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Abstract

:

The laser nitriding was performed in nitrogen gas at room temperature (20 °C) and low temperature (−190 °C) by a low power fiber laser to modify the wear and abrasion resistance of NiTi alloy. The surface roughness and element composition were analyzed by roughness device and energy-dispersive X-ray spectroscopy respectively. The results of roughness show that laser treatment can change the surface roughness due to the laser remelting. The effect of laser nitriding on the microhardness, friction coefficient, and worn scars of NiTi alloy was also studied, which shows that the microhardness of the NiTi alloy increases after laser nitriding. The optical microscope and scanning electron microscope were used to characterize the surface of NiTi alloy after wear testing to observe the microstructure of worn scars. The results show that the laser nitriding with different parameters can induce a nitride layer with different thicknesses and the higher energy deposition is the key factor for the formation of the nitride layer, which can decrease the friction coefficient and reduce wear loss during the application of NiTi alloy. The improvement of wear resistance can be attributed to the hard nitriding layer.
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1. Introduction


With the development of medical science and technology, there are increasing requirements for implanted materials that can replace or assist the natural organs of humans [1], like stents, heart valves, bones, skull, and knee implant metals. Materials that are of interest for this application are 316L steel, pure titanium, and nickel-titanium (NiTi) alloy [2,3,4]. The nickel–titanium (NiTi) alloy has been widely investigated to consider as materials that can be used as medical implants in the body, which is due to its good mechanical performance and shape memory effect [5]. The lower modulus of NiTi alloy is also beneficial for its medical application, such as accelerating bone healing and reducing bone shielding effects [6]. Due to the generation of wear and abrasion during the application as the bone of NiTi alloy in the human body, it is necessary to replace the implanted joints within 15–20 years [7]. Hence, the wear property plays an important role in joint replacement and these candidate applications need good surface wear property [8]. Many surface modification treatments have been studied to improve the surface corrosion, wear, and abrasion resistance of NiTi alloy to extend its service life, including ion implantation, shot peening, and so on [9,10]. Hu et al. used the surface mechanical attrition treatment (SMAT) to induce grain refinement on the top layer of NiTi alloy, which shows that the friction coefficient decreased and the wear resistance was improved after surface treatment with mechanical attrition [11]. Li et al. demonstrated that the NiTi alloy treated by Nb ion implantation would have a lower surface coefficient of fiction and fewer worn debris during wear testing [12]. Zhang et al. studied the effect of laser shock peening on the corrosion resistance and surface mechanical property of NiTi alloy and they found that the laser shock peening can increase the surface microhardness and enhance the mechanical property (such as wear-resistance) of NiTi alloy [13]. In our previous research, we also got similar results when the metals, such as aluminum, high strength, and NiTi alloy, were processed with laser shock peening [14,15,16]. In this research, the laser nitriding process with fiber laser was used to modify the surface mechanical property of NiTi alloy to enhance its wear and abrasion resistance. The laser beam irradiates on the surface of the substrate in a chamber filled with nitrogen gas, which would heat the metal surface to the temperature of the melting point. The above interaction can induce nitrogen ions and atoms to be bound on the surface and help the formation of the TiN layer [17]. Lisiecki produced a TiN layer on the surface of the Ti6Al4V alloy with a high power direct diode laser [18] and found that the microhardness is up to 2400 HV0.2 on top of the Ti6Al4V alloy. Zeng et al. used laser nitriding to process a pure titanium sample that can improve its biocompatibility and corrosion resistance [19]. In this work, the NiTi alloy would be processed with low power fiber laser in nitrogen gas at different temperatures (room temperature (RT) about 20 °C and low temperature (LT) about −190 °C) to produce a TiN layer. The effect of laser nitriding on the surface roughness, microhardness and wear resistance of NiTi alloy is also investigated before and after the treatment.




2. Materials and Methods


NiTi alloy samples from Ingpuls GmbH were processed by laser nitriding in nitrogen gas. The NiTi alloy sample was cut into 20 mm × 10 mm with a thickness of 1 mm. The NiTi alloy samples were cleaned in ethanol before and after laser processing. The laser nitriding process was done in the chamber as shown in Figure 1, in which the sample was placed on the holder made from copper. The laser beam can pass through the cover with a small window glued with thin glass. The nitrogen gas can enter the chamber through the upper vent and exit through the below vent with stable pressure of 2 Mbar. The fiber laser (FLR-50-SC-OEM) with a power of 50 W was used in the pulse mode in the present research. The samples were in the gas chamber and processed at room temperature (about 20 °C) and low temperature (liquid nitrogen temperature, about −190 °C) with different laser parameters as shown in the Table 1. The diameter of the laser spot was about 170 µm and the overlapping of scanning lines was 76% during the laser process. The highest backside temperature of the NiTi sample during the laser nitriding was measured by a temperature meter (GTH 1150). After laser treatment and wear testing, the surface images of NiTi were observed with Scanning Electron Microscope (SEM-Zeiss EVO MA 15) and optical microscopy in this research. The microhardness along the cross-section of NiTi alloy after laser nitriding was measured with the KB 30 BVZ hardness device (load force of 100 g and load time of 10 s). The surface roughness of NiTi before and after laser nitriding was tested with Ra (arithmetical mean deviation of the profile) and Rz (the point height of irregularities) with mobile roughness measurement devices of Perthometer M1 (Mahr) which is an important factor for wear and abrasion property of the NiTi alloy. The wear and abrasion testing were performed with a reciprocating ball-on-plate machine (UMT with load force of 2 N and testing time of 1000 s). An Al2O3 ball was used as abrasive ceramic specimens during the testing at room temperature.




3. Results


When the laser beam irradiated the surface of NiTi samples, the surface temperature would rise very fast. The highest temperature of the NiTi sample on its backside was measured during the laser nitriding. It can be found that the backside temperature of S-3 during laser nitriding was the highest (about 240 °C). The temperatures of other NiTi alloy of S-2 and S-4 were about 90 °C and 120 °C, which wwas much lower than that of S-3. Figure 2 shows the SEM images and energy dispersive X-ray (EDX) mapping results of a single laser scanning line on the surface of NiTi targets with different laser parameters and temperatures. From the SEM images, it can be found that no cracks are appearing on the surface of NiTi alloy after laser nitriding treatment. Because of the Gaussian profile of the laser beam, the melt track can be observed in the center of the laser scanning area. From the EDX mapping, the elements of Ti and N (bright area) were mainly concentrated in the central part of the laser spot in the scanning lines, which is because of the remelting in the special area. Due to the laser remelting, the roughness of the treated region is higher than that of the untreated surface. Figure 3 shows the roughness of NiTi alloy after laser nitriding with different laser parameters. The Ra and Rz of untreated NiTi alloy were 0.13 ± 0.03 μm and 0.83 ± 0.22 μm respectively. The Ra of S-2, S-3, and S-4 are 1.05 ± 0.15 μm, 0.39 ± 0.04 μm, and 0.84 ± 0.22 μm respectively. The Rz of S-2, S-3, and S-4 are 6.81 ± 0.44 μm, 3.98 ± 0.27 μm, and 5.87 ± 0.73 μm respectively. The roughness of S-3 was higher than as-received NiTi alloy, but it was lower than that of other samples with different laser nitriding parameters.



Figure 4 shows the SEM images along the cross-section of NiTi targets after laser nitriding with different parameters. The thickness of the melted zone of the laser nitriding in the top layer of NiTi alloy was different when it was treated with different laser parameters. Both melted layers of S-2 and S-4 were less than 10 µm. The thickness of the laser nitride layer of S-3 was about 65 µm due to its slow scanning speed and higher laser repetition. The elemental analysis was measured with energy-dispersive X-ray spectroscopy and the positions were marked in Figure 4. Table 2 shows the element resulting in different positions of the NiTi alloy. It can be noted that the sample of S-3 that was treated with 40 mm/s and 200 kHz at room temperature could induce a deeper layer with the TiN. The reason is that the surface temperature is a very important factor for the formation of the nitride layer during the laser nitriding. Moreover, from sample S-3, processed at room temperature with 40 mm/s and 200 kHz in Figure 2, we can see the periodic corrugation, evidencing the Marangoni-induced convection flow. This flow induces convective mixing and hence, an additional mechanism responsible for the transport of TiN from the surface into the volume of the sample at a depth comparable to the depth of the molten pool. From Table 1, it can be found that the highest back temperature (about 240 °C) of NiTi alloy during the laser nitriding process is the NiTi alloy (S-3) treated by 40 mm/s and 200 kHz at room temperature, which means that the more energy deposition at room temperature is an effective method to induce deeper nitride layer for NiTi alloy.



The microhardness along the cross-section of the NiTi sample was measured as shown in Figure 5. The hardness of the base sample was less than 350 HV when the load force is 100 g during hardness measurement. The hardness results show that the gradient of hardness can be found along the cross-section of NiTi alloy after the laser nitriding. The top layer has the highest hardness for different laser parameters. It can be observed that the highest hardness of NiTi alloy (S-3) treated with a scanning speed of 40 mm/s and a frequency of 200 kHz at room temperature is 569 ± 25 HV, which is much higher than that of the base material. The higher hardness of the S-3 sample is attributed to the distribution of the TiN layer with a larger thickness. The laser nitriding is a heat-treatment process that can induce the diffusion of nitrogen into the subsurface of NiTi alloy to enhance its surface mechanical property. From Table 1, it can be found that laser nitriding with a scanning speed of 40 mm/s and a frequency of 200 kHz at room temperature can induce higher temperature in the treated area and generate a thicker and harder TiN layer. Normally, the hardness can be used as the criteria for judging the wear and abrasion resistance of alloys and the higher hardness can induce better wear resistance.



Since the body implants made of NiTi alloy have to be replaced after their service life due to their wear and abrasion, it is important to enhance and improve their surface wear and abrasion resistance. The wear property of NiTi is measured before and after laser nitriding treatment to study the effect of laser nitriding on the wear resistance of NiTi alloy. The coefficient of fiction of NiTi alloy can be used to represent its wear property during wear testing. Figure 6 presents the relationship between the coefficient of friction and wear time on the NiTi alloy with different laser nitriding treatment. It can be seen that the coefficient of friction of sample S-4 treated by laser nitriding with a scanning speed of 40 mm/s and frequency of 200 kHz at low temperature is similar to that of untreated NiTi alloy sample with a friction coefficient of 0.74. The reason for the results is that the thickness of the melted layer is very thin. The friction coefficient of sample S-2 treated by laser nitriding with a scanning speed of 80 mm/s and frequency of 100 kHz was lower than that of the untreated sample and increased gradually to around 0.74 at the fretting time of 100 s. The friction coefficient of sample S-3 treated by laser nitriding with 40 mm/s and 200 kHz at room temperature increased from 0.20 to 0.40 at the fretting time of 50 s and became stable with a friction coefficient of 0.4 after a fretting time of 50 s. As can be seen, the friction coefficient of NiTi alloy (S-3) treated with 40 mm/s and 200 kHz at room temperature is significantly lower compared to other samples. The lower friction coefficient confirms that the laser nitriding with special parameters can increase the wear resistance of NiTi alloy. Figure 7 shows the optical microscope images of the worn scars on the surface of the NiTi alloy processed with different laser nitriding parameters, from which it can be found that the width of worn scars become smaller after laser treatment. The widths of worn scars of S-1, S-2, and S-4 were 464 ± 6 μm, 451 ± 8 µm, and 453 ± 5 μm respectively. However, the worn width of NiTi alloy (S-3) with laser nitriding of 40 mm/s and 200 kHz at room temperature has the narrowest width of 114 ± 9 µm compared with that of the untreated NiTi sample (464 ± 6 μm), which means that the worn width of NiTi decreased by 75% after laser nitriding treatment with the special process parameters. The enhanced surface microhardness and TiN layer were the main reason for the improvement of wear resistance.



Figure 8 shows the SEM images of untreated and laser nitride NiTi samples (S-3: 40 mm/s and 200 kHz at room temperature). The particles with a small size can be observed in the worn area of untreated NiTi alloy. However, the worn area of treated NiTi alloy was very smooth and there were no worn particles due to the nitride layer. The movement of implant material-NiTi used as artificial joints would produce lots of small-sized particles which can be found in the blood. The laser nitriding can be used to decrease the abrasion spallation and cracking so that the NiTi joints can be used for a longer time. It can be found that the wear mechanisms of NiTi alloy after laser nitriding is different from that of untreated specimens. The Al element and more O element were found in the area of the untreated NiTi alloy in worn scars (as shown in Table 3) when the EDX measurement (positions a1, a2, b1, and b2 marked in Fig. 8) was used to analyze the elemental composition, which is due to the Al2O3 particles fall from the Al2O3 ball during the wear testing. However, there was no Al element observed on the surface of nitriding NiTi alloy-worn scars, which is due to the fact that the nitriding layer can decrease the friction coefficient. Figure 8b also shows that the only minor wear occurred and there are no cracks in the worn scars of nitriding NiTi alloy. There was no Al element from the EDX testing on the worn scar of NiTi alloy after laser nitriding because the laser nitriding induces a lower friction coefficient which would not generate severe wear.




4. Conclusions


The NiTi alloy was processed by laser nitriding with different process parameters and the surface abrasion property of samples was studied. The surface laser nitriding treatment can increase the surface roughness of the NiTi alloy due to the laser ablation by the instant high temperature of a laser beam. The microhardness and elemental composition along the cross-section of the NiTi alloy were also analyzed, which shows that the hardness was increased after laser nitriding treatment. The friction coefficient and wear resistance of NiTi alloy were also improved after laser nitriding. The results indicated that the laser nitriding with 40 mm/s and 200 kHz at room temperature can produce the best nitride layer with a thickness of 65 µm to modify the wear resistance of NiTi alloy compared to experiments with other processing parameters. The energy deposition and temperature of NiTi alloy are very important factors that can influence the formation of the nitride layer during the laser nitriding process. The largest thickness of the TiN layer and the highest surface wear resistance can be observed at parameters corresponding to the highest energy deposition rate and hence to the highest surface temperature of the processed NiTi alloy. The morphology of the surface indicates stable convection in the melt pool in this case. These two facts evidence that the enrichment of the deeper layer with nitrogen ions needed for the nitride formation happens through both convection and diffusion mechanisms.
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Figure 1. The schematic diagram of the laser nitriding process on NiTi alloy. 
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Figure 2. The SEM images and EDX mapping results on the surface of NiTi alloy after single laser scanning (red scale bar: 40 µm and yellow: 40 μm). Laser processing parameters (scanning velocity, laser repetition rate, temperature) were given in the first row of the table. RT stays for the room temperature, LT-for process with liquid nitrogen temperature. 
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Figure 3. The surface roughness of NiTi alloy before and after laser nitriding. 






Figure 3. The surface roughness of NiTi alloy before and after laser nitriding.



[image: Applsci 11 00515 g003]







[image: Applsci 11 00515 g004 550] 





Figure 4. The cross-section SEM images of NiTi alloy after laser nitriding: (a) laser nitriding with a scanning speed of 80 mm/s and frequency of 100 kHz at room temperature (sample S-2), (b) laser nitriding with a scanning speed of 40 mm/s, and frequency of 200 kHz at low temperature (sample S-4). (c) laser nitriding with a scanning speed of 40 mm/s and a frequency of 200 kHz at room temperature (sample S-3). 
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Figure 5. Microhardness along the cross-section of NiTi alloy after laser nitriding. 
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Figure 6. The friction coefficient with a wear time of NiTi alloy with different laser nitriding parameters. 
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Figure 7. The optical surface images of worn scars on the NiTi alloy with and without laser nitriding (a) untreated (sample S-1) (b). Laser nitriding with scanning speed of 80 mm/s and frequency of 100 kHz at room temperature (sample S-2) (c) laser nitriding with scanning speed of 40 mm/s, and frequency of 200 kHz at room temperature (sample S-3). (d) Laser nitriding with a scanning speed of 40 mm/s and a frequency of 200 kHz at low temperature (sample S-4). 
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Figure 8. The SEM worn scar images of NiTi alloy, (a) untreated (sample S-1), and (b) laser nitriding with the laser a scanning speed of 40 mm/s and frequency of 200 kHz at room temperature (sample S-3). 
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Table 1. The laser parameter for different NiTi samples.
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	Samples
	Scanning Speed
	Frequency
	Nitrogen Gas Pressure
	Process Temperature
	Highest Temperature





	S-1
	–
	–
	–
	20 °C
	20 °C



	S-2
	80 mm/s
	100 KHz
	2 Mbar
	20 °C
	90 °C



	S-3
	40 mm/s
	200 KHz
	2 Mbar
	20 °C
	240 °C



	S-4
	40 mm/s
	200 KHz
	2 Mbar
	−190 °C
	120 °C
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Table 2. The EDX elemental analysis along the cross-section of the NiTi alloy after laser nitriding (marked in Figure 4, At%).
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	Positions
	O
	C
	N
	Ti
	Ni
	Ba
	Ta





	a1
	4.67
	43.44
	1.79
	20.52
	22.43
	6.25
	0.90



	a2
	–
	7.70
	–
	35.21
	44.60
	10.70
	1.78



	a3
	–
	7.77
	–
	35.83
	43.87
	10.78
	1.75



	b1
	–
	4.81
	–
	34.98
	43.90
	10.93
	1.78



	b2
	–
	7.31
	–
	36.17
	43.65
	11.12
	1.74



	b3
	–
	7.46
	–
	35.44
	44.41
	10.92
	1.77



	c1
	–
	13.29
	16.25
	33.47
	25.69
	10.32
	0.98



	c2
	–
	6.01
	8.55
	38.38
	33.72
	11.95
	1.38



	c3
	–
	7.35
	–
	35.98
	43.94
	10.92
	1.81



	c4
	–
	5.00
	14.43
	40.23
	26.80
	12.42
	1.11










[image: Table] 





Table 3. The EDX elemental analysis in the worn scars of the NiTi alloy (marked in Figure 8, At%).
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	Positions
	C
	N
	O
	Al
	Ti
	Ni
	Ba
	Ta





	a1
	4.59
	–
	29.81
	3.42
	25.16
	29.73
	6.26
	1.03



	a2
	18.12
	–
	17.21
	2.95
	25.11
	29.42
	6.16
	1.03



	b1
	9.48
	10.48
	3.77
	–
	32.31
	33.79
	8.88
	1.29



	b2
	4.57
	15.24
	8.00
	–
	33.67
	27.98
	9.37
	0.99
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