HA without thermal treatment (HA‐green), 
conventional thermal treatment (HA‐CTT) and after CRTA (HA‐1 to HA‐4), where the charac‐

teristic bands observed are reported for this material type, corresponding to the fundamental 
vibrations 3571.46 and 631.73 cm‐1 of the OH‐ and ν3 1092.75 and 1045.49 cm‐1, ν

1
 963.51 cm‐1, ν4 

602.80 and 568.08 cm‐1 of the PO4
3‐ [41].

The bands are very similar in all the IR spectra (Figure 4). The wide band from OH‐ vibra‐

tion only could be observed in the green‐HA and in HA‐CTT and was due to hydrate water 

Figure 4. FTIR spectrum characteristic of an as‐prepared HA‐green sample and HA samples after the thermal treatments.
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(3442.22 cm‐1). All bands become narrower and more symmetrical for HA‐3 and HA‐4, indi‐
cating an increase in the crystallinity of the material according to results obtained by other 
authors [42, 43].

Figure 5 shows X‐ray diffraction, where typical lines for this material appear. In all cases, the 
signs appeared in X‐ray diffraction corresponds to those reported in Chart No. 9‐432 of ASTM 
[44, 45].

By applying conventional thermal treatments, HA was typically calcined above 900°C in order 
to obtain a stoichiometric, apatitic structure. However, it is interesting to note that applying 
CRTA the degree of crystallization of HA in this study at temperatures as low as 300°C it can 
be observed in Figure 6a and 6b. The HA here obtained was composed of white tiny crystals, 
where the particles are fused together and, consequently, they are forming a cluster. This 
phenomenon might be attributed to a high surface area to volume ratio of ultrafine crys‐

tals related to thermal treatments. It should be also pointed out that the shape of HA grains 
is quite different from the biological apatite, which mostly exhibits a needle‐like structure. 
However, we expect that it may be possible to obtain a grain shape similar to biological apa‐

tite by optimizing CRTA conditions.

Results for surface measures by BET method are described in Table 2. In the table, the range of 
specific surface areas achieved after CRTA can be observed. Samples HA‐1 and HA‐2 showed 
remarkable dependence on pressure for the surface area, increasing almost to double when 

Figure 5. X‐ray diffraction pattern of as‐prepared HA green powders and HA samples obtained by applying different 
thermal treatments.
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this parameter diminishes, at equal temperature of control and final. It is standing out that 
both samples, in spite of having been treated at 100°C as the temperature of control for pres‐
sure, and at 300°C as the final temperature, crystallized in a pure phase of hydroxyapatite.

In samples HA‐3 and HA‐4, also the same behavior is also observed, that is to say, an increase 
of the surface area when diminishing the control pressure, in this case it is four times less. 

Figure 6. SEM micrographs under different magnifications of HA‐2 powders prepared using CRTA (T
m

 = 300°C).

Sample S (BET) (m2/g)

HA‐CTT 14.0

HA‐1 34.9

HA‐2 66.7

HA‐3 17.2

HA‐4 26.0

Table 2. Determinations of the surface area obtained by the BET method for HA‐CTT and for different CRTA experimental 
conditions.
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Although for both samples, the surface area notably diminishes when increasing the tempera‐
ture of control and the final temperature of the process.

In summary, CRTA technology offers a better resolution and a more detailed interpretation 
of the decomposition processes of hydroxyapatite via approaching equilibrium conditions of 
decomposition through the elimination of the slow transfer of heat to the sample as a control‐
ling parameter on the process of decomposition.

3.2. Cytotoxicity and adhesion of osteoblasts

The cytotoxicity assay allows toxicological risk assessment of a material by using cell cultures. 
Taking into account that migrating substances from biomaterials interact at the cellular level 
with cell membranes, the cellular organelles (mitochondria and Liposomes), the synthesis 
of proteins and DNA, cell division and the sequence of DNA, this essay covers from the cell 

Figure 7. Relative number of cells as a function of exposure to different concentrations of extract for a Ti‐6Al‐4V alloy 
coated by sol‐gel with HA‐2 film.

Figure 8. SEM images of cells morphology cultured on Ti‐6Al‐4V sheets coated by sol‐gel with HA‐2 film.
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viability and death to more sophisticated forms that have to do with the cell functionality and 
genotoxicity.

Figure 7 shows, the percent (%) of living cells in each one of the tested extracts. The concentra‐
tion of 0 corresponds to the negative control, or cells without being subjected to any concen‐
tration of the extracts.

It can be observed that there is no significant difference (p > 0.05) in the number of living cells 
exposed to different concentrations of the extracts of cultures with alloys coated by HA sol‐
gel, with respect to the control group. This indicates that HA coatings on Ti6Al4V does not 
affect the viability of the cells evaluated, which demonstrating its cytocompatibility.

SEM (micrographs) of preosteoblast cells femur seeded in Ti6Al4V alloy coated by sol‐gel are 
shown in Figure 8. It is observed that cells were emitting cytoplasmic extensions (filopodia 
and pseudopodia) that indicate adhesion to the substrate. In addition, mitotic phases were 
observed (large cells) which suggested that the cells were divided. Apparently, all layers of 
HA indicate a good biocompatibility because the living cells of osteoblasts hold and spread 
(propagated) well over all the coating. The observed biocompatibility of HA could be due to 
roughness and surface porosity that provides sites for attachment and growth of cells.

3.3. Corrosion behavior

The corrosion protection behavior of the HA films deposited on Ti6Al4V samples was evalu‐
ated by applying electrochemical impedance spectroscopy (EIS). Figure 9 shows the Bode 
impedance spectra for the tested samples the in Kokubo's solution at variable immersion time 
(1 hour and 1, 3, 7, 15 and 30 days).

Figure 9. Bode impedance spectra representing the evolution of the impedance modulus (|Z|) in a double‐logarithmic 
scale and the phase angle in a semi‐logarithmic scale versus frequency for Ti6Al4V/HA coating systems at different 
immersion time in Kokubo's solution. Coatings: HA‐1 and HA‐2.
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In these Bode plots, the modulus of the impedance |Z| and the phase angle are represented 
versus the frequency, the first one in double‐logarithmic scale and the second in semi‐loga‐

rithmic scale.

These impedance spectra can be ascribed to the typical behavior of porous thin films deposited 
on metal substrates with high corrosion resistance [21, 31, 32, 46, 47]. In the first approach, 
the single electrical equivalent circuit EEC1 shown in Figure 10a can be used to describe the 
electrochemical behavior of these systems. R

s
 is associated with the resistance of the electrolyte 

sited between the working electrode and the reference electrode. The problem is to assign a cor‐

rect physical meaning to the elements C1 and R2. Respectively, C1 could be associated with the 
coating capacitance or to the double layer capacitance at the base of the pores filled with elec‐

trolyte into the thin film. R2 could be ascribed the ionic resistance of the coating pores impreg‐

nated with electrolyte or to charge transfer of the metal/electrolyte interface at the base of the 
pores. In some cases, the electrical equivalent circuit EEC2 shown in Figure 10b could be more 
convenient to describe the impedance plots of these metal/coating systems [48, 49]. Following 
the notation of the ZView software [49], R

s
 is the solution resistance of the bulk electrolyte. C

coat
 

is the capacitance of the coating. In this case C
coat

 is implemented as a constant phase element 

(CPE). R
coat

 is the resistance of the coating and C
dl

 represents the double layer capacitance of the 
electrolyte/metal surface interface. This capacitance is also implemented as a CPE.

As a representative example, Figure 11 shows fit results obtained by using these two electri‐
cal equivalent circuits and complex nonlinear least‐squares (CNLS) analysis methods. Three 
types of impedance plots are given in Figure 11, i.e.; Nyquist plot (for real and imaginary 
values of IZI), Bode plot (for IZI versus applied frequency) and the other Bode plot (for the 
phase angle versus frequency). This example corresponds to the Ti6Al4V/hydroxyapatite sys‐

tem based on the HA‐1 coating after 1 hour in contact with Kokubo's solution. The fit plots 
generated by the EEC1 and EEC2 electrical equivalent circuits proposed are good. Physical 
meaning of the values of the electrical elements of the corresponding equivalent circuit and 
relative errors in % are also good. Finally, the chi‐squared values (χ2) are also very acceptable 
(9.9 ×10‐4 for EEC1 and 3.9 ×10‐4 for EEC2). It is known that low values of χ2 are related to a 

better quality of the fitting results [31, 32].

However due to the uncertainty associated with the difficult interpretation of the results gen‐

erated by these adjustments and simulations, has been more useful to follow the variations of 

Figure 10. Electrical equivalent circuits used for studying the corrosion behaviour of the Ti6Al4V/hydroxyapatite coating 
system in contact with Kokubo’s solution. One time‐constant circuit (A) and two time‐constant circuit (B).
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the impedance modulus |Z| at the lowest frequency as a function of exposure time of coat‐
ings to the Kokubo's solution. This parameter has allowed to reevaluate systematically the 
results obtained with the impedance measurement.

Table 3 shows the variations of the impedance modulus |Z| at a frequency of 10 mHz with 
the immersion time for Ti6Al4V/hydroxyapatite systems based on the coatings HA‐1 and 
HA‐2, respectively. It can observe from the evolution of the values of the parameter |Z|10mHz 

that both systems show a satisfactory stability when they are tested in a saline solution. 
Particularly attractive was the protective behavior of the HA‐1 coating whose |Z|10mHz values 
remained almost constant during the 30 days of the immersion test. However, for the system 
based on the HA‐2 coating, although very slowly the values of this parameter decrease, down 

Immersion time |Z|
10mHz

 (ohm/cm2)

Coating HA‐1 Coating HA‐2

1 hour 6.60 × 105 7.14 × 105

1 day 6.23 105 5.74 × 105

3 days 7.31 × 105 4.10 × 105

7 days 7.00 × 105 3.26 × 105

15 days 6.07 × 105 2.97 × 105

30 days 6.54 × 105 2.88 × 105

Table 3. Variations of the impedance modulus |Z| for 10 MHz frequency with the immersion time for coatings based on 
the samples HA‐1 and HA‐2, respectively.

Figure 11. Nyquist plots (A), Bode Impedance spectra (B) and fit results obtained by applying the EEC1 and EEC2 
electrical equivalent circuits to a Ti6Al4V/hydroxyapatite system based on the HA‐1 coating after 1 hour in contact with 
Kokubo's solution.
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from 7.14 × 105 ohm/cm2 at the start to 2.88 × 105 ohm/cm2 at the end of the immersion test 

(30 days). This behavior can be ascribed to a slow loss of the protection properties of the 
coating HA‐2 due to the ingress of electrolyte in the coating pores. These results are indi‐
cating that the increase of the control pressure of the CRTA associated with the decrease in 
specific surface (BET) produces an enhancment of the corrosion protection behavior of the 
hydroxyapatite coatings. This means that a high specific surface is good for enhancing the 
adhesion of the preosteoblast cells but provokes a decrease in the corrosion protection of the 
HA coatings. It is necessary to reach a compromise to balance both properties.

4. Conclusion

In the present work, it was demonstrated the effectiveness and usefulness of the CRTA tech‐

nique, for the preparation of crystallization of powders of synthetic hydroxyapatite and thin 
films with different specific surface areas, making this technique attractive for medical pur‐

poses. The purity of the phase of the samples obtained by CRTA was proved by IR spectros‐

copy and XRD. Several temperatures of control for pressure and watchword pressures were 
tested, observing the dependence of the specific surface area to these parameters, making 
possible to obtain surface areas from 14 up to 66 m2/g. It was possible to crystallize pure 
hydroxyapatite at temperature of 100°C of control of the pressure and 300°C as maximum 
temperature. Moreover, the results of this study have also indicated that it was also pos‐

sible to cover commercial Ti6Al4V alloy with these sol‐gel‐derived hydroxyapatite thin films. 
Cytotoxicity tests and corrosion studies showed an improvement for coated surfaces com‐

pared to the base Ti6Al4V alloy. Biocompatibility expressed in terms of adhesion of living 
cells and their spread on coating was also adequate. According to the ISO 10993‐5 standard, 
the system was considered nontoxic. The cytocompatibility test shows that the sol‐gel coat‐
ing did not provoke the cell death significantly higher than the control (p > 0.05). In addition, 
the electrochemical impedance spectra confirm that these sol‐gel coatings show promising 
corrosion protection properties. It can conclude that the sol‐gel process in conjunction with 
the CRTA method can be a viable alternative for the production of crystallized synthetic 
hydroxyapatite thin films and ceramics with controlled specific surface and homogeneous 
distribution of pores, appropriate to be used in bone implantation and other formulations for 
orthopedic surgery.
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