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Abstract

:

In this study, TaWN films were fabricated through co-sputtering. The effects of W addition on the structural variation and mechanical properties of these films were investigated. TaWN films formed face-centered cubic (fcc) solid solutions. With the increase in the W content, the fcc phase varied from TaN-dominant to W2N-dominant, which was accompanied by a decrease in the lattice constant and alterations in material characteristics, such as the chemical bonding and mechanical properties. The phase change was further correlated with the bonding characteristics of films examined by X-ray photoelectron spectroscopy. The hardness increased from 21.7 GPa for a Ta54N46 film to 23.2–31.9 GPa for TaWN films, whereas the Young’s modulus increased from 277 GPa for the Ta54N46 film to 302–391 GPa for the TaWN films. The enhancement in films’ mechanical properties was attributed to the strengthening of the solid solution and the phase change. The wear behavior of the fabricated TaWN films was evaluated using the pin-on-disk test. The Ta17W55N28 and Ta36W24N40 films exhibited an abrasive wear behavior and low wear rates of 4.9–7.6 × 10−6 mm3/Nm.
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1. Introduction


Surface modifications using thin-film deposition technology are applied to achieve advanced material characteristics, such as superior mechanical properties, chemical stability, and oxidation resistance. Transition-metal nitride films, such as TaN [1,2] and W2N [3,4], which possess simple metal structures with interstitial N atoms, have been developed for decades. The face-centered cubic (fcc) δ-TaN phase was shown to exhibit a B1 structure, in which all the octahedral interstitial sites of the closed-packed Ta atom arrays were filled with N atoms; however, in the fcc β-W2N phase, only half of the octahedral interstitial sites of the closed-packed W atom arrays contained N atoms [3]. TaNx films with a high melting point, good oxidation resistance, superior electrical conductivity, and high chemical stability were employed in hard coatings on cutting tools [5,6], protective coatings for glass molding dies [7], thin-film resistors [8], diffusion barriers for Cu metallization [9], and biocompatible materials [10]. TaNx films fabricated through sputtering formed multiple equilibrium and metastable phases, and their phase constitutions were affected by the nitrogen fraction in the mixed Ar/N2 gas and the substrate temperature [1]. With increasing N content, W–N films change from body-centered cubic W to fcc W2N and hexagonal WN phases [11]. Lou et al. [4] reported that fcc W2N was the predominant W–N compound in WNx films. Moreover, the sputtered TaN films exhibit a wide range of hardness values (12–40 GPa) [2,12,13,14,15]. Ternary nitride films, such as CrAlN [16,17], CrWN [18,19], TaZrN [20], and TaWN [21], were exploited to combine multiple functions for enhancing the properties of binary nitride films. Moreover, the sputtered ternary nitride films commonly formed a ternary solid solution and crystallized into an fcc B1 structure, such as CrMeN films (Me = Mo, Ti, W, Nb [22], and Ta [23]). Similarly, TaZrN [20], TaHfN [24], and TaWN [21] films formed an fcc phase. By contrast, the sputtered TaMoN films comprised fcc (Ta,Mo)N, hexagonal (Ta,Mo)2N, and orthorhombic (Ta,Mo)4N phases [25]. In particular, TaWN films were applied as hard coatings [21,26,27] and diffusion barriers for Cu metallization [28,29]. Wei and Shieh [21] reported that the addition of W to TaN films increased the hardness, critical load, and oxidation resistance; the hardness increased from 24 to 29 GPa with increasing W content for the as-deposited TaWN films because of the effects of grain refining and compressive stress. Similar effects were observed for CrWN films [18,30]. In [18], the hardness increased from 19 GPa in CrN films to 24 GPa in CrWN films, accompanied by a decrease in crystal size from 38 to 8 nm. In [30], CrWN films with an fcc structure and a (200) orientation exhibited compressive stress levels of 2.1–3.0 GPa and high hardness values of 21–27 GPa. Yang et al. [26] reported that WTaN films exhibited an fcc solid solution when the nitrogen partial pressure was set at 0.46 Pa and the total pressure (Ar + N2) was kept at 0.7 Pa, and the hardness values ranged from 28 to 38 GPa. The highest hardness value of the aforementioned WTaN films occurred at an atomic ratio (Ta/(W + Ta)) of 0.31. Moreover, the hardness level was enhanced to 41 GPa as the nitrogen partial pressure was increased to 0.5 Pa, which formed a mixture of fcc WTaN and hexagonal W(Ta)N phases with a (Ta/(W + Ta)) ratio of 0.46 [31]. Xu et al. [27] reported that depending on the composition of the films, fcc and hexagonal phases were observed in TaWN films and that the addition of W to TaN films increased the hardness from 25 to 32 GPa because of the strengthening of the solid solution and the decrease in the amount of the hexagonal TaN phase. The addition of W into TaN films varied the chemical bonding in the films, which affected the phase evolution and strengthening mechanism of the fabricated TaWN films. Studying the phase evolution of TaWN films according to their chemical composition is crucial. In this study, the bonding characteristics, phase structure, and mechanical properties of TaWN films were investigated.




2. Materials and Methods


TaWN films were deposited on Si substrates and stainless SUS420 plates by a magnetron co-sputtering apparatus [32]. The chemical composition of the SUS420 plates is Fe—13% Cr—0.33% C—1% Si—1% Mn in wt.% [33]. The hardness of tempered SUS420 was HRC 50. After pumping the chamber to a base pressure of 1.33 × 10−4 Pa, the substrate holder was electrically grounded, heated to 400 °C, and rotated at 30 rpm. The samples prepared on SUS420 plates were used for the wear test, whereas the samples on Si substrates were used for all the other tests. The average surface roughness (Ra) of polished SUS420 plates was 1.92 nm, whereas the Ra value of Si substrate was 0.18 nm. The Ra values were determined by using an atomic force microscope (AFM, Dimension 3100 SPM, Nanoscope IIIa, Veeco, Santa Barbara, CA, USA). The scanning area of each image was 5 × 5 μm2 with a scanning rate of 1.0 Hz. The adopted Ta and W targets had a diameter of 50.8 mm. Direct current was applied to the targets. Ta interlayers were coated at 200 W for 10 min under an Ar flow rate of 20 sccm and a working pressure of 0.4 Pa. Ternary TaWN films were co-sputtered for 65 min under Ar and N2 flow rates of 12 and 8 sccm, respectively. The power applied to the Ta target (PTa) was set at 250, 200, 100, and 50 W with a voltage of 464, 453, 410, and 414 V, respectively. In the meantime, the power applied to the W target (PW) was set at 50, 100, 200, and 250 W with a voltage of 378, 411, 451, and 459 V, respectively. The total power of (PTa + PW) was 300 W. Moreover, Ta–N and W–N binary films were prepared under the application of a power of 250 W for 100 min with a voltage of 472 and 456 V, respectively.



The chemical compositions of the films were analyzed using a field emission electron probe microanalyzer (JXA-iHP200F, JEOL, Akishima, Japan). The thicknesses of the films were examined using a field emission scanning electron microscope (SEM, S4800, Hitachi, Tokyo, Japan). The nanostructures were examined using a transmission electron microscope (TEM, JEM-2010F, JEOL, Akishima, Japan). The TEM samples with a protective Pt layer were prepared using a focused ion beam system (NX2000, Hitachi, Tokyo, Japan). The phases were identified using an X-ray diffractometer (XRD, X’Pert PRO MPD, PANalytical, Almelo, The Netherlands) with Cu Kα radiation under the grazing incident mode with an incidence angle of 1°. The lattice constants, a0, of each film were evaluated according to the following equation:


  a =  a 0  + K ×     cos  2  θ   sin θ    



(1)




where ɑ is the lattice constant for the distinct reflection, K is the constant, and θ is the diffraction angle. The Bragg–Brentano scan (θ–2θ scan) mode was employed to determine the texture coefficients [20] and grain size of the films [34]. The texture coefficient (Tc) was defined as


   Tc ( h k l )  =    I m  ( h k l )    I 0  ( h k l )      [   1 n    ∑  n = 1  n      I m  ( h k l )    I 0  ( h k l )      ]    − 1    



(2)




where Im(hkl) is the measured relative intensity of the reflection from the (hkl) plane, I0(hkl) is the relative intensity from the same plane in a standard reference sample, and n is the total number of reflection peaks from the coating. The grain size was calculated as


  D =   0.9 λ   β cos  θ B     



(3)




where D is the grain size, λ is the X-ray wavelength, β is the full width at half maximum (FWHM) of reflection, and θB is the Bragg angle.



The bonding characteristics were analyzed using X-ray photoelectron spectroscopy (XPS; PHI 1600, PHI, Kanagawa, Japan) with a monochromatic Al Kα X-ray beam (energy = 1486.6 eV and power = 44.5 W) operated at 15 kV. The C 1s line of the free surface of the films was observed at 284.60 eV. The C 1s line was calibrated using the Greczynski–Hultman method [35,36]. The work function of the Ta36W24N40 film examined through ultraviolet photoelectron spectroscopy (PHI VersaProbe III, ULVAC-PHI, Kanagawa, Japan) was 4.74 eV, which recommended the corrected C 1s energy to be 284.84 eV (=289.58–4.74 eV) and the correction for the binding energy levels in the original XPS analyses to be 0.24 eV (=284.84–284.60 eV) [36]. The splitting energies were 1.91 and 2.18 eV for Ta 4f and W 4f doublets [37], respectively. The peaks were fitted with a mixed Gaussian–Lorentzain function. An Ar+ ion beam of 3 keV was used to sputter the coatings for depth profiling, which sputter etching rate was 8.3 nm/min for SiO2. XPS analyses were conducted at depths of 16.6, 24.9, 33.2, 41.5, and 49.8 nm after the samples were etched for 2, 3, 4, 5, and 6 min, respectively.



The mechanical properties were measured using a nanoindentation tester (TI-900 Triboindenter, Hysitron, Minneapolis, MN, USA) equipped with a Berkovich diamond probe tip, the rounding radius of the indenter was 200 nm in diameter. Hardness and Young’s modulus values were calculated using the Oliver and Pharr method [38]. Because all the films had a thickness of >800 nm, their mechanical properties were evaluated in a constant penetration depth mode with an indentation of 70 nm. The residual stress of the films prepared on Si substrates was determined using the curvature method (Stoney’s Equation) [39]. The Si substrate was 20 × 20 × 0.525 mm3. The wear behavior of the films was studied using the pin-on-disk test under a normal load of 1 N, a sliding speed of 31.4 mm/s, and a wear track diameter of 6 mm. A cemented tungsten carbide (WC–6 wt.% Co) ball with a diameter of 6 mm and a hardness of 14.2 GPa was used as the stationary pin.




3. Results


3.1. Chemical Compositions and Phases


Table 1 lists the chemical compositions and thicknesses of the TaWN films, which are designated as TayWzN(100–y–z). The deposition rates of Ta54N46 and W94N6 films, determined from film thickness and deposition time, were 8.9 and 12.0 nm/min, respectively. When an additional PW of 50 W was applied in the preparation of a Ta40W15N45 film, the deposition rate increased to 12.5 nm/min from 8.9 nm/min for the Ta54N46 film. When the PTa/PW ratio was varied, the deposition rate increased to 15.2 nm/min in the fabrication of a Ta36W24N40 film and then decreased to 14.4 and 13.6 nm/min in the fabrication of Ta17W55N28 and Ta8W68N24 films, respectively. The atomic N/M ratios (M: the sum of metal atoms) of the Ta54N46, Ta40W15N45, Ta36W24N40, Ta17W55N28, and Ta8W68N24 films were 0.85, 0.83, 0.67, 0.39 and 0.32, respectively. The ideal stoichiometry was not obtained for the transition-metal nitride films [40]. Moreover, the chemical compositions of the Ta54N46, Ta40W15N45, and Ta36W24N40 films exhibited sub-stoichiometric ratios of a B1 structure (N/M < 1.0), whereas the chemical compositions of the Ta17W55N28 and Ta8W68N24 films exhibited sub-stoichiometric ratios of the W2N structure (N/M < 0.5). Furthermore, the fabricated W94N6 film exhibited an extremely low N/M ratio of 0.06 and a high deposition rate of 12.0 nm/min, which implied that the W94N6 film formed a metallic W film comprising trivial N atoms. The deviation to the chemical composition ratio of N/M = 1 for the aforementioned TaWN films was enhanced by the low formation enthalpy of W2N. The standard formation enthalpies for TaN and W2N at 298 K are −252 [41] and −22 kJ/mol [42], respectively, which results in an inferior affinity between N and W atoms correlated with that between N and Ta atoms. Therefore, the N/M ratio decreased with increasing W content. The calculated N content Ncal was determined according to the stoichiometric ratios of 1.0 for TaN and 0.5 for W2N compounds, and the ratio of the measured N content to Ncal (N/Ncal) was 0.85, 0.95, 0.83, 0.63, 0.57 and 0.13 for Ta54N46, Ta40W15N45, Ta36W24N40, Ta17W55N28, Ta8W68N24 and W94N6 films, respectively. All of the TaWN films in this study were deficient in N. Similar observations were reported by Yang et al. [26]. In their study, the composition and crystalline phases of W–Ta–N films varied from W2N-like to TaN-like when increasing the Ta content.



Figure 1 shows a typical cross-sectional SEM (XSEM) image of TaWN films with a columnar structure. Figure 2a displays the cross-sectional TEM (XTEM) image of the Ta40W15N45 sample with a Ta interlayer fabricated on a Si substrate. The inset in Figure 2a shows the selected area electron diffraction (SAED) pattern of the aforementioned sample, which indicates the existence of an fcc phase with evident (111), (200), (220) and (311) diffraction rings. The (111) and (200) diffraction rings had d-spacings of 0.250 and 0.217 nm, respectively, which are comparable with the standard values (0.2504 and 0.2169 nm) for the fcc TaN phase (ICDD 00-049-1283). Figure 2b,c depict the dark-field images corresponding to the (111) and (200) diffraction spots shown in Figure 2a, respectively. Columnar structures with widths of 24–45 and 25–51 nm existed in the aforementioned dark-field images, respectively. Lattice fringes of 0.251 and 0.217 nm corresponding to the (111) and (200) planes of the fcc TaN phase, respectively, were observed in the high-resolution TEM (HRTEM) image of the aforementioned sample (Figure 2d). The XTEM image and SAED pattern of the Ta17W55N28 sample (Figure 3a) were similar to those of the Ta40W15N45 sample. The dark-field image corresponding to the (111) diffraction spot of the Ta17W55N28 sample exhibited columnar widths of 36–81 nm (Figure 3b), which were larger than those of the Ta40W15N45 sample. The HRTEM image of the Ta17W55N28 film (Figure 3c) exhibited lattice fringes of TaN and W2N crystallites.



Figure 4 exhibits the grazing incident XRD (GIXRD) patterns of the TaWN films. The Ta54N46, Ta40W15N45, and Ta36W24N40 films exhibited an fcc phase with reflections close to the standard reflection angles of fcc TaN, whereas the reflections of the Ta17W55N28 and Ta8W68N24 films were located between the standard reflection angles of the TaN and W2N phases. The vertical lines in Figure 4 indicate the standard positions of reflections for TaN and W2N phases. Figure 5 illustrates the lattice constants of the TaWN films determined using (111), (200), (220), and (311) reflections in the GIXRD patterns. The standard lattice constant values of TaN (0.43399 nm) and W2N (0.41260 nm) are also shown for comparison. The atomic radii of Ta and W are 0.1430 and 0.1367 nm [43], respectively, which implies that substituting W atoms into the TaN lattice should decrease the lattice constant. The addition of W to the TaN lattice decreased the lattice constant from 0.4365 nm for the Ta54N46 film to 0.4342 and 0.4335 nm for the Ta40W15N45 and Ta36W24N40 films, respectively; then, the decrease in lattice constant became more evident, being reduced to 0.4242 and 0.4207 nm for the Ta17W55N28 and Ta8W68N24 films, respectively. Two linear fitting lines were obtained for the groups of (1) Ta54N46, Ta40W15N45, and Ta36W24N40 films and (2) Ta17W55N28 and Ta8W68N24 films and the standard W2N, respectively. The variation in the tendency to decrease with increasing W content implied the formation of solid solutions accompanied by the phase change from TaN-dominant to W2N-dominant structures. This observation is different from that reported by Yang et al. [26]. In their study [26], the lattice constant of W–Ta–N films linearly increased with increasing Ta content in the entire concentration range. The W94N6 films exhibited a body-centered cubic W phase with a lattice constant of 0.3160 nm determined from (110), (200), and (211) reflections. The standard lattice constant of cubic W is 0.31648 nm (ICDD 00-004-0806).




3.2. Chemical Bonding


Figure 6 displays the XPS analyses of TaWN films at a depth of 49.8 nm. Ta 4f, W 4f, and N 1s signals were recorded. The aforementioned formation enthalpy for TaN and W2N at 298 K implied that TaN should have formed first, followed by W2N. Because all of the TaWN films were N-deficient, the Ta signals comprised two 4f doublets contributed by Ta–N bonds in Ta2N and TaN. The intensity ratios of Ta–N bonds of Ta2N to that of TaN (ITa2N:ITaN) were in the range of 24:76 to 33:67, as shown in Table 2. Table 2 lists the XPS analysis results obtained for the TaWN films at depths of 16.6, 24.9, 33.2, 41.5 and 49.8 nm. The binding energy values of Ta 4f7/2 for the Ta–N bonds in Ta2N and TaN compounds in the aforementioned TaWN films were 22.47–22.75 and 23.07–23.32 eV, respectively, which were comparable to the reported binding energies of Ta 4f7/2 of 22.3–22.9 eV [44,45,46,47] for Ta–N bonds in Ta2N and Ta 4f7/2 of 23.0–23.7 eV [44,45,46,47,48] for Ta–N bonds in TaN, respectively. The Ta 4f7/2 value for Ta–Ta bonds in pure Ta was 21.7–21.9 eV in the literature [44,45,47], which was not observed in this study. The 4f7/2 levels for pure Ta and W were 21.9 and 31.4 eV [37], respectively, and the standard values for 4f doublets were marked in Figure 6 for comparison. The W signals comprised W–W and W–N 4f doublets and a minor W–W 5p3/2 component and W–W bonds were the major forms of bonding. The intensity ratio IW–W:IW–N was higher than 68:32 for all the W-contained films. The low intensity of W–N bonds indicated the low affinity between W and N atoms. The binding energy values of W 4f7/2 for the W–W and W–N bonds in the fabricated TaWN films were 31.17–31.44 and 32.27–33.05 eV, respectively, which were comparable to the reported 31.2–31.7 eV for W films and 32.1–33.1 eV for W–N bonds [49,50,51,52]. The N 1s signals comprised N–Ta, N–W, and Ta 4p3/2 components. The N 1s signal of the Ta54N46 and W94N6 films was 397.44 and 397.71 eV, respectively. Moreover, the binding energy values of N–Ta and N–W bonds in the fabricated TaWN films were 397.27–397.41 and 397.83–397.95 eV, respectively, which implied that the N 1s binding energy levels of the N–W bonds were higher than those of the N–Ta bonds. Shen and Wang [53] reported that the binding energy values of N 1s were 396.9 and 397.9 eV in TaN and W2N, respectively. Greczynski et al. [54] reported 397.54 and 397.94 eV for the N 1s binding energy values of TaN and WN films, respectively. By contrast, Yang et al. [26] reported 397.3 and 398 eV for N–W and N–Ta binding energies, respectively.




3.3. Mechanical Properties


Table 3 lists the mechanical properties of the TaWN films. The average surface roughness values of TaWN films prepared on Si substrates were in the range of 1.6–2.7 nm, except for the W94N6 films, with a higher value of 4.7 nm, whereas the aforementioned films fabricated on the SUS420 plates revealed higher Ra values of 2.7–6.4 nm; however, all these Ra values were far below the radius of the probe tip used for nanoindentation testing. The Ta54N46 film exhibited a hardness (H) of 21.7 GPa and a Young’s modulus (E) of 277 GPa. The mechanical properties of the transition-metal nitride films were influenced by chemical stoichiometry, grain size, phase constitution, crystalline orientation, and residual stress caused by the formation technique. Various equilibrium and metastable phases of TaN films were studied [1]. In the present study, the TaWN films formed fcc solid solutions in which the lattice structures were TaN- or W2N-dominant depending on the chemical composition. With the addition of W to TaN, the hardness value increased from 21.7 GPa for the Ta54N46 film to 23.2, 24.5, 29.9, and 31.9 GPa for the Ta40W15N45, Ta36W24N40, Ta17W55N28 and Ta8W68N24 films, respectively, whereas the Young’s modulus value increased from 277 GPa for the Ta54N46 film to 302, 351, 381 and 391 GPa for the Ta40W15N45, Ta36W24N40, Ta17W55N28 and Ta8W68N24 films, respectively. By contrast, in [20], the hardness of TaZrN films decreased with increasing Zr content. The hardness decreased from 29.4 GPa for TaN0.86 film to 27.3, 26.3, 22.0 and 15.9 GPa for Ta0.95Zr0.05N0.97, Ta0.59Zr0.41N1.09, Ta0.28Zr0.72N1.05 and ZrN1.00 films, respectively [20]. The atomic radius of Zr is 0.16025 nm [43], which is larger than that of Ta (0.1430 nm) and W (0.1367 nm); therefore, the addition of Zr into the TaN matrix contributed a tensile stress component to the TaZrN solid solution, which resulted in variation in the residual stress from −3.46 GPa for TaN0.86 film to −2.62, −1.77, −0.01 and −0.11 GPa for the Ta0.95Zr0.05N0.97, Ta0.59Zr0.41N1.09, Ta0.28Zr0.72N1.05 and ZrN1.00 films [20]. The addition of W into the TaN matrix should increase the compressive stress level if the TaWN films formed a solid solution. However, all the TaWN films except for the Ta17W55N28 film exhibited a compressive residual stress level of 1.6–1.7 GPa. The Ta17W55N28 sample exhibited marginally high stress of −2.5 GPa; however, the hardness of the Ta17W55N28 sample (29.9 GPa) was lower than that of the Ta8W68N24 sample (31.9 GPa). The deviation in the hardness for the aforementioned TaWN films was not dominated by residual stress.



Yang et al. [26] and Xu et al. [27] reported that the hardness of TaWN films initially increased and then decreased with increasing W content. Yang et al. [26] observed a maximal hardness of 38 GPa for a Ta17W38N45 film because of the strengthening of the solid solution and the preferred (200) orientation, and Xu et al. [27] observed a maximal hardness of 32 GPa for a Ta41W17N42 film because of the strengthening of the solid solution and the phase change. Figure 7 displays the Bragg–Brentano XRD patterns of the TaWN films in this study. The reflections from the Ta interlayer and Si substrate were also observed. The TaN-dominant Ta54N46, Ta40W15N45 and Ta36W24N40 films exhibited high (200) intensities, whereas the W2N-dominant Ta17W55N28 and Ta8W68N24 films exhibited both (111) and (200) reflections. The grain sizes determined from the FWHM of (200) reflections in the Bragg–Brentano XRD patterns were 3.6, 3.7, 7.8, 15.6 and 12.0 nm for the Ta54N46, Ta40W15N45, Ta36W24N40, Ta17W55N28 and Ta8W68N24 films, respectively. The increase in the grain size of the aforementioned TaWN films was accompanied by an increase in hardness, which exhibited the inverse Hall–Petch relationship [55,56]. The Hall–Petch strengthening mechanism, which originated from the dislocation pile-up model, demonstrates the hardness enhancement with decreasing grain sizes for polycrystalline materials. Further decreasing the grain size to below a critical size such as 30 nm for nanocrystalline materials resulted in an inverse Hall–Petch behavior because of grain size softening effects, such as grain sliding or rotation. The critical grain size was reported to be 10, 12 and 10 nm for TaN [14], CrN [57] and TiZrN [58] films, respectively. In this study, the critical size was approximately 12 nm. The grain sizes of TaWN films reported in the works of Yang et al. [26] and Xu et al. [27] exhibited wider and higher ranges of 9–28 and 11–19 nm, respectively. The low intensity of the W(110) reflection in the Bragg–Brentano XRD pattern of the W94N6 films related to that shown in the GIXRD pattern was attributed to the effect of texture.



Figure 8 shows the texture coefficients of TaWN films, which indicates a (200) orientation for the reflections of all the TaWN films. The texture coefficients of the Ta40W15N45 and Ta36W24N40 films were determined using the standard value of 100:68 for the (111):(200) intensity ratio of the fcc TaN phase (ICDD 00-049-1283), whereas the texture coefficients of the Ta17W55N28 and Ta8W68N24 films were calculated using the standard value of 100:47 for the (111):(200) intensity ratio of the fcc W2N phase (ICDD 00-025-1257). The Tc(111):Tc(200) ratios exhibited similar levels of 0.05:1.95 and 0.08:1.92 for the Ta40W15N45 and Ta36W24N40 films, respectively, and changed to 0.16:1.84 and 0.71:1.29 for the W2N-dominant Ta17W55N28 and Ta8W68N24 films, respectively. The TaN film exhibited (200) texture because it possessed the lowest surface energy in a NaCl structure [59], whereas (111) planes were the closest packed in the fcc W2N structure with the lowest surface energy [60]. Therefore, the Tc (111) value increased with increasing W content in the TaWN films.



In a previous study [61], a W77N23 film that was prepared under a PW value of 150 W and a nitrogen flow ratio [N2/(N2 + Ar)] of 0.4 at room temperature exhibited a W2N phase, a residual stress of −1.6 GPa, a hardness of 25.9 GPa, and a Young’s modulus of 347 GPa. Under a stress level of −1.6 GPa, the hardness values of the Ta54N46 and W77N23 films were 21.7 and 25.9 GPa, respectively. Figure 9 depicts the relationship between the hardness values and atomic ratio (W/(Ta + W)) of the TaWN films. All TaWN films exhibited hardness levels above the line combining the hardness values of Ta54N46 and W77N23 films. This result implies that strengthening the solid solution and phase variation from TaN- to W2N-dominance are the main factors affecting the mechanical properties of TaWN films.



The indicators H/E, H/E* (E*: effective Young’s modulus), We (elastic recovery), and H3/E2 were used to evaluate the toughness and wear behavior of the fabricated films [62,63,64]. However, the use of H/E and H3/E2 to indicate the coating toughness of plastic materials was criticized [65]. In this study, the fcc TaWN films exhibited similar H/E values of 0.070–0.082, H/E* values of 0.062–0.074, and We values of 59–63% (Table 3), which implied that these films exhibited similar toughness. However, the H3/E2 values varied over a wide range, from 0.119 to 0.212 GPa (Table 3). Ta36W24N40 films exhibited the lowest levels of the aforementioned indicators within these fcc TaWN films. Figure 10 shows the wear scars of the TaWN/Ta/SUS420 samples against cemented tungsten carbide balls. The TaN-dominant Ta54N46, Ta40W15N45 and Ta36W24N40 films exhibited distinct morphologies after the wear test. The Ta54N46/Ta/SUS420 sample exhibited adhesive wear because of the chemical reaction on the contact area between the counterpart ball and films [59,66]. The wear debris attached to the films. The wear track width was 130–152 μm. The Ta40W15N45/Ta/SUS420 sample exhibited a wear track width of 166 μm. Crack propagation and peeling-off were observed in the inner part of the wear track. Figure 11 depicts the SEM image and elemental mappings of the Ta40W15N45/Ta/SUS420 sample, which exhibits an exposed substrate after the wear test. Fe and Cr signals attributed to the SUS420 substrate were observed at the interior of the wear track, whereas Ta, W, and N signals were absent. The peeling-off part of the Ta40W15N45 film revealed enriched Ta, W and O signals, but was N-deficient. The wear track of the Ta36W24N40/Ta/SUS420 sample was smooth and flat, which represented an abrasive wear behavior [66]. Table 4 lists the wear test results. The Ta54N46/Ta/SUS420 sample exhibited a wear depth of 682 nm, a coefficient of friction (COF) of 0.41, and a wear rate of 1.4 × 10−5 mm3/Nm. The addition of W into the TaN-dominant films increased the COFs to 0.77–0.78, whereas the wear rate was decreased to 8.3 and 7.6 × 10−6 mm3/Nm for the Ta40W15N45 and Ta36W24N40 samples, respectively. The W2N-dominant TaWN films, namely the Ta17W55N28 and Ta8W68N24 films, exhibited higher H3/E2 levels than those of the other films, which implied that the Ta8W68N24 film should have high wear resistance. However, the Ta8W68N24/Ta/SUS420 sample exhibited the most severe wear damage (Figure 10), with a wear depth of 1404 nm, which was greater than the sum of this sample’s film and interlayer thicknesses (1017 nm). Figure 12 displays the variations in the coefficient of friction (COF) values of the TaWN/Ta/SUS420 samples after sliding for 50 m. The Ta8W68N24/Ta/SUS420 sample exhibited abrupt deviations after sliding for 40 m. The low wear resistance of the Ta8W68N24/Ta/SUS420 sample could be attributed to the film’s texture, containing both (111) and (200) orientations. A TaN film with (111) texture was proposed to achieve adhesive wear behavior [59]. Samples with Ta36W24N40 and Ta17W55N28 top layers exhibited smooth wear scars, and their wear depths were smaller than their film thicknesses. The wear rates of the Ta36W24N40 and Ta17W55N28 samples were 7.6 and 4.9 × 10−6 mm3/Nm, respectively. The sample with a W94N6 top layer also exhibited a smooth wear scar and the lowest wear rate of 2.6 × 10−6 mm3/Nm because of its metallic W phase. The wear rate of the abrasive-wear-type samples decreased from 7.6 to 4.9 and 2.6 × 10−6 mm3/Nm as the COF value decreased from 0.77 to 0.74 and 0.40.





4. Conclusions


In this study, TaWN films with a Ta interlayer were fabricated using the direct current magnetron co-sputtering technique. The fabricated ternary TaWN films exhibited fcc solid solutions. Their structure changed from being TaN-dominant to being W2N-dominant when their W content was increased. Moreover, the chemical compositions of the aforementioned films exhibited sub-stoichiometric ratios in their fcc structures because of the low affinity between N and W atoms. The mechanical properties of the TaWN films improved when their W content was increased, which was attributed to the strengthening of the solid solution and the phase change from a TaN-dominant fcc to a W2N-dominant fcc. The Ta8W68N24 film exhibited the highest hardness (31.9 GPa) and Young’s modulus (391 GPa) as well as a low wear resistance in the pin-on-disk test. The Ta17W55N28 film exhibited the following acceptable mechanical properties: a hardness of 29.9 GPa, a Young’s modulus of 381 GPa, and a low wear rate of 4.9 × 10−6 mm3/Nm.
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Figure 1. XSEM image of the Ta36W24N40 film prepared on a Si substrate. 
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Figure 2. (a) XTEM image and SAED pattern, dark-field images corresponding to the (b) (111) and (c) (200) spots in SAED pattern and (d) HRTEM image of the Ta40W15N45 film. 
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Figure 3. (a) XTEM image and SAED pattern, (b) dark-field image corresponding to the (200) spot in the SAED pattern, and (c) HRTEM image of the Ta17W55N28 film. 
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Figure 4. GIXRD patterns of the TaWN films. (Vertical lines indicate the standard positions of reflections for TaN (ICDD 00-049-1283) and W2N (ICDD 00-025-1257), respectively). 
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Figure 5. Lattice constants of the TaWN films. 
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Figure 6. (a) Ta, (b) W, and (c) N signals at a depth of 49.8 nm for the TaWN films. 
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Figure 7. Bragg–Brentano XRD patterns of the TaWN films. 
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Figure 8. Texture coefficients of the TaWN films. 
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Figure 9. Hardness values of the TaWN films. 
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Figure 10. Wear scars of the TaWN/Ta/SUS420 samples after sliding for 50 m. 
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Figure 11. (a) SEM image and (b) elemental mappings of the Ta40W15N45 film after the wear test. 
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Figure 12. COFs of the TaWN/Ta/SUS420 samples. 
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Table 1. Sputtering parameters, chemical compositions, and thicknesses of the TaWN films.
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Sample

	
Power (W)

	
Chemical Composition (at.%)

	
N/M1

	
T2

	
I3

	
R4




	

	
PTa

	
PW

	
Ta

	
W

	
N

	
O

	

	
(nm)

	
(nm)

	
(nm/min)






	
Ta54N46

	
250

	
0

	
52.9 ± 0.7

	
-

	
44.8 ± 1.1

	
2.3 ± 0.7

	
0.85

	
894

	
170

	
8.9




	
Ta40W15N45

	
250

	
50

	
39.3 ± 3.7

	
14.9 ± 0.9

	
45.1 ± 3.2

	
0.7 ± 1.2

	
0.83

	
813

	
152

	
12.5




	
Ta36W24N40

	
200

	
100

	
35.7 ± 0.4

	
23.2 ± 0.8

	
39.5 ± 0.6

	
1.6 ± 0.0

	
0.67

	
986

	
157

	
15.2




	
Ta17W55N28

	
100

	
200

	
16.6 ± 0.0

	
54.4 ± 0.0

	
27.4 ± 0.0

	
1.6 ± 0.0

	
0.39

	
939

	
157

	
14.4




	
Ta8W68N24

	
50

	
250

	
7.5 ± 0.0

	
67.0 ± 0.0

	
24.0 ± 0.0

	
1.5 ± 0.0

	
0.32

	
885

	
132

	
13.6




	
W94N6

	
0

	
250

	
-

	
87.9 ± 0.6

	
5.8 ± 0.3

	
6.3 ± 0.4

	
0.06

	
1203

	
130

	
12.0








1 N/M: atomic ratio of N to the sum of metal atoms; 2 T: film thickness; 3 I: Ta interlayer thickness; 4 R: Deposition rate of TaWN film.
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Table 2. XPS analysis results for the TaWN films at depths of 16.6–49.8 nm.
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Sample

	
Ta 4f7/2 (eV)

	
ITa2N:ITaN 1

	
W 4f7/2 (eV)

	
IW–W:IW–N 2

	
N 1s (eV)

	
IN–Ta:IN–W 3




	

	
(Ta–N)Ta2N

	
(Ta–N)TaN

	

	
W–W

	
W–N

	

	
N–Ta

	
N–W

	






	
Ta54N46

	
22.60 ± 0.01

	
23.32 ± 0.01

	
33:67

	
-

	
-

	
-

	
397.44 ± 0.01

	
-

	
100:0




	
Ta40W15N45

	
22.75 ± 0.01

	
23.22 ± 0.02

	
28:72

	
31.29 ± 0.02

	
33.05 ± 0.06

	
68:32

	
397.31 ± 0.04

	
397.85 ± 0.05

	
80:20




	
Ta36W24N40

	
22.66 ± 0.01

	
23.07 ± 0.02

	
32:68

	
31.17 ± 0.02

	
32.76 ± 0.13

	
73:27

	
397.27 ± 0.04

	
397.83 ± 0.06

	
82:18




	
Ta17W55N28

	
22.52 ± 0.04

	
23.10 ± 0.01

	
24:76

	
31.44 ± 0.00

	
32.27 ± 0.07

	
68:32

	
397.33 ± 0.05

	
397.87 ± 0.02

	
26:74




	
Ta8W68N24

	
22.47 ± 0.04

	
23.07 ± 0.02

	
30:70

	
31.43 ± 0.01

	
32.40 ± 0.13

	
72:28

	
397.41 ± 0.04

	
397.95 ± 0.03

	
26:74




	
W94N6

	
-

	
-

	
-

	
31.43 ± 0.01

	
32.58 ± 0.03

	
82:18

	
-

	
397.71 ± 0.13

	
0:100








1 ITa2N:ITaN: intensity ratio of Ta–N bonds in the Ta2N phase to those in the TaN phase; 2,3 IX–Y: intensity of X–Y bonds.
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Table 3. Mechanical properties of the TaWN/Ta/Si samples.
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Sample

	
H1

	
E2

	
H/E

	
H/E*3

	
H3/E2

	
We4

	
σ5

	
Ra6




	

	
(GPa)

	
(GPa)

	

	

	

	
(%)

	
(GPa)

	
(nm)






	
Ta54N46

	
21.7 ± 2.5

	
277 ± 22

	
0.078

	
0.069

	
0.133

	
59

	
−1.6 ± 0.1

	
2.6




	
Ta40W15N45

	
23.2 ± 1.1

	
302 ± 7

	
0.077

	
0.068

	
0.137

	
60

	
−1.7 ± 0.2

	
2.1




	
Ta36W24N40

	
24.5 ± 1.7

	
351 ± 25

	
0.070

	
0.062

	
0.119

	
59

	
−1.7 ± 0.0

	
2.7




	
Ta17W55N28

	
29.9 ± 0.8

	
381 ± 12

	
0.078

	
0.071

	
0.184

	
63

	
−2.5 ± 0.1

	
1.6




	
Ta8W68N24

	
31.9 ± 1.9

	
391 ± 18

	
0.082

	
0.074

	
0.212

	
61

	
−1.7 ± 0.2

	
2.5




	
W94N6

	
23.0 ± 3.4

	
315 ± 31

	
0.073

	
0.067

	
0.123

	
55

	
−0.7 ± 0.1

	
4.7








1 H: hardness; 2 E: Young’s modulus; 3 E*: effective Young’s modulus; 4 We: elastic recovery; 5 σ: residual stress; 6 Ra: average surface roughness.
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Table 4. Wear test results for the TaWN/Ta/SUS420 samples.






Table 4. Wear test results for the TaWN/Ta/SUS420 samples.





	
Sample

	
Thickness

	
Wear Depth

	
μ1

	
Wear Rate

	
Ra2

	
H3/E2




	

	
(nm)

	
(nm)

	

	
(mm3/Nm)

	
(nm)

	
(GPa)






	
Ta54N46

	
894

	
682

	
0.41

	
1.4 × 10−5

	
3.1

	
0.133




	
Ta40W15N45

	
813

	
1224

	
0.78

	
8.3 × 10−6

	
2.7

	
0.137




	
Ta36W24N40

	
986

	
322

	
0.77

	
7.6 × 10−6

	
2.9

	
0.119




	
Ta17W55N28

	
939

	
251

	
0.74

	
4.9 × 10−6

	
3.1

	
0.184




	
Ta8W68N24

	
885

	
1404

	
0.59

	
2.7 × 10−5

	
4.2

	
0.212




	
W94N6

	
1203

	
200

	
0.40

	
2.6 × 10−6

	
6.4

	
0.123








1 μ: coefficient of friction; 2 Ra: average surface roughness.
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