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Abstract

:

Amorphous alloy is an emerging metal material, and its unique atomic arrangement brings it the excellent properties of high strength and high hardness, and, therefore, have attracted extensive attention in the fields of electronic information and cutting-edge products. Their applications involve machining and forming, make the machining performance of amorphous alloys being a research hotspot. However, the present research on amorphous alloys and their machining performance is widely focused, especially for Fe-based amorphous alloys, and there lacks a systematic review. Therefore, in the present research, based on the properties of amorphous alloys and Fe-based amorphous alloys, the fundamental reason and improvement method of the difficult-to-machine properties of Fe-based amorphous alloys are reviewed and analyzed. Firstly, the properties of amorphous alloys are summarized, and it is found that crystallization and high temperature in machining are the main reasons for difficult-to-machine properties. Then, the unique properties, preparation and application of Fe-based amorphous alloys are reviewed. The review found that the machining of Fe-based amorphous alloys is also deteriorated by extremely high hardness and chemical tool wear. Tool-assisted machining, low-temperature lubrication assisted machining, and magnetic field-assisted machining can effectively improve the machining performance of Fe-based amorphous alloys. The combination of assisted machining methods is the development trend in machining Fe-based amorphous alloys, and even amorphous alloys in the future. The present research provides a systematic summary for the machining of Fe-based amorphous alloys, which would serve as a reference for relevant research.
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1. Introduction


Amorphous alloy is a functional material emerging in the 21st century, also known as metallic glass (MG), which has a unique internal structure with long-range disorder and short-range order in the arrangement of atoms in the 3D space [1], which does not have the grain boundaries in ordinary metallic materials and has the properties of both metal and glass. The arrangement of amorphous alloys can be divided into short-range with regular clusters, medium-range, and long-range with irregular arrangement of clusters, as shown in Figure 1. Amorphous alloys have no fixed melting and boiling points and are isotropic [2], which is distinctly different from crystalline materials. The special atomic structure results in amorphous alloys having excellent properties, such as lower density, high strength, high hardness, and high resistivity, as well as excellent friction resistance, corrosion resistance, and soft magnetic properties, thus, amorphous alloys have received widespread attention.



For a long time, the low glass-forming ability (GFA) limited the preparation of amorphous alloys until Greer [5] was the first to propose the famous confusion principle, which showed that more components could increase the GFA of amorphous alloys. The confusion principle has helped the emergence of numerous amorphous alloys. Amorphous alloys can be divided into different types according to the main forming elements, such as Fe-based, Pd-based, Zr-based, etc. Each type of amorphous alloy has unique properties. Among the many amorphous alloys, Fe-based amorphous alloys have received a lot of attention from researchers because of their excellent soft magnetic properties, high corrosion resistance, high strength and hardness, and high wear resistance [6]. Fe-based amorphous alloys have an elastic modulus similar to conventional stainless steel, yet are 3–4 times stronger and harder than ultra-high-strength steels [7], as shown in Figure 2. The high strength and high hardness of Fe-based amorphous alloys bring many benefits. Meanwhile, it also limits the machining and forming of Fe-based amorphous alloys. General machining methods cannot make Fe-based amorphous alloys obtain ideal machining performance. Therefore, a machining technology with good machining ability is needed to solve the machining and preparation of Fe-based amorphous alloys. In the field of machining, ultra-precision machining technology occupies a very important position in the manufacture of cutting-edge products and modern weapons. As an important ultra-precision machining method, single-point diamond turning (SPDT) can machine some brittle or difficult-to-machine materials into high-hardness workpieces with optical surface quality in the case of assisted machining [8,9]. Machining Fe-based amorphous alloys with SPDT technology is a good choice. However, chemical wear due to the chemical affinity between diamond tools and Fe-based amorphous alloys cannot be ignored.



With its excellent soft magnetic properties, Fe-based amorphous alloys have been widely used in various electrical components, and it would be of great importance to use SPDT to achieve good machining performance. Numerous researchers have used many methods to study Fe-based amorphous alloys in an attempt to explore suitable machining methods for Fe-based amorphous alloys. For machining difficult-to-machine materials like Fe-based amorphous alloys, several non-traditional assisted machining methods have demonstrated the ability to improve their machining performance [10]. Although there is much research on Fe-based amorphous alloys, the research on machining Fe-based amorphous alloys is rather scattered, and a systematic review is needed to distill current research progress and future research directions. In the present research, the causes of difficult-to-machine Fe-based amorphous alloys and methods to improve their machining performance are reviewed to guide the subsequent research on the machining of Fe-based amorphous alloys.




2. Preparation and Properties of Amorphous Alloys


2.1. Amorphous Alloys versus Crystalline Materials


Amorphous alloys are glassy substances that are very different from crystals at the atomic level. At the macro level, amorphous alloys are also quite different from crystal metals, which is an important factor affecting the machining performance of amorphous alloys.



Firstly, amorphous alloys are sub-stable, when the temperature or pressure reaches a certain value, the amorphous state crystallizes into a crystalline state. The transition from the amorphous state to the crystalline state has a distinct crystallization peak, which can be measured with a differential thermal analyzer such as differential scanning calorimetric (DSC) [11]. In addition to DSC measurements, X-ray diffraction (XRD) analysis of amorphous alloys can also determine whether the material is in an amorphous state. The diffraction curves of amorphous alloys usually show scattered diffraction peaks (please see Figure 3e), while crystalline alloys show sharp diffraction peaks with different intensities on the diffraction curves (please see Figure 3f) [12]. Amorphous alloys crystallize during machining, which will cause some properties of amorphous alloys to be lost. However, there is a special case, the formation of nanocrystalline or amorphous/nanocrystalline composites by nano-crystallization of amorphous alloys may improve some properties of amorphous alloys [13].



Secondly, amorphous alloys are isotropic in physical properties, while crystal metals are anisotropic. Although amorphous alloys are isotropic, amorphous alloys are structurally and kinetically inhomogeneous [14,15,16]. Observation of AFM can find that the amorphous alloy has a phase shift on the nanometer scale (please see Figure 3a–c). After ultrasonic treatment, soft and hard regions appear in the amorphous alloy due to crystallization (please see Figure 3d). These are manifestations of the inhomogeneous structure of amorphous alloys. Meanwhile, amorphous alloys do not have a definite melting point [14], while crystal metals have a definite melting point at room temperature and atmospheric pressure. For example, plastics and glass, as amorphous materials, are heated to gradually soften and eventually become liquid. And amorphous alloys have a glass transition temperature point (Tg), while crystal metals do not [17].



Thirdly, when shear bands appear in the atomic structure of amorphous alloys, it will lead to fatal failure of the material, which is a fatal defect of amorphous alloys compared to crystal metal structures [18]. Therefore, the number of shear bands in amorphous alloys is also considered to be a good indicator of the intrinsic plasticity and fracture toughness of amorphous alloys [19,20,21]. In machining amorphous alloys, we need to pay attention to shear band changes. Wang et al. [22] found that the bending shear bands of amorphous alloys exhibited asymmetric orientations on the tensile and compressive sides (please see Figure 4a). Gao et al. [23] showed that radial shear bands are the result of the in-plane stress components (please see Figure 4b), while the semicircular shear bands are an artifact of stress relaxation due to the bonded interface (please see Figure 4c). The shear band of amorphous alloys can be simulated using molecular dynamics (MD). Sopu et al. [24] found through MD simulation that the shear band starts at the stress concentration at the root of the notch and extends along the plane of maximum shear stress (please see Figure 4d).




2.2. Preparation of Amorphous Alloys


In 1959, Klement et al. [25] jointly produced the first amorphous alloy Au75Si25 at Caltech. In 1969, Chen and Turnbull [26] fabricated Pd−based amorphous spheres at a critical cooling rate of 100–1000 °C s−1. Then in the 1980s, Inoue [27] and his colleagues at Tohoku University made a breakthrough in bulk metallic glass (BMG), and discovered a multi-component amorphous alloy with strong GFA. The breakthrough eliminated the need to add noble metal elements to amorphous alloys to enhance its GFA, thus, greatly enhancing the application of amorphous alloys. In 1992, Johnson and Peker [28] discovered the first commercial amorphous alloy Vit1 in some new aerospace materials. A summary of the research progress of amorphous alloys is shown in Table 1.



Amorphous alloys develop an amorphous structure by cooling the metal from the melt at a critical cooling rate below the glass transition zone. In addition to the amorphous structure obtained by rapid cooling of the liquid, it is also possible to form ordered crystalline structures and plastic crystals in the liquid cooling (please see Figure 5a). To ensure that a completely amorphous state is obtained during the preparation, a very high cooling rate (106 K/S) is required, as shown in Figure 5b. Thus, limiting the amorphous alloys to often prepare only low dimensional size alloy samples, such as powders and thin strips, and it is difficult to form BMGs with larger critical dimensions, which is the so-called poor GFA of amorphous alloys, Johnson expressed the GFA by the critical cooling rate Rc [46]:


   R C  =   d T   d t ( K / s )   =   10    D 2    ( c m )  



(1)




where D is the critical size. The GFA is mainly related to two factors: the liquid phase stability of the supercooled liquid and the crystallization resistance. The supercooled liquid is stable or has a high resistance to crystallization, it tends to form glass and has a higher GFA [47]. At the same time, Turnbull [26] proposed that a decrease in the reduction of glass transition temperature Trg (the ratio of Tg to the temperature of the liquid phase line of the alloy Tl) is a good indicator of GFA. Amorphous alloys have superplastic deformability in the supercooled liquid region (between the glass transition temperature Tg and the crystallization onset temperature Tx) (please see Figure 5c), which means that viscous flow occurs when the machining temperature of the amorphous alloy exceeds the subcooled liquid region [48].



Compared with the singleness of the theoretical methods of amorphous formation, the forming methods of amorphous alloys are diverse. The classical methods for their main forming are: end-casting in copper molds, die forging, etc. [28]. Research has shown that heating amorphous alloys in a magnetic field to a softened state is a good method for forming amorphous alloys. The millisecond heating method newly studied by Johnson et al. [50] can easily make the heating rate reach 106 K/s. The supercooled liquid can pass the melting point into equilibrium at any temperature above the glass transition (please see Figure 5d), which can intervene well in the crystallization of the supercooled liquid. This forming method may become a promising method for the fabrication of strong metals [50,51]. However, this forming method is not mature at present, and machining is still an unavoidable and important forming method for amorphous alloys. Amorphous alloys are difficult to machine because of their characteristics, and various machining problems need to be solved to obtain better machining performance.




2.3. Properties of Amorphous Alloys


When amorphous alloys were first studied, researchers were drawn to them by their excellent properties, such as strength and hardness. The tensile strength of the Mg80Cu10Y10 amorphous alloy produced by Inoue et al. [52] was as high as 630 MPa at room temperature. Subsequently, Co-based amorphous alloy was found to reach a fracture strength as high as 6.0 GPa [53], which is the highest strength in metallic materials to date. Fe-based amorphous alloys have also been reported to have fracture strengths up to 3.6 GPa, which is several times higher than typical structural steel [54]. The fracture strength of Fe-based amorphous alloys is even higher than that of most materials (please see Figure 6a).



As the research on amorphous alloys progressed, more outstanding properties of amorphous alloys began to be discovered. Based on previous studies, Johnson [56] studied in 2011 to obtain Pd-based amorphous alloys with fracture toughness up to 200 MPa m1/2, which is the highest fracture toughness value of the material so far. After research, Fe-based MG has also been clearly shown to successfully remove organic matter from wastewater [57]. Fe-based amorphous alloys are known for its high corrosion resistance, and Fe-based amorphous alloys not only exhibited high corrosion resistance in conventional environments, Pratap et al. [58] further demonstrated that Fe-based amorphous alloys can still have excellent corrosion resistance under simulated body fluids. Although the surface of the Fe-based amorphous alloy is corroded in the simulated body fluids, the surface morphology does not change much (Figure 7). In addition to the excellent properties mentioned above, Fe-based amorphous alloys exhibit excellent soft magnetic properties. Yi [59] even stated that “Fe-(Al, Ga)-(Si-P-B-C) and Fe-Cu-Nb-Si-B amorphous alloy are recognized worldwide as the best comprehensive soft magnetic material”.



Obviously, amorphous alloys have many excellent properties. Amorphous alloys have some record-breaking excellent physical and chemical properties, such as strength, toughness, hardness, and modulus, which break the record for metallic materials [54,56,57,58,59,60,61,62], almost every type of amorphous alloy reaches several times the strength of the crystalline material of the same alloy family. Some amorphous alloys also have excellent soft magnetic properties, catalytic properties, and good wear resistance and are widely used in various applications [63,64]. Fe-based nano-amorphous alloys have outstanding magnetization strength and permeability (please see Figure 6b), even better than the comprehensive soft magnetic properties of silicon steel, which is an indispensable soft magnetic material in the power, electronics, and military industries. Different structural configurations exist for amorphous alloys of the same composition [65]. Therefore, the physical properties of amorphous alloys can be regulated by time and process conditions. Meanwhile, amorphous alloys have a wide range of forming compositions [66], and their structure and properties can be modulated by composition. And even amorphous alloys within the same system can possess different properties depending on their composition. For example, there are Fe-based amorphous alloys that can reach a maximum critical size of 16 mm, while there are Fe-based amorphous alloys that have poor GFA but possess excellent soft magnetic properties [67,68].



Conversely, amorphous alloys still have their own unique defects. Although in 1995 Inoue [69] reviewed the gradual appearance of amorphous alloys with great GFA in that era, the critical size of 72 mm for Pd40Cu30Ni10P20 prepared in 1997 [70] is still the largest example of the critical size in amorphous alloys today. The poor GFA of amorphous alloys have largely limited the industrial applications of amorphous alloys. Also limiting the industrial applications of amorphous alloys are their record-breaking strength and hardness, which makes most amorphous alloys have very poor macroscopic room temperature plastic deformation [54,71], making it difficult to obtain the designed shape by conventional methods in applications.




2.4. Machining Performance of Amorphous Alloys


The improved mechanical properties of amorphous alloys compared to crystal metals bring challenges in machining, such as tool wear, high machining temperature, and crystallization on the material surface [72]. Numerous experimental studies and modeling have been performed for the machining of crystalline materials to investigate the chip splitting mechanism during the cutting and machining of crystalline materials [73,74]. The study of these mechanisms plays an important role in the processing of crystal metals. However, the chip splitting mechanism of amorphous alloys is different from that of crystal metals [75], and the systematic knowledge of the machining theory of crystal metals cannot be applied to the machining process of amorphous alloys. Zhu and Fang [76] found that the amorphous alloys removal during the nano-cutting process was achieved by extrusion rather than shear. Some theoretical knowledge of the machining process of amorphous alloys are bound to help improve the machining performance of amorphous alloys. Therefore, there is an urgent need to systematically review the research on a large number of amorphous alloys.



Amorphous alloys are difficult to machine due to their hard-brittleness and sub-stable structure during machining, this does not mean that amorphous alloys cannot be machined to obtain good surface quality. Chong et al. [77] obtained a surface Ra of 6.3 nm when cutting La-based amorphous alloy. What’s more, Xiong et al. [78] obtained optical mirror surfaces during SPDT Pd-based BMG. The center area of the machined surface was relatively clean and had no irregular micro/nanostructure exists, as shown in Figure 8a. It can be determined that the Pd-based BMG remains in the amorphous state after turning (please see Figure 8b). This means that amorphous alloys can be machined without causing crystallization of the machined surface by SPDT. Xiong et al. [78] proved that amorphous alloys have the potential to obtain optical mirror surfaces through SPDT, and they also revealed that the high cutting temperature during the machining of amorphous alloys is an important factor for their difficult-to-machine qualities. In contrast, the machined surface quality of Fe-based amorphous alloys is particularly poor [79], as shown in Figure 9.



Xiong et al. [78] further showed that when the temperature of the cutting area exceeds Tg, viscous flow occurs in the cutting area, resulting in additional friction between the tool and the workpiece, and aggravating the temperature rise in the cutting area. If the temperature of the cutting area is higher than Tg for a long time, a surface oxide was generated. Meanwhile, as mentioned above, when the temperature exceeds Tg, the amorphous alloy will crystallize, thus affect the machining. Therefore, the change in temperature of amorphous alloys undercutting and whether the material undergoes crystallization have become the focus of many studies. For example, Maroju and Jin [72] found that the cutting temperature is lower than the crystallization temperature in the cutting experiment of Zr-based BMG. However, such satisfactory results were not obtained under all conditions. Bakkal et al. [80] found that at low turning speeds, the machined surface and chips did not crystallize. At high turning speeds, the BMG of the outer layer is oxidized, and the chips appears to be crystallized to different degrees, as shown in Figure 8c–f. As mentioned in Section 2.1, the formation of nanocrystalline or nanocrystalline/amorphous composites can lead to improvements in material properties. Fu et al. [81] found that high-energy ion milling can make BMG form nanocrystalline phases. When crystallization cannot be avoided in the machining of amorphous alloys, the formation of nanocrystalline phases may be a good choice.



The cutting temperature in the machining of amorphous alloys also affects the machining performance of amorphous alloys in terms of the shear band. Zhang et al. [82] expressed that the deformation of BMG after turning was at least partly caused by the adiabatic shear temperature rise. Increased shear speed leads to significant melting of the workpiece surface due to temperature rise in the shear zone. The melting phenomenon caused by the high temperature in the shear zone is also manifested in the chips, and the melting of the chip surface is more serious at higher shear rates, as shown in Figure 10. Although it is confirmed that the temperature rise in the shear zone affects the machining performance of amorphous alloys, in some cases the temperature rise can actually improve the properties of amorphous alloys. Basak and Zhang [83] found that the surface temperature rise of amorphous alloys caused by contact sliding friction heat increases the hardness of MG.





3. Preparation, Machining, and Application of Fe-Based Amorphous Alloys


Among the many studies on amorphous alloys mentioned above, it is not difficult to find a special presence among the many amorphous alloy systems, Fe-based amorphous alloy. Fe-based amorphous alloys have far superior chemical properties [84,85], physical and mechanical properties [86,87] than ordinary crystalline alloys, such as high strength, high hardness, low elastic modulus, corrosion resistance, and excellent soft magnetic performance [88], and also has the advantages of low production cost [89], aroused great interest of people [47,90]. However, it is more difficult to obtain ideal surface quality than other amorphous alloys. It is necessary to explore more suitable machining methods for Fe-based amorphous alloys based on the machining of amorphous alloys.



3.1. Preparation and Application of Fe-Based Amorphous Alloys


In 1988, Yoshizawa et al. [91] added a small amount of Cu and Nb to Fe-Si-B amorphous alloy and obtained Fe-Si-B-Nb-C Fe-based nanocrystalline soft magnetic alloy after crystallization and annealing, which has excellent soft magnetic properties and gained wide attention. In late 1989, Prof. A. Inoue [92] proposed the principles contributed greatly to the emergence of many Fe-based amorphous alloys that followed. In 1995, Inoue [93] and coworkers synthesized the first Fe-based BMG with a diameter of 1 mm in the Fe-Al-Ga-P-C-B alloy system by using the copper casting technique. Since the 21st century, research on amorphous alloys has developed rapidly, and Fe-based amorphous alloys have gained a lot of breakthroughs along with the development trend. Although the domestic-related research started late, also made certain achievements, the most representative one is Chen et al. [67] developed Fe41Co7Cr15Mo14C15B6Y2 amorphous alloy with a critical size of 16 mm.



Although under the guidance of Inoue’s numerous research achievements, the critical size of Fe-based amorphous alloys have been gradually broken through, and the disadvantage of poor GFA has been alleviated in some applications, there is still a serious problem in the research of Fe-based amorphous alloys, which is room temperature embrittlement [94]. Fe-based amorphous alloys are widely used due to their many excellent properties. For example, Fe-based amorphous strips [95] are used in transformers and cores for motors because of their excellent electromagnetic properties; Fe-based amorphous coatings [96] are widely used in the protection of equipment in the petroleum and electric power industries for their excellent corrosion resistance, wear, and high temperature; Fe-based BMG [67] has been widely used as a special structural material in the military industry and other fields because of its high strength and high hardness mechanical properties; compared to Zr-based and Pd-based BMGs, Fe-based BMGs have superior overall performance, and their high thermal stability and low thermal conductivity can be used in building structures, refrigeration, insulation devices in liquefied petroleum engineering technologies, and highly sensitive precision micro-components [97]. The thermal conductivity of Zr-based amorphous alloys and Pd-based amorphous alloys is already lower than that of most materials (Figure 11). Although the extremely low thermal conductivity of Fe-based amorphous alloys makes it advantageous in some fields, it also makes it difficult to dissipate the machining heat of Fe-based amorphous alloys.



Figure 12 shows some applications cases of Fe-based amorphous alloy. With excellent soft magnetic properties, powder cores made of Fe-based amorphous alloys with higher efficiency and less heat generation are used for power inductors in laptops (please see Figure 12a). Combined with the excellent soft magnetic properties and extremely high fracture strength of Fe-based amorphous alloys, they are applied as torsion bars to help achieve larger scanning angles (please see Figure 12b). In addition to having extremely high fracture strength, Fe-based amorphous alloys have excellent mechanical properties and can be used in a variety of wires (please see Figure 12d) [93]. Fe-based amorphous alloys also have good catalytic performance and can be used for various wastewater purification applications (please see Figure 12c) [98]. It can be seen that Fe-based amorphous alloys have a very wide range of industrial applications and good prospects for development.




3.2. Machining of Fe-Based Amorphous Alloys


Machining is an important forming method for Fe-based amorphous alloys. Turning and milling are the most common machining methods, and the machining of Fe-based amorphous alloys is often inseparable from these two machining methods. Fang [79] performed two-dimensional cutting of Fe-Si-B amorphous alloy and concluded that the development of shear bands leads to the formation of macroscopic dislocations and cracks in the workpiece, and a work-hardening layer appears in the bottom layer after cutting, making its magnetic properties significantly degraded. Wang [100] conducted cutting experiments on Fe-Al-Cr-B-Si-Nb amorphous alloy and found that the crystallization of chips was up to 52.5% with serious crystallization after increasing the cutting speed and depth of cut. In the above-mentioned cutting experiments on Fe-based amorphous alloys, it was found that the properties of Fe-based amorphous alloys deteriorated after cutting. However, in some experiments of milling, Fe-based amorphous alloys performed well after milling. Fan et al. [101] performed experiments on Fe80B20 by mechanical milling and found that milling induced magnetic anisotropy in the workpiece, which may be attributed to a relief of the induced stresses after bulk crystallization has occurred. Nakao and Fang [102] used their previous experience in milling Fe-Si-B amorphous alloy to take advantage of the brittleness of nanoscale grains in the transition zone for high-speed milling and successfully obtained a better-milled surface. Nakao and Fang found that after increasing the milling speed, the maximum grain and area fraction increased with the rapid growth of nanocrystals as the cutting temperature increased, as shown in Figure 13a. Nakao’s case of using the properties of nanocrystals in the transition zone to help to machine and thus obtaining a better-machined surface also confirms the feasibility of obtaining a better-machined surface by removing the surface crystallized material.



Although some basic machining methods such as turning and milling are sufficient for most machining needs, in practice, some materials require special machining to meet the requirements. Since the invention of the first laser by C.K.N. Patel in 1964, laser machining has received a lot of attention a long time and is now widely used as a special machining technology in various fields such as micromachining, marking, cutting, and welding. Quintana et al. [104] performed laser machining of Fe81B13.5Si3.5C2 amorphous alloy and the experimental results showed that short-pulse laser machining and long-pulse laser machining are promising techniques for micromachining amorphous alloys. Because they can make amorphous alloys avoid crystallization during machining, thereby ensuring the characteristics of amorphous alloys. Comparing the SEM image of the Fe-based amorphous alloy after laser processing with the SEM image of the polycrystalline Ni-based alloy after laser processing, after testing, it is confirmed that the Fe-based amorphous alloy has no crystallization phenomenon after laser machining. EDM is also a typical special machining technology, which uses thermal energy to remove materials, and its machining ability is not affected by the hardness and strength of the material. The disadvantage of EDM is the poor quality of the machined surface. Tsui et al. [103] used ultrasonic vibration-assisted EDM and added conductive aluminum powder to machine Fe-based amorphous alloys, and the workpiece did not crystallize after machining, as shown in Figure 13c,d. Although there are craters on the machined surface (please see Figure 13c), no crystallization occurred (please see Figure 13d). However, many machining methods cannot make amorphous alloys avoid crystallization during machining like laser machining and EDM. He et al. [105] showed that compression machining of Fe93P10C7 amorphous alloy accelerates its crystallization. Some researchers take advantage of this accelerated crystallization phenomenon.



Nanocrystalline is a special form of amorphous alloy. Mechanical ball milling has been confirmed to make Fe-based amorphous alloys nano-crystallized, thereby improving the properties of Fe-based amorphous alloys. Ramasamy et al. [106] induced the generation of nanocrystalline α-Fe(Nb) after ball milling of Fe80Nb10B10 amorphous alloy. And they showed that the magnetic properties of mechanically induced nanocrystalline α-Fe composites were superior to those of amorphous alloys. The Fe-based amorphous alloy samples hot-pressed at 903 K (please see Figure 14b) have lower porosity and better bonding properties than those hot-pressed at 703 K (please see Figure 14a), which can reflect the good performance of nanocrystals at high temperature. For the two hot-pressed samples, only α-Fe peaks were observed, indicating that α-Fe is stable at temperatures of 703 K and 903 K, as shown in Figure 14c. The saturation magnetization of the samples under hot pressing at 703 and 903 K were 90 and 125 Am2/kg, respectively, reflecting the excellent magnetic properties of nanocrystals, as shown in Figure 14d. After high-energy ball milling of the Fe-Mo-Si-B amorphous alloy by Guo and Lu [107], the amorphous alloy was also found to generate the nanocrystalline α-Fe. Guo and Lu also showed that α-Fe has remarkable thermal stability at high temperatures. It can be seen that the nanocrystals formed during the machining of Fe-based amorphous alloys can provide some strengthening of their properties.



In most cases, Fe-based amorphous alloy will be crystallized after machining, and some scholars have studied how the crystallization affects them. Lv and Chen [108], in their study of the Fe45Cr15Mo14C15B6Y2Ni3 amorphous alloy, found that the key factor affecting the thermal conductivity of Fe-based BMG was the size and number of nanocrystals, and the thermal conductivity increased significantly after crystallization. In Section 2.4, it is mentioned that cutting temperature is an important factor affecting the machining performance of amorphous alloys. The thermal conductivity can directly affect the cutting temperature. Therefore, it may be possible to reduce the cutting temperature through the crystallization of Fe-based amorphous alloy.



SPDT is expected to achieve good machining of iron-based amorphous alloys. It is not convenient to study the cutting mechanism of amorphous alloys because Fe in Fe-based amorphous alloys can cause graphitization of diamond tools, Han et al. [109] investigated the effects of spindle speed, feed rate, and depth of cut on the machined surface of Zr-based BMGs (Table 2), as shown in Figure 15. The chip morphology at different cutting parameters showed a typical flow pattern, and the cutting morphology changed significantly in sample D with the spindle speed of 500 r/min. Experimental results by Han et al. showed that spindle speed has a greater effect on the BMG machined surface than feed rate and depth of cut, and the larger the spindle speed, the less ductile the surface. In ultra-precision turning, both diamond tools and boron nitride tools are very good and widely used tools. The use of boron nitride tools can effectively avoid chemical wear between diamond tools and Fe-based amorphous alloys. Chen et al. [110] explored the micro-machinability of amorphous alloys by ultra-precision machining of Zr-based amorphous alloys with diamond tools and boron nitride tools. They found that the BMG materials under SPDT could be removed by a ductile mode like metals rather than brittle materials. This mechanism has important implications for the use of SPDT Fe-based amorphous alloy. Fe-based amorphous alloys are machined by SPDT, which is not conducive to direct study of the mechanism, so there is little related research. However, the conclusions drawn by the above-mentioned scholars using other amorphous alloys under SPDT research can provide good help for the ultra-precision machining of Fe-based amorphous alloys.




3.3. Difficult-to-Machine Property of Fe-Based Amorphous Alloys


The difficult-to-machine property of Fe-based amorphous alloy limits its application, and study is needed of the suppression methods aimed at the causes of its being difficult to machine. Based on the characteristics of Fe-based amorphous alloys, excessive cutting forces, and high cutting temperatures occur during machining. When the cutting temperature exceeds 352 °C, the amorphous alloy will crystallize, which will have a certain negative impact on the machining process [111]. Wang [100] found that the chips eventually crystallized when cutting Fe-based amorphous alloys using cemented carbide tools. Whether it is the Fe-based amorphous alloy itself or the chips at each cutting speed, there is an obvious reduction in the area of the crystallization exothermic peak, which is a signal of crystallization, indicating that the workpiece is crystallized seriously in the machining, as shown in Figure 16. During the cutting process of Fe-based amorphous alloys, the chip temperature rises sharply along with the increase in cutting speed, the chip microstructure undergoes dynamic crystallization. When the machined surface crystallizes, the properties of Fe-based amorphous alloys change, which undoubtedly leads to instability in the machining process, which negatively affects the machining results. However, there is a special case where the nanocrystals produced during crystallization can enhance the properties of Fe-based amorphous alloys [112]. This nano-crystallization phenomenon may be an effective way to solve the problem of crystallization occurring during the machining of Fe-based amorphous alloys.



Zhu et al. [48] used MD to demonstrate that the nanoscale cutting temperature of amorphous alloy can reach 600–700 K. Although the actual temperature is difficult to measure, it is also likely that the actual cutting temperature will reach or exceed Tg, which will lead to viscous flow of the workpiece. The temperature in the cutting region is high as shown in Figure 17. Because of the poor heat conductivity of amorphous alloy, the rise of the temperature in the cutting region softens the amorphous alloy. In the experiment of cutting Fe-based amorphous alloy, Wang [100] observed obvious viscous flow caused by high cutting temperature through the SEM images of the cutting surface, as shown in Figure 18a. This indicates that the high cutting temperature will seriously affect its machined surface quality. However, due to the excellent mechanical properties and the low thermal conductivity of Fe-based amorphous alloys, high cutting temperature is inevitably generated during machining, which increases the machining difficulty of Fe-based amorphous alloys. And excessive cutting temperature not only leads to viscous flow in amorphous alloys. Wang et al. [113] found that during cutting experiments on Fe-based amorphous alloys using cemented carbide tools, pyro luminescence phenomenon occurs during machining in some cutting parameters (please see Figure 18b), and the results show burns on the workpiece surface. A similar pyro luminescence phenomenon occurred during the machining of Zr-based amorphous alloy by Ding et al. [114], which led to severe oxidation and crystallization of their machined chips, seriously deteriorate the machined surface quality, as shown in Figure 18c,d. This pyro luminescence phenomenon can cause negative effects such as burns, severe oxidation, and severe crystallization of the workpiece, which is more damaging to the machined surface than viscous flow.



As a brittle material, the machining of Fe-based amorphous alloys under SPDT is still a difficult research area. Brittle fractures must be avoided in ultra-precision machining [115,116,117], and machining brittle materials in a ductile mode are essential to achieve a mirror finish in ultra-precision machining [118]. When the feed rate or depth of cut during ultra-precision machining exceeds a critical value, the workpiece will change from definite ductility to indefinite brittleness, and the removal of this brittleness will cause several different cracks in the workpiece [119,120,121], seriously affecting the machined surface quality. This also causes the problem that Fe-based amorphous alloys are difficult to machine despite under SPDT. The key to solving this problem is that the surface layer of the workpiece cannot be removed by brittle removal, but by plastic removal. Monocrystalline silicon is a typical brittle material, and Ayomoh and Abou-El-Hossein [122] used SPDT monocrystalline silicon to achieve plastic cutting on the surface of monocrystalline silicon under the parameters of a feed rate of 2 μm/rev and depth of cut of 45 μm. The surface roughness Ra of the workpiece after machining was only 4.5 nm. This experiment demonstrates that even hard-brittle materials can be machined by SPDT to produce a surface of excellent quality. It is also proved that SPDT may be an important machining method to solve the problem of difficult-to-machine Fe-based amorphous alloys.



In actual production, there are other problems in the machining of hard-brittle materials, such as surface damage, short tool life, and low machining efficiency. Since Fe-based amorphous alloys are ferrous metals, their Fe elements have a chemical affinity with the C elements in diamond tools. When SPDT Fe-based amorphous alloys, diamond tools will also experience graphitic wear similar to that when cutting iron, which seriously damages the life of diamond tools and affects the surface quality. Guo et al. [123] explored the mechanism of diamond graphitization through MD simulations and demonstrated the catalytic effect of Fe-based metals on diamond graphitization, as shown in Figure 19. This also increases the difficulty of machining Fe-based amorphous alloys under SPDT. Although mastering the theoretical knowledge of plastic removal is helpful for machining Fe-based amorphous alloys, as mentioned above, machining Fe-based amorphous alloys still faces various difficulties. The most prominent among them are crystallization during machining, excessive cutting temperature, and severe tool wear. Therefore, it is also necessary to explore efficient assisted machining methods to help solve the difficulties encountered in the machining of Fe-based amorphous alloys and improve the machining performance of Fe-based amorphous alloys.





4. Assisted Machining Methods


The latest research results on the cutting of difficult-to-machine materials abroad show that the improvement of surface quality of parts made of difficult-to-machine materials by optimizing cutting parameters for a given machine tool and tool is very limited [125]. Therefore, the use of assisted machining methods to improve the surface quality of difficult materials is a good option, and SPDT with the use of assisted techniques can also reduce machining time and increase machining efficiency compared to purely mechanical SPDT processes [10]. The introduction of various assisted machining methods will also be expected to improve the machining performance of Fe-based amorphous alloys.



4.1. Tool-Assisted Machining


4.1.1. Ultrasonic Vibration-Assisted Machining


In ultra-precision machining, researchers often use tool-assisted machining to achieve the desired machined surface. Tool-assisted machining mainly apply vibration to the machine tool or workpiece. The vibration systems are divided into two main categories: high-frequency vibration with ultrasonic vibration and low-frequency vibration with tool servo [126].



The high-frequency vibration of ultrasonic vibration is achieved through an ultrasonic vibration system that uses a transducer to convert high-frequency electrical energy into vibration in a mechanical system to drive the diamond tool to produce vibration, usually at frequencies up to 20 kHz. In ultrasonic vibration-assisted SPDT, the ultrasonic vibration system is not affected by the electrical conductivity of the machined workpiece because it affects the formation of the machined surface through high-frequency vibration rather than a thermal process. Therefore, it has a wide range of applications. According to the above, the high cutting temperature in the machining of Fe-based amorphous alloys is a machining challenge that needs to be solved urgently. While Huang et al. [127] used ultrasonic elliptical vibration-assisted SPDT ferrous metals and successfully reduced the cutting temperature of the tool. Because the ultrasonic elliptical vibrator drives the diamond tool and makes the tool achieve periodic intermittent cutting, which can effectively reduce the cutting temperature of the tool and thus reduce the wear of the tool, as shown in Figure 20a–c. Comparing the tool wear diagram of ordinary turning (please see Figure 20a) with the tool wear diagram of ultrasonic elliptical vibration-assisted turning (please see Figure 20b), it can be seen that the tool wear assisted by ultrasonic elliptical vibration is significantly lower than that of ordinary turning. The surface roughness of the workpiece with the aid of ultrasonic elliptical vibration is significantly lower than that of ordinary turning, as shown in Figure 20c. Titanium alloy is a typical difficult-to-machine material, and its thermal conductivity is extremely poor, even resulting in a higher cutting temperature than that of Fe-based amorphous alloys during machining. Zhang et al. [128] introduced ultrasonic vibration assistance when using SPDT titanium alloys, which can significantly improve the surface quality of titanium alloy workpieces by increasing the vibration frequency and amplitude within a certain range. These experimental results show that ultrasonic vibration-assisted machining can improve machining scenarios with excessive cutting temperatures, while reducing tool wear to a certain extent. However, not all application scenarios of ultrasonic vibration-assisted machining can improve this problem. Wang et al. [129] studied ultrasonic vibration-assisted diamond wire saw single crystal silicon, showing that ultrasonic vibration assistance does not significantly change the sawing temperature of diamond wire sawed single crystalline silicon.



In addition to effectively improving tool wear and cutting high temperature, ultrasonic vibration-assisted machining has also been proved to be effective in assisting the machining of hard-brittle materials. Xing et al. [130] used ultrasonic vibration-assisted SPDT single-crystal silicon, and the surface roughness Ra of the workpiece edge could reach 1.739 nm and the surface roughness Ra of the workpiece center could reach 5.506 nm, which can obtain a very good machined surface quality, as shown in Figure 20d,e. This result indicates that ultrasonic vibration-assisted machining has the potential to improve the machining performance of hard-brittle materials under SPDT. Shen et al. [131] used ultrasonic vibration-assisted diamond grinding wheels to grind ceramics and found that the grinding force did not increase significantly and remained stable as the volume of material removed increased. This indicates that ultrasonic vibration-assisted machining can also reduce cutting force and improve tool wear when assisted machining of hard-brittle materials. In addition, some researches have shown that the use of ultrasonic vibration-assisted SPDT technology can improve the machinability of materials and reduce the wear of diamond tools [132,133,134]. Most importantly, Tsui et al. [103] successfully used ultrasonic vibration-assisted machining of Fe-based amorphous alloys to obtain the desired machining purpose.



Ultrasonic vibration-assisted machining can improve high cutting temperatures and tool wear. The machining of hard-brittle materials can also be of great help. Therefore, this assisted machining technology is expected to improve the problem of difficult-to-machine Fe-based amorphous alloys. In fact, the application of ultrasonic vibration-assisted technology in SPDT has achieved many remarkable results, such as the improvement of diamond tool life, the generation of optical surfaces, the improvement of tool wear, and cutting force [135,136,137,138]. However, ultrasonic vibration-assisted machining has low machining efficiency and is not suitable for large-sized workpieces.




4.1.2. Tool Servo-Assisted Machining


The low-frequency vibration of the tool servo is further divided into fast tool servo (FTS) and slow tool servo (STS). With its high-frequency response and high rigidity [139,140], the fast tool servo is not only considered one of the most promising techniques for machining optical free-form surfaces [141], but also suitable for assisting in cutting some brittle materials [142]. SPDT under the action of a fast tool servo enables high-speed tool motion and high positioning accuracy, while increasing efficiency without compromising machining fidelity and surface integrity [143,144]. FTS-assisted machining has achieved certain success in machining hard-brittle materials. Chen et al. [145] successfully cut micro-grooves in BK7 glass lenses using FTS, showing that the use of FST can effectively assist in machining difficult-to-machine glass materials. Yu et al. [146] used FTS-assisted SPDT MgF2 glass, successfully realized the plastic machining of the entire curved surface. The above experimental results demonstrate that FTS-assisted machining may be an effective way to help achieve plasticity removal in Fe-based amorphous alloys under SPDT.



STS is also often applied to assist SPDT machining and have been reported to be quite effective in machining free-form surfaces and geometries [147]. Nagayama and Yan [148] successfully prepared two-dimensional sine wave grids on typical brittle material monocrystalline silicon in a single cut with a shape accuracy of 8 nm PV and surface roughness less than 1 nm Sa using STS-assisted SPDT, as shown in Figure 21a–c. The SEM image of the cutting chips is shown in Figure 21d. Continuous chips were generated during the machining process, indicating that ductile material removal was realized in this study. Therefore, it is a good choice to use STS-assisted SPDT Fe-based amorphous alloys to achieve ductility removal to improve their machining performance.



Although no researchers have visually demonstrated the usefulness of tool-assisted machining Fe-based amorphous alloys. Based on the results achieved by tool-assisted machining ferrous materials and typical hard-brittle materials, it is reasonable to believe that tool-assisted machining will also have good results in the application of Fe-based amorphous alloys.





4.2. Low-Temperature Lubrication Assisted Machining


Difficult-to-machine materials are generally characterized by poor thermal conductivity and high cutting temperatures. The higher cutting temperature generated when cutting difficult-to-machine materials can lead to machining defects such as poor surface quality and severe tool wear [149]. In order to avoid the high cutting temperature and the effect of crystallization on the machining of Fe-based amorphous alloys, it is necessary to use a good coolant to reduce the cutting temperature.



4.2.1. Fe-Based Amorphous Alloys at Low Temperature


Temperature is one of the important factors affecting the way metal materials and engineering structures fracture, some metal materials in low temperature impact absorption work significantly decreased, the material from a ductile state into a brittle state, this phenomenon is called low temperature brittleness. However, amorphous alloys behave exceptionally differently at low temperatures. Maaß et al. [150] showed that at low temperatures, BMG can withstand higher plastic strains than at room temperature. This is especially true for Fe-based amorphous alloys. Daniil et al. [151] found that Fe-Si-Al-Nb-B-Cu nanostructured alloys can still maintain good performance at low temperatures, with a saturation magnetization of 99.3 A m2/kg, the coercivity is 0.45 A/m, indicating that the soft magnetic properties are not affected. Table 3 shows the parameters of the soft magnetic properties of the Fe-based nanocrystalline alloys at low temperatures. Even some researchers have specifically used low temperature treatment to improve the performance of Fe-based amorphous alloys. Jin et al. [152] concluded that proper deep cooling treatment of Fe-based amorphous alloy coatings can reduce the porosity, and the wear resistance of Fe-based amorphous alloy coatings gradually increases with longer deep cooling treatment time. Based on the excellent properties exhibited by amorphous alloys at low temperatures, Fan et al. [153] investigated in more depth which amorphous alloys can be benefited by low temperatures and which amorphous alloys are not. They showed that at low temperatures, although the structure of amorphous alloys does not change, amorphous alloys exhibit different mechanical behavior, and in contrast to crystalline materials, the strength and ductility of some amorphous alloys increase significantly with decreasing temperatures in the low-temperature range, such as Ni- and Ni-Fe-based amorphous ribbons. Fe-based amorphous alloys in ribbon forms show ductile to brittle transition, when tested at cryogenic temperatures, as shown in Figure 22a. In this case, the low temperature has a bad effect on the Fe-based amorphous alloy.



In cryogenic-assisted machining, cooling the workpiece with cryogenic gas (CG) is a very common means. In its cooling process, the cooling medium usually uses liquid nitrogen (LN2) and the workpiece will be under the atmosphere of nitrogen. Salahinejad et al. [154] studied the tissue evolution of Fe-18Cr-8Mn-xN amorphous alloy under a nitrogen atmosphere. They found the number and stability of amorphous phases increased with the increase of nitrogen content. In the study by Fan et al. [153] mentioned above, the microhardness of the Fe-based amorphous alloy decreases with increasing nitrogen content, as shown in Figure 22b. Therefore, reducing the surface hardness of Fe-based amorphous alloys through a nitrogen atmosphere and enhancing the stability of its amorphous phase is helpful for diamond tools to better machine the surface layer of workpieces with reduced hardness. This is beneficial to improving the machining performance of Fe-based amorphous alloys under SPDT. Based on the above effects of low temperature as well as nitrogen atmosphere on Fe-based amorphous alloys, CG-assisted machining might have unexpected effects on the machining of Fe-based amorphous alloys.




4.2.2. Advantages of Low-Temperature Lubrication Assisted Machining


In the cutting process of Fe-based amorphous alloy, the phenomenon appears that the cutting force is large, the temperature of the cutting area is too high, and even produces pyro luminescence phenomenon to burn the workpiece. These phenomena can largely impair the quality of Fe-based amorphous alloy machining, while increasing tool wear. Evans and Bryan [155] concluded that any wear of the diamond tool would increase the force of the tool and thus increase the temperature, which, in turn, would increase the rate of dissolution, diffusion, and catalytic graphitization, then increase the wear of the tool. At low temperatures, both diffusion and catalytic graphitization will slow down. Meanwhile, the high cutting temperature will also lead to the crystallization of Fe-based amorphous alloy, which is not conducive to the study of the machining mechanism of Fe-based amorphous alloy and the tool wear mechanism. In conclusion, effective cooling and lubrication means are urgently needed for SPDT of Fe-based amorphous alloys.



In traditional machining, people mostly use coolant and cutting fluid to achieve the purpose of cooling and lubrication. Although it can play a certain role in most cases, the use of coolant and cutting fluid is not a panacea. In a study by An [156], it was shown that increasing the amount of conventional coolant was not effective in improving the machining performance of difficult-to-machine materials. On the contrary, because there is very little cutting fluid that can effectively penetrate the machining area at room temperature and pressure, it will cause greater waste of resources. Aramcharoen [157] also further proposed that conventional emulsified cutting fluids are actually difficult to penetrate the high temperature cutting area at the tooltip, with limited actual cooling and lubrication, low productivity, and high machining costs. This shows that although the traditional cutting fluid can alleviate a certain cooling and lubricating effect, it is not enough to improve the machining of difficult-to-machine materials such as Fe-based amorphous alloy. In addition, a study by Bordin et al. [158] reported that the use of conventional emulsified cutting fluids can be hazardous to the health of machinists. Therefore, it is urgent to find a cooling and lubricating means to replace cutting fluid and coolant. Bordin et al. also compared the effects of cryogenic turning, dry turning, and wet turning on machining, as shown in Figure 23. The surface roughness under cryogenic turning is generally better than dry turning and wet turning (please see Figure 23a). Frequent chip entanglements occurred during dry turning because the chip breaker exerted no breaking action due to the low depth of cut (please see Figure 23c). In wet turning, the chip radius drastically increased, which damaging both the cutting tool and the machined surface, as shown in Figure 23d. And the chip morphology under cryogenic turning is better, as shown in Figure 23b. In summary, the cryogenic machining process is a good means of cooling and lubrication, and can be a good substitute for cutting fluids and coolants.



LN2 [159] and carbon dioxide (CO2) [160] are the most commonly used cooling media in cryogenic machining, and liquid nitrogen is more efficient for cooling at lower temperatures [161]. Both in terms of tool wear and cutting forces, LN2 assisted machining is better than CO2 assisted machining and dry machining, as shown in Figure 24. While the tool showed significant wear and built-up-layer (BUL) formation after dry machining (please see Figure 24a) and CO2 assisted machining (please see Figure 24b), the tool surface after LN2 assisted machining was smoother and had no BUL formation (please see Figure 24c). At feed rates of 0.1 mm/rev and 0.15 mm/rev, the average flank wear and main cutting force of LN2 assisted machining were lower than those of dry machining and CO2 assisted machining, as shown in Figure 24d,e. Experiments by Hong and Ding [162] demonstrated that under the use of LN2, machining of titanium alloy can effectively reduce the temperature in the cutting area and can effectively replace the cutting fluid to improve the surface quality and improve the tool life. Huang et al. [163] used the combination of CG and minimum quantity lubrication (MQL) to the assisted cutting of titanium alloys when using SPDT titanium alloys, which effectively improved the machining performance of titanium alloys. This shows that this cooling method can effectively replace the traditional cooling cutting fluid at high cutting temperature. The cutting temperature of titanium alloys under SPDT is even higher than that of Fe-based amorphous alloys. CG+MQL can effectively cool down and lubricate the machining of titanium alloy, it is reasonable to believe that the use of CG+MQL assisted SPDT Fe-based amorphous alloy will also achieve good results.



In addition to having better cooling and lubricating effects than traditional cooling cutting fluids, CG assisted machining also performs better in environmental protection. The use of LN2 as a cooling medium has the advantages of being non-toxic, harmless, and environmentally friendly. Compared with cutting fluid as a cooling medium, using LN2 as a low-temperature cooling medium for cutting is a sustainable green machining method [164]. The use of LN2 is now gaining new focus in the machining industry due to environmental concerns and disposal costs incurred by the use of conventional coolants. The experimental results of Aramcharoen [157] show that the wear resistance of the tool is improved and the cooling efficiency is higher when liquid nitrogen is used as the cryogenic cooling medium compared with the oil-based coolant. Numerous studies have shown that the use of CG as a means of replacing traditional cutting fluids is better than ever, both in terms of effectiveness, safety, and economy.



MQL is a technique that injects a minimal amount of lubricant into the cutting area to provide effective lubricity and improve the machinability of the material [165]. Its disadvantage is that only a small amount of cooling lubricant is used, resulting in unsatisfactory cooling efficiency. The mist lubrication used in MQL has proven to be a good alternative to cutting fluids, the higher pressure of mist lubrication allows the mixture of air and cutting fluid to act effectively on the cutting area [166]. The benefit of MQL over conventional cutting fluids is that it meets the requirements of green machining by optimally spraying a mixture of compressed air and cutting fluid instead of cooling with water injection, from minimizing the use of coolant. MQL has numerous other advantages: its application can reduces cutting forces, cutting zone temperature, tool wear, and friction coefficient compared to dry and wet machining [165]. Kamata and Obikawa [167] found that for different coated tools, the surface finish and tool life obtained with MQL was superior to wet and dry machining. Hadad and Sadeghi [168] observed that MQL improved the turning performance with the flexibility of process parameters, such as nozzle position and orientation. They also found that turning operations using MQL technology required the least cutting forces when compared to dry and wet turning for the entire turning depth. Kishawy et al. [169] explored the cooling effect of MQL and observed that the ability of MQL to improve surface roughness, tool wear, and cutting forces was comparable to that of wet machining. In summary, MQL is effective in reducing cutting forces, lowering cutting temperatures, improving tool wear, and enhancing machined surface quality.



CG and MQL are also flawed separately. The cooling efficiency of CG is high, but the lubricating performance is poor. MQL is just the opposite, with good lubrication performance and insufficient cooling efficiency. The combination of CG and MQL will not affect each other’s role, even make up for each other’s shortcomings. MQL assisted machining achieved less chip adhesion and severe tool wear, CG assisted machining achieved more chip adhesion and less tool wear, while MQL + CG assisted machining achieved moderate chip adhesion and moderate tool wear, as shown in Table 4. The use of CG + MQL hybrid-assisted machining will be a very promising cooling and lubrication process.




4.2.3. Device for Low-Temperature Lubrication Assisted Machining


There are three CG schemes according to how the cold source acts on the workpiece: Scheme 1, using the nitrogen evolved from liquid nitrogen to form an ultra-low temperature environment in which the material is placed so as to achieve a deep cooling treatment [170]; Scheme 2, Immerse the material in LN2 at a temperature of −196 °C for deep cooling treatment; and Scheme 3, LN2 is used to enter the machining area under the action of injection pressure, and the cutting temperature is reduced by heat exchange such as heat conduction and heat convection [171]. The volatile nitrogen used in Scheme 1 is not safe enough and it is difficult to control the experimental variables, which affects the meticulousness of the study; Scheme 2 is pretreatment, which does not facilitate the continuous cooling during the machining process; and Scheme 3 is more ideal, while it is more flexible in its use, and can also be divided into liquid nitrogen jets and internal cooling of the turning tool. Gan et al. [164] concluded in their experiments that internal cooling of the turning tool has higher cooling efficiency compared to liquid nitrogen jets, which can effectively reduce surface defects such as material adhesion and pits on the machined surface. However, liquid nitrogen jets also have their outstanding features, and Dhar et al. [172] observed that chip formation was facilitated and cutting forces were significantly reduced when turning was assisted by liquid nitrogen jets. Another advantage of liquid nitrogen jets over internal cooling is flexibility. The cooling area of internal cooling is fixed (please see Figure 25a,b), while liquid nitrogen jets is realized by using external nozzles, and the cooling area can be controlled by artificially changing the position of the nozzles. The experimental results of Khan et al. [173] clearly show that the position of the liquid nitrogen jet nozzle affects tool wear and machined surface quality. According to this situation, the most suitable nozzle position can be experimentally tested according to the specific machining material when using liquid nitrogen jets.



MQL is also an assisted machining method that uses nozzles to lubricate the machining area. When the cooling scheme of CG is achieved by liquid nitrogen jet, then MQL can be combined with CG to create various cooling and lubrication solutions depending on the nozzle position. MQL technology is delivered internally through specially designed single/dual channels, where air and lubricant then mix with each other in the nozzle and are finally injected into the machining area. The internal channel system of MQL is shown in Figure 25c. As mentioned in Section 4.2.2, the mixed machining of CG + MQL can give full play to the advantages of CG and MQL. Figure 25d shows the liquid nitrogen jets device of Huang et al. [163] using CG and MQL.





4.3. Magnetic Field-Assisted Machining


Magneto-crystallization phenomenon exists in Fe-based amorphous alloys [13], that is, a method of treating Fe-based amorphous alloys with a pulsed magnetic field of a certain frequency to make them undergo nano-crystallization (nano-crystallization of amorphous alloys is a spontaneous process of energy reduction). The magneto-crystallization method is a promising method that can effectively control the amount of amorphous nano-crystallization by controlling the machining conditions. Meanwhile, studies have shown that magnetic field-assisted machining can effectively reduce tool wear of ferromagnetic materials. Therefore, the introduction of magnetic field assistance is not only aimed at improving the machining of Fe-based amorphous alloys by using the magneto-crystallization phenomenon, but also hopes to reduce the tool wear during machining through the magnetic field.



4.3.1. Application of Magnetic Field on SPDT


Gavili et al. [175,176,177,178,179] showed that the thermal conductivity of ferromagnetic metals and ferromagnetic fluids containing ferromagnetic particles can be increased in the presence of a magnetic field. Meanwhile, Gonnet et al. [180,181,182] found that the thermal conductivity of nanocomposites containing ferrous metals or ferromagnetic fluids can be well improved in the presence of a magnetic field. The basic principle and root cause of using a magnetic field to improve the thermal conductivity of Fe-containing materials can be attributed to the alignment of Fe particles inside nanofluids and nanocomposites under the action of an external magnetic field [183].In the presence of a magnetic field, the magnetic dipole energy is sufficient to exceed the thermal energy, and the Fe particles inside the nanofluid or nanocomposite tend to align along the direction of the applied magnetic field for a positive magnetization of the Fe particles. The well-aligned magnetic particles act as linear chains, which are highly conductive paths for heat transfer, facilitating fast heat transfer in the fluid carrier path [184,185]. Fe-based amorphous alloys suffer from high cutting temperatures under SPDT, resulting in difficult-to-machine. Using the action of the magnetic field to improve the thermal conductivity of the Fe-based amorphous alloy, it is possible to effectively reduce the cutting temperature during machining, thereby improving the machining performance of the Fe-based amorphous alloy. In the application of SPDT, magnetic field as an applied field energy assisted machining has long been of interest to researchers and has achieved some success in many machining scenarios. Yip and To [183] successfully improved the machining performance of titanium alloys under SPDT by increasing the thermal conductivity of titanium alloys through the addition of a magnetic field. The feasibility of improving the high cutting temperature by increasing the thermal conductivity of the workpiece by the magnetic field is effectively confirmed. In another study by Yip and To [186], in SPDT titanium alloy, the addition of a magnetic field caused an eddy current damping effect to occur in the workpiece, which led to a significant reduction in tool wear through the action of the eddy current damping effect. Sodano and Bae [187] reviewed the mechanism of eddy current damping effect generation and concluded that the process of generating vortices and dissipating vibration energy suppresses the vibration in the structure. Sodano et al. [188] built a theoretical model of the eddy current damping system and demonstrated that the eddy current damping system can effectively suppress the vibration of the crossbeam. Bae et al. [189] compared experimental and theoretical models of eddy current dampers using the eddy current damping effect to demonstrate the damping effect of the motion system. These experimental results show that overall turning vibration and tool vibration can be effectively suppressed under the effect of eddy current damping generated by the magnetic field, thus reducing tool wear and improving the machining performance of the workpiece under SPDT. As mentioned in Section 3.3, severe tool wear is an important factor that deteriorates the machining performance of Fe-based amorphous alloys. The eddy current damping effect generated by the magnetic field can reduce the wear of the tool during the SPDT process and effectively improve the machining performance of the Fe-based amorphous alloy. Khalil et al. [190] conducted experiments on magnetic field-assisted SPDT machining of Ti6Al4 and showed that in the process of machining, the magnetic field is conducive to the collection of chips, avoiding edge buildup of chips on the tool and cut instead of the tool cutting edge. Since the chips are easier to discharge, the heat in the chips is prevented from accumulating in the cutting area and affecting the machining process. The chip morphology was also compared in the experiments of Khalil et al. [190] under the applied magnetic field and without the applied magnetic field, as shown in Figure 26. Chips formed when cutting without a magnetic field are serrated, meaning lower cutting performance, as shown in Figure 26a. When 0.01 T and 0.02 T magnetic fields are applied, respectively, the chips formed by cutting are not serrated as before and are long and continuous, implying a relatively high cutting performance, as shown in Figure 26b,c. Fe-based amorphous alloys are used as Fe-containing materials, and the effect of chip discharge will be more obvious.



Another major advantage of the magnetic field-assisted machining method is that the field energy of the magnetic field can be provided by a simple permanent magnet only, ensuring the economy of the experiment, as shown in Figure 27a–d. In the above experiments where a magnetic field was applied during SPDT, the experimental results obtained many favorable improvements such as increasing the thermal conductivity of the material, effectively reducing tool wear by reducing turning vibration, facilitating cutting collection, and improving cutting performance due to the addition of the magnetic field, respectively. Although there is no systematic theory for the application of magnetic field-assisted machining of difficult-to-machine materials and more areas for optimization, it is well worthwhile to use this method in machining Fe-based amorphous alloy to better improve their machining performance based on the numerous benefits of magnetic field-assisted above.




4.3.2. Application of Magnetic Field on Fe-Based Amorphous Alloys


So far, magnetic field, as a very common applied field energy, has been applied in various fields with certain success, and it is no exception in the case of Fe-based amorphous alloys. Numerous researchers have added magnetic field to their studies on Fe-based amorphous alloys and recorded the changes on Fe-based amorphous alloys after adding magnetic field.



Chao and Zhang [191] optimized the performance of Fe78Si9B13 amorphous strip by treating it with low-frequency pulsed magnetic fields. Their method of treating Fe-based amorphous alloys is the magneto-crystallization method, because the nano-crystallization of amorphous alloys is a spontaneous process with reduced energy, and the magnetic field provides the energy for the transition from the amorphous state to the crystalline state. As mentioned in Section 3.3, nano-crystallization may enable the desired unique properties of Fe-based amorphous alloys and can therefore be used to optimize their performance. Jin et al. [192] also used a pulsed magnetic field of certain intensity to treat Fe52Co34Hf7B6Cu1 samples. Wang [13] also adopted the same method, and investigated how the crystallization and nano-crystallization of Fe-based amorphous alloys would be affected if the intensity of the magnetic field was increased under the applied magnetic field. After treating the Fe-based amorphous alloy with a magnetic field, Wang used transmission electron microscopy to discover nanocrystals, which are about 10 nm in size as shown in Figure 28a,b. And Wang, finally, concluded that the crystallization of the Fe-based amorphous alloy increases monotonically with increasing magnetic field strength. The nature of this magneto-crystallization phenomenon has been studied. Among them, Guo et al. [193] derived from the theory of phase transition kinetics that when a pulsed magnetic field acts on an amorphous alloy, in order to satisfy the minimum free energy, the amorphous alloy will undergo linear magneto-striction. Macroscopically, the workpiece changes in the length direction, and the magneto-striction strengthens the vibration of the internal atomic cycle, provides a driving force for nucleation, and promotes the crystallization of amorphous alloys to produce nanocrystalline. Both Yoshizawa [91] and Suzuki [194] considered this nano-crystallization phenomenon as an effective machining method to improve the soft magnetic properties of Fe-based amorphous alloys.



In many cases, nano-crystallization of amorphous alloys results in the strengthening of the workpiece itself. For example, Souza [195] investigated the properties of two Fe-based amorphous alloys, Fe73Nb3Si15.5B7.5Cu1 and Fe73.5Cu1Nb3Si15.5B7.5, after nano-crystallization and found that when they underwent nano-crystallization, their corrosion resistance was somewhat improved, as shown in Figure 28c. Although there is evidence that the formation of nanocrystals enhances the performance of Fe-based amorphous alloys, contrary opinions have been presented. Gostin et al. [196] found that when the matrix precipitation phase of Fe-based amorphous alloys is α-Fe, Fe carbide, and Fe boride or their mixtures, nano-crystallization of Fe-based amorphous alloys will reduce their corrosion resistance. The results show that the addition of a magnetic field can promote the nano-crystallization of Fe-based amorphous alloys, and the intensity of the magnetic field can affect the degree of nano-crystallization. Therefore, magnetic field-assisted machining can make good use of this phenomenon to improve the machining performance of Fe-based amorphous alloys.





4.4. Other Assisted Machining Methods


Amorphous alloys are considered as ideal materials for wear and corrosion resistant coatings due to their excellent properties [197], especially Fe-based amorphous alloys with high strength, high hardness, and excellent wear and corrosion resistance. The protection mechanism of this coating may also be a good way to improve the machining performance of Fe-based amorphous alloys, as coating technology has been an important way to improve tool wear resistance in the machining field [198]. Chemical wear of Fe and C deteriorates the machining performance of Fe-based amorphous alloys under SPDT. Brinksmeier and Glabe [199] demonstrated the potential of TIC and TIN coatings on diamond tools to eliminate chemical wear. Xiao [200] et al. showed that the nano-SiC/Ni composite coating can further protect the diamond from graphitization and can result in higher bending strength and wear resistance of the diamond turning tool bit. It can be seen that coating-assisted technology has the potential to improve the machining performance of Fe-based amorphous alloys under SPDT. However, the hardness of the coating is often lower than that of diamond, and the machined surface quality is not ideal. Therefore, the application of coating technology to improve the surface quality of Fe-based amorphous alloys and other difficult-to-machine materials still has a lot of room for development.



Diamond tools used in SPDT are the hardest known material and are widely used in ultra-precision machining, but diamond suffers from severe tool wear affecting the surface quality when machining Fe and other transition metal alloys. Implanting the near-surface of diamond with ion implantation of other elements to modify its surface mechanical and chemical behavior is considered as a promising assisted method to address this wear [201]. Already in 1999, Klocke and Krieg [198] suggested applying a protective coating to diamond tools to create a diffusion barrier. As an Fe-based amorphous alloy with Fe as the main element, it is also promising to improve the machining performance of Fe-based amorphous alloy under SPDT with the aid of ion implanted modified diamond technology. Wear occurrences are compared between ion implanted diamond and unmodified diamond by Lee et al. [202], as shown in Figure 29. The cutting tool is considered to be worn when it is incapable of achieving the desired surface finish of the work material. After machining a distance of 350 m with the ion implanted tool, a clear reflection of the emblem can still be observed, signifying that the ion implanted tool can operate at a further distance in comparison to the unmodified tool (please see Figure 29c). Correspondingly, the surface roughness measurements showed a similar magnitude of 2.6 times increase in Ra and Rq for the surface produced by the unmodified cutting tool (please see Figure 29b). However, there are still obstacles that must be overcome in the technique of diamond ion implantation such as the removal of radiation damage after ion implantation without causing graphitization of the diamond [203]. These obstacles also greatly affect the widespread application of ion implantation modified diamond tools as an assisted technology.



In addition to the above−mentioned diamond tool coating techniques and ion implantation diamond modification techniques. Inert gas-assisted machining methods and electric field-assisted machining methods [204] are also favored by researchers often applied to improve the machining performance of difficult-to-machine materials.





5. Summary and Outlook


This paper systematically reviews the properties and machining performance of amorphous alloys. As a special case of amorphous alloy, the preparation, application and machining of Fe-based amorphous alloy are systematically summarized in this review. It is found that single-point diamond turning (SPDT) is a promising machining method to overcome the extremely high hardness of Fe-based amorphous alloys. However, under SPDT, the problems of high machining temperature, machining crystallization and chemical wear still greatly deteriorate the machining performance of Fe-based amorphous alloys. Assisted machining methods such as tool-assisted machining, low-temperature lubrication assisted machining and magnetic field assisted machining et al. are found effective improving the machining performance of Fe-based amorphous alloys.



Ultrasonic vibration assisted machining is expected to reduce the high cutting temperature of Fe-based amorphous alloys through periodic intermittent machining, thereby reducing the impact of high cutting temperatures on the crystallization and oxidation. Meanwhile, ultrasonic vibration assisted machining can effectively reduce tool wear and cutting force, whereby effectively improve the machining performance of Fe-based amorphous alloys. However, the machining efficiency of ultrasonic vibration assisted machining is low. In addition, fast tool servo (FTS) and slow tool servo (STS) are expected to help Fe-based amorphous alloys to achieve ductile removal, and they can effectively assist machining of the microstructure of Fe-based amorphous alloys.



Low-temperature lubrication assisted machining can greatly reduce the cutting temperature of Fe-based amorphous alloys. It is expected to control the cutting temperature of Fe-based amorphous alloys not to exceed glass transition temperature point (Tg) through low-temperature lubrication assisted machining, thereby eliminating the effects of crystallization and high-temperature oxidation on machining. Meanwhile, the nitrogen atmosphere can effectively reduce the surface hardness of the Fe-based amorphous alloys, which is helpful for better machining. The form of cryogenic gas (CG)+minimum quantity lubrication (MQL) has good flexibility and can effectively adapt to various cooling and lubrication requirements in the machining of Fe-based amorphous alloys. However, surface rebound of the workpiece caused by temperature changes has enormous deteriorated the finish machining accuracy.



The presence of magneto-crystallization in Fe-based amorphous alloys has shown promise for improving machining performance by promoting nano-crystallization on workpiece surfaces through magnetic fields. The magnetic field promotes the thermal conductivity of Fe-containing materials and improves the excessive machining temperature of Fe-based amorphous alloys caused by low thermal conductivity, and also facilitates the collection of chips from magnetic materials. The eddy current damping effect caused by the magnetic field at the workpiece can effectively suppress overall machining vibration and tool vibration. Magnetic field-assisted machining has achieved good results in the machining of many ferromagnetic materials because the implementation of simple equipment also has good economic benefits. Unfortunately, magnetic field-assisted machining has not yet formed a systematic theory, and the experimental process is not easy to control.



In addition to the above three highlighted assisted machining methods, traditional coating protection methods and novel ion implantation modified diamond tools are also effective ways of improving the machining performance of Fe-based amorphous alloys. The use of coating protection can alleviate tool wear to a certain extent. However, since the hardness of the coating is not high enough, the effect is often not ideal when machining high hardness materials such as Fe-based amorphous alloys. Direct machining with diamond tools can well overcome the problem that the tool hardness is not high enough. However, the chemical affinity of diamond and Fe-based amorphous alloys can cause chemical wear and aggravate tool wear. Ion-injected diamond modification can form a wear-resistant and inert barrier layer for the cutting edge of the tool, which helps to improve the wear of this tool and improve the surface quality. However, the ion implantation technology is not mature enough and can radiate damage to the diamond.



The combination of SPDT and assisted machining methods is a promising method for machining Fe-based amorphous alloys. However, assisted machining methods also cannot fully provide favorable factors, combined with the machining process problems, a reasonable combination of different assisted machining technology may be able to achieve better results. For example, instead of degrading the effect, the combined use of CG and MQL can compensate each other. Therefore, when machining Fe-based amorphous alloys or even amorphous alloys, it is advisable to improve their machining performance more often in the form of combinations based on assisted machining methods. The critical dimension of Fe48Cr15Mo14C15B6Er2 is 12 mm, and the critical dimension of Fe41Co7Cr15Mo14C15B6Y2 is the largest 16 mm. In the study of the machining of Fe−based amorphous alloys, it is suggested that these two samples can be used to facilitate the analysis of the machining mechanism. Meanwhile, Fe77.5Si17.5B15 has been proved that its glass removal not only reduces the magnitude of internal stress, but also significantly reduces the magnetostriction, which is suitable as an object for machining.
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Figure 1. (a) The short-range atomic arrangements of amorphous alloys are composed of different kinds of clusters [3]. (b) The black line identifies the short-range order characteristic of amorphous alloys. (c) The medium-range atomic arrangement of amorphous alloys is randomly distributed by several clusters, adapted with permission from Ref. [4] 2011, Elsevier. (d) The long-range atomic arrangement of amorphous alloys becomes disordered. 
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Figure 2. The (a) Vickers hardness and (b) tensile strength of Fe-based amorphous alloys are much higher than other materials, reprinted with permission from Ref. [7] 2000, Elsevier. 
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Figure 3. (a) The height image with rms roughness of ~0.3 nm and (b) phase shift image. (c) Height and phase shift profiles taken from the same region (The blue line refers to the phase shift, while the red line refers to the height), adapted with permission from Ref. [14] 2000, APS. (d) Amorphous alloys after ultrasonic vibration treatment show the appearance of soft and hard regions, adapted with permission from Ref. [15] 2005, APS. (e) XRD pattern of amorphous alloy. (f) XRD pattern of the crystalline amorphous alloy, adapted with permission from Ref. [12] 2022, Elsevier. 
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Figure 4. (a) Bending shear band, adapted with permission from Ref. [22] 2011, Elsevier. (b) Radial shear band. (c) Semicircular shear band, adapted with permission from Ref. [23] 2011, Elsevier. (d) The shear band of amorphous alloys starts at the stress concentration at the root of the notch and extends along the plane of maximum shear stress, adapted with permission from Ref. [24] 2017, APS. 
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Figure 5. (a) Schematic diagram of the structural evolution of the different states of matter obtained by liquid cooling, adapted with permission from Ref. [49] 2019, Wang et al. (b) The rapid cooling process of amorphous matter, adapted with permission from Ref. [37] 2017, APS. (c) The DSC curve of BMG, the left red line is Tg, the middle of the red lines is the supercooled liquid region, and the right red line is Tx, adapted with permission from Ref. [29] 2011, nature. (d) The critical heating rate to completely bypass crystallization on heating from the glass through the liquid is about 200 K/s. Using the millisecond heating method, which enables heating rates on the order of 106 K/s, the undercooled liquid is accessible at any temperature above the glass transition, through the melting point and beyond, where the liquid enters the equilibrium state (upper left quadrant in the diagram), adapted with permission from Ref. [50] 2005, science. 
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Figure 6. (a) Fracture strength of amorphous alloys, adapted with permission from Ref. [7] 2000, Elsevier. (b) Comparison of magnetization strength Bs and permeability μc of amorphous alloys with various soft magnetic materials (1 kHz) [55]. 
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Figure 7. (a) Surface corrosion of Fe32Ni36Cr14P12B6 amorphous alloy under artificial saliva. (b) Surface corrosion of Fe67Co18B14Si1 amorphous alloy under artificial plasma, reprinted with permission from Ref. [58] 2021, Elsevier. Fe-based amorphous alloys were corroded, but the surface morphology changed little. 
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Figure 8. (a) The SEM image of the surface of BMG after SPDT. (b) XRD pattern of BMG before and after machining, no crystallization was shown [78]. (c) Initial crystallization near the oxide layer. (d) Region of no crystallization on the right and crystallization on the left. (e) Increasing dendritic pattern with increased crystallization. (f) Region of complete crystallization of BMG, adapted with permission from Ref. [80] 2004, Elsevier. The red mark is the crystalline region. 
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Figure 9. (a,b) Compared with the excellent machined surface of La-based amorphous alloy, the machined surface of Fe-based amorphous alloy performs extremely poorly, reprinted with permission from Ref. [79] 2021, Elsevier. 
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Figure 10. SEM micrographs of the underside of BMGs chips at different shear speeds: (a) 1.06 m/s, (b) 0.50 m/s and (c) 0.25 m/s, reprinted with permission from Ref. [82] 2011, Springer. The red mark is the degree of melting of the chip surface. 
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Figure 11. Compressive strength versus room temperature thermal conductivity of metallic glasses, metals, and alloys in Ashby’s material space. Conventional crystalline alloys are shaded while other amorphous alloys are in orange and red, reprinted with permission from Ref. [97] 2018, Elsevier. 
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Figure 12. (a) Powder cores made of Fe-TM-P-C-B-Si amorphous alloy with high efficiency and low heat generation are used in inductors for laptops, adapted with permission from Ref. [93] 2013, Taylor & Francis. (b) A two-dimensional Fe76Si9B10P5 MG microscope was made by Ou, adapted with permission from Ref. [99] 2019, iopscience. (c) (Fe0.99Mo0.01)76Si9B13 catalytic purification of wastewater, adapted with permission from Ref. [98] 2010, Elsevier. (d) Fe-based amorphous alloy wire. 
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Figure 13. (a) The number of nanocrystals increases as the milling speed increases, adapted with permission from Ref. [102]. 2020, Elsevier. (b) Changes in microhardness from the machined surface to the inside of the workpiece after two−dimensional cutting of Fe−Si−B by Fang et al., adapted with permission from Ref. [79]. 2021, Elsevier. (c) The surface after EDM of the Fe−based BMG. (d) The XDR pattern of the Fe−based BMG after EDM [103]. Although there are many pits on the EDM machined surface, the test shows that the Fe-based amorphous alloy does not crystallize. 
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Figure 14. SEM micrographs of the 60−h milled Fe80Nb10B10 metallic glass hot−pressed at (a) 703 K with 880 MPa and (b) 903 K with 640 MPa. The red mark is the crack on the surface of the material after hot pressing. (c) XRD patterns of the 60 h milled samples after hot pressing at 723 K and 903 K. α−Fe is stable at temperatures of 703 K and 903 K. (d) Hysteresis loops for the 60 h milled samples hot-pressed at 723 K and 903 K. The saturation magnetization of the samples hot pressed at 703 and 903 K are 90 and 125 Am2/kg, respectively, reprinted with permission from Ref. [106] 2017, Elsevier. 
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Figure 15. Chip morphologies. (a) Overview of chip morphology of sample C. (b) Enlarged morphology of the area enclosed in the red rectangle in (a). A dark arrow points to the fold line. Distance between neighboring fold lines is also marked. (c) Overview of chip morphology of sample A. (d) Enlarged morphology of the area enclosed in the red rectangle in (c). Distance between neighboring fold lines is also marked. (e) Overview of chip morphology of sample B. (f) Enlarged morphology of the area enclosed in the red rectangle in (e). Distance between neighboring fold lines is also marked. (g) Overview of chips’ morphology of sample D. (h) Enlarged morphology of the area enclosed in the red rectangle in (g). Distance between neighboring fold lines is also marked, reprinted with permission from Ref. [109] 2015, Elsevier. 
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Figure 16. (a) DSC curves for Fe-Al-Cr-B-Si-Nb amorphous alloy. (b) DSC curves for chips with vc = 60 m/min, f = 0.09 mm/r, ap = 0.1 mm. (c) DSC curves for chips with vc = 70 m/min, f = 0.09 mm/r, ap = 0.2 mm. (d) DSC curves for chips with vc = 80 m/min, f = 0.09 mm/r, ap = 0.3 mm DSC curve of chips [100]. There is an obvious reduction in the area of the crystallization exothermic peak. 
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Figure 17. The cutting regional temperature variation diagram of the workpiece during the nanometric cutting process, (a–c) are cross-section views of x–z plane (the first row) and vertical views (the second row), showing the cutting regional temperature variation at cutting distances of 4, 8, and 14 nm, respectively, reprinted with permission from Ref. [48] 2014, Elsevier. 
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Figure 18. (a) Viscous flow on the surface of the chips produced after Fe−Si−B was cut in two dimensions [100]. (b) Pyro luminescence phenomenon during cutting of Zr-based BMG. (c,d) SEM image of the Zr−based BMG after the pyro luminescence, where severe oxidation and crystallization of the BMG can be observed [114]. 
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Figure 19. Diffusion process of carbon atoms in cutting ferrous material, reprinted with permission from Ref. [124] 2018, Elsevier. (a) Interstitial diffusion of diamond graphitization. (b) The direction of diffusion of diamond graphitization to the workpiece. 
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Figure 20. (a) Tool wear diagram under normal cutting. (b) Tool wear diagram under ultrasonic elliptical vibration assistance. The red mark is the main wear amount of the cutting edge. (c) The line graph of the surface roughness under different cutting speeds in ordinary cutting and cutting with the aid of ultrasonic elliptical vibration, adapted with permission from Ref. [127] 2016, Springer. (d) The edge roughness of SPDT single crystal silicon with the aid of ultrasonic vibration. (e) The center roughness of SPDT single crystal silicon with the aid of ultrasonic vibration [130]. 
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Figure 21. (a) STS tuning of the freeform surface. (b) 3D image of machined nanometer scaled sine wave grid on single−crystal silicon. (c) Microscope image of the machined 2D sine wave grid on single−crystal silicon. (d) SEM image of ductile−cut chips, reprinted with permission from Ref. [148] 2021, Elsevier. 
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Figure 22. (a) Tensile fracture stresses of Ni72P18B7Al3(A), Ni49Fe29P14B6Al2(B), and Fe76P16C4Si2Al2(C) (specimens of 0.025 mm thickness). (b) Variation of microhardness values of Fe-18Cr-4Mn-xN amorphous alloy with respect to nitrogen concentration, adapted with permission from Ref. [154] 2009, Elsevier. 
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Figure 23. (a) Effect of the cooling strategies on the mean surface roughness Ra after 8 min of turning. (b–d) Chip morphology under cryogenic, dry, and wet turning conditions after 8 min of cutting and for a cutting speed of 80 m/min, adapted with permission from Ref. [158] 2017, Elsevier. Frequent chip entanglements occurred during dry turning. In wet cutting, long tubular chips appear, which damage the tool and workpiece. The chip morphology under cryogenic turning is better. 
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Figure 24. SEM analysis of tool wear under different cooling strategies: (a) dry machining. (b) CO2. (c) LN2. The built-up-edge (BUE) and chipping appear on the dry cutting tool surface. CO2-assisted machining eliminates the formation of BUE, and some sticking in the form of BUL occurs on the rake face. The tool surface under LN2-assisted machining is relatively smooth, with a small amount of BUL. (d) Average flank wear and main cutting forces at feed rate of 0.1 mm/rev. (e) Average flank wear and main cutting forces at feed rate of 0.15 mm/rev, adapted with permission from Ref. [161] 2021, Elsevier. The average flank wear and main cutting force were the lowest with LN2-assisted machining. 
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Figure 25. (a) 3D modeling picture of the internal cooling device of the turning tool. (b) Physical picture of the internal cooling device of the turning tool, adapted with permission from Ref. [164] 2021, Elsevier. (c) Internal transfer system of MQL [174]. (d) Layout of the CG + MQL assisted SPDT device build, adapted with permission from Ref. [163] 2017, Elsevier. 






Figure 25. (a) 3D modeling picture of the internal cooling device of the turning tool. (b) Physical picture of the internal cooling device of the turning tool, adapted with permission from Ref. [164] 2021, Elsevier. (c) Internal transfer system of MQL [174]. (d) Layout of the CG + MQL assisted SPDT device build, adapted with permission from Ref. [163] 2017, Elsevier.



[image: Processes 10 01203 g025]







[image: Processes 10 01203 g026 550] 





Figure 26. (a) Formation of serrated chips when no magnetic field is applied. (b) Formation of flat, long and continuous chips when a magnetic field of 0.01 T is applied. (c) Formation of flat, long and continuous chips when a magnetic field of 0.02 T is applied, reprinted with permission from Ref. [190] 2022, Elsevier. 
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Figure 27. (a) Modeling of the machine layout when Khalil et al. [190] use magnetic field assist. (b) Modeling of the machine layout when Yip and To use magnetic field assistance. (c) Schematic of the distribution of permanent magnet and workpiece positions when using magnetic field assist, adapted with permission from Ref. [190] 2022, Elsevier. (d) Actual machine layout when Yip and To use magnetic field assist, adapted with permission from Ref. [186] 2017, Elsevier. 
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Figure 28. Images of Fe52Co34Hf7B6Cu1 after pulsed magnetic field treatment with nano-crystallization of the workpiece, adapted with permission from Ref. [192] 2006, Elsevier. (a) TEM micrograph of Fe52Co34Hf7B6Cu1. (b) Distinct diffraction rings are generated. It can be determined that the samples are nano-crystallized after the pulsed magnetic field treatment. (c) The values of saturation magnetic flux density, Bs, as function of the immersion time in corrosive environment (0.1 M of H2SO4 solution) for amorphous (A) and nanocrystalline (N) samples, adapted with permission from Ref. [195] 2002, Elsevier. Corrosion enhancement was obtained for both Fe73Nb3Si15.5B7.5Cu1 and Fe73.5Cu1Nb3Si15.5B7.5 after nano-crystallization. 
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Figure 29. Images of the machined iron surface quality with the magnified observation using a SEM and the respective surface roughness measurements: (a) standard requirements achieved after machining 50 m, (b) after machining with an unmodified diamond tool over a distance of 350 m, and (c) after machining with a gallium irradiated diamond tool over a distance of 350 m, reprinted with permission from Ref. [202] 2019, Elsevier. 
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Table 1. Summary of Amorphous Research Progress.
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	Time
	Events
	References





	1959
	First MG from Cal. Tech. using splat quenching (Au-Si)
	[29]



	1966
	Splat cooling additional findings (MIT)
	[30]



	1969
	MG formation, stability, structure (Pd-Si) (Harvard)
	[31]



	1977
	MG constitutive model
	[32,33]



	1990
	Multi component MG formers using Copper cast (Tohoku University)
	[29]



	2002
	MG tension, compression studies
	[34]



	2003
	MG research with La-Al-Cu-Ni (GFA)
	[35]



	2004
	Application in MEMS, biomedical, sporting goods, and electronics
	[36]



	2005
	MG corrosion wear resistance
	[37]



	2007
	Drilling, machining studies on MG
	[38]



	2008
	MG model into ABAQUS FEA program
	[36]



	2012
	MG cold rolling studies
	[39]



	2013
	MG foam reduce osteopenia in biomedical
	[40]



	2013
	MG by 3D SLM started
	[41]



	2015
	Honeycomb MG
	[42]



	2016
	MG descriptor on GFA best element combination (AFLOW framework)
	[43]



	2017
	MG using 3D SLM with crack-free, complex geometry
	[44]



	2019
	MG measured in a levitation device under microgravity
	[45]
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Table 2. BMG machining conditions [109].
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	Sample

ID
	Feed

Rate (mm/min)
	DOC

(μm)
	Spindle

Rate

(r/min)
	Groove Depth

(nm)
	Distance

between Fold Lines (μm)
	Tool

Moving Speed (μm/s)





	A
	10
	1
	2000
	7
	0.35
	7



	B
	20
	3
	2000
	14
	1.08
	16



	C
	10
	3
	2000
	20
	0.26
	8



	D
	10
	3
	500
	200
	1.78
	18
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Table 3. Magnetic parameters and resistivity of Fe-based nanocrystalline alloys at 77 and 300 K [151].
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	Composition
	MS (300 K)

(A m2/kg)
	MS (77 K)

(A m2/kg)
	HC (300 K) (A/m)
	HC (300 K) (A/m)





	Fe73.5Si13.5Nb3B9Cu1
	139.5
	151.9
	0.52
	0.81



	Fe68Si15.5Al3.5Nb3B9Cu1
	113.3
	127.6
	0.35
	1.26



	Fe65.5Si16.5Al5Nb3B9Cu1
	98.3
	98.3
	0.50
	0.58



	Fe63Si17.5Al6Nb3B9Cu1
	80.4
	80.4
	1.12
	0.45



	Fe62Si18Al7Nb3B9Cu1
	64.1
	64.1
	1.48
	1.45
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Table 4. Tool wear and chip adhesion to the cutting tools under the various cooling condition: MQL; CG; and MQL + CG, adapted with permission from Ref. [163]. 2017, Elsevier.
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	Cooling

Conditions
	MQL
	CG
	MQL + CG





	Tool wear
	 [image: Processes 10 01203 i001]
	 [image: Processes 10 01203 i002]
	 [image: Processes 10 01203 i003]



	Chip adhesion
	 [image: Processes 10 01203 i004]
	 [image: Processes 10 01203 i005]
	 [image: Processes 10 01203 i006]
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