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Surface Finishing and Shape Effects on Corrosion Resistance of Ti-6Al-4V Alloy in the 
Simulated Body Fluid

R.C. Souzaa, * , C.A.R. Maestroa, S.L.M. Ribeiro Filhoa,c, S. Clemascoa, B.A.F. Santosa , 

M.E.D. Serenárioa, A.M. De Sousa Malafaiaa , I.N. Bastosb , L.C. Brandãoa , A.H.S. Buenoa 

aUniversidade Federal de São João Del-Rei (UFSJ), Departamento de Engenharia Mecânica e 
Industrial, Campus Santo Antônio, Praça Frei Orlando, 170, Centro, 36307-352, São João Del Rei, 

MG, Brasil.
bUniversidade do Estado do Rio de Janeiro (UERJ), Instituto Politécnico (IPRJ), Rua Bonfim, 25, 

28625-570, Nova Friburgo, RJ, Brasil.
cInstituto Tecnológico de Aeronáutica, Divisão de Engenharia Aeronáutica e Mecânica, São José dos 

Campos, SP, Brasil.

Received: October 20, 2021; Revised: June 01, 2022; Accepted: June 05, 2022

Pure titanium and various alloys, such as Ti-6Al-4V, are widely used as biomaterials. In this 
application, surface finish conditions, topography, and surface reactivity determine excellent cellular 
adhesion and osseointegration characteristics. The study evaluated the influence of four surface 
finishing treatments (sanding #120, 600, 1200, and polished with 3 µm alumina paste) and three 
shapes (concave, convex, and flat) on the corrosion resistance of Ti-6Al-4V at 37 °C in simulated 
body fluid (SBF) through potentiodynamic polarization and electrochemical impedance spectroscopy. 
The SBF’s ionic composition allowed the formation of a stable passive layer with a low presence of 
pores on the surface. In addition, the combination of polished surface and convex shape showed the 
best electrochemical passive behavior.
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1. Introduction
Biomaterials is often necessary to reconstruct or replace 

structures like bone and cartilaginous tissue damaged by internal 
or external diseases or traumas. As much as biomaterials are 
considered inert, they cause biological responses related to 
success in the post-implantation period. Simultaneously, 
the organism can cause wear or corrosion at the implanted 
material1,2. Thus, it is expected that a biomaterial has good 
mechanical properties, osseointegration, and high resistance 
to corrosion and wear, in addition to being non-toxic and 
not causing rejection by the adjacent tissue2-4.

Titanium and its alloys are one of the most widely 
used metallic materials as biomaterials. The reasons are its 
relatively low specific mass and low elastic modulus, high 
corrosion resistance, inertness in the body environment, 
high biocompatibility, and excellent interaction with 
body tissues5-7. This high biocompatibility is related to a 
TiO2 passive film that spontaneously forms on the metallic 
surface when exposed to air. Moreover, if the film breaks 
and exposes the bare material to a corrosive environment, 
it can be quickly repassivate5. Titanium and its alloys can 
be classified, regarding their microstructures, as α, near-α, 
(α + β), and β. For example, Ti-6Al-4V is the most widely 
used titanium alloy in bioapplications and has the structure 
α + β, where the alpha phase is stabilized by the aluminum 
and the beta phase by the vanadium8.

Despite its wide application as a biomaterial, the 
localized corrosion such as pit is the main responsible for 
the compromised biocompatibility of the Ti-6Al-4V alloy9. 
Once corrosion of the material occurs, toxic aluminum or 
vanadium ions can be released, causing inflammation that can 
loosen the implant or even trigger neurological diseases6,10-12. 
The pits are characterized by a localized occurrence and 
are challenging to predict, as they require a long period of 
initialization13. Besides directly influencing the mechanical 
properties, the material’s surface finish is related to the 
material’s corrosion resistance. The polarization curves 
obtained by Cheng and Roscoe14 for the different surface 
roughness of commercially pure titanium show that for 
potential below 1.7 V (SCE), the current density decreases 
with the reduction of surface roughness, i.e., the corrosion 
resistance increases with roughness decrease. It is worth 
mentioning that these results may vary according to the 
solution used since the solution’s ionic composition also 
influences the formation of the passive protective layer.

Another essential characteristic of the implants is their 
shape. Several shapes are found regarding implants that 
can be flat, circular, screw thread, concave, and convex6, 
being an important characteristic during materials selection 
for medical devices products15. Geometric characteristics, 
such as concave and convex, can be related to different layer 
formations in metallic materials, as was observed by the 
galvanized steel studied by McMurray et al.16. The shape also * e-mail: rhuanmecufsj@gmail.com
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influences the titanium passivation mechanisms, as detailed 
by Gai et al.17. The authors reported that for different shapes, 
the mass transport of dissolved oxygen is faster in convex 
surfaces than in concave ones. Moreover, the shape of parts 
produced by machining alters the surface residual stress 
that affects the film of passive alloys. Furthermore, related 
to biological response, it was demonstrated that concave 
surfaces are better for cell growth and tissue regeneration 
than convex and flat surfaces18.

Considering the importance of surface finishing and 
geometric shapes on biomaterials area and the lack of studies 
evaluating corrosion response in concave and convex surfaces, 
the purpose of this study was to evaluate the influence of these 
characteristics on the corrosion resistance of Ti-6Al-4V alloy 
at 37 °C in simulated body fluid. The samples were prepared 
with four surface finishes, obtained by sanding/polishing, 
and three shapes obtained by milling. The electrochemical 
characteristics were evaluated by potentiodynamic polarization 
and impedance tests.

2. Methodology

2.1. Materials and metallographic 
characterization

Square-shaped samples of Ti-6Al-4V, with 15 mm sides 
and an exposed area of approximately 2.3 cm2 were used 
for microstructural characterization and electrochemical 
corrosion tests. First, the solubilized sample was sanded using 
SiC papers (until #1200) and polished with 3 µm alumina 
paste for surface characterization. Then, the samples were 
cleaned with isopropyl alcohol and distilled water under 
ultrasound stirring for 3 minutes. Subsequently, the samples 
were dried and etched for 5 seconds at room temperature by 
immersion in a solution containing 2% hydrofluoric acid (HF) 
and 10% nitrite acid (HNO3) to reveal the microstructure. 
After the etching, the sample was characterized by optical 
microscopy using an Olympus microscope, model BX51, 
and x-ray diffraction (XRD) using Cu-Ka radiation and 
2𝜃-angle scanning from 20 to 80o.

The samples were divided into two groups regarding 
surface finishing and surface shape for the polarization and 
impedance electrochemical tests. First, a group aimed to 
evaluate the influence of surface finishing treatments on the 
material’s corrosion resistance. Thus, the sample’s surfaces 
were prepared in four conditions: sanded, using SiC papers 
up to 120, 600, #1200, and polished with 3 µm alumina paste.

The objective of the other group was to evaluate the 
influence of the sample shape on corrosion resistance. 
The samples were milled in Romi Discovery 560 vertical 
machining center with a 40  m/min cutting speed and a 
0.05 mm/rot feed. These parameters were kept constant, and 
three surfaces were generated: flat, concave, and convex. 
Figure 1 shows the schematic drawings of the shape profiles 
generated. After milling, the samples were polished with 
SiC sandpaper (#500) to standardize the surface finish. 
For both groups, the samples were electrochemically tested 
immediately after surface preparation.

2.3. Electrochemical tests
Potentiodynamic polarization tests were used to analyze 

the current density from the potential scanning, based on the 
ASTM G5-94 standard19. The tests were performed in an 
Autolab Multi Potentiostat model PGSTAT101, using a flat 
cell with a platinum net as a counter-electrode, a saturated 
calomel reference-electrode (SCE), and the titanium alloy 
as the working-electrode. The potential scan rate was 
0.33 mV/s. The electrolyte was the simulated body fluid (SBF) 
maintained at 37 °C. The solution was produced according 
to the reference20, and its composition is shown in Table 1. 
The current density is expressed by the parameter j.

The electrochemical impedance spectroscopy (EIS) was 
performed in the same cell described for the polarization test, 
with SBF solution at 37 °C. Initially, the samples were kept 
in solution for 3600 seconds, and then the corrosion potential 
(Ecorr) was determined. The analyses were performed at the 
corrosion potential with a frequency scanning range from 
100  kHz to 10  mHz and an rms voltage perturbation of 

Figure 1. Surface shape obtained by milling: a) flat, b) concave, c) convex.

Table 1. Chemical composition necessary to prepare 1000 mL of 
simulated body fluid (SBF). Adapted from20.

Addition 
sequence Chemical Quantity

(g) Purity (%)

1 NaCl 8.035 99.5

2 NaHCO3 0.355 99.5

3 KCl 0.255 99.5

4 K2HPO4.3H2O 0.231 99.0

5 MgCl2.6H2O 0.311 98.0

6 HCl (1.0 mol/L) 39.0 mL -----

7 CaCl2 0.292 95.0

8 Na2SO4 0.072 99.0

9 (CH2OH)3CNH2 6.118 99.0
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10 mV. All electrochemical tests were performed in triplicate. 
The potential was referred to SCE. The electrochemical 
impedance diagrams were fitted by the equivalent electric 
circuit of Figure 2 that considers the passive film has defects 
expressed by two constant phase elements (CPE) parallel 
to resistances besides a serial electrolyte resistance (Re). 
The software NOVA 1.11.2, with the Randomize plus Simplex 
methods, was used to fit the diagrams.

Analysis of variance (ANOVA) was used to determine 
the significance of the shape and surface quality factors 
of the passivation current density of the Ti-6Al-4V alloy. 
The results of one-way ANOVA in the average of the 
corrosion potential (Ecorr) and current density (measured 
at 0.500 V SCE) variables. The p-value specifies the least 
significant level that would lead to the rejection of the null 
hypothesis. When the p-values are less than or equal to 
0.05 (95% interval of confidence), the factors significantly 
affect the response model. R2 coefficient indicates how well 
the variability of the observed electrochemical responses can 
be explained by the independent variables (shape and surface 
finishing). Thus, when the R2 approaches 1, the prediction 
of the passivation rate is more accurate.

Darling’s normality test was used to estimate the normal 
distribution of the residuals of the electrochemical responses. 

This statistical output verifies the adequacy of the model. 
In this case, p-values greater than 0.05 (95% interval of 
confidence) reveals that the residual of the Ecorr and current 
density (at 0.500 V  SCE) follows a normal distribution, 
validating the ANOVA procedure.

3. Results and Discussion

3.1. Microstructure and surface characterization
Table 2 shows the surface roughness (Ra and Rz) of the 

samples after the different surface finishes studied, and Figure 3a 
presents the microstructure after metallographic etching. 
The Ti-6Al-4V alloy consists of alpha α/beta β microstructure, 
resulting in diverse morphologies. The microstructure 
consists of equiaxial alpha (white phase) as matrix and 
spherical beta particles (black phase). The amount of the 
alpha phase and the morphology of the beta phase are related 
to the manufacturing process or heat treatment used21 and 
influenced the mechanical properties. Figure 3b depicts the 
XRD data that reveals the Ti-alpha hexagonal phase and a 
small amount of Ti-beta body-centered cubic phase.

3.2. Corrosion test for different surface finishing
Figure 4 shows the titanium alloy’s anodic polarization 

curves for the four surface conditions (sanded up to 120, 
600, #1200; and polished). The alloy showed spontaneous 
passivation behavior for all surface finish conditions with 
a passivation domain. Hence no pitting was observed in the 
anodic potential up to 1.5 V SCE. This behavior suggests 
the formation of a passive film on the surface. These 
results are then in line with the study of Sharma et al.13, 
which demonstrates that the oxidizing nature of the SBF 
solution favors a stable passive behavior. Moreover, the 

Figure 3. Microstructure (a) and XRD data to phase identification (b).

Figure 2. Equivalent circuit for EIS measurements of Ti-6Al-4V 
alloy tested electrochemically in SBF.

Table 2. Surface roughness (Ra and Rz) of the samples after different 
surface preparation.

Sample condition Ra (µm) Rz (µm)
#120 1.37 ±0.03 8.77±1.86
#600 0.17±0.01 1.27±0.15
#1200 0.08±0.01 0.83±0.05

Polished 0.08±0.05 0.7±0.1
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presence of calcium and phosphate ions in supersaturated 
concentration22,23 could improve the corrosion resistance of 
the samples in this environment.

As the anodic polarization indicated a passive behavior, 
the passive current density was evaluated at 0.500 V SCE. 
This potential is in the onset of the passivation range and 
gives the passive current density for all surface conditions. 
Table 3 exhibits the measured pH, the Ecorr values, and 
passive current density at 0.500 V SCE for the evaluated 
conditions. The pH values showed negligible differences, 
hence the adjustment with HCl suggested by Kokubo and 
Takadama20 was not performed.

For finishing conditions with sandpaper #120, 600, and 
1200, the Ecorr values ranged from ca. -0.34 to -0.21 V SCE. 
The polished surface showed a more negative Ecorr value 
(-0.432 V SCE). However, it presented the lowest passive 
current density (3.23×10-8 A/cm2) concerning the other 
sanded surfaces (in the range 6.0×10-8 A/cm2). Moreover, 
the lower Ecorr value suggesting the polished sample could 
present higher initial corrosion susceptibility. However, the 
samples with higher roughness presented higher current 
density, demonstrating that surface integrity influences the 
corrosion resistance as observed by other authors13,24-26. 
For instance, Chi et al.25 concluded that a smooth surface 
(polished surface) could exhibit lower corrosion potential, 
although it favors the passive film formed on the surface. 
The solution pH has no significant variation and indicates 
the anodic and cathodic processes are low, as expected for 
a passive alloy.

Figures  5  and  6 depict the diagrams of Nyquist and 
Bode, respectively, in the SBF solution. Table 4 shows the 
simulated EIS equivalent circuit parameters for different 
surface finishes. The capacitive semicircles observed in 
Figure 5 are similar for the four surface conditions, and they 
may be related to the passive film. Moreover, micro defects 
in the oxide film structure produced distorted semicircles, 
allowing the contact of the solution with active regions of 
the material. Thus, the film needs to reestablish itself on 
these failures25. In the polished sample, the capacitive arc 
reached the highest values among the conditions evaluated, 
suggesting a greater protective capacity of the formed film 
and corroborating potentiodynamic polarization results 

(Figure 3). The higher resistance observed for the polished 
surface at high frequency indicates more resistive film since 
the electrolyte is constant.

In Figure 5, there is a tendency to reduce the capacitive 
arc with increasing roughness. In accordance, some 
authors13,24 relate the reduction in impedance as roughness 
increases, with the ease of ions in the SBF solution being 
adsorbed on the passive film formed on the roughest surfaces, 
thus causing an increase in the corrosive process. Thus, the 
polished surface showed improvements in the protective 
characteristics of titanium due to the solution’s difficulty 
in penetrating the smallest roughness pores. Furthermore, 

Figure 4. Anodic polarization curves in a naturally aerated SBF medium.

Table 3. Measured data: pH, Ecorr, and current density at 
0.500 V SCE for samples with different surface finishing. The pH 
was measured at 25 oC.

Surface 
finishing pH Ecorr

(V SCE)

j (A/cm2)
at 500 mV 

SCE
#120 7.27 -0.265 6.92×10-8

#600 7.24 -0.208 6.04×10-8

#1200 7.25 -0.338 6.15×10-8

Polished 7.27 -0.432 3.23×10-8

Figure 5. Nyquist diagram for Ti-6Al-4V samples with different 
surface finishing. Z´ and Z´´ are real and imaginary parts of impedance.

Figure 6. Bode modulus and phase diagrams of Ti-6Al-4V samples 
with different surface finishing immersed n SBF.
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the lower the roughness, the smaller is the surface area of 
the substrate in contact with the electrolyte24,25,27. Thus, the 
passivation rate increases with the reduction of roughness; 
that is, the better the surface finish, the less the chance of 
reaching potential for the formation of pits28.

In Figure  6, it is possible to see a small increase in 
impedance at low frequencies as the roughness is reduced, 
which could suggest an increase in corrosion resistance, 
mainly of the polished surface, corroborating the results of 
Nyquist (Figure 5) and polarization (Figure 4). Furthermore, 
the values for the phase angles (Figure  6) in the four 
samples with different roughness reached the maximum 
value close to 80°, which remained for a wide range of 
frequencies, approximately between 1 and 100 Hz. These 
results are in agreement with the behavior found by Chi et al. 
in their studies25. Furthermore, according to Pieretti and 
Costa29, the existence of high angles at low and medium 
frequencies is characteristic of materials that form stable 
passive films, in this case, proving the formation of a stable 
TiO2 layer on the surfaces of the samples.

In the high-frequency region, it is possible to observe 
the proximity of the resistivity of all surfaces of 120, 600, 
#1200 and polished with the higher EIS modulus to the 
polished surface. In this region, the impedance modulus is 
practically constant; this characteristic represents the resistive 
behavior of the SBF solution; this result is according to the 
curves presented by Sharma et al.13. From the intermediate 
frequencies to the lowest frequencies, it is noted that the less 
rough surfaces (#1200 and polished) showed higher values 
for impedance. This feature indicates that the passive film 
is more capacitive for these surfaces.

The range in the roughness might be seen as defects 
with different depths, i.e., #120 finishing being related to the 
deepest and the polished sample the shallowest. According 
to Gai et al.17, the crevice corrosion behavior on surfaces 
with pores limits the oxygen supply inside the pore since 
it hinders the mass transfer. Also, the pH varies at different 
positions and depths of pores due to the reduction of oxygen 
of the primary cathodic reaction in this environment.

( )2 2 2   4  4O H O e OH −−+ + → 	 (1)

Then, it is possible to suggest that the supply of oxygen 
was satisfactory for the polished samples to guarantee the 

occurrence of the cathodic reaction on the surface, although 
in a passivation scenario. On the other hand, for conditions 
with higher roughness, the amount of oxygen available 
inside the structure was smaller than the consumption by 
the cathodic phenomenon. Therefore, it is expected that a 
delay in the cathodic kinetics might force the electrons to 
flow towards the region with a better supply of oxygen for 
the cathode process. This process might lead to a greater 
dissolution rate of the passive film than its formation 
and self-healing, increasing the amount of Ti4+. When 
the titanium ions reach a significant concentration, the 
hydrolysis reaction occurs (Equation 2 and Equation 3). 
The H+ produced leading to a decrease in the pH. Thus, it 
is possible to infer that this local acidification contributes 
to increasing the current densities of conditions with 
rougher finishing.

( )( )24
2 2 2    2Ti H O Ti OH H

++ ++ ↔ + 	 (2)

( )4
2 4 4    4Ti H O Ti OH H+ ++ ↔ + 	 (3)

For titanium alloys, it is observed a high charge density 
that impedes the stabilization of Ti(OH)4, even though 
the most stable oxidation state being 4+. In this case, a 
hydrated compound TiO2.H2O is expected as the final stable 
product. The local acidification suggested conditions with 
higher roughness. The high concentration of positive ions 
such as Ti4+ and H+ contributes to an increase in the flow 
of aggressive chloride ions towards the deeper positions 
on the metal surface to maintain the equilibrium of the 
reaction. This process aggravates the crevice mechanism 
in regions with low O2 availability, increasing the passive 
film dissolution rates.

The measured corrosion potential and average pH (Table 3) 
can be compared with the E-pH phase diagram for the Ti-
H2O system (Figure 7). It is observed that the experimental 
data is inside the passivation zone of TiO2. In Figure 7, the 
potential is referred to as standard hydrogen electrode - SHE, 
but the conversion from SCE was applied. Thus, the titanium 
of the alloy is more likely to passivate than to corrode for all 
conditions evaluated. This stability explains why the samples 
did not present pitting in the potentiodynamic polarization 
(Figure 4). Based on the Gai et al.17 findings, this indicates 

Table 4. Simulated parameters of the EIS equivalent circuit for different surface finishing.

Equivalent circuit data
Surface finishing

#120 #600 #1200 Polished

Re (Ohm) 19 8 20 45

R1 (Ohm) 103341 204681 90482 139275

CPE1 (F.s(a-1)) 25.3×10-6 29.3×10-6 36.8×10-6 20.2×10-6

a1 0.895 0.901 0.8932 0.8994

R2 (Ohm) 420307 50250 385733 427090

CPE2 (F.s(a-1)) 26.0×10-6 44.5×10-6 23.4×10-6 9.67×10-6

a2 1 0.976 0.8564 0.7533
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that even though local electrochemical activity is intensified 
by surface morphology, the formation of TiO2 is prevalent 
for every condition.

Rougher surfaces still presented inadequate electrochemical 
responses, as seen in Figures    4-6 and Table  3. Thus, 
Gai et al.17 suggested that, due to the effects observed in the 
micro-environment inside the rough surfaces, it is important 
to elucidate the process of passive film formation in such 
conditions. This mechanism is complex given the differences 
in the oxygen supply, and this formation will depend on local 
surface characteristics. For conditions with oxygen supply, 
the passive films form directly by the interaction between 
the water and titanium.

( ) 222      
2n
nTi nH O Ti OH H++ ↔ 	 (4)

During the anodic polarization tests, an induced increase 
in the potential implies the growth of passive films on the 
alloy surface. Consequently, in regions with a plentiful 
supply of oxygen, the film continues to thicken throughout 
the test. Nevertheless, in rougher surfaces, given the increase 
in the chloride concentration combined with low oxygen 
content, Ti films are formed differently. According to the 
literature17, part of the passive film is formed following 
reaction (2), by the hydrolysis of Ti4+, and also by the 
complex hydrolysis mechanism of (TiCl6)

2-. The latter is 
formed during the degradation process of the passive film 
by the presence of chloride, from the combination of Ti ions 
with the Cl- adsorbed on the surface replacing the O2- ions. 
When a critical concentration of (TiCl6)

2- is observed, this 
compound is hydrolyzed to form oxides. The reactions that 
govern this process are:

( )26  6   4Ti Cl TiCl e−−+ ↔ + 	 (5)

( )26 2 2 2    6  4TiCl H O TiO Cl H− − ++ ↔ + + 	 (6)

Moreover, the degradation process in the passive film is 
caused by the increase in the chloride amount. Therefore, further 

hydrolysis steps might repair the oxide coverage integrity 
of conferring again protective features. This continuous 
self-healing avoids the appearance of pitting corrosion in 
titanium alloys even under aggressive environments. This 
ability of the TiO2 film to repair itself may small scattering 
in the polarization curve without substantial modification 
of stead-steady values.

3.3. Shape effects on corrosion tests
Figure 8 shows the polarization curves for the different 

milled shapes (concave, convex, and flat) of samples 
immersed in the simulated body fluid at a temperature of 
37 ºC. The curves obtained by applying an anodic potential 
scan suggest forming a protective oxide film for the different 
shapes. Table 5 shows the values obtained from the anodic 
polarization curves.

Even with the corrosion potentials of concave and convex 
samples showing close values, more electronegative than 
the flat sample, the concave and convex surfaces showed a 
lower passivation current than the flat surface. In addition, 
in the potential range close to 1 V SCE, the concave sample 
showed a slight increase in current density, suggesting a 
possible instability in the passive film. The change in the 
shape possibly modified the active area of the sample, 
which can generate different rates of corrosion as discussed 
in the literature29-32. As the density of anodic current was 
lower for concave and convex surfaces (Table 4), possibly 
the corrosion rate will be lower on these surfaces. Several 
authors31-33 reported that in vivo and in vitro studies, the 
surface topography affects the biological functions of cells, 
contributing to the repair and regeneration of bone cells34. 
The machining produces residual stresses with higher 

Figure 7. E-pH phase diagram for Ti-H2O system (TiO2 and Ti2O3 
are in the hydrated state). Adapted from Gai et al.17.

Table 5. Measured pH, Ecorr, and current density 0.500 V SCE 
for samples with different shapes. The pH was measured at 25 °C.

Sample shape pH Ecorr (V SCE) j (A/cm2)
at 0.500 V SCE

Concave 7.22 -0.357 3.07×10-8

Convex 7.21 -0.383 5.59×10-8

Flat 7.24 -0.203 6.49×10-8

Figure 8. Polarization curves in SBF, naturally aerated, for Ti-6Al-4V 
with different shapes.
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levels on the surface, and the passive film could be affected, 
reflecting on the electrochemical response.

Although the concave surface presented lower current 
density than the convex surface (Table  3), it presented 
a process of increasing anodic current density at anodic 
potential of 1.2 V, characterized as pite potential (Figure 8). 
It is also possible to verify in Figure 8 that the concave 
surface presents small disturbances of increased current 
density in applied anodic potentials, which may probably 
be associated with breakage in the passive film and onset of 
pitting corrosion. However, it was not observed for convex 
and flat samples, where the occurrence of pite potential was 
not verified. Consequently, the concave samples presented 
a lower electrochemical behavior in relation to the other 
surface preparation conditions.

Figure 9 presents the Nyquist diagram of impedance 
in SBF solution for the three shapes evaluated here. It can 
be noticed the presence of only one semicircle for the flat 
and convex shapes, characteristic of a capacitive film. This 
diagram is related to the film capacitance on the surface, 
which can present microcracks and minor defects, allowing 
the substrate/solution contact as described in the reference25. 
On the other hand, for the concave surface, which presented 
the worst electrochemical behavior, it is possible to notice at 
low frequency the onset of another arc, presenting capacitive 
behavior, suggesting more than one time constant.

The loop formed in the lower frequencies is associated, 
probably, to slow process as film evolution or diffusion 
events, while the high-frequency loop is related to the passive 
film although not completely perfect, as described in other 
studies25,35. This behavior suggests that the convex surface, 
which presents the highest capacitive loop, allowed the 
most stable and protective film to form and with the lowest 
number of defects. These results are in accordance with the 
polarization data, whose continuous potential increases with 
time and favors passive film formation. Thus, it is possible 
to observed that different shapes affect the distribution of 
potential and current density, as reported elsewhere32,36.

According to McMurray et al.16, a convex-shaped sample, 
in addition to favoring the presence of pores, also favors the 
O2 diffusion on its surface. This assumption validates the 
results shown in Figure 8 and Figure 9, in which the convex 
sample suggests the higher formation of Ti oxides films, 

following the reactions proposed by Gai  et  al.17. For the 
authors, convex regions tend to be strongly cathodic, and 
anodic reactions occur preferentially in the concave regions. 
Thus, the shape of the surface significantly influences the 
distribution of electrochemical activity on the sample surface.

This fact occurs because the convex surface favors the 
contact of oxygen atoms with the active regions of the surface, 
favoring the formation reactions of Ti oxides. On the other 
hand, the concave surface hinders the dissolution of the 
species through the diffusion layer, hindering the formation 
reactions and impairing the protective capacity of the oxide 
film formed. Consequently, the concave samples showed 
the worst electrochemical behavior in anodic polarization 
curves and electrochemical impedance.

Martínez et al.36 showed in their results a strong effect 
of shape on the impedance results, especially in the high 
to intermediate frequency regions. With an increase in the 
phase angles. This phenomenon can arise due to a frequency 
dispersion due to the effect of the electrode shape that can 
favor or hinder the distribution of currents over the electrode 
surface.

For concave surfaces, the directions normal to the 
surfaces intersect, generating a non-uniformity of currents 
and time constants, consequently, generating a worsening 
in the electrochemical responses.

Figure 10 shows the Bode diagrams for the different shapes. 
In the region with the highest frequency (above ca. 10 kHz), 
it is possible to observe a similarity in the resistance of all 
shapes until the modulus is practically constant. Regarding 
the regions of intermediate frequency to low frequencies, 
as the regions closest to the metal/electrolyte interface are 
evaluated, an increase in the impedance modulus is observed 
for all surfaces. However, the convex surface showed higher 
values for Z, indicating a greater protective capacity of the 
formed film.

The quantitative parameters of the simulated equivalent 
circuit for the 3 different shapes are shown in Table 6.

CPE results are related to films’ capacitive/protective 
characteristics formed on the surface26,34. The phase angles 
shown in Figure 8 suggest that the milled surface with a 
convex shape presents a more capacitive behavior, with 
phase angle values close to 75° and extending over a greater 
frequency range (~ 0.1 to 100 Hz). On the other hand, the 

Figure 9. Nyquist diagram of samples with different shape.

Figure 10. Bode modulus and phase diagrams for the Ti-6Al-4V 
alloy electrode immersed in SBF for the different shapes (concave, 
convex and flat).
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flat sample presented maximum phase angle values around 
70° and remained for approximately a decade of frequency. 
Corroborating with the results of Figure    8, the concave 
surface presented the lowest value of phase angle (~ 65°) 
and a narrow frequency range. Moreover, below 0.5 Hz, the 
phase reveals a scattering not correctly seen in Nyquist format. 
The worst behavior in the EIE tests on the concave surface 
may be related to the instability in the current density values 
obtained at potentials around 1 V SCE in the polarization 
tests of Figure  7. Thus, even with the concave surface 
presenting a lower current density, the concave sample can 
have formed a film with a very low a2 CPE exponent not 
related to a perfect passive behavior of films.

The equivalent circuit was used to adjust the EIE 
results to evaluate the corrosion mechanisms that occurred 
at the Ti-6Al-4V/electrolyte (SBF) interface. This circuit 
is composed of two CPEs is used by several authors in the 
literature to explain the electrochemical responses of titanium 
alloys13,37,38. Then, for the Ti-6Al-4V alloy, the equivalent 
circuit is composed of resistance of the test solution (Re); 
capacitance of the Ti-6Al-4V substrate surface, being a 
constant phase element (CPE1); resistance to charge transfer 
at the Ti-6Al-4V/electrolyte interface, in the outer layer of 
the material associated with some areas of the surface that 
have ionic conduction, called porous resistance (R1); the 
elements R2 and CPE2 represent the resistance to charge 
transfer and the capacitance of the passive film interface 
with the Ti-6Al-4V substrate surface, that is, the inner layer 
of the passive film on the material surface.

At high frequencies, the impedance of Ti-6Al-4V samples 
has a dominant ohmic behavior, being controlled by the 
electrolyte resistance (Re). At intermediate frequencies, the 
system is controlled by the capacitance of the alloy (CPE1) 
and the resistance to load transfer at the Ti-6Al-4V/electrolyte 
interface (R1). In addition, at low frequencies (10-3 to 10-1 Hz), 
the impedance is mainly affected by the resistance (R2) and 
the element (CPE2), related to the interface of the inner 
layer of the passive film and the Ti-6Al-4V substrate. These 
results agree with the literature37, where it is a consensus that 
in an SBF solution, this titanium alloy presents capacitive 
behavior related to the film, frequently porous, besides the 
oxides formed on the surface.

The long passivation potential zone, along with 
the electrochemical data for different surface textures, 
demonstrated that a passive layer could form on the titanium 
alloy, regardless of the surface characteristics. This fact 
suggests good condition to bone-metal interaction in SBF 
medium. As regards osseointegration and cellular adhesion, 
the biocompatibility process is a function of cell contact and 
proliferation with the implant surface. Consequently, in this 
system, the prosthesis material characteristics, such as shape 
and surface roughness, could play an essential role in the 
cell adhesion of orthopedics/dental implants. According to 
the literature, the most determining surface characteristics 
for cell adhesion are surface topography, surface texture, 
or surface reactivity2-4.

The analysis of variance (Table 7) reveals that shape 
and emery paper granulometry have a significant influence 
(p-value < 0.05) on the electrochemical parameters of 
Ti-6Al-4V in SBF. Figure 11 shows the main effect plots. 

Passivation rate studies in simulated human environments 
allow us to understand the corrosion process, as shown in the 
related literature39-42. Irrespective of the type of surface shape 
of titanium implants, the nature of the surface film, which 
interacts with cells and bone, provides enhanced cellular 
and biocompatibility mechanisms. Rupp  et  al.43 showed 
pieces of evidence that suitable surface roughness, at nano 
and microscale, can lead to successful osseointegration of 
titanium implants.

In general, surface finishing is a good predictor of how 
the mechanical component will interact with the physiological 
environment. For example, adequate roughness may improve 
cellular adhesion or optimize a surface’s dental and orthopedic 
implants44. In the present study, the corrosion potential turns 
more negative when the surface prepared with #120 abrasive 
(-265 mV) changes to the polished surface (-432 mV) (see 
Figure 11a). However, the reduction in the passive current 
density at 500 mV SCE with the smooth surfaces (Figure 11c) 
is more significant. In this way, surface finishing preparation 
exhibits a considerable contribution to the formation of oxide 
film, in which the passivation current density is lower for 
the polished surface.

When the shape effect on Ecorr (Figure 11b) is analyzed, 
it is noticed that the concave surface and the convex presents 
similar values. The more significant influence was on the flat 
surface (-403 mV), which demonstrated a smaller tendency 
for the corrosive mechanisms. This fact implies that surface 
topography could be a fundamental parameter used to define 
cell behavior. The initial contact of the engineered surface 
with biological tissues, the cell-topographical interactions will 
significantly influence the cell attachment and osseointegration 

Table 6. Simulated parameters of the EIS equivalent circuit for 
different sample shapes.

Equivalent 
circuit data

Shape

Concave Convex Flat

Re (Ohm) 16 28 21

R1 (Ohm) 1801 125233 11184

CPE1 (F.s(a-1)) 25.17×10-6 21.55×10-6 19.75×10-6

a1 0.8538 0.8419 0.8419

R2 (Ohm) 1437 75580 2877

CPE2 (F.s(a-1)) 8.073×10-4 7.469×10-5 5.419×10-4

a2 0.473 0.9977 0.7769

Table 7. One-way ANOVA test.

Factor
Ecorr j at 500 mV SCE

p-value p-value
Surface finishing 0.000 0.027

R2 (adj) 0.9861 0.8779
Darling 0.523 0.913

Factor
Ecorr j at 500 mV SCE

p-value p-value
Surface shape 0.015 0.001

R2 0.899 0.8788
Darling 0.552 0.245
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of the implants45. Ogawa et al.46 reported that the surface 
texture could induce phenotypic cell alteration during healing. 
Elias et al.47 also found this tendency and concluded that 
this phenomenon is related to the differentiation of bone cell 
formation. Finally48-54, affirmed that the surface topography 
directly influences the biological responses as cellular 
production and migration.

4. Conclusions
The corrosion resistance of Ti-6Al-4V alloy in a 

simulated body fluid (SBF) was studied here, evaluating the 
influence of surface roughness and geometry. Independently 
of roughness or geometry, the passivity was observed in 
polarization tests, characteristic of Ti6Al4V tested in SBF. 
The roughness characteristics presented some influence, 
with smooth surfaces (polished) presenting better results in 
polarization and impedance tests. Regarding the different 
geometry, the effects of shape and geometry are often not 
taken into account in corrosion studies. However, the results 
showed that there is an effect that must be observed, being 
important for implant and prothesis manufacturing, it was 
demonstrated that concave shapes are more susceptible 
to corrosion than convex ones because of the occurrence 
of pitting potential on the anodic polarization curve. This 
result is in opposition to the biological responses found in 
the literature, where concave surfaces are better for cells 
growth, suggesting that medical devices product developers 
should pay attention to these geometrical characteristics. 
As future studies, the influence of concavity/convexity level 
could bring interesting information for prothesis/implants 
designers, and biological tests in vitro and/or in vivo should 

be performed to evaluate if these geometric differences can 
influence osteointegration.
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