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Abstract

:

NiTi alloys are widely known for their shape memory effect and super-elasticity. In this study, the laser cladding method was applied to prepare Ni-rich NiTi alloy coatings on 316L stainless steel substrate. The microstructure, phase composition, element distribution and phase transformation behavior of the coatings were investigated in as-fabricated and annealing-treated states. The results indicated that the recrystallized microstructure obtained and the content of Ni3Ti and Ti2Ni phases increased significantly with a rising annealing temperature. Annealing treatment also induced a decrease in the phase-transition enthalpy and a rise in the transformation temperature, even though no obvious martensite transformation was observed. This was suppressed due to the Fe element diffused from the substrate and was probably retarded by the mounting metallic compounds formed during annealing as well. The mechanical properties have also improved obviously; coatings annealed under 850 °C exhibited the highest microhardness of 839 HV, and the wear resistance of the coatings after annealing was enhanced with an 11% average wear mass loss reduction.
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1. Introduction


NiTi shape memory alloy (SMA) was discovered by William J. Buehler et al. at the Naval Ordnance Laboratory (NOL) in the late 1950s, so it was also named as Nitinol [1]. In addition to the unique shape memory effects, NiTi alloys are also well known due to their super-elasticity and biocompatibility [2,3]. Since then, NiTi alloys have been widely used in aerospace, marine, military, automobile, biomedicine and other fields for applications such as antennas, connectors, actuators, cryogenic fittings, stents, tissue implants and medical devices [4,5,6]. In addition to the near equiatomic NiTi alloy (also called 55NiTi with 55 wt.% Ni), 60NiTi (with 60 wt.% Ni) is a Ni-rich version of the equiatomic NiTi alloy, which exhibits not only super-elasticity and shape memory effects, but also high tensile strength as well as excellent abrasion and corrosion resistance; therefore it is considered an ideal material for aerospace bearing applications [7,8].



However, the outstanding properties of NiTi alloys also make them difficult to work with; the manufacturing and processing of these alloys are very challenging, which limits their further extensive utilization [9,10,11]. In recent years, with the development of additive manufacturing (AM), which produces parts or components with certain shapes by adding layers of powders progressively [12], the application of AM methods has gained a lot of attention, such as laser metal deposition (LMD), selective laser melting (SLM) and laser cladding, for the manufacturing of NiTi alloy parts [13,14]. Laser cladding with NiTi alloy powders, applied as a new coating technology, has become one of the research hotspots for improving substrate surface performance. For example, Norhafzan et al. prepared NiTi cladding layers on tool steel and found that the surface hardness was almost three times that of its substrate [15]. Mokgalaka et al. studied the laser deposition of NiTi coatings for corrosion improvement and found an appreciable increase in corrosion resistance, in which the effect of the element Ti was more dominant [16]. Liu et al. investigated the microstructure of NiTi cladding layer on the TA2 (titanium alloy) substrate, which consisted of NiTi, Ni3Ti and NiTi2 intermetallic compounds [17].



Nevertheless, compared with the conventional coating methods, laser cladding involves high solidification rates and repeated heating. The rapid cooling and solidification process leads to insufficient diffusion of the elements, which causes an inhomogeneous microstructure [18]. In addition, the rapid solidification promotes formation of a supersaturated solid solution matrix, which may contain a high concentration of vacancies and accumulate to a high density of dislocations in turn [19]. In this regard, the subsequent heat treatment has been considered for improving its chemical homogeneity and phase transformation behavior of the coating [20]. According to the Ni-Ti binary phase diagram, the equiatomic NiTi can dissolve more Ni into the matrix with an increasing temperature, and, when the composition shifts to an Ni-rich area, there would be precipitates such as Ni3Ti, Ni4Ti3 and Ni3Ti2, in which the Ni4Ti3 and Ni3Ti2 are in the metastable phase [21,22]. These secondary phases could increase the hardness of a NiTi alloy while reducing the ductility in return [23]. Reddy et al. reported that the degree of recrystallization increased with the increase in annealing temperature, and the Ni4Ti3 metastable phase would be decomposed by the sequence of Ni4Ti3 → Ni3Ti2 → Ni3Ti between 500 °C and 800 °C [24,25]. The existence of Ni4Ti3 caused the formation of R-phase, which intervenes between austenite and martensite (B2 → R → B19’) [26]. Tadayyon et al. identified that an annealing NiTi alloy above the recrystallization temperature (i.e., 550–600 °C) would cause an increase in both the martensite transformation temperature and the reverse transformation temperature with an increasing annealing temperature, which improved the shape memory behavior in the meantime [22,27]. In addition, Yan et al. studied the annealing effect on a cold-worked NiTi alloy below the recrystallization temperature and revealed that the transformation temperature increased when annealed at a lower temperature (i.e., 350–450 °C) and decreased when annealed at a relatively higher temperature (i.e., 550–650 °C) [28]. Additionally, a previous study showed that the phase composition in NiTi alloys started changing when the temperature was higher than 600 °C; the proportion of Ti2Ni increases with a higher formation rate and becomes the dominant phase when the annealing temperature is over 1050 °C [29]. Annealing temperature also affects the properties of NiTi alloys; Zhou et al. found that the samples annealed at 400–450 °C and with a shorter annealing time achieved better corrosion resistance [30], and Tadayyon reported a decrease in both the yield strength and ultimate strength when annealing above the NiTi recrystallization temperature [22].



Therefore, the chemical composition and annealing temperatures are very crucial for modifying the microstructure and properties of NiTi alloys [31,32]. However, current research focuses more on the equiatomic and as-cast NiTi alloy; only a few studies have investigated the influence of heat treatment on Ni-rich alloys and its application in coating. In this study, 55NiTi alloy powder and pure Ni powder are mixed according to a certain weight ratio to replace the customized 60NiTi alloy powder. While the production of this is time and labor consuming, the use of an elemental powder blend (called 55NiTi+5Ni) for laser cladding is an alternative solution that can yield a material with the required composition. The objective of this paper is to study the influence of annealing treatment on the Ni-rich NiTi alloy coatings prepared by laser cladding. The microstructure, phase composition, element distribution, phase transformation behavior and mechanical properties of the coatings were evaluated in the as-fabricated and heat-treated states. The research results provide a reference for the behavior of an annealed Ni-rich NiTi alloy and contribute to expand its potential utilization in industrial fields.




2. Materials and Methods


2.1. Material and Sample Preparation


Pure Ni powder and 55NiTi alloy powder (99.9% purity, Jiangsu Willari New Material Technology Co., Ltd., Xuzhou, China) with spherical morphology and a particle size distribution of d10 = 55.25 μm, d50 = 85.73 μm and d90 = 125.90 μm were used as feedstock materials for laser cladding. The chemical composition of the applied powders and substrate (AISI 316L stainless steel, with dimension size of 100 mm × 100 mm × 10 mm) are shown in Table 1 and Table 2, respectively, in which Bal. means balance element. NiTi alloy powder and pure Ni powder are mixed according to the weight proportion of 8:1 at 250 rpm by a planetary ball mill (QM-3SP4, Nanda Instrument, Nanjing, China) for 8 h and dried in an oven under 110 °C, while research shows that pre-alloyed powders are beneficial for a more homogeneous microstructure and stable mechanical properties [33].



A high-power fiber laser (YLS-10000, IPG Photonics, Oxford, MA, USA), as shown in Figure 1, was employed for laser cladding.



The diameter of the laser beam spot was fixed by 7.2 mm with a wavelength of 1080 nm. Based on previous studies [34,35], the parameters for coating fabrication were under: 2.0 kW power, 2 mm/s laser scanning speed, 50 rpm powder feeding rate and 55% overlap ratio. Argon (99.9 vol.%) with a flow rate of 5 L/min was applied as shielding gas to prevent oxidation of the molten pool and powders. Apart from that, it was used as a powder feeding gas with a flow rate of 8 L/min as well. The substrate was preheated to 250 °C to release internal stress before laser cladding. After laser cladding, the substrate with coating was cut into numerous cuboid samples with dimensions of 5 mm × 5 mm × 10 mm for further investigation. Samples for the subsequent microstructure observations and hardness test were cut perpendicular to the laser scanning direction. These cross-section samples were grinded, polished and etched by an HF:HNO3:H2O solution with a dilution of 1:4:5. Samples for differential scanning calorimetry (DSC) tests were cut in the form of a cylinder with a height of 2 mm, a diameter of 3 mm and an average weight about 50 mg. These samples were polished to remove surface impurities.




2.2. Experimental Procedure


The heat treatment of the prepared cuboid samples was conducted with the use of an electrical resistance furnace (YFX16, Shanghai Y-FENG Electrical Furnace Co., Ltd, Shanghai, China), as shown in Figure 2. With a heating rate of 10 °C/min, the furnace was always heated 10 °C higher than the desired temperature, so that its temperature was allowed to drop to the designated temperature when the furnace chamber was opened later on to put in the aforementioned samples. A timer would be activated once the furnace temperature or hold time reached the set value, and subsequently, the related samples were taken out of the furnace and air-cooled under room temperature. As shown in Table 3, there were 4 groups of samples, which were annealed separately according to the different temperatures and holding time, and each group had 4 pieces to check their repeatability. In addition, HT is defined as the abbreviation of heat treatment in this article.




2.3. Sample Characterization


In order to investigate the microstructure of the samples before and after heat treatment, an optical microscope (OM, GX51, Olympus, Tokyo, Japan) and a scanning electron microscope (SEM, Zeiss Gemini 300, Oberkochen, Germany) with a configured energy-dispersive spectroscopy (EDS, OXFORD Xplore, Oxford, England) were used for observation. In addition, X-ray diffraction (XRD, Bruker D8 ADVANCE, Karlsruhe, Germany) was performed to study the phase composition of the coating with Cu Kα radiation at 40 kV and 100 mA and a scanning speed of 2°/min, ranging from 10° to 80°. The differential scanning calorimetry (DSC250, TA Instruments, New Castle, DE, USA) with a measuring range from −180 °C to 725 °C, temperature accuracy of 0.05 °C and enthalpy precision of 0.08%, was used to study the coating phase transformation behavior. The DSC test refers to ASTM Standard F2004-17 and was under a nitrogen atmosphere with temperature scanning ranges from −80 °C to 180 °C and a heating and cooling speed of 10 °C/min. For the friction and wear test, the experiment was conducted in a ball-on-plate configuration (Ht-1000, ZKKH Science and Technology Development Co., Ltd., Lanzhou, China) using 5 mm diameter Si3N4 balls at room temperature under a load of 15 N and a rotation speed of 224 r/min. Furthermore, a microhardness tester (HVS1000A, HuaYin Testing Machine Technology Co., Ltd., Laizhou, China) was employed in the experiment with a load of 1.961 N and a holding time of 15 s. Hardness was measured from the coating surface to the substrate at an interval of 0.2 mm and repeated 3 times at the same depth to calculate the average value.





3. Results and Discussions


3.1. Coating Phase Composition Analysis


The analysis of coating phase composition is based on the XRD results. Figure 3 shows the XRD patterns of the as-fabricated and heat-treated 55NiTi+5Ni laser cladding samples, which has been normalized according to a standard intensity scale.



It can be seen that the coating was mainly composed of NiTi and Ni3Ti phase, which show the strongest diffraction peaks. In addition to that, secondary phases such as TiO2, Fe2Ti and Ni4Ti3 were also detected with a relative weak diffraction intensity after the annealing treatment. Of these, Ni4Ti3 is a metastable phase with nanoscale structure, which has similar diffraction peaks to NiTi phase. The formation of Fe2Ti was due to diffusion of the Fe atom from the substrate, and TiO2 was attributed to the oxidation of the coating surface, which has not been observed before annealing. It is worth noting that, compared with the patterns before annealing, the intensities of the characteristic diffraction peak of Ni3Ti (2θ = 46.53°) and Ti2Ni (2θ = 41.56°) are getting obviously stronger. This was probably caused by the decomposition of NiTi and Ni4Ti3 phase (NiTi / Ni4Ti3 → Ni3Ti + Ti2Ni), which were unstable when heated to a higher temperature [36,37]. In addition, the content of Fe2Ti increased significantly when annealing at a higher temperature, which was due to more active diffusion activity.




3.2. Coating Microstructural Analysis


The surface morphology of the coatings before and after the annealing treatment is shown in Figure 4. A few unfused powders are found on the surface of the coating; while laser cladding is a quick heating and cooling process, the temperature gradient becomes larger from the molten pool to the upper surface, and therefore, these powders could not absorb the energy sufficient to melt. However, with an increasing annealing temperature, the surface flatness shows the trend improving. It is worth noting that the grain boundaries are more obviously seen in the samples annealing at 450 °C and 650 °C; however, they are no more visible when annealing at 850 °C, which is due to the occurrence of recrystallization.



Figure 5 displays the SEM morphology of the coating cross-sections before and after the annealing treatment. Studies reported that the recrystallization temperature of 55NiTi alloy is between 550 °C and 650 °C and would further increase with the rising content of Ni in the alloy [22,27]. As the typical dendrite structure still remains in the coating after annealing under 650 °C, which is shown in Figure 5c, it can be shown that the recrystallization temperature of the 55NiTi+5Ni coating is at least higher than 650 °C. Figure 5d,e show the microstructure of coating after annealing under 850 °C, which displays only large single grains with black inclusions and indicates that the recrystallization has been completed. In addition, the average grain size of the coating displays an enlargement trend with an increasing annealing temperature. According to ASTM E112, the linear intercept method was applied to measure the grain size. The grain intercept count (GIC) stands for the number of times a test line cut through the grains, in which tangent hits and cutting lines that end within a grain are considered to be a 0.5 interception. As remarked in Figure 5a, L1 and L2 are the intercept lines, and the grain size is calculated through the following formula:


  d =        L 1  / G I  C 1  +  L 2  / G I  C 2       2   



(1)







The measuring results are listed in Table 4, and Figure 5f is the bar chart of the results. It can be seen that the coating average grain size became larger with an increasing annealing temperature and a prolonged holding time as well.



In comparison to the coating without heat treatment, there are more black inclusions found in the heat-treated coatings, which occur among the dendrites and inter-dendrites area. According to the EDS regional scanning results of these inclusions, shown in Figure 6, it can be concluded that the black inclusions are titanium oxide.



As shown in Figure 5b, it is noticeable that there is a lot of titanium oxide dispersed within the dendrites when samples annealed at 450 °C. However, when samples are annealed at higher temperatures, there is less dispersion of titanium oxide observed. On the one hand, due to the increasing temperature, the gap among the grains becomes smaller, which leads to the escape of oxides originally stored in the gaps. On the other hand, due to the more active diffusion activities at higher temperatures, more Fe atoms from the substrate diffused to the coating, which caused the formation of Fe2Ti and partly consumed the titanium atoms.



Figure 7 shows the SEM morphology of the coating after annealing under 850 °C.



It is worth noting that the average grain size of the coating with a holding time of 2 h is larger than that with a holding time of 0.5 h, which explains that, with the extension of the holding time, the grains would further grow after recrystallization [38]. In order to identify the relationship between the coating microstructure and phase composition, EDS was employed to analyze the element distribution within the phases, and the scanning results are shown in Table 5. Based on the EDS results of Position 2 and Position 6, marked in Figure 7, their atomic ratio of Ni and Ti is close to 1:1 so that the separate large grain can be assigned as NiTi phase. In contrast, Position 3 is rich in Ni with a Ni-Ti atomic ratio of about 3:1, which can be identified as Ni3Ti. With the diffusion of Fe atoms, which participated in the nucleation process during recrystallization of the coating, Fe2Ti phase was formed and precipitated from the Ni3Ti phase, where Position 4 and Position 5 were occupied, and the fraction of regions with an eutectic microstructure of Fe2Ti and Ni3Ti increased due to an accelerated Fe diffusion into the coating, especially under higher temperatures and extended holding time. In addition, the formation of Fe2Ti led to an increase in the atomic ratio of Ni to Ti in the coating, further promoting the precipitation of Ni3Ti intermetallic compound, which is more stable and has a higher melting point. Based on the EDS result of Position 8, it seemed to be Ni4Ti3. However, Ni4Ti3 phase is a metastable phase, which would decompose at higher temperatures and with prolonged exposure. In addition to that, Ni4Ti3 has a typical lenticular nanoscale shape [39,40]. Therefore, it was assumed to be the start phase of the decomposition inside the NiTi phase, which needs further TEM observation. Meanwhile, a small amount of Cr atoms, which diffused from the substrate, were detected within the NiTi and Ni3Ti phase. According to the site preference rule of ternary alloys to NiTi, Cr atoms are more likely to replace the Ti atoms in the crystal structure, since Cr has similar atom radius and electronegativity to a Ti atom [41].




3.3. Coating Martensite Transformation Behavior


Figure 8 shows the DSC curves of the 55NiTi+5Ni coating before and after annealing treatment. However, it looks different from the main publication: there is no obvious absorption peak detected during the whole heating and cooling cycle, but this does not mean that the martensite transformation has not taken place in the measuring temperature range. Table 5 shows that a few Fe atoms are detected in the NiTi phase, which substituted the Ni atoms in the B2 structure [41]. Previous studies reported that the addition of Fe has influence on the phase transformation behavior of NiTi alloys, which could suppress the first-order martensite transformation and reserve transformation. In addition, the second-order-like phase transformation from an incommensurate state to a commensurate state might take place [42,43]. In addition to that, according to the XRD results, there were more secondary phases, such as Ni3Ti, Ti2Ni and Fe2Ti, precipitated after annealing. The second-order-like martensite transformation might be retarded by the formation of these metallic compounds as well. Meanwhile, previous research reported that the martensite transformation temperature of the NiTi alloy decreased with the increasing content of Ni [44]. With the decomposition of NiTi into the more stable Ni3Ti and Ti2Ni by higher annealing temperatures, the content of Ni in the NiTi phase decreased. Therefore, it is supposed that the martensite transformation temperature of the coating would increase with an increase in the annealing temperature. Apart from that, the compensated heat flow for the heat-treated samples was about 0.007 W/g higher than the samples without annealing during both the heating and cooling process, which indicates that the heat-treated coating samples consumed more energy.



As there was no obvious phase transformation observed during the DSC test, the transformation temperatures and phase-transition enthalpy were assessed with TA Instruments software TRIOS. Figure 9 shows the integral calculation process based on the coating DSC curves; the transformation temperatures and heat flows were determined by the intersections of a baseline and the tangents to a thermal peak in software, and the results are listed in Table 6. The phase-transition enthalpy is closely related to the progress of the phase transformation, which is accompanied by the release or absorption of heat. The phase-transition enthalpy of the coatings after annealing is lower than that without heat treatment, which indicates that the martensite transformation is more likely to take place in the coating without annealing. In addition, the calculation result proves that the phase transformation temperature increased after the annealing treatment.




3.4. Coating Properties Analysis


3.4.1. Coating Surface Hardness


Figure 10a displays the microhardness test results for the coatings along the depth, which could be clearly divided in three areas: coating cladding area, coating-substrate transition area and substrate, respectively. The microhardness distribution was generally consistent from sample to sample, indicating that the samples were fairly homogeneous over the areas measured. Figure 10b shows a hardness boxplot of the coating cladding area, the region that bears load and friction in the coating. The hardness of the coating decreased when annealed at lower temperatures (e.g., 450 °C and 650 °C), which is due to a decrease in the defect density in the coating with the release of internal stress [45]. However, coatings annealed under 850 °C exhibit a recovery of the hardness, which is even a little bit higher than samples without heat treatment. The phase segregation of Ni3Ti and Ti2Ni causes precipitation hardening, which can be attributed to the combined effect of crystallization, nucleation and grain growth [46]. This conclusion is also supported by the XRD, SEM and EDS results mentioned above.




3.4.2. Coating Wear Resistance


The surface morphologies of coatings after the friction and wear test are shown in Figure 11, and the sliding directions, marked with arrows, are clear to recognize. It is obvious to see that, coating without annealing shows more wear debris on the surface, which is due to the poor surface condition with some unfused powders, as shown in Figure 4a. Figure 11c–e are SEM surface morphologies of the coatings after annealing, which exhibit less wear debris instead. In addition, the coating surface without heat treatment is supposed more brittle, while the surface cooled in the air within a very short time after the high-power laser beam moved forwards. Nevertheless, all surface morphologies share a similar wear appearance but with different levels of severity, indicating the same wear mechanism during the friction and wear test. This is considered delamination wear. Figure 12 displays the results of wear mass loss of the coatings during the friction and wear test. The coatings after annealing under 650 °C and 850 °C show obviously less wear mass loss, which might be attributed to an improvement in the ductility after recrystallization. Generally, with annealing treatment, the wear resistance of the coatings has been significantly improved with an 11% average mass loss reduction.






4. Conclusions


This paper investigates the influence of annealing treatment on the microstructure, phase composition, transformation behavior and mechanical properties of 55NiTi+5Ni coating prepared via laser cladding. Based on the obtained results and analysis, the following main conclusions can be made:




	
The untreated coating mainly consists of NiTi and Ni3Ti phases with a typical dendrite structure. With the annealing temperature rising, the content of Ni3Ti and Ti2Ni visibly increased.



	
The coating microstructure transformed from dendrite structure to single grains because of recrystallization, and the recrystallization temperature of the 55NiTi+5Ni coating is assumed to be between 650 °C and 850 °C.



	
There is no martensite transformation observed in the DSC test. The martensite transformation could be suppressed by Fe atoms diffused from the substrate and probably retarded by the numerous metallic compounds after annealing as well. However, the software calculation results show that the phase-transition enthalpy decreased and the transformation temperature rose after annealing.



	
The coating annealed under 850 °C shows the highest microhardness due to the precipitation hardening, and the wear resistance was also improved after an annealing treatment with an 11% average wear mass loss.








The research provides a reference for using blend powder to replace the rare 60NiTi alloy powder in the preparation of Ni-rich NiTi alloy coating and proved the possibility of further improving the coating performance via annealing treatment. However, since the phase transformation temperature of the Ni-rich NiTi alloy is very sensitive to the content of Ni and the addition of Fe in the alloy, additional DSC tests are needed for further investigation.







Author Contributions


Conceptualization, Z.H. and Y.F.; methodology, Z.H. and Y.F.; validation, Y.F. and Z.G.; investigation, Y.F. and Z.G.; resources, Z.H.; data curation, Y.F.; writing—original draft preparation, Y.F.; writing—review and editing, Z.H. and Y.F.; supervision, Z.H.; funding acquisition, Z.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (51971163).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Author Yuqiang Feng would like express heartfelt thanks to his wife Yunfeng Lu for all the support during the research, especially during the tough epidemic period, and wish her a happy birthday on 11th June.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Buehler, W.J.; Gilfrich, J.V.; Wiley, R.C. Effect of Low-Temperature Phase Changes on the Mechanical Properties of Alloys near Composition TiNi. J. Appl. Phys. 1963, 34, 1475–1477. [Google Scholar] [CrossRef]

	



Jackson, C.; Wagner, H.; Wasilewski, R. 55-Nitinol-The Alloy with a Memory: It’s Physical Metallurgy Properties, and Applications. NASA SP-5110; NASA Special Publication: Washington, DC, USA, 1972; p. 5110. [Google Scholar]

	



Shariat, B.S.; Liu, Y.; Rio, G. Pseudoelastic behaviour of perforated NiTi shape memory plates under tension. Intermetallics 2014, 50, 59–64. [Google Scholar] [CrossRef]

	



Yoneyama, T.; Miyazaki, S. Shape memory alloys for biomedical applications; Woodhead publishing limited: Cambridge, UK, 2009; p. 101. [Google Scholar]

	



Otsuka, K.; Wayman, C.M. Shape memory materials; Cambridge University Press: Cambridge, UK, 1999. [Google Scholar]

	



Morgan, N. Medical shape memory alloy applications—the market and its products. Mater. Sci. Eng. A 2004, 378, 16–23. [Google Scholar] [CrossRef]

	



Khanlari, K.; Ramezani, M.; Kelly, P. 60NiTi: A Review of Recent Research Findings, Potential for Structural and Mechanical Applications, and Areas of Continued Investigations. Trans. Indian Inst. Met. 2017, 71, 781–799. [Google Scholar] [CrossRef]

	



Qin, Q.; Wen, Y.; Wang, G.; Zhang, L. Effects of Solution and Aging Treatments on Corrosion Resistance of As-cast 60NiTi Alloy. J. Mater. Eng. Perform. 2016, 25, 5167–5172. [Google Scholar] [CrossRef]

	



Saburi, T.; Yoshida, M.; Nenno, S. Deformation behavior of shape memory Ti-Ni alloy crystals. Scr. Metall. 1984, 18, 363–366. [Google Scholar] [CrossRef]

	



Wu, M.H. Fabrication of Nitinol Materials and Components. Mater. Sci. Forum 2002, 394–395, 285–292. [Google Scholar] [CrossRef]

	



Kaya, E.; Kaya, İ. A review on machining of NiTi shape memory alloys: The process and post process perspective. Int. J. Adv. Manuf. Technol. 2019, 100, 2045–2087. [Google Scholar] [CrossRef]

	



Ian Gibson, I.G. Additive manufacturing technologies 3D printing, rapid prototyping, and direct digital manufacturing. Johns. Matthey Technol.Rev. 2015, 59, 193–198. [Google Scholar]

	



Elahinia, M.; Shayesteh Moghaddam, N.; Taheri Andani, M.; Amerinatanzi, A.; Bimber, B.A.; Hamilton, R.F. Fabrication of NiTi through additive manufacturing: A review. Prog. Mater. Sci. 2016, 83, 630–663. [Google Scholar] [CrossRef]

	



Polozov, I.; Popovich, A. Microstructure and Mechanical Properties of NiTi-Based Eutectic Shape Memory Alloy Produced via Selective Laser Melting In-Situ Alloying by Nb. Materials 2021, 14, 2696. [Google Scholar] [CrossRef] [PubMed]

	



Norhafzan, B.; Aqida, S.N.; Chikarakara, E.; Brabazon, D. Surface modification of AISI H13 tool steel by laser cladding with NiTi powder. Appl. Phys. A 2016, 122, 1–6. [Google Scholar] [CrossRef]

	



Mokgalaka, M.N.; Popoola, A.P.I.; Pityana, S.L. In situ laser deposition of NiTi intermetallics for corrosion improvement of Ti–6Al–4V alloy. Trans. Nonferrous Met. Soc. China 2015, 25, 3315–3322. [Google Scholar] [CrossRef]

	



Liu, F.; Mao, Y.; Lin, X.; Zhou, B.; Qian, T. Microstructure and high temperature oxidation resistance of Ti-Ni gradient coating on TA2 titanium alloy fabricated by laser cladding. Opt. Laser Technol. 2016, 83, 140–147. [Google Scholar] [CrossRef]

	



Saedi, S.; Moghaddam, N.; Amerinatanzi, A.; Elahinia, M.; Karaca, H. On the effects of selective laser melting process parameters on microstructure and thermomechanical response of Ni-rich NiTi. Acta Mater. 2018, 144, 552–560. [Google Scholar] [CrossRef]

	



Zhang, Q.; Hao, S.; Liu, Y.; Xiong, Z.; Guo, W.; Yang, Y.; Ren, Y.; Cui, L.; Ren, L.; Zhang, Z. The microstructure of a selective laser melting (SLM)-fabricated NiTi shape memory alloy with superior tensile property and shape memory recoverability. Appl. Mater. Today 2020, 19, 100547. [Google Scholar] [CrossRef]

	



Katz-Demyanetz, A.; Koptyug, A.; Popov, V.V. In-situ Alloying as a Novel Methodology in Additive Manufacturing. In Proceedings of the 2020 IEEE 10th International Conference Nanomaterials: Applications & Properties (NAP), Sumy, Ukraine, 9–13 November 2020; pp. 02SAMA05-01–02SAMA05-04. [Google Scholar]

	



Okamoto, H.; Okamoto, H. Phase diagrams for binary alloys; ASM international: Materials Park, OH, USA, 2000; Volume 44. [Google Scholar]

	



Tadayyon, G.; Mazinani, M.; Guo, Y.; Zebarjad, S.M.; Tofail, S.A.M.; Biggs, M.J. The effect of annealing on the mechanical properties and microstructural evolution of Ti-rich NiTi shape memory alloy. Mater. Sci.Eng. A 2016, 662, 564–577. [Google Scholar] [CrossRef]

	



Khanlari, K.; Shi, Q.; Li, K.; Xu, P.; Cao, P.; Liu, X. An investigation into the possibility to eliminate the microstructural defects of parts printed using a Ni-rich Ni-Ti elemental powder mixture. Mater. Res. Express 2020, 7, 106503. [Google Scholar] [CrossRef]

	



Reddy, B.N.K.; Udayashankar, N.K. The effect of annealing temperature on the structural, morphological, mechanical and surface properties of intermetallic NiTi alloy thin films. Surfaces and Interfaces 2016, 5, 62–71. [Google Scholar] [CrossRef]

	



Nishida, M.; Wayman, C.M.; Honma, T. Precipitation processes in near-equiatomic TiNi shape memory alloys. Metall. Trans. A 1986, 17, 1505–1515. [Google Scholar] [CrossRef]

	



Abdul Kadir, R.A.; Shariff, N.A.; Muhammad Hussain, I. Effect of Heat Treatment on Phase Transformation of NiTi Shape Memory Alloy produced by Metal Injection Moulding. Sci. Res. J. 2021, 18, 71–82. [Google Scholar] [CrossRef]

	



Sadiq, H.; Wong, M.-B.; Al-Mahaidi, R.; Zhao, X. The effects of heat treatment on the recovery stresses of shape memory alloys. Smart Mater. Struct. 2010, 19, 035021. [Google Scholar] [CrossRef]

	



Yan, X.; Van Humbeeck, J. Effect of Annealing on Strain-Temperature Response under Constant Tensile Stress in Cold-Worked NiTi Thin Wire. Smart Mater. Res. 2011, 2011, 1–6. [Google Scholar] [CrossRef]

	



Zhou, Y.; Yang, G.; Wang, H.; Li, G.; Li, C. Effect of annealing treatment on formation of intermetallic phase in cold-sprayed Ni/Ti mechanical alloying coating. Trans. Chin. Weld Inst 2010, 31, 45–48. [Google Scholar]

	



ZHOU, J.; MA, F.; LIU, P.; LIU, X. Effect of Heat Treatment on Surface Properties of NiTi Alloy. Nonferrous Met. Mater. Eng. 2019, 40, 6–13. [Google Scholar]

	



Tang, W.; Sundman, B.; Sandström, R.; Qiu, C. New modelling of the B2 phase and its associated martensitic transformation in the Ti–Ni system. Acta Mater. 1999, 47, 3457–3468. [Google Scholar] [CrossRef]

	



Khalil-Allafi, J.; Dlouhy, A.; Eggeler, G. Ni4Ti3-precipitation during aging of NiTi shape memory alloys and its influence on martensitic phase transformations. Acta Mater. 2002, 50, 4255–4274. [Google Scholar] [CrossRef]

	



Polozov, I.; Sufiiarov, V.; Kantyukov, A.; Razumov, N.; Goncharov, I.; Makhmutov, T.; Silin, A.; Kim, A.; Starikov, K.; Shamshurin, A. Microstructure, densification, and mechanical properties of titanium intermetallic alloy manufactured by laser powder bed fusion additive manufacturing with high-temperature preheating using gas atomized and mechanically alloyed plasma spheroidized powders. Addit. Manuf. 2020, 34, 101374. [Google Scholar] [CrossRef]

	



Feng, Y.; Du, Z.; Hu, Z. Study on the Effect of Ni Addition on the Microstructure and Properties of NiTi Alloy Coating on AISI 316 L Prepared by Laser Cladding. Materials 2021, 14, 4373. [Google Scholar] [CrossRef]

	



Feng, Y.; Du, Z.; Hu, Z. Effect of Ni Addition on the Corrosion Resistance of NiTi Alloy Coatings on AISI 316L Substrate Prepared by Laser Cladding. Coatings 2021, 11, 1139. [Google Scholar] [CrossRef]

	



Barin, I. N-NpO3*H2O. In Thermochemical Data of Pure Substances, 3rd ed.; VCH: Weinheim, Germany, 1995; pp. 1080–1237. [Google Scholar]

	



Locci, A.M.; Orrù, R.; Cao, G.; Munir, Z.A. Field-activated pressure-assisted synthesis of NiTi. Intermetallics 2003, 11, 555–571. [Google Scholar] [CrossRef]

	



Marattukalam, J.J.; Balla, V.K.; Das, M.; Bontha, S.; Kalpathy, S.K. Effect of heat treatment on microstructure, corrosion, and shape memory characteristics of laser deposited NiTi alloy. J. Alloy. Compd. 2018, 744, 337–346. [Google Scholar] [CrossRef]

	



Hu, L.; Jiang, S.; Zhang, Y. Role of severe plastic deformation in suppressing formation of R phase and Ni4Ti3 precipitate of NiTi shape memory alloy. Metals 2017, 7, 145. [Google Scholar] [CrossRef]

	



Salvetr, P.; Dlouhy, J.; Skolakova, A.; Prusa, F.; Novak, P.; Karlik, M.; Hausild, P. Influence of Heat Treatment on Microstructure and Properties of NiTi46 Alloy Consolidated by Spark Plasma Sintering. Materials 2019, 12, 4075. [Google Scholar] [CrossRef] [PubMed]

	



Bozzolo, G.; Noebe, R.D.; Mosca, H.O. Site preference of ternary alloying additions to NiTi: Fe, Pt, Pd, Au, Al, Cu, Zr and Hf. J. Alloy. Compd. 2005, 389, 80–94. [Google Scholar] [CrossRef]

	



Nagase, T.; Sasaki, A.; Yasuda, H.Y.; Terai, T.; Fukuda, T.; Kakeshita, T. In situ transmission-electron-microscopy observation of solid-state amorphization behavior in Ti50Ni44Fe6 alloy by high-voltage electron microscopy. Acta Mater. 2016, 104, 201–209. [Google Scholar] [CrossRef]

	



Zhao, Y.-N.; Jiang, S.-Y.; Zhang, Y.-Q.; Liang, Y.-L. Influence of Fe Addition on Phase Transformation, Microstructure and Mechanical Property of Equiatomic NiTi Shape Memory Alloy. Acta Metall. Sin. 2017, 30, 762–770. [Google Scholar] [CrossRef]

	



Frenzel, J.; George, E.P.; Dlouhy, A.; Somsen, C.; Wagner, M.-X.; Eggeler, G. Influence of Ni on martensitic phase transformations in NiTi shape memory alloys. Acta Mater. 2010, 58, 3444–3458. [Google Scholar] [CrossRef]

	



Kumar, A.N.; Nair, C.S.; Kannan, M.; Jayakumar, S. TEM and nanoindentation studies on sputtered Ti40Ni60 thin films. Mater. Chem. Phys. 2006, 97, 308–314. [Google Scholar] [CrossRef]

	



Lee, H.-J.; Ni, H.; Wu, D.T.; Ramirez, A.G. A microstructural map of crystallized NiTi thin film derived from in situ TEM methods. Mater. Trans. 2006, 47, 527–531. [Google Scholar] [CrossRef]








[image: Materials 15 03298 g001 550] 





Figure 1. IPG YLS-10000 laser equipment: (a) overview of the equipment; (b) schematic diagram of the laser cladding process. 
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Figure 2. YFX-16 electrical resistance furnace used for heat treatment. 
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Figure 3. XRD patterns of the as-fabricated and heat-treated 55NiTi+5Ni coating samples at different annealing temperatures. 
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Figure 4. Surface morphology of the coatings before and after annealing treatment: (a) before annealing; (b) 450 °C for 2 h; (c) 650 °C for 2 h; (d) 850 °C for 0.5 h; (e) 850 °C for 2 h. 
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Figure 5. SEM morphology of the coating cross-sections before and after annealing treatment: (a) before annealing; (b) 450 °C for 2 h; (c) 650 °C for 2 h; (d) 850 °C for 0.5 h; (e) 850 °C for 2 h; (f) average grain size of the above coatings. 
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Figure 6. EDS regional scanning results of the coating after annealing under 450 °C: (a) original SEM morphology; (b) EDS composite image; (c) element Ti; (d) element Ni; (e) element O; (f) element Fe; (g) element Cr. 
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Figure 7. SEM morphology of the coating after annealing under 850 °C: (a,b) keep 0.5 h; (c,d) keep 2 h. 
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Figure 8. DSC curves of 55NiTi+5Ni coating before and after annealing under 850 °C. 
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Figure 9. Integral calculation of the phase-transition enthalpy with TA Instruments software TRIOS based on the coating DSC curves: (a,b) before annealing; (c,d) after annealing. 
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Figure 10. Coating microhardness test results: (a) hardness along the depth; (b) hardness boxplot of the coating cladding area. 
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Figure 11. Surface morphology of the coatings after friction and wear test: (a) overview; (b) without HT; (c) 450 °C for 2 h; (d) 650 °C for 2 h; (e) 850 °C for 2 h. 
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Figure 12. Wear mass loss results for the coatings during the friction and wear test. 
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Table 1. Chemical composition of Ni and 55NiTi alloy powders (wt.%).
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	Powders
	Ni
	Ti
	Fe
	Nb
	Co
	C
	Si
	O





	Pure Ni
	Bal.
	-
	0.003
	-
	0.020
	0.020
	0.003
	0.006



	55NiTi alloy
	56.46
	Bal.
	0.005
	0.010
	0.005
	0.005
	-
	0.037
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Table 2. Chemical composition of AISI 316L stainless steel substrate (wt.%).
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	Fe
	Cr
	Ni
	Mo
	Mn
	Si
	P
	C
	S





	Bal.
	16.32
	10.12
	2.04
	0.92
	0.34
	0.026
	0.016
	0.015
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Table 3. Heat treatment parameters for samples.
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	Samples
	Annealing Temperature (°C)
	Holding Time (min)





	Group 1
	450
	120



	Group 2
	650
	120



	Group 3
	850
	30



	Group 4
	850
	120
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Table 4. Measuring results of average grain size with linear intercept method.
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Coatings

	
GIC1

	
GIC2

	
Intercept Length (μm)

	
Average Grain Size (μm)






	
Figure 5a

	
19

	
28.5

	
L1 = 153.8

L2 = 225.1

	
8.00




	
Figure 5b

	
18

	
27

	
8.44




	
Figure 5c

	
19

	
21

	
9.41




	
Figure 5d

	
20.5

	
23

	
8.64




	
Figure 5e

	
16

	
16.5

	
11.63
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Table 5. EDS scanning results of the positions marked in Figure 7.
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Coating

	
Position

	
Ni (at.%)

	
Ti (at.%)

	
Fe (at.%)

	
Cr (at.%)

	
O (at.%)

	
Potential Phase






	
850 °C for 0.5 h

	
1

	
0.7

	
38.1

	
0.7

	
0.3

	
60.2

	
TiO2




	
2

	
37.5

	
39.2

	
11.8

	
8.6

	
2.9

	
NiTi




	
3

	
50.5

	
27.0

	
15.3

	
6.5

	
0.7

	
Ni3Ti




	
4

	
40.1

	
26.9

	
23.5

	
7.4

	
2.1

	
Ni3Ti+Fe2Ti




	
850 °C for 2 h

	
5

	
43.3

	
21.9

	
24.7

	
6.9

	
3.2

	
Ni3Ti+Fe2Ti




	
6

	
37.0

	
34.1

	
17.8

	
7.3

	
3.8

	
NiTi




	
7

	
0.7

	
35.2

	
0.7

	
0.4

	
63.0

	
TiO2




	
8

	
48.0

	
36.2

	
8.3

	
6.1

	
1.4

	
NiTi+Ni3Ti
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Table 6. Calculation results of the phase-transition enthalpy and temperature of the coatings before and after annealing.
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	Coating
	Onset Point (°C)
	Peak Temperature (°C)
	Normalized Enthalpy (J/g)





	without HT-S1
	−74
	38
	4.1



	without HT-S2
	−73
	43
	3.4



	after annealing-S1
	−71
	45
	3.3



	after annealing-S2
	−72
	45
	3.0
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