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Abstract

:

A Ti6Al4V alloy was plasma-oxidized at 600 °C during 1, 2, 3, 5 and 8 h and corroded in an artificial saliva solution. Electrochemical evaluation was performed by using potentiodynamic polarization curves, linear polarization resistance (LPR), and electrochemical impedance spectroscopy (EIS) measurements during 100 h. Corroded specimens were characterized by using Raman spectroscopy and scanning electronic microscopy (SEM). All tests indicated that the highest corrosion resistance was obtained for specimen oxidized during 3 h since the noblest free corrosion potential, lowest passive and corrosion current density values, as well as the highest polarization resistance values were obtained under these circumstances. EIS measurements indicated that the highest impedance and phase angle values obtained for this specimen exhibited a high capacitive behavior typical of a very compact passive film.
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1. Introduction


Titanium alloys are widely used in the biomedical, aerospace, food processing, and petrochemical industries because of their exceptional properties, such as good corrosion resistance, specific strength, and high temperature stability [1]. The combination of properties such as high specific strength, excellent resistance to corrosion in a good number of industrial environments, and biocompatibility have made titanium alloys very attractive to applications other than the aerospace industries [2,3,4,5,6,7,8]. Among Ti alloys, one of the most remarkable alloys is Ti6Al4V, which is especially useful as an implant material, including dental implants, in the health sector [9,10,11,12,13,14]. The corrosion and oxidation resistance of this alloy is based on the development on their surface of a mixture of TiO2 and Al2O3 oxides [15,16,17], which provide a very stable passive layer and protect the alloy against the corrosive action of substances in the environment, such as chlorides, sulphates, and acids, among others [18,19,20,21]. However, that corrosion resistance is lowered when aggressive ions such as chloride are present, which makes these alloys highly susceptible to a localized type of corrosion such as pitting. Since corrosion resistance is related to the metal surface properties, one of the ways to improve this property is by altering the alloy surface characteristics.



Among the different ways to improve the surface properties, some of the most commonly used methods involve altering the alloying chemical composition, heat treatments chemical vapor deposition (CVD), physical vapor deposition (PVD), ion implantation, sol–gel coating, anodic oxidation, laser treatment, pack cementation, etc., [22,23,24,25,26,27,28,29,30,31,32,33]. Plasma spray technology has been used to apply coatings on Ti-base alloys to improve their corrosion resistance [34,35]. The use of ions implantation such as oxygen or nitrogen by plasma has been used to improve both wear and corrosion resistance of metals. Thus, Zhang et al. [36] evaluated the corrosion resistance of plasma gas nitride nanocrystalline Inconel 718, finding that both wear and corrosion resistance properties were improved. In a similar work [37], Lee et al. pre-oxidized and nitrided a 430-type stainless steel in a plasma gas, and found that its corrosion resistance and wear properties in 0.5 M H2SO4 solution were improved with these surface treatments. Li et al. [38] evaluated the wear and corrosion properties of an active screen plasma nitride 420-type stainless steel in a temperature range 440–520 °C. They found that the nitrides layer thickness increased with increasing the temperature, improving its wear resistance, hardness, and corrosion resistance. Alphonsa et al. [39] improved the wear and corrosion resistance of 2205 duplex stainless steel by nitriding and nitro-carburizing it in a plasma gas in temperatures ranging from 350–500 °C during 4 h, finding that the best properties were reached by treating the steel at 400 °C, and these properties were decreased by increasing treating temperature.



In the particular case of Ti4Al4V alloy, some ways to modify its surface to improve its corrosion resistance include, for instance, the plasma spray [40], the double-glow plasma [41], electrophoretic deposition [42], dip coating [43], and plasma electrolytic oxidation methods [44]. In the latter, a TiO2 coating was developed by plasma electrolytic oxidation in nitrate salt. The surface morphology, phase composition, hydrophobicity, and the effects of process current frequency were examined. Thin titanium oxide, rutile and anatase, coating of 2–2.5 μm was formed on the treated Ti6Al4V alloys. The potentiodynamic polarization test evaluated the highest polarization resistance for the alloy obtained using current frequency of 150 Hz, which was 364 × 104 ohm cm2, in comparison with the pristine alloy, which was 6.93 × 104 ohm cm2. Electrochemical impedance spectroscopy revealed the same behaviour. Morphology evaluation revealed that the structure of this coating contained uniform submicron porosity and its surface exhibited the highest hydrophobicity. Additionally, Cao et al. [17] used thermal oxidation, whereas Öteyaka [32] used cryogenic treatments. Cotolan [33] produced a TiO2 layer by anodizing a Ti6Al4Nb alloy in sulfuric and acetic acids, corroding them in Hank’s solution, and found better properties in the ones anodized in acetic acid. However, the use of ions implantation such as oxygen by plasma to produce oxides on the Ti6Al4V alloy has not been reported; thus, the goal of this research work is to evaluate the corrosion resistance of a plasma-oxidized Ti6Al4V alloy in artificial saliva. Even when Ti6Al4V is still used as biomedical material, in many applications V element is considered by more and more researchers as a dangerous element to human body; however, it is expected that the deposited oxide layer will decrease the V ions release in to human environment and decrease the risk for toxicity.




2. Experimental Procedure


2.1. Testing Material


For the present research work, a commercial Ti6Al4V alloy obtained from Erfahrung im Bereich der Werkstofftechnik, in Dusseldorf, Germany, containing (wt.%) 6.1 Al-4.1 V-0.07 C-0.25 Fe-0.05 N and, as balance, Ti, was used.




2.2. Plasma Oxidation


Material used for this work included a commercial Ti6Al4V bar alloy. Specimens measuring 12.2 mm in diameter and 3.0 mm in height were used. They were oxidized at vacuum, using a plasma with oxygen 99.9% using a current of 5 mA, equivalent to a temperature of 600 °C, during 1, 2, 3, 5, and 8 h. After this, they were encapsulated in commercial polymeric resin, abraded with 600 grade emery paper, and rinsed with acetone. They were analyzed in a low-vacuum scanning electronic microscope (SEM; LEO VP 1450, Mexico City, Mexico) and Senterra model Raman equipment from Bruker (Mexico City, Mexico). By using the SEM, we obtained information about the morphology and thickness of produced oxides, whereas Raman spectroscopy provided the oxides chemical composition and their different crystalline phases.




2.3. Testing Solution


The testing electrolyte used to simulate artificial saliva was the Fusayama solution composed of (g/L) 0.4 NaCl, (Baker, Mexico City, Mexico), 0.4 KCl, (Baker), 0.795 CaCl2 2H2O, (Baker), 0.005 Na2S 9H2O, (Baker), 0.69 NaH2PO4 2H2O, (Baker), and 1.0 Urea, (Baker). Tests were performed at 37 °C by using a water bath during 100 h.




2.4. Electrochemical Techniques


Potentiodynamic polarization curves, linear polarization resistance (LPR), and electrochemical impedance spectroscopy (EIS) were the employed electrochemical techniques. For this, a normally aerated three-electrodes electrochemical cell (Gamry Instruments, Queretaro, Mexico) was used, using a saturated calomel and a graphite rod as reference and auxiliary electrodes, respectively. Before starting the tests, a time of 20 min was given for the free corrosion potential value, Ecorr, to be stable. Monitoring of the Ecorr value was done during the whole testing time. For this, a potentiostat from ACM Instruments (ACM Instruments, Cumbria, UK) was used. Once the Ecorr value reached a steady state value, polarization curves were started by cathodically polarizing the specimen at 500 mV more cathodic than the Ecorr value, and these swept in to the anodic direction at a sweep rate of 1 mV/s, ending at a potential value 1000 mV more anodic than Ecorr. For the LPR experiments, specimen was polarized ±15 mV around the Ecorr value at a sweep rate of 1 mV/s every 2.5 h during 100 h. Finally, EIS measurements were performed at the Ecorr value by applying a signal amplitude ±15 mV peak-to-peak in the frequency interval of 0.01–100,000 Hz.





3. Results and Discussion


3.1. SEM Micrographs


Micrographs showing cross sections of plasma-oxidized Ti6Al4V alloys during 1, 3, and 6 h are shown in Figure 1. It is important to say that in order to obtain these micrographs, specimens were introduced into liquid nitrogen and then they were fractured. Porous dimples are observed as result of plastic deformation during specimen fracture. Figure 1 shows that specimen oxidized during 1 h shows a continuous oxide layer less than 2.00 μm in thickness, and as the oxidation time increases, the oxide layer thickness increases also, reaching a thickness around 3.0 μm for specimen oxidized during 3 h. For specimen oxidized during 8 h, a nonuniform oxide layer less than 2.0 mm in thickness was obtained, which can affect the alloy corrosion resistance. Similar coating thicknesses were obtained in the TiO2 deposition using the plasma electrolytic oxidation method [44].




3.2. Raman Spectroscopy Characterization


Raman spectra for the plasma-oxidized specimens at different times are shown in Figure 2. For the blank, specimen without plasma oxidation, the observed signal at 416 cm−1 corresponds to the air-formed Al2O3 oxide due to the high Al reactivity with the oxygen from the air. For specimen oxidized during 2 h, there is a layer of disordered titanium oxide, TiO2 [40], corresponding to the Brookite phase with a tendency to the formation of the anatase (A) phase for the vibration modes Eg-A at 142 and 195 cm−1. Vibration mode Eg-A at 634 cm−1 can be observed to be shifted at 626 cm−1, whereas vibration modes A1g-A and B1g-A can be observed as a doublet at 513–518 cm−1, and it can be observed at 506 cm−1 also. For specimen oxidized during 3 h, the well-defined signals for the anatase (A) and rutile (R) phases can be observed. The high-frequency vibrating modes decrease, which indicates an increase in the ordered phases, mainly Eg-A vibrating modes at 142 cm−1, which corresponds to the anatase phase. Rutile phase can be observed also at the A1g-R vibrating mode at 609 cm−1, as well as the Eg vibrating mode at 440 cm−1 [41,42]. An observed wide band at 234 cm−1 corresponds to the multiphonon process, described by some authors as a transition phase [43], which can be observed on the specimen oxidized during 2 h also. For specimens oxidized during 5 and 8 h, no peaks corresponding to any oxide were observed, maybe because the plasma destroyed them, and only the lattice vibrating modes at 120 cm−1, which correspond to the alloy crystalline structure, were observed.




3.3. Free Corrosion Potential


The change in the Ecorr value with time in artificial saliva solution for the plasma-oxidized specimens at different times is shown in Figure 3. For the blank, specimen that was not oxidized, the Ecorr value starts in a value around −50 mV but it rapidly shifts towards more active values during the first 10 h of testing. After this time, it shifts in the opposite direction, going towards nobler values.



Öteyaka [32] reported Ecorr values between −250 and −50 mV for the same alloy but under different cryogenic heat treatments in a 0.9 M NaCl solution, whereas Lin [45] reported values between −300 and 50 mV in a Hank’s solution. Bodunrin [46] reported values between −400 and −100 mV but in a 3.5% NaCl solution. Finally, de Assis [47] reported a very stable value of 50 mV in a Hank’s solution during 60 h of testing; thus, the values reported here are similar to those reported in the literature. The shift towards more active values at the beginning of the experiment is due to the dissolution of any pre-formed protective TiO2 or Al2O3 oxides layer, whereas the shift towards nobler values is due to the establishment of protective oxides [15,16,17] and to the thickening of the oxide film improving its corrosion protection ability.



As the oxidation time increases up to 3 h, the Ecorr value shifts towards nobler values, which indicates a tendency to increase the alloy corrosion resistance. The steady state Ecorr values for the specimens oxidized during 1 h and 2 h were very close to 10 and 80 mV, respectively; specimen oxidized during 3 h started with an Ecorr value of 100 mV, but it rapidly shifted towards nobler values, very close to 150 mV, and it started to shift in a very slow fashion towards slightly more active values, reaching a steady state value of 80 mV, very close to the value obtained for specimen oxidized during 2 h. Thus, it seems that specimen oxidized during 3 h developed a much more stable protective oxide layer and it was the least susceptible to corrosion. As explained above, the shift in the noble direction is due to the formation of protective oxides, whereas the shift towards more active values is due to the dissolution of any protective oxide layer [44]. As the oxidation time increased up to 5 h or 8 h, the Ecorr values became more active, reaching the most active value for specimen oxidized during 8 h, which made this specimen the most susceptible to be corroded. As shown by the Raman spectroscopy spectra given in Figure 1, specimens oxidized during 5 h and 8 h, did not show evidence of any protective oxide layer, explaining why they exhibited the most active Ecorr values.




3.4. Potentiodynamic Polarization Curves


The effect of oxidation time on the polarization curves for the Ti6Al4V alloy corroded in artificial saliva solution is given in Figure 4, whereas their electrochemical parameters are given in Table 1. This figure shows schematically how the Tafel extrapolation method was used to calculate the corrosion current density value, Icorr, for the blank and specimen oxidized during 3 h. The Ecorr values determined from the polarization curves are significantly lower than those obtained from the open circuit potential measurements. This is expected, as the polarization tests were started at a cathodic potential relative to the corrosion potential, so that the passive film at the surface was at least partially removed due to the highly reducing initial potentials.



For untreated alloy, data exhibited the presence of only one passive zone, which extends over the whole tested potential interval without evidence of a pitting potential value, Epit, similar to that reported in the literature [18,19,20,21,32,45,46] interval where the passive current density, Ipas, remained more or less constant. Alloy Ti6Al4V can generate passive films containing Ti2O3, TiO (anatase), and TiO2 (rutile). Additionally, main alloying elements such as Al and vanadium (V) can also be found as Al2O3 and V2O3 in the oxide layer [48]. For specimens oxidized during 1 h and 3 h, there was a second passive layer formed at 415 mV in addition to the initially formed passive zone; however, for the later, an additional passive layer seemed to be formed at 185 mV. Corrosion current density value, Icorr, decreased as the oxidation time increased, reaching a lowest value for specimen oxidized during 3 h, as can be seen in Table 1. For higher oxidation times, an increase in the Icorr value was observed.



There was a similar trend with the passive current density value, Ipas, since the lowest value was obtained for specimen oxidized during 3 h, and this value increased for lower or higher oxidation times. De Assis [47] reported an Ipas value of 3.5 μA/cm2 in a Hank’s solution, equal to that reported by Cao [17] for a thermally oxidized Ti6AL4V alloy in 0.9% NaCl solution, very close to the value observed in this work for the untreated blank alloy. Unlike the effect of the oxidation time on the Ipas value, there was no relationship between the former and the pitting potential value, Epit, as shown in Table 1, where the highest Epit value was obtained for specimen oxidized during 1 h and 8 h, specimens that exhibited two of the highest Ipas values. Thus, it can be concluded that the best corrosion performance was obtained for specimen oxidized during 3 h, and that lower or higher times of oxidation were detrimental on the alloy corrosion resistance.




3.5. Linear Polarization Resistance


In order to have a better idea of the change on the alloy corrosion resistance with time, and taking into account that the corrosion current density value is inversely proportional to the polarization resistance value, Rp, through the Stern–Geary equation:


   I  corr   = K /  R p   



(1)




where K is a constant, linear polarization resistance, experiments were carried out. The changes in the Rp value with time for the Ti6Al4V alloy oxidized at different times and corroded in artificial saliva solution are given in Figure 5.



This figure, Figure 5, clearly shows that the specimen that was not plasma-oxidized (blank) or those oxidized during 1 h and 8 h exhibited the lowest Rp values, and thus, the highest Icorr values. On the other hand, specimen oxidized during 2 h and 3 h had the best corrosion performance, since the alloy exhibited the highest Rp values at these oxidizing times, in agreement with the results obtained from polarization curves. During the first 15 h of testing, specimen oxidized during 3 h exhibited the highest Rp value, but after 15 h, the Rp value started to decrease, probably to the dissolution of the protective oxides, and after 30 h of testing, the obtained Rp value was lower than that obtained for specimen oxidized during 2 h. Specimen oxidized during 2 h exhibited an Rp value very stable with time, and remained constant during the whole test, indicating that oxides produced on this specimen were more stable than those produced for specimen oxidized during 3 h. For specimen oxidized during 5 h, the Rp value increased monotonically with time, probably due to establishment of more protective oxides. This way, LPR experiments confirm the results found in the polarization curves, i.e., the best corrosion resistance is found with specimen oxidized during 3 h; lower or higher oxidation times reduce the alloy corrosion resistance.




3.6. Electrochemical Impedance Spectroscopy Tests


The EIS method is usually used to characterize the uniform corrosion and the kinetic behavior between the electrode surfaces and solutions. Nyquist curves represent that the imaginary part (Zim) of the impedance is a function of the real part (Zre), which reflects the impedance of electron transfer process in the electrode surface. The Nyquist plots, which reflect the electron transfer impedance from the electrode surface to the solution, are presented in Figure 6a for untreated and plasma-oxidized Ti6Al4V alloy. Nyquist data indicate that, with the exception of specimens oxidized during 3 h, the impedance is approximately characterized by one large capacitive semicircle effect at all frequency values, indicating a charge-controlling corrosion mechanism. For specimens oxidized during 3 h, data display one depressed, capacitive semicircle at high and intermediate frequencies, followed by second capacitive semicircle at lower frequency values. Different research works have indicated that the oxide formed on Ti alloys consists of a duplex oxide, which consist of an outer porous layer and an inner compact layer, which acts as barrier layer [49,50,51]. The high-frequency loop is related to the electrochemical reactions taking place at the inner barrier layer at the electrolyte/passive film interface, whereas the low-frequency loop is related to reactions taking place at the outer porous passive film/solution interface. In these plots, a larger-radius capacitive loop corresponds to a lower corrosion rate. When the oxidation time increases up to 3 h, the capacitive loop diameter increases, which indicates that the resistance of electron transport increases, as a result of restraining or delaying the corrosion of the surface in the artificial saliva solution. The shape of the semicircle is not affected by the oxidation time, which indicates that the corrosion mechanism remained unaltered. However, the diameter of the semicircle changes with the oxidation time, which can be seen more clearly in the Bode plots, Figure 6b, where there is an increase in the impedance value as the oxidation time increases, obtaining its maximum value at a time of 3 h of treatment. For a further increase in the oxidation time, the impedance value decreases, decreasing, thus, the alloy corrosion resistance, in agreement with results given above by polarization curves and Rp measurements.



In the Bode-phase plots, the phase angle drops slightly towards lower values in the low-frequency region, indicating that the impedance consists of the solution and charge transfer resistances. The phase angle drops toward 0° at very high frequencies, indicating that the impedance is dominated by solution resistance [47]. A typical capacitive behavior with a thin passive oxide stable film formed in the surface of Ti6Al4V alloy is indicated from low-to-medium frequencies. Based on the phase angle data, it can be seen that the maximum phase angle is for samples oxidized during 2 h and 3 h, which decreases for shorter or longer oxidation time. A phase angle close to −80° that is extended over a wide interval of frequency values is characteristic of a metal covered with a very stable passive layer, typical of Ti alloys [17,18,19,20,21,45,46,47]. For specimens oxidized during 2 h and 3 h, two peaks can be clearly seen, corresponding to the double electrochemical layer and to the oxides film, respectively. It can be inferred that the passive oxide layer in Ti6Al4V alloy oxidized during 3 h serves as a more efficient barrier to corrosion and strengthens the resistance to charge transfer at the corrosion interface.



EIS data in both Nyquist and Bode formats for Ti6Al4V alloy plasma-oxidized during 0, 3, and 8 h at different testing times of exposure in artificial saliva solution are given in Figure 7, Figure 8 and Figure 9. For specimen without treatment and that oxidized during 8 h, Figure 7 and Figure 9, both Nyquist diagrams are very similar to each other. Nyquist data display one single depressed, capacitive semicircle at all frequency values with the center at the real axis and the diameters increasing as time elapsed, indicating that the corrosion mechanism remained unchanged during the whole testing time. On the other side, Bode diagrams indicate a typical capacitive behavior where the total impedance increases as time elapses whereas the phase angle value increases with time remaining constant over a wide frequency interval, close to −80°, typical of a material covered with a very stable passive film.



For specimen oxidized during 3 h, Figure 8, Nyquist diagrams show two capacitive semicircles, one located at high and intermediate frequency values, followed by a second semicircle, with a larger diameter, located at lower frequencies. The shape of the semicircles does not change with time, indicating that the corrosion mechanism remained unaltered during the whole testing time. Impedance values obtained for this specimen are the highest ones, remaining virtually unaltered as time elapses, very close to 106 ohm cm2, and two different slopes in the plots can be observed, showing the presence of two time constants. Phase angle values remain practically the same as time elapses, showing two peaks, indicating the presence of two time constants. Similar to the present work, Lavos-Valereto et al. [51] evaluated a Ti6Al7Nb alloy in Hank’s solution, and two relaxation time constants were clearly indicated by two peaks on phase angle plots. Thus, on this basis, the obtained EIS results can be simulated by using an electric circuit as shown in Figure 8. In this figure, Rs represents the solution or electrolyte resistance, Ro the outer, porous oxide layer, Co its capacitance, Ri the compact inner oxide layer, and Ci its capacitance. As the electrode has a heterogeneous structure due to surface roughness and defects, ideal capacitances, C, have been replaced by Constant phase elements, CPE. The impedance of a CPE, ZCPE, is given by following expression:


   Z  C P E   = 1 / C      j ω     n   



(2)




where n is between −1 and 1 and is associated to the nonuniform distribution of current due to surface heterogeneities such as defects and roughness. Table 2 gives the fitting parameters obtained from the use of the circuit shown on Figure 10.



Table 2 shows that for untreated alloy, the outer porous layer resistance, Ro, value of 154 ohm cm2 was obtained. Other studies [15,17,33] have reported values of 333, 800, and 287 ohm cm2, respectively, for this alloy in Hank´s solution, somehow different to those used in this work. This value increased as the oxidation time increased, reaching a highest value of 59,500 ohm cm2 for specimen oxidized during 3 h. A further increase in the oxidation time decreased the value for Ro. Cao [17] oxidized a Ti6Al4V alloy at 700 °C during 5 h in air, and the Ro value increased from 333 to 16,000 ohm cm2 for oxidized specimen. Similarly, Cotolan [33] produced a TiO2 layer by anodizing a Ti6Al4Nb alloy in sulfuric acid at two potentials, and the value for Ro increased from 800 ohm cm2 for untreated alloy to 3000 and 9000 ohm cm2 for alloys anodized at 1 V and 3 V, respectively. Thus, the increase in the Ro value is due to the presence of an oxide layer, as demonstrated in these reported experiments, and its increase must be related to an increase in the porous oxide thickness.



On the other side, the inner compact barrier layer resistance value, Ri, was 331,000 ohm cm2 for untreated specimen, whereas other researchers reported values of 551,000, 1.0 × 106, and 6.4 × 106 ohm cm2, respectively [15,17,33]. Similar to the value for the outer porous layer resistance, Ro, the value for Ri increased as the oxidation time increased, reaching its highest value for specimen oxidized during 3 h, decreasing for a further increase in the oxidation time. Meanwhile, the resistance of the inner and outer layers of specimen oxidized during 3 h was also higher than the rest of specimens, representing better protective film properties and a higher corrosion resistance.



This increase in the Ri value can be due to an increase in the thickness of both the compact inner barrier and the external porous layers. It is known that the layer thickness is inversely related to the calculated capacitance [16,50]. The thicker layer is formed on the substrate, and the harder corrosive ions penetrate throughout, resulting in a more corrosion-resistant performance. According to the simulated results shown in Table 2, the lower CPE value, and thus the thickest oxide inner and outer layers, was obtained for specimen oxidized during 3 h, which exhibited the best corrosion performance. Finally, values for no and ni close to 0.5 mean a high surface roughness due to a high dissolution rate, whereas a value close to 1 implies a low surface roughness due to a low metal dissolution rate. As shown in Table 2, the lowest values for these parameters, 0.7 and 0.8, were obtained for untreated specimen, indicating a high corrosion rate, whereas the highest value, 0.9, was obtained for specimen oxidized during 3 h, indicating a low surface roughness due to a low dissolution rate. Cross section micrographs of corroded Ti6Al4V alloy oxidized at different times are shown in Figure 11. This figure shows the layer of corrosion products formed on top of specimens oxidized at different times, but the presence of external and internal layers on such a layer is not clear. What is possible to see is that the thickness of such a layer is bigger for specimens oxidized during either 1 h or 8 h due to a high corrosion rate of substrate, whereas the film formed on top of specimen oxidized during 3 h is thinner due to a lower corrosion rate of substrate, as found above.



This way, all evidence indicates that the best corrosion performance was obtained by oxidizing the Ti6Al4V alloy during 3 h. Variation in the Ecorr value with time, Figure 2, indicates that the noblest Ecorr value was obtained for specimen oxidized during 3 h, in some cases 300 mV nobler than alloy without plasma treatment, due to the formation of a very protective external oxide layer. Polarization curves, Figure 4, show the formation of very wide passive layers in all specimens; however, the lowest passive and corrosion current density values were obtained for specimen oxidized during 3 h, between 10−8 and 10−7 A/cm2, in agreement with reported values in other research works [15,17,33]. LPR tests indicate that the highest Rp values were obtained also for specimen oxidized during 3 h; however, this value decreased after a few hours of testing, indicating the dissolution of this oxide by electrolyte; however, the final Rp value was still higher than that obtained for specimen without treatment or oxidized during 1, 5, or 8 h.



Nyquist diagrams show that the highest impedance values were for specimen oxidized during 3 h, very close to 106 ohm cm2, in agreement with the low passive corrosion current density values obtained from polarization curves, whereas the phase angle values, close to −80°, indicate a high capacitive behavior typical of a very compact passive film. The fact that the capacitive semicircles exhibited by Nyquist diagrams did not change in shape with either the oxidation time or the testing time suggests that the corrosion mechanism remained unchanged under these circumstances.





4. Conclusions


The plasma oxidation of a Ti6Al4V alloy at 600 °C during 0, 1, 2, 3, 5, and 8 h affects its corrosion resistance in artificial saliva solution. The best performance was obtained by oxidizing the alloy during 3 h since the noblest Ecorr value was obtained under these circumstances. This shift in the potential is due to the formation of more protective oxide layers. All specimens exhibited a wide passive zone; however, the lowest passive and corrosion current densities were obtained for specimen oxidized during 3 h. Highest polarization resistance values were obtained for specimen oxidized during 3 h, at least during the first 30 h of testing, probably due to a dissolution of external formed oxide layer. The corrosion mechanism remained unaltered regardless the oxidation time, obtaining impedance and phase angle values typical of a very compact passive film.
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Figure 1. SEM micrographs of Ti6Al4V alloy oxidized during (a) 1, (b) 3, and (c) 8 h. 
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Figure 2. Raman spectra for Ti6Al4V alloy oxidized at different times. 
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Figure 3. Effect of the oxidizing time on the Ecorr value for Ti6Al4V alloy corroded in artificial saliva solution. 
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Figure 4. Effect of the oxidizing time on the polarization curves for Ti6Al4V alloy corroded in artificial saliva solution. In addition, schematic representation for the calculation of the Icorr values. 
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Figure 5. Effect of the oxidizing time on the Rp value for Ti6Al4V alloy corroded in artificial saliva solution. 






Figure 5. Effect of the oxidizing time on the Rp value for Ti6Al4V alloy corroded in artificial saliva solution.



[image: Coatings 11 01136 g005]







[image: Coatings 11 01136 g006 550] 





Figure 6. Effect of the oxidizing time on the (a) Nyquist and (b) Bode diagrams for Ti6Al4V alloy corroded in artificial saliva solution during 100 h. 
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Figure 7. EIS data in (a) Nyquist and (b) Bode diagrams for untreated Ti6Al4V alloy corroded in artificial saliva solution after different exposure times. 
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Figure 8. EIS data in (a) Nyquist and (b) Bode diagrams for Ti6Al4V alloy oxidized during 3 h and corroded in artificial saliva solution after different exposure times. 
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Figure 9. EIS data in (a) Nyquist and (b) Bode diagrams for Ti6Al4V alloy oxidized during 8 h and corroded in artificial saliva solution after different exposure times. 
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Figure 10. Equivalent electric circuit used to simulate EIS data. 
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Figure 11. Cross section micrographs of Ti6Al4V alloy during (a) 1, (b) 3, and (c) 8 h and corroded in artificial saliva solution. 
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Table 1. Electrochemical parameters obtained from polarization curves.
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	Oxidation Time (h)
	Ecorr (mV)
	Icorr (mA/cm2)
	Epit (mV)
	Ipas (mA/cm2)





	0 (blank)
	−175
	3.0 × 10−3
	-
	3.0 × 10−2



	1
	−305
	9.0 × 10−5
	1180
	1.0 × 10−3



	2
	−230
	7.0 × 10−5
	910
	5.0 × 10−4



	3
	−180
	2.5 × 10−5
	1125
	3.0 × 10−5



	5
	−360
	2.0 × 10−4
	980
	3.0 × 10−3



	8
	−42
	1.0 × 10−3
	1340
	1.0 × 10−2
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Table 2. Electrochemical parameters used to fit EIS data.
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	Oxidation Time (h)
	Rs

(ohm m2)
	CPEo

(Ssn//cm2)
	no
	Ro

(ohm m2)
	CPEi

(Ssn//cm2)
	ni
	Ri

(ohm m2)





	0 (blank)
	147
	4.1 × 10−6
	0.7
	1.54 × 102
	8.8 × 10−5
	0.8
	3.31 × 105



	1
	182
	2.6 × 10−6
	0.8
	1.37 × 104
	3.1 × 10−7
	0.8
	4.4 × 105



	2
	164
	1.2 × 10−6
	0.8
	4.42 × 104
	2.1 × 10−7
	0.8
	7.9 × 105



	3
	162
	0.9 × 10−6
	0.9
	5.95 × 104
	1.9 × 10−7
	0.9
	8.5 × 105



	5
	173
	1.9 × 10−6
	0.8
	2.76 × 104
	2.6 × 10−7
	0.8
	5.4 × 105



	8
	162
	2.2 × 10−6
	0.8
	5.00 × 103
	3.9 × 10−7
	0.8
	4.0 × 105
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