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Abstract

:

In this study, reactive magnetron sputtering was applied for preparing NbCN-Ag films with different Ag additions. Ag contents in the as-deposited NbCN-Ag films were achieved by adjusting Ag target power. The composition, microstructure, mechanical properties, and tribological properties were characterized using energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), field emission scanning electron microscope (FE-SEM), high resolution transmission electron microscopy (HRTEM), Raman spectrometry, nano-indentation, and high-temperature sliding wear tests. Results indicated that face-centered cubic (fcc) NbN, hexagonal close-packed (hcp) NbN and fcc Ag, amorphous C and amorphous CNx phase co-existed in the as-deposited NbCN-Ag films. After doping with 2.0 at.% Ag, the hardness and elastic modulus reached a maximum value of 33 GPa and 340 GPa, respectively. Tribological properties were enhanced by adding Ag in NbCN-Ag films at room temperature. When the test temperature rose from 300 to 500 °C, the addition of Ag was found beneficial for the friction properties, showing a lowest friction coefficient of ~0.35 for NbCN-12.9 at.% Ag films at 500 °C. This was mainly attributed to the existence of AgOx, NbOx, and AgNbOx lubrication phases that acted as solid lubricants to modify the wear mechanism.
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1. Introduction


Transition metal nitrides (TMN), owing to a good combination of mechanical and physical properties, have potential for diverse applications ranging from electronic and optoelectronic devices to aerospace structures. Similarly, NbN based films also have been widely used in the field of microelectronics [1,2]. Due to their high hardness, good toughness, and excellent corrosion resistance, NbN based films are most suitable for using as functional films, especially on the surface of mould and on cutting tools for surface modifications. However, these films have a high friction coefficient during application [3]. Therefore, their poor resistance to plastic shearing and dry sliding wear have limited their applications.



In the past, in order to improve the low temperature lubrication performance of TMN based films, an effective method was to form graphite by doping carbon elements. For example, TiCN films were prepared by Cheng et al. [4], which outperformed TiN in tribological applications associated with carbon incorporation [5]. In addition, CrCN coating produced by the cathodic arc evaporation (CAE) deposition method showed higher hardness and tribological properties than CrN coatings [6].



Recently, soft metals (such as silver, aluminum, and copper) were added into TMN based films to reduce the friction coefficient over a wide temperature range [7,8,9]. As expected, a novel self-lubricated CrN-Ag nanocomposite film was elucidated by Mulligan et al. [10], indicating that the addition of Ag improved the friction and wear properties of CrN films at 500 °C. Moreover, Ju et al. [9] studied the tribological properties of NbN/Ag films and the results showed that the migration of Ag and the formation of the silver niobium oxide (AgNbO3) with layer-by-layer assembly of amorphous structure at high temperature were the main reasons for the reduction of friction coefficients of NbN/Ag films. In previous study [11], a series of NbCN films with different C were deposited onto a Si substrate using the reactive magnetron sputtering method. However, with the increase of the sliding temperature, the friction coefficients were still relatively high. This is the fact that a single lubricant could not meet the requirements of excellent tribological properties over a wide temperature range. A series of TiCN-Ag [12], ZrCN-Ag [13], and MoCN-Ag [14] films were systematically prepared and the properties were also improved by adding Ag. Metallic silver, tungsten trioxide, and silver tungsten oxide phases coexisted in the magnetron sputtered WCN-Ag film produced by Xu et al. [15], as a result of the lower friction coefficient over a wide heating temperature range due to the existence of Ag phases.



Herein the NbCN-Ag films with different Ag content were deposited using the reactive magnetron sputtering technique. This paper aimed at disclosing the beneficial effects of Ag nanoparticles and lubrication phase (AgOx, NbOx, and AgNbOx) on the modification of the microstructure and on the mechanical properties, as well as acting as solid lubricants to enhance wear resistance.




2. Experimental Details


2.1. Preparation of Films


NbCN-Ag composite films with a thickness of about 2 μm were deposited on 304 stainless steel and Si (100) wafers using the JGP-450 series single chamber magnetron sputtering system. Si (100) wafers were used as substrate materials for structural and mechanical investigations. Stainless steel 304 was used as substrate material for the dry sliding ball-on-disk tests. The Nb, Ag, and C targets each had a diameter and purity of 75 mm and 99.9% respectively and were sputtered with three radio frequency powers. The target-substrate distance was 78 mm with no substrate bias voltage. Before being placed on the substrate holder in the chamber, the substrates were cleaned with successive rinses in ultrasonic baths of acetone and alcohol and blown dry with dry air. Ar (99.999%) and N2 (99.999%) were introduced into the chamber by two gas inlets after the chamber was pumped to a pressure of 6 × 10−4 Pa.



Using magnetron sputtering using a voltage of 220 V, NbCN-Ag films with various Ag content were obtained by fixing the power of the Nb and C targets at 200 W (current: 0.91 A) and 120 W (current: 0.55 A) respectively and adjusting the power of the Ag target from 0 W (current: 0 A), 20 W (current: 0.09 A), 30 W (current: 0.14 A), 40 W (current: 0.18 A), and 50 W (current: 0.23 A) while maintaining a constant working pressure (0.3 Pa) with an Ar and N2 flow rate of 10:5 sccm in a radio-frequency magnetron sputtering system. All the samples were labeled corresponding to the content of Ag (e.g., NbCN-2.0 at.% Ag, NbCN-12.9 at.% Ag etc.)




2.2. Characterization of the Films


The phases of NbCN-Ag films were explored by X-ray diffraction (XRD, Shimazu-6000, Shimadzu, Kyoto, Japan) with a Cu Kα source, operating at 40 kV and 35 mA. The scanning speed was 4°/min. The average grain crystal size (Dc) of NbN was calculated by the Debye-Scherer equation [16]:


    D c  =   0.89 λ   B ⋅ cos θ     



(1)




where λ is the X-ray wavelength, B is the full width at half maximum (FWHM) of the diffraction peak, and θ represents the diffraction angle. The diffraction profiles were corrected for the instrumental broadening using an alumina sample, which had large crystallites free from defects. The cross-sections of the films were observed by field emission scanning electron microscopy (FE-SEM, Merlin Compact-6170, ZEISS, Jena, Germany). A high-resolution transmission electron microscopy (HRTEM, JEM-2010F, JEOL, Tokyo, Japan) operated at an accelerating voltage of 200 kV and energy dispersive spectroscopy (EDS) on an EDAX DX-4 energy dispersive analyzer were used to characterize the crystallinity, microstructure and elemental composition of the film. The hardness and elastic modulus of the films were determined by a nano-indenter CPX + NHT2 + MST equipped with a diamond Berkovich indenter tip (3-sided pyramid). In order to minimize the substrate’s influence on the hardness of the films, a maximum load of 3 mN was used to meet the d/h <0.1 criterion (where d and h are the indenter penetration depth into the film and the film thickness, respectively). Nine points were selected for each sample and averaged. An automatic indentation mode was programmed to place indentations in a 3 × 3 array. Each sample was tested three times. Fused silica was used as a reference sample for the calibration before indents were made.



The tribological properties of specimens were conducted along a circular track with a diameter of 8 mm against an Al2O3 counterpart having a diameter of 9 mm for a period of 30 min. A constant speed of 50 rpm was maintained with a normal load of 3 N in an atmosphere with a relative humidity of about 25–30% and a temperature range of 25 to 500 °C using a UTM-2 CETR tribometer. Friction tests were performed three times under the same conditions for the same batch of samples, and the accuracy of the experiment was confirmed based on the repeatability of the experimental results. Thereafter, a profilometer (Bruker DEKTAK-XT, Billerica, MA, USA) was used to determine wear volume loss of the films (V) by examining the worn tracks. Each sample was repeated three times. In order to calculate the wear rates (W) of the as-deposited films, an Archard’s classical wear equation [17] was listed as follows:


   W =  V  S × L     



(2)




where, S represents the sliding distance, L is the loading force, and V is wear volume. After wear tests, the wear tracks were also detected by XRD (Shimazu-600). We fixed the spot on the wear tracks, the spot size was 1.0 mm, and the wear tracks were larger than the spot size.



A micro-Raman spectrometer (inVia*, Renishaw, Gloucestershire, UK) having a 514.5 nm Ar+ laser as an excitation source with back scattering geometry was used in recording Raman spectra at room temperature. In addition, films on AISI 304 stainless steel substrates were used for dry sliding wear measurements. For the reproducibility of experimental results, the above mechanical tests were repeated three times under the same conditions.





3. Results and Discussion


3.1. Composition and Phase Structure for NbCN-Ag Films


Chemical composition of the as-deposited NbCN-Ag films was determined by energy dispersive spectroscopy, as depicted in Figure 1. The content of N was nearly constant at ~32 at.%. C content was slightly reduced from 31 to 29.1 at.%. With an increase of Ag target power extending from 0 to 50 W, there was an opposite variation expression for the amount of Nb and Ag in the NbCN-Ag films. In contrast, Nb content decreased from 36.8 at.% to 25.7 at.% relative to that of Ag content which increased from 0 to 12.9 at.%. According to the regulation of Ag target power ranging from 0 to 50 W, various Ag contents were detected. Ag content in the as-deposited NbCN-Ag films was adjusted through Ag target power. The accuracy of the carbon and nitrogen content was limited by the EDS method.



XRD patterns obtained for films with different Ag contents are shown in Figure 2. Pure NbN film displayed four diffraction peaks centeredg at 35.4°, 39.0°, 41.1°, 59.5° which were assigned to the face-centered cubic (fcc) NbN (111) (JCPDF 38-1155), hexagonal close-packed (hcp) NbN (101) (JCPDF 14-0547), fcc-NbN (200) (220) (JCPDF 38-1155) respectively. As shown in Figure 2, without Ag addition, the measured value was approximately 34.8°, 38.0°, 40.5°, and 58.7° which is smaller than standard value. Compared with NbN, the peak shift is a result of lattice distortion caused by incorporation of C into NbN to form NbCN. Many researches on NbN-based thin films have shown that high nitrogen flow rate and sputtering bias voltage were the main reasons for their formation [18,19]. With the Ag content increased further, the diffraction peak is gradually shifted to a large angle, which due to the Ag particles present on the boundaries of NbN phases could squeeze the grain to cause lattice distortion. The lattice spacing of NbN then decreases. The decrease of the lattice constant of the NbN phases could result in the shift of the peak to a larger angle. Interestingly, with an increase of Ag content to 12.9 at.%, the sample exhibited two reflections at 44.47° and 64.78° corresponding to typical fcc-Ag (200) and fcc-Ag (220) peaks. Therefore, this suggests that when the Ag content reaches a certain amount, fcc-NbN, hcp-NbN, and Ag crystals co-exist in the NbCN-Ag films.



According to the determination from the above XRD patterns, it was found that the XRD diffraction intensity of NbN (101) decreased with the increase of Ag content. Based on Equation (1), the classical Debye-Scherer equation, the average grain sizes were calculated according to the values of λ and B listed in Table 1. Three measurements were made for each value. The results are shown in Figure 3, the grain size of NbN decreased gradually with increasing Ag content, thereby achieving a minimal refined grain texture of 15.50 nm at 12.9 at.% Ag.



Figure 4 displayed the back scattered electron (BSE) images and SEM observations of NbCN-Ag composite film with different contents of Ag. Figure 4a,b are BSE images of NbCN-Ag films at 2.0 at.% Ag to distinguish between Ag and the crystalline substrate. BSE-EDS line scanning of the small particles is carried out in Figure 4a, which indicates that the white particles (arrows) in the BSE diagram are dispersed Ag particles. Figure 4c,d are SEM images of NbCN with various Ag content (4.6 at.% and 12.9 at.%) in order to observe the distribution of particles. From Figure 4, it can be seen that the dispersion of Ag particles increased with increasing Ag content in the as-deposited NbCN-Ag composite films. This result illustrated that the distribution of Ag particles was associated with the value of Ag target power. It is speculated that the effect of grain refinement was the result of the specific locations of the nano-scale Ag particles on the surface of NbN embryos that acted as heterogeneous nucleation sites to simulate finer crystallites.



In order to further confirm the state in which Ag existed in the NbCN-Ag films, the microstructure of NbCN-Ag composite films was revealed by the cross-sectional HRTEM images, as shown in Figure 5. As shown in Figure 5a, NbCN-Ag films had a columnar crystal. The inset in Figure 5a is the selected area electron diffraction (SAED) pattern of the film, showing fcc-Ag (220), fcc-NbN (111), (200), and hcp-NbN (101) diffraction rings. Two sets of lattice fringes with lattice spacing of about 0.259 nm and 0.236 nm (standard value: fcc-NbN (111) = 0.254 nm, hcp-NbN (101) = 0.231 nm) were observed, which were indicative of fcc-NbN (111) and hcp-NbN (101) (Figure 5b). The Ag particles present on the boundaries of the NbN phases could squeeze the grain to cause lattice distortion. This is in agreement with the results obtained from the corresponding XRD pattern (Figure 2). This indicates that fcc-NbN, h-NbN and fcc-Ag coexist. HRTEM was carried out in Figure 5c. A lattice fringe with lattice spacing of about 0.259 nm was detected, which was indicative of fcc-NbN (111).



TEM and HRTEM of NbCN-12.9 at.% Ag films are shown in Figure 5d–f. As drawn in Figure 5d, a columnar crystal texture was found for the NbCN-Ag film, also showing that the added Ag particles were well dispersed in the film. These results were consistent with the study of NbN-Ag composite films by Ju et al. [9]. From Figure 5e, two sets of lattice fringes with lattice spacing of about 0.236 nm and 0.259 nm were observed, which interrelated with hcp-NbN (101) and fcc-NbN (111). As determined from the inserted SAED pattern in Figure 5e, three distinct diffraction rings corresponding to hcp-NbN (101), fcc-NbN (111), and fcc-Ag (220) were found, indicating Ag still existed in the form of elementary Ag metal. HRTEM, Fast Fourier Transform (FFT), and Inverse Fast Fourier Transform (IFFT) were carried out. The HRTEM, FFT, and IFFT images of the selected area are marked in Figure 5f, FFT filtering representing the structure of face-centered cube, lattice fringes with lattice spacing of 0.199 nm was detected and this value was almost the same as the calculated XRD value for fcc-Ag (200). Based on the XRD, SEM, and HRTEM analysis, within the range of measured Ag content, the films consisted of fcc-NbN, h-NbN, and Ag phase. In addition, the content of Ag phase increased with the increasing power of the Ag target. In Figure 2, when the Ag content was lower than 12.9 at.%, the Ag phase was not detected, which is due to the low content of Ag phase.



In addition, the formation of amorphous phase also reduced the grain size. In order to obtain further information about the carbon containing phase, the Raman spectra obtained from three different Ag contents of NbCN-Ag films are shown in Figure 6. Several authors have assigned the carbon phase, such as D bands at 1351 cm−1 and G bands at 1574 cm−1, as well as C–N and C=N at 1550 cm−1 and 1750 cm−1 [13,20]. The symbols of D and G bands, typical for amorphous carbon and graphitic materials, started to appear with an increase in silver, which confirmed the presence of amorphous phase in the films. Compared with NbN, amorphous carbon phases are more easily formed under the same conditions due to the low Gibbs free energy. However, during the deposition process, the phase formation is also related to many other conditions, such as N2 concentration, temperature, and reaction atoms. After adding Ag target, some Ag atoms would cause sputtering of the deposited Nb away from the substrate to reduce Nb. In addition, Ag presents on the boundaries of NbN. This could provide the growth conditions for amorphous phases.



The characteristic value of Raman shift located at 843 cm−1 was indicative of the vibrational frequencies of NbN [21]. Also its strength increased with an increase in Ag content, which was due to the surface enhanced Raman scattering effect of Ag. When the Ag molecule was adsorbed on the surface of the films, the Raman signal intensity was higher than the expected value by simple calculation [22]. With an increase in Ag content, the Raman signal enhancement rate of NbN was improved, and the intensity of the NbN peak increased with the increase of Ag content.



The decrease in Nb content with higher Ag content in the films suggested that, the formation of an additional amorphous graphite and amorphous CNx amorphous phase increased. Therefore, it could be implied that the coarsening growth of the grains in the film was inhibited by the presence of the amorphous phases, which also led to the finer-grained size of NbCN-Ag films [15,20].



Based on the above analysis, it suggests that NbCN-Ag film consists of fcc-NbN, h-NbN, Ag phase, and amorphous C and CNx phase. In addition, the content of amorphous C, CNx, and Ag phase increased with the increase of Ag content.




3.2. Mechanical Properties


The micro-hardness (H) and elastic modulus (Er) of NbCN-Ag composite films with different Ag content are shown in Figure 7. The estimated values of H and Er for ternary NbCN film were about 30 GPa and 336 GPa, respectively.



As the Ag content increased from 0 to 2.0 at.%, the hardness and the elastic modulus increased slightly. When the content of Ag increased from 2.0 to 12.9 at.%, the hardness and elastic modulus decreased rapidly. With the addition of 2.0 at.% Ag, the value of H and Er for NbCN-Ag films reached a maximum value of 33 GPa and 340 GPa.



When the content of Ag was relatively low, the hardness of NbCN-Ag composite films was mainly attributed to the effect of fine grain strengthening (Figure 4). Since the Ag content is relatively small, the corresponding increase in hardness was also small. When the content of Ag was high, the soft silver phase increased. At this point, the decrease of hardness due to the incorporation of silver weakens the effect of grain strengthening. In addition, with an increase in Ag content, the content of amorphous C (2 GPa [23]) and CNx (4 GPa [24]) increased, resulting in a sharp decline in the hardness of films.




3.3. Tribological Properties


3.3.1. Tribological Properties at Room Temperature


Figure 8 shows the average friction coefficients and wear rates of NbCN-Ag films with different Ag contents. As shown, the average friction coefficient and wear rates of NbCN film were ~0.36 and 0.77 × 10−7 mm3·N−1·m−1. When the content of Ag increased to 2.0 at.%, the friction coefficients of NbCN-Ag composite films drastically increased, and the wear rate decreased until it attained a minimum of 0.15 × 10−7 mm3·N−1·m−1. As the content of Ag increased from 2.0 to 12.9 at%, the friction coefficients decreased rapidly and reached a minimum value of 0.28, while the wear rates of NbCN-Ag films increased.



According to the structural analysis, the content of soft Ag, amorphous C, and CNx increased with increasing Ag content, which acted as a solid lubricant phase to reduce the friction coefficients of the films.



Wear theory indicates that [25,26] hardness is the main factor that affects the wear resistance of the material surface. The wear resistance of the material is also closely related to its structure. Graphite has a layered structure, and although it can reduce the average friction coefficient of the film, it is easily worn. When the content of Ag increased to 2.0 at.%, the hardness of the film increased (Figure 7), and the graphite content was relatively low (Figure 6), resulting in a decrease in wear rate. When the content of Ag was higher than 2.0 at.%, the hardness of the composite films were reduced, and the content of graphite with poor wear resistance increased, resulting in an increase of wear rate. In the dry friction experiment, when contact stress was applied, the hard coating could resist the elastic deformation caused by abrasive wear and low elastic modulus [9]. Therefore, H/Er can be regarded as a key factor affecting the wear rate, while the resistance to the plastic deformation coefficient (H3/Er2) is also related to the wear rate. The H/Er and H3/Er2 ratio of NbCN-Ag films with various Ag contents are shown in Figure 9, the ratios of H/Er and H3/Er2 of NbCN film were 0.09 and 0.24, respectively. The H/Er and H3/Er2 ratios of NbCN-Ag films, initially increased gradually and reached a maximum value, then decreased with increasing Ag content in the films, the maximum values were 0.097 and 0.31 at 2.0 at.% Ag, respectively. The wear rates of NbCN-Ag films, all of which were lower than that of NbCN film, were due to the low shear strength of the existing Ag that co-existed in the NbCN matrix [27]. Therefore, it was easier to shear under a loading force and the lower tangential force resulted in a lower plow stress, thus reducing the wear resistance.



Figure 10 shows SEM images of worn tracks for NbCN-2.0 at.% Ag films and NbCN-12.9 at.% Ag films after sliding for 30 min. The worn surface of the films is smooth without obvious peeling. The wear scar of NbCN-Ag film with Ag content of 2.0 at.% is narrow (Figure 10a), whereas the film with Ag content of 12.9 at.% is deep and rough (Figure 10b).




3.3.2. Tribological Properties at Elevated Temperature


In order to study the tribological properties at elevated temperature, the friction coefficients and wear rates of NbCN and NbCN-12.9 at.% Ag films at different temperatures are presented in Figure 11. From room temperature (25 °C) to 300 °C, the friction coefficients of NbCN and NbCN-Ag films increased. Further increase to 500 °C, presented an opposite trend. The wear rates of NbCN and the NbCN-12.9 at.% Ag films increased slowly and was then followed by rapid growth. Moreover, the friction coefficients of NbCN-12.9 at.% Ag films were lower than that of NbCN film under the same testing condition. As soon as the testing temperature exceeded 200 °C, the wear rates of NbCN-12.9 at.% Ag films were higher than that of NbCN films, and reached a maximum value of 6.7 × 10−7 mm3·N−1·m−1 at 500 °C.



XRD patterns for worn products of NbCN-12.9 at.% Ag film after sliding at different temperatures are plotted in Figure 12. The diffraction peaks of Nb2O5 increased with increasing temperature. This suggested that NbCN was oxidized to Nb2O5. When it reached 500 °C, AgNbO3 and Ag2O were detected. The increasing peak intensities suggested that the oxidation became more severe with increase of the testing temperature.



To better study the oxide phases, Raman spectroscopy was used to evaluate wear track of NbCN-12.9 at.% Ag film after sliding at 300 °C and 500 °C, and the Raman spectra are shown in Figure 13. For NbCN-12.9 at.% Ag films after sliding at 300 °C, the Raman spectrum curve (Figure 13a, curve 1) obtained from outside of the wear track consisted of three peaks at about 698 cm−1, 820 cm−1 and 1564 cm−1 corresponding to Nb-O, Nb-N, C-C peaks [15,20,24], the same peaks were observed from the Raman spectrum curve (Figure 13b, curve 2) obtained from the wear track. The presence of Nb2O5 indicated that oxidation occurred at this temperature. In addition, the intensity of the Nb2O5 peak in curve 2 was higher than that in curve 1, which indicated that more oxide Nb2O5 was formed. This was consistent with the XRD results in Figure 12.



For NbCN-12.9 at.% Ag films after sliding at 500 °C (Figure 13b), the Raman spectrum from outside the wear track was indicative of three peaks located at 698 cm−1, 820 cm−1, and 1564 cm−1, which are associated with Nb2O5, NbN and amorphous C, respectively. These three peaks which were similar to peaks from outside the wear track were detected. Furthermore, two strong peaks at 597 cm−1 and 1294 cm−1 were detected. They were delegated as the characteristic peaks of Ag-Nb-O and Ag-O vibration levels [9,13]. As discussed above, wear track contained AgNbO3 and Ag2O, and the peak value only presented at the scratching place. Also, the intensity of the Nb2O5 peak in curve 2 was higher than that in curve 1. Besides Nb2O5, AgNbO3, and Ag2O were also formed. The results obtained from the Raman spectrum also confirm that the oxidation of the films becomes severe with an increase of the testing temperature.



With the temperature extending from RT to 300 °C, the friction coefficients of NbCN and NbCN-Ag composite films appeared to give an increasing trend. This was because, as the testing temperature increased, the water vapor in the environment disappeared, and C and CNx in the lubrication phase generated CO2, which led to the disappearance of lubrication medium [15]. As a result, the film surface adsorption disappeared and the friction coefficients increased under dry friction conditions. The increase in friction coefficient of NbCN-Ag films was obviously smaller than that of NbCN film. This was ascribed to the diffusion of Ag atoms under the action of heat, and the formation of a lubricating interface layer on the surface of the films. The results are in good agreement with the study by Mulligan et al. [28,29] with the high temperature friction reaction of CrN-Ag nanocomposite coatings. With an increase in temperature, the content of Nb2O5 increased gradually, leading into a decrease in friction coefficient of NbCN film and NbCN-Ag composite films. It can also be observed that, the friction coefficients of NbCN-Ag composite films were much lower than that of NbCN film during testing at 300–500 °C, which was mainly due to the formation of an Ag lubricating layer with its oxides (Ag2O and AgNbO3) on the film surface.



SEM image of the wear track, 3D, 2D images, and EDS analysis of the NbCN-12.9 at.% Ag film at 300 and 500 °C were combined and are shown in Figure 14. Figure 14a,b shows the SEM surface of the wear surface at different temperatures. There are some debris (Figure 14a) and some plow and scratches (Figure 14b) on the surface of the scratches. For the wear marks for the 2D, 3D tests, (Figure 14c–f), when the temperature was 300 °C, the film wear surface was relatively smooth, with a small amount of furrow and a little bit of debris on the surface. When the temperature was 500 °C, the wear color became darker, the width became wider, and the oxidation was obvious. According to Figure 14g,h, the content of O and Ag increased. This suggested that the oxidation became serious and the diffusion of Ag to the surface increased with the increase of temperature.



The increase of the wear rates of NbCN film and NbCN-Ag films was mainly due to the following reasons:




	
The oxidation of the films became serious due to the increasing in temperature. Nb2O5 had a layered structure [10], which was highly diffusible and easily worn.



	
The oxidation of C would also increase the wear rates at high temperature. When the temperature reached 300 °C, the wear rates of NbCN-Ag composite films were higher than that of NbCN film, which was due to the formation of a large amount of AgNbO3 and Ag2O. This could aggravate the wear rates of the NbCN-Ag films.



	
During the testing of friction, wear and deformation occurred on the Ag lubrication films. Due to the small surface strength of the films, the worn Ag chip had a tendency of dual disc adhesion, and the friction heating intensified the transfer of Ag [30]. The friction surface favored forming metal adhesion to aggravate the rate of wear, resulting in the severely deeper abrasive grooves on the worn tracks for NbCN film. (4) As the temperature increased from 300 °C to 500 °C, more Ag atoms diffused to the surface, which made the film hollow and easy to wear [14,31].








As the temperature increased from 300 to 500 °C, more Ag atoms diffused to the surface of the NbCN-Ag composite films, thereby characterizing some ploughs and scratches, as well as smooth and metallic adhesion without oxide residuals, piled up at the edge of scratch grooves. Obviously, the wear behavior was governed by a combination of plough friction, abrasive, and slight adhesive mechanisms. Thus worn surfaces of NbCN-12.9 at.% Ag composite films were typical of less scuffing, small ploughing, and some extent of slight abrasion, which was based on the pull out of soft Ag phase or its AgNbO3 and Ag2O that emerged in the process of friction. For the existing shallower grooves, this was related to the abrasive Ag-rich worn products that were exposed from massive precipitations of Ag addition giving self-repairing effects on completed surface defective regions of the coatings [32].






4. Conclusions


In summary, a novel NbCN-Ag film was successfully deposited onto 304 stainless steel and Si (100) substrate using the reactive magnetron sputtering method. According to analysis by XRD, Raman spectroscopy, and HR-TEM, the film consisted of a mixture of face-centered cubic fcc-NbN, hexagonal close-packed h-NbN, fcc-Ag phase, and amorphous C and CNx phase. Meanwhile, the content of amorphous C, CNx, and Ag phases increased with the increase of Ag content.



The estimated values of hardness and elastic modulus for the ternary NbCN film were about 30 GPa and 336 GPa, respectively. The hardness and elastic modulus of NbCN-Ag films first increased, followed by a rapid growth with increasing Ag content. As the content of Ag was 2.0 at.%, the hardness and elastic modulus of the films reached a maximum value of ~33 GPa and 340 GPa respectively. The average friction coefficient and wear rates of NbCN film were ~0.36 and 0.77 × 10−7 mm3·N−1·m−1. As the content of Ag was lower than 2.0 at.%, the friction coefficient of film increased gradually, and the wear rate decreased until it reached a minimum of 0.15 × 10−7 mm3·N−1·m−1. When the content of Ag varied from 2.0 to 12.9 at.%, the friction coefficient decreased rapidly. When the temperature increased from 300 to 500 °C, the friction coefficient of NbCN-12.9 at.% Ag films significantly decreased and the wear rate showed an opposite trend. This was attributed to the generation of Nb2O5, AgNbO3, and Ag2O oxides that co-existed on the surface of worn tracks which acted as solid lubricants at elevated temperatures. However, these oxides share a lower shear strength and can be worn away under the sliding force. This results in an increase of the wear rate.
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Figure 1. The chemical compositions of NbCN-Ag composite films. 
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Figure 2. X-ray diffraction (XRD) patterns of NbCN-Ag composite films with different Ag content. 
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Figure 3. Grain sizes of NbCN phase with different content of Ag. 
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Figure 4. Back scattered electron images (a,b) and scanning electron microscopy (SEM) observations (c,d) of NbCN-Ag composite films with various Ag content: (a) line scan at 2.0 at.% Ag; (b) 2.0 at.% Ag; (c) 4.6 at.% Ag; (d) 12.9 at.% Ag. 
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Figure 5. Transmission electron microscopy (TEM) and high resolution (HR)-TEM observations of NbCN-2.0 at.% Ag (a–c) and NbCN-12.9 at.% Ag (d–f) films. Inserts are the selected area electron diffraction (SAED) patterns for located areas. 
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Figure 6. Raman spectrum of NbCN-Ag composite films at 2.0 at.%, 4.6 at.%, and 12.9 at.% Ag. 
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Figure 7. Micro-hardness and elastic modulus of NbCN-Ag composite films with different Ag contents. 
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Figure 8. Friction coefficients and wear rates of NbCN-Ag composite films with different Ag contents. 
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Figure 9. The ratios of H/E and H3/Er2 for NbCN-Ag composite films with different Ag contents. 
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Figure 10. SEM image of worn track of NbCN-Ag composite films with different Ag contents: (a) 2.0 at.%; (b) 12.9 at.%. 
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Figure 11. (a) Friction coefficients and (b) wear rates of NbCN and NbCN-12.9 at.% Ag film at different temperatures. 
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Figure 12. XRD patterns of NbCN-12.9 at% Ag composite films after sliding at different temperatures. 
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Figure 13. Raman spectra of worn tracks of NbCN-12.9 at.% Ag film at (a) 300 °C and (b) 500 °C. 
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Figure 14. SEM (a,b) and three-dimension profiles of the worn surface (c,d), the corresponding cross-sectional profiles (e,f), and EDS analysis (g,h) of the selected ranges of NbCN-12.9 at.% Ag composite film at 300 °C and 500 °C. 
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Table 1. The values of λ and B obtained from XRD patterns.
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Ag Content (at.%)

	
λ (nm)

	
BNbN(101) (°)






	
0

	
0.154

	
0.462 ± 0.002




	
2.0

	
0.504 ± 0.003




	
4.6

	
0.515 ± 0.002




	
10.8

	
0.534 ± 0.001




	
12.9

	
0.673 ± 0.002
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