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Abstract


Working conditions exert an important influence on the tribological properties of protective coatings, thus affecting the wear resistance of workpieces. In this work, a TiAlSiN hardness-modulated multilayer coating with a good match of strength and toughness was deposited on WC-Co substrates. The adhesive wear played a predominant role under the condition of a larger normal load and lower velocity, leading to the formation of a third body layer composed of compressed and lubricating oxides. As a result, the wear rate of the coating tested at 20 N reduced by 23% of that tested at 5 N. Instead, abrasive wear was more manifest, leading to the formation of big-size abrasives, and thus the wear rate increased by 2.8 times while the velocity elevated from 4 mm/s to 16 mm/s. A full factorial analysis of the wear behaviors, including the nanohardness and roughness of the wear track, and the friction coefficient and wear rate of the coating, offered good guidance for the comprehension of the wear form of the TiAlSiN multilayer coating. The results demonstrated the optimization of multilayer structures for TiAlSiN coatings to attain better wear resistance under coupling conditions of normal load and velocity: harder or more lubricated sublayers.
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1. Introduction


Cemented carbides are important components of workpieces in the cutting industry due to their high hardness values and excellent wear resistance [1,2,3]. However, long-term exploitation of workpieces under harsh environments is often accompanied by the degradation of their performance characteristics. Therefore, the replacement of new pieces occurs very frequently, thus demanding the improvement of properties urgently [4]. Deposition of wear-resistant coatings is an effective solution to improve the surface properties of workpieces instead of fabricating a component wholly from wear-resistant and costly material [5,6,7]. In particular, the hardness and the frictional properties of coatings, as well as the adhesion between coating and substrate, are very important for the protection of workpieces.



Among the numerous wear-resistant coatings, TiN has been coated on the surface of cemented carbides [8,9]. TiN coating was used for hard coatings in the early 1970s for its considerable hardness, originating from its stabilized face-centered cubic crystal structure where the ratio of the number of atoms of Ti to that of N was about 1:1. However, there is a necessity to update TiN coatings to satisfy the wear resistance of workpieces under more severe working conditions, such as those with no lubrication [10], high velocity [11], large normal load [12], and so on. In particular, the addition of alloying elements [13,14,15] is an effective approach to improve the application performance of TiN coatings. For instance, the incorporation of Al contributes to the formation of Al2O3 oxide layer and draws a barrier between the inner coating and the outside atmosphere, improving the oxidation resistance of the TiN coating [10,16,17]. Additionally, the addition of Al and Si elements forms a (Ti,Al,Si)N crystal lattice and amorphous silicon nitride, resulting in refined grains [18]. Particularly, TiAlSiN coatings were characterized as being nanocomposites consisting of (Ti,Al,Si)N cubic nano-crystallites embedded in an amorphous matrix of silicon nitride. Therefore, dislocations and other structural defects will become annihilated within the grain boundaries for TiAlSiN coatings, presenting super-hardness values, good wear resistance, and high temperature resistance [17,19,20].



Additionally, these coatings’ multilayer structure is also viewed as promising for the optimization of coating performance. Firstly, the interfaces between the sublayers interact with dislocations and act as storage sites for defects, strengthening the multilayer coatings [21,22]. Moreover, multilayers enhance adhesion to substrates by mitigating the interface mismatch, thereby preventing peeling, and improving durability under mechanical and thermal stresses [23,24]. Specially, the gradient multilayers can moderate the variance in thermal expansion coefficients between layers, reducing the stress concentration that leads to delamination, and thus making the coatings tougher [25,26]. Furtherly, the characteristics or thickness conditions of each sublayer lead to different shear stresses and deformations when the coating bears contact load. Currently, the harder sublayer bears more contact load, and the soft one has a lower shear strength [27,28]. Particularly, multilayer coatings with proper cooperation of sublayers have lower residual stress, higher wear resistance, and better adhesion to substrates compared with single-layer coatings [29,30,31].



Working conditions also exert an important influence on the tribological properties of coatings, affecting the wear resistance of workpieces. For example, the coatings of cutting tools and bearings endure complex working conditions in specific applications such as high-speed cutting and rotating. Therefore, the working atmosphere, contact load, and friction pair all exert an influence on the tribological behaviors of the coating. In the case of high temperatures, the Si element in TiAlSiN coating can react with water in the air to generate SiO2-H2O [32], which can reduce the friction coefficient, protecting the coatings from being severely worn. It was also found that the friction coefficient of TiAlSiN coating increased with the increase in normal load [33] and velocity [34] within the bearing range of the coating. In the previous work, we investigated the preparation of TiAlSiN coatings with different hardness values by optimizing the alloy compositions and microstructures [35]. The wear resistance was also improved by regulating the thickness of each sublayer of the TiAlSiN multilayer coatings [36]. However, the wear mechanisms under different conditions need further investigation for the custom design of multilayer coatings to be applied in specific circumstance.



In the present work, TiAlSiN coatings with hardness-modulated sublayers were deposited on the surface of WC-Co substrates by changing the working pressure via the technique of plasma immersion ion implantation and deposition (PIIID). Then, the morphology, cross-sectional element distribution, and mechanical properties of the TiAlSiN hardness-modulated multilayer coatings were investigated. Furthermore, the wear behaviors of the TiAlSiN multilayer coatings under different normal loads and velocities were systematically analyzed. Finally, the relationship between multilayer structures (different combinations of hardness-modulated sublayers) and the wear resistance of the TiAlSiN coatings was discussed in detail.




2. Experimental Details


TiAlSiN multilayer coatings were deposited on WC-Co substrates with PIIID equipment. Prior to deposition, the WC-Co substrates were ultrasonically cleaned with acetone and alcohol for 10 min, sputter-cleaned in pure Aron for 30 min, and then placed in a titanium plasma atmosphere for 30 min. Coating deposition was carried out in a N2 atmosphere with a TiAlSi (81.76 at. % Ti, 4.01 at. % Al, 14.23 at. % Si) cathode. The composition of TiAlSiN coatings was regulated by the working pressure. Meanwhile, the percentage of sublayers of each modulation period in the alternated multilayer coatings was regulated by the deposition time. Two types of TiAlSiN sublayers with different compositions and harness values were prepared with s working pressure of 0.2 Pa and 0.08 Pa, named sublayer #A and #B, respectively. The ratio of the deposition time of sublayer #A to #B was 2:1 in each modulation period, and the total deposition time was 60 min. The detailed deposition parameters of the TiAlSiN hardness-modulated multilayer coatings are listed in Table 1. The diagram of the equipment and the multilayer structure were shown in Figure 1a,b.



The surface morphology of the TiAlSiN multilayer coating was examined using a field-emission scanning electron microscope (FE-SEM, Zeiss Ultra 55, Oberkochen, Germany). The roughness and thickness of the coating were characterized using a white light interferometer (WLI, Rtec-UP2000, San Jose, CA, USA). The cross-sectional morphology and elemental distribution of the multilayer coatings were observed using a transmission electron microscope (TEM, Talos F200X, Waltham, MA, USA). The elemental composition analysis of the coating and wear debris was carried out using an energy-dispersive spectrometer integrated with a field emission scanning electron microscope (EDS, Oxford IE450X-Max80, Abingdon, UK). The nanohardness and Young’s modulus of the multilayer coating were measured and determined using a nano indenter (G200, Keysight, Santa Rosa, CA, USA) in continuous stiffness loading mode, where the indentation depth was approximately 1/10 of the thickness of the TiAlSiN multilayer coating to ensure that the test results were not influenced by the hardness of the substrate. The adhesion performance of the TiAlSiN multilayer coating was assessed utilizing a scratch tester (MFT-4000, Lanzhou Huahui Instrument Technology, Lanzhou, China) with a loading rate of 80 N/min, a scratch velocity of 3 mm/min, and a terminal load of 160 N [37].



A multifunctional friction and wear tester (MFT3000, Rtec, San Jose, CA, USA) was used to test the reciprocating friction and wear under atmospheric conditions. To ensure the stability of the wear process and the universality of the tested results, an Al2O3 ball with a diameter of 4 mm, commonly used in friction tests, was used as the sliding counter body. A full factorial experiment with 2 factors and 4 levels was adopted to investigate the influence of normal load and velocity on the wear behavior of the TiAlSiN multilayer coating. The wear test parameters are shown in Table 2, where the contact stresses of the system are 2230, 2810, 3217, and 3540 MPa, corresponding to the normal loads of 5, 10, 15 and 20 N, respectively. There were 16 friction tests in total in our experiment. To ensure the reliability of the test results, each test of the corresponding parameters was repeated three times.



The surface morphology of the wear tracks was studied using SEM. The three-dimensional morphology, cross-sectional profile curve, and surface roughness of the wear tracks were characterized using a white light interferometer. Three cross-sectional profiles were determined to calculate the average wear volume and wear rate; from the middle, this was 0.5~1 mm from the two ends. The wear rate of the coating was calculated using the following formula, W = V/(F × S), where V represents the wear volume, F denotes the normal load, and S signifies the sliding distance. Additionally, the composition of the wear track was investigated and analyzed using an energy-dispersive spectrometer and a Raman spectrometer (inVia, Renishaw, Wotton-under-Edge, UK).




3. Results


3.1. Morphology and Composition of TiAlSiN Multilayer Coating


The surface morphology of the TiAlSiN multilayer coating was observed through field emission scanning electron microscopy, as depicted in Figure 2a. There were some defects, such as large particles, pinholes, and pits distributed randomly on the surface of the coating, which were inevitable during the deposition process [38]. The presence of these large particles was primarily attributed to the metal particles being in a molten state, which were not completely filtered by the magnetic filter bend and splattered onto the coating surface [39]. The formation of the pits could be attributed to the detachment of these large particles, while the presence of pinholes was a consequence of the constriction of the molten particles during the solidification process [39]. However, through all this, the other part without defects showed a dense morphology, which could also be detected via 3D topography, as shown in Figure 2b. Additionally, the surface roughness of the coating could also be measured using the white light interferometer, giving a value of 45 nm. The dense coating could have contributed to the high-energy ion bombardment during the process of PIIID [40]. Moreover, the thickness of the coating was detected due to its 2D profile with a value of 2.4 μm, as shown in Figure 2c. The deposition rate of the coating was about 40 nm/min, which was increased to about four times of the previous one [41], which could be attributed to the adoption of the direct-current power source instead of the pulse power source for the cathode.



The cross-sectional TEM image of the multilayer coating is shown in Figure 3a, where the grains are oriented and well developed between the alternating soft and hard layers along the growth direction. It could also be observed that the multilayer coating had a dense structure, and the sublayers were integrated closely, almost showing no defects among the interfaces. Additionally, the interfaces between the substrate and Ti interlayer, as well as the hard and the soft sublayers, were irregular and blurry, as shown in Figure 3a. Moreover, the distribution of the elements on the cross-section of the multilayer coating is clearly represented in Figure 3b–f. It is obviously shown that the elements Ti, Al, Si, and N possessed alternate compositions between the hard and the soft sublayers, as shown in Table 3. Particularly, there was a thin layer of Ti originating from ion implantation before the deposition process, as shown in Figure 3c.




3.2. Mechanical Properties of TiAlSiN Multilayer Coating


The mechanical properties of the multilayer coating are presented in Table 4. The nanohardness and elastic modulus of the multilayer coating showed average values of 37 GPa and 418 GPa, which were between the values of the two single-layer coatings [36]. Moreover, the calculated H/E* and H3/(E*)2 values of the multilayer coating were about 0.089 and 0.29 GPa, suggesting that the as-deposited TiAlSiN multilayer coating possessed remarkable resistance to both plastic and elastic deformation [12,42]. Additionally, the evaluation was further reinforced by the scratch test, where the coating showed an adhesion strength of 144 N [36].




3.3. Tribological Properties of TiAlSiN Multilayer Coating


3.3.1. Effect of the Normal Load on the Wear Behavior of TiAlSiN Coating


A full factorial experiment with two factors and four levels was designed to investigate the influence of normal load and velocity on the tribological properties of the TiAlSiN multilayer coating. Firstly, the friction curves of the as-deposited TiAlSiN multilayer coating under different normal loads at a constant velocity of 4 mm/s are illustrated in Figure 4a. The average frictional coefficient of the coating tested at a load of 5 N, 10 N, 15 N, and 20 N was about 0.46, 0.38, 0.36, and 0.3, respectively. The results showed that a larger normal load led to a smaller frictional coefficient, which is inconsistent with published papers [29]. Three-dimensional morphology and cross-sectional profile curves of the wear tracks are also depicted in Figure 4b,d. The morphology of the worn ball is shown in Figure 4e, where the diameters of the circular planes after the wear tests show values similar to the widths of the wear tracks of the coating. It was evident that there was a slight augmentation in both the width and depth of the wear track, namely the wear volume, as the normal load increased. Furthermore, the debris inside the wear track gradually became more and more compressed with the increase in normal load, resulting in a smoother scratch. Figure 4c shows that the wear rate of the multilayer coating decreased with the increase on the normal load, suggesting an opposite result to the conventional pattern [12,43]. The wear rate of the multilayer coating tested at 20 N reduced by 23% compared with that tested at 5 N.



The wear morphologies of the wear tracks are depicted in Figure 5. The morphology of the wear track tested at 5 N reveals the presence of discernible abrasive particles, which probably augmented the coefficient of friction and exacerbate the wear process, as shown in Figure 5a. Specifically, a small quantity of abrasive chips were distributed inside the wear track tested at 10 N, displaying an adhesion phenomenon within the wear track, as shown in Figure 5b. Furthermore, a few abrasive chips, along with irregular pits and fine grooves, could be observed within the wear track when the normal load was elevated to 15 N, as shown in Figure 5c. Notably, the morphology of the wear track tested at 20 N bore similarity to that tested at 15 N, as shown in Figure 5d. These tracks appeared relatively smooth, exhibiting a few tiny grooves and abrasive chips.



To conduct further analysis of the wear debris, the composition of the original coating and the wear track tested at 20 N and 5 mm/s was investigated, as shown in Figure 6. The compositions tested at position 1 and 2 are illustrated in Table 5. The content of Al and O elements inside the wear track increased compared with that in the original coating. The increasing Al and O content could have been due to the abrasive chips from the friction ball that were inevitably retained during the wear process. Notably, the more significant increase in oxygen content may be related to the oxidation of elements, such as Ti, Al, and Si, during the wear process.



Additionally, the Raman spectroscopy of the wear debris tested at different normal loads is exemplified in Figure 7. Particularly, the wear debris primarily comprised as the oxides TiO2, Al2O3, and SiO2 [14], TiO2 with peaks of 227 cm−1 and 600 cm−1 showed the highest intensity [44,45,46], followed by Al2O3 peaks at 323 cm−1 and 811 cm−1 [14,47], and a SiO2 peak at 468 cm−1 [32]. Moreover, there was almost no change in the position of these Raman peaks among the wear tracks tested at different normal loads, suggesting that the types of oxides were almost unchanged. However, the intensity of these Raman peaks increased with the normal load, signifying a gradual increasement in the oxide content.



Remarkably, the nanohardness and roughness of the wear tracks were also examined, as shown in Figure 8. Figure 8a shows the nanohardness inside the wear track tested under different normal loads. Obviously, the nanohardness of all the wear tracks increased compared with that of the original coating. Furthermore, the nanohardness of the wear track increased with the normal load, which further confirmed the compaction of the wear products. Moreover, the roughness of the wear track is delineated in Figure 8b; the larger the normal load, the smaller the surface roughness of the wear tracks. This striking phenomenon could be attributed to the crushing and gradual compaction of the abrasive particles under larger normal loads.




3.3.2. Effect of Velocity on the Wear Behavior of TiAlSiN Coating


Figure 9a presents the friction curves of the coating tested under different velocities, while maintaining a constant normal load of 5 N, with a test time of 30 min. The coating showed an increased friction coefficient value and a magnified fluctuation of the friction curve with the velocity increasing from 4 mm/s to 16 mm/s, accompanied by an increasing reciprocating frequency and total wear length. For example, as the velocity reached 16 mm/s, the friction process appeared to be in a fluctuating state, and stabilized firstly with a frictional coefficient of 0.55. Subsequently, the frictional coefficient increased and stabilized at a value of 0.61 with sustained sliding. Furthermore, the 3D and 2D morphology were characterized to investigate the cross-section profiles of the wear tracks, as illustrated in Figure 9b,d. The morphology of the worn ball is shown in Figure 9e, where the diameters of the circular planes after the wear tests show values similar to the widths of the wear tracks of the coating. Specifically, the width and depth of the wear tracks exhibited a progressive augmentation with increasing velocity. The wear rates of the coating under different velocities were calculated according to the above results, as shown in Figure 9c. It was demonstrated that the wear rate remained almost unchanged with the velocity increasing from 4 mm/s to 8 mm/s, but that it increased significantly from a velocity of 12 mm/s to 16 mm/s. Therefore, it could be concluded that the higher velocity showed a more significant impact on the friction coefficient of the coating.



Additionally, the morphologies of the wear tracks under different velocities are characterized in Figure 10. A small amount of abrasive chips could be detected on the wear track tested at a velocity of 4 mm/s, as shown in Figure 10a. Figure 10b reveals an increasement in the number of irregular pits and abrasive chips within the wear track at a velocity of 8 mm/s. Furthermore, the number of abrasives within the wear track increased more obviously when the velocity was elevated to 12 mm/s and 16 mm/s, compared with that under smaller velocities. Accordingly, a large proportion of abrasives could accelerate the wear of the coating and result in larger wear rates at higher velocities.



The nanohardness and surface roughness of the wear tracks tested at different velocities were also investigated, as depicted in Figure 11. Notably, the nanohardness of the wear tracks showed larger values, compared with those of the original coating, as shown in Figure 11a. The larger nanohardness values may be related to the formation of the hard particles inside the wear track, as well as the crushing of the friction ball. Figure 11b shows the surface roughness of the wear tracks tested at different velocities. It was evident that the roughness of the wear track increased with the velocity, which could have contributed to the increased number of abrasive particles, as shown in Figure 10. In fact, the variation in roughness could serve as a compelling explanation for the more prominent fluctuation of the friction curve at a higher velocity, as illustrated in Figure 9a.




3.3.3. The Wear Behavior under the Load–Velocity Coupling Case


The effect of normal load and velocity on the wear behavior of the coating are expressed by the results of factor analysis in accordance with the total tests, as shown in Figure 12. The friction coefficient and wear rate of the coating and the roughness of the wear track decreased, and the nanohardness of the wear track increased with the increasement in the normal load, as shown in Figure 12a. The four parameters showed a similar trend of increasement with velocity, as shown in Figure 12b.



Additionally, the wear results in the load–velocity coupling case were investigated with the response surface methodology, as described in Figure 13. Figure 13a–d present the influence of the load–velocity coupling case on the nanohardness and roughness of the wear track, as well as the friction coefficient and wear rate of the coating. According to the slope in the surface diagram shown in Figure 13a, the nanohardness of the wear track reached a higher value under the conditions of higher load and velocity, and vice versa. Similarly, larger roughness of the wear track was observed under the conditions of smaller normal load and higher velocity, as shown in Figure 13b. Moreover, the friction coefficient and wear rate of the coating reached a higher value under the conditions of smaller normal load and higher velocity, as shown in Figure 13c,d, respectively.



Furthermore, the effectiveness of the normal load and velocity, as shown in the wear results, was observed via analysis of variance, as shown in Table S1 (Supplementary Materials). Particularly, the normal load exerted a greater effect on the nanohardness and roughness of the wear track, with the contribution values of 65.65% and 62.76%. Moreover, the velocity was similarly found to have a minor effect, with a contribution value of 22.44% and 27.75%. Additionally, increasing the normal load led to a more obvious variation in the friction coefficient, with contribution values of 77.63%. By contrast, the velocity was more significant for the wear rate of the coating, with a contribution value of 86.84%. For the measured factors, the p value for the F variable value was less than the probability of error of type I, 0.05, indicating the accuracy of the prediction [48].






4. Discussion


4.1. Enhanced Strength and Toughness of the Coating


Generally, it seems impossible to achieve both strength and toughness for our coating, which has been an enduring pursuit [49]. For example, in our previous study, the harder TiAlSiN single-layer coating showed a nanohardness value of 41.43 GPa, and an adhesion value of 20.8 N while the softer single-layer coating showed a nanohardness value of 33.71 GPa, and an adhesion value of 105.1 N [36]. Moreover, the TiAlSiN coatings deposited via magnetron sputtering showed a larger nanohardness value of 21.79 GPa with a lower adhesion value of 28 N, or possessed a smaller nanohardness of 15.25 GPa with a higher adhesion value of 95.7 N [50]. In fact, the as-deposited multilayer coating was not only strengthened but also toughened, possessing a nanohardness value of 37 GPa and an adhesion value of 144 N.



Moreover, the enhancement in the strength and toughness of the coating could also be detected via the morphologies of the wear tracks shown in Figure 5 and Figure 10, showing almost no cracks, peeling, or delamination. The excellent mechanical properties of the coating could be attributed to the proper stress distribution inside the hard and soft alternated sublayers, as well as the dense structure and the highly reinforced interfaces of the coating. It should be noted that this study has examined the dense structure and highly bonded interfaces between the substrate and the Ti interlayer, as well as the harder and softer sublayers. The stress distribution inside the sublayers of the coating could be investigated in future. We have to point out that the irregular and blurry interfaces (as shown in Figure 3) originated from the ion bombardment during the implantation operation [41], promoting the bonding and mechanical properties of the coating to a large extent [21,51]. In fact, the bonded interface could be considered one of the most important factors affecting the application of wear-resistant coatings.




4.2. Third Body Layer and Hard Abrasive Wear Mechanisms


Furthermore, the multilayer coating possessed different wear behaviors while the normal loads and velocities varied. As the normal load increased, the wear debris including the lubricant oxides within the wear track underwent gradual pulverization and compaction, ultimately resulting in a smoother surface inside the wear track. To a certain extent, the smoother surface contributed to a smaller friction coefficient and stable friction process, as can be seen in Figure 4a. The smoother surface could also be detected via the morphologies and roughness of the wear track, shown in Figure 5 and Figure 8b, separately. Additionally, the nanohardness of the wear track increased with the normal load because of the reciprocating rolling and the grinding pair [52]. As a result, the wear track tested under larger normal loads possessed a smoother surface, this being derived from the compaction of the wear debris during the wear process. Consequently, the oxide debris compressed during the wear process could form a lubricating third body layer [53,54], thus resulting in a smaller friction coefficient and reduced wear rate. In contrast, the wear debris evolved toward becoming big-size abrasives, resulting in an increased roughness of the wear track and the increased friction coefficient of the coating. Worse still, the nanohardness of the wear track also increased to a certain extent with the rising velocities, reciprocating frequency, and total wear length, accelerating the abrasive wear of the coating.



Based on the above analysis of the structure and wear behavior of the TiAlSiN hardness-modulated multilayer coating tested under different wear conditions, two wear models are proposed (Figure 14). Particularly, Model-I usually occurs under the conditions of larger normal load and smaller velocity, as shown in Figure 13a. At the beginning of the wear process, small chips derived from the protrusions on the surface the coating were transferred to the depressions and formed a third body layer under the condition of larger normal loads. The hardened, ground, and lubricated third body layer formed on the surface of the wear track led to larger nanohardness values and smaller friction coefficients, protecting the inner coating from further abrasion and showing a decreased wear rate under larger normal loads. However, the coating tested under the conditions of smaller normal load and larger velocity was more likely to fall under Model-II, as depicted in Figure 14b. In contrast, the small chips derived from the protrusions on the surface could be transferred quickly, and could not fill in the depression in the coating, thus forming big-size abrasive chips. Although the compaction of the debris was not obvious, the wear track also had larger nanohardness because of the faster, more frequent, and longer reciprocating grinding of the friction pair, as well as the more severe work hardening of the wear track, at a higher velocity. As a result, the wear debris turned from being composed of tiny particles into being made up of big-size and high-hardness abrasives, resulting in an increased friction coefficient and wear rate.




4.3. New Method to Analyze the Wear Mechanism of the TiAlSiN Coating


As for the coating tested under the conditions of larger normal load and higher velocity, as well as the conditions of smaller normal load and lower velocity, the wear results were more complicated. For example, as the normal load increased, the friction coefficient of the coating became a smaller value because of the compaction of wear debris. However, the increasing velocity could result in more big-size abrasives, resulting in a larger friction coefficient. Although the normal load affected the friction coefficient more than it did the velocity, the impact of the two parameters cannot be quantified. Additionally, the hardening of the wear track protected the coating from being abrased more severely for Model-I, while it accelerated the wear process for Model-II.



Significantly, the curved surfaces shown in Figure 13 offered good guidance for the analysis of the wear behavior of the coating tested under different conditions. If the nanohardness of the wear track was relatively high, the roughness was low, and, the friction coefficient and wear rate of the coating were relatively low, then the wear form of coating was probably Model-I. The minor wear rate could be expected since the harder the coating, the more wear-resistant the compressed third body layer. Therefore, it could be proposed that the nanohardness value and the ratio of harder sublayers could be increased in the future design of TiAlSiN hardness-modulated multilayer coatings when the wear form is Model-I. On the contrary, the wear form is probably Model-II if the friction coefficient and wear rate of the coating are relatively high. Moreover, the lubrication of the coating should be carefully considered if the wear form is Model-II, since big-size abrasives result in a severe wear process.



Furtherly, the method could also be expected to be used in the optimization of TiAlSiN hardness-modulated multilayers with different modulation periods, as shown in the previous work. For example, a coating with more modulation periods has relatively smaller friction coefficients and wear rates, which tends to form a third body layer during the wear process [36]. The wear process of the coating is more likely to fall under Model-I, as illustrated in Figure 14a, and thus more hard sublayers can be added into the multilayer coating to achieve better wear resistance. In contrast, a coating with less modulation periods that possesses relatively larger friction coefficients and wear rates should have more lubricated sublayers added to achieve better wear resistance.





5. Conclusions


TiAlSiN hardness-modulated multilayer coatings with regulable hardness and an adjustable amount of harder and softer sublayers could be prepared using the technique of PIIID. The well-bonded interfaces and the wear behavior under different normal loads and velocities were studied, and the following conclusions were drawn:




	(1)

	
The dense structure and the highly reinforced interfaces of the coating originated from ion bombardment and promoted the bonding, mechanical properties, and wear resistance of the coating to a large extent;




	(2)

	
A compressed and lubricated third body layer could be obtained under larger normal loads and resulted in a lower friction coefficient and wear rate, protecting the coating from being more severely worn, while the big-size and hardened abrasives accelerated the wear process under higher velocities;




	(3)

	
A full factorial analysis offered good guidance for wear form identification and the wear resistance optimization of TiAlSiN multilayer coating tested in the load–velocity coupling case;




	(4)

	
Hard sublayers should be added into multilayer coatings if the wear process conforms more to Model-I, which is probably needed in the conditions of larger normal load and smaller velocity, like sliding bearings. In contrast, more lubricated sublayers should be added, like in the case of high-speed cutting tools.
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Figure 1. Schematic diagram of TiAlSiN multilayer coating: (a) preparation equipment; (b) multilayer structure. 
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Figure 2. Surface morphology and cross-sectional profile of the coating: (a) surface morphology observed via SEM, (b) surface morphology determined using the WLI, and (c) cross-sectional profile determined using the WLI. 
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Figure 3. Cross-sectional morphology and element distribution of TiAlSiN multilayer coating: (a) cross-section morphology, (b) elemental distribution, (c) distribution of Ti element, (d) distribution of Al element, (e) distribution of Si element, and (f) distribution of N element. 
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Figure 4. Wear results under different normal loads: (a) frictional coefficient, (b) cross-sectional profile curve of wear track, (c) wear rate, (d) 3D morphology of wear track, and (e) morphology of sliding ball. 
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Figure 5. SEM images of wear tracks under different normal loads: (a) 5 N, (b) 10 N, (c) 15 N, and (d) 20 N. 
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Figure 6. EDS results of the original coating and the wear track. 
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Figure 7. Raman results of wear debris in wear tracks under different normal loads: (a) 5 N, (b) 10 N, (c) 15 N, and (d) 20 N. 
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Figure 8. Nanohardness and roughness of the wear tracks under different normal loads: (a) nanohardness; (b) roughness. 
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Figure 9. Wear results of coatings at different velocities: (a) frictional coefficient, (b) cross-sectional profile curves of wear track, (c) wear rate, (d) 3D morphology of wear track, and (e) morphology of sliding ball. 
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Figure 10. SEM images of wear track under different velocities: (a) 4 mm/s, (b) 8 mm/s, (c) 12 mm/s, and (d) 16 mm/s. 
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Figure 11. The nanohardness and roughness of the wear track tested at different velocities: (a) nanohardness; (b) roughness. 
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Figure 12. Influence of normal load and velocity on friction results: (a) normal load; (b) velocity. 
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Figure 13. Effect of normal load and speed on tribological properties of coatings: (a) nanohardness of wear track, (b) roughness, (c) friction coefficient, and (d) wear rate. 
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Figure 14. Schematic diagram of wear mechanism: (a) the conditions of larger normal load and lower velocity; (b) the conditions of smaller normal load and higher velocity. 
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Table 1. Fabrication parameters of TiAlSiN hardness-modulated multilayer coating.
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	Parameters
	Ti Interlayer
	#A TiAlSiN Hard Layer
	#B TiAlSiN Soft Layer





	Target
	Ti
	Ti81.76Al4.01Si14.23
	Ti81.76Al4.01Si14.23



	Working pressure (Pa)
	0.008
	0.2
	0.08



	Target current
	0.5A (pulse power supply)
	50A (direct-current power supply)
	50A (direct-current power supply)



	Implantation voltage (kV)
	15
	15
	15



	Deposition time in each modulation period (min)
	/
	4
	2



	Deposition time in total (min)
	30
	40
	20










 





Table 2. Wear test parameters.
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Experimental Factors

	
Values






	
Normal load/N

	
5

	
10

	
15

	
20




	
Velocity/mm·s−1

	
4\8\12\16

	
4\8\12\16

	
4\8\12\16

	
4\8\12\16




	
Displacement amplitude/mm

	
4

	
4

	
4

	
4




	
Test time/min

	
30

	
30

	
30

	
30











 





Table 3. The composition of the TiAlSiN sublayers.
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TiAlSiN

SUBLAYER

	
Element Content (at. %)




	
Ti

	
Al

	
Si

	
N






	
#A

	
36.08 ± 1.76

	
1.09 ± 0.05

	
3.54 ± 0.17

	
59.30 ± 2.93




	
#B

	
44.06 ± 2.18

	
1.33 ± 0.06

	
2.56 ± 0.12

	
52.05 ± 2.59











 





Table 4. Element content and mechanical properties of coating.
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	Sample
	Nanohardness

(GPa)
	Elastic Modulus

(GPa)
	H/E*
	H3/(E*)2

(GPa)
	Adhesion

(N)





	TiAlSiN
	37.24 ± 0.96
	418.52 ± 18.51
	0.089
	0.29
	144










 





Table 5. Content of elements inside and outside the wear track.
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Sample

	
Atomic Fraction/%




	
Ti

	
Al

	
Si

	
N

	
O






	
1

	
46.06 ± 2.21

	
3.29 ± 0.16

	
6.23 ± 0.32

	
22.53 ± 1.12

	
21.89 ± 1.06




	
2

	
47.00 ± 2.34

	
2.02 ± 0.10

	
5.96 ± 0.29

	
45.03 ± 2.24

	
-
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