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NiTi shape memory alloys (SMA) have garnered significant interest owing to their shape memory effect, superior corosion resistance, and biocompatibility. This paper reviewed the current research status of cutting machining for NiTi SMA, focusing on turning, milling, and drilling processes, emphasizing the influence of various cutting parameters, tool materials, and cooling methods on machining performance. The optimal turning effect under dry cutting circumstances is achieved when the cutting speed surpasses 100 m/min. The application of Minimum Quantity Lubrication (MQL) in milling, alongside the use of cold air and the optimization of parameters such as feed rate and cutting depth, could diminish cutting force and temperature, thus reducing burr formation. Cemented carbide and high-speed steel covered with TiN are the ideal materials for drilling tools, and the use of substantial cutting fluid yields superior cutting performance compared to MQL. This review concludes that, despite advancements in the study of machining NiTi shape memory alloys, further research is necessary to enhance the efficiency and quality of NiTi SMA machining, particularly with tool material selection and cooling techniques. Finally, based on the current research results, this paper proposes possible future research directions, which provides valuable theoretical guidance for the processing research of NiTi SMA.
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1 INTRODUCTION
The Chinese government has put forward the goal plan of Made in China 2025, taking aerospace equipment, biomedical and other high-performance devices as the goal of development. Nickel-titanium alloys have attracted wide attention as key materials for development (Committee, 2024). Nickel-titanium alloys are a series of alloys primarily composed of nickel and titanium elements, including nickel alloys, titanium alloys, and NiTi SMA. Nickel alloys are widely utilized in aerospace, petrochemical, turbine, and engine industries due to their high strength-to-weight ratio, excellent high-temperature mechanical properties and corrosion resistance (Marinescu et al., 2011; Shicheng et al., 2024; Thornton et al., 2023; Andrea et al., 2021). Titanium alloy has the characteristics of low density, high specific strength, strong corrosion resistance and superior biocompatibility, so it is widely used in drill pipe, high pressure compressor, aircraft fuselage and medical instruments in petroleum exploration (Shao et al., 2023; Shengchen, 2018; Pasang et al., 2023; Cui et al., 2022; Cui et al., 2021; Minghang, 2021; Guanming, 2019). NiTi SMA is the most widely used type among SMA. They are particularly noted for their unique superelasticity and shape memory effect in addition to their large strength-to-weight ratio, low density, and superior corrosion resistance and biocompatibility (Chen et al., 2023; Sehitoglu et al., 2017; Baigonakova et al., 2022; Lu et al., 2023; Liu et al., 2023; Xie and Xu, 2023). These properties have garnered widespread attention, especially in biomedical applications such as artificial joints and vascular stents (Pelton et al., 2000; Das and Chakraborti, 2018).
There are typically high cutting forces, severe tool wear, and excessive surface roughness when mechanical processing NiTi SMA, making it a typical challenging material to machine. Although non-traditional processing methods, such as electrochemical machining (Singh et al., 2023), water jet machining (Dong-Dong et al., 2023), laser cutting (Sun et al., 2021), and electrical discharge machining (Ao et al., 2020) be able to improve many of the issues associated with cutting machining to a certain extent. However, they could not fully replace cutting machining, thanks to its elevated processing costs and reduced efficiency, and the difficulty in meeting the requirements for complex surface processing. Therefore, mechanical processing remains an indispensable method for processing NiTi SMA.
There are key points regarding current research on the machining of NiTi SMA, including turning, milling, drilling, and the corresponding auxiliary machining methods. Among them, the auxiliary machining methods include flood (Sharif et al., 2017) MQL (Masoudi et al., 2023), liquid nitrogen cooling (Dhananchezian, 2024), CO2-Assisted Cryogenic (Wang et al., 2023), cold air (Khairusshima et al., 2013), pre-treatment (Kim and Lee, 2016; Zhang et al., 2023b) and ultrasonic vibration-assisted machining (Guangxi et al., 2023), which have the ability to improve issues arising from cutting machining, such as tool wear, chip evacuation difficulties and poor surface integrity.
According to the literature, significant advances have been made in the cutting process research of NiTi SMA over the past 2 decades. NiTi SMA often exhibits two distinct crystal structures: martensite and austenite. These two crystal structures have an ability to undergo a transformation between each other. The thermoelastic martensitic transition is the primary cause of the production of SME and superelasticity in NiTi SMA (Abdul, 2016). The distinct physical characteristics of martensite and austenite produce in significant variations in the cutting outcomes of NiTi SMA with varied structures (Davis et al., 2021). This paper provides a review of the machining of NiTi SMA through turning, milling and drilling, exploring the cutting performance of NiTi SMA from three aspects: dry cutting, assisted cutting, and cutting simulation. Meanwhile, the choice of materials for tools will also affect the results of the cutting process. In addition, this paper also looks forward to the potential future development directions in the field of NiTi SMA machining, laying a solid theoretical foundation for subsequent research on NiTi SMA machining.
2 TURNING
The most widely used processing technology for rotating parts such as shafts, sleeves, and cones is turning, which is the process completed by rotating the axis of the workpieces. NiTi SMA, as a difficult material, serious tool wear, difficult chip breaking and poor surface roughness are the problems to be solved in turning.
2.1 Dry cutting
2.1.1 Tool wear
Different types of tools could significantly impact the cutting performance and the final machining quality during the turning process. In all metal cutting processes, the main purpose is to use a tool to overcome the shear strength of the workpiece material (Mustafa et al., 2020). The comparison results of tool characteristics of commonly used machined NiTi SMA are shown in Table 1. Weinert et al. used uncoated cemented carbide tools, cemented carbide tools with TiB2 or TiAlN/TiCN coatings, cubic boron nitride (CBN) and composite ceramics for turning machining of NiTi SMA (Weinert et al., 2004b). Ceramic tools are unable to perform turning operations on NiTi SMA, which perhaps owing to its low flexural strength and easily fracture (Du et al., 2023). CBN tools showed better wear resistance in high-speed machining of vc > 100 m/min, but severe notch wear was observed in low-speed machining when vc < 60 m/min, which roughly owing to the formation of BUE on the tool surface (Ociepa et al., 2018).
TABLE 1 | Characteristics of three kinds of tools PCD, PCBN and cemented carbide (Wu et al., 2019; Ding et al., 2005; Kaya and Kaya, 2022; Eren and İrfan, 2020; Emmanuel et al., 2006; Ezugwu, 2006; Kaya and Kaya, 2019).
[image: Table 1]Cemented carbide tools exhibited excellent wear resistance. The uncoated cemented carbide tools suffered from severe notch wear and pitting on the rake face. The TiB2 coating will have a more serious chemical reaction with the workpiece during the machining process, resulting in coating peeling off. Compared to other coatings, it shows more severe flank wear and pitting compared to other coatings. The Cemented carbide tools with TiAlN/TiCN coatings exhibited excellent wear resistance (Weinert and Petzoldt, 2003). Weinert et al. established a feed rate of f = 0.05 mm/rev and a cutting depth of ap = 0.2 mm. When the cutting speed was within the range of vc = 20–60 m/min, the mechanical effects led to larger cutting forces. The maximum measured cutting force of 175 N occurring within this speed range, and serious tool notch wear occurred at the same time. In the range of vc = 60–130 m/min, as the influence of mechanical effected diminished, the cutting forces began to decrease, with a minimum value of 60 N measured within this range, accompanied by a gradual reduction in tool notch wear. There was almost no notch wear observed when vc = 100 m/min. Furthermore, when the cutting speed was in the range of vc = 130–180 m/min, the cutting thermal softening effect was intensified, and the larger friction between the tool and the workpiece led to the increase of cutting temperature, the increase of cutting force and the aggravation of tool wear.
Kaya and Kaya (2022) studied the wear of PCD tools after turning NiTi SMA at different cutting speeds, and compared them with multi-layer PVD coated cemented carbide tools and Polycrystalline Cubic Boron Nitride (PCBN) tools (Eren and İrfan, 2020) respectively. There are two primary wear types observed in PCD tools: frank wear and notch wear. When vc = 70 m/min, the tool is subjected to relatively serious wear due to the poor thermal conductivity of the workpiece and the influence of strain hardening. Cemented carbide exhibited a property of thermal binder phase thermal softening, resulting in lower cutting temperatures and maximizing tool life when vc = 70 m/min, with slightly less wear compared to PCD. The wear level of PCBN was significantly greater than that on PCD, attributed to the lower strength of PCBN tools, resulting in severe notch wear (VBN) and VBN = 0.355 mm was detected after cutting for 25 m. Additionally, PCBN tools underwent chemical reactions with Ti in the workpiece, generating TiC, which accelerates chemical wear on the tool. The tool is severely worn and may even lead to fracture (Yu et al., 2022). The tool wear of PCD and PCDN reached the minimum when vc = 130 m/min, which might be because of the minimum plastic deformation of the tool itself (Li et al., 2020). Tool wear began to intensify with the increase in tool plastic deformation when vc = 190 m/min. Overall, PCD tool surfaces demonstrated superior performance.
2.1.2 Surface integrity
NiTi SMA belongs to difficult-to-machine materials, with surface integrity being one of the primary criteria for evaluating machining quality. Zhao studied the turning process of austenitic Ti49.6Ni alloy. Figure 1 illustrates the surface topography at various cutting speeds. The cutting temperature was lower when the cutting speed vc < 50 m/min. The mechanical effect dominated the cutting process, there were more dislocations and the latent heat decreased greatly. The deformation of the cross section near the surface was irregular, the grain boundaries were not obvious, and the degree of work hardening was large. The chip shape is continuous, and the chip thickness decreased with increasing cutting speed (Zhao et al., 2020). The workpiece surface exhibited feed marks, metal debris, and long grooves. This was attributed to the built-up edge (BUE) formation on the tool, leading to the detachment of metal fragments and the occurrence of long grooves. In addition, plastic deformation caused by mechanical effects exacerbated the appearance of feed marks.
[image: Figure 1]FIGURE 1 | Surface topography images at different cutting speeds: (A) vc = 15 m/min, (B) vc = 33 m/min, (C) vc = 47 m/min, (D) vc = 87 m/min, (E) vc = 125 m/min.
Thermal effects began to dominate the cutting process when vc > 50 m/min. There was a decrease in the occurrence of dislocations with increasing cutting speed, and the degree of latent heat reduction gradually diminished. The workpiece began to exhibit adiabatic shear bands, and the chips transition from the continue shape to the serrated shape that was prone to fracture. The surface roughness decreased with the cutting speed increasing. The best result as observed was obtained under the condition of 125 m/min (Zhao et al., 2021a).The BUE on the tool disappeared with the increasing thermal softening effect, reducing the dislocations and defects on the workpiece surface, thereby achieving better surface quality. The surface roughness reached its minimum value of 0.3 μm at vc = 125 m/min.
Scholars also employed the response surface methodology and Box-Behnken design method to establish a mathematical model for the cutting parameters affecting the ratio of surface roughness and remnant depth. The optimal cutting performance parameters were determined to be vc = 126 m/min, f = 0.11 mm/r, ap = 0.14 mm after calculation (2023). To address the uncertainty in the Sa and Sz measurements of the turning surface roughness of NiTi shape memory alloys, the Monte Carlo approach may be employed, while a neural network can enhance the precision of the optimization model development. (Małgorzata and Krzysztof, 2020).
PCD and cemented carbide tools were used by Kaya et al. (Kaya and Kaya, 2022) to machine austenitic NiTi SMA. The stress produced by cutting will induce martensitic transformation and increase the dislocation density. The cutting force decreased with increasing cutting speed, inhibiting the martensitic phase transformation. The phase transformation of the workpiece was influenced by the cutting speed. The latent heat of the NiTi SMA machined with PCD tool and cemented carbide tool compared with the original workpiece decreased by 9.1 j/gr and 11.3 j/gr, respectively, and the phase transformation lags by about 7°C at vc = 70 m/min. The latent heat decreased by 2.18 j/gr and 2.95 j/gr, respectively, and the phase transition lagged by about 1.5°C. The phase transformation temperature delayed between the two types of tools was not significant. Moreover, the paper reported a similar trend between surface roughness variation and tool wear variation at different cutting speeds under the condition of f = 0.05 mm/r and ap = 0.2 mm. This diminished the impact of feed speed and cutting depth on the cutting outcomes. The surface roughness was reduced at vc = 130 m/min.
2.2 Assisted machining
Dry cutting leads to severe tool wear and relatively rough workpiece surfaces in turning of NiTi SMA. Employing appropriate auxiliary machining methods could effectively improve cutting performance.
2.2.1 Assisted processing with liquid
In turning operations, it has become common to use liquid-based substances for assisting cutting machining, including MQL and flood techniques utilizing cutting fluids or lubricants, and LN2 at −196°C for auxiliary machining purposes.
MQL involves spraying the minimum amount of lubricant into the cutting zone, providing sufficient lubrication and convective heat transfer (Balasuadhakar et al., 2022). Kaynak et al. conducted a series of studies on ambient temperature austenitic phase alloys using MQL as an auxiliary machining method. The lubricating fluid was transported to the cutting area, which reduced the cutting temperature, and the protective layer formed with the workpiece reduced friction and cutting force. MQL-assisted machining slowed down the occurrence of notching wear and flank wear on the tool, although the alloy remained in the austenitic state, similar to dry cutting (Kaynak, 2014). MQL-assisted machining reduced the wear rate of notch wear within 5 min when vc = 25 m/min, the average notch wear at the tool tip was half that of dry cutting (Kaynak et al., 2013a), but there was no significant difference in surface roughness between MQL-assisted machining and dry cutting this may be owing to the mechanical effect that dominates the cutting process (Mehta and Gupta, 2019). MQL cooling lubrication had a certain effect when vc = 100 m/min, reducing surface roughness by 60% compared to dry cutting. However, the tool produced more serious notch wear than dry cutting, and the amount of wear was more than 30% of dry cutting (Kaynak et al., 2015b), which may be related to the springback phenomenon caused by the phase transformation of NiTi SMA under the condition of MQL.
The addition of particles to MQL could help improve cutting performance, MQL vortex tube has also been proved to have an excellent auxiliary role in cutting (Sarikaya et al., 2021). Khalil et al. (2019) coupled MQL with vortex tube mixed cooling as an auxiliary machining method. They added Al2O3 nanoparticles to the MQL. The Al2O3 formed a protective layer at the interface between the workpiece and the tool, reducing friction between the tool and the workpiece and consequently lowering cutting forces. This protective layer also exhibited excellent thermal conductivity, reducing cutting temperatures (Khalil et al., 2018). The coupling of MQL vortex lubrication machining with the addition of cold air significantly enhanced cooling and lubrication effects in the cutting zone. The flank wear caused by cutting tools increases with the increase of cutting speed. The wear rate decreased by 4.2%–34.5% compared to dry cutting and Nano MQL when the cutting speed was within the range of 12.5–50 m/min. Coupled auxiliary machining mitigated tool damage, including adhesion, diffusion, and abrasive wear. However, compared with not using vortex tubes, the cutting force of the coupling cooling method was greater when vc = 25 m/min. This might be thanks to the cutting temperature was below the austenite starting temperature, resulting in lower material yield strength, thereby leading to an increase in cutting forces. The reduction in machining friction enhances the surface smoothness of the workpiece due to the coupling effect. It had been reported that coupled machining controlled the formation of chips and burrs. The average surface roughness was reduced by approximately 15%–18% compared to dry cutting and Nano MQL.
LN2 cryogenic cooling is typically achieved by vaporizing liquid nitrogen to absorb heat and cool the cutting zone. Liquid nitrogen has a boiling point of −196°C, providing excellent cooling effectiveness (Huang et al., 2020). Yu et al. (Jianhang et al., 2022). utilized liquid nitrogen as an auxiliary process to cut both austenitic and martensitic alloys. The surface roughness after machining austenitic alloys was found to be greater than that of martensitic alloys. The difference of the result was 1.24–1.66 times in the range of vc = 40–130 m/min, f = 0.05–0.2 mm/r and ae = 0.2–0.35 mm. Regulating the phase transformation of NiTi shape memory alloy may alter the surface quality of the workpiece. Kaynak observed that the mechanical effect of the machining exceeded the thermal softening effect when vc = 12.5 m/min. This result in significant dislocation on the workpiece surface, leading to stress-induced martensitic phase transformation. The austenite began to transform into twinned martensite (Yanzhe and Jie, 2023). Low-temperature processing promoted the formation of more martensitic phases, reducing cutting forces and tool wear. However, Zhao observed opposite results during low-speed cutting (vc < 33 m/min) (Zhao et al., 2021b). The cutting forces and tool wear were maximal used the cryogenic cooling. The reason for this different result might be that they are cooled in distinct locations. Kaynak et al. applied cooling to both the front and flank of the tool. In contrast, Zhao et al., 2023 only cooled at the tool-chip interface. Martensite tended to adhere to the tool at low speeds, leading to the formation of BUE and resulting in poorer surface quality.
The thermal effect of cutting began to dominate by vc = 25 m/min, the dislocation density decreased, the stress decreased and the martensitic transformation weakened. The stress influence layer decreased gradually and the degree of work hardening decreased (Velmurugan et al., 2018). Zhao found that the stress-induced martensitic transformation disappears when vc > 48 m/min (Yanzhe and Jie, 2023). A greater number of deformation twins exhibiting the (114)B2 mechanism were identified during low-temperature cooling, resulting in an increase in the twins. (Y. et al., 2013), and the residual stress and dislocation density of the workpiece increased significantly. The temperature at the cutting edge increased with the increase of cutting speed, leading to thermal softening of the tool material, which accelerated tool wear. As shown in Figure 2A, low temperature cooling reduces the cutting temperature and reduces the notch wear and adhesion wear of tools in dry cutting (Kaynak et al., 2013b; Kaynak, 2014). Compared to low-speed machining (vc < 100 m/min), the tool shows more severe notch wear when high-speed cutting (vc > 100 m/min) was used. Low-temperature cooling maintained a high density of dislocations and twins, reducing radial forces and resulting in a more pronounced improvement in notch wear. Low-temperature cooling demonstrated a more pronounced improvement in surface morphology during high-speed machining in Figure 2B (Zhao et al., 2021b).
[image: Figure 2]FIGURE 2 | (A) Tool wear in the cutting zone of room-temperature austenitic NiTi SMA. (B) Machined surface morphology under different cutting conditions of vc = 7.5 m/min and vc = 125 m/min (Kaynak, 2014; Zhao et al., 2021b).
Zhao employed flood cooling for turning operations (Zhao et al., 2021b). The mineral oil cutting fluid used in auxiliary machining formed a lubricating film between the tool and the workpiece when vc < 33 m/min, conducted a lot of heat and reduced the cutting force and cutting temperature. Flood cooling has a significant improvement on the flank wear and crater wear of the tool compared to dry cutting. The material surface obtained a more uniform microstructure, and the surface roughness of the material was also better than that of dry cutting. The cutting performance was optimal especially when vc = 15 m/min. Nonetheless, the cutting fluid cannot be delivered promptly, resulting in diminished lubrication efficiency and reduced benefits when vc > 33 m/min. Kitay and Kaynak (Kitay and Kaynak, 2021) found in their study on room temperature austenitic alloy turning that the depth of the affected layer of the workpiece after flood-assisted machining at a cutting speed of 20 m/min was up to 130 μm. The microhardness increased, with an average value of 382 HV, indicating an estimated 29% enhancement compared to the original workpiece. The thermal softening effect in the cutting zone increased, leading to a reduction in the average microhardness to 351 HV as the cutting speed increased.
Kirmacioglu and Kaynak (Kirmacioglu et al., 2019) conducted turning operations on the ternary alloy NiTiHf under flood conditions. It was found that both the cutting tools experienced abrasive wear and adhesive wear after comparing the processing results using the same cutting parameters as machining NiTi SMA (Kaynak et al., 2014). Furthermore, the tools encountered elevated friction and heat production, resulting in intensified tool wear as cutting speed increased. The chips of NiTiHf were more prone to fracture. Continuous and curved chips were produced at cutting speeds ranging from 20 to 45 m/min. Continuous and loose chips were noted when vc = 70, 95, and 120 m/min. The chip thickness decreased with increasing cutting speed, and appropriately raising the cutting speed could alleviate chip breakage difficulties. Considering the comprehensive cutting results, the cutting performance was optimal at vc = 70 m/min. Table 2 summarizes the characteristics of three liquid-assisted machining methods: MQL, LN2 and flood for turning NiTi SMA.
TABLE 2 | Characteristics of three liquid-assisted processing MQL, LN2 and flood.
[image: Table 2]2.2.2 Assisted processing with air
CO2-Assisted has the advantages of low cost, non-toxicity, no pollution, so it has been widely concerned in practical application (Lin et al., 2023). This is a gas-assisted processing method. Kitay and Kaynak (Kitay and Kaynak, 2021) found that after machining an alloy with austenite phase at room temperature was machined by CO2-Assisted, although the cutting temperature still remained above the material’s martensite start temperature, making it difficult for the workpiece to reach the martensite phase. However, there was a significant decrease in cutting temperature compared to dry cutting at all the set cutting speeds. The microhardness value under CO2 circumstances was the highest among all cutting environments, attaining 401 HV at a cutting speed of 20 m/min, attributable to the material in the martensite phase. The paper reported chips accumulated and tangled in the cutting zone. It difficult for CO2 to penetrate the cutting zone, resulting in poor cooling effected at a cutting speed of 70 m/min.
2.2.3 Pre-treatment
Pretreatment is an auxiliary processing method to keep the workpiece at a specific temperature before cutting, including pre-heating treatment and pre-cooling treatment (Dong-Hyeon Kim and Lee, 2014; Zhang et al., 2023a).
Kaynak et al. conducted preheating treatment on the Ni49.9Ti50.1, which was in the martensitic phase at room temperature. The preheating temperature was set at 175°C, at which the material fully austenitized. The appearance of the austenitic phase, compared to the martensitic phase, results in reduced surface dislocations, with higher latent heat after preheating (Kaynak et al., 2017). The tool suffered from severed notch wear, which increased gradually with the rise in cutting speed under preheating conditions (Kaynak et al., 2013c; Kaynak et al., 2015b). Similarly, Yang subjected the Ni50.95Ti49.05, which was in the austenitic phase at room temperature, to preheating at 175°C (Yang et al., 2021). The heating temperature exceeded the martensite desist temperature (Md) of 150°C, keeping the material in the austenitic phase during processing. The workpiece underwent martensitic transformation during cutting on the surface without preheating, resulting in springback phenomena and exhibiting characteristics of superelasticity, the workpiece accuracy was inferior (Davis et al., 2021). The tool exhibited severe wear under non-preheating conditions in Figure 3A, which contrasted with the results presented in Kaynak’s study depicted in Figure 3B. The materials undergo different phase transformations after preheating at the same temperature. Table 3 summarizes the results of tool wear after two preheating processes. Consequently, the alloy exhibits different superelastic behavior, thereby affecting the result of tool wear.
[image: Figure 3]FIGURE 3 | (A) Tool wear patterns at vc = 25 m/min after machining under a and b non-preheating condition, c and d preheating condition (Yang et al., 2021). (B) Tool wear patterns under different cutting speeds and cooling/preheating conditions (Kaynak et al., 2013a).
TABLE 3 | Different tool wear conditions of NiTi SMA after preheating.
[image: Table 3]Kaynak turned the workpieces, which was in the austenitic phase at room temperature, to cryogenic treatment before machining. The workpiece was cooled to −185°C using liquid nitrogen, resulting in the workpiece being in the martensitic phase after cryogenic treatment (Kaynak et al., 2015b). The alloy in the martensitic state exhibited more twinning and a higher dislocation density compared to the original workpiece (Kaynak et al., 2014). The workpiece exhibited greater plastic deformation and deeper machining affected layers after cutting (Kaynak et al., 2015a). The workpiece in the martensitic phase was softer compared to the austenitic phase, which contributed positively to reducing the cutting force on the tool. The workpiece after pre-cooling becomes more brittle when vc = 100 m/min, eliminating the formation of debris, and the workpiece surface has a smoother appearance.
2.3 Simulation
There are few simulation experiments on the machining of NiTi SMAs owing to the lack of constitutive equations and failure models describing stress, strain, temperature, and other material state variables and their temporal relationships. Kaynak et al. (Kaynak et al., 2020; Kaynak et al., 2015c) employed the DEFORM 2D finite element analysis software, based on a modified Helmholtz free energy phase transformation model, to simulate the volume fraction of mechanically induced martensitic transformation in the cutting process. The accuracy of the model was verified by the experiments done by the model.
Mehrpouya et al. (2017) conducted finite element simulations of NiTi SMA machining using ANSYS/LS-DYNA R15. The plasticity and damage parameters of the material were derived from those of titanium alloy processing. Cutting parameters were selected from turning experiments conducted by Weinert and Petzoldt (2003), Weinert et al. (2004b). The Mises stress and shear stress of the material after cutting were obtained through finite element calculations. A coupled relationship was established, yielding a new equation after obtaining the influence functions of the two stresses with respect to cutting speed. The optimal solution was determined for a cutting speed of 109 m/min, with an error of 9% compared to the experimental value of 100 m/min.
Johnson-Cook (JC) material model is commonly used to predict the strength limit and failure process of metal materials under large strain, high strain rate, and high temperature conditions (Jomaa et al., 2017). Zhao conducted dynamic compression experiments on Ni50.8Ti SMA using a Hopkinson pressure bar apparatus (Yanzhe, 2021). The Scholar applied the ABAQUS finite element analysis software to establish a two-dimensional orthogonal cutting model to simulate turning processes. The simulation results for cutting force, cutting morphology, and chip geometry compared to experimental parameters had errors within 25% at a lower cutting parameter setting with a cutting speed vc = 50 m/min and a feed rate f = 0.05 mm/r. Figure 4 illustrated the comparison between experimental and simulated chip morphology. The simulation results exhibited higher errors with increasing cutting settings, occasionally surpassing 25% due to the failure to account for the influence of airflow on workpiece temperature fluctuations in thermal-coupled analysis. Although the parameters of JC constitutive equation could be used effectively at this stage, the cutting damage parameters of JC are uncertain. Fracture energy is used as the failure criterion for Ni50.8Ti SMA in the damage evolution stage in this model (Hillerborg et al., 1976).
[image: Figure 4]FIGURE 4 | Comparison of chip morphology between experiment and simulation under different machining parameters: (A) vc = 50 m/min, f = 0.05 mm/r, (B) vc = 50 m/min, f = 0.15 mm/r, (C) vc = 125 m/min, f = 0.05 mm/r, (D) vc = 0.15 mm/r.
2.4 Summary
The turning machining of dry cutting often leads to significant tool wear. Coated carbide tools, especially those with TiAlN/TiCN coatings, offer better wear resistance and PCD tools also demonstrated excellent wear resistance. The cutting speed is critical; reduced speeds result in increased wear from DUE, whereas elevated speeds exacerbate heat effects, contributing to tool wear and inferior surface roughness. Assisted machining methods like Assisted processing with liquid, CO2-Assisted and Pre-treatment help improve tool life and surface quality, but each has limitations depending on the cutting conditions. Simulating the machining of NiTi SMAs is challenging due to the lack of accurate constitutive equations and failure models.
3 MILLING
The workpiece might be milled into complex surface shapes in a short amount of time, as milling processing utilizes multi-axis machining techniques to achieve this. Its intermittent processing characteristics also lead to Severe work hardening and more burr when machining NiTi SMA.
3.1 Dry cutting
3.1.1 Tool wear
Huang (Huang, 2004) observed all the features of tool wear shown in Figure 5 after milling NiTi SMA with cemented carbide. The tool generated BUE as a result of the adhesion on the rake face. Researchers assessed tool wear by examining the wear state on the flank face. The tool wear on the rake face decreased with the increased of the cutting speed when vc > 200 m/min. This could be attributed to the reduction in cutting force and chip thickness at higher cutting speeds. The chip cross-sectional area decreased as the cutting speed increases, resulting in a reduced cutting force. Reducing cutting force led to less tool wear on the rake face. Additionally, the decrease in chip thickness at higher cutting speeds diminished the contact area between the chip and the tool, further reducing tool wear. The thermal softening effect and plastic deformation of the material increase when vc > 200 m/min, resulting in shorter and thinner chips, which will aggravate the adhesion wear of the tool.
[image: Figure 5]FIGURE 5 | SEM micrographs showing tool wear characteristics. (A) Fracture and wear on the cutting edge. (B) BUE. (C) Chipping. (D) Tool adhesion. (E) Flank wear. (F) Cutting edge wear due to flank adhesion wear (Huang, 2004).
Altas et al. (Emre et al., 2020) employed the L18 orthogonal Taguchi method to investigate the influence of tool nose radius (rε) and cutting parameters on the extent of flank wear (Vb). Tungsten carbide steel is the tool material used in this experiment. There were three mainly kinds of wear of the tool: Vb, BUE and mechanical fatigue fracture. The increase in cutting speed and feed per tooth (fz) elevated the cutting temperature in low-speed machining (vc < 50 m/min), exacerbating flank wear of the tool. The greater the rε, the greater the tool stiffness and wear resistance. It was found that the most important factor affecting tool side wear was fz by using analysis of variance, followed by rε. This may be due to the fact that, on one hand, as the fz, the heat and pressure generated during the cutting process also increase (Zhang and Xu, 2020). NiTi SMA has a lower thermal conductivity, so this heat could not be efficiently removed. On the other hand, tools with reduced rε values exhibit diminished strength (Caliskan et al., 2017). This ultimately leads to an increase in Vb value on the tool, and accelerated tool wear.
3.1.2 Surface integrity
Huang et al. (Huang, 2004) investigated the surface roughness and microhardness of milled NiTi SMA under different cutting parameters. The cutting speed had the greatest impact on surface integrity results. Twins and dislocations appear on the machined surface due to the mechanical effect that dominates the whole cutting process when vc was in the range of 5–50 m/min, resulting in the maximum value of 360 HV for microhardness, and the worst result of surface roughness was Ra = 0.8 μm. The thermal effect began to dominate the cutting process when the cutting speed was within the range of 50–200 m/min. The minimum result of 310 HV was obtained for microhardness at vc = 150 m/min. The best result was that the surface roughness was reduced to 0.1 μm in vc = 200 m/min, which may be related to the reduced chip thickness. When the cutting speed was in the range of 200–500 m/min, all cutting results showed a slight increase, but generally tended to stabilize. Both increasing the feed rate and cutting depth will lead to an elevation in cutting force, which in turn will result in heightened surface roughness and microhardness, albeit with a relatively little effect.
Enhancing the hardening degree of NiTi SMA impacts the material’s phase change, augments plastic deformation, and diminishes the shape memory effect (SME) (Wang et al., 2019b). Wang et al. utilized the L9 orthogonal array Taguchi method to examine the impact of cutting settings on work hardening (Wang et al., 2018). There was a positive correlation between the magnitude of microhardness and the induced work layer during machining as shown in Figure 6. The plastic deformation exhibited a positive correlation with the rise in cutting speed when vc < 200 m/min. However, the shear slip zone would become narrower and the material’s yield limit will increase, which weakens the degree of plastic deformation, the dislocation density decreased and the grain size decreased. The depth of the machining-induced layer and the degree of work hardening decreased with increasing cutting speed. The amount of plastic deformation surpasses the degree of weakening when vc > 200 m/min. This leads to a rise in lattice distortion and the density of metal dislocations. Additionally, the depth of the induced layer started to expand, resulting in a higher degree of hardening. The larger feed rates and cutting widths resulted in increased friction between the material and the tool, leading to a larger area of plastic deformation and higher cutting temperatures. The alloy experienced a partial martensitic transformation, resulting in the development of tougher austenite, which increases the hardening of the workpiece. Ultimately, the paper reported that the parameters with the least degree of hardening and the strongest SME were vc = 200 m/min, f = 0.08 mm/r and ae = 0.3 mm.
[image: Figure 6]FIGURE 6 | Microstructure of NiTi SMA at different milling speed (Wang et al., 2019b).
Wang et al. investigated the trend of the influence of cutting parameters on surface roughness through orthogonal array experiments (Wang et al., 2019a). By increasing the cutting speed in milling operations, the cutting temperature could be raised, while simultaneously reducing the friction coefficient and cutting forces. This, in turn, led to a decrease in the plastic deformation of the workpiece material and ultimately implied a drop in surface roughness. The feed rate also affected surface roughness. Increasing the feed speed led to a thicker undeformed chip, which in turn caused a higher cutting force and wear on the rake face, resulting in a more uneven surface. The variation in cutting width has minimal impact on the level of surface roughness.
Altas et al. explored the impact of the rε and cutting parameters on surface roughness using an L18 orthogonal Taguchi method (Emre et al., 2020). The value of Ra decreased as rε increased. This is because that larger cutting tools possess more rigidity, leading to a decrease in the thickness of the uncut chip as the cutting tool size increases. Consequently, this reduced tool wear and minimizes surface roughness. The tool suffered severe flank wear, which had a negative impact on the surface roughness as the cutting speed increased from vc = 20 m/min to 35 m/min. The tool tended to form BUE, increasing rε and reducing the uncut chip thickness at lower cutting speeds, thus lowering the surface roughness. With the increase in fz, the temperature in the cutting zone increases and the resulting heat was concentrated at the tool-chip interfaces, which would also lead to the increase of surface roughness.
Dry milling of NiTi SMAs presents challenges such as tool wear and surface integrity. Tool wear, including BUE formation, microchipping, and flank wear, is influenced by cutting speed and tool nose radius. Higher speeds reduce wear on the rake face due to decreased cutting force, but excessive speeds could increase adhesive wear. Surface integrity, including roughness and microhardness, is significantly affected by cutting parameters. Optimal conditions (vc = 200 m/min, f = 0.08 mm/r, ae = 0.3 mm) minimize work hardening while enhancing surface quality and maintaining the SME.
3.2 Assisted machining
3.2.1 Assisted processing with liquid
The application of MQL in milling not only reduces the amount of cutting fluid used but also enhances the ability of cutting fluid to penetrate the cutting zone (Li et al., 2019). Weinert and Petzoldt (2006) investigated the effects of different cutting parameters on burr formation and tool adhesion during milling of NiTi SMA. Efficient reduction of the contact area between the tool and workpiece could be achieved by decreasing the ap. Consequently, this aids in reducing the formation of burrs, decreasing cutting pressures, and minimizing tool deterioration. Expanding the cutting width has the effect of increasing the size of the chips, which makes it easier for the chips to form and reduces the creation of burrs and the incidence of adhesive wear on the tool. Increasing the feed rates and cutting speeds resulted in a decrease in cutting time, an increase in cutting depth, a reduction in the passive component of cutting forces, which in turn made it easier to remove chips and reduced the wear on the tool. MQL-assisted machining could alleviate adhesive buildup on the tool surface and reduce tool wear. There was almost no adhesion after milling six continuous grooves with the same tool with the cutting parameters (vc = 33 m/min, fz = 12 μm/tooth, ap = 10 μm, ae = 40 μm) selected in Figure 7, the quality of the workpiece was maintained at a high level, and the burr formation was minimized.
[image: Figure 7]FIGURE 7 | Tool condition and workpiece quality after milling six slots using optimal cutting parameters (Weinert and Petzoldt, 2006).
Kuppuswamy and Yui (2017) used the L9 orthogonal array method to investigate the effects of cutting parameters on cutting force and burr size during microend milled slots. Cutting force and burr size were most significantly influenced by cutting speed. The cutting force gradually increased with the increase of cutting speed when vc > 15 m/min. Hardness was maximum at vc = 15 m/min, attributed to stress-induced martensitic phase transformation in the material, which exhibited higher hardness compared to the austenitic phase material and was more prone to strain hardening. The high ductility of the material that led to tool deflection during low-speed machining (vc < 35 m/min), resulting in incomplete milling, albeit with fewer burrs. The burrs also increased with the increase in cutting speed as the material’s elastic deformation increases. There was also a situation where the milling was incomplete at vc = 30.15 m/min. Taking into account both the cutting force and the burr situation, the optimal result for slot milling was achieved at vc = 15 m/min. Piquard et al. (2014) explored the influence of different cutting parameters, up-milling and down-milling on the size of burr in two kinds of NiTi SMA of austenitic phase and martensitic phase at room temperature with MQL. It was found that the height and width of the burrs were most influenced by fz and ae, and decreased with increasing fz and decreasing ae through mathematical analysis using variance analysis. The thickness of the burrs was most influenced by the material, with burrs being thicker in martensitic phase alloys. The second was the machining strategy, with burrs being thinner after down-milling compared to up-milling, resulting in a curly shape.
Biermann et al. (Biermann et al., 2009) conducted milling operations on martensitic Ni49.7Ti50.3 and austenitic Ni49.9Ti50.1 alloys using a ball-end mill at various tool inclination angles. Different inclination angles result in different time-discrete chip cross-sections, thereby generating varying gradients in chip thickness, cutting force, and cutting speed distribution, which subsequently affected tool wear. The tool wear was minimized, and the surface quality of the workpiece was optimal when the inclination angle was 50°, as shown in Figure 8. The tool wear of cutting martensitic alloy was more severe, resulting in more burrs along the milling path because of the higher fracture elongation of 15.8% and the higher tensile strength of 174 MPa in the martensitic phase compared to the austenitic phase.
[image: Figure 8]FIGURE 8 | The effect of inclination angle variation on surface quality and tool wear (Biermann et al., 2009).
Davis et al. (2023). primarily investigated the impact of several cooling methods (flood coolant (WME), cryogenic liquid nitrogen (CME), and a hybrid technique (HME)) on the surface roughness and micro-hardness of Ni55.6Ti44.4 alloy during milling. By employing the L27 Taguchi technique, Shapiro-Wilk normality test, and Breusch-Pagan variance test analysis, it has been shown that the optimal cutting conditions involve milling with low-temperature treated tools using the HME method. The recommended cutting parameters are vc = 55 m/min, fz = 0.075 mm/tooth, and ap = 1 mm. Cryogenically treated tools could increase the grain size of the tool material, enhance the grain structure, and enhance the thermal conductivity of the tool, thus minimizing heat-induced damage to the tool. Research in the literature has shown that cutting tools treated with cryogenic treatment exhibit improved performance in HME. This could be attributed to the fact that cryogenically not only refines the grains of the tools, but also causes strain hardening due to rapid cooling. As a result, cutting temperatures were reduced and thermal softening was minimized. Conversely, the WME might lead to the softening of the region owing to the relatively high temperature of the cooling environment, which could have an impact on the quality of the surface. By combining cutting fluid and LN2, the cooling and lubricating requirements of the cutting area could be fulfilled, resulting in improved machining outcomes.
The demand for the conversion of biomaterials into high-quality, industrially produced medical implants has surged significantly (Rahul et al., 2022). Researchers studied the functional markers of NiTi SMA following machining and investigated its capacity for use in biological contexts. By utilizing HME, the surface properties of Ni55.6Ti44.4 alloy have been greatly enhanced to fulfill the requirements of biomedical implants, such as cardiac stents. The altered surface is tuned with regards to roughness, morphology, and wettability, hence enhancing the adhesion, proliferation, and differentiation of cells on the material surface. The cell culture situation is shown in Figure 9. Furthermore, surface modification also diminishes the emission of detrimental elements like Ni, enhances the biocompatibility of materials, and facilitates prolonged cell cultivation and the execution of tissue engineering. The research findings have substantial implications for the development and production of biomedical implants, since they could enhance the efficacy of implants and minimize problems.
[image: Figure 9]FIGURE 9 | SEM images showing tool wear of NiTi SMA face milling cutters under different cutting parameters (Altas et al., 2021).
3.2.2 Assisted processing with air
Cold air-assisted machining helps reduce cutting force, eliminate chips, and reduce tool wear in milling (Jozić et al., 2015). Zailani et al. used an auxiliary machining method that combines chilled air with MQL (Zailani and Mativenga, 2016). The workpiece selected was Ni45Ti55 (wt%), which was in the martensitic phase at room temperature. The use of chilled air in this material promoted the transformation of martensite to austenite (Abidin and Tarisai, 2023). Simultaneous use of chilled air and MQL results in minimal changed in grain size of the workpiece and did not generate significant dislocations compared to dry cutting. The application of a cold air vortex can efficiently eliminate debris from the workpiece surface, while the use of MQL reduces the likelihood of debris adhering to the tool. The flank wear of the tool was significantly reduced after combined auxiliary processing (Zainal Abidin et al., 2020). The burrs were softer and easier to remove because of the lower hardness of the material processed with cold air.
3.2.3 Pre-treatment
Altas utilized three various kinds of tungsten carbide tools milling cutters for milling operations: uncoated, PVD coated, and CVD coated. The tools were given two types of cryogenic treatments at temperatures of −80°C and −196°C. Figure 10 depicts the wear and tear of the cutter after milling NiTi SMA under different cutting conditions. On one hand, the CVD-coated tool exhibited less wear compared to the PVD-coated tool, as it formed eta carbides after undergoing low-temperature treatment at −196°C, thereby enhancing tool hardness and wear resistance. The low-temperature pre-treatment of the tools improved their thermal conductivity, reducing the temperature between the tool and chip interface, which in turn mitigates the degree of tool flank wear (Altas et al., 2021). On the other hand, using ethylene glycol (EG) and borax decahydrate (BX) cutting fluid assisted in forming a protective film on the surface, effectively improving the tool wear. Similar to dry cutting, opting for a higher cutting speed minimizes tool degradation. Higher fz leads to a greater material removal rate, accompanied by an increase in cutting force and cutting heat, which in turn leads to reduced tool hardness and higher side wear (Emre et al., 2022).
[image: Figure 10]FIGURE 10 | (A) Fluorescence microscopic images demonstrating ADSCs stained with DAPI (blue) after 4 days of cell culture on both surfaces, (B) SEM images of ADSCs on both surfaces after 4 days of cell culture (Davis et al., 2023).
Altas explored the influence on the workpiece surface roughness under the same machining conditions (Altas et al., 2021). There was a reduction in cutting temperature when, EG + BX combined lubricant was used, and there were particles that decreased the friction between the tool and workpiece. Milling cutters subjected to cryogenic treatment at a temperature of −196°C demonstrate enhanced thermal conductivity and increased toughness. The friction coefficient of CVD-coated tools is lower than that of PVD-coated tools. The average Ra of the workpiece after machining, CVD coating is 2% lower than that of PVD-coated tools and 17% lower than that of uncoated tools (Altas et al., 2021). The tool exhibited a tendency to create BUE at lower cutting speeds, leading to a surface roughness that was roughly 15% lower at a cutting speed of 50 m/min compared to a cutting speed of 20 m/min. The chip removal rate and thickness were raised by increasing the feed rate, which in turn increased the cutting temperature and resulted in an increase in Ra. Specifically, at fz = 0.03 mm/tooth, Ra was approximately 27% lower compared to fz = 0.14 mm/tooth. Finally, the authors determined the importance of factors affecting surface roughness through the orthogonal array method and variance analysis, ranking them as follows: feed rate, tool coating, cutting fluid, cutting speed, and cryogenic heat treatment of the tool (Emre et al., 2022).
3.3 Summary
Currently, research on milling NiTi SMA mainly discusses the effects of factors such as cutting speed, feed rate, cutting depth, cutting strategy, cooling conditions, tool material and geometry on the milling process. Milling is intricate, with burr development being the primary issue, associated with the high ductility and superelasticity of NiTi SMA. Employing MQL or cold air in machining helps mitigate burr formation to some degree. An elevation in fz and ae will result in an augmentation in burr height and width, but an increase in ap will cause a reduction in burr height. Proper cooling methods enable the alloy to maintain a more homogeneous austenite structure, hence diminishing cutting forces and enhancing surface finish. In dry cutting, a cutting speed of vc = 200 m/min could decrease work hardening and enhance surface quality.
4 DRILLING
Drilling is an indispensable machining method when manufacturing hole type parts such as shaft holes or threaded holes components. Its characteristics lead to issues such as surface stress concentration, significant work hardening, chip evacuation difficulties, and severe tool wear in NiTi SMA.
Selecting cutting tools is particularly important, which has a significant impact on the surface integrity of the workpiece in drilling (Karpat et al., 2014). Lin et al. (2000) conducted drilling experiments on SMA Ni50Ti50 in martensitic phase and Ni51Ti49 in austenitic phase. They used uncoated high-speed steel (HSS), HSS coated with TiN and twist drill of cemented carbide steel for the drilling tests. Applying coatings to HSS tools enhances their surface hardness and reduces wear. The HSS drill with TiN coating exhibited lower cutting forces compared to the uncoated tool. Additionally, the maximum cutting depth increased from 11.8 mm to 22.9 mm. The cemented carbide tool head features high hardness and strength, with superior wear resistance compared to high-speed steel (Faria et al., 2009), its maximum cutting depth was 39.596 mm. A significant amount of plastic deformation was observed after machining the austenitic Ni51Ti49, with hardness values near the bore reaching up to 370 HV, higher than the 310 HV of the martensitic Ni50Ti50. The optimal cutting results were reported at a cutting speed of n = 163 rpm and a feed rate of f = 0.07 mm/rev in the experiment.
Biermann et al. (2011) conducted micro deep-hole drilling experiments on Ni50.2Ti49.8 using uncoated, TiN-coated, and TiAlN-coated single-lip drills and twist drills. The cutting edges of the single-lip drills were designed asymmetrically, resulting in the generation of more radial force components during the cutting process, which led to adhesion of the drill to the guide pad. There was an improvement in the adhesion phenomenon with the application of coatings. There was a risk of tool edge chipping when using low cutting speeds with single-edge tools due to the higher work hardening of the alloy, while higher cutting speeds could exacerbate adhesion. Therefore, using single-edge tools at vc = 30 m/min yielded favorable cutting results, with a maximum cutting depth of 420 mm. There was minimal occurrence of adhesion on the tool after machining when using twist drills due to the symmetric design of the blade reducing radial forces. Twist drills achieved a maximum cutting depth of 1,200 mm at vc = 50 m/min, Twist drills had a significant advantage over single-edge tools.
Weinert et al. investigated the effects of different cutting parameters on drilling of both martensitic Ni50.3Ti49.7 and austenitic Ni50.9Ti49.1. The tool chosen was a solid carbide twist drill with a diameter of 5 mm and TiCN/TiN coating. The feed rate and drilling depth were kept at a constant value of f = 0.1 mm/rev and l = 5 mm, respectively (Weinert and Petzoldt, 2003). The torque for both metals remained nearly constant at 3 Nm, resulting in high cutting forces when vc = 40–80 m/min. The thick chip thickness and material-induced mechanical effects lead to high cutting forces caused by dislocation motion during low-speed cutting. The increase in cutting temperature caused a thermal softening effect in the material, leading to increased plastic deformation and reduced chip thickness during high-speed machining, resulting in decreased cutting force. The author also found that there was no obvious relationship between the surface roughness and the cutting speed of the martensitic alloy (Weinert et al., 2004a). The best surface roughness of austenitic alloy at vc = 100 m/min was Rz = 1 μm.
The increase in feed rate led to a linear growth in feed force and drilling torque due to the increase in chip thickness. The feed rate varied in the range of f = 0.05–0.2 mm/rev when the cutting speed remained constant at vc = 60 m/min. Increased feed forces were noted in the austenitic alloy due to the superior tensile strength of the martensitic phase relative to the austenitic phase. The feed rate had little effect on surface roughness. There is a decrease in microhardness, and the effect of workpiece work hardening could also be reduced by decreasing feed speed With the increase of cutting speed. (Weinert and Petzoldt, 2003). Martensitic alloys exhibited more pronounced hardening due to their twin martensitic phase having a lower plateau strain compared to austenitic alloys.
The drilling process of NiTi SMA is significantly influenced by different cooling conditions (Perçin et al., 2016). Rosnan et al. (Rosnan et al., 2019; Rosnan et al., 2018) investigated the impact of two types of cemented carbide twist drill bits, one with TiAlN coating and one without, on the drilling performance of NiTi SMA at various cutting speeds. The experiment utilized the MQL-assisted machining process, where MQL was infused with Al2O3 particles with a diameter measuring less than 50 nm. The incorporation of nanoparticles into MQL could significantly enhance the thermal conductivity of the lubricant and provide a thin protective layer between the alloy and the tool, thereby diminishing the drilling thrust. Tools with TiAlN coating exhibited better wear resistance. With a cutting speed of 20 m/min, under the premise of VBmax ≤ 0.2 mm, the processing time for uncoated drills was less than 180 s, whereas under the conditions of coated tools, this time extended to 785 s. Tool wear exacerbated with increasing cutting speed, and traced amounts of nanolubricant showed significant anti-wear effects only at cutting speeds of vc = 10–20 m/min. The flank wear of the tool appeared earlier in the cutting process when vc = 30 m/min because the difficulty of the cutting fluid to effectively penetrate the cutting zone. The researchers discovered that the minimal lubrication strategy had subpar performance in terms of enhancing the surface morphology and aperture accuracy, as depicted in Figure 11.
[image: Figure 11]FIGURE 11 | Comparison of chip morphology between experiment and simulation under different machining parameters: (A) uncoated drill at 10 m/min, (B) coated drill at 10 m/min, (C) uncoated drill at 30 m/min, (D) coated drill at 30 m/min.
Namlu et al. (Hakkı et al., 2023) studied four different machining/cooling combinations as conventional drilling with flood cooling (CD-Wet) and with MQL (CD-MQL), ultrasonic-assisted drilling with flood cooling (UAD-Wet) and with MQL (UAD-MQL), on deep hole drilling of Ni55.8Ti. The lubricant could not effectively penetrate in conventional machining and the penetration capability of MQL compared to wet machining in deep drilling was weaker. The periodic cutting process of ultrasonic-assisted machining resulted in gaps between the workpiece and the tool. These gaps helped in removing chips and enabling coolant to penetrate, which in turn reduced friction forces, decreased feed forces, and lowers heat in the cutting area. The integration of UAD-WET drilling yielded the minimal variance in hole diameter and the greatest precision, with a minimal error of only 0.1%. Tool wear was shown in Figure 12, where it could be observed that in CD-MQL, the tool wear mainly manifests as edge chipping; The CD-Wet drilling mode exhibits a conjunction of BUE creation and flank wear, attributable to erratic BUE development and material degradation of the tool during separation.; UAD-MQL exhibited excessive wear due to incomplete chip evacuation and hammering effect; UAD-WET forms stable BUE on the cutting edge, protecting it from rapid wear.
[image: Figure 12]FIGURE 12 | Tool wear under different conditions (Hakkı et al., 2023).
5 SUMMARY
The selection of tool material significantly impacts the drilling outcomes in NiTi SMA research. Carbide steel tools demonstrate superior performance and maximize the effective cutting depth. HSS with TiN coating has advantages over HSS without coating in reducing cutting force and improving tool wear. HSS + TiN drill bits exhibit superior hardness and exceptional wear resistance, resulting in enhanced drilling performance. Drilling and cutting generate large cutting forces, so the surface hardness of the workpiece is considerable. Some academics had examined the tool wear conditions associated with micro-drilling, revealing that twist drills exhibit the least wear. In auxiliary machining, the lubrication and cooling provided by MQL are inferior to that of flood, and ultrasonic vibration significantly contributes to the reduction of tool wear and cutting force.
6 DISCUSSION
The NiTi SMA, a shape memory material known for its growing range of applications, remains to rely on cutting machining such as turning, milling, and drilling as the primary method of machining. While NiTi SMA shares similarities with Ni alloys and Ti alloys in terms of being challenging to machine, the presence of its shape memory effect and superelasticity makes it more difficult the process of machining NiTi SMA.
6.1 Turning processing: tool material
There are the most research on turning processing at present. The research on the selection of turning tool materials is also relatively comprehensive. Cemented carbide is commonly employed for cutting NiTi SMA in the current study. Widely utilized coatings comprise of CVD, TiB2, TiAlN and TiCN, which significantly enhance the wear resistance of cemented carbide steel tools (Xie, 2010). PCD tools have superior hardness and thermal conductivity compared to cemented carbide, resulting in a longer lifespan (Li et al., 2016). PCD tools may achieve a maximum turning distance of 1725 m for NiTi SMA, exceeding the maximum turning distance of 475 m for PCBN tools when vc = 130 m/min. It demonstrated excellent cutting performance when turning the NiTi SMA. However, PCD tools might undergo chemical reactions with the Ti element in the alloy, hence accelerating the wear of the PCD tool, even potentially encounter blade breakage or fracture (Eren and İrfan, 2020). Hence, PCD tools exhibit more sensitivity to cutting conditions. Ceramic tools are unsuitable for milling NiTi SMA due to their high toughness and poor thermal conductivity, which makes them prone to breakage during processing.
6.2 Turning processing: assisted machining method
The predominant auxiliary machining techniques employed in turning operations include Assisted processing with liquid, Assisted processing with air and Pre-treatment at present. The use of cryogenic cooling yields optimal results in auxiliary machining. The reduced boiling point of LN2 could sustain the NiTi SMA in the austenite phase. This helps to minimize material phase transformation resulting from cutting heat, thereby reducing the depth of the hardened layer caused by processing. It improves the surface quality of the workpiece and also reduces tool wear, thereby increasing the service life. The tool side wear for low-temperature machining, MQL machining when vc = 25 m per minute, and dry machining is approximately 72 μm, 140 μm, and 250 μm, respectively. Nevertheless, the impact of cryogenic cooling during low-speed machining is limited, potentially attributable to the low cutting temperature and the tendency of the coolant to stick to the tool, resulting in adhesive wear. Preheating is typically regarded as negative to cutting outcomes due to the risk for excessive heat buildup in the cutting zone. However, Recent studies have demonstrated that when the NiTi SMA is heated above the Md, the martensite phase undergoes a transformation into the austenite phase. This transformation results in a decline of superelastic properties, nevertheless it additionally contributes to improved tool wear and reduced work hardening caused by the phase change. While the cutting results of NiTi SMA using the dry cutting process may not be as optimal as those achieved through auxiliary processing, dry cutting offers the advantages of cost reduction and environmental pollution reduction. At present, the most efficient method to enhance the unsatisfactory cutting results caused by dry cutting is to change the cutting parameters. The cutting speed is the cutting parameter that has the most significant influence on cutting performance. In turning machining, the optimal cutting outcome occurs when the cutting speed exceeds 100 m/min marginally.
6.3 Milling processing: comprehensive analysis
Milling processing entails complexity. Besides tool wear and poor surface roughness in milling NiTi SMA, burr formation is prevalent issues in this process. Optimizing cutting parameters and employing suitable cooling techniques might mitigate burr formation to some degree. MQL diminishes the coefficient of friction between the cutting tool and the workpiece material by delivering minimal quantities of lubricant to the cutting zone, hence decreasing cutting force and temperature. Chilled air disperses chips in the cutting zone and diminishes the BUE produced by the tool. The cutting temperature is concurrently lowered to achieve superior surface quality. Reduced cutting temperatures mitigate the heat influence on the material, thereby decreasing the occurrence of burrs resulting from its plastic deformation. Experimental verification indicates that the burr thickness could be diminished by employing down-milling while decreasing fz and ae. The same as turning, alloys containing the martensite phase exhibit inferior cutting performance in milling compared to austenitic alloys. The burrs in martensitic phase alloys are thicker than austenitic. LN2 at −196°C positively contributes to mitigating cutting overheating and suppressing martensitic transformation during milling. In dry cutting, fz significantly enhances cutting outcomes. Employing a reduced fz diminishes cutting force, hence enhancing tool longevity and refining surface topology. During the milling of NiTi shape memory alloys, a cutting speed of 200 m/min results in minimal plastic deformation and work hardening, yielding optimal surface quality. There has been certain progress in the research on ball milling NiTi SMA. Current experiments show that when the cutting angle is 50°, the ball-end milling cutter is subjected to less impact load to avoid tool fracture.
6.4 Drilling processing: comprehensive analysis
Research on NiTi shape memory alloy drilling is progressively expanding. The predominant material utilized for drilling tools remains cemented carbide steel. High-speed steel with a TiN coating has demonstrated exceptional performance in drilling. The rapid drilling speed typically results in substantial cutting force and significant tool wear. Presently employed cutting fluid-assisted machining techniques encompass MQL and flood. The drilling area is relatively closed, resulting in MQL being unable to deliver cutting fluid to the cutting area in time during the drilling process, leading to issues such as ineffective chip removal and overheating of the cutting tool. This results in significant tool wear and pronounced surface hardening of the workpiece. The application of substantial cutting fluid may remove some chips, lower the cutting temperature, and diminish friction between the tool and the workpiece. Ultrasonic vibration minimizes contact between the tool and the workpiece, enhancing the efficient use of cutting fluid.
6.5 Simulated machining
Over the past 20 years, there has been a scarcity of research on simulating the cutting process of NiTi SMA. The establishment of the J-C constitutive equation for NiTi SMA, utilized to forecast the strength limit and failure mechanisms of metallic materials under situations of significant strain, elevated strain rates, and high temperatures, marks a substantial advancement in the research of NiTi simulation machining. The cutting damage characteristics of J-C remain ambiguous. If pertinent parameters could be acquired by experimentation, the J-C material model of NiTi SMA could be utilized to do cutting simulations utilizing ABAQUS or ANSYS software in the future. These simulations could accurately anticipate cutting outcomes and minimize wastage.
7 FUTURE PROSPECTIVES
The following avenues are recognized as potential research directions in the realm of NiTi SMA machining:
1. PCD tools could be utilized to conduct cutting experiments with a wider range of cutting parameters in order to investigate the cutting performance of PCD tools on NiTi SMA.
2. Future experiments could involve doing tests on NiTi SMA with varying martensite termination temperatures to better understand the impact of preheating on the turning process of NiTi SMA.
3. The exploration of finite element machining simulation for NiTi SMA materials could be gradually undertaken as the parameters are improved. Simulation processing could optimize cutting settings, direct actual machining processes, and improve actual production efficiency while avoiding wasteful resource waste.
4. The cutting-affected layer of NiTi SMA after a single-step machining process could exceed 100 μm. It is often difficult to complete workpiece shaping in a single step, typically requiring two or even multiple steps in practical machining processes. The changes in surface integrity of NiTi SMA after the first step of machining and their impact on the second step present a new direction for current research.
5. Tools required for cutting NiTi SMA typically experience significant wear. In future research, we may examine the impact of various tool textures on the tool wear. The microstructure and surface texture of the tool could enhance lubrication conditions, minimize the contact area between the tool and the workpiece, and thereby decrease tool wear.
6. The application of NiTi SMA have its particularity. Functional indicators such as wear resistance, corrosion resistance, and chemical composition distribution of machined surfaces are key areas to consider in future research. Establishing the mapping relationship between surface integrity and functional indicators after alloy machining is a crucial step towards the practical application of NiTi SMA.
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