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Abstract

:

The feasibility of alleviating torsional fretting wear of the blade bearing by preparing PVD TiCN coating was studied. The results show that the friction torque was highly influenced by the wear debris acting as the solid lubricant. The TiCN coating reduced the wear volume by 97.6% and 62.3% in oil and artificial seawater, respectively, which was mainly due to an increase in surface hardness. In oil, the produced sulfates and phosphates prevent seizures between the friction pair and the worn surface was characterized by polishing wear. In artificial seawater, the wear mechanism was a combination of mechanical wear and corrosion wear. This study reveals that the TiCN coating is suitable for alleviation of fretting wear in the blade bearing.
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1. Introduction


Fretting is the micro-scale relative sliding between contact interfaces due to external vibration [1,2]. This happens in many components, such as the bolt connection, blade/disk interface and steel wire in hoisting ropes [3,4]. Reducing fretting damage can help to prolong the service life of mechanical components [5].



Due to its complexity, the measures for alleviation of fretting wear are varied and sometimes contradictory. Fu et al. [6] summarized three commonly used methods, including design optimization, use of lubricants and adoption of surface engineering. In recent years, the development of methods based on PVD technology allows for the preparation of coatings with excellent wear resistance [7]. Many researchers studied the effect of PVD coating by comparing this with the uncoated matrix material. Wu et al. [8] comparatively investigated the fretting performance of PVD TiN coating and high-speed steel under different relative humidity and normal loads. Sung et al. [9] compared the wear volumes and wear mechanisms of TiN coated and uncoated zircaloy-4 tubes with a cylinder-to-cylinder contact test rig. Larbi et al. [10] investigated the fretting damage of multilayer PVD TiAlCN/TiAlCN/TiAl coating and uncoated AISI 4140 steel. Wu et al. [11] studied the fretting behavior of PVD TiN coated steel by comparing this with the uncoated steel in different aqueous solutions, including distilled water, seawater and sodium phosphate solutions. All the above-mentioned studies found that the PVD coatings showed excellent fretting wear resistance.



However, almost all the experimental tests were conducted under the tangential mode with point contact. However, in real applications, many fretting failures happen under other fretting modes and contact forms. For example, in the railway system, rotational fretting occurs in the locomotive wheel-set fitting surfaces with concave-on-concave contact. Besides, many ball and socket joints experience dual rotary fretting (combined with the rotational and torsional fretting) with curve-on-curve contact [12]. The pressure distribution, third body and lubricating behavior vary with a change in fretting modes and contact forms [13], leading to the differences in fretting running behaviors and wear mechanisms. Thus, it is meaningful to study PVD coating under other fretting modes and contact forms.



As shown in Figure 1, in a CPP, the blade bearing is composed of a blade foot, blade carrier and the hub. According to a previous study [14], when the propeller rotates and the pitch is fixed, fretting occurs at the inner radial part of the blade bearing due to a change in sea state. The fretting should be classified as torsional fretting with flat contact [15]. The most commonly used materials for the hub and the blade carrier are CuNiAl and 42CrMo4, respectively. The wear of the hub part is more serious due to the lower hardness of CuNiAl. The hub is processed in an integrated way so a comprehensive property should be considered in the selection of material. Although some materials can have more excellent anti-wear properties, they may have low corrosion resistance or strength. The CuNiAl has an excellent comprehensive property and cannot be easily replaced by other materials. When the material is unchanged, preparing the coating is a good way to improve the wear resistance. Preparing the soft PTFE(Teflon) coating has been proven to be infeasible by Godjevac et al. [14] and they subsequently recommended hard coatings. Among the PVD coatings, the TiCN coating has been increasingly studied [16], which has the common features and excellent performance of TiN and TiC [17,18]. It can bond well on the substrate [19] and exhibit excellent corrosion [20] and wear [21] resistance. However, almost all the existing TiCN coating studies focus on the sliding wear properties and the investigations on the fretting properties are limited.



In this study, the feasibility of alleviating torsional fretting wear of the blade bearing by preparing a PVD TiCN coating was investigated. This was compared with the uncoated CuNiAl. The influence of normal loads and lubricating mediums, including oil and artificial seawater, were discussed. This study can not only deepen our understanding of the PVD TiCN coating, but also provide guidance for alleviation of fretting wear in the blade bearing.




2. Experimental Method and Materials


2.1. Specimens


As in our previous studies [22,23], the 42CrMo4 and CuNiAl were chosen for the upper and lower specimens, respectively. The contact between the blade carrier and the hub is a full ring contact at the inner radial part (Figure 1) and the fretting can be simulated by applying a normal load over the small-amplitude reciprocating rotation friction pair (Figure 2a). In the specimen design, the lower specimens were machined to have dimensions of 15 mm × 50 mm. The upper specimens were designed by cutting a raised ring with just two 45° sectors left (Figure 2b) so the contact between the upper and lower specimens was a partial ring. Reducing the contact area can help to increase the contact pressure. Under the same normal load and during the same test duration, the wear depth can be increased, which improves the measurement accuracy of wear volume [24].



The TiCN coating was prepared on the lower specimens with reactive ion plating by Baotai Coating Technology Co., Ltd (Dongguan, China). The preparing parameters were chosen based on the physical and mechanical properties and the experience of the engineers. Before the coating deposition, the CuNiAl substrate surfaces were polished to Sa = 0.05 μm (arithmetic mean deviation of the surface) and the ions were cleaned in argon for 15 min. During the deposition, an electron beam was used to evaporate titanium and produce titanium vapor. Besides, acetylene and nitrogen were added to produce the TiCN coating. The deposition was done with a substrate bias of −200 V. The temperature and deposition rate were set at 500 °C and 3 μm/h, respectively.




2.2. Fretting Tests


The fretting test rig was self-made and was illustrated in reference [25]. The upper specimen was stationary and connected with a dynamic friction torque sensor. The lower specimen was driven by a step motor and moved relatively with the upper specimen. In Figure 3, only the core components of the specimens and the lubrication tank are presented.



The experimental parameters were set based on the actual working conditions of the blade bearing. During service, the blade bearing interface is lubricated by the hydraulic oil but the seawater can intrude into the hub and cause the deterioration of the lubrication. Thus, the fretting tests were conducted under oil (ISO VG 46) and artificial seawater (prepared based on standard ASTM 1141–98) lubrications. The temperature was the ambient temperature of 25 °C and the relative humidity was 50–60%. The real normal pressure of the investigated interface was referred to when setting the experimental normal loads. In this study, the tests were performed under different normal loads of 43 N, 86 N and 106 N. They were chosen based on the effect of rotation speed of the controllable pitch propeller to the contact pressure of the blade bearing interface and the relationship of the normal load with contact area of the specimen [25]. The other test parameters were selected as: frequency of 2 Hz, number of cycles of 60,000 and angular displacement amplitude of 1.5°. Before the tests, the specimens were soaked in alcohol and ultrasonically cleaned for 5 min. The alcohol was absolute ethanol (purity higher than 99.7%), which was purchased from Tianjin Fuchen Chemicals Reagent Factory (Tianjin, China).




2.3. Analysis Methods


Surface morphology of the TiCN coating was examined by an OLYMPUS optical-digital DSX 510 microscope (Tokyo, Japan). The phase analysis of the deposited coating was conducted by means of X-ray diffractometer (BRUCKER, D8 ADVANCE (karlsruhe, Germany)) using the grazing angle mode and the incident beam angle was set at 3° [26]. The nanohardness measurement was carried out with a nanoindenter (Anton Parr NHT2), using a triangular diamond Berkovich pyramid [27].



During the fretting process, the variation of friction torques with time was recorded. After the fretting tests, the debris on the worn surface was ultrasonically cleaned in the alcohol before the optical morphology and 3D profile of the worn surface were obtained with the optical digital microscope [28,29]. The wear volume was acquired by analyzing the 3D profile using a OLYMPUS Stream contained in the microscope. A scanning electron microscope (SEM, Quanta 3D FED (Göttingen, Germany)) with energy dispersive spectroscope (EDX) was used for high magnification observation and chemical element analysis [30]. An X-ray photoelectron spectroscope (XPS, VG Multilab 2000 (Waltham, Massachusetts, America)) was used to explore the composition in the worn area.





3. Results and Discussion


3.1. Microstructure


An X-ray diffractometer (XRD, XRD-7000S (Kyoto, Japan)) was used for the phase analysis of the coating, as shown in Figure 4. It can be seen that the phase is a combination of TiCN and the matrix [31]. The preferred orientation of TiCN is the (200) crystal plane.



Figure 5 shows the SEM surface morphology of the prepared TiCN coating. There are stripes, particles and cavities that are distributed unevenly on the coating surface. The stripes should have resulted from the original stripes on the substrate surface. The particles present different shapes and sizes. The cavities generally have a round shape. According to literature [32], the formation of these particles and cavities is related to the preparation process of reactive ion plating. These particles and cavities lead to an increase in the coating surface roughness and the analysis with an optical microscope (Olympus, DSX510 (Kyoto, Japan)) shows that the roughness Sa was 0.847 μm.



SEM was used to observe the bonding between the CuNiAl substrate and the TiCN coating in addition to the cross-sectional microstructure of the coating (Figure 6). It shows that the TiCN coating has a dense structure and no internal cracks and voids can be observed. The coating is well bonded to the substrate as there are no cracks or voids in the bonding sites. The thickness of the coating is approximately 1.5 μm.



Nanoindentation tests were performed with the continuous stiffness measurement (CSM) mode using a nanoindentation instrument (Anton Parr NHT2 (Glaz, Austria)) equipped with a Berkovich indenter. A total of 10 imprints were made on each specimen for the Nano-hardness measurements. The nanohardness and elastic modulus were calculated and analyzed based on the curves obtained using the Oliver and Pharr method with a maximum load of 10 mN, loading and unloading rates of 20 mN/min and a dwell time of 10 s. Three different areas were selected on each sample for measurements to ensure data reliability.



Figure 7 shows the loading–unloading curves for the CuNiAl and TiCN coating. The hardness and elastic modulus for the CuNiAl are about 4.277 ± 0.6 GPa (mean ± standard deviation) and 193 ± 13.6 GPa, respectively and these values for the TiCN coating are 25.069 ± 1.6 GPa and 270 ± 18.5 GPa, respectively. It can be seen that the surface hardness is significantly increased after preparing the TiCN coating. According to Archard’s theory, the surface hardness is negatively related to the wear rate [33].




3.2. Friction Behavior


Friction torque curves of CuNiAl and TiCN coating fretting against 42CrMo4 under different test conditions are shown in Figure 8. All the friction torque curves show similar characteristics. The first part is the running-in phase with the friction torque rises rapidly while the second part represents a decrease in the friction torque before running into the stable stage. The reason for this decrease is the interface becoming smoother after the running in process. Besides, the generated wear debris combined with the lubricating medium formed a hydrated surface layer, which decreases the friction as a result of the low shear strength [34].



The stable friction torque was calculated by averaging the friction torque of the last 30000 cycles:


Tstab=130000[∑3000060000Ti],



(1)




where Ti refers to the friction torque of the number i cycle.



As can be seen from Figure 9a, in oil, the friction torque of CuNiAl is higher than that of TiCN coating at 43 N and 86 N, while the opposite occurs at 106 N. There suggests that the friction torque was affected by both the initial surface conditions and the generated wear debris [35,36,37]. In oil and at low normal loads, little debris was produced so the initial surface condition played a more important role. The TiCN coating surface was distributed with a large number of particles and pits. This reduces the friction torque by decreasing the actual contact area [38] so the friction torque was lower for the TiCN coating. At 106 N, the wear for both CuNiAl and TiCN coating was aggravated. In this case, the friction torque was influenced more by the wear debris. The wear rate was higher for the CuNiAl than for the TiCN coating (to be discussed in the next section) as the CuNiAl produced more wear debris. According to a previous study [39], it is difficult to reject the generated wear debris from the fretting interface and it works as a solid lubrication to reduce the friction so the friction torque was lower for the CuNiAl.



In artificial seawater, the stable friction torque is always lower for the CuNiAl than for the TiCN coating (Figure 9b). This is because the artificial seawater was highly corrosive so the wear rate for both CuNiAl and TiCN coatings are higher than that in oil [32,40]. In this case, the friction torque was also more affected by the wear debris than by the initial surface condition. The CuNiAl produced more wear debris due to the higher wear rate so the friction torque was lower for the CuNiAl due to the solid lubrication effect of the wear debris.



For the controllable pitch propeller, the influence of friction torque has two sides [14]. Reducing the friction torque ultimately reduces the energy consumption during pitch adjustment but also promotes the occurrence of fretting or an increase in the fretting amplitude. In the real application, the lubrication of the blade bearing is achieved by the oil in the hub [14].Thus, when evaluating the influence of TiCN coating on the friction torque, the data in Figure 9a should be referred to. It indicates that at low normal loads (corresponding to low rotation speeds of the propeller), the TiCN coating presents lower friction torque, indicating that the energy consumption during pitch adjustment will be reduced. The opposite will occur at high normal loads but it also permits us to avoid the occurrence of fretting or reduces the fretting amplitude.



In fact, for the blade bearing, the service life is mainly decided by the wear rate rather than the friction torque [14] as the friction has the greatest impact on the energy consumption and fretting amplitude. However, the wear leads to an increase in the assembling clearance and a decrease in the dynamic sealing property. Excessive wear rate can lead to the final failure of the blade bearing. Thus, more attention should be paid to the wear property.




3.3. Wear Behavior


The 2D profiles of the worn surfaces in oil and artificial seawater are shown in Figure 10. In oil, the wear scars of CuNiAl and TiCN coatings are narrow and shallow (Figure 10a). Specifically, the wear scar width and depth of CuNiAl are about 500 μm and 1.2 μm, respectively. The wear of TiCN coating is so slight that it can hardly be identified from the 2D profile. Figure 10b shows that in artificial seawater, the wear scars of CuNiAl and TiCN coatings have about the same width but the TiCN coating presents a maximum depth of just 1 μm (CuNiAl, about 3 μm).



In fretting tests, the wear volume and the accumulated dissipated energy are related as wear results from the work of the tangential force between the interfaces [8]. The wear volume was measured by the means of the optical digital microscope (OLYMPUS, DSX 510 (Tokyo, Japan))/ The accumulated dissipated energy was acquired by integrating the fretting loops for all the 60,000 cycles. Figure 11 and Figure 12 display the variation of wear volume with accumulated dissipated energy obtained after 60,000 cycles. It can be seen that a linear relation exists for both the CuNiAl and the TiCN coating. The slope is the energetic wear coefficient and reflects the wear resistance. For the uncoated and TiCN coated CuNiAl, the energetic wear coefficients in oil are 14,247 μm3/J and 341 μm3/J, respectively (Figure 11). In artificial seawater, they are 8541 μm3/J and 3232 μm3/J, respectively (Figure 12). Thus, after preparing the coating, the wear rate decreased by about 97.6% and 62.3% in oil and in artificial seawater, respectively. The main reasons behind this includes the generation of compression residual stress, reduction of friction force and increase in surface hardness [41]. In this study, the residual stress is not evaluated and there is even an increase in the friction torque so the reduction of the wear rate is possibly mainly due to an increase in the surface hardness.



Figure 11 and Figure 12 indicate that the TiCN coating reduces the wear rate significantly, especially in oil. The blade bearing works in oil so it can be inferred that if the TiCN coating is prepared and added to the blade bearing, the service life will be significantly prolonged.




3.4. Wear Scar Observation


In order to get an intuitive understanding of the wear degree, the wear scar was firstly observed under the optical digital microscope.



In previous studies, we have studied the optical features of CuNiAl in oil and artificial seawater [40]. As shown in Figure 13, in oil, the wear occurs mainly at the inner area of the friction interface with the wear scar that has a width of approximately 700 μm, which is much smaller than the contact width of the friction pair (2 mm). This is mainly because under flat contact, the penetration of the lubricating oil into the inner area becomes more difficult so the inner area suffered more serious wear due to poorer lubrication. The main features of the wear scar are the scratches along the relative sliding direction (Figure 13a). In artificial seawater, the wear scar was obviously aggravated compared to that in oil. In addition, the wear surface was corroded in the seawater as evidenced by the corrosion flaking pits (Figure 13b). The distribution of corrosion products can not only separate the contact area of upper and lower specimen, but also show a lubricating effect by acting as solid lubricants [42].



The wear scars of the TiCN coating in oil are shown in Figure 14. The wear of the coating surface is very slight at 43 N and 86 N (Figure 14a) with only some parallel abrasive wear marks able to be observed. These wear marks are considered to be caused by the particles falling off the surfaces, which subsequently causes a scratching effect on the surface that is embedded in the surface during the sliding process. The wear obviously increases at 106 N (Figure 14b) but the wear scar area of the TiCN coating is still much smaller than that of CuNiAl, indicating that the TiCN coating has a significantly better anti-wear property than the CuNiAl. The optical morphology of the TiCN coating worn surface in artificial seawater is shown in Figure 15, which demonstrates that both the worn surface area and the wear scar width are much larger than that in oil. Thus, there is a significant increase in the wear degree compared to that in oil.



The worn surfaces were further observed under the SEM for wear mechanism analysis. Figure 16 presents the SEM micrographs of the TiCN coating in oil. According to the previous study [16], the wear mechanisms in the presence of an oil lubricant that are responsible for causing damage to the coating layer can be classified into two groups of polishing and abrasion. In the inner area, the worn surface seems smoother than the unworn surface, indicating that the polishing wear dominated. At the edge part, delamination occurred. Furthermore, a considerable number of deep, abrasive marks can be observed along the fretting direction due to the abrasive action. It is generally believed that these marks are produced by the action of tiny fracture coating particles that are entrapped in the fretting area and act as indentures [16].



Figure 17 presents SEM micrographs of the TiCN coating in the seawater. It can be seen that there is a serious worn area that is about 300 μm wide. Many cracks are generated and some of the coatings have peeled off the surface due to delamination. With the strain hardening of worn surface, delamination occurs during the fretting process due to the nucleation and expansion of subsurface cracks. Besides, the Cl− ions in the seawater can be destructive on the passivation layer and the coating surface [32]. During wear, the coating was activated and anodic dissolution happened in the electrolyte, resulting in corrosion damage. Thus, the wear mechanism was a coexistence of mechanical wear and tribochemical wear.



From the wear scar observation, it can be seen that after 60,000 fretting cycles, the wear of the TiCN coating is very slight in oil but slightly serious in artificial seawater. Thus, it is more suitable to use the coating in oil than in seawater. As the blade bearing works in oil in the real application, it can be seen that the TiCN coating is suitable to be used for the fretting wear alleviation of the blade bearing.




3.5. Tribochemical Behaviors


Figure 18 shows the EDX patterns of the TiCN coating (Figure 16, Point A and B) in oil. It indicates that compared with the unworn zone, the Fe content increased from 0.82% to 45.89% in the worn zone while the Cr content increased from 0.06% to 0.41%, indicating that material transfer occurred from the upper specimen to the lower specimen. The S element was 1.97% on the worn surface but not detected on the original coating surface, which indicates the absorption of S on the worn surface from the lubricant.



Figure 19 shows the EDX patterns of the TiCN coating (Figure 17, Point C and D) in artificial seawater. Compared with that in the unworn zone, the O content increased from 1.31% to 14.49% in the worn zone, indicating that oxidation reaction occurred during the fretting. The Fe element content increased from 1.60% to 2.87% while the Cl element content increased from 0.05% to 0.17%, which indicated that material transfer occurred from the upper specimen and artificial seawater to the coating surface.



Besides, during the fretting process, a chemical reaction can occur between the lubricant and the friction surface, which forms complex compounds. XPS analysis was conducted to provide some insight into this after the worn specimens were ultrasonically cleaned in the alcohol to remove the contaminants. The XPS spectra of some key elements in the worn area are given in Figure 20. As shown in Figure 20a, in oil, CuO and Cu(OH)2 may be formed from copper due to the binding energy of Cu 2p at 934.4 eV. In artificial seawater, the peak of Cu 2p around 932.3 eV should be inferred as Cu, Cu2O, Cu2S or CuCl [43]. The Al 2p spectra in Figure 20b indicates that metallic Al (Al 2p3/2 at 72.8 eV and Al 2p1/2 at 73.2 eV), Al2O3 (76.1 eV) and/or Al(OH)3 (76.0 eV) may exist although there may also be other compounds formed due to the broad features [44,45]. From Figure 20c, oxides, such as MnO2, Mn2O3, MnO and Mn3O4, may be formed from manganese, which can be identified by the Mn 2p peak at 650 eV. However, this could also exist in other forms, such as MnFe2O4 and MnCr2O4 [40]. In Figure 20d, in oil, Fe 2p peaked at 720.2 eV, which is ascribed to Fe. In artificial seawater, the peak at 713.3 eV and 713.6 eV are assigned to Fe2(SO4)3 and FeSO4 respectively, indicating that sulfates were formed on the wear scars [23,44,46]. Besides, in oil, the S 2p peaks at 161.9 eV shows the presence of S2− (Figure 20e), which is attributed to sulfides, such as CuS, ZnS, TiS2 and MoS2 [47]. Furthermore, phosphates, such as AlPO4, can be formed (Figure 20f, P 2p, 133.3eV). According to a previous study [44], these sulfates and phosphates can prevent adhesion between the friction pair and reduce the friction and wear. In artificial seawater, the Cl 2p peaked at 200.4 eV (Figure 20g), indicating the existence of Cl− [48,49]. This should be assigned to CuCl2, FeCl2, ZnCl2, etc. On one hand, the chlorides have a lubricating effect [42], but on the other hand, they are highly conductive and can promote the dissolution of metals due to the electrochemical reactions [50].





4. Conclusions


With comparison to the uncoated CuNiAl, the fretting wear of PVD TiCN coating was studied experimentally under different test conditions. The main conclusions obtained are as follows:

	
The friction torque of CuNiAl was lower than that of TiCN coating in artificial seawater. This was because the CuNiAl produced more wear debris, which played the role of a solid lubricant to reduce the friction.



	
Compared with CuNiAl, the TiCN coating reduced the wear volume by 97.6% and 62.3% in oil and artificial seawater, respectively, which was mainly attributed to an increase in surface hardness.



	
In oil, the sulfates and phosphates can prevent adhesion between the friction pair and reduce the friction and wear. The worn surface was characterized by polishing wear. In artificial seawater, the wear mechanism was a combination of cracks, delamination and corrosion wear.



	
Through comprehensive research on the friction and wear properties, the PVD TiCN coating was determined to more suitable for the alleviation of fretting wear, which happens under the oil lubrication (such as the blade bearing).
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Figure 1. Assembly of a controllable pitch propeller (CPP) [14]. 






Figure 1. Assembly of a controllable pitch propeller (CPP) [14].



[image: Coatings 09 00140 g001]







[image: Coatings 09 00140 g002 550]





Figure 2. (a) Schematic of motion between the hub and blade carrier; and (b) Upper specimen. 
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Figure 3. Schematic of the test rig: 1-Upper specimen; 2-Lubricant; 3-Lower specimen; 4-Screw; and 5-Lubricant tank. 
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Figure 4. XRD patterns of the TiCN coating. 






Figure 4. XRD patterns of the TiCN coating.



[image: Coatings 09 00140 g004]







[image: Coatings 09 00140 g005 550]





Figure 5. SEM micrographs of TiCN coating surface. (a) Macro morphology; (b) Micro morphology. 
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Figure 6. Cross-section topography of the TiCN coating. 
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Figure 7. Typical loading–unloading curves of CuNiAl and TiCN coating. 
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Figure 8. Friction torque curves: (a) in oil; and (b) in artificial seawater. 
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Figure 9. Stable friction torque: (a) in oil; and (b) in artificial seawater. 
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Figure 10. 2D profile of the worn surfaces: (a) in oil; and (b) in artificial seawater (P = 106 N). 
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Figure 11. Wear volume vs. accumulated dissipated energy in oil. 
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Figure 12. Wear volume vs. accumulated dissipated energy in artificial seawater. 
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Figure 13. Optical morphologies of CuNiAl wear scars:(a) in oil; and (b) in artificial seawater (P = 106 N). 
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Figure 14. Optical morphologies of TiCN coating wear scars in oil: (a) 43 N; (b) 86 N; and (c) 106 N. 






Figure 14. Optical morphologies of TiCN coating wear scars in oil: (a) 43 N; (b) 86 N; and (c) 106 N.



[image: Coatings 09 00140 g014]







[image: Coatings 09 00140 g015 550]





Figure 15. Optical morphologies of TiCN coating wear scars in artificial seawater: (a) 43 N; (b) 86 N; and (c) 106 N. 






Figure 15. Optical morphologies of TiCN coating wear scars in artificial seawater: (a) 43 N; (b) 86 N; and (c) 106 N.



[image: Coatings 09 00140 g015]







[image: Coatings 09 00140 g016 550]





Figure 16. SEM micrographs of the TiCN coating worn surfaces in oil (P = 106 N): (a) Macro morphology; (b) Central part; (c) Edge part. 
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Figure 17. SEM micrographs of the TiCN coating worn surfaces in artificial seawater (P = 106 N): (a) Macro morphology; (b) Edge part; (c) Central part. 
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Figure 18. EDX patterns of the TiCN coating on the wear scar and original surface in oil. (a) Wear scar; (b) Original coating surface. 
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Figure 19. EDX patterns of the TiCN coating on the wear scar and original surface in artificial seawater. (a) Wear scar; (b) Original coating surface 
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Figure 20. XPS spectra on the worn surfaces: (a) Cu 2p; (b) Al 2p; (c) Mn 2p; (d) Fe 2p; (e) S 2p; (f) P 2p; and (g) Cl 2p. 






Figure 20. XPS spectra on the worn surfaces: (a) Cu 2p; (b) Al 2p; (c) Mn 2p; (d) Fe 2p; (e) S 2p; (f) P 2p; and (g) Cl 2p.



[image: Coatings 09 00140 g020]








© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Load(mN)

o

)

©

o

w

o
o1

—— TiCN— CuNiAl

50 100 150 200 250 300
Displacement Into Surface(nm)

350





media/file4.png





media/file30.png





media/file39.jpg
cuzpmzaev
" cumsudey

ATV

Binding anrayieV)

o[ —zaa]

1oom| 2, 650000,

15000,
Earraenearars £

Binding enargy(ev)

T 7o 7
[om—y

[CREa== 0 o

2200}
by szms1ew

§ 20 5
o)
et
o)

PXEET

o @S w0 16 1o
Blnding snarayo)

(g) o
P
=

T 7% 7
Binding snergyleV)

Eg





media/file18.png
] CuNiAI[  |TiCN

0.102 ( og4

0.123

0.167

(b) E0.7
zZ

1 0.056 ¢ 042
7 X %

43

86
Load(N)

N\§

106

o

3 0.6-
2

3
S 0.5-
et -
c04-
S0.3-
(N 1
50.21
3"
5 0.1-

{7 cuNiAl[ ] TiCN

0.184N

0.343

0.365

0.443

0.291

0 -
< 0.0

43

86
Load(N)

106






media/file35.jpg
Te 1
EnergytkeV)

(6)5000-

O coning e o s T
o ) i Frare
22 g 000 S lem
k) e
o] = o0 ERE
N Eai
i wee ] ool
IR ERE ) o






media/file21.jpg
wear volume(x10°um’)

80000

60000

40000

20000

—— TicN
——— CuNiAl el

A

Y=142.46X-36113

s
/ Y=3.41X-629
; | .
200 400 600 800

Accumulated dissipated energy(J)

1000





media/file26.png





media/file27.jpg





media/file3.jpg
(a) Fn






media/file22.png
wear volume(x10°um”)

80000 +

60000

40000 ~

20000 -

—— TICN
—— CuNiIAl

Y=142.46X-36113

Y=3.41X-629

p— Y

200 400 600 800
Accumulated dissipated energy(J)

1000





media/file19.jpg
O

Depth of wear track (ym)

b) 12
CuNAl ®© — Culir
- = ]
%
quMmHM £
oy 5.
H
B
i
o
L T T T T T T R S T T TR

Width of wear track({um)

Width of wear track(m)

1800





media/file7.jpg
600

500

400

El
L

300

200

100:

20

(200)
0

O TiICN
® Substrate

40
26/degree

70 80





media/file28.png





media/file10.png





media/file40.png
(a) 32000 —; (b) 5000 i
30000 ceowae| . Cu2p.9323eV 4500]  awate Al 2p.76.1 oV
28000+ Cu 2p.934 4 oV 4000 -
o~
28000-
= . = 3500/
5 24000: o] 2000
22000 -
20000 2500
18000 2000
15000 1500
920 930 940 950 980 60 85 70 75 80 85
Binding snergyieV) Binding snergy{eV}
(c) 20000 — (d) 22000 —
19000 |——s=awater 21004 seawater
18000 - Mn 2p, 650.0 G‘U\ 200001 Feo 2p,711.8 eV
= 17000 = 19000 mm‘w
o ]
16000 - 18000
15000 17000
16000 -
14000 -
625 B30 B35 64D 645 $50 655 690 700 710 720 730
Binding snargy{sV) EBinding snargy{sV)
e) 3300 . f) 3400 .
() 3200 —— (f) — 2p. 133.3 eV
3200 -
1100 $2p.161.9 eV .
g; 3000 E? ﬂﬂﬂﬂt
29001 2800 -
2800 - .
2700 - 2600 -
2800 - '
T . T . r r 2400 T r . r r
145 150 i35 160 165 170 125 130 135 140 145
Binding snergy(sV) Binding snargy(aV)
(g) 3500| seawater]
/CI 2p,198.6 eV
3400- i
-
& 32004
3000 -

m L] o L o L) = L) = L] L] bl
185 190 195 200 205 210

Binding snergyieV)

150





media/file33.jpg





media/file32.png
|






media/file14.png
| —— TICN—— CuNiAl

50 100 150 200 250 300 350
Displacement Into Surface(nm)





media/file11.jpg
coating (1.5um)

substrate






media/file6.png
— (N <t W






media/file36.png
Wear scar(point A)

Fe

Energy(keV)

Elem: | Wt%
CK 23.8
NK |18

Alk 1.06

| Original coating surface (point B)

Ti
Al

Energy(KeV)

Elem: | Wt%
CK 21.46
NK | 1579
Alk 18.92
SiK 1.74
SK 0.00
TiK 20.62
CrK | 0.06
MnK | 0.64
FeK | 0.82
NiK | 1.69
CuK | 18.26
T .
10 12





media/file15.jpg
) B
c
o

°

Tonosm

Friction torque(Nm)
<

Friction torque(Nm)
s o
S %

2 4 6
Number of Cycles 1% Number of cycles  x10*





media/file37.jpg
o
]

Wearsar ot T gl coatngsurface (ot ]

T238s56 7085
EnergylkeV)

T






nav.xhtml


  coatings-09-00140


  
    		
      coatings-09-00140
    


  




  





media/file16.png
—~~

Q

o

Friction torque(Nm)

0.0 — T (b) 0.8 —— CuNiAl-sea-43N
CuNiAl-0il-43N :
e G UNIiAL-0i-86N == CuNiAl-sea-86N
Al E ~ mm= CuNiAl-sea-106N
e CUNiAl-0il-106N - ‘
0.6 — — TICN-0il-43N | = 0.6 ] \ - TICN-sea-43N
= = TiCN-0il-86N ) ~ TiCN-sea-86N
== TiCN-0il-106N - == TiCN-sea-106N
g e A e
0.4 5 0.4 .
=
9 e e e
- o TTTE=—-—_
O ~
So2k—
L
g ) 0 ‘ .
0 2 4 6 0 2 4 6





media/file2.png
outer radial part of
blade bearing

blade foot

Blade carrier

blade carrier
Seal

' 4 /-
Tl o <«
Sliding block \' %&\\ \\\\\\\\\\\

e
B Actuating pin \ Blade foot inner radial part of
‘ 3 blade bearing





media/file20.png
Q)
g

Depth of wear track (um)

12 (
] —— CuNiAl

10- —TiCN

8-

4-

24

0 v ] v ] v ] v ] o ] s || s
0 200 400 600 800 1000 1200 1400

Width of wear track(um)

O
g

Depth of wear track (um)

| — cuNiAl

—— TiCN

0
0

300

600 900 1200 1500

Width of wear track(um)

1800





media/file23.jpg
400000

300000

200000

100000

wear volume(x10°um’)

0

——TicN
—— CuNiAl

Y=84.50X+70703 .

= Y=32.32X+68889

500

1000 1500 2000 2500 3000
Accumulated dissipated energy(J)

3500





media/file5.jpg





media/file24.png
wear volume(x10°um?)

400000

—TIiCN
1 — CuNiAl

300000 -

200000 -

Y=84.59X+70703

Y=32.32X+68889

0

500 1000

1500 2000 2500 3000

Accumulated dissipated energy(J)

3500






media/file29.jpg





media/file1.jpg





media/file31.jpg





media/file25.jpg
(b)






media/file12.png
coating (1.5um)

substrate






media/file9.jpg





media/file0.png





media/file38.png
(a)10000
8000-

6000 -

KCnts

4000 -

2000 -

0-
0

Wear scar (point C)

Al

Si

Cl

3

4

Ti

Fe ,
Mn FeNI

5 6 7
Energy(keV)

(b) 10000
Elem: | Wt%
NK | 1396
OK | 1449 8000+
AIK | 24.38 ]
Sik |29 | « 6000-
ak |017 | S ]
, vz
TiK | 21.43 4000-
MnK | 0.60
C FeK | 2.87
- NiK | 1.68 2000+
cy LCuK | 17.45
e O T
8 9 10 11 12 0

| Original coating surface (point D)

Al
Ti
N Si Ti
Cl MnFe Ni
2 4 6
Energy(KeV)

Elem: | Wt%
NK | 20.69
OK | 131
AIK | 28.33
SiK 347
CIK 0.05
TiK 22.58
MnK | 0.84
Cu FeK | 1.60
NiK 2.37
Cu CuK | 18.78
AA' ]
8 10





media/file8.png
Intensity/a.u.

600
500-.
400-.
300-
200-

100~

(200)

O TiCN
® Substrate

20

20/degree

60 70 80





media/file34.png
D






media/file17.jpg
Bl s B
Zooleme
o 43 86 106

Load(N)





