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Abstract

:

The influence of surface treatments on the microstructure, in vitro bioactivity and corrosion protection performance of newly fabricated Ti-20Nb-13Zr (TNZ) alloys was evaluated in simulated body fluid (SBF). The TNZ alloy specimens were treated with separate aqueous solutions of NaOH and H2O2 and with a mixture of both, followed by thermal treatment. The nanoporous network surface structure observed in H2O2-treated and alkali-treated specimens was entirely different from the rod-like morphology observed in alkali hydrogen peroxide-treated specimens. XRD results revealed the formation of TiO2 and sodium titanate layers on the TNZ specimens during surface treatments. The water contact angle results implied that the surface-treated specimens exhibited improved surface hydrophilicity, which probably improved the bioactivity of the TNZ specimens. The in vitro corrosion protection performance of the surface-treated TNZ specimens was analyzed using electrochemical corrosion testing in SBF, and the obtained results indicated that the surface-treated specimens exhibited improved corrosion resistance performance compared to that of the bare TNZ specimen. The in vitro bioactivity of the treated TNZ specimens was assessed by soaking in SBF, and all the investigated treated specimens showed numerous apatite nucleation spheres within 3 days of immersion in SBF.
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1. Introduction


Metallic materials, including 316L stainless steel (SS), titanium (Ti) and its alloys, and cobalt alloys are employed as orthopedic implants, which are clinically placed inside the human body to restore bone performance through strengthening or substituting an injured bone structure. Mostly, orthopedic implants are utilized as permanent or temporary medical devices depending on the fractured bone. The frequency of orthopedic fractures or illness and the increasing number of aged populations have globally driven the demand for orthopedic implants in recent years. Among the available metallic implant materials, Ti and its alloys have been the most frequently utilized orthopedic implants for the past many decades due to their good ductility, high specific strength, adequate corrosion resistance and acceptable biocompatibility [1,2,3]. However, the interaction of Ti implants with human bone after implantation is still considered a core concern because Ti cannot interact with bone tissues, which can further influence bone resorption, increasing the possible threat of loosening [4]. Several surface treatments and coatings have been developed in the past decades to create interactions between implants and the surrounding bone and to improve corrosion protection performance in the physiological environment [5,6,7]. Enhanced corrosion and wear resistance and improved osseointegration rates with good biocompatibility are the most significant features that can be achieved through surface modification of orthopedic implants.



The surface features of implant materials play a major role in extending the service life of orthopedic implants. In general, many researchers have enthusiastically explored diverse approaches to achieve biocompatibility and the wear- and corrosion-resistant performance of metallic implants, targeting improved adaptation to the implant environment [8,9]. Hence, the surface treatment approach appears to be the most feasible alternative for enhancing the corrosion resistance and relevant features of biomaterial surfaces. Among the available methods, surface treatment by chemical methods has been widely considered owing to its ease, low cost, bone bonding capability and appropriateness for implants with complex forms [10,11]. Sodium hydroxide and hydrogen peroxide have been the most commonly utilized reagents in the surface treatment of Ti implants in recent years [12,13,14]. Through NaOH treatment, a sodium titanate film is generated over the Ti substrate; the potential mechanism for the initiation and evolution of hydroxyapatite on surface-modified Ti was reported by Kim et al. [14]. However, Ti alloys produce a titania gel layer with H2O2 treatment, and these gel layers possess a synergetic effect, inducing hydroxyapatite growth after exposure in simulated body fluid (SBF); hence, treated Ti surfaces are considered bioactive.



Ti-6Al-4V (Ti64/G5) alloys have been the most commonly employed orthopedic implants in the last few decades; however, the leaching of V and Al species from the Ti64 implant surface severely disrupts the biocompatibility of orthopedic Ti implants due to the cytotoxicity and neurotoxicity of the released ions, which additionally hinder bone mineralization. Therefore, many Ti-based alloys have been prepared to overcome the shortcomings of Ti64/G5 alloys in the orthopedic field. The author’s research team recently developed a nanograined Ti-20Nb-13Zr (TNZ) alloy and investigated the in vitro corrosion resistance and biocompatibility of the developed alloy in SBF medium [15,16]. To enhance the in vitro corrosion and bioactivity of TNZ alloy, the target of this investigation is to explore the influence of surface treatment of the newly developed Ti alloy substrates on their corrosion and bioactivity performance in SBF medium.




2. Materials and Methods


2.1. Specimen Preparation


The base substrate used in the current study is a newly developed TNZ alloy fabricated by ball milling and spark plasma sintering techniques using elemental powders of Ti, Nb and Zr with 99.8% purity provided by Alfa Aesar, Haverhill, MA, USA, as explained previously [15,17]. TNZ alloy specimen discs with a diameter of 2 cm were ground using SiC grit papers from 400 to 2400 and finally polished with alumina to attain a mirror-like surface. Afterward, the specimens were washed with distilled water, ultrasonicated with acetone to remove residuals and then dried in air.




2.2. Surface Treatment


First, the TNZ alloy specimens were soaked in an acidic mixture of HNO3:HF:H2O (1:3:6 vol.) at 60 °C for 2 min to remove the natural oxide film; then, the specimen was washed with distilled water for 10 min and then dried in air. For alkali treatment, the TNZ specimens were immersed in 25 mL of 10 M NaOH solution at 60 °C for 24 h, cleaned with distilled water and dried at 40 °C for approximately 24 h in an air furnace. Subsequently, thermal treatment was performed by keeping specimens in an aluminum crucible at 600 °C for approximately 1 h in a muffle furnace and allowing them to cool to room temperature (RT) in the furnace. For H2O2 treatment, TNZ specimens were soaked in 25 mL of 10 M H2O2 solution at 80 °C for 1 h, and then the specimen was thermally treated at 400 °C for 1 h in an air furnace. For alkali-hydrogen peroxide treatment, the TNZ specimens were immersed in 25 mL of a mixture of 10 M NaOH and 10 M H2O2 at 60 °C for 1 h, and then the specimen was cleaned with distilled water and dried at 40 °C. Subsequently, the specimens were thermally treated at 600 °C for 1 h and allowed to reach RT in the furnace. Finally, all the treated specimens were ultrasonicated with distilled water to eliminate the attached residues on the specimen surface. The alkali-, H2O2- and NaOH + H2O2 mixture-treated samples were labeled SHT, HPT and SHPT, respectively.




2.3. In Vitro Bioactivity of Surface-Treated Samples


The in vitro bioactivity of orthopedic implants is generally evaluated through the growth of hydroxyapatite on their surface during immersion in a physiological medium. Herein, the in vitro bioactivity of treated TNZ specimens was evaluated based on the procedure in previous reports [12,13]. The SBF was prepared according to a previous report [16], and then the samples were immersed in SBF for 3, 5, and 7 days. The growth of hydroxyapatite on treated TNZ specimens was examined after exposure to SBF medium for different immersion periods by SEM/EDX analysis of the treated surface.




2.4. Characterization


The surface morphology of the treated specimens was examined using field emission scanning electron microscopy (FE-SEM, Tescan microscope, Brno–Kohoutovice, Czech Republic, accelerated voltage ∼20 kV and irradiation current ∼10 μA). The microscale roughness of the treated specimen was measured using an optical profilometer (Contour GT-K, Bruker Nano GmbH, Billerica, MA, USA). X-ray diffraction (XRD) patterns of the treated specimen were recorded by an RINT2500 (Rigaku, Tokyo, Japan) with a scattering angle of 20°–80° at a 2θ step of 0.02°. The water contact angles (WCAs) of treated specimens were monitored using a contact angle meter (VCA OPTIMA, AST Products Inc., Billerica, MA, USA) at five different locations, and the mean was reported. After placing a drop of distilled water (10 µL) on the treated specimens, images were snapped instantly. The pictures of drops were analyzed using an image analysis system, and the contact angle (CA) was estimated from the profiles of the drops with a precision of ±0.1°.




2.5. In Vitro Corrosion-Resistant Behavior of Treated TNZ Specimens


In vitro corrosion testing was accomplished using a Gamry potentiostat/galvanostat in simulated body fluid medium. Electrochemical corrosion measurements were performed by a conventional three-electrode cell using TNZ specimens as the working electrode and a saturated calomel electrode (SCE) and a graphite rod as the reference and counter electrodes, respectively. The in vitro corrosion test was performed by monitoring the open circuit potential (OCP) for 1 h to achieve a stable state, followed by linear polarization resistance (LPR), electrochemical impedance spectroscopic (EIS) and, finally, potentiodynamic polarization (PDP) measurements. The LPR test was carried out by applying a potential of ±25 mV from the OCP with a scan rate of 0.125 mV/s. The PDP test was performed in the potential range of −250 to +1500 mV vs OCP at a scan rate of 0.196 mV/s. The electrochemical impedance spectrum was obtained in the frequency region from 100 kHz–1 mHz with an amplitude of 10 mV under the open circuit potential. The achieved EIS data were investigated using an equivalent circuit fitted through Echem Analyst software (version 6.25), which was used to calculate the chi-squared (χ2) value to evaluate the quality of the equivalent circuit fitting. Moreover, all experiments were repeated three times for consistency.





3. Results and Discussion


3.1. Surface Characterization Results


SEM micrographs of the treated specimens are shown in Figure 1, and the treated specimens were compared using EDS analysis, shown in Figure S1 in the supporting information. The HPT specimen exhibited a cracked titanium oxide layer, which may occur during the removal of water molecules in thermal treatment. High-magnification SEM images of the HPT specimens showed a porous titania layer with homogeneously networked pores with diameters on the nanometer scale [13]. Porous nanostructures on Ti surfaces play a significant role in implant materials because an interconnected open porous structure favors the transportation of body fluid and new bone tissue growth [18]. It has already been reported that the interaction of Ti with H2O2 yields a TiOOH matrix, which probably facilitates the growth of the TiO2 layer. Furthermore, a narrowly interlinked nanoporous network is formed due to the interaction of Ti with H+ ions from the H2O2 solution, leading to the relocation of the Ti and O atoms to form a thermodynamically stable and well-ordered nanostructure [19]. The SHT specimen showed a compact layer with globular-like morphology, and the corresponding EDS results revealed the existence of Ti, Nb, Zr, and O, along with Na, which further corroborated the generation of a sodium titanate layer on the TNZ specimen [20]. In general, naturally formed TiO2 films are partially dissolved in NaOH due to corrosive OH− ions, and the alloy specimens react with NaOH. Furthermore, hydrated TiO2 forms negatively charged hydrates on its surface, which are then combined with sodium ions, finally forming a sodium titanate (Na2Ti5O11) hydrogel film. The formed hydrogel films were dehydrated and densified to produce stable sodium titanate films during heat treatment [21].



The SHPT specimen showed a rod-like structure with agglomerated particles uniformly distributed throughout its surface. Y. Sasikumar and N. Rajendran have also reported rod-like structures with agglomerated particles on the surface of alkali- and hydrogen peroxide-treated Cp-Ti and Ti-15Mo alloy substrates [22]. It has been established that a porous nanostructure can induce bone bonding ability in the implant surface owing to the higher surface energy and large surface area in the physiological environment [23]. Lin et al. prepared different micro-/nanostructures on Ti implants and reported that alkaline hydrothermally treated surfaces with nano-/micro nest-like and nanotube structured surfaces possessed better osseointegration ability [24].



Surface topographic images of bare and treated TNZ specimens are shown in Figure 2. In comparison with the bare TNZ specimen, all the treated specimens revealed higher surface roughness due to the formation of porous/cracked topographic surfaces. HPT specimens showed relatively heterogeneous surface topography with a distribution of pores, whereas SHT and SHPT exhibited comparatively smooth and compact surfaces with few microcracks. Recently, it has been reported that surface microroughness improves osseointegration in the initial stages and in regions of low-quality bone [25]. To obtain clearer information about surface topography, the parameters related to surface roughness were estimated from the optical profilometric images, and the obtained results are summarized in Table S1 in the supporting information. Among the parameters measured, Ra (average surface roughness) and Rq (root mean square, RMS) are considered to be more significant as these parameters indicate the magnitude of deviation from a plain surface determined by scanning a constant surface profile [26]. From Table S1, the Rq and Ra values of SHT and SHPT were lower (between 0.221–3 µm), whereas for the HPT specimen, these values were 10–40 µm. The low surface roughness values of the SHT and SHPT specimens implied a homogeneous and more compact layer compared to that of the HPT specimen. The obtained results indicated that the surface roughness parameters were influenced by the different surface modification approaches, and maximum values were observed for the HPT specimen.




3.2. XRD Analysis Results


Figure 3 displays the XRD patterns of surface-treated TNZ specimens. TNZ alloy is classified as a (β + α) Ti alloy, as discussed previously [15]. The peaks of the β Ti and α Ti phases of TNZ alloy were observed for all treated TNZ specimens. The SHT and SHPT specimens exhibited strong diffraction peaks at 2θ values of 36.57°, 38.25°, 42.31° and 61.6° (JCPDS No. 00-059-0666), demonstrating the generation of a sodium titanate layer on the TNZ specimens [20]. It is already well known that prismatic sodium titanate has higher crystallinity (because of subsequent thermal treatment) than alkali- and heat-treated Ti alloy [20]. HPT showed several diffraction peaks at 2θ = 23.41°, 37.85°, 45.91°, 55° and 62.55°, resulting from the (1 0 1), (0 0 4), (2 0 0) (2 1 1) and (2 0 4) planes, respectively, and representing the anatase phase of TiO2. In general, the obtained anatase phase was recognized as a more appropriate phase for the generation of hydroxyapatite than the other phases [27,28].




3.3. Contact Angle Results


Water contact angle (WCA) measurements were utilized to estimate the effect of surface treatment on the surface hydrophilic character of TNZ specimens, and the results are displayed in Figure 4. The WCA of the bare TNZ specimen was observed to be 88.70°, indicating its hydrophobic nature, which is in good agreement with a previous report [29]. However, for the surface-treated TNZ specimens, the obtained WCA values were lower, which confirmed the improved hydrophilicity of the surface-treated TNZ specimens. The SHPT specimen showed the lowest WCA value of 35.30°, which indicated an enhanced hydrophilic surface due to the construction of a sodium titanate film on the TNZ specimen. In general, hydrophilic surfaces on implants facilitate the growth of hydroxyapatite through ion exchange in SBF medium [30]. Pesskova et al. reported that alkali and heat treatment led to a lower contact angle and higher surface free energy by creating more OH− groups on the Ti alloy surface. These features could facilitate the adhesion of necessary proteins and improve cell attachment and proliferation [31]. Herein, the obtained results revealed that surface treatment improves the hydrophilic nature of treated TNZ specimens, which probably enhances their bioactivity.




3.4. In Vitro Corrosion Resistance Analysis


Representative PDP curves of bare and treated TNZ specimens in SBF medium are presented in Figure 5. The electrochemical parameters extracted from the PDP curves, including the corrosion current density (Icorr), corrosion potential (Ecorr), anodic and cathodic slopes (βa and βc), and passivation current density (Ip), are summarized in Table 1.



As the Icorr values extracted from Tafel analysis are smaller than the Ip values for all the investigated specimens, the TNZ surface is passive at Ecorr. Hence, the Icorr values are not directly associated with the actual corrosion rates of specimens due to the existence of a passive layer on their surface; therefore, the values summarized in Table 1 can probably be utilized to acquire a comparative ranking of corrosion-resistant behavior [32]. From the observation of the PDP curves, all the investigated specimens exhibited an active-passive transition with a self-passivation region where the increase in current density against potential was nearly circumvented, revealing the formation of a stable passive layer. Generally, if the passivation current density value is lower, the metal surface tends to passivate easily [33]. Comparing the Ip values of bare and treated specimens, bare specimens showed the highest Ip values, followed by the HPT, SHT, and SHPT specimens, which implied the improved corrosion-resistant performance of TNZ specimens after surface treatment. Among the treated specimens, SHPT showed the lowest Ip values, which revealed enhanced passivation behavior in SBF. The Ecorr values of TNZ specimens after surface treatment increased, and the Icorr values of TNZ specimens were noticeably lowered after surface treatment, which implied enhanced corrosion resistance in SBF medium.



In particular, the Icorr values of the SHPT specimen were the lowest (0.091 µA/cm2) among the treated specimens, indicating that the mixture of NaOH and H2O2 solution can provide a more compact sodium titanate layer, which improved the corrosion protection performance in SBF medium.



The LPR curves of bare and treated specimens are displayed in Figure S2 in the supplementary materials. The calculated Icorr and polarization resistance (Rp) values are summarized in Table 2. The bare TNZ specimen exhibited an Icorr value of 1.264 µA/cm2, and after surface treatment, this value was effectively reduced, which revealed the lower corrosion rate of the treated specimens. Specifically, the Icorr value of SHPT (0.063 µA/cm2) was noticeably decreased compared to those for the other treatments, emphasizing the beneficial role of the mixture of NaOH and H2O2 in improving the corrosion-resistant performance. In addition, the Rp value for the bare specimen was observed to be 17.67 kΩ·cm2, whereas for the treated specimens, it was calculated to be in the range of 88–285 kΩ·cm2. In particular, SHPT specimens showed the highest Rp value, which further corroborated the improved barrier performance of the treated specimens. From the obtained outcomes from PDP and LPR, it was preliminarily inferred that SHPT enhanced the performance of TNZ specimens in SBF medium. To attain significant evidence about the barrier performance of treated TNZ specimens in SBF medium, EIS data were recorded and are displayed in Nyquist and Bode formats in Figure 6 and Figure 7, respectively.



All the investigated TNZ specimens showed a large capacitive arc in the Nyquist plots, representing the single relaxation time behavior in the investigated frequency range. In general, the diameter of the capacitive arc in the Nyquist plot is an indication of corrosion-resistant performance, and a larger diameter denotes enhanced surface resistance against corrosion damage [34]. Comparing the Nyquist plots of bare and treated specimens, it is evident that the diameter of the capacitive arc increased; specifically, the largest diameter was observed for SHPT specimens, revealing the improved barrier performance of the formed layer during surface treatment.



Figure 7 presents the Bode plots of bare and treated TNZ specimens. No changes were observed in the impedance modulus (ǀZǀ) at higher frequencies (105–103 Hz) due to the resistance offered by electrolytic species. On the other hand, the impedance response in the middle frequencies gives a linear relationship with a slope of almost −1, indicating the capacitive response of the treated TNZ surface. Generally, the (ǀZǀ) value at 0.01 Hz is utilized to obtain an indication of the barrier performance of an investigated material [22,35]. For the bare specimen, the ǀZǀ value at 0.01 Hz was found to be 80.16 kΩ·cm2 in SBF medium. After surface modification, the ǀZǀ values for SHT, HPT and SHPT were observed to be 297.29, 222.69 and 605.62 kΩ·cm2, respectively.



To validate the obtained EIS data for bare and treated TNZ specimens, equivalent circuit fitting analyses were performed using suitable equivalent circuit (EC) models (Figure S3 in the supplementary materials), and the derived EIS parameters are summarized in Table 3.



In these circuits, Rs, Rf and Rct signify the electrolytic, film and charge transfer resistance, respectively. CPEdl and CPEf indicate the constant phase element of the double layer and film capacitance, respectively, which are employed to precisely fit the nonideal capacitive behavior due to the presence of defects and pores in the titanate layer. The exponent (n) of the constant phase element designates the deviance from perfect dielectric performance. When n approaches unity, the coated substrate is close to ideal capacitor behavior [36,37].



From Table 3, the Rct values of the treated specimens are higher than that of the bare specimen, demonstrating the improved corrosion-resistant performance of the formed layer. In particular, SHPT specimens showed higher Rct values, corroborating the beneficial role of the mixture of NaOH and H2O2 in forming a homogeneous and more compact surface with fewer defects [38]. In addition, the treated specimens showed a decrease in CPEdl by two orders of magnitude, indicating the effective hindrance of the penetration of aggressive species (Cl−) from the SBF medium [39]. Hence, the beneficial role of surface treatment, especially the improvement in SHPT over the TNZ specimen in terms of in vitro corrosion resistant behavior, is reflected in the higher capacitive arcs, higher Rct, lower CPEdl, highest Ecorr and lower Icorr values. The obtained results confirm that the formation of a homogeneous and compact titanate layer improves the corrosion-resistant behavior of the TNZ surface in SBF medium.




3.5. In Vitro Characterization in SBF Medium


To estimate the in vitro bioactivity of treated TNZ specimens, the surface morphologies of treated specimens after immersion in SBF medium for 3, 5 and 7 days were determined and are displayed in Figure 8. In a previous study, we evaluated the growth of hydroxyapatite on bare TNZ specimens and reported that Ca3(PO4)2 was formed on the entire TNZ surface after 14 days of exposure in SBF medium [16]. Herein, after 3 days of immersion in SBF, all of the treated TNZ specimens exhibited a uniform distribution of globular crystallites covering the entire surface. This growth was enhanced with prolonged immersion time, and finally, some agglomeration of particles was observed after 7 days of immersion in SBF medium.



It has already been established that the formation of apatite occurs through ion exchange between the formed sodium titanate layer and SBF solution, and the mechanism and growth of apatite on treated Ti alloy have been well discussed in the literature [40,41]. Absorbed OH− ions on the treated TNZ surface could considerably enhance the possible apatite formation on the alloy surface. Released sodium ions from the sodium titanate film increased the local pH near the specimen surface. The negative charges from HTiO3− probably attracted Ca2+ (or Ca2+) ions by Coulombic force and HPO42− ions by hydrogen bonds, causing the ions to accumulate near the Ti surface. This accumulation of ions enhanced the local supersaturation degree with respect to apatite. When apatite nuclei were formed, they might spontaneously grow by consuming Ca2+, HPO42− and OH− ions from the SBF solution [42]. Although all the treated TNZ specimens stimulated the nucleation of apatite within 3 days of exposure in SBF, the density and homogeneous distribution of apatite formed in specimens was determined to increase in the order of HPT, SHT and SHPT. The surface treatment of Ti–13Nb–13Zr alloy using anodization, alkali and H2O2 treatment, etc., efficiently stimulated the attachment of Ca2+ and HPO42− ions or the formation of apatite, resulting in enhanced corrosion protection behavior and osseointegration capability [43,44,45]. The chemical composition of the obtained layer was analyzed using EDS analysis, and the results are displayed in Figure S4 in the supporting information. The presence of Ca, P and O together with the main alloying elements of TNZ specimens (Nb and Zr) was observed in the EDS spectra of treated TNZ specimens after immersion in SBF. In addition, the ratios of Ca/P for the treated TNZ specimens after exposure for 3, 5, and 7 days were found to be 1.53, 1.61, and 1.65, respectively. An increase in Ca/P ratio is usually related to the transformation of dicalcium phosphate (DCPA) into hydroxyapatite (HA) [46].





4. Conclusions


Surface treatment using chemicals and a thermal route was performed on newly developed TNZ specimens to improve their in vitro corrosion resistance and bioactivity in SBF medium. Surface structure and microstructure characterization results from surface profilometry, SEM/EDS, and XRD implied that the SHT and SHPT specimens are characterized by a more compact sodium titanate layer on the TNZ surface, whereas the HPT specimen showed a porous network titania layer with higher surface roughness. The WCA results indicated the improved surface hydrophilicity of the treated TNZ surfaces, which may favor the in vitro bioactivity of these specimens. The in vitro corrosion performance of treated specimens in SBF medium is reflected in the higher capacitive arcs, higher Rct values, lower CPEdl, higher Ecorr and lower Icorr. This observation validates that the formation of a homogeneous and more compact titanate layer improves the corrosion-resistant behavior of TNZ surfaces in SBF medium. Surface characterization of the treated specimens after immersion in SBF medium indicated the uniform distribution of hydroxyapatite particles on the treated TNZ specimens, which validated their in vitro bioactive performance in SBF medium.
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Figure 1. SEM micrographs of treated specimens. 
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Figure 2. Surface topographic images of treated specimens. 
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Figure 3. XRD patterns of treated specimens. 
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Figure 4. WCA images of treated specimens. 
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Figure 5. PDP curves of treated specimens in SBF medium. 
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Figure 6. Nyquist curves of treated specimens in SBF medium. 
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Figure 7. Bode plots of treated specimens in SBF medium. 
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Figure 8. SEM images of treated specimens after immersion in SBF medium. 
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Table 1. Tafel parameters of bare and treated TNZ specimens.
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	Samples
	Ecorr (V)
	Icorr

(µA/cm2)
	Ip

(µA/cm2)
	βa

(mV/dec.)
	βc

(mV/dec.)
	Corr. Rate (mmpy) × 10−3





	Bare
	−0.443
	1.012
	26.051
	73
	92
	8.880



	SHT
	−0.331
	0.125
	4.812
	82
	79
	1.097



	HPT
	−0.078
	0.237
	9.563
	74
	80
	2.080



	SHPT
	−0.031
	0.091
	1.312
	89
	78
	0.8042
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Table 2. LPR parameters of bare and treated TNZ specimens.
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	Samples
	Ecorr (V)
	Icorr (µA/cm2)
	Rp (kΩ·cm2)
	Corr. Rate (mmpy) × 10−3





	Bare
	−0.439
	1.264
	17.673
	11.096



	SHT
	−0.339
	0.093
	187.80
	0.8164



	HPT
	−0.069
	0.189
	88.313
	1.654



	SHPT
	−0.028
	0.063
	286.440
	0.5534
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Table 3. EIS parameters of bare and treated TNZ specimens.
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	Substrate
	Rs

(Ω·cm2)
	Rct

(kΩ·cm2)
	CPEdl

(µF·cm−2)
	ndl
	Rf

(kΩ·cm2)
	CPEf

(µF·cm−2)
	nf





	Bare
	81.24
	80.16
	75.41
	0.94
	–
	–
	–



	SHT
	78.95
	297.29
	1.95
	0.96
	12.39
	14.74
	0.95



	HPT
	80.22
	222.69
	2.53
	0.95
	11.12
	18.63
	0.94



	SHPT
	19.87
	605.62
	0.17
	0.97
	18.94
	0.91
	0.96
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