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Abstract

:

TC4 alloy is widely used in dental implantation due to its excellent biocompatibility and low density. However, it is necessary to further improve the corrosion resistance and surface hardness of the titanium alloy to prevent surface damage that could result in the release of metal ions into the oral cavity, potentially affecting oral health. In this study, Ti-N-O layers were fabricated on the surface of TC4 alloy using a two-step hollow cathode plasma source oxynitriding technique. This resulted in the formation of TiN, Ti2N, TiO2, and nitrogen-stabilized α(N)-Ti phases on the TC4 alloy, forming a Ti-N-O modified layer. The microhardness of the samples treated with plasma oxynitriding (PNO) was found to be 300–400% higher than that of untreated (UN) samples. The experimental conditions were set at 520 °C, and the corrosion current density of the PNO sample was measured to be 7.65 × 10−8 A/cm2, which is two orders of magnitude lower than that of the UN sample. This indicates that the PNO-treated TC4 alloy exhibited significantly improved corrosion resistance in the artificial saliva solutions.
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1. Introduction


Titanium alloys are widely used for manufacturing medical implants in humans due to their exceptional properties, such as high specific strength, fatigue strength, and biocompatibility [1,2]. These properties make them an ideal choice for implants that require durability and the ability to withstand the corrosive environment of the human body. When exposed to air at ambient temperatures, titanium and its alloys form a surface oxide layer. However, this naturally occurring oxide layer can degrade in certain corrosive environments, leading to its dissolution [3]. The natural oxide film is susceptible to dissolution in reducing or complex media and can rapidly decompose in acidic or fluoride solutions [4,5]. Increased acidity of the medium or the presence of ions (F−, Cl−,   S   O   4   2 −    ) can increase the corrosiveness of the medium, reduce the protective properties of the oxide passivation layer, or accelerate its degradation rate [6,7]. While titanium alloys are vulnerable to fluoride ions, other active anions, such as Cl−, can also harm the oxide layer of titanium alloys. For instance, Cl− present in artificial saliva can be adsorbed on the oxide film, leading to its decomposition [8]. In successful cases involving surgical and medical instruments, various surface engineering technologies, such as physical vapor deposition (PVD), chemical vapor deposition (CVD), and plasma nitriding (PN), have been employed to enhance biocompatibility, antibacterial effects, and high corrosion resistance in the human body [9,10]. Among these techniques, PN is extensively used as a surface modification method capable of forming relatively thick, complex, adherent films with corrosion resistance [11,12,13]. TiN coating, in particular, exhibits good biocompatibility and holds promise for various applications in human implants [14]. However, in the harsh oral corrosion environment, a TiN protective layer alone cannot effectively prevent oral bacterial infection, consequently impacting its antibacterial activity. Wang et al. demonstrated that TiN-coated samples on pure titanium experienced erosion and damage when exposed to fluoride-containing artificial saliva [15]. Therefore, further improvements in the performance of the TiN-modified layer are necessary.



Wierzchoń et al. [16] conducted a study in which they utilized a plasma-assisted oxidation-nitridation process to prepare a TiO2 + Ti2N + Ti(N) diffusion layer, resulting in improved corrosion and wear resistance of the substrate material. Furthermore, the presence of nano-crystalline titanium oxide (rutile) demonstrated enhanced biological performance when titanium and its alloys came into contact with blood. The formation of TiNxOy metal compounds involves the replacement of nitrogen atoms with oxygen atoms in the face-centered cubic (fcc) lattice of TiN, causing lattice distortion and the introduction of defects, ultimately improving the properties of the material [17]. The incorporation of oxygen into the cationic fcc sublattice plays a key role in this transformation. Banakh et al. [18] found that titanium nitride coatings were deposited on commercially pure titanium and observed significant bioactivity. In another study, Albayrak et al. [19] investigated the nitriding and oxynitride behavior of CP-Ti samples through the anodization of the TiO2 layer after the plasma nitriding process. The porous oxynitride samples showed better corrosion resistance.



The hollow cathode discharge effect plays a crucial role in enhancing the efficiency of ionization and creating a denser plasma through multiple electron–gas collisions [20,21,22]. This effect is particularly advantageous for the nitriding of titanium alloys, which require high diffusion temperatures. The use of high-density plasma allows higher and more controlled processing temperatures to be achieved in a shorter period [23]. In the nitriding furnace, a hollow cathode device is employed to generate a hollow cathode discharge, serving as a powerful working medium and an effective heat source for heating the workpiece [24]. Plasma nitriding technology offers numerous benefits, including rapid nitriding speed, high efficiency, energy saving, and the production of high-quality, corrosion-resistant nitride layers at low temperatures [25,26]. In this study, a two-step hollow cathodic plasma source oxynitride was employed to prepare a Ti-N-O modified layer on a TC4 alloy substrate. The surface treatment involved plasma nitriding followed by plasma oxynitride, resulting in the formation of a nitride layer that subsequently transformed into a Ti-N-O modified layer. By utilizing this duplex technology, it is anticipated that high-quality composite modified layers can be achieved, leading to improved corrosion resistance of titanium alloys in artificial saliva solutions.




2. Materials and Methods


2.1. Preparation of Ti-N-O Compound Layer


The material used for the experiments was TC4 alloy bolts, size M8 × 13 mm. The samples were acid washed with HF-HNO3 (45 mL HF (49%) + 205 mL HNO3 (65%) + 750 mL deionized water) solution to wash off the oil stains and oxide on the surface. The duration of the acid wash was ten minutes. Finally, the samples were cleaned separately using an ultrasonic treatment for 10 min with acetone and anhydrous ethanol. The samples were dried and loaded into the nitriding equipment.



The self-developed experimental hollow cathode device is shown in Figure 1. This hollow cathode device intensified the collision between the plasma and the TA2 screen, thereby increasing the plasma concentration. This enabled the sample to achieve plasma nitriding rapidly. The parameters for the surface treatment of samples are shown in Table 1.




2.2. Performance Test and Organization Observation


X-ray diffraction (XRD) analysis was performed using a D8ADVANCE X-ray diffractometer system made by BRUKER with Cu-Kα radiation. The analysis involved scanning in the 2θ range of 20°–90° to evaluate the crystal structure of UN and PNO samples. The microstructure of the sample section was observed using a Zeiss Axio Observer 3M metallographic microscope, and the surface hardness was measured with an HXD-1000TM/LCD microhardness tester. X-ray photoelectron spectroscopy (XPS) analysis of the surface chemical composition was conducted using a PHI Quantra II system from JAPAN, and data were processed using CasaXPS software. The analysis used peak calibration with energy C1s (284.8 eV). For electrochemical testing, a CS310 electrochemical workstation was used with a three-electrode system. An artificial saliva composition was used (see Table 2) and maintained at 37 °C and pH 6.65 ± 0.01. The titanium bolt was connected to a silver wire and immersed in the artificial saliva as a working electrode. The contact area between the silver wire and the bolt was excluded from the analysis (illustrated in Figure 1), and the surface area of the electrode was approximately 215 mm2. A reference electrode of Ag/AgCl was used, and a platinum sheet was the auxiliary electrode. An open circuit potential test was performed on the sample for 10 min. Electrochemical impedance spectroscopy (EIS) measurement was conducted using a sinusoidal potential perturbation of 10 mV in the frequency range of 10−2–105 Hz. On the basis of the EIS results, Nyquist and Bode plots of the sample were obtained, and a dynamic potential polarization test was performed in the range of 0.6–1.5 V (relative to the reference electrode) at a scanning rate of 0.5 mV/s. Three replicate experiments were carried out, and the experimental data were fitted using Zview-2 and Origin 2018 software.





3. Results and Analysis


3.1. Analysis of Organization and Physical Structure


3.1.1. The Thickness of The Composite Layer of The PNO Samples


The cross-sectional morphology of the PNO samples after corrosion with the Kroll solution is shown in Figure 2. The PNO samples had a prominent bright white layer on the surface, which was not affected by the corrosive solution. The Ti-N-O composite layer of titanium was superior to the substrate in terms of corrosion resistance. Observations revealed a light-yellow layer above the white and bright layer on the PNO sample. The reason behind this phenomenon is the formation of TiN, which presents a characteristic golden-yellow hue resulting from the diffusion of nitrogen into the TC4 alloy [27]. For the PNO samples, the thickness of the composite layer was approximately 5.5 μm, 5.7 μm, and 10.0 μm, respectively.




3.1.2. Phase Determination


Figure 3 shows the XRD patterns of the UN and the PNO samples. The UN sample consisted of α-Ti with a close-packed hexagonal lattice (hcp) (100) orientation and β-Ti with a body-centered cubic structure (bcc) (101) orientation. For the PNO samples compared with the original sample, the α-Ti peak was weakened. The β-Ti was unchanged, while the diffraction peaks of TiN (PDF#38-1420) and Ti2N (PDF#76-0198) and some TiNx peaks appeared. In addition, both the α-Ti (100) and (101) diffraction peaks (PDF # 89-3725) shifted to a low angle, which indicates that the crystal lattice was distorted during the process of oxynitride [28,29]. The Ti2N phase was generated at a lower temperature of 500 °C, while the intensity of the TiN peak increased at higher temperatures of 520 and 540 °C. The main phases of the PNO samples were TiN and Ti2N.




3.1.3. XPS Analysis of PNO-520 Samples before Artificial Saliva Corrosion


As shown in Figure 4, the Ti2p peak spectrum suggested that several components were present, including TiO2, TiN, TiON, and Ti2O3. By analyzing the binding energy, we can distinguish between the different components. Specifically, the presence of TiN can be identified by the binding energies of 454.98 and 460.61 eV, while TiON in TiNxOy can be represented by the binding energies of 455.99 and 461.60 eV [30,31]. The binding energy at 458.28 (standard value 458.3) and 464.16 eV (average value 464.19 eV) correspond to TiO2. This could be attributed to the distortion of the lattice structure in TiO2 caused by N-doping during plasma source oxynitride, which shifts the energy levels of the orbitals [32]. The binding energies of Ti2O3 were 456.96 and 462.87 eV [33]. The binding energy points of 395.8 and 396.98 eV in N1s corresponded to TiON and TiN, respectively. Three peaks were found in O1s, namely TiO2, Ti2O3, and TiON, with binding energies of 529.76, 529.8, and 531.34 eV, respectively [34].





3.2. Analysis of Mechanical Properties


As shown in Figure 5, the surface hardness of the PNO samples was significantly improved compared with the matrix hardness of TC4 alloy (300.0 HV0.1). The surface hardness values of the PNO samples were 798.3 HV0.1, 982.1 HV0.1, and 1142.7 HV0.1, respectively. The results obtained from XRD indicated that TiN and Ti2N phases were on the surface of the PNO samples. The primary factor behind the increased surface hardness was the presence of the TiN and Ti2N phases [35,36]. As their content increases, so does the hardness of the surface. The microhardness change is associated with the treatment temperature. With the rise in the oxynitride temperature, the depth of the diffusion layer increased gradually. The diffusion layers of the PNO-500, PNO-520, and PNO-540 samples were 45 μm, 48 μm, and 75 μm, respectively. Nitrogen and titanium form an interstitial solid solution in the diffusion layer, improving the substrate’s surface hardness.




3.3. Analysis of Corrosion Resistance Properties


3.3.1. Analysis of Polarization Curves


When titanium alloys are implanted into the human body as dental implants, the saliva in the human mouth can corrode and degrade implanted titanium alloy teeth. The corrosion of this process is simulated through an electrochemical corrosion test. In the electrochemical corrosion experiment of artificial saliva, bubbles can be observed on the sample’s surface. This phenomenon indicates that a hydrogen evolution reaction occurs during the corrosion process (1) [37,38].


  2 T i + 6   H   +   → 2   T i   3 +   + 3   H   2   ↑  



(1)







As shown in Figure 6, in the AB anodic region, the titanium alloy dental implant sample oxide began to dissolve, and the activation polarization affected the dissolution rate. The current density of the PNO sample changed very little at a potential of −0.2–0.1 V and hardly changed with the potential. In addition, the BC region was the active–passive transition region, where the formation of TiO2 passivation film could prevent the further dissolution of the base material [39]. The PNO samples had a common feature: the passivation film was generated at almost the same current density. By contrast, the UN sample generated passivation film at a much higher current density [40]. At 0.1–0.2 V, the passivation film dissolved, at which time the current density and potential increased. At point D, there was a sharp decrease in current density and a corresponding increase in potential, leading to the regeneration of the passivation film [41]. The potential for further growth in EF regional voltage is still significant, while the current remains relatively unchanged. The surface of the sample generated a dense passivation film, indicating that it was in a stable passivation stage. The anodic polarization suggested that the passivation film on the PNO samples underwent a repassivation process involving forming, dissolving, and regenerating the indicated morphology of the anode region, suggesting the presence of a protective layer. By contrast, the cathode region produced predominantly hydrogen. Electrochemical polarization characteristic tests showed that the corrosion resistance of the PNO samples was better than that of the UN sample in the human oxidation potential (−58–212 mV) range.



The polarization voltage, corrosion current density, and polarization resistance were obtained through fitting using Cview-2 software. As shown in Table 3, the corrosion current density calculated by the software was based on the Stern–Geary Equation (2) [42,43]:


    I   c o r r   =     β   a   ×   β   c         β   a   +   β   c       R   p     =     b   a   ×   b   C     2303 ×     b   a   +   b   C       R   p      



(2)







Table 3 shows the data polarization potential (Ecorr), corrosion current density (Icorr), and polarization resistance (Rp) corresponding to the polarization curves. Ecorr reflects the thermodynamic tendency for corrosion to occur [44]. The higher the value of Ecorr, the lower the corrosion tendency of the sample [45]. According to the Ecorr, the UN sample was −0.289 V. As the temperature increased, the Ecorr of PNO-540 was −0.265 V. It can be seen that temperature had a particular influence on the Ecorr of the TC4 alloy dental implant bolts. The corrosion resistance of a material can be judged by its Icorr. The lower the Icorr value, the better the corrosion resistance of the material [46]. After the treatment, the Icorr and Rp of the PNO-520 sample were 7.65 × 10−8 A/cm2 and 3.40 × 105 Ω·cm2, respectively. The Icorr and Rp of the PNO-540 sample were 9.35 × 10−7 A/cm2 and 2.78 × 104 Ω·cm2, respectively. The Icorr value of the PNO-520 sample was lower than the Icorr values of the PNO-500 and PNO-540 samples. Similarly, the Rp value of the PNO-520 sample was one order of magnitude higher than those of the PNO-500 and PNO-540 samples. A sufficiently thick Ti-N-O layer was found to reduce the Icorr values of the substrate. However, if the nitride layer is too thin, it reduces the resistance to Cl− ions in the solution, thereby reducing the Icorr values [47]. Moreover, when the thickness of Ti-N-O was high enough to prevent the adsorption of Cl− ions in artificial saliva, the surface roughness became the main factor that affected the corrosion resistance of the sample. During the process of hollow cathodic plasma source oxynitride, the sample was bombarded by the plasma. The higher the temperature, the more active the plasma, and the rougher the surface morphology of the sample [48]. Thus, it was observed that the corrosion resistance of the PNO-540 sample deteriorated as the surface roughness increased. Therefore, the PNO-520 sample exhibited the best corrosion resistance. Bao et al. [49] prepared TiNxOy coating on the TC4 surface through physical vapor deposition. The Icorr of the coating sample in an acidic solution (pH = 5.2) was only 6.0 × 10−8 A/cm2. Du et al. [50] produced various Ti-N-O coatings with an Icorr range of 100–500 nA/cm2 and an Rp range of 70–300 kΩ∙cm2. Meanwhile, Subramanian et al. [51] manufactured titanium oxynitride coatings with an Icorr of 0.67 × 10−7 A/cm2 and a Vcorr of 3.1 × 10−3 mm/a. The Icorr of the PNO-520 sample prepared by our process was 7.65 × 10−8 A/cm2, and the Rp was 3.40 × 105 Ω·cm2. The above results are similar, indicating that the Ti-N-O modified layer prepared by our process improved the corrosion resistance of the sample.




3.3.2. XPS Analysis of PNO-520 Samples after Artificial Saliva Corrosion


To elucidate the factors affecting the corrosion resistance of PNO samples in artificial saliva and their passivation film repassivation mechanism, XPS analysis was conducted on PNO-520 corrosion specimens (Figure 7). A Ti2O3 peak observed at the 456.2 and 461.81 eV binding energies in the Ti2p spectrum suggested that oxidation reactions occurred on the surface of the titanium alloy. The fitted peaks of Ti2p were all paired. The observed binding energies of Ti2p3/2 = 455.12, 457.2, and 458.46 eV, and Ti2p1/2 = 460.76, 463.31, and 464.48 eV indicated the presence of TiN, TiON, and TiO2. N1s correspond to TiON and TiN with binding energies of 395.99 and 397.06 eV (standard binding energy: 397.00 eV) with an overall decrease in the area of the peaks. The O1s orbital exhibited three closely fitted peaks. The binding energy of 529.92 eV is a prominent characteristic of TiO2. The binding energy of 531.09 eV meant that the hydration reaction of TiO2 in artificial saliva generated OH−. The binding energy at 531.96 eV represented H2O as the bound water absorbed by the sample oxide film [52]. The O1s peak showed that the passivation film mainly comprised TiO2, a small amount of Ti(OH)x, and an oxide film combined with water. The presence of these oxides improves the microstructure’s uniformity and improves the sample’s corrosion resistance [53].




3.3.3. Electrochemical Impedance Spectroscopy Analysis of Different Samples


Figure 8 shows the Nyquist and Bode plots of TC4 alloy in human artificial saliva. The Nyquist curve represents the variation of impedance among different titanium alloy samples. The capacitance vs. frequency curve exhibited a flat, incomplete resistance arc across the entire frequency range. Moreover, the shape of the arc suggested the involvement of electrochemical charge transfer [49]. With an increase in temperature, the transfer of charges at the surface of the electrode exhibits greater intricacy, causing an increase in resistance and an enhancement in corrosion resistance [11,54]. As a consequence, a greater scope of the capacitive arch arises. This tendency holds ultimately. The convex peak on the Bode phase angle diagram and the linear change in the Bode impedance diagram in the low-frequency region range (10−2–101 Hz) with a slope close to −1 reflect the capacitive behavior at the interface between the passivated film and the artificial saliva with the typical characteristics of an ideally polarized electrode [49,55]. In comparison with the PNO samples, the UN sample showed considerably lower values for the capacitive arc radius, as well as for the Bode phase angle and impedance at low and medium frequencies. This suggests that the UN sample exhibits more pronounced ion transport and electrode reaction processes [6,56]. The correlation between measured data and simulated data is shown in Figure 8a. The measured data matched well with the simulated data. The corrosion resistance of the UN sample was worse than that of the PNO samples. This showed that the corrosion resistance of the specimens was in the order of PNO-520 > PNO-500 > PNO-540 > UN.




3.3.4. The Mechanism of The Unique Repassivation Process Phenomenon in PNO Samples


According to the EIS curve data, the equivalent circuit was fitted to the sample with Zview-2 software. The corrosion state of the model in the artificial saliva was explained with a three-dimensional stereogram, as shown in Figure 9, in which the UN and PNO samples corresponded to the Rs((CfRf) (CPEdl Rct)), and Rs (CPEdl Rct) models, respectively.



The CPE impedance is defined as ZC = 1/[C(jω)n], where n represents the deviation from the actual capacitive behavior. It is the CPE exponent with values between 0 and 1. When n = 1, the normal phase angle element is an ideal capacitor. On the other hand, when n = 0, the normal-phase angle element is pure resistance.



The size of the circuit parameters was simulated using Zview-2 software. The correlation between the measured data and the calculated data is shown in Figure 8a. The measured data matched well with the simulated data. The UN sample was a non-dense porous electrode circuit with a double-time constant that denoted the solution resistance. Rf represents the charge transfer reaction resistance. Cf denotes the bilayer capacitance. Rct and CPEdl represent the resistance and capacitance of the passivated film [57]. As can be seen in Table 4, the passivation film Rct (6.50 × 103 Ω·cm2) of the UN sample was more significant than the charge transfer resistance Rf (86.98 Ω·cm2). This indicates that the passivation film’s generation hindered the charge transfer from the artificial saliva to the titanium alloy substrate. At this time, corrosion mainly occurred in the interface between the artificial saliva and the multilayer pores of the passivation film (Figure 9a). The above behavior (Figure 9a) is called crevice corrosion, in which the artificial saliva can penetrate the TC4 alloy substrate through defects, crevices, and pores [58].



Studies have shown that the soluble chlorine compounds formed in various types of artificial body fluids due to the presence of Cl− reduce the stability of the passivation film on the surface of a TC4 alloy, accelerate the dissolution of the anode, and reduce the corrosion resistance [59,60]. When titanium alloy is implanted as a dental implant bolt in the human mouth, the presence of Cl− in the saliva accelerates the reaction under the corrosion of oral saliva. The artificial saliva chosen for this experiment was a weak acidic solution with a pH of 6.65 ± 0.01. The following crevice corrosion reactions (3) and (4) [60] occurred:


  T i + 4   C l   −   → T i   C l   4   + 4   e   −    



(3)






  T i   C l   4   + 2   H   2   O → T i   O   2   + 4   C l   −   + 4   H   +    



(4)







The PNO samples were single-time constant dense multiphase structured electrode circuits. Rs represented the solution resistance, and Rct and CPEdl represented the nitrogen oxide resistance and the double-layer capacitance, respectively. The fitted parameters are shown in Table 4, which indicates that the PNO-520 sample resistance Rct (1.36 × 105 Ω·cm2) was two orders of magnitude larger than the initial sample resistance Rct (6.43 × 103 Ω·cm2). The PNO-500 (8.47 × 104 Ω·cm2) and PNO-540 (6.18 × 104 Ω·cm2) sample resistance values were one order of magnitude higher than the initial resistance value. Figure 7c depicts the XPS detection analysis results, which show that upon exposure to an artificial environment, the material’s surface undergoes corrosion. This process leads to the formation of bound water and hydroxyl groups on its surface. The growth of TiO2 was also observed to occur concomitantly with hydration. Ti-OH groups were formed on the oxidized surface OH− groups, which could attract cations (Mg2+, Ca2+, K1+, Na+), and the following reaction occurred (5) [59,61]:


  T i   O   2   +   H   2   O + 4   H   +   + 3   e   −   → T i   ( O H )   3   +    



(5)







The experiments demonstrated that within a given solution, the titanium alloy’s corrosion byproduct Ti3+ can be converted to Ti4+, which serves as a substance that decelerates corrosion, thereby prompting the resumption of passivation [40].



The repassivation process of the passive film is shown in Figure 10 and can be divided into three steps: (6), (7), and (8) [8,62]:



Passivation was observed in the PNO samples exposed to a corrosive artificial saliva environment (Figure 6, −0.3 V–0.05 V). A passivation film was formed on their surfaces (Figure 10a). The analysis (Figure 7) indicated that the film was composed of TiO2 and Ti2O3.



Secondly, the chemical stability of Ti-N-O, the intermediate product of the titanium-nitrogen compound and titanium-oxygen compound, is not as good as titanium oxide. Since the Ti-N bond dissociation energies are lower than those of the Ti-O bond, the intermediate product TiNxOy partially dissolves. Additionally, according to reaction (6), the passivation film undergoes a hydration reaction, leading to the further dissolution of the film (see Figure 10b).



Finally, the PNO samples showed secondary passivation behavior (0.2–0.5 V). The repassivation mechanism of the passivation film of the Ti-N-O modified layer gave the sample durable and adequate corrosion resistance under the artificial saliva. The PNO samples formed a layer of oxide and TiN + Ti2N + α-Ti(N) nitrides. The nitrides and oxides became a corrosion-resistant barrier layer, effectively protecting the substrate [63,64,65,66].


    T i   3 +   +   x H   2   O → T i   O   x   + 2 x   H   +   + ( 2 x − 3 )   e   −    



(6)






    2 T i N   x     O   y   +   2 H   2   O →   2 T i   3 +   +   1 + y     O   2   + x   N   2   + 4   H   +   + 10   e   −    



(7)






  2 T i N + 2   y H   2   O →   2 T i N   x     O   y   +   1 − x     N   2   + 4   y H   +   + 4 y   e   −    



(8)







The above analysis shows that the PNO samples have a more vital ability to inhibit the penetration of corrosion ions than the UN sample. The repassivation process of the PNO sample’s passive film improves its corrosion resistance in artificial saliva. This is attributed to the dense structures of the nitrides Ti2N and TiN, which prevent the invasion of saliva, and the superior corrosion resistance of the oxide TiO2, which hampers active ion diffusion. As a result, the electrochemical corrosion effect was reduced, and contact between the substrate and artificial saliva was effectively blocked, reducing charge transfer [67]. The Ti-N-O modified layer with a dense structure, fast passivation ability, and high chemical stability was responsible for the improved corrosion resistance of the samples [68].






4. Conclusions


The corrosion resistance of TC4 titanium alloy in artificial saliva was evaluated by comparing UN and PNO samples in terms of the phase type, surface hardness, depth of diffusion layer, and EIS testing. The key findings of this study are as follows:



(1) By employing a two-step hollow cathodic plasma source oxynitride technique at temperatures of 500, 520, and 540 °C, a modified Ti-N-O layer was successfully formed on the surface of the TC4 alloy, enhancing its properties. The PNO sample consisted of TiO2, TiN, and Ti2N layers and a-Ti(N) phase, forming the Ti-N-O modified layer.



(2) The composite layer thickness of the PNO samples ranged from 5.5 to 10.0 μm, with corresponding hardness values of 798.3 to 1142.7 HV0.1. Specifically, for the PNO-520 sample, the composite layer had a thickness of approximately 6.0 μm, and the diffusion layer extended beyond 48 μm. The surface hardness of this sample was measured at 982.1 HV0.1, which was approximately three times higher than the hardness of the substrate.



(3) The PNO sample exhibited a significantly stronger ability to inhibit the penetration of corrosion ions in the artificial saliva solutions compared with the UN sample. The impedance measurement of the PNO-520 sample yielded a value of 1.36 × 105 Ω·cm2, which was two orders of magnitude higher than that of the UN sample (6.50 × 103 Ω·cm2). Furthermore, the corrosion current density of the PNO-520 sample was 7.65 × 10−8 A/cm2, lower than that of the UN sample (2.78 × 10−6 A/cm2). The unique repassivation process of the passivating film in the PNO sample, involving generation, dissolution, and regeneration, effectively enhanced its corrosion resistance in harsh environments.
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Figure 1. Structure diagram of hollow cathode device. 
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Figure 2. Cross-sectional micrographs of UN and PNO samples. 
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Figure 3. X-ray diffraction patterns of UN and PNO samples. 
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Figure 4. XPS spectra of Ti2p, N1s, and O1s of PNO−520 sample. 
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Figure 5. Microhardness depth distribution of UN and PNO samples. 
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Figure 6. Potentiodynamic polarization curves of UN and PNO samples in artificial saliva. 
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Figure 7. XPS Spectra of Ti2p, N1s, and O1s after corrosion of PNO-520 sample in artificial saliva. 
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Figure 8. Electrochemical impedance spectroscopy analysis of different samples in artificial saliva: (a) Nyquist diagram, (b) Bode diagram. 






Figure 8. Electrochemical impedance spectroscopy analysis of different samples in artificial saliva: (a) Nyquist diagram, (b) Bode diagram.



[image: Metals 13 01083 g008]







[image: Metals 13 01083 g009 550] 





Figure 9. The equivalent circuit diagram in artificial saliva: (a) UN sample, (b) PNO sample. 
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Figure 10. Three-dimensional schematic diagram of dissolution and regeneration of Ti-N-O modified layer passivation film in artificial saliva. 
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Table 1. Parameters for surface treatment of samples.
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	Sample
	Temperature
	Heating Time (min)
	Step 1

Nitriding (min)

NH3
	Step 2

Oxynitriding (min)

NH3:O2 (9:1)





	UN
	-
	-
	-
	-



	PNO-500
	500 °C
	120
	60
	10



	PNO-520
	520 °C
	120
	60
	10



	PNO-540
	540 °C
	120
	60
	10
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Table 2. Chemical compositions of artificial saliva.
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	Na2S
	Mg2P2O7
	CaCL2
	KCL
	NaCL
	Mucin
	CO(NH2)2
	Na2HPO4
	Distilled Water





	0.0008 g
	0.0008 g
	0.3000 g
	0.2 g
	0.2 g
	2.0 g
	0.5 g
	0.3 g
	0.5 L
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Table 3. The Icorr, Ecorr, and Rp of different samples.
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	Sample
	Ecorr (V)
	Icorr (A/cm2)
	Rp (Ω·cm2)





	UN
	−0.330
	2.78 × 10−6
	9.35 × 103



	PNO-500
	−0.294
	1.55 × 10−6
	1.70 × 104



	PNO-520
	−0.289
	7.65 × 10−8
	3.40 × 105



	PNO-540
	−0.265
	9.35 × 10−7
	2.78 × 104
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Table 4. Electrochemical EIS circuit fitting parameters for UN and PNO samples in artificial saliva.
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	Rs

(Ω·cm2)
	Cf

(F·cm−2)
	Rf

(Ω·cm2)
	CPEdl

(F·cm−2)
	Rct

(Ω·cm2)





	UN
	65.35
	1.21 × 10−3
	86.98
	2.7 × 10−4
	6.50 × 103



	PNO-500
	126.5
	
	
	4.71 × 10−4
	8.47 × 104



	PNO-520
	90.33
	
	
	4.27 × 10−4
	1.36 × 105



	PNO-540
	92.93
	
	
	7.09 × 10−4
	6.18 × 104
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