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Abstract:



CrN and Cr-Al-Si-N coatings were deposited on SUS304 and Si-wafers by a hybrid coating system. The Cr and Al-Si target were connected to the cathode arc ion plating (AIP) and high power impulse magnetron sputtering (HiPIMS), respectively. Various Al and Si contents in the coatings were obtained by changing the power of Al-Si target from 0 to 1 kW. The results demonstrated a face-centered cubic structure in all of the coatings. With increasing Al-Si target power, both the density and mean diameter of the macroparticles on the coating surface declined. As Al and Si contents increased, the microstructure of the Cr-Al-Si-N coatings evolved from a dense column structure, to a finer grain column structure, and then to a compact granular-like structure. The hardness of the coatings increased from 21.5 GPa for the pure CrN coating, to a maximum value of ~27 GPa for the Cr-Al-Si-N coating deposited at 0.4 kW, which was mainly attributed to the solid solution strengthening and increased residual stress. The addition of Al and Si contents led to enhanced wear resistance against alumina balls at both room and elevated temperatures. Meanwhile, the Cr-Al-Si-N coatings also exhibited an excellent resistance to high-temperature oxidation at 800 and 1000 °C, and improved corrosion resistance, as compared with CrN coatings.
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1. Introduction


Transition metal nitride coatings, especially CrN-based coatings, have been widely studied as protective materials for various cutting tools and high-temperature applications in last two decades due to their relatively high hardness, good tribological properties, good thermal stability, and oxidation resistance [1,2,3,4,5,6,7,8]. The performance of such coatings can be further improved by doping a third metal or nonmetal element into the CrN-based coatings, such as Al [3,9], Mo [10], Zr [11], Cu [12], C [13], Si [14] and Al-Si [15,16] elements. These elements have all been previously used to modify the structures and properties of the CrN coatings. Among them, Cr-Al-N films, compared with CrN coatings, show better comprehensive properties, such as higher hardness and improved thermal stability. Particularly, Cr-Al-N films have superior oxidation resistance up to 900 °C due to the formation of a dense and thermally stable Cr2O3-Al2O3 oxide layer through the movement of Al and Cr atoms over the film surface region. The barrier of the oxide layer prevents further outward diffusion of Cr and N elements and also inward diffusion of oxygen into the film, which deteriorates the film structure [17,18,19,20,21].



Cr-Si-N is another promising CrN-based coating. With a proper Si doping concentration, one can obtain a denser structure, which consists of nano-sized CrN crystals embedded in a thin amorphous Si3N4 phase tissue. In Zou’s work [22], which added a Si content of 2.1–11.1 at.% into CrN coating, friction coefficients decreased and the maximum hardness of 2490 HV was achieved at a Si content of 6.94 at.% due to the formation of a nanocomposite structure. It is inferred that quaternary Cr-Al-Si-N coatings exhibit the superior hybrid properties of super hardness and excellent oxidation resistance if the quaternary film microstructure was properly modified by Al-Si doping. However, relative few research studies have been carried out that analyze the impact of extreme environments on Cr-Al-Si-N coatings, especially on their high-temperature oxidation and tribological properties, and corrosion properties in simulated marine environments [23,24,25].



In this work, the Cr-Al-Si-N coatings were prepared by a hybrid coating system that combined high power impulse magnetron sputtering (HiPIMS) on an Al-Si target, and arc ion plating (AIP) on a Cr target. The Cr-Al-Si-N coatings with various Al and Si contents were obtained by changing the Al-Si target power. The influence of Al and Si additions on the microstructure, mechanical properties, high-temperature oxidation and tribological performance, and corrosion resistance of the fabricated Cr-Al-Si-N coatings were systematically studied.




2. Experimental Details


2.1. Film Deposition


The Cr-Al-Si-N films were deposited on single-crystalline Si (100) wafers (for EPMA, SEM, XRD, XPS, AFM, hardness, residual stress analysis and oxidation tests) and mirror-polished SUS 304 stainless steel substrates (for friction and corrosion tests) using a hybrid coating system, which consisted of an AIP and a HiPIMS source. A pure CrN coating was also fabricated for comparison. Figure 1 shows the schematic diagram of the hybrid coating system. The HiPIMS sputter gun for the Al-Si source, and arc cathode gun for the Cr source, were installed on opposite sides of the vacuum chamber. A rotational substrate holder was located on a straight line between the two sources, with the distances of 350 and 250 mm from the arc and sputter source to the substrate holder, respectively. An extra bias supply was connected to the sample holder. All of the substrates were cleaned by an ultrasonic cleaner bath using acetone and alcohol solution for 15 min. These clean samples were dried by nitrogen gas and then fixed on the holder. In order to increase the sputtering rate and reduce the poisoning of the target during the deposition procedure, argon gas (99.999%) was injected into the surroundings of the Cr and Al-Si targets, respectively, with a total gas flow of 50 Sccm, and nitrogen gas was introduced near the substrate holder. The base pressure was evacuated to below 6.5 × 10−3 Pa, and the working pressure was maintained at 0.8 Pa through adjusting the throttle value behind the chamber. Prior to deposition, ion bombardment was conducted by Ar glow discharge for 10 min with a DC bias of −800 V at 0.8 Pa. Then, plasma etching was also processed by the AIP with the Cr target at a DC bias of −800 V for 5 min. To improve the adhesion between the substrate and films, a Cr interlayer was deposited for 5 min. The HiPIMS power varied from 0 to 1 KW for obtaining Al-Si-doped coatings. The deposition time was 90 min, except for the CrN coating (120 min), and the deposition temperature was fixed at 300 °C. The substrate holder rotated continuously at 10 rpm during the deposition process, which resulted in a uniform texture film on the substrates. The DC bias voltage was also kept at −100 V, and no apparent microarcs occurred, which would deteriorate the film structure. The detailed parameters used for the preparation of the CrN and Cr-Al-Si-N coatings were summarized in Table 1.


Figure 1. Schematic diagram of the hybrid deposition system combining arc ion plating (AIP) and high power impulse magnetron sputtering (HiPIMS).
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Table 1. The deposition parameters of the coatings.







	
Cr Target Current (A)

	
55

	
55

	
55

	
55

	
55

	
55






	
Al-Si Target power (kW), 75 Hz, 7.2% duty cycle

	
0

	
0.2

	
0.4

	
0.6

	
0.8

	
1.0




	
Deposition time (min)

	
120

	
90

	
90

	
90

	
90

	
90




	
Deposition rate (µm/h)

	
1.45

	
1.56

	
1.6

	
1.62

	
1.68

	
1.75




	
Base pressure (Pa)

	
<4.0 × 10−3




	
Working pressure (Pa)

	
8 × 10−1




	
N2 gas flow (Sccm)

	
100




	
Ar gas flow (Sccm)

	
50




	
Substrate temperature (°C)

	
300




	
Substrate bias voltage (V)

	
−100




	
Target to substrate distance (mm)

	
250











2.2. Film Characterizations


The thicknesses of CrN and the various Cr-Al-Si-N coatings were measured from the cross-sections of field emission-scanning electron microscopy images (FE-SEM, S4800, Hitach, Tokyo, Japan) coupled with an energy dispersive X-ray spectroscope (EDS, Oxford ISIS, Oxford, UK), and deposition rates were calculated according to the individual deposition time. The chemical composition of the films (Cr, Al, Si, N) was carried out by electron probe microanalysis (EPMA, A SX100, Camera, Paris, France). The crystallinity of the films was confirmed from the X-ray diffraction (XRD) patterns measured from a Bruker D8 Advance X-pert diffractometer system, with Kα Cu radiation (40 kV and 40 mA) within a 20°–80° diffraction angles range. The elemental chemical bonding status in the films was studied by X-ray photoelectron spectra (XPS, VG Scientifics, Shimadzu, Kyoto, Japan, ESCALAB 250), using the Ar+ ions etching sample surface for 180 s, and the spectra were calibrated for the value of carbon peak C 1 s at 284.5 eV. Macroparticle densities and the average size of sample films were obtained from the SEM-surface images by using the Image-Pro Plus software program. The surface topography and average roughness of the films were studied by an atomic force microscopy (MFM-3D, AFM, Asylum Research, Santa Barbara, CA, USA) 2D/3D images. The hardness and Young’s modulus values of the coatings were tested through using a nanoindentation tester (TI950 TriboIndentor, Hysitron, MN, USA) under a constant load of 6 mN. For obtaining the accurate experiment values, the results were collected as an average of 20 measurement readings. Residual stress values were estimated through the stress tester machine (J&L Advanced Plasma Technology™, Ansan, Korea) that applied a laser and calculated with the Stoney equation [26].



The tribological behaviors were evaluated by using a ball-on-disc tribometer (CSM, THT) with an Al2O3 ball (6 mm in diameter) as counterpart material. The wear test was conducted with a rotational speed of 400 r/min under a load of 2 N at room temperature in an ambient environment with relative humidity of 50 ± 5%, and at elevated temperature (500 °C) within 3000 cycles. The wear rates (W) of coatings were calculated according the equation: W = V/SL, where V is the wear volume loss in m3, S is the applied load in N, and the L is the total sliding distance in meters (m). Isothermal oxidation tests, deposited on Si wafers, were measured at 800 °C and 1000 °C in a muffle furnace for 1 h. The corrosion properties of the samples (SUS304 specimens coated with and without films) were conducted in a 3.5 wt % NaCl solution (simulating the natural marine environment) using a three-electrode cell configuration, which consisted of the sample as the working electrode, platinum (Pt) mesh as the counter electrode, and a saturated calomel electrode (SCE) as the reference electrode. The electrode potential range of the measurement was carried out from −1 V to 1.2 V and the SCE with a scan rate of 1 mV/s.





3. Results and Discussion


3.1. Composition and Deposition Rate


Figure 2 describes the variation of Al and Si contents in the coatings as a function of Al-Si target power. It can be seen that the Al and Si content linearly increased with the increase of target power. When higher power was applied to the target, excess material quantity sputtered from the original target and formed a film at the surface of the substrate, which led to more Al-Si content in the films [27]. Thereby, the contents in the films during the deposition process could be precisely controlled by adjusting the target power. As shown in Table 1, the deposition rate increased proportionally from 1.45 to 1.75 µm/h by increasing the target power from 0 to 1 kW. With the sputtering power increased, the plasma density of surface of the Al-Si target enhanced as the deposited atoms could achieve enough kinetic energy from high-energy ionization argon gas. Then, these atoms, carrying sufficient momentum, transferred to the surface of the substrate, and led to the formation of the nucleation and favored the growth of the films, which resulted in an enhancement of the overall thickness [28].


Figure 2. Al and Si contents in the Cr-Al-Si-N coatings as a function of the Al-Si sputtering power.
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3.2. Morphology and Microstructure Analyses


The typical SEM surface morphology images of the Cr-Al-Si-N coatings deposited using a hybrid system under various Al-Si target powers are presented in Figure 3a–c. Three types of defects were indicated with arrows in Figure 3a, i.e., (a) macroparticles (EDX measured mainly Cr metal in the droplets), the sizes changed from several hundreds of nanometers to several micrometers; (b) shallow-craters with diameters of hundreds of nanometers or several micrometers and (c) pin-holes, whose diameter sizes varied from tens to hundreds of nanometers, were confirmed on the surfaces of films. These macroparticles came from droplets that were emitted from the arc spots of the Cr target. Generally, based on the existence form on the surface of the coatings, the macroparticle can divide into two types: Solid droplets and liquid droplets. Wang et al. [29] reported that the droplets generated by an arc ion platting were in either a solidified or liquid state on the surface of films. According to their statement, the macroparticles on the film could be obtained on solidification of the droplets at a low-bias voltage; nevertheless, those were mostly liquid droplets at high-bias voltage. In this work, most of the droplets were in a solid state when they arrived at the substrate as defects in the film. Due to the over 200 mm distance from the target to the substrate, the macroparticles lost heat rapidly during the flight to the substrate, and kept a solid state before arriving at the substrate. There was also a few liquid droplets, according to the evidence of droplet shrinking on the film. The observed pinholes were usually shallow, and not throughout the film. That was because of the detachment of large droplets during initial film growth, which were subsequently covered by newly deposited film. According to Zhang’s report [30], three factors can explain the formation of shallow craters. One factor is that solid droplets flaked off from the film surface during the high-energy ion bombardment and etching. A second factor is that liquid droplets shrank on the film due to rapidly heating and cooling during the process. The last factor is that solid droplets bombarded into liquid droplets. To make a quantitative analysis, we selected macroparticles with a diameter size of over 0.25 µm for counting. Figure 3d, which used the Image-Pro Plus software program calculation, shows that the macroparticle densities and diameter sizes decreased largely from 0.231 p/µm2 to 0.108 p/µm2 and 0.57 µm to 0.42 µm, respectively, with increasing Al-Si target power. There are two explanations for these phenomena. One significant reason is that using the advanced HiPIMS technique can produce high-density plasma with increasing input power during the deposition process [31]. The sputtered ions could carry high amounts of energy from the plasma bombard into the surface of the film, and the loosely adhered macroparticles fell off the film [26,32]. The second reason is that the Cr concentration decreased in the film. With the increase of Al-Si power, the Cr concentration reduced as the Al and Si concentrations in the film increased. Since the macroparticles were mainly composed of Cr atoms, the amount and diameter size of the macroparticles would decrease along with decreasing Cr concentration.


Figure 3. Surface morphologies of the Cr-Al-Si-N coatings with various target powers (a) 0 kW; (b) 0.4 kW; (c) 1 kW, respectively; and (d) variation in densities of microparticles (MPs) and mean diameters of MPs as a function of Al-Si target power.
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Figure 4a–c exhibits the cross-sectional FE-SEM images of samples containing various Al-Si target powers. An interlayer Cr layer can be clearly seen in all of the films, which adhered well to the Cr layer. It can be seen that a pronounced columnar structure was nearly throughout the film thickness for the Al-Si-free film. Neither voids nor pinholes were seen in the whole columnar structures, which confirmed that the pinholes on the surface of the film did not penetrate deeply into the film. As the Al-Si target power increased, the width of the columnar grains decreased gradually and the structure became more impacted, as showed in Figure 4b. Also, the structure growth transferred from a continuous columnar to a discontinuous columnar, as evidenced when the Al and Si content increased from 0 at.% to 2.35 at.% and 1.11 at.%, respectively. With further increasing Al-Si target power, the structure changed to full dense glassy features and the columnar structure topography disappeared (Figure 4c). This result is similar to other reports [2,22]. A certain amount of Si could form an amorphous phase encapsulating the crystalline grain as well as restraining the grain growth. Therefore, crystalline size also decreases with Si incorporation [33,34]. At higher sputtering power, the adatoms’ mobility and diffusivity were also greatly enhanced, which resulted in the densification of the film. All of the above contributed to the denser and featureless microstructure.


Figure 4. Cross-section morphologies of the Cr-Al-Si-N coatings as a function of Al-Si target power (a) 0 kW; (b) 0.4 kW; (c) 1 kW.
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From Figure 3a–c, it is clear that not only did the number of macroparticles and density vary, the topographies were changing, too. To investigate the surface topographies on the film more clearly, a series of Cr-Al-Si-N films were scanned for AFM three-dimensional images with various Al-Si target power. Figure 5a–c shows the typical AFM images. Several high and coarse cone-shaped columnar structures are extrusive in the AlSi-free coating. However, with Al-Si target power increasing, the heights of the extrusive tops were greatly reduced. When the Al-Si target power increased up to 1 kW, the cone columnar structure nearly disappeared. In Huang’s and Zou’s work [22,33], it was found that the addition of Si into the film had a significant influence on its microstructure, which became finer in grain size and more randomly oriented in crystallographic direction. These findings are also confirmed by the SEM cross-section images and XRD results discussed later in this work. Figure 5d presents the results of root-mean-square (RMS) roughness under different Al-Si powers. The RMS roughness value of the Al-Si-free coating was higher. By doping Al-Si concentration, the roughness values of the films greatly reduced. The minimum roughness in the films was obtained at the value of 0.8 kW, then rebounded in a small increments at 1 kW. The surface roughness of the coatings is also related to crystalline size and the orientation of crystallites [35]. It was also affected by enhanced Al-Si target power. When the mobility of the incident ions on the surface of films increased, which promoted the formation of a dense film, there was a documented decrease of surface roughness. The rebounding phenomenon of the roughness in the film at the value of 1 kW was ascribed to the recrystallization and ion-bombardment effects at higher power sputtering.


Figure 5. The 3D topographic AFM images (2 µm × 2 µm) of the films with Al-Si target power (a) 0 kW; (b) 0.4 kW; (c) 1 kW, respectively; and (d) the plot of root-mean-square (RMS) roughness with different Al-Si target power.
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3.3. XRD and XPS Analysis


Figure 6 exhibits the XRD patterns of the Cr-Al-Si-N coatings deposited with various Al-Si powers by a hybrid coating system. The XRD pattern of CrN film was also tested for comparison. All of the films demonstrated crystalline face-centered NaCl-type cubic structures with different preferred orientations. The preferred growth direction of Al-Si-free CrN coating is the (200) plane. When the Al-Si target power was up to 0.4 kW, the peak intensity of the (200) crystal plane decreased rapidly, and showed a mixture of (111), (200), and (220) crystalline planes. With further increases of Al-Si power, the crystallographic orientation changed from (200) to (220). The deflection point occurred at the power of 0.4 kW. It is worthy to note that the diffraction angles in this work were all negatively deviated compare with the standard CrN phase according the Joint Committee For Powder Diffraction Studies (JCPDS) card (PDF#110065) result, in which 37.61°, 43.78° and 63.6° corresponding to the (111), (200), and (220) growth planes, respectively. This implies that compress stress exists in the films, which is supported by the measurement of the stress results in Section 3.4. No other crystal peaks signals such as Cr, Cr2N, CrSi2 and Si3N4 were detected. This result postulated that Si existed as either substitution solid solution in the Cr-Al-N lattice or amorphous Si-N compound accumulated at the Cr-Al-N grain boundaries [34,36]. We divided the Al-Si target power into two different zones, as seen in Figure 6. The first zone is the Al-Si target power from 0 to 0.4 kW, and the second zone is from 0.6 to 1 kW. In the first zone, a small amount of Al-Si was added into the film, which resulted in a slight broadening of (200) diffraction peaks and a shift towards the lower 2θ angle. This meant that the compress stress increased with a little addition of Al-Si content in this zone. As the Al-Si target increased, two apparent characteristics in the second zone indicated a preference for the (220) plane orientation: the diffraction peak position shifted towards the higher angle, and the full width at half the maximum of the XRD peak broadened. This peak-shifting behavior could be attributed to the substitutional replacement of smaller Si and Al atoms for larger Cr sites [37], and also due to stress relaxation in the crystal lattice at a certain extend. In general, the increase of the peak width is an indication of a reduction in grain size as Si content increases [38].


Figure 6. The XRD patterns of the Cr-Al-Si-N coatings as a function of Al-Si target power.
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To ensure the transformation of the preferred orientation in films with various Al-Si target powers, some theoretical mechanisms need to be considered. First, the grains preferably grow along the lowest surface energy, i.e., the grains tend to grow with their densest planes parallel to the film surface. Second, on the basis of strain and surface energies according to Pelleg et al. [39], orientation evolution tends toward the lower overall energy direction of the films; the overall energy contains surface energy and strain energy. Third, due to the presence of different kinds of—and numbers of—atoms in different planes, film growth is often influenced by the proportions and energies of the different species impinging on the growing film. Only the fastest growing crystalline planes are observed at the end of the deposition process. In Wang’s previous report [40], the texture evolution of the CrN changed from (200) to (220) with increasing bias voltage. Similar results are presented in this work, which we attempt to explain through energy view. When there is 0.4 kW of Al-Si target power (first zone), the power applied on the Al-Si target is relatively low, the substrate temperature is also low, and only surface energy controlled the growth in the films. For the face-centered cubic (fcc) NaCl-type structure, the (200) planes are the densest planes with the lowest surface energy [41]. Therefore, (200)-preferred orientation is found at low energy conditions, as shown in Figure 6. When there is over 0.6 kW (second zone), as the target power increased, the energy of the impinging species also increased. The high-energy incident ions re-sputter the atoms in the growing film. The grains whose densest planes are parallel to the substrate surface will be sputtered preferentially, and as mentioned above, the (200) planes are the densest planes. So, the (220) plane should be the fastest-growing planes in this case.



Figure 7 illustrates the XPS measurements for the CrN and Cr-Al-Si-N coatings synthesized at various Al-Si target powers to obtain relative information about the chemical-bonding state. All relevant core level spectra, including Si2p, Al2p, Cr2p and N1s, were obtained separately, as discussed in the experimental section. Figure 7a shows the Si2p bonding energy of the Cr-Al-Si-N coatings, with only one peak found at 101.8 eV corresponding to Si3N4 [24]. Therefore, the formation of the Si3N4 phase in the film was verified, whereas no diffraction peaks were observed in the Si3N4 crystalline phase, as seen in Figure 6. It is suggested that the Si3N4 phase may form both a solid solution and an amorphous matrix in the Cr-Al-Si-N coatings [24,42]. From Figure 7b, the peaks of the Al2p spectra centered at 74.2 and 77.8 eV were recognized as Al2p and Cr3s peaks, respectively [30]. The main peak, which was centered at 74.2 eV, corresponded to the Cr(Al)N bonds. This indicated the presence of the Cr(Al)N crystalline phase, and the peak, with bonding energy at 77.8 eV, was regarded as Cr-N bonds. As shown in Figure 7c, the peaks for the Cr2p spectra centered at 575.5 eV and 584.8 eV were recognized as Cr2p3/2 and Cr2p1/2, respectively, which were in accordance with Cr(Al)N bonds [36]. The N1s spectra in Figure 7d demonstrated a main characteristic peak at 396.5 eV, which corresponded to the Cr(Al)N bonds. It was also found that a minor sub-peak appeared at 397.7 eV, which was recognized as the Si3N4 phase. Similar results with Si3N4 bonds at 397.2–397.9 eV have been reported in published papers [22,36]. One phenomenon that needs to be pointed out is that an increase of Al-Si content led to the N1s or Cr2p peaks in the Cr-Al-Si-N coatings deviating, as compared with the Al-Si-free original Cr-N bonding energy. That may be attributed to the form containing an Al-Si solid solution in CrN lattice. According to the XRD and XPS results, we speculated that these Cr-Al-Si-N coatings were mainly comprised of a (Cr,Al)N solid solution structure and an amorphous Si3N4 phase.


Figure 7. Binding energies of the Cr-Al-Si-N coatings with different Al-Si target power (a) Si2p; (b) Al2p; (c) Cr2p; and (d) N1s.
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3.4. Mechanical and Tribological Performances


The measurements of hardness and elastic modulus values in the Cr-Al-Si-N coatings with various Al-Si target powers are shown in Figure 8a. All the Cr-Al-Si-N coatings presented significantly higher hardness compared with pure CrN film. With increasing Al-Si target power, the hardness of the films increased from 21.9 GPa at 0.2 kW power, to the maximum value of 27 GPa at 0.4 kW power, then slightly rebounded with a further increase of Al-Si target power. The typical hardness-displacement curves of the Cr-Al-Si-N coating deposited at 0.4 kW of power was inset in Figure 8a. Nevertheless, the hardness of pure CrN film was only 21.5 GPa. Numerous hardening mechanisms have been proposed in the literature. These studies explain the role of metal/nonmetal elements doping in films, which improves film hardness from the viewpoints of solid solution strengthening, precipitate hardening, grain boundary hardening, stress-field hardening, nanocomposite hardening, and so on [10,43,44].


Figure 8. Variation in hardness, elastic modulus (a) and compressive stress (b) of the Cr-Al-Si-N coatings as a function of Al-Si target power.
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The hardness evolution can be ascribed to complex multiple enhanced theories, as well as the above mentioned. Firstly, the enhanced hardness can be partly explained by solid solution hardening. The host lattice in the CrN structure can be modified by the addition of Si and Al atoms. A smaller atomic radius replacement of larger Cr atoms leads to lattice distortion, which hinders the movement of dislocations. Otherwise, by considering the bulk modulus, which increases as the interatomic distance in Cr–N compounds reduces [45], it can be inferred that the increase of hardness in the Cr-Al-Si-N coatings also originated from the decrease of the nearest neighbor distance. Secondly, the defect density and grain refinement are two other factors that influence film hardness. According Wang’s report [46], defects including porosities, macroparticles, etc. can deteriorate the mechanical properties of the films. The microstructure of Cr2O3 films can evolve from coarse columnar grains to fine columnar grains; during this evolution, defect density also exhibits similar changes, from more defects to fewer defects. Lower defect density is conducive to hardness enhancement. The microstructure evolution of Cr-Al-Si-N films in this study revealed a resemblance to Wang’s results, and the explanations there are also valid for this work. It can be speculated that the decrease in grain sizes in the XRD analysis was due to the increase of Si content. According to the Hall–Petch relation, grain refinement has a positive effect on the hardness of film [38]. In addition, smaller grains have different crystalline orientations; grain boundaries arise, which act as an obstacle for dislocation motion. This makes it more difficult for dislocation to move into adjacent grains, and hence improve the hardness of films [47]. Thirdly, the residual stress is another factor that results in high hardness, and elastic modulus when it is much less than the ultimate compressive strength of the film [48]. As shown in Figure 8b, the measured compressive stress values significantly increased as Al-Si content increased. As the Al-Si content further increased, the stress value slightly decreased, which is consistent with the hardness variations in Figure 8a. Therefore, the compressive stress also has a positive effect on hardness enhancement. The release of stress could be caused by the atomic peening effect and the existed amorphous phase of Si3N4 [40]. Finally, the formation of a nanocomposite structure was also beneficial to hardness, whereas the maximum hardness of the Cr-Al-Si-N coating was only 27 GPa, which is far from superhardness. An amorphous phase which completely covers the hard nanocrystalline grains is an essential requirement for achieving superhardness. According to the Zone model for nanohardness proposed by Patscheider et al. [49], full coverage cannot be reached in Zone A where Si content lower than 3 at.%, even if silicon nitride would be uniformly distributed over the crystal’s surface. As Si content is raised to approximately 10 at.%, which completed coverage of the crystallites, the nanohardness reached maximum value. The maximum value of Si was only 2.39 at.% in this work and therefore, incomplete coverage led to a lower hardness.



Figure 9a,b shows the friction coefficient curves of the CrN and Cr-Al-Si-N coatings as a function of sliding cycles at room temperature (RT) and 500 °C. As to Figure 9a, the friction coefficient rapidly increased in the initial running-in phase, which is believed to be the result of a transition in contact condition from two-body abrasion to interfacial sliding [46]. After lasting for 600 cycles, the transition from the running-in phase to a steady-state phase was obtained. It can be seen that the values of the friction coefficients evidently decreased from ~0.51 to ~0.40 as the Al-Si target power increased. This phenomenon may be attributed to the coarse surface asperities (MPs). A pure CrN coating has lots of MPs abrading the counter surface, which results in an increased friction coefficient compared with the Cr-Al-Si-N coatings. The other reason for the lower friction coefficient was a formed tribolayer, which was not thick enough in low temperature. At 500 °C, the friction coefficient curves of all the coatings decreased with the increased rotating cycles at the initial stage. The maximum distinction in the friction coefficients of the CrN (0.30) and Cr-Al-Si-N coatings (0.36) was 0.06, and the coefficients were almost the same at the stable stage. The high local temperature produced enough surface oxides, which played the role of solid lubricants, and caused the lower friction coefficient. A similar result was reported by Chang et al. [25]; the friction coefficient of the Cr-Al-Si-N coatings decreased as the testing temperature was raised.


Figure 9. The friction coefficient curves of the Cr-Al-Si-N coatings deposited with different Al-Si target power in the wear tests at (a) RT, (b) 500 °C.



[image: Coatings 07 00119 g009]






Figure 10 shows the wear rates of coatings tested at different temperatures. As for the pure CrN coating, the wear rates increased vastly from 3 × 10−15 m3/N m at RT, to 2.0 × 10−14 m3/N m at 500 °C. As for the Cr-Al-Si-N coatings, the wear rate increased slightly, from 1.04–2.1 × 10−15 m3/N m at RT, to 7.3–8.4 × 10−15 m3/N at 500 °C. Through the calculation, the wear rate of the CrN coating was larger than that of the Cr-Al-Si-N coatings by one order of magnitude. That implies that the CrN coating exhibited a relatively poor resistance to wear compared with the Cr-Al-Si-N coatings at high temperature. The variation in wear rates could be attributed to their microstructural evolution, changes in mechanical properties, and whether there was enough of a self-lubricating layer, which have all been mentioned in the above sections. The Cr-Al-Si-N coatings exhibited excellent wear resistance, which corresponded to the denser microstructure and higher hardness. The formation of the hydrated amorphous silica (e.g., Si(OH)4) during the friction test was also crucial to the reduction of friction and wear rates in the Cr-Al-Si-N coatings.


Figure 10. The wear rates of the Cr-Al-Si-N coatings deposited with different Al-Si target power under RT and 500 °C.
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3.5. Oxidation and Corrosion Properties


The oxidation performance of Cr-Al-Si-N film at 0.4 kW of Al-Si target power was further measured. As a comparison, the oxidation experiment was also performed on the CrN coating. As shown in Figure 11a, it can be found that the main phase of CrN almost disappeared, and new chromium oxide diffraction peaks became prominent phases as the oxidation temperature reached over 800 °C. Whereas, from Figure 11b, which shows the XRD patterns of the Cr-Al-Si-N coating after the oxidation test, the main phase was still CrN, even when it was heated up to 1000 °C. Only some weak diffraction peaks of oxide appeared. One interesting feature was the absence of crystalline alumina in the XRD patterns of Cr-Al-Si-N films after oxidation treatment. It is suggested that an amorphous nature of alumina existed in the film. Lin et al. [50] showed that the Cr-Al-N coating exhibited crystalline alumina only when annealing was performed at ~1000 °C. A similar result was also observed by Polcar [51], i.e., no crystalline alumina in the Cr-Al-Si-N coating when the oxidation temperature was over 1000 °C. Figure 12 shows the SEM fracture cross-section images of the CrN and Cr-Al-Si-N coatings after isothermal oxidation at various temperatures for 1 h. After an 800 °C oxidation test, a more thick and loose oxide layer was evidenced for CrN film than Cr-Al-Si-N film, otherwise, at the top of columnar structure, the oxide grain size scale was also larger for the CrN coating than the Cr-Al-Si-N coating. When the temperature increased to 1000 °C, the oxide layer on the CrN coating surface was thicker and much coarser. Beneath the oxide, a porous structure was loosely adhered to the substrate, which implied that the interface bonding between CrN coating and the substrate was destroyed. For the Cr-Al-Si-N coating, there were no apparent changes in the microstructure. Thus, the XRD and SEM results indicated that the Cr-Al-Si-N coating demonstrated an improved oxidation resistance compared with that of the CrN coating, in accordance with similar results reported previously [37]. As for the Cr-Al-Si-N coating, the formation of a dense oxide mixture layer (including chromium oxide and alumina) acted as a diffusion barrier that limited the inward diffusion of oxygen. Also, the Si-containing Cr-Al-Si-N coating had smaller grain sizes, which prolonged the paths of oxygen ingress and the outward diffusion of metal atoms, which was beneficial to the oxidation resistance.


Figure 11. XRD patterns of coatings after oxidation tests at 800 °C and 1000 °C (a) CrN; (b) Cr-Al-Si-N in air for 1 h.
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Figure 12. Cross-sectional scanning electron microscopy (SEM) images of CrN (a,c) and Cr-Al-Si-N (b,d) coatings after oxidation tests at 800 °C (a,b), 1000 °C (c,d) in air for 1 h.
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As shown in Figure 13, the potentiodynamic polarization curves of various samples were tested in 3.5 wt % NaCl solution. The Cr-Al-Si-N coatings showed a more positive corrosion potential and a lower current density than those of the SUS304, with and without CrN coating. This result revealed that the Cr-Al-Si-N coatings exhibit better corrosion resistance, and can work as a protective barrier against corrosive reaction on the substrate [52]. With an increase of Al-Si target power from 0.4 to 1 kW, the corrosion current density decreased and the corrosion potential increased, which means that the corrosion resistance of the coatings improved. At 1 kW power, the Cr-Al-Si-N coating exhibited the highest positive corrosion potential of 0.41 V, and the lowest current density of 3.12 × 10−7 A/cm2; this indicated the best corrosion resistance compare with the others. Figure 14 shows the surface SEM pitting morphology of the CrN and Cr-Al-Si-N coatings deposited on the SUS304 substrate and bare SUS304 substrate after the corrosion test. Obviously, the totally open pits could be observed on the surface of SUS304 steel (Figure 14a,e) and the CrN coating cracked when the SUS304 steel underneath was hollowed out (Figure 14b,f). When the surface of the coatings was destroyed, more electrolytes were accessible to the bare steel, which accelerated further corrosion. However, there was no apparent pitting damage and pores on the surface of the Cr-Al-Si-N coatings (Figure 14c,d,f,g), especially on high power condition, which indicated that these coatings suffered much less corrosion attack and performed the best corrosion resistance among these samples. The improvement of corrosion performance could be attributed to the denser structure, as shown in Figure 4, which could effectively limit the diffusion paths of the corrosive medium. This Cr-Al-Si-N coating could be a promising candidate for application in high-temperature wear, oxidation and corrosion [53,54].


Figure 13. The potentiodynamic polarization curves of the SUS304 steel, CrN, and Cr-Al-Si-N (0.4 kW and 1 kW) coatings in the 3.5 wt % NaCl aqueous solution.
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Figure 14. SEM images of the (a,e) SUS304 steel, (b,f) CrN, (c,g) Cr-Al-Si-N (0.4 kW), and (d,h) Cr-Al-Si-N (1 kW) coatings after corrosion tests in the 3.5 wt % NaCl aqueous solution.
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4. Conclusions


Quaternary Cr-Al-Si-N coatings were deposited by a hybrid deposition system using Cr and Al-Si targets. The Al and Si concentrations in the deposited coatings were changed by varying the input Al-Si target’s power from a HiPIMS source. For the sake of comparison, a pure CrN coating was also fabricated. The microstructural evolution, phase structure, mechanical properties, oxidation resistance and corrosion performance of the CrN and Cr-Al-Si-N coatings were systematically investigated. The main conclusions are as follows:

	(1)

	
With increasing Al-Si target power, the number of macroparticles greatly decreased through loosely-adhered particles falling off from the surface and the decrease of Cr concentration. The Cr-Al-Si-N film exhibited a maximum hardness of about 27 GPa at a target power of 0.4 kW, which was relatively lower than that of the superhard nanocomposite coatings due to low Si content and not enough formation of an amorphous phase to completely cover the Cr(Al)N crystals.




	(2)

	
Cr-Al-Si-N coatings showed a lower friction coefficient than the CrN coating at room temperature, which was ascribed to less microparticles (MPs) and an oxide tribolayer generated on Cr-Al-Si-N coatings acting as solid lubrication. When tested at 500 °C, the exhibited wear rate of the Cr-Al-Si-N coatings was smaller than that of the CrN coatings by one order of magnitude. The denser structure, higher hardness and oxide tribolayer led to the enhanced wear resistance of the Cr-Al-Si-N coatings.




	(3)

	
The oxidation experiments were measured at 800 and 1000 °C; these results demonstrated a better oxidation resistance in the Cr-Al-Si-N coatings than the CrN coating. The formation of a dense mixed oxide layer could act as a diffusion barrier to protect underneath the coating. The Cr-Al-Si-N coatings also exhibited excellent corrosion resistance due to their much denser structure compared with the CrN coating.
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