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Corrosion Resistance Evaluation of HVOF Produced Hydroxyapatite and TiO2-
hydroxyapatite Coatings in Hanks' Solution
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The electrochemical behavior of HVOF produced hydroxyapatite (HA) and 80HA-20TiO2 
coatings were investigated using electrochemical techniques in natural aerated Hanks' solution in 
the presence and absence of bovine serum albumin (BSA) for 30 days. All samples presented open 
circuit potential oscillations, which were associated to the porous nature of the coating that allows 
the electrolyte reaches the substrate causing activation - passivation at the bottom of the pores. The 
polarization studies indicated that the 80HA-20TiO2 coating was the only one that showed a narrow 
potential passive region from around -0.4 V to 0 V in the presence and absence of BSA, indicating the 
beneficial influence of the addition of TiO2 to the HA coating stability. Our results indicated that BSA 
in Hanks' solution diminishes the stability of the metallic oxide layer present on the Ti-based alloy 
accelerating the degrading of hydroxyapatites coatings / substrate interface due to its chelating ability.
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1. Introduction

Titanium can be alloyed with other corrosion resistant 
materials in order to improve the corrosion stability of 
titanium 1. Firstly, developed for aerospace industry, the 
Ti-6Al-4V has been extensively used as medical orthodontic 
implants. Once it is bioinert, its osseointegration process is 
too slow and can be improved using a biocompatible coating. 
Hydroxyapatite (HA), a bioactive and osseoconductive material, 
which promotes direct attachment to bone, has been widely 
used for surface improvement of the metallic implants due 
to its great biocompatibility with body fluid, but it lacks of 
good mechanical proprieties 2,3. Its arrangement with other 
compounds such as carbon nanotubes, ceramic or other 
components has been deemed to overcome this weakness 4-6.

Thermal spraying processes are the fastest method to 
deposit HA coatings with good adhesion to the substrate. HA 
coatings prepared by plasma spraying may have problems of 
long-term stability due to their higher degree of porosity, poor 
bond strength, presence of a small amount of amorphous phase 
with non-stoichiometric composition, and non-uniformity 7. High 
Velocity Oxygen Fuel (HVOF) sprayed coatings are attractive 
for corrosion resistance, because they are dense and exhibit low 
oxidation of raw materials compared to coatings obtained by 

other thermal spray processes (plasma or wire arc spray) 8. In 
addition to the good adhesion, these coatings presented positive 
results for bone growing either in vitro or in vivo testing 9-12.

Almost one hundred of works has been published dealing 
with the electrochemical, corrosion and/or mechanical 
properties of HA-based coatings applied on different 
substrates and produced by means of different techniques. The 
electrochemical characterization was largely done by open 
circuit potential (EOCP) measurements and potentiodynamic 
polarization: lineal, Tafel and cyclic polarization 1,7,13-25. 
Tafel and cyclic polarization are good techniques for many 
studies but have the drawbacks to be destructive techniques 
due to the high potential polarization imposed which can 
damage the sample.

However, a small number of studies used electrochemical 
impedance spectroscopy (EIS), and a few of them measured 
the impedance of the HA-Ti and its alloys system for times 
longer than 48 hours immersion 13,18,26, which means that 
the characterization of the electrochemical behavior of 
many HA coatings should be investigated in more detail 
concerning their electrochemical. The EIS has the advantage 
of to be a non-destructive and transient technique, is able 
to separate the resistance of electrolyte from the processes 
occurring at the electrode/electrolyte interface, explores a 
great frequency range allowing to detect events occurring in 
a large time constants interval 27-29. Curiously, works recently 
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published30-33 using plasma spray, microplasma, and vacuum 
cold spray to deposit hydroxyapatite for biological purposes 
have studied different properties, but no electrochemical 
investigation was performed.

The addition of BSA to the Hanks' solution or in any 
simulating body fluids changes the electrochemical behavior 
of metallic implants 15,34,35 mainly due to two effects attributed 
to BSA: adsorption and chelating. The BSA molecules have 
the ability to adsorb on metal surface 35. The adsorption 
of BSA on metallic surfaces makes the rate of the oxygen 
reduction reaction decreases, and consequently, moves the 
open circuit potential to lower values, since the access of 
oxygen to the active sites of the electrode may be hindered. 
Therefore, the rate of the cathodic reaction decreases and 
consequently the open circuit potential also decreases 15, 
which makes smaller the corrosion rate. The local cell theory 
36 has been evoked to explain the passivation o the bottom 
of the pores present in many coatings, but in the presence of 
BSA the local cell theory is still valid, however the chelation 
of calcium from calcium phosphate deposits may avoid the 
surface passivation 15, resulting in enlargement of pores and 
increase of corrosion.

Thus, the aim of this work is to evaluate the corrosion 
behavior of the HA and compare with an 80-20wt% HA/
TiO2 coating, as well investigate the influence of BSA on the 
stability of the coating surface in Hanks' solution providing 
physical models to a fully understand of the corrosion 
progress for 30 days.

2. Experimental Procedure

A Ti-6Al-4V alloy was used as substrate and previous 
the spraying process, it was degreased and grit blasted with 
corundum to get a rough surface with a mean roughness 
around 5 µm, and sufficient anchorage points between the 
sprayed coating and the substrate.

A spherical commercial hydroxyapatite powder, with 
particle size of (31 ± 2) µm and irregular commercial rutile 
powder, with particle size of (31 ± 2) µm were sprayed 
using a HVOF technique by means of a Sulzer-Metco DJH 

2600 HVOF system. Propylene was used as the fuel gas and 
compressed air as carrier gas. Two coatings were obtained: 
pure HA coating and 80-20wt% HA-TiO2, respectively (80-
20). Table 1 shows the spraying parameters used to obtain 
the both coatings and also the thickness of the coatings 
estimated from the cross section SEM images. The estimated 
porosity, obtained from SEM image analysis, was 8 - 12% 
for both coatings. Detectable cracks were also found in the 
SEM images. A grit blasted substrate and the as-sprayed 
coatings were employed as working electrode without further 
surface preparation.

The corrosion resistance of coated and uncoated substrates 
was evaluated by means of electrochemical measurements 
carried out in an 80 mL three-electrode conventional 
electrochemical cell with exposing area of 0.74 cm2 to the 
solution. A commercial Hanks' solution (Sigma Chemical Co., 
pH≈7.4) with and without 4.2 g L-1 of BSA (Sigma Chemical 
Co.) was used as electrolyte. An Ag/AgCl/KCl3M electrode, 
connected to the working solution through a Luggin capillary, 
was used as reference, and a Pt network as auxiliary electrode. 
Open circuit potential (EOCPversus time), linear polarization 
(LP) and cyclic polarization (CP) were performed using a 
PAR EG&G model 263, and electrochemical impedance 
spectroscopy (EIS) measurements were carried out using a 
potenciostat-galvanostat Irvium, model VERTEX equipped 
with an impedance modulus.

For EOCPversus time experiments, the electrode has 
been immersed in Hanks' solution with or without BSA 
and the potential was measured for 24 h in order to reach a 
steady-state value. Afterwards, three LP curves have been 
recorded at 0.166 mV/s with a potential interval of ±20 
mV/EOCP in order to obtain the polarization resistance (Rp) 
values. After the LP measurements, the cyclic polarization 
curves were recorded starting the polarization scan at -0.200 
V/Ecorr, and once +2.0 V/Ecorr was reached, the direction of 
scanning has been reversed, and it has been maintained in 
the cathodic direction until 1 V below the Ecorr. The E-log (i 
/ A cm-2) plots were represented until +1.5 V in the reverse 
scan for practical reasons. The employed scan rate for the 
entire test has been 5 mV/s. Previous studies of coated and 
uncoated TiAlV alloys used scan rates from ~0.1 to 10 mV/s 
to evaluate the corrosion behavior of this system 12,13,18,19, 
and in many studies high anodic potentials were employed. 
For all systems, the results are given based on the geometric 
area, but it is important to mention that the real area can be 
much higher since as-sprayed samples were used without 
surface polishing, and therefore, with a relatively high 
surface roughness.

The electrode was maintained in contact with the solution 
for 24 h and then the EIS experiment was initiated. EOCP was 
measured each 24 h for 30 days immediately before and 
after to conduct each EIS experiment. Both EOCP values were 
similar (3 mV difference). The EIS diagrams were acquired 
for immersion times up to 30 days and performed by applying 

Table 1. Spraying parameters used to build up the coatings and 
coatings thickness.

 HA 80-20

Oxygen (L min-1) 278 265

Propylene (L min-1) 81 81

Compressed air (L min-1) 203 264

Oxygen/propylene (L min-1) 3.96 3.96

Number of layers 7 5

Spraying distance (mm) 240 200

Feed rate (g min-1) 25 25

Tranverse speed (mm min-1) 500 500

Coatings thickness (μm) 117±9 112±15
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a 10 mV (rms) sinusoidal perturbation signal to the EOCP, 
from 1 x 105 to 1 x 10-3 Hz recording 10 points per frequency 
decade. During all process, all working electrodes were 
kept immersed into the study solution. All electrochemical 
tests were performed at 37 ºC. All experimental data were 
tested for consistency with the Kramers-Kronig transform, 
and only those points passing the test are presented and 
discussed in the paper.

Scanning electron microscope (SEM) images were 
acquired before and after the potentiodynamic polarizations 
using a Jeol JSM-840 equipment.

3. Results and Discussion

3.1 Open circuit potential and polarization 
studies

Although the majority of studies only employed short 
periods of open-circuit before initiating the electrochemical 
measurements, it has been considered more appropriate to 
wait for 24 hours, since the studied materials did not show 
a stabilization of the electrode/solution interface for shorter 
times of immersion. Similar behavior was recently observed 
for HA-based coatings deposited by plasma sprayed technique, 
and the electrochemical measurements were performed only 
after 24 hours of immersion 22.

Open circuit potential versus time curves representative 
of freshly as-grit blasted bare and as-sprayed Ti-6Al-4V alloy 
(HA and 80-20)-coated samples in contact with naturally 
aerated and unstirred Hanks' solution with and without BSA 
in solution for 24 hours and at 37 ºC are depicted in Figure 1.

All samples presented some small potential oscillations, 
which are normally associated to activation - repassivation 
process (pit formation may also cause oscillation, but here no 
pits are formed) or the presence of porous film. The presence 
of pores, in the coating system, is probably the main reason 
for potential oscillations and also for their lower open circuit 
potential compared to the uncoated samples. Corrosion 

with simultaneous fretting studies 37 also demonstrated 
that the potential oscillations can be generated by applying 
and removal load under rubbing due to the removal of the 
passive oxide layer, generating an activation-repassivation 
process. Furthermore, according to literature 25, thick HA 
coatings showed large potential variations, that in fact can 
also be observed in our results, owing to the existence of a 
diffusion path inside the coating, it means porosity 13.

The bare electrode presented the highest EOCP value 
since this surface spontaneously developed an oxide film. 
The uncoated sample, in the absence of BSA showed a 
rapid increase of the potential at initial times of immersion 
and tended to reach an almost steady-state value at around 
-0.17 V. Milosev and co-workers mentioned that the oxide 
layer on top of TiAlV is mainly to TiO2 with small amount 
of TiO and Ti2O3 near the metal/oxide interface, and that 
Al as Al2O3 and V oxides with different oxidation states 
can also be present in TiO2 matrix 38. Moreover, Cheng and 
Roscoe, and Pouilleau and co-workers concluded that freshly 
Ti surfaces exposed to air spontaneously form thin metallic 
oxide film also composed of TiO, Ti2O3 and TiO2, the last 
in contact with the solution 15,34. A similar behavior must 
occur when freshly TiAlV alloy is placed in contact with air. 
After the electrode immersion into the solution, the metallic 
oxide film grows increasing the corrosion resistance, which 
decreases the rate of anodic current reactions and move the 
open circuit potential to more positive value. As consequence, 
the cathodic reaction rate decreases and the resulting open 
circuit potential (resulted from both anodic and cathodic 
reactions) may achieve an almost stable potential value.

In the presence of BSA, the potential also reached ~-0.17 
V very fast, remained at this value up to around 5.5 h, then 
decreased and tended to stabilize around -0.22 V. The result 
suggests that some modification on the electrode surface 
occurred, probably by modifying the cathodic reaction rate 
as already observed 15. The rate of the oxygen reduction 
decreased, which moved the open circuit potential to lower 
values, if the access of oxygen to the active sites of the 
electrode was hindered. It can occur due to the ability of BSA 
in being adsorbed on metal surfaces 35, which could difficult 
the access of dissolved oxygen to the electrode surface. On 
the other hand, the chelating ability of BSA towards metals 
ions could increase the anodic reaction rate which also would 
increase the metal dissolution. The effects of BSA on both 
anodic and cathodic processes lead to a more negative open 
circuit potential in the presence of BSA 15.

The deposition of HA on the Ti-6Al-4V shifted the EOCP 
to more active values in the following order: bare Ti-6Al-
4V > 80-20 > HA.

For HA-coated samples the potential increased up to 
around 6 h immersion, then decreased slowly to reach 
an almost stable potential value at around -0.35 V in the 
presence and absence of BSA after 24 hours immersion. It 
would be expected that HA, an inert material, when applied 

Figure 1. Open circuit potential vs. time curves for studied samples 
in non-deaerated and unstirred Hanks' solution at 37 ºC, with and 
without BSA for 30 days of immersion.
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on the substrate surface will move the EOCP to nobler values 
7,14,16-18,25,39,40. This behavior can be explained because of the 
dissolution of the amorphous phase that occurred in these 
coatings during the first 24 hours and produced an increase 
of the porosity as time goes by 41. The electrolyte may then 
achieve the substrate across the coating, forming a local cell, 
according to Lavos-Valereto and co-workers 36, that induced 
the latter corrosion. The formation of local cells has been 
evoked to explain the higher activity of surfaces covered 
with porous film or coatings whereas proton is formed by 
a corrosion reaction of the substrate (Ti for instance) with 
water on the bottom of the pore; the pH decreases locally 
due to the fact that H+ is almost closed at the interface due 
to the difficulty to go away; and in a second step the proton 
dissolves the HA near substrate/HA interface, probably 
beginning by the dissolution of the amorphous phase 42.

The EOCP of the 80-20 sample stabilized at around -0.22 
and -0.32 V in the absence and presence of BSA, respectively. 
In our case the sample 80-20 has around 14% and the 
HA around 20% of amorphous phase, which can produce 
lower quantity of protons in the local cells resulting in a 

higher potential compared with HA sample. On the other 
hand, we must also consider the increase of the EOCP by the 
contribution of the 20wt%TiO2 present onto the surface of 
the 80-20 sample.

Both 80-20 and HA samples immersed in BSA-
containing solution presented lower EOCP values than their 
correlates immersed in Hanks' solution. The hypothesis of 
the formation of local cells, mentioned above, is still valid 
in the presence of BSA. Adsorption and chelating effects 
of BSA must be now considered. As BSA adsorbs on the 
coating surface, it is probable that some active sites of the 
oxide surface are less accessible to the oxygen and/or the 
amount of oxygen inside the pores of the coatings decreases. 
It polarizes the cathodic reaction, resulting in a decrease of 
the open circuit potential. The negative charge on the BSA 
could also decrease the potential value of the electrode/
solution interface. The BSA could avoid the passivation of 
the substrate by chelating effect according to Cheng and 
Roscoe results 15. They found that the presence of BSA 
in PBS solution moved the EOCP to negative values due to 

Figure 2. SEM images of 80-20 sample (A) as-sprayed and before immersion, and B, C and D, respectively, after 1, 7 and 28 days of 
immersion in non-aerated and unstirred Hanks' solution without BSA.
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the chelating effect of the protein for calcium phosphate 
deposits prepared on Ti.

In order to know the electrochemical behavior of the 
uncoated and coated samples and the influence of BSA on 
the stability of the coatings, the EOCP was measured each 
24 h for 30 days (Fig. 1C). The sprayed coating layer of all 
samples was degraded after 30 days of immersion in Hanks' 
solution, remaining on the surface a thinner and porous layer, 
probably, containing natural apatite. The 80-20 sample was 
the lesser deteriorated during the test. It has been noticed 
that the starting EOCP values were slightly different from the 
previous one. This difference was attributed to the fact that 
there was some time delayed carrying out the tests.

Figure 1C shows that all the samples have similar EOCP 
values in the absence of BSA in solution, with small regular 
fluctuations of the EOCP value for HA. These fluctuations are 
due to the dissolution-precipitation of the HA. During the 
dissolution of the HA, the local cells are actives and the alloy 
repassivation does not take place. Unlike, when apatite is 
depositing allows the system to repassivate.

According to our hypothesis, the EOCP values of the 
80-20 must evolve to the potential of the bare sample. This 
can clearly be seen for longer immersion times. At shorter 
times two opposite effects are taking place. One is the 
dissolution of the HA, being faster for the amorphous HA 
enhancing the local cells, and the other is the passivation of 
the substrate. Once the dissolution-precipitation of the HA 
reached equilibrium state the passivation of the substrate 
was measured, which gave the same EOCP value as the bare 
sample. Also, small potential fluctuations were observed for 
80-20, which were attributed to the dissolution-precipitation 
of HA, as in the case of HA sample.

The dissolution-precipitation of the HA can be followed 
in Figure 2. Figure 2A shows the free surface of the 80-20. 
The roughness of the surface corresponds to the deposition 
technology we used (around 4 µm). Figure 2B shows a less 
rough surface indicating that the dissolution and precipitation 
of freshly HA was taking place. The growing of this HA was 
clearly seen after 7 days of immersion (Fig. 2C). Several days 
later (28 days), a mixture between deposition and dissolution 
of HA was visible on the surface (Fig. 2D).

A continuous and slow decrease of the EOCP values was 
observed for all samples when BSA was present. The chelating 
effect of the BSA plays now a key role in controlling the 
EOCP values. Once the metallic oxide layer was dissolved, it 
could not be completely reconstructed because the metallic 
ions were captured by the chelating effect of BSA 15. This 

chelating effect was much more pronounced for the bare 
metal than for the coated samples. On the other hand, we 
must still consider that the other effects explained before 
(dissolution-precipitation of HA) are still present and clearly 
seen in Fig. 1C.

Rp and Ecorr values obtained from LP experiments after 24 
h of immersion are in Table 2. The corrosion potential did not 
show many differences with EOCP values, mainly due to the 
low scanning velocity employed. The polarization resistance 
is expected to be inversely proportional to the tendency to 
corrode, and gives an extra value that corroborates the results 
obtained by open circuit potential tests.

The presence of BSA in solution seemed that it did not 
have any effect on the corrosion resistance for TiAlV and 
80-20 samples, but for HA sample, BSA increased Rp (at 
24 h). The adhesion of the protein onto the surface of the 
coating might decrease the dissolution rate of the amorphous 
HA does decreasing the number of local cells, which slightly 
improved the Rp value. However, this value was still much 
lower than those for bare and 80-20 samples.

Cyclic polarization technique, after 24 h, enabled to 
overview the electrochemical behavior of bare and coated-Ti-
based alloys in a large potential window (Fig. 3). The anodic 
current increased with increasing potential, but without a 
sharp and steady increase in the anodic current typical in 
pitting attack, and in the reverse scan the current density was 
always lower than in the direct one, which is characteristic of 
a more passivated system. Kwok et al. 12 found similar results 
by polarizing the HA-coated TiAlV electrodes fabricated by 
electrophoretic deposition up to 4 V/SCE and also Sousa 

Table 2. Rp, Ecorr values for grit blasted TiAlV and as-sprayed HA-coated samples obtained after 24 h immersion in Hanks’ solution 
without and with 4.2 g L-1 of BSA, at 37 °C.

  
TiAlV HA 80wt%HA-20wt%TiO2

without BSA with BSA without BSA with BSA without BSA with BSA

Rp/kΩ cm2 721±58 673±75 107±25 224±46 335±37 328±16

Ecorr/V -0.156±0.024 -0.189±0.045 -0.351±0.006 -0.365±0.008 -0.235±0.005 -0.335±0.003

Figure 3. Cyclic polarization curves for the studied samples obtained 
in non-deaerated and unstirred Hanks' solution in the absence and 
presence of 4.2 g L-1 BSA, at 5 mV s-1 and 37 ºC.
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and Barbosa 25 who polarized the coating up to 3 V/SCE. 
The results shown in Fig. 3 agree with our hypothesis. The 
curve for the bare sample exhibited higher anodic current 
once the BSA was present in the solution, thus confirming 
the influence of the chelating effect. On the other hand, 
the current intensity of HA sample moved to lower values 
indicating that BSA was only blocking the surface of the 
HA and the chelating effect was negligible. However, Fig. 
3C shows that there is no significant change in the current 
intensity for 80-20 sample. This behavior was attributed to 
the competition between the chelating and the adsorption 
effects. A small passivated zone was present, probably due 
to the presence of TiO2 in the coating.

3.2 Electrochemical impedance studies

Figure 4A shows the experimental complex plane and 
Bode-phase angle diagrams for the 80-20 sample immersed 
in Hanks' solution as representative of the coatings studied. 
This sample was chosen because, as far as the authors know, 
studies with this composition were not found in literature. EIS 
diagrams of substrate were also performed for comparison 
and are shown in Figure 5.

The 80-20 sample did not present substantial changes 
in its capacitive loop (Fig. 4A). In phase angle diagram 
(Fig. 4B) two time constants were observed at the region 
from the medium to low frequencies (MF/LF): one time 
constant related to the dielectric proprieties of the coating 
at the MF domain and another at the LF region related to 
the interfacial processes. The phase angle at MF is around 
-60º and decreased mainly up to 6 days. As mentioned above 

Figure 4. Experimental complex plane and Bode plots for 80-20 sample in non-aerated and unstirred Hanks' solution without BSA for 30 
days of immersion at 37 ºC: (A) complex plane plots; (B) Bode - phase angle vs. log f and impedance modulus vs. log f plots.

Figure 5. Experimental complex plane and Bode plots for bare substrate in non-aerated and unstirred Hanks' solution without BSA for 
30 days of immersion at 37 ºC: (A) complex plane plots; (B) Bode - phase angle vs. log f and impedance modulus vs. log f plots.
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the phenomenon occurring is the dissolution-precipitation of 
hydroxyapatite to reach equilibrium, but as it will be seen 
coating was strongly damaged at the end of experiments due 
to the dissolution process, which made the influence of the 
coating to decrease as the immersion time increased. The 
time constant at low frequency (around 5 mHz) moved to 
higher frequency for long immersion times, indicating that 
the charge transfer process was facilitated probably due to 
the dissolution of the hydroxyapatite.

The bare substrate (Fig. 5) did not display significant 
changes on its capacitive loop (Fig. 5A) and its impedance 
modulus as well (Fig. 5B). The evolution of that system 
with time is demonstrated, for instance, by the changes in 
the Bode diagrams phase angle (Fig. 5B). It was observed a 
small decrease in the phase angle value at around 1 Hz while 
a slightly increase was seen at around 1 mHz. The frequency 

range with a high capacitive feature was lower than that for 
titanium (material to be passivated easily), probably due to 
the dissolution of Al and V alloying elements, which was 
indicated by a decrease of the phase angle value at very 
low frequency.

The complex plane plots of the HA sample (Fig. 6A) 
showed a gradual grow of the capacitive loop which could 
be related to development of oxide at the bottom of the 
coating pores, already discussed above. This was also 
indicated in the Bode plots (Fig. 6B), in which two distinct 
time constants were displayed and were attributed to the 
same phenomena as in the case of 80-20 sample. As time 
elapse, the phase angle of the LF time constant increased 
till it reached values similar to the bare substrate response 
at long immersion times.

Figure 6. Experimental complex plane and Bode plots for HA sample in non-aerated and unstirred Hanks' solution without BSA for 30 
days of immersion at 37 ºC: (A) complex plane plots; (B) Bode - phase angle vs. log f and impedance modulus vs. log f plots.

Figure 7. Impedance diagrams for 80-20 sample in non-aerated and unstirred Hanks' solution with 4.2 g L-1 BSA for 30 days of immersion 
at 37 ºC: (A) complex plane plots; (B) Bode - phase angle vs. log f and impedance modulus vs. log f plots.
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Figure 7 shows the experimental EIS diagrams for 80-20 
sample immersed in Hanks' solution with 4.2 g L-1 BSA. 
For 80-20 sample, the complex plane plots showed higher 
capacitive loop in the presence of BSA (Fig. 7A) than in its 
absence (Fig. 4A), indicating an increase in the impedance of 
the system. Previous work 18 have considered that the presence 
of BSA could increase the corrosion resistance of the system 
due to its adsorption on the coating and metal surface 35, at 
least at short times, where the hydroxyapatite layer was not 
dissolved yet. When the system was polarized during the 
cyclic polarization experiments after 24 h of immersion, it was 
observed lower current density for a large potential interval 
in the presence of BSA for both 80-20 and HA samples (Fig. 

3), but a decrease of resistance at around the open circuit 
potential for freshly prepared samples (Table 2). The samples 
used for impedance studies were stored at room conditions 
before tests which might developed more resistant oxide film 
at the bottom of the pores compared to the freshly prepared 
samples. Therefore, it is possible that the expected chelating 
effect around the open circuit potential is less important than 
the effect of BSA adsorption on the coating, which may lead 
to an increase of both the impedance and, consequently, a 
decrease of the current or corrosion. In phase angle diagrams 
(Fig. 7B) three frequency regions could be identified. At 
high frequency (region 1) a time constant appeared after 3 
days of immersion and increased its influence with time up 

Figure 8. Impedance diagrams for bare electrode in non-aerated and unstirred Hanks' solution with 4.2 g L-1 BSA for 30 days of immersion 
at 37 ºC: (A) complex plane plots; (B) Bode - phase angle vs. log f and impedance modulus vs. log f plots.

Figure 9. Impedance diagrams for HA sample in non-aerated and unstirred Hanks' solution with 4.2 g L-1 BSA for 30 days of immersion 
at 37 ºC: (A) complex plane plots; (B) Bode - phase angle vs. log f and impedance modulus vs. log f plots.
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to 12 days and shifted to lower frequency for t > 18 days, 
suggesting that the adsorption of BSA is time-dependent. 
The other phenomenon is the dissolution-precipitation 
mainly of amorphous hydroxyapatite during the first hours of 
immersion. Region 2 was attributed to hydroxyapatite layer 
and for t > 18 days both 1 and 2 regions merger each other. 
In region 3, the interfacial processes emerged and was more 
evident for longer times as a consequence of the damaging 
of hydroxyapatite layer. The comparison of Figs. 4E and 7E 
indicated that the interfacial processes were anticipated by 
the presence of BSA mainly for longer times, which could 
be related to the increase of the chelating effect. The last 
one is known to accelerate the hydroxyapatite dissolution 
15. The modulus of impedance versus frequency (Fig. 7B) 
shows the same tendency observed for phase angle plots.

EIS diagrams for the titanium alloy immersed in Hanks' 
solution with 4.2 g L-1 BSA are shown in Fig. 8. Complex 
plane diagrams (Fig. 8A) show very high impedance which 
decreases with immersion time and suggest the presence of 
one time constant. The phase angle plot for the bare substrate 
(Fig. 8B), in the presence of BSA, displayed overlapped time 
constants pointing to a competition between adsorption / 
chelating effects of BSA, which may accelerated interfacial 
process for longer times due to the increase of the chelating 
effect mainly relating with trapping of vanadium ions 43. 
However, it presented a decrease of the capacitive loop 
(Fig. 8A) after 12 days of immersion characteristic of an 
activation of the surface by the enlargement of the pores 
due to chelating effect removing the alloying elements and 
avoiding thickening of the titanium oxide layer. In the same 
direction, the modulus of impedance versus frequency (Fig. 
8C and 8F) shows a slightly decrease of impedance at low 
frequencies mainly for immersion times > 12 days.

EIS diagrams for the hydroxyapatite coating immersed 
in Hanks' solution with 4.2 g L-1 BSA are shown in Fig. 9). 
Complex plane diagrams (Fig. 9A) show impedance values 
lower than the substrate and the 80-20 samples probably due 
to the high chelating effect of BSA. For the same reason the 
modulus of impedance versus frequency (Fig. 9B) show a 
more pronounced decrease of impedance than the others at 
low frequencies. Hydroxyapatite coating displayed at least 
2 time constants, one related to coating response (MF) and 
the other to the interfacial process at metal surface (LF) (Fig. 
9B). After 3 days of immersion, they evolved to overlapped 
time constants resembling the substrate response. Then, after 
14 days the HF phase angle decreased and another time 
constant appeared at MF pointing that something might 
be covering the exposed area. The gradual increase of the 
solution resistance could be related to the change in the 
ionic strength 18 with the high dissolution of hydroxyapatite.

The observation of the samples surface after 30 days 
of immersion showed that HA coating in the presence and 
absence of BSA and HA-TiO2 coating in the presence of 
BSA were strongly damaged mainly at the top and at the 

coating/substrate interface. The HA-TiO2 coating in the 
absence of BSA in solution became highly porous with 
the coating/substrate interface corroded as shown in Fig. 
6. In that image is possible to see the depth difference 
between different regions of the sample, pointing to higher 
dissolution of the coating in some areas. These miscarried 
areas in addition of the cracks into the coatings corroborate 
the EIS experimental data, since the coating response did 
not appear for long immersion times, and typically lost 
influence with time.

Two main processes are mainly present in these coatings, 
but with different intensity depending on the coating and/
or the presence of BSA: the dissolution-precipitation 
of amorphous HA phase is more significant at the short 
immersion period and an equilibrium seems to be reached 
after some time, but with some damage of the coating, 
indicating that the addition of TiO2 increases the stability 
of HA; the presence of BSA in solution put in evidence the 
chelating effect which increases the HA dissolution and 
accelerates the damage to the coating. As consequence of 
this dissolution, at the end of the test (around 30 days) the 
bare electrode features domain the electrochemical response 
mainly for HA sample, and the solution becomes cloudy 
due to the presence of hydroxyapatite into the solution. For 
the HA sample, after 28 days of immersion precipitates are 
visible at the bottom of the cell. As the working electrode 
is horizontally placed at the bottom of the electrochemical 
cell, it is possible that some deposit is formed at the surface 
increasing the impedance of the system. By obvious reason 
the coatings thickness were not measured after 30 days of 
test in Hanks´solution.

4. Conclusions

The results obtained for HVOF produced hydroxyapatite 
coatings in Hanks' solution for 30 days of immersion allow 
drawing the following conclusions:

 - The HA-TiO2 coating (80-20 sample) was the only 
one that showed a clear passive region from around 
-0.4 V to 0 V vs. Ag/AgCl/KCl3M in the presence and 
absence of BSA, indicating the beneficial influence 
of the addition of TiO2 to the HA coating stability.

 - The HA coating is strongly damaged due to 
dissolution-precipitation process with immersion 
time and after 18 days in the absence and 6 days 
in the presence of bovine serum albumin (BSA) in 
Hanks' solution, it lost influence on the impedance 
response, resemble the bare substrate behavior.

 - The addition of TiO2 to the HA coating delayed 
the HA dissolution, increasing the coating stability. 
The influence of the coating on the EIS diagrams 
disappeared after 18 days for HA and after 24 days 
of immersion for 80-20 sample.
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 - In the presence of BSA in Hanks' solution the 
addition of TiO2 to the HA coating delayed the 
influence of the coating in EIS diagrams from 6 
days for HA to 24 days for HA-TiO2 coatings.

 - Our results also indicated that BSA in Hanks' 
solution diminishes the stability of the metallic oxide 
layer present on the Ti-based alloy and accelerates 
the hydroxyapatites coatings dissolution mainly for 
longer immersion times.
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