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Abstract

:

We performed a gas nitriding and quenching process (GNQP) on Ti–18 mass% Nb alloy to obtain a high damping capacity and wear resistance. GNQP was performed at temperatures of 1023, 1123, and 1223 K. The outermost surface of the GNQP specimen obtained at 1023 K mainly comprised TiO2, whereas that at 1223 K mainly comprised TiN. The surface and interior of the specimens exhibited higher hardness at 1223 K than that at 1023 K. Compared to the specimen obtained by solution–quenching (AQ), the unit volume of the α” martensite phase at a depth of 320 μm of the GNQP specimen obtained at 1023 K was similar, and that at 1223 K was higher. Such a difference can be related to the difference in the core hardness of the specimens. The wear amounts of all GNQP specimens were lower than those of the AQ specimen. The coefficient of friction of the GNQP specimen obtained at 1023 K was lower than that obtained at 1223 K. The surface constituent phase and surface roughness exhibited a strong influence on the wear at a load of 500 g. Meanwhile, the nitride layer and damping capacity were considered to be related to the wear at a load of 3000 g.
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1. Introduction


Ti alloys have excellent specific strength, corrosion resistance, and biocompatibility and are used in various fields, such as aircraft, automotive, biological applications, and buildings [1,2,3]. In addition to developing Ti alloys for applications that utilize their excellent properties as structural materials, research has also focused on the utilization of their functionality. In particular, several studies have been conducted with a focus on the low Young’s modulus of materials based on β-type Ti alloys [4,5,6,7], and the superelasticity [8,9,10] and shape-memory properties [10,11,12,13] in compositions with stress-induced α” martensite phases.



Improving new properties is necessary to further expand the applications of Ti alloys. One of the properties that we are currently focusing on is damping capacity. Ti alloys are recognized as metallic materials with low damping capacities [14]. Although an increase in the damping capacity of existing Ti–6246 alloys has been reported using a martensite structure [15,16], few studies have focused on the microstructural state that maximizes the damping capacity of Ti alloys.



In our previous research, we experimentally examined the relationship between the quenched microstructural state and mechanical properties of Ti–(15, 18, 20) mass% Nb alloys based on (α + β)-type Ti alloys [17,18]. This composition range exhibited a high damping capacity, which was not achieved with previous Ti alloys. However, lower hardness and poor wear resistance were observed owing to the martensite structure of the Ti–Nb alloys. Therefore, improving the surface hardness and wear resistance of Ti alloys while maintaining a high damping capacity is needed to increase their damping capacity and enable their use in frictional sliding parts. To achieve this, a surface-hardened layer must be generated while maintaining the interior martensite structure. The mechanism of nitrogen adsorption, penetration, and diffusion into α-Ti is also shown by the results of first-principles calculations [19]. Therefore, surface hardening of the Ti–15Nb alloy has been attempted using plasma nitriding; however, plasma nitriding at a relatively low temperature while maintaining the quenched martensite hardened only the outermost surface [20]. Based on this result, we developed a gas nitriding and quenching process (GNQP), whereby gas nitriding and quenching are simultaneously performed using an equipment simpler than that used in plasma nitriding, and applied it on Ti–15Nb alloy. When the GNQP treatment was performed, high damping capacity and surface hardness could be achieved [21]. In this study, the core hardness of the GNQP material of the Ti–15Nb alloy at 1223 K was approximately 200 HV higher than that of the Ti–15Nb alloy at 1023 K. However, the reason for such a difference remains unclear. The Ti–18Nb alloy was revealed to have a higher internal friction value than the Ti–15Nb alloy after quenching [17,18].



Therefore, in this study, a higher damping capacity and wear resistance were obtained through the application of GNQP treatment on the Ti–18Nb alloy to investigate the material properties and friction and wear behavior. Several reports have focused on the friction and wear behavior of surface-hardened Ti alloys [22,23,24,25,26,27,28]. However, Vickers hardness, wear resistance, and coefficient of friction do not have a simple proportional relationship, whereby wear resistance is considered to be influenced by various factors, such as surface roughness, surface and inner phase constituents, indenter material, and applied load.



Based on the tribological background, experimental methods, and results, friction and wear tests were conducted on the Ti–18Nb alloy after GNQP. Moreover, the relationship between the material properties and the friction and wear behavior is discussed based on the obtained results.




2. Materials and Methods


A α-rich (α + β)-type Ti–18 mass% Nb alloy (Nb: 18.05%, O: 0.15%) and 1 mm thick plates cut from the same material used in a previous report [18,19] were used in the experiment. Figure 1 shows a schematic of the experimental method. Figure 1a shows a schematic of the GNQP. The specimen was placed on a quartz boat and then in a quartz tube in an electric furnace. Evacuation and N2 replacement were repeated several times. N2 gas with a purity of 99.999% and heated to 1023, 1123, or 1223 K at a pressure of 0.15 MPa was used. After heating for 1 and 5 h, the quartz boat was immersed in ice water for quenching. The aforementioned steps constitute GNQP. Subsequently, the Ti–18Nb alloy was vacuum sealed in a quartz tube and heated at 1223 K for 1 h. The quartz tube was then crushed in ice water and quenched. This solution-quenching condition is referred to as AQ.



After GNQP, the specimens were subjected to cross-sectional scanning electron microscopy (SEM), cross-sectional Vickers hardness tests, X-ray diffraction (XRD) analysis, internal friction and surface roughness measurements, and friction and wear tests. Elemental analysis was also performed using SEM–energy-dispersive spectroscopy (EDS) during SEM analysis. Table 1 lists the heat-treatment conditions and tests conducted for each specimen.



Cross-sectional SEM observations (Hitachi S-4300, Tokyo, Japan) and SEM–EDS measurements were performed using specimens that were buffed and then ion-milled. Cross-sectional Vickers hardness tests were performed using a Mitutoyo HM-220D (Kawasaki, Japan) with a test force of 0.01 kgf, from a position of 5 μm from the outermost surface to 385 μm at intervals of 20 μm along the depth direction of the specimen cross section. This measurement was repeated thrice, and the average value and standard deviations were calculated. XRD measurements were performed at a Rigaku SmartLab (Tokyo, Japan) using Cu-Kα radiation with a tube voltage of 40 kV, tube current of 30 mA, and diffraction angle range of 20–90°. In addition to the surface structure after GNQP, the constituent phases were examined at depths of 30, 70, 150, and 320 μm after the surface was polished. Internal friction measurements were performed using an Onosokki DS-3000 (Yokohama, Japan) instrument to apply vibrations using the free-resonance method. The damping waveform of the vibration amplitude was obtained, and the internal friction Q−1 was calculated using the Hilbert calculation. The surface roughness was measured thrice using a Mitutoyo SURFTEST SJ-310 (Kawasaki, Japan) based on the ISO standard, and the average value and standard deviation of the arithmetic average roughness Ra and maximum height roughness Rz were calculated. Friction and wear tests were performed using a Rhesca FPR-2100 (Tokyo, Japan) with a diameter of φ5 mm steel or alumina ball as a friction indenter on a circumference of radius r = 1 mm at a rotation speed of 50 rpm for up to 1800 s. The coefficient of friction was sampled at a speed of 0.01 s, and the graph was smoothed. The wear tracks after the test are illustrated in Figure 1b. The width and depth of the wear tracks were measured in four directions, as shown in Figure 1, based on a previous study [26]. The wear track width was measured using an optical microscope, and the wear track depth was measured using a laser displacement meter (KEYENCE CL-3000, Osaka, Japan). In addition, SEM and SEM–EDS were performed on some specimens.




3. Results


3.1. Microstructures and Material Properties after GNQP


Figure 2 shows the cross-sectional SEM images after GNQP for (a) 1023 K for 1 h, (b) 1023 K for 5 h, (c) 1223 K for 1 h, and (d) 1223 K for 5 h. As shown in Figure 2a, a film is formed on the outermost surface at the left end, and a structure is developed at a depth of 15 µm from the outermost surface. As shown in Figure 2b, a dense region at a depth of up to approximately 10 µm and a sparse region at a depth of up to approximately 40 µm are observed. Minimal changes in the depth of the dense region are noted, even at the GNQP temperature of 1223 K. However, at 1223 K, the sparse region is observed at a depth of 70 µm after 1 h (Figure 2c) and approximately 80 µm after 5 h (Figure 2d). GNQP at 1023 K for 1 h resulted in a needle-like structure. As the nitriding temperature and time increased, the formed structures became thicker, longer, and rounder. In addition, as depicted in the cross-sectional analysis results, the nitrided surface is relatively flat at 1023 K with the presence of surface irregularities increasing at 1223 K.



Elemental analysis by SEM–EDS was performed on the specimen heated at 1223 K for 5 h, whereby a massive structure is clearly visible. Figure 3 shows the structural image (a) and elemental distributions of Nb (b), O (c), and N (d). (e) is the enlarged structure of the outermost surface of (a). The dark areas in the structural image have low Nb content and high N content. The O content increases in the outermost surface area, and an oxide film is considered to be formed on the outermost surface during quenching in ice water. The elemental analysis results of points ①–④ in Figure 3a are listed in Table 2. The areas that could not be quantified are indicated by horizontal lines. In point ①, the N content is 8.1 mass% and the Nb content decreases to 6.8 mass%. In terms of the atomic content, the N content is 23.4 at.%, suggesting that nitride layers, such as composed Ti2N, are formed in this region. As the O content hardly increases after GNQP, a thin oxide film less than a few µm is formed. In contrast, in the parent phase region of ②, the Nb content increased to 27.9 mass%, and a nearby Nb-enriched region is formed as nitrides or a N solid-solution layer. In the region at point ③, N is detected at 2.5 mass%, which is not detected in point ②, with a slight decrease in the Nb content. This N content is equivalent to 8.6 at.%, suggesting that it is a N solid-solution layer. Meanwhile, N is not detected in point ④, and the Nb content is slightly higher than the average composition. Hence, this is a region of the base structure. This nitrided structural morphology is different from that formed in Titanium Grade 2 [27] or Ti6Al4V alloys [28], and this change is considered to be due to the amount of Nb, a β-stabilizing element.



Figure 4 shows the cross-sectional Vickers hardness distribution after GNQP under different conditions. For the GNQP specimen obtained at 1023 K for 1 h, the outermost surface has a hardness of 400 HV0.01, which gradually decreased. Moreover, its hardness at a depth of 150 μm is the same as that of the AQ specimen (203 HV). At 1023 K, the hardness at a depth of 385 μm obtained at 5 h is higher than that at 1 h. At 1223 K for 1 h, the hardness of the outermost surface exceeded 700 HV0.01 and that of the interior was greater than 300 HV0.01. At 1223 K, the hardness of the outermost surface at 5 h is slightly higher than that at 1 h. This difference in hardness continued to the interior, where it was higher than the hardness of 1023 K. As the gas nitriding temperature and process duration increase, the hardness of the material increases from the surface to approximately 100 µm, where nitrides and N solid solution phases are observed, and in the interior. This tendency in hardness is considered to be due to the formation of nitride and nitrogen solid solution phases and the accompanying structural changes. This finding is consistent with the measurement results for the Ti–15Nb alloy [21].



The composition of each phase with respect to the surface depth after GNQP was clarified using XRD after polishing the specimens to the desired depth. Figure 5 shows the XRD profiles at various depths under the GNQP conditions of (a) 1023 K for 5 h and (b) 1223 K for 5 h. For the surface obtained at 1023 K, sharp diffraction peaks of TiO2 and Ti2N, TiN, and N solid-solution-phase α-TiN0.3 are detected. In addition to Ti2N and α-TiN0.3, diffraction peaks of the β phase are noted at a depth of 30 μm. Diffraction peaks of the α” martensite are observed at depths of 70–320 µm. In contrast, Ti2N and α-TiN0.3 are detected on the surface at 1223 K with the highest diffraction peak intensity for TiN. A weak TiO2 peak is also noted, which can be ascribed to the inhibited formation of a TiO2 film during water quenching when the nitride formation and N solid solution increased at high temperatures owing to gas nitriding. At depths of less than 30 µm, diffraction peaks of the β phase, Ti2N, and α-TiN0.3 are observed. At depths of less than 70 µm, the α″ martensite is the main component and α-TiN0.3 is also detected. At depths of 150 and 320 µm, the main diffraction peaks of α″ martensite are noted. In particular, the diffraction peaks at 150 and 320 µm at 1223 K are broader than those at 1023 K, corresponding to the internal residual strain, which is considered to be the result of a difference in the Vickers hardness. Similar results were obtained in previous studies on Ti–15Nb alloys [21].



Figure 6 shows the internal friction (a) and surface roughness (b) after GNQP. The internal friction of the annealed α + β structure is approximately 0.3 × 10−3, whereas that of the AQ specimen is extremely high at 7.2 × 10−3. This measured value is consistent with previous internal friction measurement results for Ti-Nb alloys [17,18]. The same findings are observed for the GNQP specimen obtained at 1023 K and the AQ specimen. Although the internal friction for the GNQP specimens obtained at 1123 and 1223 K decreased, high values are maintained. This difference in the internal friction can be ascribed to the difference in the nitride layer and N solid-solution phase on the surface side and α” martensite phase. For the AQ specimen, Ra is 0.14 µm and Rz is 0.97 µm. The Ra and Rz values of the GNQP specimen obtained at 1023 K are higher than those of the AQ specimen; however, only a small difference is noted for the specimens obtained after 1 and 5 h. The Ra and Rz of the GNQP specimen obtained at 1223 K are higher than those obtained at 1023 K. Moreover, these values increased as the time was increased from 1 h to 5 h. At 1223 K for 5 h, Ra is 0.64 µm and Rz is 5.4 µm. The surface roughness increased owing to the formation of a nitride layer and the growth of the N solid-solution phase.




3.2. Changes in Friction and Wear Behavior Based on the Indenter Material and Load


We investigated the differences in the friction and wear behaviors based on the indenter material. Figure 7 shows the changes in the coefficient of friction using (a) steel balls and (b) alumina balls with an applied load of 200 g for up to 1200 s. For measurements of steel balls other than at 1223 K, the measurement time was shorter than 1200 s, although they were taken until a stable coefficient of friction was reached. Using the steel ball, the coefficient of friction of the AQ specimen increased and decreased repeatedly to an average value of approximately 0.4. For the GNQP specimen obtained at 1023 K, the initial coefficient of friction is approximately 0.2, which increased rapidly to a constant value of 0.5 after approximately 200 s. For the GNQP specimens obtained at 1123 and 1223 K, the coefficient of friction gradually increased, reaching approximately 0.5 at 1200 s. Using alumina balls, the coefficient of friction for the AQ specimen increased and decreased repeatedly to an average value of 0.6. For the GNQP specimens, the coefficient of friction is maintained at 0.1 under all conditions; however, the slope of the coefficient of friction increased as the temperature increased to 1023, 1123, and 1223 K. The highest coefficient of friction is obtained for the GNQP specimen obtained at 1023 K using steel balls, whereas the lowest coefficient of friction is noted for that obtained at 1023 K using alumina balls. This difference in the coefficient of friction can be ascribed to the wear state of the Ti alloy; therefore, we investigated the wear tracks on the specimens.



Figure 8 shows the SEM–EDS results for the wear tracks under different conditions: (a) GNQP at 1023 K and using a steel ball, (b) GNQP at 1223 K and using a steel ball, (c) AQ and using an alumina ball, and (d) GNQP at 1223 K and using an alumina ball. In Figure 8a, the wear track appears to be raised. As the area has lower Ti content and higher O and Fe contents, a part of the steel ball attaches to the GNQP surface. In Figure 8b, minimal adhesion is observed, and the Ti content decreased, whereas the O and Fe content increased. As the GNQP surface is harder than the steel ball, the effect of the increase in the coefficient of friction owing to adhesion increases when a steel ball is used. In contrast, a wider wear track is noted in Figure 8c. The Ti content in the area decreased, whereas the O and Al content increased. Although the AQ surface is soft, adhesion occurred to the alumina ball, causing alumina to adhere to the AQ surface. In Figure 8d, wear marks are observed, whereas no decrease in the Ti content or increase in the O content is detected. As both surfaces are hard, a small amount of alumina adheres to the GNQP surface.



These results are useful for selecting a counterbody for tribological studies. In particular, it was found that the Ti–18Nb alloy hardened by GNQP adhered to the steel ball and had little reaction to the alumina ball.



Based on the above results, we conducted tests with a larger load and test time using an alumina ball on a GNQP surface. Figure 9 shows the results of friction and wear tests conducted for up to 1800 s with a load of 500 g. The change in coefficient of friction is shown in Figure 9a. The coefficient of friction of AQ is in the range of 0.5–0.6, whereas that of GNQP obtained at 1023 K is less than 0.2 for up to 1800 s. For GNQP at 1123 K, the coefficient of friction increased from approximately 200 s, reaching 0.5 at 1000 s, and then remained almost constant. For GNQP at 1223 K, the coefficient of friction increased from the early stages, which is equivalent to that of AQ at approximately 0.6.



After the tests, the wear tracks were observed by SEM. Figure 9b shows the wide wear track of the AQ specimen, and the worn part re-adhered to the center. For the wear tracks of the GNQP specimens obtained at (c) 1023 K, (d) 1123 K, and (e) 1223 K, the widths are smaller at all temperatures. No simple correlation can be obtained between the coefficient of friction and wear progression. Wear progresses rapidly with time, as in AQ. The AQ specimen exhibited a morphology in which the wear debris re-adhered, whereas the GNQP specimens produced almost no wear debris and was considered to have a morphology in which the nitride layer was compressed.



We conducted friction and wear tests under various loads. Figure 10 shows the changes in the coefficient of friction at an applied load of (a) 2000 g and (b) 3000 g. For the AQ specimen, the coefficient of friction fluctuated at approximately 0.8 for both loads. In contrast, for the GNQP specimen, a characteristic change is observed. At a load of 2000 g applied to the GNQP specimen obtained at 1023 K, the coefficient of friction is relatively low up to 1600 s, which then increased sharply. At a load of 2000 g applied to the GNQP specimen obtained at 1223 K, the coefficient of friction exhibits a two-step increase up to 1000 s, followed by the same increase and decrease behavior as that of the AQ specimen at approximately 0.6. In contrast, at a load of 3000 g applied to the GNQP specimen obtained at 1023 K, the coefficient of friction is relatively low up to 600 s, followed by an increasing and decreasing pattern after 1400 s. At a load of 3000 g applied to the GNQP specimen obtained at 1223 K, the coefficient of friction is similar to that obtained at 1023 K up to 200 s. However, a two-step change is noted similar to that obtained at a load of 2000 g applied to the GNQP specimen obtained at 1023 K after 1200 s. These changes in the coefficient of friction can be ascribed to the wear of the oxide film, nitride layer, or N solid-solution phase.



Figure 11 shows the cross-sectional shapes of the wear tracks measured using a laser displacement meter to investigate the depth and appearance of the wear tracks. The applied loads were (a) 200, (b) 500, (c) 2000, and (d) 3000 g. The results at the left side are those of the center of the wear circle and those at the right side are those of the outer periphery of the wear circle. In the friction and wear tests of the Ti alloy TC11, adhesive and abrasive wear modes have been reported [24]. Notable differences are noted in the cross-sectional morphology. At a load of 200 g, the test continued for up to 1200 s. At 200 g, the AQ specimen has the deepest wear tracks, and adhesive wear occurred with the outer periphery raised. In contrast, minimal difference is noted in the wear track depth for the GNQP specimens obtained at different temperatures. At a load of 500 g, the test was continued for up to 1800 s, whereby the wear track of AQ is approximately 16 µm deep and its outer periphery is elevated by approximately 6 µm. No significant difference is obtained in the wear track depth for GNQP, even at a load of 500 g. At 2000 g, AQ adhered to the bottom of the wear track rather than to the outer periphery. For the GNQP specimen obtained at 1023 K, a small coefficient of friction is maintained until the final stage and increased rapidly at approximately 1600 s, showing a wear track at 2400 s. The specimen was subjected to friction and wear tests for an additional 600 s, suggesting the longer test time from 1800 s. In this case, adhesion occurred at the bottom of the wear track. For the GNQP specimen obtained at 1223 K, the wear track is symmetrical, but deeper than that obtained at 1023 K. Similar trends are observed for the loads at 2000 and 3000 g with adhesion at the bottom for AQ. Moreover, the wear track is deeper for the GNQP specimen obtained at 1223 K than that at 1023 K.



Figure 12 shows the wear track width and depth against the applied load. The results obtained at 200 g are presented for 1200 s, and those for the GNQP specimen obtained at 1023 K under the applied load of 2000 g are presented for 2400 s. The reference data are presented in the parentheses. The wear track width increases with increasing load for AQ. However, for the GNQP specimens obtained at 1023 K and 1223 K, a narrow wear track width is obtained up to 500 g, which increased to 900 µm at 2000 and 3000 g. The wear track depth also exhibits a similar trend. However, at 2000 g, the wear track is deeper for the GNQP specimen obtained at 1223 K than that of AQ. This result is attributed to the presence of adherent wear debris at the bottom of the wear track for AQ. Another notable feature is the smaller wear track width and depth at 1023 K than at 1223 K. In particular, a threshold value between 500 and 2000 g can be assumed, at which the surface layer of the GNQP is worn. However, this phenomenon is still a subject for future measurements.





4. Discussion


4.1. Changes in the Internal Structure after GNQP


The cross-sectional structures in Figure 2, cross-sectional hardness distributions in Figure 4, and XRD profiles in Figure 5 depict the increase in hardness from the surface to a depth of approximately 50 µm under all GNQP conditions, which is mainly ascribed to the formation of a nitride layer and an α-TiN0.3 N solid-solution phase. The cross-sectional hardness distribution shown in Figure 4 depicts higher nitriding temperatures and longer nitriding times that resulted in higher hardness even with increasing depth. The factors for such a phenomenon were elucidated from the perspective of the constituent phases and their structures at depths of 70, 150, and 320 µm using XRD, as shown in Figure 5. Figure 13 shows the changes in the crystal structure of the quenched α″ martensite and β phase with the depth after GNQP. Compared to AQ, the lattice constant a of α″ martensite at 1023 K is slightly larger at depths of 70 and 150 μm and similar at 320 μm. The axial ratio b/a is consistent for the GNQP and AQ specimen, whereas the axial ratio c/a of the GNQP specimen is slightly smaller but approached that of AQ with increasing depth. Meanwhile, for the α″ martensite at 1223 K, the lattice constant a is larger than that of AQ at 70 μm, but equivalent to that of AQ at the inner part. Moreover, the axial ratios b/a and c/a are smaller than that of AQ at 70 μm but are equivalent to that of AQ at 150 and 320 μm. The lattice constant a of the β phase was calculated from the diffraction peak of 110β only, resulting in the low accuracy. Meanwhile, the lattice constant a decreased with increasing depth at 1023 and 1223 K.



Figure 13d shows the unit volume change of the α″ and β phases calculated by orthorhombic conversion. At 70 μm, more N is dissolved in both phases than in AQ, and the unit volume is larger than that of AQ. The α″ martensite phases expanded at both temperatures, even at 150 μm, and is harder than AQ, as shown in Figure 4, suggesting the influence of the N solid solution. At 320 μm, the expanded unit volume at 1023 K is equivalent to that of AQ. However, at 1223 K, the same expanded unit volume is obtained at 150 μm. The unit volume of the β phase is larger at 1223 K than at 1023 K, both of which decreased with increasing depth. Although whether the hardening at 1223 K is ascribed to the N solid solution is difficult to determine, it is considered to be related to the expansion of the α” martensite at 320 μm at 1223 K. In addition, the XRD profile in Figure 5 shows a broader XRD peak at 1223 K than at 1023 K, indicating a larger residual strain. A similar broadening of the diffraction peak width is observed for the Ti–15Nb alloy [21]. Although quantitative evaluation is difficult to realize owing to the peak overlap, work hardening due to residual strain is considered to be a factor for such a phenomenon. After gas nitriding at 1223 K, hardening of the internal structure was reported for the Ti–29Nb–13Ta–4.6Zr and Ti–6Al–4V alloys, which was not observed by gas nitriding at lower temperatures [29]. Although the underlying mechanism remains unclear, a similar phenomenon is believed to occur.




4.2. Changes in the Wear Amount and Coefficient of Friction


The friction and wear test results in Section 3.2 are evaluated from a microstructural viewpoint using the cross-sectional structure in Figure 2, the surface-phase composition of the XRD profile in Figure 5, and the internal friction and surface roughness results in Figure 6. Figure 14 shows a schematic of the changes in the coefficient of friction and microstructure state. At 500 g, the wear track depth remains unchanged at approximately 4 μm at 1023 and 1223 K, whereas the coefficient of friction varies. The coefficient of friction after 1200 s at 1223 K is equivalent to that of AQ. The wear progresses with repeating increases and decreases similar to AQ. Moreover, an evaluation based on the coefficient of friction value alone is difficult to achieve. Similarly, the untreated Ti alloy BT22 has large variations in the coefficient of friction, which is reduced by gas nitriding [22]. In the surface structure worn up to approximately 4 µm at a load of 500 g for 1800 s during the friction and wear tests, the main constituent phase and surface roughness are different for the specimens obtained at 1023 and 1223 K. The XRD profiles show that the main constituent phase at 1023 K is TiO2, whereas that at 1223 K is TiN. The TiO2 film formed during quenching may have contributed to the maintained low coefficient of friction. In addition, the surface roughness is higher at 1223 K than that at 1023 K. At 1223 K, Ra is 0.6 μm and Rz is 5.4 μm, indicating that Rz exceeds the average wear depth. The difference in the coefficients of friction can be attributed to the relationship between the contact surface of the alumina ball and the constituent phase. In particular, the surface oxide layer of an electron beam-melted Ti–6Al–4V alloy has been reported to exhibit a low coefficient of friction, which increases rapidly as the oxide layer peels off and with the formation of surface protrusions [23]. A similar trend was observed in the experiment results for the GNQP specimens.



Under a high applied load of 3000 g, the wear track depth at 1023 K was 32 μm, whereas that at 1223 K was 47 μm, and the coefficient of friction varied up to 1400 s. The predicted positions of the wear track depth at each time point are shown in the SEM images. At 1023 and 1223 K, the positions up to the point where the outermost oxide film and nitride phase are predominant correspond to region 1. At 1023 K, wear is thought to progress through region 2, which contains the N solid-solution phase, hardened region 3, and region 4 of the α″ martensite. At 1223 K, wear is considered to progress through region 2, which contains the dense N solid-solution phase; region 3, which contains the sparse N solid-solution phase; hardened region 4; and region 5, which consists mainly of the α″ martensite. In addition, the wear track depth at 1223 K exceeded that at 1023 K owing to two possible reasons. First, the harder layer was more likely to peel off under high loads. Second, as shown in Figure 6a, the damping capacity at 1023 K was higher than that at 1223 K. Such a high damping capacity at 1023 K may have contributed in maintaining a low coefficient of friction and reducing the amount of wear.



Based on these results, the material, friction, and wear properties of the Ti–18Nb alloy treated with GNQP were examined. However, several points remain unclear, such as the N solid-solution depth. This phenomenon could be elucidated accurately through further experiments.





5. Conclusions


The material properties of the quenched α” martensite structure, which was gas-nitrided on the surface of the Ti–18Nb alloy by GNQP, were investigated using cross-sectional SEM, the cross-sectional Vickers hardness test, XRD analysis, and internal friction and surface roughness measurements. In addition, the friction and wear behavior was investigated by examining the coefficient of friction and morphology of the wear tracks using friction and wear tests. The following findings were obtained:




	(1)

	
For GNQP at 1023 and 1223 K for 1 and 5 h, a N solid-solution phase of α-TiN0.3 was formed with a high gas nitriding temperature applied for a longer time. The constituent phase of the outermost surface was mainly TiO2 at 1023 K and TiN at 1223 K. As the gas nitriding temperature and time increased, the hardness of the surface and interior increased. At 1023 K, the internal friction was equivalent to that of AQ; however, at 1223 K, it decreased because of the formation of a nitrided layer. At 1223 K, both Ra and Rz were higher than those at 1023 K and increased as the reaction time was increased from 1 h to 5 h.




	(2)

	
Compared with AQ, the amount of wear decreased for all GNQP specimens obtained at 1023, 1123, and 1223 K. Using different indenter materials, the steel ball adhered to the GNQP surface, whereas the alumina ball adhered to the AQ specimen and not to the GNQP surface. The change in the coefficient of friction differed between the GNQP specimens at 1023 and 1223 K, with a lower value obtained at 1023 K. Furthermore, no difference in the amount of wear was observed under a load of 500 g, whereas the GNQP specimen obtained at 1023 K exhibited less wear under a load of 3000 g.




	(3)

	
The change in the internal structure after GNQP treatment was evaluated by calculating the lattice constant and unit volume from the XRD profile. The α” martensite phase at a depth of 70 μm from the surface is thought to have expanded because of the N solid solution at 1023 and 1223 K. At a depth of 320 μm, the α” martensite phase of the GNQP specimen obtained at 1023 K was equivalent to that of the AQ specimen, which expanded at 1223 K.




	(4)

	
By examining the wear track depth, the surface constituent phase and surface roughness had a significant effect on the wear at a load of 500 g. However, at 3000 g, the wear track depth was smaller at 1023 K, which can be ascribed to the hardened layer at 1223 K that can be easily peeled off, and the higher damping capacity at 1023 K. From the results of this study, it is considered that GNQP at 1023 K is suitable for improving the damping capacity and wear resistance of Ti–18Nb alloy.
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Figure 1. Schematic of the experimental method. (a) Schematic of the GNQP. (b) Wear tracks after friction and wear tests. Yellow arrows in (b) indicate the wear truck radius r = 1 mm. 
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Figure 2. Cross-sectional SEM microstructure of GNQP under different conditions: (a) at 1023 K for 1 h, (b) at 1023 K for 5 h, (c) at 1223 K for 1 h, and (d) at 1223 K for 5 h. 
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Figure 3. Cross-sectional SEM–EDS results after GNQP at 1223 K for 5 h: (a) microstructure, and distribution of (b) Nb, (c) O, and (d) N. (e) is enlarged structure of (a). 
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Figure 4. Micro Vickers hardness distribution with respect to the depth from the GNQP surface. 
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Figure 5. XRD profile based on polishing depth of the specimen obtained (a) at 1023 K for 5 h and (b) 1223 K for 5 h. 
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Figure 6. Variations in material properties after GNQP: (a) internal friction Q−1 and (b) surface roughness Ra and Rz. 
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Figure 7. Change in the coefficient of friction for each specimen with a load of 200 g applied up to 1200 s: (a) steel-ball indenter and (b) alumina-ball indenter. 
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Figure 8. SEM–EDS observation results of the wear tracks under different conditions: (a) GNQP at 1023 K and using a steel ball, (b) GNQP at 1223 K and using a steel ball, (c) AQ and using an alumina ball, and (d) GNQP at 1223 K using an alumina ball. 
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Figure 9. Friction wear test results for each specimen up to 1800 s with a load of 500 g. (a) Change in the coefficient of friction. Wear tracks of (b) the AQ specimen, and GNQP specimens obtained at (c) 1023 K, (d) 1123 K, and (e) 1223 K. 
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Figure 10. Coefficient of friction using an alumina indenter for up to 1800 s with the loads of (a) 2000 g and (b) 3000 g. 
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Figure 11. Cross-sectional morphology of the wear tracks measured using a laser-displacement meter at the load of (a) 200 g, (b) 500 g, (c) 2000 g, and (d) 3000 g. Pink boxes and arrows indicate the same value position. 
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Figure 12. Changes in the wear track with the applied load: (a) width and (b) depth. 
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Figure 13. Changes in the structure of quenched α″ martensite and β phase with the depth after GNQP. (a) Lattice constant a, (b) lattice ratio b/a, (c) lattice ratio c/a, and (d) unit volume of orthorhombic conversion. The thick black lines in each figure indicate the AQ values of the same alloy [19]. 
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Figure 14. Schematic of the changes in the coefficient of friction and wear track depth: coefficient of friction and wear track depth at (a) 500 g and (b) 3000 g, and surface condition and SEM microstructure at (c) 1023 K and (d) 1223 K. The numbers 1–5 in (b–d) of the same color indicate the same wear truck depth. 
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Table 1. List of heat-treatment conditions and experiments for each specimen.
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AQ

	
Gas Nitriding and Quenching Process (GNQP)




	

	
1023 K_1 h

	
1023 K_5 h

	
1123 K_1 h

	
1223 K_1 h

	
1223 K_5 h






	
Cross section hardness

	

	
✓

	
✓

	

	
✓

	
✓




	
Cross section SEM

	

	
✓

	
✓

	

	
✓

	
✓




	
X-ray diffraction

	
✓

	

	
✓

	

	

	
✓




	
Internal friction

	
✓

	
✓

	

	
✓

	
✓

	




	
Suraface roughness

	
✓

	
✓

	
✓

	

	
✓

	
✓




	
Friction wear test

	
✓

	
✓

	

	
✓

	
✓

	











 





Table 2. Elemental analysis results of points ①–④ in Figure 3a.
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mass%

	
at.%




	

	
Ti

	
Nb

	
N

	
O

	
Ti

	
Nb

	
N

	
O






	
①

	
84.3

	
6.8

	
8.1

	
0.9

	
71.5

	
3.0

	
23.4

	
2.2




	
②

	
71.4

	
27.9

	
―

	
0.7

	
81.3

	
16.4

	
―

	
2.3




	
③

	
83.3

	
14.2

	
2.5

	
―

	
84.0

	
7.4

	
8.6

	
―




	
④

	
80.0

	
20.0

	
―

	
―

	
88.6

	
11.4

	
―

	
―
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