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Abstract

:

Tungsten carbide (WC) and Tungsten carbonitride (WCN) coatings are deposited by reactive high-power impulse magnetron sputtering (HiPIMS) with various nitrogen gas flow rates. The characteristics of discharge current and plasma optical emission of HiPIMS are recorded by oscilloscope (OSC) and optical emission spectroscopy (OES). The results exhibit that the peak discharge currents and the intensities of optical emission spectra lines are significantly influenced by the addition of nitrogen. The elemental concentration, microstructure, mechanical and tribological properties in ambient temperature and high temperature of deposited coatings are investigated by a wide variety of techniques such as energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), nano-indentation measurement, scanning electron microscope (SEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and ball-on-disk tribometer. The results show that WC/WCN coatings with different microstructures, mechanical properties and tribological properties have been produced by controlling the flow rate of N2. Meanwhile, with the N2 flow rate increasing from 0 sccm to 24 sccm, (101) diffraction peak shifts to low angle. Moreover, (102) and (110) peaks’ intensities and the angle of (101) peak of β-W2C phase of the deposited WCN coatings decrease and disappear, and the average grain size decreases from 8.9 nm to 6.4 nm. XPS results show that the intensities of C=N, W–N, W–C–N, and N–O peaks increase while the intensity of C–W peak decreases. The deposited coatings change from slight columnar type to a typically dense and featureless structure, and the surface roughness decreases from Ra 11.6 nm at 0 sccm to Ra 5.7 nm at 24 sccm. The variation of nitrogen flow also plays a role in the mechanical properties of the coatings. It is found that the maximum hardness and elastic modulus of 35.6 GPa and 476.5 GPa appear at 16 sccm N2 flow rate. The results of wear tests demonstrate the addition of nitrogen slightly deteriorates tribological properties at room temperature (25 °C), but can remarkably improve tribological properties at high temperature (400 °C) of WC/WCN coatings deposited with an appropriate flow rate of nitrogen.
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1. Introduction


Owing to a lot of excellent properties such as high hardness, low friction coefficient, good chemical stability and high wear resistance, tungsten carbide (WC) coatings serving as one of the protective coatings for mechanical components and cutting tools have attracted increasing critical attention and become a research focus in modern manufacturing industry [1,2,3,4,5]. However, the oxidation of graphite phase [6,7] in WC or W containing diamond-like carbon coatings (W-DLC, WC-DLC) above 400 °C in the air have limitations in practical applications, such as high-speed cutting, dry machining, and high-speed rotating [8]. The oxidation of carbon in WC coatings would give rise to accelerated material losses, deteriorated tribological properties and a shortened service life. So, enhancing its wear resistance at high temperatures is of vital importance to improve the performance and prolong the lifetime of WC coatings.



Doping Nitrogen is quite common and promising to enhance properties of nanocomposite coatings. For instance, through making use of high power impulse magnetron sputtering (HiPIMS) technique Shen et al. [9] deposited diamond like carbon films on AISI 304L austenitic stainless using Ar and N2 as precursors at room temperature. The results showed that the Nitrogen-doped diamond like carbon coating exhibited better tribocorrosion properties. Bootkul, D et al. [10] synthesized nitrogen doped tetrahedral amorphous carbon (ta-C:N) using the filtered cathodic vacuum arc (FCVA) technique. Measurement results showed that intentionally doping with nitrogen reduced the carbon sp3 content, hardness but increased the surface roughness and the critical load. According to Corona-Gomez’s experiments [11], Nitrogen doped DLC (NDLC) was successfully deposited on CoCrMo by ICP-CVD and the effect of nitrogen doping on the film adhesion was investigated by Rockwell C indentation. The results show that nitrogen doping can improve the film adhesion and the wear resistance significantly. Ju, Hongbo et al. [12] added non-metal nitrogen into the molybdenum disulfide solid self-lubricant film using RF magnetron sputtering system and the influence of nitrogen on the microstructure, mechanical, oxidation resistance and tribological properties of the Mo–S–N composite films were investigated. The results show that all Mo–S–N films exhibit higher hardness, oxidation resistance temperature and tribological properties at room temperature, 200, and 400 °C.



In conclusion, the addition of nitrogen into protective coatings proves to be effective for their properties improvement, such as wear resistance, corrosion resistance, oxidation resistance, adhesion strength and tribological property. The study on WCN coatings is relatively few, in comparison with WC coatings. Besides this, the mechanical properties and the influence of nitrogen at room temperature and high temperature of WCN films have not been studied systematically. In this study WCN coatings are deposited by reactive HiPIMS at acetylene/argon (C2H2/Ar) atmosphere with doping different nitrogen content. The elemental concentration, microstructure, mechanical properties, and tribological properties at ambient temperature and high temperature are investigated to examine the effects of the addition of nitrogen. A comparison of the results with those WCN coatings for a reference pure WC sample is also provided.




2. Experiment Details


2.1. Coatings Preparation


WC and WCN coatings are deposited on Si (100) wafers and YT 15 cemented carbide (WC-10 wt.%. Co) disks by using an industrial PVD deposition equipment with hexagonal vacuum chamber, which is about 800 mm high with a side length of 600 mm. The deposition equipment is equipped in a closed field magnetron sputtering with four cathodes through direct water-cooling. One cathode is equipped with a rectangular W70C30 alloy (565 × 115 mm2) and others are installed with blind flanges in this study. Detailed description of the experimental setup is reported in our previous papers [13,14]. Before deposition, the cemented carbide substrates are polished using a metallographic polishing machine (FMP1000Z, Testin Co.,LTD. Dongguan, China) and cleaned by acetone and alcohol in ultrasonic bath for 15 min each. Then the substrates are mounted on a rotary sample holder with a 10 cm distance parallel to the target surface. After that, the chamber is evacuated to below 4.0 × 10−4 Pa. The W70C30 target then is cleaned in Ar with the discharge pressure of 0.8 Pa for 20 min. In order to remove the contaminations and oxide layer on the surface, the substrates are also sputter-cleaned by using the glow discharge of Ar at −800 V for 25 min.



The HiPIMS power supply for WC target is operated in constant voltage mode and the peak target voltage is maintained at −800 V. The voltage before pulse kept at −400 V and drops after the discharge to −200 V then rise up to −400 V during the pulse off time, this design is in order to make the target easier to glow and to improve sputtering efficiency. During the deposition, the pulse duration and frequency of the power supply are 100 μs and 200 Hz, corresponding to duty cycles at 2%. The bias voltage of substrates is fixed at −80 V. The deposition temperature is maintained at 150 °C. The deposition time of all the WC/WCN coatings is fixed at 30 min. The only variable is the addition flow rate of nitrogen. Nitrogen added to the constant Ar flow in 8 sccm increments ranges from 0 sccm to 24 sccm. The working pressure increases from 0.8 Pa to 0.92 Pa by adding nitrogen. The sputtering details and deposition parameters are listed in Table 1.




2.2. Characterization


The target voltage and target current are measured by a high voltage differential probe and a passive probe, and recorded by a digital oscilloscope (OSC, RTE1052, Rhode & Schwartz, Munich, Germany). An optical emission spectrometer (OES, Ocean Optics Ltd., Dunedin, FL, USA, HR4000CG-UV-NIR) positioned in front of observation window is used to monitor the plasma species and relative quantities at various flow rates of nitrogen during deposition. The collimated optical fiber port was installed vertical to the target surface with a distance of 30 cm. Schematic diagram of the deposition apparatus and OES diagnostic experimental set-up is shown in Figure 1. In order to reduce errors of the collected plasma discharge characteristics, the integral time was set as 100 ms, and every 10 plasma pulses were summed and averaged to obtained presented spectra.



Thickness, surface and cross-sectional morphology of the obtained WC/WCN coatings are evaluated by scanning electron microscopy (SEM, Zeiss, SUPRA55, Carl Zeiss Co.,LTD, Aalen, Germany). Energy dispersive X-ray spectroscopy (EDS) is used to determine the chemical compositions of the coatings and the wear tracks. The surface morphology and roughness with an area size of 10 × 10 μm2 are evaluated by atomic force microscopy (AFM, Veeco, Bruker-ICON, Bruker Co.,LTD, Billerica, MA, USA) by using probe-scanning mode.



The analyses of crystallinity and microstructures are carried out via grazing incidence X-ray diffractometry (GIXRD, D/Max 2500/PC, Rigaku Industrial Corporation, Takatsuki-shi, Osaka, Japan) with an incident angle of 2.0° and a scanning speed of 0.05°/s. X-ray diffractograms of WC and WCN coatings are collected at angles between 10° and 90° with a Cu Kα source (Kγ = 1.5406 Å). X-ray photoelectron spectra (XPS, Ulvac-Phi Inc, PHI Quantera II, ULVAC-PHI Corporation, Chigasaki, Kanagawa, Japan) equipped with a mono-chromatic Al Kα radiation at the 1486.7 eV source is used to analyze the chemical compositions and bonding state of the deposited coatings. The XPS measurement is performed in constant analyzer energy mode with a 20-eV pass energy (take of angle: 45°, step size: 0.1 eV) for high-resolution spectra at a base pressure of 4 × 10−8 Pa. Prior to the analysis, the samples are pre-sputtered by Ar ion bombardment for 180 s to remove surface contamination. All the XPS spectra fittings are performed following a Shirley background subtraction with the Gaussian-Lorentzian peak shape.



Nanoindentation measurements are carried out via a nanoindenter (Nano-Indentor G200, Agilent, KLA-Tencor Corporation, Milpitas, CA, USA) equipped with a Berkovich diamond tip in continuous stiffness measurement (CSM) mode. The maximum load, loading resolution and rate are chosen as 10 mN, 50 nN and 0.23 mN/s. To avoid the influence of indentation size effects and the substrate, the maximum indentation depth of 300 nm (<10% of the coating’s thickness) is selected. Each sample is tested for 10 times to minimize possible errors. The hardness (H) and Young’s modulus (E) are evaluated by indentation curves according to Oliver and Pharr’s equation [15].



To investigate tribological properties of the deposited coatings, friction and wear tests are performed in a high-temperature ball-on-disk tribometer (Bruker, UMT-3, Bruker Co., LTD, Billerica, MA, USA) at room temperature of about 25 °C and elevated temperature of 400 °C with initial relative humidity of 60% respectively. The applied load is set as 8 N, the sliding speed at 0.1 m/s and the sliding radius at 4 mm. Al2O3 balls of 6 mm diameter are selected as the counterpart due to its chemical inertness and do not react with the coating material. The wear tests are operated in rotating mode with the sliding time of 3600 s. Wear tracks on coating surface are observed by SEM and laser confocal scanning microscope (LCSM, OLYMPUS, OLS4100, Olympus Corporation, Shinjuku, Tokyo, Japan). The normalized wear rates (mm3/Nm) are calculated by cross-sectional profiles of disk-wear track obtained with the surface contact profilometer (Bruker, DEKTAK XT, Bruker Co., LTD, Billericacity, MA, USA).





3. Results and Discussion


3.1. Plasma Discharge Characteristics


Figure 2 presents the evolution of the target voltage and discharge current waveforms with the nitrogen gas flow during the HiPIMS process. It can be seen that with the increase of the nitrogen gas flow rate from 0 to 24 sccm, the target voltage remains stable (Figure 2a) while the peak discharge current first rises up from 61.5 A at 0 sccm to 77.6 A at 16 sccm, then decreases to 61.6 A at 24 sccm (Figure 2b). The changes in discharge current with increasing nitrogen flow rate could be explained as follows. Target current is directly proportional to the quantity of particles participating in sputtering. The total working pressure increases with increasing inflow nitrogen, which leads to more collision and produces more ions [15]. These producing ions accelerate toward the target under electric field, which causes more ions bombardments resulting in increased discharge current and higher materials sputtering rates. However, as the nitrogen flow rates further increases, exceeding the rate of consumption, excessive reactive gas will lead to target poisoning and form a stoichiometric film at WC target surface. The resistance of the formed compound film is much higher that of pure alloy target, which leads to the accumulation of positive charge on target surface and preventing further ion-bombardment [16]. This results in decreases in the number of sputtered particles and a lower peak discharge current [17]. Moreover, with the increasing quantities of gas molecule, the collisions become more and more frequent, which causes a much shorter mean free path and insufficient kinetic energies of the colliding particles. This, in turn, leads to decreases of sputtered particles and peak discharge current [18,19].



As a signal representing the species and densities of plasma and the degree of target poisoning in reactive HiPIMS process, the optical emission spectra are collected within set integration time continuously to examine the influence of the addition of nitrogen. The average spectral line intensities calculated over several HiPIMS pulses and their afterglow as a function of the nitrogen gas flow in the range of 200–1000 nm are displayed in Figure 3. The spectral dates of emission lines are presented in Table 2. It is obvious that the addition of nitrogen gas leads to significant changes in plasma characteristic spectrum. With the increase of nitrogen gas flow, the intensities of the emission lines originated from the W I (W0), N I (N0), Ar I (Ar0), and Ar II (Ar+) first increase and then decrease, the emission intensity of the C I (C0) lines decrease. The emission characteristics changes with increasing nitrogen gas flow could be explained as follows. In magnetron sputtering (HiPIMS), the intensity of emission lines is positive correlation with the number density of emitting atoms, which is determined primarily by electron-driven processes such as electron impact excitation of the atom in its electronic ground state and of an excited metastable level that lies energetically below the emitting level. The formation rate of ionized and excited atoms via electron-driven processes depends essentially on three parameters, the electron temperature (Te), the electron density at a given electron energy (ne) and the density of the respective atoms (N) [20]. As to W I (W0), N I (N0), Ar I (Ar0), and Ar II, when the nitrogen gas flow increases, (i) the number of atoms involved in sputtering increases result in the increasing frequency of collisions between particles, which in turn produce more secondary electrons. These secondary electrons conduced more Ar atoms to ionize. (ii) Some of the ionized nitrogen atoms rush toward and impact the target under the attraction of cathode and lead to more tungsten atoms being sputtered out. So, the intensities of W I (W0), N I (N0), Ar I (Ar0) and Ar II (Ar+) emission lines increase. As the nitrogen gas flow further increases, more collisions will occur and lead to a shorter mean free path, which in turn results in lower ions’ kinetic energy [15,21]. The insufficient kinetic energy reduces the ionization and excitation rate of particles. Meanwhile, excess reaction gas can lead to target poisoning, which will also reduce the intensity of the elements emission lines [22,23]. As to C I (C0), the addition of nitrogen gas leads to a reduction in the collision probability and ionization rate of C atoms, thus reducing the spectral strength.




3.2. Microstructure and Morphology


Figure 4 presents the XRD diffractograms of WC coating and WCN coatings using HiPIMS with different addition of nitrogen gas. The WC coating (with 0 sccm N2) exhibited the diffraction peaks at 2θ~39.57°, 53.30°and 61.85° corresponding to multiple orientations of (101), (102) and (110) respectively, characteristic of rhombohedral β-W2C phase [JCPDS data file card #35-0776]. With the addition of nitrogen, (101) diffraction peak of the deposited coatings shift to low angle (get closer to (111) diffraction peak of face-centered cubic (fcc) β-W2N [JCPDS data file card #25-1257]), which could be attributed to (111) preferential orientation of face-centered cubic (fcc) β-W(CN) phase whose positions lie intermediate between those for bulk W2C and W2N phases according to other researchers’ work [24,25,26]. Moreover, with the nitrogen flow increasing, the (102) and (110) peaks’ intensities and the angle of (101) peak of β-W2C phase decrease to disappear, indicating the nitrogen atoms could replace carbon atoms in the lattice of β-W2C to form β-W(CN) crystallites gradually. Furthermore, no visible peaks of W2N crystalline phase are observed, also suggesting that no pure W2N phase is formed and the added nitrogen atoms are likely incorporated in the FCC lattice of W(CN) phase [24].



To analyze the W2C, W2N and W(CN) phases, the average grain size is calculated from the full-width-half-maximum (FWHM) of (101) and (111) diffraction peaks using the Debye–Scherrer equation. The broadening of peaks reflects a decrease of the average grain size from 8.9 nm to 6.4 nm with the N2 flow rate increasing from 0 sccm to 24 sccm. Reasons for decrease of grain size of the deposited coatings are as follows: (i) With the addition of nitrogen gas, the densities of particles participating in the sputtering and arriving at the substrate becomes higher, which result in random interruptions of the growing grains and then induces more sites promoting secondary nucleation. (ii) The enhanced bombardment density of high-energy gas particles promotes grain boundary migration and leads to point defects that favor nucleation [27,28]. (iii) With the increasing addition of nitrogen, the total working pressure increases, which leads to more frequent collisions and lower kinetic energy carried by the bombarding ions may also be a reason for grain refinement [29].



In order to acquire further information about crystalline phases and bonds structure of the deposited coatings, high-resolution XPS spectra of C 1s, N 1s and W 4f were deconvoluted, respectively. C 1s peak at 284.6 eV was used as a reference to calibrated the spectra [30,31]. Figure 5 shows the XPS core-level spectra, in which Figure 5a1,b1,c1 are overall spectra and Figure 5a2–a5,b2–b5,c2–c5 are detail spectra in the energy region of C 1s, N 1s and W 4f for the deposited coatings with different nitrogen flow rates. As shown in Figure 5a2, the fitted C 1s spectrum centered at 283.5 ± 0.1 eV, 284.5 ± 0.1 eV and 286.5 ± 0.1 eV are recognized as C–W, C–C(:H) and C–O [26,32,33,34]. The presence of free oxygen might from residual oxygen in the vacuum chamber during the coatings’ deposition. After the nitrogen pumped in, there is a new fitted peak located at around 286.1 ± 0.1 eV emerged in the C 1s spectra (Figure 5a3–a5), which is identified as C=N bonds [26]. And with the increasing of nitrogen flow rate, the intensity of C=N peak increases while the intensity of C–W peak decreases. The variation tendency of carbon bondings is in good agreement with the studies of other researchers [32,35].



In the N 1s XPS spectra (Figure 5b1–b5), the pure WC coating (Figure 5b2) shows no useful information. As is shown in Figure 5b1, when the N2 flow rate increased from 8 sccm to 24 sccm, the peak intensity of N 1s increased, which was in accordance with the increase of N content in the deposited coatings. And the N 1s spectra in Figure 5b3–b5 show four peaks at 396.9 ± 0.1 eV, 398.1 ± 0.1 eV, 399 ± 0.1 eV and 400.8 ± 0.1 eV, representing W­N, W–C–N, C=N and N–O, respectively [25,26,36,37]. It is worth noting that the ratio of peak intensity of W–N to W–C–N and C=N increases with the increasing N2 flow rate, meaning that more W-N bonds are formed in WCN coatings at higher N concentration.



Figure 5c1–c5 presents the fitted W 4f spectra, it could be seen that W 4f spectra exhibits two components: W 4f7/2 and W 4f5/2 and each component has a doublet structure composed of a high-energy main peak and a low-energy satellite peak. The W 4f7/2 peak located at 31.7 ± 0.2 eV between the binding energies of W–C (31.3 ± 0.1 eV) and W–N (33.1 ± 0.1 eV) is considered as the formation of W–C–N bonds [25,26]. The W 4f5/2 peak at 33.8 ± 0.2 eV is also attributed to W–C–N bonds as reported by R. Ospina [26] and J.F. Moulder [38]. And the appearing peaks at the high binding energies of 35.6 ± 0.2 eV and 37.6 ± 0.1 eV are corresponding to W–O (4f7/2) and W–O (4f5/2), respectively [39]. According to the fitted W 4f spectra, it can be seen W–C–N bonds slightly shift to higher binding energy, which also could be attributed to the formation of W-N bonds with the increase of nitrogen flow rate.



Figure 6 displays the cross-sectional SEM micrographs of WC/WCN composite coatings deposited with different N2 flow rates. It is can be seen with the increase of nitrogen flow rate, the cross-sectional morphologies of deposited coatings change from slight columnar type to a typical dense and featureless structure. Further, as the N2 flow rate increases, the coatings’ thickness increases from 2.64 μm at 0 sccm to 3.32 μm at 16 sccm, then decreases to 2.70 μm at 24 sccm corresponding to the deposition rate which increases from 88.0 nm/min to 110.7 nm/min and then drops to 90.0 nm/min. The deposition rate, chemical compositions, grain size and surface roughness of WC/WCN coatings with different N2 flow rate are shown in Table 3. This change might be explained as follows: (i) When the N2 flow introduced in the deposition is low, with the increase of the addition of N2, the peak discharge current and the deposition power (see in Figure 2) increases, which not only increased the deposition rate, but also led to enhanced fraction of ionized species reaching the growing coating, promoting the mobility of the adatoms and the migration of particles to the grain boundaries and the interruption of columnar structure, consequently, raising a spontaneous compact morphology. (ii) The getter effect in the reactive sputtering: the deposited coatings absorb the reactive gas and the deposition rate increases [40,41]. (iii) When the N2 flow rate increased further, excessive reactive gas leads to target poisoning, which reduces the sputtering of the targets and the peak discharge current. Therefore, the deposition rate decreased with the increased N2 flow rate.



As is shown in Table 3, with the increasing input nitrogen gas, the N content increased from 0% to 19.2 at.%. And the composition of W/C ratio in the deposited coatings was below 2.33 (7:3) which is the ratio of the target and decreased with the increasing N2 flow rate. This phenomenon is attributed to target poisoning and preventing the escape of metal W atoms from WC target surface.



In order to see the variation of surface morphology and surface roughness with the N2 flow rate, the three-dimensional topographic AFM images of WC/WCN coatings deposited onto silicon (100) wafers with different nitrogen gas flow are compared in Figure 7. It is obvious that all coatings have a granular structure with visible, agglomerated grains and the grain size decreases with the increase of the nitrogen gas flow, indicating a smoothing trend of the coatings’ surface. The surface roughness of the coatings decreases from Ra 11.6 nm at 0 sccm to Ra 5.7 nm at 24 sccm. The decreases of surface roughness can be attributed to the addition of N to W2C and promotes the continuous nucleation process leading to the grain refinement, which is in agreement with the variation tendency of grain size.




3.3. Mechanical and Tribological Properties


Figure 8 displays the hardness (H) and elastic modulus (E) of WC/WCN coatings deposited with different N2 flow rate. As is shown, the hardness and elastic modulus first increases then decreases with the increase of N2 flow rate, and peaked at 35.6 GPa and 476.5 GPa at 16 sccm, respectively. The variation of hardness is mainly attributed to the effect of solid solution strengthening and the grain refinement caused by the incorporation of nitrogen atoms [24,25]. Further increasing the N2 flow rate to 24 sccm, the hardness and elastic modulus decrease to 33.5 GPa and 450.4 GPa, respectively, mainly due to the increase in the content of amorphous CNx according to the result of XPS.



The coefficients of friction (COF) of WC/WCN coatings deposited with different N2 flow rate as a function of reciprocating sliding time under dry contact at the room temperature (25 °C, Figure 9a) and elevated temperature (400 °C, Figure 9b) are exhibited in Figure 9. As is shown in Figure 9a, the values of friction coefficient at RT become stable at approximately 0.12, 0.15, 0.18, and 0.23 after a rapid decrease in the initial running-in phase. As reported [42], the high friction coefficient of running-in period is mainly related to the defects on the coating surface and high abrasive forces acting at the sliding interface. Higher nitrogen fluxes lead to higher and less stable friction coefficients in the steady-state. It is clear that the addition of nitrogen affects friction coefficients. All the coatings are not thoroughly worn out in the end of the wear test since the friction coefficients remain approximately constant. Moreover, it is worth noting that the friction coefficient of the coating deposited at 24 sccm fluctuates greater, which indicates the coating partial failure. The friction curves at 400 °C are illustrated in Figure 9b. Different from the room temperature wear test, the friction coefficients increase after running-in stage and the friction coefficients of the coatings at 400 °C are much higher than those at 25 °C, which all could be attribute to the oxidization of coatings at high temperature. The friction curves of the coatings deposited at 0 sccm and 8 sccm increased to approximately 0.6 with large fluctuations after 1900 s and 3200 s, respectively. When increasing the N2 flow rate to 16 sccm, the friction coefficient of the coating remains stable over the entire test range. With a further increase of N2 flow rate, the coating deposited at 24 sccm exhibited a slight fluctuation at the end of the wear test, which indicates the high-temperature tribological properties deteriorate.



In order to further investigate the friction behaviors of the WC/WCN coatings, the SEM images and EDS analysis obtained by field emission scanning electron microscopy (FESEM) of wear tracks are presented in Figure 10. At 25 °C (Figure 10a1–d1), the wear tracks exhibit a tendency to broaden, and the exposed substrate area on wear tracks has been getting larger, which indicates that the room temperature (25 °C) tribological properties of the coatings deteriorates with the increase of the N2 flow rate. The results of EDS analysis demonstrate the Cobalt content in the center of the wear tracks increases with the increase of the N2 flow rate, this also confirm the exposure of the substrate. In particular, the appearance of aluminum element on the wear tracks is due to the transfer of the materials of the counterpart Al2O3 ball. At 400 °C (Figure 10a2–d2), the width of wear tracks is much wider than that at 25 °C. For the pure WC coating, the wear track is wide with substrate completely exposure. When added 8 sccm N2, the amount of residual coating increased slightly. With the N2 flow rate increases to 16 sccm, the width of the wear track gets narrow and remaining coating on the wear track increased significantly. As the nitrogen gas flow further increases to 24 sccm, the wear track becomes wider and the amount of residual coating decreases, indicating the high temperature (400 °C) tribological properties deteriorates with excess nitrogen gas supply. It can be clearly seen from the EDS results that the Cobalt content in the center of the wear tracks first decreases then increases with the rise of N2 flow rate, which also demonstrates the variation trends of the high temperature tribological properties of the coatings.



The 3D graphs of the wear tracks of WC/WCN coatings deposited with different nitrogen gas flow observed by LCMS are shown in Figure 11. As is shown in Figure 11a2–d2, coatings subjected to wear tests at elevated temperature (400 °C) have much wider and deeper wear tracks compared with those (Figure 11a1–d1) at room temperature (25 °C). This is probably attributed to the oxidation and the increased friction coefficients (see in Figure 9) of the WC/WCN coatings at high temperature. The wear rates of room temperature wear test increase with the increases of nitrogen flow rate, while the wear rates first decrease then increase with the increases of nitrogen flow rate, which are also confirmed by the wear rates of the deposited coatings calculated from the cross-sectional profiles of wear tracks shown in Figure 12.





4. Conclusions


Nanostructured WC/WCN coatings with various nitrogen contents obtained by controlling the flow rate of N2 in the deposition are successfully fabricated on Si (100) wafers and YT 15 cemented carbides through HiPIMS technology. The discharge characteristics of HiPIMS, microstructure, mechanical properties, room temperature, and elevated temperature tribological properties of the deposited coatings as a function of the nitrogen gas flow have been investigated and compared. The most important results can be summarized as follows: With the increase of nitrogen gas flow, the peak discharge current and the intensities of optical emission spectra lines originated from the W I (W0), N I (N0), Ar I (Ar0) and Ar II (Ar+) first increase and then decrease, while the emission intensity of the C I (C0) lines declines. Pure WC coating exhibits multiple orientations of (101), (102), and (110), respectively, characteristic of rhombohedral β-W2C phase. The average grain size decreases from 8.9 nm to 6.4 nm with the N2 flow rate increasing from 0 sccm to 24 sccm. The XPS spectra indicate the intensities of C=N, W–N, W–C–N and N–O peaks increase, while the intensity of C–W peak decreases. Further, more W-N bonds are formed in WCN coatings with higher N concentration. The deposition rate of the coatings first increases, then decreases. The cross-sectional morphologies of deposited coatings change from slight columnar type to a typically dense and featureless structure, and the surface roughness decreases from Ra 11.6 nm at 0 sccm to Ra 5.7 nm at 24 sccm. The hardness and elastic modulus of WC/WCN coatings first increase, then decrease. The maximum values are 35.6 GPa and 476.5 GPa at 16 sccm, respectively. All the hardness and elastic modulus values of WCN coatings are higher than those of the pure WC coating. The tribological properties at room temperature (25 °C) deteriorate slightly with the increases of N2 flow rate while tribological properties at high temperature (400 °C) improve significantly first, then deteriorate slightly with the increasing N2 flow rate according to images of the wear track and the wear rates of the coatings. The best high-temperature tribological property is obtained when the nitrogen flow rate is 16 sccm.
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Figure 1. Schematic of the deposition apparatus. 






Figure 1. Schematic of the deposition apparatus.
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Figure 2. Evolution of the cathode voltage and discharge current with the nitrogen gas flow during the coatings deposition using HiPIMS. (a) Discharge Voltage; (b) Discharge Current. 






Figure 2. Evolution of the cathode voltage and discharge current with the nitrogen gas flow during the coatings deposition using HiPIMS. (a) Discharge Voltage; (b) Discharge Current.



[image: Coatings 11 00481 g002]







[image: Coatings 11 00481 g003 550] 





Figure 3. Normalized OES spectrum recorded during HiPIMS with various nitrogen gas flow showing the emission intensities from W, C, N and Ar. 
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Figure 4. X-ray diffractograms of WC-DLC coatings deposited using HiPIMS with various nitrogen gas flow. 
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Figure 5. C 1s, N 1s and W 4f core level XPS spectra of WC/WCN coatings deposited at different nitrogen flow rates. ((a):C 1s; (b): N 1s; (c): W 4f) of overall (a1,b1,c1), +0 sccm N2 (a2,b2,c2), +8 sccm N2 (a3,b3,c3), +16 sccm N2 (a4,b4,c4) and +24 sccm N2 (a5,b5,c5). 
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Figure 6. Cross-sectional SEM micrographs of WC/WCN composite coatings with different nitrogen flow rates. (a) +0 sccm N2, (b) +8 sccm N2, (c) +16 sccm N2, (d) +24 sccm N2. 
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Figure 7. AFM images of 10 × 10 μm2 scan area of WC/WCN coatings prepared with various nitrogen flow rates. (a) +0 sccm N2, (b) +8 sccm N2, (c) +16 sccm N2, (d) +24 sccm N2. 
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Figure 8. Hardness and Elastic modulus of WC-DLC coatings deposited with different nitrogen gas flow. 
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Figure 9. Friction coefficients of WC/WCN coatings deposited with different nitrogen gas flow: (a) 25 °C, (b) 400 °C. 
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Figure 10. SEM images and EDS analysis of the wear tracks produced by a ball on disk test of WC/WCN coatings deposited with different nitrogen gas flow ((a): 0 sccm; (b): 8 sccm; (c): 16 sccm; (d): 24 sccm) at 25 °C (a1,d1) and 400 °C (a2,d2). 






Figure 10. SEM images and EDS analysis of the wear tracks produced by a ball on disk test of WC/WCN coatings deposited with different nitrogen gas flow ((a): 0 sccm; (b): 8 sccm; (c): 16 sccm; (d): 24 sccm) at 25 °C (a1,d1) and 400 °C (a2,d2).
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Figure 11. The 3D graphs of the wear tracks of WC/WCN coatings deposited with different nitrogen gas flow observed by LCMS: (a) 0 sccm (b) 8 sccm (c) 16 sccm (d) 24 sccm at 25 °C (a1,d1) and 400 °C (a2,d2). 
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Figure 12. Wear rates of WC/WCN coatings at 25 °C and 400 °C deposited with different nitrogen gas flow. 
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Table 1. Details and deposition parameters of sputtering.
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Parameter

	
Value




	
Samples (0 Sccm/8 Sccm/16 Sccm/24 Sccm)






	
Target-Substrate Distance (cm)

	
10




	
Temperature (°C)

	
150




	
Deposition Pressure (Pa)

	
0.8




	
N2 Pressure (Pa)

	
0.0/0.04/0.08/0.12




	
Total Deposition Time (min)

	
30




	
Substrate Bias Voltage (V)

	
−80




	
Pulse Width (μs)

	
100




	
Repetition frequency (Hz)

	
200




	
Pulse Negative Voltage (V)

	
−800




	
Peak Discharge Current (A)

	
61.5/70.9/77.6/61.6
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Table 2. The spectral dates of indicated W,C,N emission lines in Figure 2.
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Species

	
Position

(nm)

	
Intensity (Relative, a.u.)




	
Samples (Different N2 Flow Rates)




	
+0 Sccm

	
+8 Sccm

	
+16 Sccm

	
+24 Sccm






	
W0

	
265.6

	
524.4

	
703.8

	
675.1

	
515.0




	
601.3

	
963.7

	
921.3

	
832.3

	
783.3




	
909.5

	
1463.9

	
1385.5

	
1298.0

	
1182.1




	
C0

	
247.8

	
627.9

	
592.3

	
549.9

	
514.1




	
255.1

	
460.8

	
626.8

	
598.1

	
318.4




	
400.8

	
664.1

	
915.7

	
859.5

	
462.6




	
657.0

	
2647.9

	
2682.3

	
2807.5

	
1942.8




	
N0

	
575.2

	
127.0

	
553.5

	
682.6

	
655.9




	
744.2

	
281.5

	
722.5

	
906.2

	
860.6




	
862.9

	
244.2

	
780.2

	
957.8

	
930.2
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Table 3. The deposition rate, grain size and roughness of WC/WCN coatings with different N2 flow rate.
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Samples

	
Deposition

Rate (nm/min)

	
Grain Size

(nm)

	
Roughness

(Ra/nm)

	
Chemical Compositions




	
W

	
C

	
N






	
Sample1 (0 sccm)

	
88.0

	
8.9

	
11.6

	
67.8 ± 0.5

	
32.2 ± 0.3

	
-




	
Sample2 (8 sccm)

	
96.4

	
7.7

	
9.5

	
62.9 ± 0.7

	
32.0 ± 0.2

	
5.1 ± 0.2




	
Sample3 (16 sccm)

	
110.7

	
6.8

	
8.2

	
57.4 ± 0.8

	
30.2 ± 0.4

	
12.4 ± 0.4




	
Sample4 (24 sccm)

	
90.0

	
6.4

	
5.7

	
51.6 ± 0.6

	
29.2 ± 0.4

	
19.2 ± 0.3
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