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Abstract:



NiCrAlY coating was prepared on a stainless steel substrate by an arc ion plating machine and the annealing experiments were carried out at different temperatures using a tube furnace. The effects of annealing temperatures on the morphology, structure, chemical composition and phase structure of the coating were characterized by SEM, EDS and XRD, respectively. The change of microstructure is discussed. Dynamic mechanical analyzer results determined the suitable annealing temperature for the best damping performance. The effect of annealing temperature on the microstructure and damping properties of NiCrAlY coating are also discussed. The relationship between annealing temperature and damping properties are explained by microstrcuture, grain size and phase structure.
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1. Introduction


As the modern aeroengine gradually develops to be resistant to high temperature, high pressure and high rotating speeds, the problem of fatigue breakdown of key components caused by overvibration has become prominent. It has been confirmed that one main reason for the failure within an aircraft engine is high cycle fatigue [1,2]. Therefore, it is urgent to suppress the vibration effectively and reduce the damage resulting from it. There are three common methods to solve the problem of vibration, which are system damping, material damping and structural damping [3] System damping is to install a damping shock absorber in the system, but this is not suitable for the harsh environment. Structural damping is to apply coating to the affected parts to prepare a reliable composite structure. Due to its advantages of light weight and a simple structure, the traditional viscoelastic polymer coating is used widely [4]. However, the low working temperature and the vulnerability limit its further application. Therefore, research into the damping properties of hard coatings has gradually aroused the interest of researchers [5]. Representative hard coatings include NiCrAlY coating and other ceramic coatings [6,7,8]. NiCrAlY coating is the main component of thermal barrier coating; its anti-oxidation properties at high temperature have been widely studied and applied [9,10,11]. However, some researchers found that NiCrAlY coatings also have excellent damping properties in addition to their thermal insulation properties. Yu [12] prepared NiCrAlY coatings by plasma spraying and the damping properties of the coating have been discussed. The damping mechanism of the interaction between the substrate and the coating has also been proposed. Obrtlík [13] studied the low cycle fatigue behavior of thermal barrier coatings at 900 °C, and discussed the difference between the fatigue behavior of the coating and that of the uncoated substrate.



The working environment of aircraft engine blades is very harsh [14,15]. As a key part of thermal barrier coating, the study of the mechanical properties of the NiCrAlY coating is very important. Some researchers have reported much work on this [16,17,18]. Ghidelli [19,20] studied the measurement method of residual stress and fracture mechanics of the coating. Although the NiCrAlY coating has been extensively studied by many researchers, the research on the damping properties of NiCrAlY coating is still not sufficient, and more research is required. There are a few reports about the effect of processing parameters such as vacuum annealing on the damping properties of NiCrAlY coating. Vacuum annealing can not only refine the grain and change the microstructure of the coating, but also lessen the microscopic defects of the coating.



In this paper, the NiCrAlY coating was prepared on the substrate by arc ion plating, and the coating samples were annealed under different annealing temperatures. The microstructure, phase structure and chemical composition of the coating samples were characterized by scanning electron microscopy and X-ray diffraction. Moreover, the damping properties of the coatings were measured by dynamic mechanical analyzer. The test results offer a basis for the analysis of the effect of annealing temperature on the microstructure and damping properties of NiCrAlY coating.




2. Materials and Methods


The NiCrAlY coating was deposited on stainless steel substrates (60 mm × 10 mm × 0.5 mm) by arc ion plating (FMA90/80 Top-Eastern Vacuum TECH. Co. LTC., Dalian, China). The target was 60Ni-33.7Cr-4.5Al-1.8Y (wt %) alloy. The stainless steel substrate obtained by wire cutting was fully pre-treated before the preparation. The surface of the substrate was polished with sandpaper to remove the surface oxides, and the substrate surface was processed by polishing instrument. Before being loaded into the equipment, the substrate was cleaned by ultrasonic in acetone solution. Pretreatment can increase the adhesion of the coating to the substrate and the corresponding mechanical properties of the coating [21,22].



Before the Ar gas (99.99% pure) entranced, a pressure of 1 × 10−3 Pa was obtained in the sputtering chamber by a turbo molecular pump. The working pressure was 1 Pa and the distance between the substrates and the target was 100 mm. The arc current was 60 A and the substrate bias was 200 V. The deposition time was 2 h and the deposition thickness was 15 μm. After deposition, the samples were annealed at 873, 973, 1073, 1173 and 1273 K for 2 h at the pressure of 3 × 10−3 Pa (Figure 1). The annealing experiment employed a JKQF-13000 tube annealing furnace (Jinan Precision Scientific Instrument and Meter Co. Ltd., Jinan, China).


Figure 1. Test samples after vacuum annealing.
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The elemental composition was determined through energy dispersive spectrograph analysis (SSX-550 Shimadzu, Kyoto, Japan). The microstructure of the coating was observed by X-ray diffraction (PW3040/60 PANalytical B.V, Almelo, Holland)with Cu Kα1 radiation (λ = 1.5406 Å) and a 2θ angle was in the range of 5°–90° with a step size of 0.033°.The surface morphology of the coatings was observed by scanning electron microscope (SSX-550 Shimadzu, Kyoto, Japan). The CSM hardness scratch tester (CSM Instruments SA, Buchs, Switzerland) was used to test the bonding force between the coating and the substrate.



In order to characterize the basic damping properties of coating samples, proper methods must be considered. The damping properties of hard coating were usually characterized as damping capacity (Q−1). The Q−1 was tested by dynamic mechanical analyzer (DMA) according to the three-point bending method. The test temperature was 30 °C.



The dissipation of the external energy is the embodiment of the damping property of the coating.



According to the definition of complex modulus [23]:
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Q−1 is the damping coefficient (known as the loss factor) of the coating, which can be expressed as the ratio of dissipated energy and stored energy in each cycle of vibration. The relationship can be expressed as:


[image: ]



(3)




E* is the complex modulus, E′ is the real parts of the complex modulus, called storage modulus.
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E″ is the imaginary parts of the complex modulus, called loss modulus.
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In which E″ and E′ are loss modulus and storage modulus.



Loss factor Q−1 is commonly used to characterize the damping properties of the coatings. The increasing of loss factor Q−1 means the better damping performance of the coating.




3. Results


3.1. Analysis of Binding Force and Hardness


A CSM hardness scratch tester was used to test the bonding force between the coating and the substrate. The load range of the test instrument was 50–500 mN. Since the binding force of the NiCrAlY coating and the stainless steel substrate is relatively large, there was no coating falling off or delamination phenomenon on the surface of the coating when the scratch tester was loaded to 500 mN. Therefore, the adhesion force between the NiCrAlY coating and the stainless steel substrate was higher than 500 mN, and the combination was ideal. The morphology of the NiCrAlY coating specimen under the CSM scratch tester is shown in Figure 2. The binding force between the coating and the substrate of the samples prepared at different annealing temperatures is similar, and the value of the coating is more than 500 mN.


Figure 2. Morphology of NiCrAlY coating sample after the scratch tester testing.
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The hardness of the coating was tested by the CSM hardness scratch tester. Figure 3 shows the surface hardness of the samples at different annealing temperatures. There is no definite rule for the hardness of the coating with the change of annealing temperature. The hardness of the material is closely related to the atomic arrangement of the constituent materials, the number of grain boundaries, the types of elements, and the thermal treatment process. The change of the vickers hardness value (HV) of the NiCrAlY coating may be related to the Cr content of the coating. The surface hardness is the largest when the highest Cr content is 1273 K.


Figure 3. Vickers hardness of NiCrAlY coating.
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3.2. Structural Study


The phase structure of the NiCrAlY coating will change obviously after the vacuum heat treatment. In order to study the change, the surface of the coating was analyzed by XRD. The results are shown in Figure 4.


Figure 4. XRD diagram of NiCrAlY coating prepared at different vacuum annealing temperatures.



[image: Coatings 08 00020 g004]






The deposited NiCrAlY coating without vacuum annealing consists of γ-Ni, β-NiAl, and α-Cr phases. The diffraction peaks are sharp and high. The phase structure of the NiCrAlY coatings are unchanged after vacuum annealing at 873 K and 973 K. The higher intensity of the diffraction peaks confirmed the improvement of the crystallinity of the coating after vacuum annealing. The γ′-Ni3Al phase was precipitated in the coating at 1073 K and 1173 K. According to the isothermal sections of Ni-Cr-Al ternary phase diagram, it is concluded that during the vacuum heat process the reaction: γ-Ni(Cr) + β-NiAl → γ′-Ni3Al + α-Cr happened. However, the γ zone significantly enlarged when the temperature is elevated further. The increased intensity of the γ′-Ni3Al diffraction peak suggests that the content of γ′-Ni3Al improved significantly.



The grain size can be calculated by the Scherrer formula.
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In which K is the Scherrer constant. K = 0.89, βhkl is the half width of diffraction peak, λ is the X wavelength of XRD used for testing, λ = 0.154059 nm, θ is the diffraction angle, D is the grain diameter. The full width at half maximum (FWHM) of the characteristic peak was selected for the calculation of the grain size.



Table 1 shows the grain size of the coatings at different annealing temperatures. Compared with the unannealed coating, the grain size of the NiCrAlY coating is obviously increased by annealing. With the increase of annealing temperature, the particles of the coating particles turn to be obviously agglomerated. The size of the grain will become larger when the grain is regrown.



Table 1. Grain size of the NiCrAlY coating calculated by Scherrer.







	
Annealing Temperature

	
βhkl

	
Diffraction Angle (θ)

	
Grain Size (nm)






	
873 K

	
0.292248

	
43.97749

	
0.65197




	
973 K

	
0.227304

	
43.84206

	
0.836341




	
1073 K

	
0.194832

	
43.76009

	
0.974395




	
1173 K

	
0.227304

	
43.73519

	
0.83485




	
1273 K

	
0.194832

	
43.66181

	
0.972643




	
Unannealing

	
0.32472

	
44.00944

	
0.587164











3.3. Surface Morphological And Compositional


Figure 5 shows the surface microstructures of NiCrAlY coating at different vacuum annealing temperatures.


Figure 5. Surface morphology of NiCrAlY coating prepared at different vacuum annealing.
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It was observed that the coating without vacuum annealing was composed of metal drops. The surface of the coating is granular, and the surface particles show an obviously agglomerated trend. Many unevenly sized pellets cause the rough surface. At the annealing temperature of 873 K and 973 K, the particles have a tendency to mutual fusion. Metal drops fused together. The melting of different particles inside the coating causes the release of internal stress between particles, which make many micro-cracks and voids on the surface of the coating. Micro-cracks and large pores appear on the surface. When the annealing temperature is at 1073 K, the surface of the coating melts obviously, and the surface of the coating becomes flat. Defects in the coating can be filled. When the annealing temperature is over 1073 K, there are no obvious boundaries between the coating particles, which means that the particles of the coating surface are interfused at a high annealing temperature.



The chemical composition of the coating was measured by EDS (Figure 6). The process of vacuum annealing will cause the diffusion of elements. At 873 and 973 K, The average weight percent (wt %) of Ni, Cr and Al in coating has no obvious change compared to that in the coating without vacuum annealing. When the annealing temperature is over 1073 K, the Cr element in the coating diffuses to the substrates, and the Al element diffuses from the substrates to the coating, which results in the increase of Cr and the decrease of Al. According to the results of the EDS analysis, at different annealing temperatures, the elements in the coating diffuse, which causes an irregular change in the surface elements of the coating. As for the results of XRD, the production of a new crystal structure leads to large changes in the surface elements of the coating.


Figure 6. Energy spectrum of NiCrAlY coating prepared at different vacuum annealing temperatures.
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3.4. Damping Properties


In the frequency-scanning test of the loss factor of the NiCrAlY coating, the operating temperature was 30 °C, the strain was 0.05% and the frequency range was 115–180 Hz. Figure 7 shows the result.


Figure 7. Damping capacity with different vacuum annealing temperatures at 0.05% strain.
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In the process of increasing frequency, damping values of samples show a nonlinear fluctuation between 0.005 and 0.011, which relate to the natural frequency of the substrate material.





4. Discussion


The result of the CSM show the binding force between coating and substrate over 500 mN under the different annealing temperatures, which proves a good combination between the coating and substrate. By analyzing the XRD results, Ni3Al appeared at 1073 K. It is reported that the Ni3Al structure has a reticulum which can lead to energy consumption by internal friction when external motivation acts on the coating [24]. It can be seen from Figure 4 that the content of Ni3Al gradually increases with the increase of annealing temperature. In theory, this is beneficial to the damping properties. However, the coating at the annealing temperature of 1073 K showed the best damping performance under the vibration frequency from 115 to 180 Hz. Therefore, there are still other microstructures which have a significant effect on the damping performance.



According to Figure 5, the surface of the NiCrAlY coating possesses both a large melt drop structure and suitable crystalline particles refined by annealing at the annealing temperature 1073 K. In the condition of low annealing temperature or no annealing, the melt state is filled with microscopic defects such as micro-voids and micro-cracks in the process of the formation of large surface-melting particles. There are no advantages to improving the damping performance of the coatings. The enhancement of the annealing temperature can lead to the increase of grain size and the refinement of the coating surface obviously, this is proved by the surface morphology of the coatings annealed at 1173 K and 1273 K in Figure 5. Research has shown that the increase in grain size is not conducive to the improvement of the coating damping performance [25].



Therefore, the coating constituted by the reticulum, suitable grain size and sufficient microscopic defects shows the best damping performance at the annealing temperature of 1073 K. This kind of structure can improve the damping performance of the coating through the interface slip and grain boundary friction energy dissipation under the condition of excitation.




5. Conclusions


In this paper, the effect of vacuum annealing on the damping properties of an NiCrAlY coating was investigated. The NiCrAlY coating prepared by arc ion plating had good bonding force. The damping value of the sample shows a nonlinear fluctuation with the increasing temperature. The best damping performance was exhibited at 1073 K in this paper. The reduction of small particles and defect structures was caused by the increased annealing temperature. When the annealing temperature is 1073 K, the coating forms an Ni3Al phase, which has a reticulum structure.



When the annealing temperature is 1073 K, under the action of external load, the defect structure and Ni3Al reticulum structure of the coating can achieve the dissipation of the external load, which is conducive to the improvement of the damping properties of the coating.
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