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Abstract

:

In order to improve the wear resistance of TC11 titanium alloy, a mixture of ZrN (10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%) and TC11 alloy powders are laser cladded on a forged TC11 substrate. The microstructure and wear property of coatings are systematically analyzed. The results show that the microstructure of sample with 10 wt.% ZrN addition has a very fine α + β two-phase microstructure, powders of ZrN are fully melted with no new phase appearance. By increasing the amount of ZrN to 20 wt.%, new phases of TiN0.3 precipitate with the dendritic morphology in the coating. A further increase in ZrN to 30 wt.% and 40 wt.% do not significantly change the microstructure of the cladded layer but increase the microhardness significantly, phases of TiN form with further enhancement of coating hardness. At the bottom of the cladded layer, the morphology of TiN0.3 and TiN precipitations changes into a spherical shape with small size. However, the wear performance of the coatings gradually reduces due to the increase of brittleness, and the superior wear properties of the coating are achieved when sample consisted of 20 wt.% ZrN.
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1. Introduction


TC11 titanium alloy has the advantages of low density, high strength, and excellent corrosion resistance, and it is usually used in the manufacture of large and complex parts such as compressor discs for aircraft engines [1,2,3,4,5]. However, TC11 titanium alloy has low surface hardness with poor wear resistance, which greatly limits its application [6]. Surface modification techniques such as vapor deposition, surface carbonitride, and laser surface treatment are commonly used to improve the wear resistance of titanium alloy [7]. However, traditional carburizing and nitriding may cause the change of microstructures in the alloy, while the bonding strength between the cladding layer and substrate is always very poor when using chemical vapor deposition (CVD) method and physical vapor deposition (PVD) method [8]. The processing times of conventional coating techniques are always long [9]. Laser cladding technology is a newly developed surface modification technology, which can rapidly melt and solidify the pre-mixed powders to obtain a cladding layer with excellent properties. Meanwhile, the bonding strength between the coatings and substrate are excellent, and the coating thickness can be easily adjusted by changing the powdering feeding rates and processing parameters [10,11,12,13].



Due to excellent wear properties of ceramic, ceramic phase-enhanced composite coating is always used to improve the wear and corrosion resistance of the titanium alloy. For example, Lin et al. [14] used TiB2 to enhance the wear property of TC4 titanium alloy by using laser cladding technology. It was found that the bulk and needle-like titanium borides were precipitated in situ from the molten alloy during solidification. However, due to the fast cooling rate during laser cladding and large hardness differences between reinforced particles and substrate, cracks will easily generate in coatings. For example, Shishkovsky et al. [15] used laser cladding technology to prepare a high hardness Al2O3-reinforced Ti-6Al-4Vcoating, but a large number of micro-cracks appeared in coatings with the unsatisfied property.



For titanium alloys, the element of Zr has a similar atomic radius and lattice structure with Ti atoms, which easily form a solid solution. N is an interstitial element that could offer high strengthening effect in titanium. When the contents of N excess its solid solution limit, nitrides are precipitated in alloy, which can further strengthen the matrix [16], because the interface between these in situ phases and alloy matrix is coherent, which will not easily pull out during wear [17]. As it is well-known, ZrN is widely used in the coating of tool steels to improve their wear resistance [18,19,20,21,22]. For example, Floroian et al. [20] and Dias et al. [21] synthesized ZrN wear-resistant coating on the surface of titanium alloy to improve the corrosion resistance of the alloy matrix. In a previous study, Yang et al. [22] indicated that ZrN powders (<12 wt.%) could fully melt and completely dissolve in TC11 alloy, which enhances the microhardness and wear resistance of coating without changing the microstructures of the substrate. In addition, the oxidation resistance of nitride is excellent [23], and the solid-solution N in the alloy matrix can also increase the oxidation properties of the coating [24]. In this study, high amount of ZrN powders (10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%), are added into TC11 alloy to further enhance its wear property by in situ forming titanium nitride. Then, the microstructure of the coating, coating/substrate interface, and heat affected zone were analyzed. Moreover, the hardness and wear resistance of the coating were characterized.




2. Materials and Methods


The substrate selected in this paper is a forged TC11 titanium alloy plate with a size of 100 mm × 75 mm × 40 mm. ZrN powder was mixed with TC11 powder (shown in Figure 1) in a ratio of 10 wt.% (10ZrN), 20 wt.% (20ZrN), 30 wt.% (30ZrN), and 40 wt.% (40ZrN). The mixed powders were mixed on a ball mill (QM-2SP12-CL) at a rotation speed of 200 rev/min for 1 h. After that, powders were evenly coated on the TC11 substrate, and then a high-energy CO2 laser beam was applied on the surface of mixed powders. Based on a previous study [22], the optimized processing parameters were used in this study with a power of 6 kW, a spot diameter of 5 mm, and a scanning speed of 600 nm/min. During the entire laser cladding process, an inert gas is applied for protecting the oxidation of alloy. Finally, a uniform crack-free cladding layer having a thickness of 2 mm is coated on the surface of TC11 alloy.



The microstructure of coatings was characterized using an optical microscope (OM, LEICA DM4000, Wetzlall, Germany), scanning electron microscope (SEM, JSM6010, JEOL, Tokyo, Japan), and a JEOL, JXA-8100 electron probe micro-analyzer (EPMA). Phases in samples were characterized using a Rigaku D/MAX-2500 X-ray diffractometer (Tokyo, Japan). The microstructure of the coating was observed using backscattered electron images, and the composition of coating was analyzed by EPMA. The microhardness of the samples was measured by a Constant-FM800 microhardness tester (Tokyo, Japan) with a test load of 500 g, a loading time of 10 s, and an average of three measurements were used for the microhardness tests. In order to characterize the hardness of the TiN and the matrix, nano-indentation test (Bruker UMT-2 nanoindentor, Billerica, MA, USA) was performed with a maximum load of 50 mN and dwell time of 10 s. Meanwhile, the Pin-on-disc dry sliding wear tests were conducted on a Plint TE-92 wear tester (Phoenix Tribology Ltd, Berkshire, UK) to analyze wear resistance of coatings. The GCr15 bearing steel was selected as the grinding pair. The test parameters were listed: Sample size Φ = 7.8 × 20 mm2, load 30 N, testing time of 60 min, the line speed is 0.5 m/s, the rotation speed is 200 rpm, the wear test distance is 1800 m, and an average of three measurements were used for the wear tests. The wear resistance of the material is characterized by mass loss and the change of morphology of worn surfaces.




3. Results


3.1. Microstructures and Compositions


The microstructure of coatings with different ZrN additions is shown in Figure 2. When the addition amount of ZrN is 10 wt.%, coating shows a uniform α + β basket-weave microstructure without the observation of new phase, which is consistent with the results of Yang et al. [22]. When the addition amount of ZrN increases to 20 wt.%, precipitations with dendritic morphology start to precipitate from the matrix with α + β basket-weave microstructure. Moreover, the number of dendritic precipitations increase with an increase in the amount of ZrN. The backscattered electron analysis results shown in Figure 3 indicate that the shape of precipitates changes from the dendritic morphology to spherical shape at the bottom of the coating.



EPMA analysis results of the compositions of the alloy at different locations in Figure 3 are listed in Table 1. As it can be seen that the substrate contains high amount of solid-solution Zr (11.61 wt.%, N is a light element which could not be measured accurately by EPMA). At the top of the layer, the phase with dendritic morphology contains around 22 wt.% Zr (position A), and spherical phase in the bottom has the highest Zr contents of around 30 wt.% (position B).



XRD results of coatings are different, see Figure 4. It can be seen that when there is an addition of 10 wt.% ZrN in the coating, there is no new phase form, and the main phases are an α-Ti phase and β-Ti phase. Moreover the solid-solution of Zr and N in the coating does not cause the broadening of peaks but leads to the shifting of α-Ti phase and β-Ti phase towards low angle region about 2°. When increasing the ZrN addition to 20 wt.%, a new phase of TiN0.3 was formed (non-stoichiometric TiN compound, N-deficient solid solution). For samples containing 30 wt.% and 40 wt.% ZrN, besides of TiN0.3 phase, precipitation of TiN appears. According to the research carried out by Yu et al. [25], Ti and N can form TiNx compounds with varying N contents: x = 0.3 to 1. Sridar et al. [26] state that the element of Ti, Zr, and N can completely miscible at 2000 K, the possible phases in the Ti-Zr-N system is (Ti,Zr) (N,Va), where Va states the vacancy. In this study, high Zr concentration is detected in the titanium nitrides, according to the EPMA results. Hence, the new phases appearing in this study should be (Ti,Zr)N0.3 and (Ti,Zr)N.



Figure 5 shows the microstructure changes of 30ZrN sample from the coating to the substrate. The overall microstructure can be divided into three parts as coating, heat affected zone (HAZ), and matrix. As mentioned above, dendritic precipitations only appear on the top of the coating, and at the bottom of the coating, the morphology of precipitates changes into a spherical shape. The average Zr concentration for sample 30ZrN from the coating to the substrate is listed in Figure 6. As it is shown, the average Zr concentration in the coating is around 25 wt.%, and then it gradually decreases towards the metal substrate by forming a transition zone with a thickness of around 200 μm at the coating-substrate interface. The HAZ consists of equiaxed grains with α + β basket-weave microstructure.




3.2. Microhardness and Wear Resistance


Microhardness of the coatings with different ZrN additions is illustrated in Figure 7. All the coatings have high hardness, and by increasing the ZrN concentration, the hardness increases from 350 Hv for TC11 substrate to 800 Hv for coating with 40 wt.% ZrN addition. When the addition of ZrN exceeds 30 wt.%, a further change of ZrN concentration does not cause a continuous increase of hardness in the coatings. Increasing the distance from the coating, the microhardness gradually drops. Attributed to the element diffusion, the sample of 40ZrN has the widest transition zone thickness (~1000 μm). In addition, nano-indentation results indicated in Figure 8 show that the titanium nitride has a very high hardness of 9.7 Gpa, and due to the strong solid-solution effects of Zr and N elements, the metal matrix also has a high hardness of 7.38 Gpa.



After the wear test, the mass loss of the different coatings is illustrated in Figure 9. It can be seen that the mass loss of the substrate is 96(±2.7) mg, after addition of 10 wt.% of ZrN, the weight loss dramatically decreases to 54(±1.90) mg. With further increase in the ZrN to 20 wt.%, the weight loss continued to decrease to 50(±2.50) mg. However, when the addition amount of ZrN exceeds 30 wt.%, the weight loss of the coating increases again with similar weight loss observed in the sample of 40ZrN and substrates. Sample 20ZrN shows the best wear resistance and mass loss, which is only one-half of the titanium alloy matrix.



The wear surface of the coating and the morphology of wearing debris are indicated in Figure 10. It can be seen that after the wearing test, the surface of TC11 alloy without coatings has very rough microstructures with many debris. After addition of ZrN for 10 wt.%, the surface of the coating becomes smoother, only some scratches are observed on the surface with decreased of size of the debris. The 20ZrN sample has the smoothest surface with the smallest debris. Similar to the weight loss, the further addition of ZrN to 30 wt.% and 40 wt.% cause the increasing roughness of the coating after the wear test. Sample of 40ZrN has similar surface morphology as the original TC11 substrate.





4. Discussion


4.1. Microstructure Evolution at Different ZrN Additions


In this study, different amounts of ZrN are mixed with TC11 powders to form coatings with in situ formations of titanium nitride precipitations to improve the wear resistance of the titanium alloy. Titanium nitride is also reported to have other benefits to improve the oxidation resistance of titanium alloys [27], and coatings are supposed to have good oxidation properties.



When the additional amount of ZrN less than 10 wt.%, both Zr and N elements can completely solid solution in TC11 alloy. When the ZrN addition amount exceeds 20 wt.%, phases of (Ti,Zr)N0.3 precipitate out from alloy matrix with dendritic microstructure. Further increase of ZrN contents to 30 wt.% and 40 wt.% will increase the number of titanium nitride phases, and the volume fraction of (Ti,Zr)Nx could reach to around 60% in the coating when 40 wt.% ZrN is added.



However, microstructures of the coatings at cross-sections indicate that the morphology of titanium nitride changes from the dendritic structure to spherical structure at the location close to the bottom of the coating (close to the coating/heat affected zone boundary). In addition, the observation in Figure 11 indicates that the precipitations in the bottom are small with high density. As the distance increase away from the bottom, the size of precipitation increases, and some of them already have a dendritic shape with under-developed arms. Since there is no evidence is found about the existence of original ZrN particles (un-melt) in the coatings. The change of morphology of precipitations may occur due to the change of solidification times, or due to the Marangoni flows in the molten pool during solidification [28]. As it was known, the bottom of the coating is the first place to solidify with very fast cooling rate (~105 K/s) [29], and the temperature gradient (G) in this region is also very high, resulting of a comparably low G/V ratio, where the V states solidification velocity. The morphology of precipitations is dependent on the G/V ratios. For example, planner growth is enhanced for the large G/V ratio, and for low G/V ratio, equiaxed dendritic growth of precipitations is preferred [30]. Hence the (Ti,Zr)Nx precipitates with equiaxed morphology only appear at the areas close to the bottom of the molten pool. Besides, the solidification condition of molten pool is very complicated, and the fluid turbulence [27] may cause the dendrite to break or disturb the growth of dendrite, leading to the formation of equiaxed (Ti,Zr)Nx precipitates.




4.2. Effect of Different ZrN Addition on the Friction and Wear Properties of Coatings


The microhardness of the coatings with different ZrN additions is shown in Figure 7. All the laser cladded samples exhibited high microhardness. With the increase of ZrN addition, the microhardness of the coating increases from 530 Hv (10ZrN) to 800 Hv (40ZrN). The increasing hardness of the coatings may both come from the precipitation strengthening effect of new precipitated (Ti,Zr)N0.3 and (Ti,Zr)N phase, see Figure 8 (nano-indentation test), and from solid solution strengthening of Zr and N elements (the alloy matrix has high hardness of 7.38 Gpa). However, there is an obvious increase of microhardness observed at the bottom of the coating in sample 20ZrN, 30ZrN, and 40ZrN, which contained the titanium nitride strengthening phases. By careful calculation of the fraction of precipitation phases, the top of the layer contains of 56 vol.% of titanium nitride, and for the bottom of the layer, it contains higher amount of titanium nitride of 62%. Therefore, the high hardness of the coating at the coating/substrate interface may attribute to finer (Ti,Zr)Nx precipitations with higher density. In addition, the residual stress in coatings may also cause an increase of hardness in the coatings [31,32]. However, comparing with the larger strengthening effect from precipitations and solid-solution elements, the attribution of the results stress that the hardness can be ignored.



Although microhardness of the coatings increases with increasing ZrN contents, wear resistance of the coating increases firstly and then shows a decreasing tendency. The coating has the best wear resistance when the amount of ZrN is 20 wt.%. When the addition amount exceeds 30 wt.%, coatings become very brittle (both due to the high solidification of Zr and N element and the large quantity of (Ti, Zr)Nx precipitates). During wearing test, coating easily delaminated, which may attribute both the solid-solution effect from elements (especially N) and the weak bonding between precipitation and TC11 matrix.





5. Conclusions


In this paper, ZrN reinforced titanium-based composite coating was prepared on the surface of titanium alloy by laser cladding technology. This paper focuses on the change of microstructures and wear resistances of samples. The conclusion is as follows:

	
New precipitation such as TiN0.3 and TiN are in situ precipitated in the coating when the addition of ZrN exceeds 20 wt.%. TiNx based precipitates have dendritic morphology at the top of the coating, and which change to a spherical shape at the bottom of the molten pool.



	
As the ZrN contents increase, the hardness of the coating increases significantly. The increase in microhardness of the coating is mainly due to the in situ formation of TiNx reinforcing phase and solid solution strengthening of elements such as Zr and N.



	
The enhanced microhardness of the coatings could improve the wear properties, and high amount of ZrN addition (20 wt.% ZrN) will lead to embrittlement of the coatings; then, their wear resistance degrades.
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Figure 1. SEM micrographs of (a) TC11 powders and (b) ZrN powders. 






Figure 1. SEM micrographs of (a) TC11 powders and (b) ZrN powders.



[image: Coatings 09 00261 g001]







[image: Coatings 09 00261 g002 550]





Figure 2. Microstructures of the coating with different ZrN additions (a) 10 wt.% (10ZrN), (b) 20 wt.% (20ZrN), (c) 30 wt.% (30ZrN), and (d) 40 wt.% (40ZrN). 
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Figure 3. Backscattered electron micrograph of the coating of 30ZrN at different locations; (a) at the top of the coating and (b) at the bottom of the coating. 
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Figure 4. XRD spectra of the coatings and substrate. 
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Figure 5. (a) Optical microscope (OM) microstructures of the cross-section of sample 30ZrN, SEM image of (b) the top of the coating, (c) the bottom of the coating, (d) heat affected zone (HAZ), and (e) forged titanium alloy substrate. 
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Figure 6. Elemental distribution at different distance away from surface (30ZrN). 
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Figure 7. Microhardness of samples with different ZrN additions. 






Figure 7. Microhardness of samples with different ZrN additions.



[image: Coatings 09 00261 g007]







[image: Coatings 09 00261 g008 550]





Figure 8. (a) Nano-indentation load-depth curves for precipitations (TiN) and matrix of 30ZrN, and (b) hardness of precipitations (TiN) and matrix of 30ZrN. 
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Figure 9. Mass loss of different coatings after pin-on-disc dry sliding wear test. 






Figure 9. Mass loss of different coatings after pin-on-disc dry sliding wear test.



[image: Coatings 09 00261 g009]







[image: Coatings 09 00261 g010 550]





Figure 10. Surface morphology of coatings after dry-sliding wear test (a) substrate, (b) 10ZrN, (c) 20ZrN, (d) 30ZrN, and (e) 40ZrN. 
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Figure 11. Change morphology of precipitations in coatings (30ZrN). 
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Table 1. Electron probe micro-analyzer (EPMA) analysis of different position components of the coating of 30ZrN.
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	Position
	Zr wt.%
	Ti wt.%
	Al wt.%





	A
	22.10
	77.54
	0.36



	B
	30.65
	68.64
	0.71



	TC11Titaniumalloy matrix
	11.61
	82.32
	6.07
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