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Abstract

:

Titanium alloys are considered lightweight alloys and are widely applied across various industries. However, their low hardness, poor wear resistance, and limited oxidation resistance restrict their prospects for wider application. In this paper, nitride coatings were prepared using three preparation processes, namely laser surface nitriding (LSN), physical vapor deposition (PVD), and plasma ion implantation (PII). Their microstructure, microhardness, tribological behavior, and high-temperature oxidation characteristics were compared. The experimental results revealed that nitrided coatings were successfully prepared using the three methods. However, a comparison of these data shows that the LSN coating exhibited superior comprehensive performance. It achieved the maximum thickness within the shortest preparation time: the thickness was about 280 μm and the deposition rate of the LSN method was 2250 and 90,000 times higher than those of the PVD and PII methods. Nitrides have high hardness, but the carrying capacity could be attributed to the thickness of the coatings: the PVD coating could withstand a force of 500 g, while the PII coating only withstood a force of less than 25 g. In addition, as hardness is the most important factor for excellent wear resistance, the average volumetric wear rate of the LSN and PVD coatings was about 9 × 10−6 mm3/m·N, and their relative wear resistance was 49.2 times that of Ti6Al4V. Meanwhile, the excellent bond between the LSN coating and the substrate was evidenced by a high-temperature oxidation test during a rapid heating–cooling cycle.
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1. Introduction


Titanium and its alloys have the advantages of low density, high strength, good corrosion resistance, etc., and they are used in the automobile, aerospace, military, and biomedical industries [1,2,3,4]. However, low hardness and susceptibility to wear limit their wide application [5,6,7]. Especially in aerospace, a complex service environment (ocean or desert zone) can cause a deterioration of mechanical properties and early failure [8,9,10]. Therefore, the requirement for lightweight in key transmission pairs restricts the use of titanium alloys in aircraft [11]. To meet the needs of industrial applications, titanium alloys should be enhanced for excellent wear resistance through different methods, such as novel materials development, surface alloying, and coating techniques.



A novel Ti alloy with high hardness was designed by Chen, P.H. [12]. The refractory high entropy alloy Ti30Hf20Nb20Ta10V10Mo7W3, with excellent wear resistance, was designed by Wei, Q. [13]. The Cu element was added to the Ti-10Mo alloy to improve microhardness and tribo-corrosion resistance [14]. Two medium-entropy alloy coatings were prepared on a CP-Ti sheet by pulsed laser cladding, achieving a hardness of 762 HV and a specific wear rate of 1.7 × 10−5 mm3·N−1·m−1 [15]. A NiTi coating was prepared by the tungsten inert gas (TIG) cladding process, resulting in a microhardness of 680 HV0.05 to enhance the wear resistance of the Ti6Al4V substrate [16]. Pure boron powders were pre-placed on the surface of the Ti6Al4V substrate, and high-hardness TiB, AlTi, AlTi2, and AlTi3 were precipitated to improve wear resistance [17]. An oxygen-charging method was employed to fabricate β-Ti alloys with ultrahigh surface hardness and exceptional wear resistance [18]. In addition, laser shock peening was performed to enhance the impact wear behavior of the Ti6Al4V substrate [19]. The ball burnishing process was applied to minimize the friction coefficient and increase micro-hardness, achieving a specific wear rate decrease of 52% as compared to Ti6Al4V [20]. The duplex treatment of plasma Ti alloying and plasma nitriding was applied to prepare a TiN coating, thus resulting in better wear resistance on the surface of the C17200 alloy [21]. Rossi et al. reported that a hard surface was created on different titanium alloys by plasma nitriding treatment and compared their microhardness and wear resistance [22]. Compared with the aforementioned surface modification methods, surface nitriding treatment is one of the simplest methods to enhance wear resistance. However, it could introduce new issues, such as high costs or long manufacturing cycles.



In this paper, to obtain a coating with high hardness for wear resistance, three nitriding methods were employed, namely laser surface nitriding (LSN), physical vapor deposition (PVD), and plasma ion implantation (PII), to deposit coatings on the Ti6Al4V substrate. Scanning electron microscopy (SEM), X-ray diffraction (XRD), and energy dispersive spectroscopy (EDS) were applied to analyze the microstructure and phases. The relationship between the thickness and deposition time was discussed to assess the thickness and deposition efficiency of the coatings. Microhardness and tribological behaviors were measured using a Vickers hardness tester and a high-temperature friction-wear machine. Meanwhile, the bonding strength was explored by high-temperature oxidation testing. And the microstructure, mechanical properties, and tribological behaviors of the coatings deposited by different methods were compared in detail.




2. Materials and Methods


A Ti6Al4V alloy was used as the substrate in this work, cut into rectangular blocks measuring 20 mm × 20 mm × 5 mm. The surfaces of all samples were polished using metallographic sandpaper with 400, 800, 1200, 1500, 2000, and 5000 mesh and polishing suspension with 0.5 μm diamonds, followed by drying for use. Firstly, the HEMII-80 ion implanter (Plasma Technology Ltd., Hong Kong, China) was utilized to conduct N ion implantation, as depicted in the schematic diagram reported in Refs. [23,24]. Before implantation, the plates were sputter-cleaned using argon plasma ion bombardment. During implantation, N2 was introduced into the vacuum chamber, maintaining N plasma at a power of 900 W, a working pressure of 8 × 10−2 Pa, and a gas flow of 25 mL/min. Ion implantation was conducted at an accelerating voltage of 2 kV for 2.5 h at a base pressure of 1 × 10−3 Pa, with an N ion implantation dose of ~4 × 1017 ions/cm2. Secondly, a TN target was supplied by Beijing Hezong Technology Co., Ltd., and a TSU-650 multifunctional coating machine (PVD technique, as in a previously reported schematic diagram [25]) was used to prepare the TiN coating. This process included a substrate bias voltage of ~100 V, target current of 1.3 A, a deposition time of 300 min, a duty cycle of 50%, a target base distance of 170 mm, and a substrate temperature of 300 °C. Thirdly, the XL-500 Laser cladding system (Guangzhou Xinglai Laser Technology Co., Ltd., Guangzhou, China) was adopted, equipped with a 500 W laser with a pulse width of 10–50 ns. The laser parameters included a power of 36 W, a scanning speed of 1800 mm/min, and a lapping rate of 90%; the deposition time was about 3 min (a similar schematic diagram was reported in Ref. [26]). In addition, the reaction atmosphere of high-purity N2 at 99.99% with a 10 L/min flow rate was maintained during laser surface nitriding. The treated samples are referred to as PII, PVD, and LSN coatings, with detailed deposition method information presented in Table 1.



Microhardness on the surface of different coatings was measured using a Vickers hardness tester (Micro Vickers HV1000Z, MEGA INSTRUMENTS, Shanghai, China). Various forces of 10 g, 25 g, 100 g, 200 g, and 500 g were applied to obtain the microhardness value and carrying capacity. For each coating, 5 points were measured, and their average value was taken as the final result. The high-temperature friction-wear machine (HT-1000, Zhongke Kaihua, Lanzhou, China) was employed to measure wear characteristics [27], with testing parameters set as follows: a friction force of 3 N, a friction speed of 500 r/min, a rotation radius of 4 mm, a friction time of 30 min, and a φ6 mm Si3N4 counterpart ball. And then the mechanical profiler was utilized to delineate the wear tracks, and the average wear volume was calculated based on data collected four times at quarter positions. The volume wear rate was expressed by the equation w = V/(F·L) [28], where w is the volume wear rate (mm3/m·N), V is the wear volume (mm3), F is the friction force (N), and L is the run length (m). To explore the bonding between the coatings and substrate, an individual oxidation test was performed in an electric resistance furnace, similar to the test reported in Ref. [29]. Firstly, the furnace temperature was heated and stabilized at 700 °C. Secondly, the samples were placed in the furnace for holding times of 5 and 10 h, and the surface characteristics after high-temperature oxidation were characterized using a digital camera.



A high-energy X-ray diffractometer (HE-XRD, D8 discover, Bruker, Karlsruhe, Germany), using Cu-Kα radiation (λ = 0.15418 nm), was employed to examine the phase constitutions of the coatings deposited by different methods. The device was operated at 40 kV and 80 mA over a 2θ range of 30–80°, with a scanning rate of 2°/min. The microstructure of the surface and cross-section was characterized by scanning electron microscopes (SEM, TESCAN MIRA three LMH/LMU, Brno, Czech Republic). In addition, energy-dispersive X-ray spectroscopy (EDS) was utilized to determine the elemental distribution in the cross-section.




3. Results and Discussion


Figure 1 shows the XRD patterns of the samples deposited by different methods. The phase components of the three coatings differ significantly owing to different preparation processes. High crystallinity occurs on the surface of the sample fabricated by laser surface nitriding. The black line in Figure 1 indicates that abundant titanium nitride (TiN), a few aluminum nitride (AlN), and hcp-Ti can exist on the coating. The PVD coating exhibits broad peaks indicating, on the one hand, that crystallinity is relatively low under the current parameter conditions. On the other hand, a single peak contains three peaks from different phases; for example, the (111) crystal plane (111) of Vanadium nitride (VN), (111) of TiN, and (100) of hcp-Ti appear at ~36°. However, abundant hcp-Ti is discovered on the surface of the PII sample, with only a small presence of TiN and AlN detected. When comparing the three samples, the peak intensity of hcp-Ti gradually increased from the LSN coating to the PII coating. This can be because a difference exists in the thickness and surface characteristics of the coatings.



Just as shown in Figure 2, the surface and cross-section microstructure of the samples with different methods used. High energy can contribute to the reaction region where nitrides are formed in situ owing to the embedment of supersaturated N2. Obvious laser scanning traces are visible on the surface of the LSN sample, as shown in Figure 2a; the width between the two traces is about 100 μm, and holes and cracks appear. The surface roughness is also the maximum because of the violent fluctuation within the molten pool caused by high energy density. Meanwhile, the cross-section morphology shows obvious stratification in the coatings, consisting of a loose upper layer, a compact middle layer, and a transition layer, with a total thickness of about 280 μm. The deposition rate is determined by the relationship between the thickness and deposition time, with the values for LSN, PVD, and PII coatings being 70, 0.04, and 0.001 μm/min, respectively. This indicates that the deposition rate of the LSN coating is the highest, as shown in Table 2. Figure 2b reveals that some lateral and longitudinal cracks are present within the upper and middle layers. During X-ray diffraction testing, X-rays cannot penetrate the thick coating completely, resulting in a lower peak intensity of hcp-Ti in the sample fabricated by laser surface nitriding.



In the PVD sample, surface defects approximately ~20 μm in size are evident, as shown in Figure 2c. These defects can peel out during the preparation process. However, the cross-section morphology reveals that the ~11 μm coating is precipitated. It is incredibly dense, with a clearly defined interface between the coating and the Ti6Al4V substrate, as shown in Figure 2d. Just like the existence of the surface defects, a relatively high peak intensity of hcp-Ti is observed relative to the LSN sample. But fortunately, cracks were never discovered in the samples fabricated by PVD and plasma ion implantation. Due to the deposition rate of plasma ion implantation, only a 190 nm nitride layer is formed on the PII sample. Therefore, higher intensities of the hcp-Ti peaks are detected, indicated by a red line.



Figure 3 shows the elemental distributions in the line scanning of the cross-section for three samples. For the LSN sample, the upper layer includes AlN and TiN, but the TiN ratio can be higher in the transition layer, as shown in Figure 3a. More interestingly, an obvious AlN layer approximately 400 nm thick appears on the upper surface, and the AlN layer reappears at the interface between the coating and the Ti6Al4V substrate, as shown in Figure 3b. For the PII sample, VN can form in the 0.5–0.75 μm range from the top surface of the coating. These nitrides can contribute to microhardness and wear resistance. The microhardness of different samples under various forces is shown in Figure 4 and Table 3. The microhardness of Ti6Al4V is only 341.2 ± 8 HV0.2; the microhardness values for PII, PVD, and LSN samples increase by 7%, 257.2%, and 274.1%, respectively. These values do not explain why the PII sample has low microhardness. We believe the coating of the PII sample is too thin to withstand the force. Therefore, a series of microhardness measurements were performed with different forces. The measured results reveal that a microhardness of 1260.8 ± 13 HV is obtained on the surface of the PII sample under the force of 10 g, with the average diagonal length on the top surface of the micro-indentation being about 3.88 μm according to the measured results (the facial angle of the indenter is 136°), yielding an indentation depth of about 554 nm. This depth is 2.9 times the thickness of the PII coating, yet the PII coating still has a preferable carrying capacity during the hardness test process. When the force is increased to 25 g, there is a 40.7% reduction in microhardness compared to the force of 10 g, with the depth of the indentation exceeding 1.1 μm, which indicates that the carrying capacity is weakened at 25 g. Table 3 reveals that the carrying capacity of the PVD sample can be up to 500 g, and that of the LSN sample can be higher than 500 g, but testing above 500 g was not carried out owing to the rough surface.



It is well-known that hardness is one of the most important factors for wear resistance. Figure 5 shows the macro-scale morphology of the samples deposited by different methods. There is a huge difference in the characteristics of the wear tracks. A width of 1.16 mm is observed in the Ti6Al4V substrate, accompanied by a metallic color. A similar phenomenon occurs in the PII sample, with a width also about 1.16 mm and a metallic color, which indicates that the carrying capacity is low owing to the smaller thickness of the coating. The wear tracks of the PVD and LSN samples show a coated color. The width of the PVD and LSN samples decreased by 45.7% and 37.9%, respectively. This reveals that the coatings can withstand a wear force of 3 N given a certain thickness, and relatively excellent wear resistance is present in the PVD and LSN samples. Combined with the outline of the wear tracks in the different coatings, the most severe wear is seen on the Ti6Al4V substrate, where the depth of the wear track exceeds 30 μm. The nitride coatings can contribute to a relatively shallow wear track owing to their resistance to a 3 N wear force. However, in the PII coating, insufficient resistance can be caused by the ultrathin nitride coating, thus resulting in a depth of ~20 μm. Interestingly, the PVD and LSN coatings have excellent wear resistance with a wear track depth of ~1 μm, as shown in Figure 6. The volume wear rate was also obtained and is shown in Figure 7. A volume wear rate of 444 × 10−6 mm3/m·N is observed in the Ti6Al4V, while the volume wear rates for the PII, PVD, and LSN coatings are 305 × 10−6 mm3/m·N, 8.96 × 10−6 mm3/m·N, and 9.02 × 10−6 mm3/m·N, respectively. Their relative wear resistance is 1.45, 49.5, and 49.2 times higher than that of the Ti6Al4V substrate.



In addition to affecting hardness and wear resistance, the coating characteristics also contribute to high-temperature oxidation resistance. The affinity between titanium and oxygen is considerably high at high temperatures [30]. Ref. [31] reveals that a poor bond between the oxide layer and the base material causes serious spalling; this observation is consistent with our work, as shown in Figure 8a. For the LSN sample, obvious exfoliation is never observed in the LSN coating, but the oxidation phenomenon can occur in localized regions, as shown in Figure 8b. Vast areas of the nitride coating peel off after 5 h of oxidation, and a new oxide layer forms in the spalled areas, as shown in Figure 8(c2). This could be due to the preparation process; a clear interface between the PVD coating and Ti6Al4V substrate is noted, and poor bonding is an important factor causing spalling, owing to the hardness difference between the coating and substrate [32]. In addition, higher thermal stress can be another important factor for the failure of the coating during rapid heating–cooling cycles. The most important reason for spalling might be that some defects within the coating [25] act as channels for oxygen entering the substrate, primarily causing oxidation at the substrate, and the coating may crack and peel off owing to internal expansion caused by the formation of abundant oxides. A metallic bonding is evident between the PII coating and the substrate. Therefore, high-temperature oxidation resistance is relatively higher; spalling begins at the surface edges after 5 h oxidation and continues to spread to the entire surface, as shown in Figure 8(d2).




4. Conclusions


In this paper, three coatings were prepared using LSN, PVD, and PII on the Ti6Al4V. The microstructure, microhardness, wear behaviors, and high-temperature oxidation resistance were measured, and the main conclusions are as follows:




	
The nitriding coatings were successfully prepared. The LSN coating had the greatest roughness and thickness, with a thickness of about 280 μm, while the thicknesses of the PII and PVD coatings were 190 nm and 11 μm, respectively. The deposition rates for the LSN, PVD, and PII methods were about 90 μm/min, 0.04 μm/min, and 0.001 μm/min, respectively.



	
Owing to the thickness differences, the carrying capacities of the coatings varied significantly. The PII coating withstood forces of less than 100 g during microhardness testing. Relative to Ti6Al4V, the microhardness increased by 7%, 257.2%, and 274.1%, respectively.



	
Hardness and carrying capacity contribute to the wear resistance of the coatings. The volume wear rate of the Ti6Al4V substrate was only 4.44 × 10−4 mm3/m·N. The relative wear resistance of the PII, PVD, and LSN coatings was 1.45, 49.5, and 49.2 times higher than that of the Ti6Al4V substrate. The PVD and LSN coatings exhibited a wear rate of ~9.0 × 10−6 mm3/m·N.



	
Surface defects were present in the PVD coating; these could lead to the formation of oxides, which in turn could cause the coating to spall owing to differences in hardness, internal expansion, and thermal stress. Despite the presence of cracks in the LSN coating, it still had the best high-temperature oxidation resistance because a thick, dense layer impeded oxygen penetration. The excellent high-temperature oxidation resistance could be attributed to the metallurgical bonding.
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Figure 1. XRD patterns of the samples deposited by different methods. 
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Figure 2. Surface and cross-section morphology of the samples deposited by different methods. (a,b) LSN; (c,d) PVD; (e,f) PII. 
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Figure 3. EDS elemental distribution in the cross-section of the samples deposited by different methods. (a) LSN; (b) PVD; (c) PII. 
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Figure 4. Microhardness of the samples deposited by different methods. 
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Figure 5. Macro-scale morphology of the samples deposited by different methods after friction-wear testing. 
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Figure 6. The outline of the wear tracks for the coatings deposited by different methods. 
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Figure 7. Average volume wear rate of the coatings deposited by different methods. 
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Figure 8. High-temperature oxidation of the samples deposited by different methods at 700 °C. (a) Ti6Al4V; (b) LSN; (c) PVD; (d) PII. 
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Table 1. The working parameters of three deposition methods.






Table 1. The working parameters of three deposition methods.





	
Method

	
Process Parameters






	
LSN

	
Power

	
Scanning speed

	
Lapping rate

	
Deposition time

	
N2 Flow rate




	
36 W

	
1800 mm/min

	
90%

	
3 min

	
10 L/min




	
PVD

	
Target

	
Target distance

	
Substrate preheat

	
Target current

	
Bias voltage

	
Deposition time

	
Duty cycle




	
TiN

	
170 mm

	
300 °C

	
1.3 A

	
~100 V

	
300 min

	
50%




	
PII

	
Power

	
Work pressure

	
Voltage

	
Base pressure

	
Ion dose

	
Deposition time

	
Gas flow




	
900 W

	
8 × 10−2 Pa

	
2 kV

	
1 × 10−3 Pa

	
~4 × 1017 ions/cm2

	
150 min

	
25 mL/min











 





Table 2. The thickness of the coatings deposited by different methods.
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	Methods
	Deposition Time

(min)
	Deposition Thickness

(μm)
	Deposition Rate

(μm/min)





	LSN
	3
	280
	~70



	PVD
	300
	11
	~0.04



	PII
	150
	0.19
	~0.001










 





Table 3. Microhardness of the samples deposited by different loads.
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Samples

	
Microhardness (HV)




	
10 g

	
25 g

	
100 g

	
200 g

	
500 g






	
Ti6Al4V

	
/

	
/

	
/

	
341.2 ± 8

	
/




	
PII

	
1260.8 ± 13

	
748 ± 10

	
377.5 ± 8

	
365 ± 8

	
351.7 ± 7




	
PVD

	
/

	
/

	
1597 ± 15

	
1218.6 ± 11

	
663 ± 10




	
LSN

	
/

	
/

	
1734.4 ± 21

	
1276.3 ± 12

	
/
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