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Abstract

:

This study employed magnetic filtered cathodic vacuum arc deposition to fabricate TiN/Ti multilayer coatings, examining the impact of nitrogen flow rates—4, 8, 12, and 16 sccm—on their performance, with an emphasis on gradient flow rates from 4 to 12 sccm. The coatings’ phase composition shifted from TiN0.26 to a Ti2N and TiN composite, optimizing the microstructure and significantly increasing the hardness to 24.37 GPa and the elastic modulus to 219.84 GPa at the 16 sccm rate. The surface roughness reduction further improved erosion resistance. Coatings made under gradient flow exhibited reduced mass loss and an erosion rate of 0.07 mg·g−1, outperforming single flow rates. Erosion failure analysis highlighted that while 12 sccm coatings failed due to extensive crack interconnection, 16 sccm coatings showed spalling from crack expansion. Gradient flow coatings, despite the presence of a crack, demonstrated a more confined damage area and enhanced erosion resistance, indicating the benefits of varied nitrogen flow rates in coating optimization.
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1. Introduction


Titanium nitride (TiN) coatings, due to their high hardness, excellent wear resistance, and stable chemical properties, have been widely applied in the field of metal surface protection [1,2,3,4,5,6,7,8]. However, as TiN coatings are often required to operate in sandy and dusty environments, such conditions impose higher demands on the coatings’ resistance to erosion. The relatively poor toughness of TiN coatings, to some extent, limits their application in harsh environments [9,10,11,12]. To address this issue, current research has concentrated on incorporating a metallic titanium (Ti) layer during the deposition process. With this innovative multi-layer structural design, TiN/Ti coatings not only retain their excellent hardness but also see a significant enhancement in their erosion resistance performance [8,9,12,13,14].



The performance of TiN coatings is influenced by various deposition parameters, including deposition temperature, power, modulation ratio, and nitrogen flow rate, for which optimization studies have been relatively comprehensive [2,3,4,5,7,11,14,15,16,17,18,19]. However, when introducing Ti layers to form TiN/Ti multilayer coatings, the existing literature has primarily discussed the deposition rate, temperature, and modulation ratio [7,8,11,20,21]. The mechanical and erosion properties of the coatings are significantly influenced by the adjustments in nitrogen flow rates. However, the literature lacks a comprehensive study on the comparative effects of gradient nitrogen flow rates versus single high nitrogen flow rates on the performance of TiN/Ti coatings. It is important to note that within the scope of gradient flow rates, there are two types: a compositional gradient and a bias voltage gradient. Our study focuses on the compositional gradient, where the nitrogen flow rate is adjusted to vary the composition of the coating. This method is designed to optimize the nitrogen incorporation into the coating, potentially leading to enhanced mechanical integrity and erosion resistance. Despite its potential benefits, the specific impact of this technique on the properties of TiN/Ti coatings remains understudied. The studies by Jia-Hong Huang et al. have explored the influence of nitrogen flow rates on coatings, yet they did not consider the impact of gradient nitrogen flow rates on the erosion performance of TiN/Ti multilayer coatings [9,15,22].



Therefore, this study has adopted magnetic filtered cathodic vacuum arc deposition technology to fabricate TiN/Ti multilayer coatings and, for the first time, systematically investigated the erosion performance of the coatings under various nitrogen flow rates, with a particular emphasis on the comparison between gradient flow rates and a single high nitrogen flow rate condition. The findings of this study not only address a gap in the existing research on gradient flow, but also possess significant practical implications for improving the erosion resistance of materials in extreme environments. Through comparative analysis, we have uncovered the unique advantages that gradient flow rates offer in improving the coatings’ erosion resistance, thereby providing a new direction for the optimization of coating material preparation.




2. Materials and Methods


In this experiment, an arc deposition device with a magnetic filtering cathode was used to prepare an erosion-resistant coating. The FCVA system included three targets and two metal vapor vacuum arcs. The process material of all three targets was 99.99% pure titanium, and the magnetic filtration deflection angle was 90°. TiN/Ti coatings were deposited on a 3 mm × 20 mm × 50 mm aluminum alloy substrate with a mirror-like finish. After evacuating the vacuum chamber to a pressure of 1.0 × 10−3 Pa, a bias voltage of 10 kV and an ion beam current of 6 mA were used for Ti ion implantation on the substrate. Subsequently, a Ti metal transition layer was deposited on the sample surface with a deposition bias of −200 V. After the deposition of the Ti transition layer, a Ti sputtering layer was deposited on its surface. In our experiment, we employed a compositional gradient technique to fabricate the TiN/Ti multilayer coatings. The process commenced with a polished aluminum alloy substrate under a high vacuum of 1.0 × 10−3 Pa. Titanium ions were implanted using a bias voltage of 10 kV and an ion beam current of 6 mA. Subsequently, a Ti metal transition layer was deposited with a deposition bias of −200 V to enhance layer adhesion. The crux of our gradient flow process lies in the controlled deposition of the TiN/Ti layers. We initiated the nitrogen flow at a lower value of 4 sccm and gradually increased it to 12 sccm, manually adjusting the flow rate over the course of the deposition. Each layer was meticulously deposited for a duration of 1 h, ensuring a consistent and uniform build-up of the coating. This gradual increase in nitrogen flow rate allowed for a compositional gradient within the coating, which is critical for achieving enhanced mechanical properties and erosion resistance. The deposited coating, with a total thickness of approximately 10–12 μm, includes a titanium bonding layer about 1 μm thick and a TiN/Ti multilayer approximately 9–11 μm thick. This multilayer is composed of five alternating periods: each period consists of a Ti layer approximately 0.2–0.3 μm thick and a TiN layer approximately 2 μm thick. The visual representation of this intricate multilayer architecture can be seen in Figure 1, which illustrates the compositional gradient and the distinct layers contributing to the overall performance of the coating.



The surface and cross-sectional micro-morphology of the coating samples were sequentially observed using a field emission scanning electron microscope (FESEM, FEI Quanta 250, FEI Company, Hillsboro, OR, USA). Phase composition analysis was conducted using an X-ray diffractometer (D8-Advance, Bruker, Billerica, MA, USA). The measurement angle range for phase composition was 20°–90°, with a scanning speed of 10° per minute. The microstructure of the samples was determined from the obtained XRD diffraction patterns. The elastic modulus and hardness of the TiN/Ti multilayer coating were measured using the nanoindentation method with an instrument model TI950. The nanoindenter tip is a diamond pyramid with a Berkovich shape. The hardness and elastic modulus were calculated using the theoretical method proposed by Oliver and Pharr [23,24]. The surface roughness of the TiN/Ti multilayer coatings was quantitatively assessed using the Smartproof5 device. This equipment utilizes a non-contact optical sensor to measure the micro-topography of the coating surface with nanometer-level precision. The measurement process involved scanning a defined area of the coating surface to obtain a topographical profile, from which various roughness parameters, such as the arithmetic mean height (Ra), were calculated. These parameters provide a comprehensive evaluation of the surface texture and its uniformity. To ensure the reliability and repeatability of the roughness measurements, each sample was measured at three different locations, and the average values were reported. This methodology is consistent with established standards for a surface roughness assessment, as detailed in ISO 4287:1997 [25,26].



The erosion test equipment was designed based on the ASTM-G76 standard to create an air blast sand erosion test platform [27,28,29,30]. During the erosion test, the erosion speed was set to 150 m·s−1, using SiO2 sand dust with a size range of 0–75 μm, at a five-level sand concentration (2.5 g·min−1). The erosion time was set to 120 s, 240 s, 360 s, 480 s, and 600 s, with the samples being impacted at an angle of 45°. After each erosion test, the mass loss was measured three times.




3. Results and Discussion


3.1. Phase Composition Analysis of TiN/Ti Multilayer Coatings


The X-ray diffraction patterns of the TiN/Ti multilayer coatings fabricated at different nitrogen flow rates are depicted in Figure 2, which sequentially presents the diffraction patterns from bottom to top for coatings fabricated at nitrogen flow rates of 4 sccm, 8 sccm, 12 sccm, 16 sccm, and with a variable flow rate of 4–12 sccm. Phase identification using Jade software (9.0) revealed the presence of TiN0.26, Ti2N, and TiN in the coatings fabricated at varying nitrogen flow rates. The phase composition of the coating exhibited distinct changes with increasing nitrogen flow. At lower nitrogen flow rates, such as 4 sccm, the coating was predominantly composed of TiN0.26, a titanium nitride phase with a lower nitrogen content. With each increment of nitrogen flow, the proportion of the Ti2N phase increased, signifying an elevated nitrogen content within the titanium nitride of the coating. At higher nitrogen flow rates, for instance, 12 sccm and 16 sccm, the TiN phase prominently emerged. This phase represents a titanium nitride with a higher nitrogen content.



The variation in phase composition significantly influences the performance of the coatings fabricated at different nitrogen flow rates. For instance, existing research has shown that the TiN phase has a better ability to resist plastic deformation, and it exhibits superior resistance to plastic deformation and wear when subjected to erosive friction [31,32]. Current research indicates that TiN0.26 is a metastable nitride phase, whose presence contributes to enhancing the adhesion between the coating and the substrate [33,34,35,36]. It exhibits a compact hexagonal structure, similar to that of alpha-titanium, and has relatively lower hardness. A further refined analysis reveals that the intensity of the diffraction peaks for the coatings indeed increases with the nitrogen flow rate, indicating an enhancement in the crystallinity of the coating as the nitrogen content increases. This observed increase in crystallinity is likely linked to the improved stability and crystallization behavior of the titanium nitride phases within the coating. Additionally, within the specific nitrogen flow rate ranges of 12 sccm, 16 sccm, and 4–12 sccm, the XRD patterns confirm the coexistence of the TiN0.26, Ti2N, and TiN phases. The coexistence of these multiple phases, as supported by the existing literature [15,22,37], is suggested to contribute to the superior comprehensive performance of the coating, including enhanced hardness, wear resistance, and thermal stability.




3.2. Surface of TiN/Ti Multilayer Coatings


Figure 3 presents the surface roughness of the TiN/Ti multilayer coatings fabricated at different nitrogen flow rates. Surface roughness is closely related to the microstructure of the coating surface. The level of surface roughness is directly influenced by the number of circular pits and defects, such as coating delamination. As the nitrogen flow rate for the TiN/Ti multilayer coatings increases from 4 sccm to 16 sccm, the roughness values gradually decrease, indicating a smoother surface. Figure 3 clearly demonstrates the pivotal role of accurately controlling the nitrogen gas flow rate during the deposition of TiN/Ti multilayer coatings. The relationship between an increased nitrogen flow rate and a decrease in coating surface roughness is observed. This reduction in surface roughness is primarily due to the improved formation of a uniform TiN phase at elevated flow rates, which helps to counteract surface irregularities that may stem from suboptimal nitridation conditions. To provide a more detailed understanding, a precise nitrogen flow rate is essential for achieving the optimal incorporation of nitrogen into the coating. This balance prevents scenarios where insufficient nitridation could lead to an uneven surface or where excessive nitridation could cause phase separation. Furthermore, the controlled nitrogen flow facilitates a more structured arrangement of titanium and nitrogen atoms, leading to a smoother surface finish. This orderly arrangement is a direct result of the careful regulation of nitrogen supply, which is a critical factor in the deposition process that has been overlooked in previous studies, as noted by Lan Zhang et al. in their work on the structure control of high-quality coatings [38]. Existing research indicates that as the nitrogen flow rate for the TiN/Ti multilayer coatings increases, the surface roughness of the coatings gradually decreases. This phenomenon is due to the fact that at lower nitrogen flow rates, the coating surface is composed of sharp-edged flake structures. As the flow rate is increased, the surface structure transitions to a smoother flake pattern. Further increasing the nitrogen flow rate promotes the formation of triangular crystals [20]. The improvement of surface roughness is crucial for enhancing the erosion resistance of the coatings. Surfaces with lower roughness values fabricated at different nitrogen flow rates tend to have fewer defects, resulting in better sand erosion resistance. As shown in Figure 3, using a gradient nitrogen flow rate of 4–12 sccm can improve the surface quality of the TiN/Ti multilayer coatings to some extent, but the improvement is not as significant as that achieved with a single higher flow rate. Specifically, when a gradient flow rate of 4–12 sccm is applied, the surface roughness values of the TiN/Ti multilayer coatings fall between those at 16 sccm and other lower flow rates, indicating that the optimization effect of gradient flow rates on surface roughness has certain limitations.



Figure 4a presents the surface morphology of the TiN/Ti multilayer coating fabricated at a nitrogen flow rate of 4 sccm, showcasing its initial state with inherent smoothness and distinct microstructural features that are stable and not influenced by external factors. Figure 4b provides a clear depiction of the coating’s thickness distribution, revealing its layered structure. The total thickness of the coating, as observed in Figure 4b, is measured at 10.86 μm, consisting of five alternating layers of TiN and Ti. The cross-sectional image demonstrates a regular pattern of alternating light and dark bands, indicative of the layered structure. The darker bands represent the TiN layers, while the lighter bands correspond to the Ti layers, arranged in a uniform and consistent manner throughout the coating. The TiN layers are approximately 1.92 μm thick, and the Ti layers are around 0.24 μm thick. Figure 4c indicates that with a significant increase in magnification to 8000 times, these images reveal the detailed microstructure of the TiN/Ti multilayer coating. The higher magnification images provide a clear view of the interlayer interfaces, demonstrating a continuous and uniform bond between layers, which is essential for the coating’s load-bearing capacity.




3.3. Mechanical Properties of TiN/Ti Multilayer Coatings


Figure 5 provides an in-depth analysis of the effects of different nitrogen flow rates on the hardness and elastic modulus of the TiN/Ti multilayer coating. Figure 5 visually presents the specific values of hardness and elastic modulus for coatings fabricated at different nitrogen flow rates. In terms of hardness, the measurements under the five different nitrogen flow conditions show minor fluctuations. The lowest hardness value, 19.63 GPa, was observed in the coating treated with gradient nitrogen flow, indicating that the gradient nitrogen flow helps to reduce the hardness of the coating, thereby improving its toughness. In contrast, the highest hardness value, 24.37 GPa, was recorded for the coating fabricated at a nitrogen flow rate of 16 sccm, although the overall variation in hardness values is not substantial. The variation in elastic modulus is more pronounced, with a larger range of values. At a nitrogen flow rate of 16 sccm, the elastic modulus of the coating reaches its maximum value of 219.84 GPa, indicating that the coating has the best elastic recovery ability at this flow rate. The elastic modulus is lowest under gradient nitrogen flow conditions, at 159.93 GPa, corresponding to its lowest hardness value. The reason for this is that when the nitrogen flow rate reaches 12 sccm, the coexistence of TiN, TiN0.26, and Ti2N phases leads to the coating possessing better mechanical properties. Honghong Zhang’s research indicates that when the hardness of the thin film is below the critical value of 23 GPa, the film exhibits poor resistance to sand erosion [22]. These findings underscore the significant impact of nitrogen flow rate on the mechanical properties of TiN/Ti multilayer coatings fabricated at different nitrogen flow rates. When the nitrogen flow rate is at its maximum (16 sccm), both hardness and elastic modulus reach their peak values. Conversely, when a gradient nitrogen flow rate is applied, the values for hardness and elastic modulus are at their minimum.




3.4. Erosion Behavior of TiN/Ti Multilayer Coatings


Figure 6a–e, respectively, illustrate the mass loss of the TiN/Ti multilayer coatings fabricated at nitrogen flow rates of 4 sccm, 8 sccm, 12 sccm, 16 sccm, and a gradient of 4–12 sccm after exposure to sand erosion. The raw data of mass loss is shown in Table S1 of the supplementary file. By conducting a linear fit on these mass loss data for the TiN/Ti multilayer coatings fabricated at different nitrogen flow rates, a distinct straight line can be drawn. The magnitude of the slope of this line not only quantifies the erosion rate but also directly represents the relative strength of the erosion effect. By comparing the data in Figure 6a–e, it can be observed that as the nitrogen flow rate gradually increases, the mass loss of the coating after erosion shows a significant decreasing trend. When the nitrogen flow rate is set to 4 sccm, the mass loss of the coating is the greatest, reflecting its poorest erosion resistance performance. In contrast, when a gradient nitrogen flow rate of 4–12 sccm is used, the coating exhibits the smallest mass loss, reflecting the best erosion resistance performance. Figure 6a reveals that at the very beginning of the erosion process for the coating fabricated at 4 sccm nitrogen flow rate, the coating suffered severe damage early on, leading to significant mass loss, indicating coating spalling. In Figure 6b, it can be observed that during the initial phase of erosion for the coating fabricated at 8 sccm nitrogen flow rate, i.e., when the sand supply is less than 10 g, the coating has not yet spalled, and the mass loss is relatively small. However, when the sand supply accumulates to 10 g, the rate of mass loss increases sharply, signaling that the spalling of the coating began after 4 min of erosion. Figure 6c further illustrates that for the coating fabricated at 12 sccm nitrogen flow rate, when the sand supply is below 15 g, the mass loss remains at a low level, and the slope of the fitted curve is also small, indicating that the coating is still stable. However, when the sand supply reaches 15 g, there is a sudden change in the slope of the mass loss, and this sharp increase corresponds to the spalling of the coating after 6 min of erosion. Figure 6d,e show that for the coatings fabricated at a 16 sccm nitrogen flow rate or with a gradient flow condition of 4–12 sccm, the overall mass loss is small, indicating better erosion resistance compared to the coatings fabricated at lower nitrogen flow rates.



Figure 7 provides an in-depth analysis of the linear fit slopes derived from the sub-figures in Figure 6, offering a precise representation of the erosion rates for the TiN/Ti multilayer coatings produced under various nitrogen flow rates. For the coatings fabricated at 16 sccm and within the 4–12 sccm gradient, the mass loss values were all below the 4 mg threshold, hence the slopes derived from the mass loss plots were directly adopted as the erosion rates. In contrast, for the coatings at 4 sccm, 8 sccm, and 12 sccm, the erosion rate was calculated differently. Utilizing the 4 mg demarcation, the erosion rate was determined by dividing the mass loss value prior to reaching this threshold by the corresponding sand supply volume. The experimental data show that as the nitrogen flow rate increases from 4 sccm to 8 sccm, 12 sccm, and 16 sccm, the corresponding erosion rate values decrease sequentially to 0.8 mg·g−1, 0.30 mg·g−1, 0.25 mg·g−1, and 0.12 mg·g−1. This clearly reveals an inverse relationship between nitrogen flow rate and erosion rate: the higher the nitrogen flow rate, the lower the erosion rate, indicating a significant enhancement in the coating’s erosion resistance performance. The erosion rate for the TiN/Ti multilayer coatings fabricated under gradient flow conditions drops to 0.07 mg·g−1, a result that highlights that, under the tested conditions, gradient flow can maximize the erosion resistance of the TiN/Ti multilayer coating. Further analysis of the trend in erosion rate values indicates that as the nitrogen flow rate increases from 4 sccm to 8 sccm, 12 sccm, and 16 sccm, the erosion rate values decrease significantly by 0.5, 0.05, and 0.13 mg·g−1, respectively. However, when comparing the 16 sccm nitrogen flow rate with the gradient flow, the reduction in erosion rate is only 0.05 mg·g−1, suggesting that at high nitrogen flow rates, the contribution of gradient flow to further improving erosion performance may be limited.




3.5. Erosion Failure Process Analysis


Figure 8a–e present a series of micrographs that illustrate the micro-morphology of the TiN/Ti multilayer coating fabricated at different nitrogen flow rates after erosion. Figure 8a shows the post-erosion surface condition of the coating fabricated at a nitrogen flow rate of 4 sccm. After the sand erosion process, the surface of this coating exhibits significant damage, with visible sand erosion pits and cracks, indicating the onset of structural degradation. Figure 8b illustrates the surface changes in the coating fabricated at an increased nitrogen flow rate of 8 sccm. The damage to the coating surface intensifies with the higher flow rate, marked by an increase in erosion cracks and the formation of large, ring-like pits, which suggest further structural damage. Figure 8c displays the surface of the coating fabricated at a nitrogen flow rate of 12 sccm, where erosion slides in various directions have emerged. These slides, appearing as strip-like or belt-like wear areas resulting from erosion, are deep and widely distributed, indicating plastic deformation in localized areas of the coating. Figure 8d presents the surface of the coating fabricated at a further increased nitrogen flow rate of 16 sccm. Here, minor erosion damage is observed, characterized by smaller pits and shallow slides, which are the result of the impact and friction caused by the high-speed nitrogen flow. Despite this, the lower surface roughness at this flow rate prevents significant damage, maintaining the coating’s integrity and protective performance. The reduced wear rate during erosion at this flow rate helps to preserve the coating’s smoothness and minimizes friction with external objects. Figure 8e shows the surface condition of the coating fabricated using a gradient nitrogen flow rate. Compared to coatings prepared at constant flow rates, the gradient application significantly reduces surface damage, resulting in only minor pits. This series of micrograph analyses underscores the significant effect of nitrogen flow rate during the fabrication process on the erosion resistance of the TiN/Ti multilayer coatings. As the nitrogen flow rate increases, surface damage generally escalates, while the application of a gradient flow rate may offer a more moderate erosion process, which is beneficial for preserving the coating’s integrity.



Figure 9 presents a series of images detailing the cross-sectional morphological changes in the TiN/Ti multilayer coating fabricated at a nitrogen flow rate of 12 sccm under varying sand supply amounts. In these images, the brighter areas represent the TiN layers, while the darker areas are the Ti layers. As shown in Figure 9a, at a sand supply of 5 g, multiple lateral cracks have already appeared on the coating surface. These cracks penetrate through both the Ti and TiN layers, indicating that the coating’s adhesion strength begins to weaken under erosive action. With the sand supply increased to 15 g, as depicted in Figure 9b, the upper layer of the coating has undergone delamination, and vertical cracks are also observable. These vertical cracks interweave with the existing lateral cracks, leading to a layer-by-layer spalling of the coating and exacerbating the damage. When the sand supply further increases to 20 g, as shown in Figure 9c, the number of lateral cracks at the interface between the TiN and Ti layers significantly increases, and the depth of the cracks deepens. This expansion of cracks results in severe erosion damage to the TiN layer, while the Ti layer exhibits obvious delamination. At a sand supply of 25 g, as illustrated in Figure 9d, all layers of the coating except the Ti layer near the substrate have completely peeled off. At this stage, the junction of lateral and vertical cracks becomes particularly evident. The coating to the left of the junction has completely peeled off, while the coating to the right remains relatively intact. The progression of damage shown in Figure 9 underscores the intricate relationship between the mechanical properties of the coating and the environmental stressors it encounters. The delamination and spalling observed are indicative of a complex interplay between the intrinsic stress within the coating layers and the extrinsic forces exerted by the sand particles. It is noteworthy that delamination initiates at the weakest points within the coating, often related to the microstructure and chemical composition of the material [25,39,40]. The TiN/Ti multilayer coating, fabricated under a nitrogen flow rate of 12 sccm, exhibits a specific interlayer bonding strength critical to its resistance against erosive forces. As the sand supply escalates, the coating’s response to increased mechanical stress is manifested through the formation and propagation of cracks. The vertical cracks that emerge are not merely a result of the direct impact of sand particles, but also reflect the coating’s internal stress distribution, influenced by the fabrication process and the thermal expansion coefficients of the constituent materials. The lateral cracks are influenced by the shear stresses induced by the sand particles as they traverse the coating surface, highlighting the importance of the coating’s adhesion to the substrate. The detailed examination of the crack network in Figure 9d at the highest sand supply reveals a stark contrast between regions of complete delamination and those that remain bonded. This dichotomy suggests that the failure mechanism is not uniform across the coating but is governed by localized variations in material properties and stress concentrations. The intact region adjacent to the crack junction may be attributed to a higher degree of interlayer bonding or a more favorable microstructure that resists crack propagation [41,42].



The SEM images in Figure 10 provide a compelling visual narrative of the progressive degradation of the TiN/Ti multilayer coating under increasing sand supply. The initial delamination observed at 10 g of sand (Figure 10a) is indicative of the coating’s vulnerability to mechanical stress, with the first layer’s thickness reduction serving as a quantitative measure of the coating’s resilience. As the sand supply escalates to 15 g (Figure 10b), the emergence of lateral cracks and the subsequent delamination of the first layer underscore the coating’s structural integrity being compromised. The failure of the second layer, influenced by these lateral cracks, suggests a cascading effect that propagates through the coating layers. The deepening and elongation of lateral cracks at a sand supply of 20 g (Figure 10c) are indicative of the coating’s ongoing struggle against the erosive forces. The significant reduction in coating thickness to 4.21 µm at 25 g of sand (Figure 10d) is a testament to the cumulative effect of erosion on the coating’s structural integrity. However, the observation that two layers remain intact, despite the extensive delamination, points to the heterogeneity in the coating’s response to erosion and the potential for localized reinforcement. A comparative analysis between Figure 8 and Figure 9 reveals the pivotal role of nitrogen flow rate in modulating the coating’s resistance to erosion. The increased nitrogen flow rate to 16 sccm results in a substantial decrease in the erosion rate value, suggesting that the interlayer bonding is enhanced, thereby slowing down the propagation of lateral cracks and reducing the extent of delamination [43].



Figure 11 provides a series of SEM images that offer significant insights into the robustness of the TiN/Ti multilayer coating fabricated under gradient nitrogen flow rates. Even at a sand supply of 25 g, where vertical cracks are observed, the coating demonstrates an impressive damage tolerance, with damage primarily localized to the first layer. This localized damage pattern suggests that the gradient nitrogen flow rates have resulted in a more uniform and resilient microstructure, effectively mitigating the propagation of cracks throughout the coating. A detailed examination of the microstructure reveals a refined grain structure and reduced porosity in the coating fabricated under gradient nitrogen flow rates, which likely contribute to its enhanced erosion resistance. The hardness and fracture toughness of the coating, as measured by nanoindentation and other mechanical testing methods, further substantiate its superior mechanical properties. Comparative studies of the failure modes across different nitrogen flow rates highlight the unique advantage of the gradient flow approach. Previous studies have indicated that the controlled variation in nitrogen flow rate during fabrication appears to optimize the interlayer bonding and phase distribution, leading to a more damage-resistant coating structure [25,43].





4. Conclusions


This study reveals the mechanical properties and erosion performance of TiN/Ti multilayer coatings prepared at different nitrogen flow rates (4 sccm, 8 sccm, 12 sccm, 16 sccm, and a gradient flow rate of 4–12 sccm), leading to the following conclusions:




	
Nitrogen gas flow rate significantly affects the phase composition and mechanical properties of the coating: As the nitrogen gas flow rate increases, the phase composition of the coating transitions from TiN0.26 phase to a composite structure containing Ti2N and TiN, significantly enhancing the mechanical properties. The TiN/Ti coating prepared at a nitrogen gas flow rate of 16 sccm achieves peak hardness and elastic modulus values of 24.37 GPa and 219.84 GPa, respectively. Although the coatings under gradient flow conditions exhibit slightly lower hardness and elastic modulus, they still demonstrate good overall mechanical performance.



	
Nitrogen gas flow rate significantly influences the surface roughness and erosion resistance of the coating: An increase in nitrogen gas flow rate leads to a reduction in surface roughness, thereby enhancing the erosion resistance. Coatings under a gradient nitrogen flow rate of 4–12 sccm have a moderate surface roughness, indicating that the optimization effect of gradient flow on surface roughness is limited. As the nitrogen gas flow rate increases, the mass loss of the coating decreases significantly. The coating prepared at a nitrogen gas flow rate of 4 sccm has the largest mass loss and an erosion rate of 0.8 mg·g−1, indicating poor erosion resistance. In contrast, the coating prepared under gradient nitrogen flow conditions has the smallest mass loss, with an erosion rate reduced to 0.07 mg·g−1, showing an excellent erosion resistance that is 14 times better than that of the coating prepared at a flow rate of 4 sccm.



	
Different nitrogen gas flow rates result in different failure mechanisms of the coating: Under gradient nitrogen flow conditions, the erosion rate is significantly reduced to 0.07 mg·g−1, indicating that the gradient flow effectively enhances the erosion resistance of the TiN/Ti multilayer coating. Under these conditions, the coating damage is mainly limited to the small-scale spalling of the first layer, while the deeper structure remains intact. In contrast, the coating prepared at a nitrogen gas flow rate of 12 sccm experiences large-scale spalling due to the connection of lateral and vertical cracks, resulting in an increased erosion rate to 0.25 mg·g−1. The coating prepared at a nitrogen gas flow rate of 16 sccm, on the other hand, experiences direct spalling due to the expansion and deepening of horizontal cracks, but the erosion rate is reduced to 0.12 mg·g−1, suggesting that a higher nitrogen gas flow rate contributes to reducing coating spalling.
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Figure 1. TiN/Ti coating structure. 
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Figure 2. XRD results of TiN/Ti multilayer coatings prepared with different nitrogen flow rates. 






Figure 2. XRD results of TiN/Ti multilayer coatings prepared with different nitrogen flow rates.



[image: Coatings 14 01144 g002]







[image: Coatings 14 01144 g003] 





Figure 3. Surface roughness values of TiN/Ti multilayer coatings fabricated at different nitrogen flow rates. 
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Figure 4. Surface and cross-sectional morphologies of TiN/Ti multilayer coatings fabricated at 4 sccm nitrogen flow rate: (a) surface morphology; (b) SEM image of the cross-sectional morphology at a magnification of 4000×; (c) SEM image of the cross-sectional morphology at an 8000× magnification. 
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Figure 5. Hardness and elastic modulus values of TiN/Ti multilayer coatings fabricated at different nitrogen flow rates. 
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Figure 6. The mass loss values of TiN/Ti multilayer coatings fabricated at different nitrogen flow rates under various sand supply values: (a) 4 sccm; (b) 8 sccm; (c) 12 sccm; (d) 16 sccm; (e) 4–12 sccm gradient flow. 
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Figure 7. The erosion rate values of TiN/Ti multilayer coatings fabricated at different nitrogen flow rates. 
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Figure 8. SEM images of surface morphology of TiN/Ti multilayer coatings fabricated at different nitrogen flow rates with a sand supply of 25g: (a) 4 sccm; (b) 8 sccm; (c) 12 sccm; (d) 16 sccm; (e) 4–12 sccm. 
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Figure 9. SEM images of erosion failure process of TiN/Ti multilayer coatings fabricated with different sand supply and nitrogen flow rate of 12 sccm: (a) 5 g; (b) 15 g; (c) 20 g; (d) 25 g. 
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Figure 10. SEM images of erosion failure process of TiN/Ti multilayer coatings fabricated with different sand supply and nitrogen flow rate of 16 sccm: (a) 10 g; (b) 15 g; (c) 20 g; (d) 25 g. 
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Figure 11. SEM images of erosion failure process of TiN/Ti multilayer coatings fabricated with different sand supply and nitrogen flow rate of 4–12 sccm: (a) 15 g; (b) 25 g. 
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