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Abstract

:

TiN/ZrN multilayers can effectively improve the erosion resistance of metals, particularly titanium alloys employed in aero engines. To explore the corrosion damage mechanism of TiN/ZrN nanoscale multilayers (nanolaminate), a novel [TiN/ZrN]100 nanolaminate coating was deposited on Ti-6Al-4V alloys by multi-arc ion plating method. Salt spray corrosion tests and hot corrosion experiment were carried out to evaluate the corrosion resistance of the coating. The corrosion and damage mechanisms were explored with the help of detailed microstructure, phase composition and element distribution characterizations. The salt spray corrosion tests showed that the [TiN/ZrN]100 nanolaminate coating possessed good corrosion resistance, which protected substrate against the corrosion. The low temperature hot corrosion tests showed that the oxidation occurred on the surface of the coating, which improved the oxidation resistance of the sample. However, the oxidized droplets squeezed the coating, and destroyed the oxidized layers. As a result, the coating was peeled off from the substrate. The research highlights the corrosion resistance of the novel TiN/ZrN nanolaminate coating and offers a support for their application in engine compressor blade.
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1. Introduction


Advanced aero engine compressor blades are mostly made up by high strength titanium alloys [1]. They are generally subjected to harsh environments, leading to serious due to erosion and corrosion damages [2,3]. This significantly limits the service of the aircraft, especially transport aircrafts and helicopters serving in deserts or oceans [4].



Anti-erosion coatings are good candidates to protect the compressor blades [5,6]. TiN/ZrN multilayer coatings have good mechanical properties [7]. They can improve the erosion resistance of metals [8]. However, the effect of TiN/ZrN coatings on the corrosion resistance of titanium alloys in extreme environments requires further work.



The corrosion behaviors of TiN and ZrN coating in salt spray environment and sodium chloride solution were studied by Chou [9], Chen [10] and Brown [11]. The result showed that the controlling parameters for TiN are thickness and defect content, and for ZrN the oxidation process of the nitride [9,10,11]. As for the hot corrosion test, researchers focus mostly on the temperature below 100 °C or higher than 500 °C. The research for coatings serving in low pressure compressor environment is rarely reported.



In this research, the nanoscale multilayer (nanolaminates) coatings of [TiN/ZrN]100 were prepared by multi-arc ion plating on a Ti-6Al-4V alloy. Their performance and damage behaviors were studied by salt spray corrosion test and hot corrosion tests. Scanning electron microscope (SEM) and X-ray diffractometer (XRD) techniques were used to understand the morphological characteristics of samples in corrosion environment.



The results show that, under 576 h salt spray test, the titanium alloy is pitting and oxidation products appear, while the TiN/ZrN nanoscale multilayer coating remains stable in morphology and composition. Under 88 h hot corrosion, the oxidation occurred on the surface of the coating, which prevented further oxidation of the material. However, the oxidative expansion of the droplets caused mechanical damage and extensive peeling of the coating.




2. Materials and Methods


The annealed Ti-6Al-4V titanium alloy was used as substrate (50 mm × 20 mm × 5 mm). Its chemical composition is listed in Table 1. Figure 1 shows the XRD diffractogram of Ti-6Al-4V alloy. After the polishing procedure, the surface roughness Ra was less than 0.02 μm (SJ-201P Roughmeter, Mitutoyo, Kawasaki, Japan). Deionized water, acetone and alcohol were used for ultrasonic cleaning. Nanolaminate coatings were prepared on the surface of Ti-6Al-4V alloy by using a multi-arc ion plating equipment. The processing parameters of the coating are listed in Table 2.



TiN/ZrN nanolaminate coatings were prepared by multi-arc ion plating method, as schematically shown in Figure 2. The modulation period was 50, and the thickness ratio of TiN layer to ZrN layer was 1:1. The targets were 99.99% purity Ti and Zr (the diameter is 100 mm and the thickness is 40 mm, 20 mm away from substrate), and the reaction gas was 99.999% pure N2. Controlled vacuum chamber pressure was less than 2 × 10−3 Pa before deposition. After adding −1000 V bias voltage to clean the substrate, the Ti layer with a thickness of 1 μm was deposited (bias voltage −200 V, Ar 0.2 Pa). During the deposition, N2 pressure was controlled at 1.0 Pa. Cathode bias voltage was −100 V, and arc current 100 A. The deposition rate of the coating was about 100 nm/min.



The salt spray corrosion was carried out inside the YWX-015 salt spray corrosion system (Changzhou Ke Mei Experimental Instrument Co., Ltd., Changzhou, China). The samples were placed in a chamber at 35 °C under an aqueous spray (a 5 wt.% sodium chloride solution with a pH between 6.8 and 7.2) at a rate of 1–3 mL/h·80 cm2. The total spay time was 576 h, and the spray (24 h)-drying (24 h) procedure was alternatively conducted for 12 cycles. The surface of samples was observed by scanning electron microscope (SEM, TESCAN-MIRAⅢ, TESCAN ORSAY HOLDING, a.s., Brno-Kohoutovice, Czech Republic), and the composition was analyzed by X-ray diffractometer (XRD, Philips X’pert, Royal Dutch Philips Electronics Ltd., Amsterdam, the Netherlands).



Low temperature hot corrosion tests were performed on the TiN/ZrN nanolaminate coatings and the uncoated substrate with the same size inside a muffle furnace. A hot corrosion cycle commenced by coating 2 mg/cm2 salt film of Na2SO4/NaCl (95:5, w/w) mixture, and then exposing the samples at 300 °C for 4 h. The samples were cooled down in static air, and were washed by distilled and deionized water. After being dried, the tested samples were weighed carefully. After that, a fresh salt film was recoated prior to the next cycle in furnace. The total exposure time was 88 h. The sensitivity of the balance used in the work was 0.1 mg. The value of mass loss was calculated based on Equation (1).


  δ G =  (   m i  −  m 0   )  / S  



(1)




where δG is the mass loss of the sample; mi is the weight after hot corrosion; m0 is the weight before the test; and S is the superficial area of the sample. SEM, EDS and XRD were carried out to analyze the results.



SEM and EDS analysis were carried out by TESCAN-MIRAⅢ. The XRD equipment used for the analysis was Philips X’pert diractometer (Royal Dutch Philips Electronics Ltd., Amsterdam, the Netherlands) equipped with, Cu Kα, graphite monochromator. The operating voltage was 40 kV and the current 40 mA.




3. Results and Discussion


3.1. Coating Characterization


Figure 3 illustrates the surface and cross-sectional morphologies of TiN/ZrN nanolaminate coatings. The coating possessed the typical golden appearance of TiN and ZrN. As shown in Figure 3b, the coating had a distinct multilayer structure and the layers were also visible. The dark and bright layers correspond to TiN and ZrN layers, respectively. The total thickness of the coating was about 10 μm. The top layer of the coating was TiN. Single TiN or ZrN layer was coated with the same thickness (100 nm). To enhance the substrate/coating bonding, a buffer layer (Ti), with a thickness of 1 μm, was deposited on the substrate.



According to the X-ray diffraction investigations (Figure 4), both the TiN and ZrN phases were face-centered cubic structures. The preferred growth orientations of the phases were [111] direction, consistent with the design.




3.2. Salt Spray Corrosion


The salt spray test was used to simulate the corrosion behavior of the samples in the marine atmosphere. The surface morphology and micrograph of Ti-6Al-4V alloy exposed to a salt spray environment for 576 h are shown in Figure 5a and Figure 6, respectively. The metallic luster was still maintained on the surface of the sample. Small pits with the maximum diameter about 15 μm were also observed, which indicates that the pitting corrosion was the damage mode of Ti-6Al-4V alloy under the salt spray environment.



XRD pattern of Ti-6Al-4V alloy after 576 h exposure to salt spray environment is presented in Figure 7. The XRD studies showed that the corrosion products were Ti2O and TiO2; Ti, Ti2O and TiO2 phases were observed.



Ti-6Al-4V alloy is corrosion-resistant in highly corrosive environments. It was reported that the titanium alloy could form a protective oxide scale under different environmental conditions, such as simulated chemical, marine and industrial environments below 50 °C. The degradation mode is uniform corrosion, pitting and crevice corrosion [12].



The surface morphology and micrograph of the coating exposed to a salt spray environment for 576 h are shown in Figure 5b and Figure 8, respectively. The coating maintained the original golden appearance. There were no obvious changes to the surface morphology. Furthermore, defects such as droplets and pores were maintained. Based on the analysis of SEM images, the coating was not susceptible to pitting corrosion.



XRD pattern of the coating after 576 h exposure to salt spray environment is presented in Figure 9. According to X-ray diffraction, TiN and ZrN phases with the preferred [111] orientation were observed, which is the same as in Figure 4.



The result shows that TiN/ZrN nanolaminate coating deposited on the surface of Ti-6Al-4V was stable in the salt spray condition.



In salt spray condition, corrosion protection by the alternating structured of TiN/ZrN provided improved corrosion resistance for the substrate. TiN does not react significantly with the environment, and can be regarded as a barrier effect of the inert coating to prevent the contact of the aggressive ions with the substrate. In this case, the defects in the coating can provide a diffusion channel for the aggressive ions, leading to the contact of the ions with the substrate, and causing the corrosion of the substrate, eventually. Therefore, TiN layer is highly sensitive to defects [13,14] and the coating quality is then the controlling parameter for corrosion protection. In contrast, nitrogen in ZrN can be replaced by oxygen to form ZrO2, or oxygen is present in ZrN as a Zr-O-N layer [11], thereby forming a protective layer to prevent further corrosion of the sample by the environment [15,16]. Therefore, ZrN is less sensitive to defects, which makes up for the deficiency of TiN.



The existence of TiN layers prevented the contact of most aggressive ions from the substrate, thus delaying the corrosion process. However, the reaction between substrate and environment may occur, considering the penetration of the electrolyte through the defects of TiN. In the TiN/ZrN nanolaminate coating, on the one hand, defects such as droplets, pores or crevices might be neutralized or “masked” by the multilayer structure, making the corrosion agents’ path longer or blocked [17]; on the other hand, aggressive ions lost their transport path because of the insensitivity to defects of ZrN layers. This corrosion process is shown schematically in Figure 10.




3.3. Low Temperature Hot Corrosion


The test was used to simulate the corrosion behavior of materials in high temperature corrosive environments during engine operation [18]. The weight of the samples was measured at the end of each cycle and the mass loss was calculated. Figure 11 shows the weight loss of Ti-6Al-4V as a function of time, showing several stages. Planes were indicated in all three stages. Initially, the weight of Ti-6Al-4V was increased obviously (0.05 mg·cm−2) and then rapid weight decrease occurred after the sample was maintained under corrosion condition for 24 and 64 h, and reached 0.06 mg·cm−2 at the end of the test. At the first stage of Ti-6Al-4V sample in Figure 11, the increased weight was a result of the oxidation reactions. Although the peeling of oxidation film occurred, the exposure time was not long enough to cause an extensive damage of the film. The area of peeling was much less than oxidation area, thus the weight variation of sample was dominated by oxidation.



As for TiN/ZrN nanolaminate coating, it was observed that the weight remained invariable (weight increase 0.01 mg·cm−2) in the first 20 h and then decreased approximately linearly with time, with a slope of 0.003 mg·cm−2·h−1), and reached to 0.24 mg·cm−2 at the end of the test.



Figure 12 is the surface morphologies of the Ti-6Al-4V alloy and the TiN/ZrN nanolaminate coating after hot corrosion for 88 h. The Ti-6Al-4V alloy lost its metallic luster, indicating an oxidation behavior of the surface. The TiN/ZrN coating lost its golden luster, and the surface was darkened.



XRD pattern of Ti-6Al-4V titanium alloy after 4 h exposure to hot corrosion environment is presented in Figure 13. Ti2O, TiO2 and Na2SO4 were the only phases found in the spectrum. The appearance of Na2SO4 on the surface was probably due to the remaining salt film. Oxidation products (Ti2O and TiO2) occurring on the surface confirms the extensive oxidation reaction during the initial stage.



Figure 14 displays the SEM image of the sample. The pattern was divided into three regions. Region A showed oxide scale formed on the surface with an even appearance. Its chemical composition was Ti-7.35Al-1.97V-35.79O (wt.%). Region B showed fresh material exposed after the oxide film was peeled off. Its chemical composition was Ti-10.64Al-4.36V (wt.%). Region C showed oxidation products containing more oxygen than Region A. Its chemical composition was Ti-3.59Al-1.93V-0.20Na-0.05S-64.02O-0.08Cl (wt.%). According to the XRD pattern in Figure 13, Region C contains phases from salt film, as it was the only region containing Cl and S. Al was enriched at all three regions, due to the segregation during oxidation reaction.



It is reported that, during the oxidation process at high temperature, oxidation products of less noble metal would form an outer oxide layer, because of the outward diffusion of less noble metal [19,20]. Since Al is more active than Ti, it was enriched at all three regions. Generally, the oxidation film formed on the surface of titanium alloy has a layered structure with weak bonding between interlayer. The peeling of oxidation film leads to the exposure of the fresh material, thus forming Region B.



Figure 15 is the XRD diffractogram of Ti-6Al-4V alloy after hot corrosion for 88 h, in which Al2O3 phase appeared, indicating that the Al segregation and alloy oxidation were aggravating.



Figure 16 displays the SEM image of Ti-6Al-4V titanium alloy after 88 h exposure to hot corrosion environment. The pattern was divided into two regions. Region A, whose chemical composition was Ti-6.68Al-0.74V-40.39O (wt.%), possessed a relatively flat appearance. Comparing to the initial stage, the Al and O contents were increased, confirming that the segregation and oxidation phenomenon were more obvious with time. Region B, whose chemical composition was Ti-2.27Al-1.38V-3.49Na-0.24S-0.24Cl-65.59O (wt.%), contained a few cracks. The zone evolved from the Region C in Figure 9. Oxidation produces vulnerable areas on the surface, which led to the initiation propagation of cracks under the effect of cyclic thermal stress. The corrosion appearance was thus formed.



This stage corresponded to the third part of Ti-6Al-4V sample in Figure 11. Platforms of the curve were associated with the rapid rate of oxidation and the periodic peeling of the film. Oxygen content was not changed significantly with increasing corrosion time (contrast Region A in Figure 16 with Region A in Figure 14, Region B in Figure 16 and Region C in Figure 14), indicating that the oxidation of the material was saturated at this time. Therefore, the weight variation of sample was dominated by the peeling of oxidation film under the effect of cyclic thermal stress.



XRD pattern of TiN/ZrN nanolaminate coating after 4 h exposure to hot corrosion environment is presented in Figure 17. It was similar to the original pattern shown in Figure 4. The coating exhibited better oxidation resistance than substrate. Figure 18 displays the SEM image corresponding to the sample. There were some spots on the surface of the coating, whose chemical composition was Ti-21.12Zr-14.30N-35.46O-0.45Na (wt.%). This should be oxidation product of the coating. The chemical composition of other areas was Ti-16.10Zr-59.51N (wt.%), without the phenomenon of oxidation.



This stage corresponded to the first 20 h of the coating sample in Figure 11. There were only a few areas where oxides appeared, distributing randomly. Its adsorption of oxygen was much smaller than that of Ti-6Al-4V, and no obvious transformation of component or morphology appeared. Therefore, the weight increased slightly at this stage.



According to Figure 19, the oxidation of the coating was not obvious. XRD diffractogram of TiN/ZrN coating after hot corrosion for 88 h was also similar to before the test.



Figure 20 displays the SEM image of TiN/ZrN nanolaminate coating after 88 h exposure to hot corrosion environment. Region A, whose chemical composition is Ti-13.68Zr-69.32O (wt.%), was the central zone. The N in the TiN can be completely replaced by O when the ambient temperature is higher than 600 °C [21]. Region A was the corrosion product of the metal droplets produced during the preparation of the coating. In general, the ratio of the volume of the metal oxide film and that of the metal to be consumed, which are formed by the oxidation of Ti and Zr to TiO2 and ZrO2, is 1.95 and 1.51, respectively. The droplets expanded due to oxidation, and the coating was thus squeezed and peeled off.



Region B, whose chemical composition was Ti-14.46Zr-36.71N-29.63O (wt.%), contained concentric rings. Region C, whose chemical composition was Ti-16.18Zr-45.95N-15.31O (wt.%), was the undamaged area of the specimen. These regions were formed with the participation of the oxidation reaction. It is shown that TiN/ZrN nanolaminate coating tended to be oxidized under the condition. Reasons for the different results between XRD and EDS analysis are explained below.



It corresponded to the stage where the sample weight decreased linearly with time. When the TiN/ZrN coating was oxidized, bending of layers, stratification with separation and loss of strength occurred, because of the volume fraction changes of TiN and ZrN layers [22]. The droplets oxidized and expanded with time, and the coating nearby was squeezed. Meanwhile, these areas were vulnerable points in the coating, which led to peeling of the coating. The peeling was continuous as the droplets expanded and the coating oxidized constantly, leading to the linear weight decrease after the initial slight increase.



The oxidation of ZrN can proceed at room temperature [23], ZrN possesses a good oxidation resistance due to the stable oxidation scale. However, the thickness of the scale increases with exposure time and temperature of the environment, leading to phase transformation of TiO2. This provides fast diffusion paths of oxygen and hence decreases the oxidation resistance [24]. TiN can also be oxidized at 300 °C, it has been reported that the process is controlled by the temperature dependence of the oxygen diffusion, which is different from ZrN and easier to be oxidized [25].



The structure of TiN/ZrN multilayer coating seems to improve the oxidation resistance of TiN and ZrN coating. The free energy of oxide formation of TiN is higher than that of ZrN, which means ZrN layers are oxidized more easily than TiN layers. Thus, the oxidation process of the next TiN layer would be prohibited, unless ZrN layer is oxidized completely [26]. The mechanism of layered oxidation relieved thermal stress and avoided the peeling caused by growth stress during the oxidation. Meanwhile, [111] texture in the surface layers was proved to play a significant role in preventing the inner layers from oxidation, which improved the oxidation resistance of TiN/ZrN multilayer coatings [27]. According to Figure 20, it is obvious that the coating peeled layer by layer, indicating that its oxidation should also be layered.



The temperature and exposure time can dominate the influence depth of oxygen. Since the XRD analysis has a certain testing depth, it is possible that the layered oxidation on the coating surface cannot be captured when the corrosion conditions are not aggressive enough, causing the difference between the XRD and EDS analysis.



It is obvious that, even though the oxidation of TiN/ZrN coating may lead to bending of layers, stratification with separation and degradation of strength, it was not the direct cause resulting in peeling of the coating. The oxidation weakened the coating, and then droplets expanded due to oxidation. The coating was thus squeezed and peeled off, decreased the sample weight obviously. Figure 21a–c presents schematic diagrams of the corrosion process of TiN/ZrN coating in hot corrosion environment.



According to the curve in Figure 11, although the apparent material loss of Ti-6Al-4V alloy was significantly less than that of TiN/ZrN nanolaminate coating, the coating could still protect substrate against the corrosion in certain condition.



The surface of Ti-6Al-4V titanium alloy was extensively oxidized at the beginning of corrosion, resulting in the sample weight increase. However, the existence of oxide film could not prevent the further oxidation of the sample. Due to the damage process of oxidation on the surface, oxide film peeling, and oxidation of fresh material, the weight of the sample changed in stages and the material gradually oxidized and peeled off.



As for TiN/ZrN nanolaminate coating, the peeling of the coating was result of the oxidation of the coating and the squeezing caused by the oxidation and expanding of droplets, and the mode was mechanical. Meanwhile, the corrosion process occurred only in the coating, and the substrate was not directly exposed to the environment, which prevented the corrosion and oxidation of the substrate. The TiN/ZrN nanolaminate coating may not be applicable in erosion–oxidation conditions, in which the oxidized layers are likely to be destroyed. It is reasonable to improve the hot corrosion resistance and reduce the peeling of the coating by improving the quality of the coating and reducing the number of droplets.





4. Conclusions


Multi-arc ion plating method was used to deposit [Tin/ZrN]100 nanolaminate coating on a Ti-6Al-4V alloy. The coating thickness was about 10 μm. To study the corrosion resistance of the coating under the service conditions of the compressor, corrosion behavior of the coating in spray salt and low temperature hot conditions was evaluated. The results can be summarized as follows:




	
The coating exhibited good corrosion resistance in aggressive conditions. After 576 h spray salt corrosion test, the composition and appearance of coating were not significantly changed. After 88 h low temperature hot corrosion test, the coating was oxidized and the oxidized layers might protect substrate against the corrosion and oxidation.



	
The oxidation and expansion of droplets led to squeezing and peeling of the coating in low temperature hot condition. The low temperature hot corrosion resistance of TiN/ZrN nanolaminate coating could be effectively improved, by improving the quality of the coating and reducing the number of droplets.
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Figure 1. XRD diffractogram of TiN /ZrN coatings. 
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Figure 2. Schematic image of the deposition chamber. 






Figure 2. Schematic image of the deposition chamber.



[image: Coatings 08 00400 g002]







[image: Coatings 08 00400 g003 550] 





Figure 3. The morphology of (a) surface of the coating and (b) cross section. 
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Figure 4. XRD diffractogram of TiN /ZrN coatings. 
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Figure 5. The morphology of (a) Ti-6Al-4V titanium alloy, and (b) TiN/ZrN coating after salt spray corrosion. 
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Figure 6. SEM image of Ti-6Al-4V titanium alloy after salt spray corrosion for 576 h. 
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Figure 7. XRD diffractogram of Ti-6Al-4V titanium alloy after salt spray corrosion for 576 h. 
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Figure 8. SEM image of TiN/ZrN coating after salt spray corrosion for 576 h. 
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Figure 9. XRD diffractogram of TiN/ZrN coating after salt spray corrosion for 576 h. 
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Figure 10. Schematic diagram of the corrosion process of TiN/ZrN coating in salt spray environment. 
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Figure 11. Comparison of the mass loss trend for Ti-6Al-4V substrate and TiN/ZrN coating. 






Figure 11. Comparison of the mass loss trend for Ti-6Al-4V substrate and TiN/ZrN coating.



[image: Coatings 08 00400 g011]







[image: Coatings 08 00400 g012 550] 





Figure 12. The hot corrosion surface after 88 h of (a) Ti-6Al-4V substrate and (b) TiN/ZrN coating. 
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Figure 13. XRD diffractogram of Ti-6Al-4V alloy after hot corrosion for 4 h. 
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Figure 14. SEM morphology of Ti-6Al-4V titanium alloy after hot corrosion for 4 h. 
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Figure 15. XRD diffractogram of Ti-6Al-4V alloy after hot corrosion for 88 h. 






Figure 15. XRD diffractogram of Ti-6Al-4V alloy after hot corrosion for 88 h.



[image: Coatings 08 00400 g015]







[image: Coatings 08 00400 g016 550] 





Figure 16. SEM morphology of Ti-6Al-4V titanium alloy after hot corrosion for 88 h. 
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Figure 17. XRD diffractogram of TiN/ZrN coating after hot corrosion for 4 h. 
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Figure 18. SEM image of TiN/ZrN coating after hot corrosion for 4 h. 
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Figure 19. XRD diffractogram of TiN/ZrN coating after hot corrosion for 88 h. 






Figure 19. XRD diffractogram of TiN/ZrN coating after hot corrosion for 88 h.
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Figure 20. SEM image of TiN/ZrN coating after hot corrosion for 88 h. 






Figure 20. SEM image of TiN/ZrN coating after hot corrosion for 88 h.
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Figure 21. Schematic diagram of the corrosion process of TiN/ZrN coating in hot corrosion environment. (a) Oxidation of the surface; (b) Layered oxidation and crack propagation; (c) Squeezed and peeled off. 
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Table 1. Chemical composition of Ti-6Al-4V titanium alloy (wt.%).
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	Fe
	V
	Al
	C
	O
	N
	H
	Ti





	0.10
	4.00
	5.70
	0.02
	0.05
	<0.01
	<0.001
	Bal.
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Table 2. Processing Parameters.






Table 2. Processing Parameters.





	N2 Pressure (Pa)
	Bias Voltage (V)
	Arc Current (A)
	Coating Thickness
	Layer





	1.0
	−100
	100
	10 μm
	100
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