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Abstract

:

Bulk metallic glass (BMG) is a new kind of material which is made by rapid condensation of alloy. With excellent properties like high strength, high hardness, corrosion resistance, BMG is increasingly applied in mold manufacturing, weapon equipment and other fields. However, BMG is also one of hard-to-machine materials, which is arduous to be processed precisely and efficiently by the means of conventional cutting. Compared with conventional cutting, ultrasonic machining has a multitude of technological advantages such as reducing the cutting force, extending the tool life, etc. In ultrasonic machining, the ultrasonic electric signal is transformed into high frequency mechanical vibration on the tool, which changes the relationship between the tool and the workpiece in the process of machining. In this study, the longitudinal ultrasonic assisted turning (LUAT) system is established for processing BMG. Its resonant frequency and vibration characteristics are first simulated by modal analysis and harmonic response analysis, and then tested by displacement testing experiments, so that the suitable frequency and the amplitude for BMG turning can be selected and verified. On this basis, the two-dimensional turning finite element model is established to study the effect of ultrasonic vibration on cutting force under different cutting speeds. The research manifest that during the BMG turning, the assistance of longitudinal ultrasonic vibration can significantly reduce the average cutting force as well as the von Mises stress when the turning speed is below the critical turning speed. In addition, the tip of the tool contacts the workpiece discontinuously during cutting process which makes the instantaneous turning force in LUAT more periodic than that in conventional turning (CT).
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1. Introduction


Bulk metallic glass (BMG), also called amorphous alloy or liquid metal because of its topologically disordered constituent atoms, is formed by the rapid condensation of alloy. In BMG, the absence of crystal defects such as grain boundaries and dislocations brings to a series of unique properties [1]. BMG has high strength, high hardness, low thermal expansion coefficient, low density and favorable corrosion resistance, which makes it a potential new engineering material [2,3,4,5]. However, these excellent properties of BMG on the other hand would lead to poor machinability. For example, during the cutting process of BMG, the cutting force is considerately large, which can damage the cutting tools, jeopardize the surface quality and hinders their wide scale application [6,7,8]. Karaguzel et al. [9] carried out the orthogonal cutting experiment of BMG, and the cutting force empirical formula of BMG is fitted by the experimental results and process parameters. Fujita et al. [10] examined cutting characteristics of BMG by tuning with different parameters, presumed a slipping-off mechanism at planes of short intervals of BMG. When cutting Zr-based BMG in low speed, there will be adiabatic shear bands and cavities in serrated chips, while in cutting with high cutting speed or small rake angle tools, there will be sparks and chip oxidation in the material [11,12,13,14]. Under ambient temperature, when BMG breaks, the local temperature of the alloy exceeds the glass transition temperature or even the melting point [15]. It is of great significance to raise new processing methods or improve the processing technology of BMG for promoting its engineering application.



Ultrasonic assisted machining has been termed as one of hybrid process that uses ultrasonic vibration during the machining action. Ultrasonic electric signal is converted into high-frequency mechanical vibration by transducer. The mechanical vibration is amplified by horn and transmitted to the end of the tool. In the turning process, the relative velocity between the tool tip and the workpiece changes due to the effect of ultrasonic vibration. Lauwers et al. [16] investigated the ultrasonic assisted grinding of ceramics, showed that the vibration resulted in more craters and lowered process force, making it feasible to increase the productivity. Pujana et al. [17] carried out ultrasonic assisted drilling experiments on titanium alloy, the results manifested that the drilling force decreases about 20%, and the it decreases with the increase of amplitude. Sui et al. [18] examined high-speed ultrasonic cutting, and the results showed that the material removal rate of high-speed ultrasonic cutting can be improved by up to 90% compared with conventional cutting. Maurotto et al. [19] applied ultrasonic longitudinal vibration to titanium alloy cutting. The average cutting force could be reduced by 70% compared with that of conventional cutting. Nath et al. [20] conducted cutting experiments on tungsten carbide by using elliptical ultrasonic vibration machining, studied the influence of tool nose radius on the surface quality, and obtained a better machining surface at 0.6-mm tool nose radius. Due to the application of longitudinal ultrasonic vibration, when the instantaneous speed of high-frequency vibration of the tool tip is greater than the cutting speed, there is contact-separation phenomenon between the tool tip and the workpiece. This kind of discontinuous contact makes the extrusion of the tool to the workpiece become high-frequency hammering, which changes the cutting force, cutting temperature, chip morphology and surface morphology of the machining surface.



A host of researches showed that ultrasonic vibration can improve the processing effect of BMG. Luo et al. [21] applied ultrasonic assisted micro-punch to BMG. The certain areas of BMG are subjected to the high frequency vibration transmitted by the punch, which leads to viscous flow. BMG gradually become soft and a series of shapes and products can be successfully fabricated in relative low pressing force. Ma et al. [22] proposed ultrasonic assisted forming for BMG processing, which not only forms BMG rapidly so that the crystallization and oxidation can effectively be avoided, but also works in a large scale range. In ultrasonic assisted punching and ultrasonic assisted forming on BMG, the cutting force and cutting temperature are effectively restrained, and the surface quality and productivity are improved. Whereas at present, there are few studies in ultrasonic assisted turning on BMG, which is subject to further investigation.



In this study, a longitudinal ultrasonic assisted turning (LUAT) system is established for processing BMG at first, and its frequency and amplitude are obtained through modal analysis and harmonic response analysis. A displacement testing experiment is performed to verify the designed system. Then the critical turning speed of the device is calculated. On this basis, the turning model of BMG is established, and the turning simulation of BMG under different turning speeds is carried out by using the LUAT device mentioned above. Finally, the influence of longitudinal ultrasonic vibration on the turning force, von Mises stress and chip forming under different turning speeds during turning BMG is discussed.




2. Building of Longitudinal Ultrasonic Assisted Turning System


2.1. Design of the Piezoelectric Transducer and the Ladder Horn


When a force is applied to the piezoelectric crystal in a proper direction, its internal polarization state will change. An internal electric field will then be generated, and a bound charge proportional to the external force will appear on two surfaces of the piezoelectric crystal. On the contrary, when an external electric field is applied to the piezoelectric crystal, the electric energy can be converted into mechanical energy through the piezoelectric crystal due to the inverse piezoelectric effect. The piezoelectric transducer is made of this inverse piezoelectric effect. Piezoelectric transducer has no eddy loss, hysteresis loss and resistance loss, which brings it fairly simple structure and high stability. Moreover, piezoelectric transducer usually has high sensitivity as well as outstanding electromechanical coupling characteristics. All these superior properties make piezoelectric transducer the most popular transducer in ultrasonic machining industry. In this investigation, a piezoelectric transducer with Lead Zirconate Titanate (PZT) is designed to convert electrical signals into ultrasonic vibration. Parameters of PZT are presented Table 1.



The longitudinal sound velocity in PZT slices    c  P Z T     can be calculated in Equation (1).


   c  P Z T   =    E ρ   1  1 −  σ 2       



(1)




where,  E  is young’s modulus,  ρ  is density and  σ  is Poisson’s ratio of PZT-8.



The wavelength in PZT slices    λ  P Z T     could then calculated by    λ  P Z T   =  c  P Z T   / f  . According to the design requirements of the longitudinal vibration transducer, the equivalent diameter of the PZT slices    D  P Z T     should less than    λ  P Z T   / 4  , considering the inner holes, set the    D  P Z T     as 38 mm.



The output power of the PZT transducer is determined by the volume of PZT ceramic slice and its power capacity. In order to amplify the output power to satisfy the turning process, several pieces of PZT slices are piled. The number    m  P Z T     could be acquired by Equation (2).


   m  P Z T   =  P   P d  f π  (   D 2  −  d 2   )   t 4     



(2)




where    P d    is power capacity in W/cm3, f is vibration frequency and D, d and t represent outside diameter, inside diameter and thickness of ceramic slice, respectively.



The power capacity of PZT ceramic slice    P d    is 2–3 W/cm3, the required output power P is set as 800 W, considering the slices need to be piled in pairs, set the number of slices as 4. Four pieces of PZT slices are piled with copper electrodes separating between them, the polarization of two adjacent slices are opposite so that the pile could output an overlapped amplitude. The whole transducer used in this investigation is shown in Figure 1.



The output vibration amplitude the piezoelectric transducer is much less than required. To amplify the amplitude and to install the turning tool, a two-stage ladder horn is designed. The back end of the horn is contact with the PZT slices, so the diameter of the back end    D 1    is 38 mm. The front end is designed much smaller than the back end and the energy of ultrasound is concentrated on this comparative smaller area. Due to the energy gathering effect, the front end of the horn outputs the amplified amplitude. The diameter of the front end    D 2    determines the amplification M. The less    D 2    is, the higher M will be. However, the strength may decrease when    D 2    is reduced because the horn can be seen as cantilever structure during turning process and the components of cutting force can lead to enormous stress concentration on abrupt change in section. To ensure the enough strength and satisfy the amplification, set    D 2    as 10 mm. Thus, the area index is   N =  D 1  /  D 2  = 3.8  .



Longitudinal sound wave will bounce back and forth between the back and front end, the standing-wave effect happens when the incident wave and the reflected wave overlap. At specific points, the amplitude can be decreased to zero. These points can be called as displacement node, which can be used to fix the horn to the machine tool. Likewise, the amplitude reaches its peak at particular points, where the turning tool should be installed. The displacement node and the peak point can be acquired though wave equation which is shown in Equation (3).


     ∂ 2  ξ   ∂  x 2    +  1 S  ×   ∂ S   ∂ x   ×   ∂ ξ   ∂ x   +  k 2  ξ = 0  



(3)




where,   ξ = ξ  ( x )    is particle displacement function,   S = S  ( x )    is cross-section area function,   k = ω /   E / ρ     is circle wavenumber,  ω  is angular frequency,  E  is elastic modulus,  ρ  is the density of the horn.



In this investigation, the material of horn is 1045 steel, the parameters are listed in Table 2. Therefore, resonance length  δ  can be acquired as 258 mm, the length of the horn  l  is half of  δ  so that the front end located on the peak of the standing wave, outputting the largest amplitude.



The displacement node located at the middle of the horn, where a flange plate is designed to install the horn to the machine tool. The ladder horn is shown in Figure 2.




2.2. Modal and Harmonic Analysis of the LUAT System


Modal analysis is carried out to investigate the natural frequency and vibration shape of the turning system. The front face of the flange is set to be fixed to ground. After setting the contact region and meshing, 25 order resonant frequencies were calculated as shown un Figure 3. At the 12th, the 18th and the 19th modal the horn vibrates longitudinally, their resonant frequencies are 9493 Hz, 17,666 Hz and 18,315 Hz. Figure 4 describes these three modal shapes. As presented in figure, the 19th vibration mode is in positive agreement with requirements because it outputs the largest relative deformation, and its maximum vibration occurs at the front end of the horn, whereas the back end and the transducer only vibrates slightly. More detailed analysis will be examined in harmonic response analysis.



In the modal analysis, the vibration mode is relative value, which cannot reflect the true amplitude of the ultrasonic turning device at the tool. It is crucial to further analyze the harmonic response of the device on the basis of the 19th mode to obtain the amplitude at the tool tip. The harmonic response analysis is then conducted by workbench. Remote force is applied along the horn direction on its back end. The sweep range is set to between 17,000 Hz and 19,000 Hz (based on the 19th mode) with 100 solution intervals. Figure 5 shows the output displacement curve of the setting frequencies regarding the turning tool installed on the top of the horn. It could be observed that near to the frequency of 18,260 Hz, the structure is in the state of resonance, where the output displacement reaches the peak as 12 μm.



The designed LUAT system can output a considerable vibration with an amplitude up to 12 μm and a frequency of 18,260 Hz in the 19th mode, which is suitable for the turning process.




2.3. Vibration Testing Experiment of the LUAT System


A vibration testing experiment is conducted to verify the designed LUAT system, as shown in Figure 6. The LUAT system is activated by ultrasonic power supply BP6140. Tuning the frequency of the power supply so that the LUAT system reaches the resonant frequency, 18,265 Hz, which outputs the largest amplitude of vibration. Laser displacement sensor KEYENCE LK-H020 (KEYENCE CORPORATION, Osaka, Japan) is used to measure the displacement of the tool tip installed at the end of the ladder horn. Figure 6d depicts the displacement of the measured system, the amplitude can be calculated as around 12 μm. The result of the experiment verifies the structure design and the simulations of the LUAT system.





3. Turning Simulation of Vit1 Bulk Metallic Glass


3.1. Finite Element Modeling of Vit1 BMG Turning Simulation


The accuracy of material model has a great influence on the success of simulation. In order to accurately reflect the nonlinear problem in the cutting process, it is necessary to comprehensively consider the stress–strain state of each point in the BMG under the complex strain state. The constitutive model of the material represents the stress–strain relationship of the material under load and describes it by mathematical expression. D–P model is a constitutive model of geotechnical materials. It not only considers the effect of intermediate principal stress on material yield, but also explains the experimental phenomena of “shear expansion effect” and “tension compression asymmetry” of metallic glass [8,23]. In this study, the D–P model is used as the constitutive model of vit1-metallic glass, and its main parameters [14,24] are shown in Table 3. Specifically, the D–P plasticity is defined by dilatancy angle, friction angle and flow–stress ratio, d-p hardening is defined by yield stress and absolute plastic strain.



The material parameters of vit1 BMG and turning tool are shown in Table 4. The constitutive model of metallic glass and the physical parameters of material are introduced into ABAQUS (Dassault Systèmes, Vélizy-Villacoublay Cedex, France), and the chip separation criterion is shear criterion.



Figure 7 shows the parameters and meshing of BMG turning simulation. YG-8 cemented carbide tool with 10° rake angle α and 7° relief angle β is chosen, and the nose radius    r ε    is set as 0.2 mm. The longitudinal ultrasonic vibration is applied to the tool in the amplitude A paralleling to the relative turning motion. Due to the short cutting distance, the deformation of the turning tool could be ignored, and the tool is then set as a rigid body. In order to reduce the amount of calculation and ensure the accuracy of calculation, the side grid close to the cutting surface is relatively dense, and the side grid of the principle cutting surface is relatively sparse.




3.2. Analysis of LUAT Process


In conventional turning (CT), the absolute speed of the tool tip in the peripheral direction of the workpiece is a fixed value. The introduction of ultrasonic vibration triggers the tool tip to produce high frequency reciprocating vibration in the peripheral direction. The average speed in a cycle      v u   ¯    can be obtained from Equation (4):


     v u   ¯  = 2 × A × f  



(4)




where, A and f represent the amplitude and the frequency of the tool tip vibration.



According to the modal analysis and harmonic response analysis, the suitable resonant frequency f is 18,260 Hz, and the displacement A is 12 μm. Consequently, the average speed      v u   ¯    = 438.24 mm/s. The turning motion is equivalent to the fixed workpiece and the moving tool. At this time, the resultant velocity  v  can be regarded as the superposition of the workpiece velocity    v w    and the instantaneous velocity of the tool    v u    which comes from ultrasonic vibration.


  v =  v w  +  v u   



(5)







Let    v u    be cosine function and    v u  = a cos ω t  , then there is:


     v u   ¯  × t =   ∫  0 t  a cos ω t d t  



(6)







Take  t  as half of the ultrasonic vibration period, then:


  a =      v u   ¯  × t × ω   1 − cos ω t    



(7)







Plugging   ω = 2 π f  , it can be easily obtained that   a = 688.04   mm/s. Therefor    v u  = 688.04 cos 114 , 731 t  , at this time the critical turning speed    v t  =   max     v u  = 688.04   mm/s.



The relationship between tool tip and workpiece is affected by the critical turning speed    v u    of tool tip and workpiece velocity    v w   . Specifically,



	
When    v w    is much larger than    v u   , the direction of the closing speed  v  remains unchanged, and the size is first equal to    v w   , which can be regarded as CT;



	
When    v w    is slightly larger than    v u   , the tool tip keeps contact with the workpiece, the direction of closing speed remains unchanged and the size changes periodically;



	
When    v w    is smaller than the maximum value of    v u   , the direction of closing speed changes periodically, and the contact separation state of tool tip and workpiece presents high frequency. At this time, the relationship between the tool and the workpiece is changed from the original tool extruding the workpiece to the high frequency tool hitting the workpiece.






In the range of 100 mm/s to 1800 mm/s, different    v w    are selected to carry out the turning simulation experiment of BMG. The interval is 100 mm/s when    v w    is below 600 mm/s and then rise to 200 mm/s when    v w    is above 600 mm/s.





4. Results and Discussion


The turning simulation was conducted in different turning speeds by LUAT and CT, respectively in ABAQUS. Then the average cutting force, the instantaneous cutting force and the maximum von Mises stress are compared and analyzed.



4.1. Analysis of Average Cutting Force


The cutting force of the main turning direction is extracted from 50 sampling points when the tool is turned for 5 mm for analysis. The average cutting force of the LUAT and the CT at different    v w    is shown in Figure 8.



It can be observed from figure that when    v w    is small, the average cutting force of LUAT is significantly smaller than that of CT, and the smaller    v w    is, the more obvious the reduction of the average cutting force of longitudinal vibration is. When    v w    is close to    v t   , the effect of longitudinal ultrasonic vibration is gradually reduced. When    v w    is greater than    v t   , the turning force of LUAT has no obvious reduction compared with CT.



The reason for this phenomenon can be the contact-separation phenomenon between the tool tip and the workpiece. In the process of LUAT, the displacement where the tool nose cuts into the workpiece is extracted, and the displacement curve when the speed is 200 mm/s and 800 mm/s is shown in Figure 9. Where (a) is the displacement curve at 200 mm/s, when    v w    is less than    v t   , the direction of resultant velocity changes periodically under longitudinal vibration, and the tip of the tool contacts the workpiece discontinuously.



When    v w    <    v t   , the duty cycle   α =  t 1  / T  , where    t 1    represents the time when the tool movement has the same direction with the turning direction in a cycle and  T  is the cycle. From Equation (5), we can get,


   t 1  =  1  π f     cos   − 1    (  −    v w     v t     )   



(8)




Then,


  α =  1 π    cos   − 1    (  −    v w     v t     )   



(9)




It can be seen from Equation (9) that α decreases with the decrease of    v w  /  v t   , and the decrease of instantaneous speed    v w    of workpiece will increase the time when the resultant velocity is opposite to the main cutting speed in a cycle, and the time ratio of tool tip backward increases in displacement. The cutting force decreases significantly when the tool tip recedes, and then the average cutting force decreases.




4.2. Analysis of Instantaneous Cutting Force


In LUAT and CT, 80 sampling points are, respectively extracted when the tool is turning 5 mm under the condition of    v w    = 100 mm/s. The instantaneous cutting force in the main turning direction is compared in Figure 10.



During the CT process, the tool extrudes the workpiece to deform, the stress and strain continue to accumulate until the workpiece material fails—this is how the chips generate. Conversely, as shown in Figure 11, due to the periodic contact separation between tool and workpiece, the stress form of workpiece changes from extrusion to high-frequency impact, and the peak value of instantaneous cutting force is significantly larger than that of CT.



Furthermore, due to the contact-separation phenomenon, the periodic change of cutting force with chip breaking is more obvious. In CT, when the tool contacts the workpiece continuously, the BMG is still squeezed by the tool when the chip generates. In contrast, during the LUAT, the larger instantaneous cutting force and the impact of the tool under the contact separation state are more conducive to the failure of BMG, which promotes the generation of chips.




4.3. Internal Stress Analysis of Workpiece


The von Mises stress field obtained at different workpiece speeds from the simulation of LUAT and CT is shown in Figure 12. It can be noticed that in low-speed turning, the maximum von Mises stress of LUAT is significantly smaller than that of CT. With the increase of workpiece speed, the machining stress of LUAT increases gradually. In high-speed turning, the machining stress of LUAT is similar to that of CT. This is consistent with the observation from the average turning force above. Lower average turning force has an effect on von Mises stress in low speed LUAT. In addition, taking the contact-separate phenomenon into account, the relationship between the tool and the workpiece changes from continuously extrusion to discontinuously impact. The lower the turning speed is, the longer time the tool is separate to the workpiece in a single period, thus the materials in between can spring-back and release the stress. However, when the turning speed goes up, as the separated time decrease, the turning process becomes increasing continuously, hence the spring-back no longer happen. In short, the effect of longitudinal ultrasonic vibration only works at low turning speed when turning the BMG.



Figure 13 depicts the von Mises stress nephogram of LUAT and CT at different turning speed in BMG turning. As depicted in figure, the maximum stress by LUAT in the first deformation area is obviously smaller than that by CT. Due to the phenomenon of discontinuous contact, the local deformation of the contact surface changes from extrusion to high-frequency impact, accordingly the stress can be released during separation. This results in the decrease of shear slip deformation and work hardening in the first deformation zone of the BMG. It can be easily observed that there is less residual stress in machined surface in LUAT, which represents less extrusion and friction during the turning process, given that the crystallization or even phase transition of BMG can be mitigated.



Shapes and Von Mises stress in chips of LUAT and CT are depicted in Figure 14, respectively. During turning process, the BMG would be softened in the crack areas in chips, which can damage the tool and reduce the machined surface quality. In the case of LUAT, the residual stress in the chip is less than that in CT, which can improve the chip integrity. In addition, due to the promoting effect of chip formation, the chip of LUAT is more curved than that of CT, which is beneficial for releasing the residual stress, promoting chip removal during the turning process and improving the quality of machining.





5. Conclusions


To improve the turning performance of BMG, first, a longitudinal ultrasonic vibration turning system was designed and then relative modal and harmonic response analysis was conducted. The analyses indicated that the vibration shape of the system met the design requirements at 19th mode. Through the experimental test, it turned out that the vibration amplitude of the system can reach 12 μm, which verified the design and the simulation. Therefore, the established LUAT system can realize ultrasonic assisted turning. Then the critical turning speed was derived, which proved a key factor of the effect of ultrasonic vibration and is determined by the parameters of the turning system. Finally turning simulations in different turning speeds were conducted on Vit1 BMG described by D–P constitutive model. For this work, the following conclusions can be drawn:




	
Simulation and theoretical analysis show that there is a critical turning speed in LUAT, which is determined by the longitudinal ultrasonic device. When the turning speed is lower than the critical turning speed, the longitudinal ultrasonic vibration can effectively reduce the average cutting force and von Mises stress of BMG cutting processing;



	
When the longitudinal ultrasonic vibration is applied in low speed turning, the tool and workpiece will have contact-separation phenomenon, which is conducive to the reduction of average cutting force and the periodic formation of chips;



	
During the turning process of BMG, the application of longitudinal ultrasonic vibration is rewarding to the formation of chips, so that the periodicity of instantaneous turning force is more obvious, which can help to form more regular chips and machined surface morphology;



	
LUAT can remarkably decrease the von Mises stress in both chips and machined surface, especially in the first deformation zone. This reduction is beneficial to improve the turning process of BMG.
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Figure 1. Structure diagram of the PZT transducer. 1. Back block; 2. electrodes; 3. PZT ceramics; 4. connect bolt. 
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Figure 2. Two-stage ladder horn. 
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Figure 3. Natural frequency and vibration type of 25 orders of modals. 
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Figure 4. Modal shape of the first three longitudinal vibrations. (a) 9493 Hz; (b) 17,666 Hz; (c) 18,315 Hz. 
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Figure 5. Displacement curve of the tool between 17,000 Hz and 19,000 Hz. 
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Figure 6. Displacement testing experiment. (a) longitudinal ultrasonic assisted turning (LUAT) system; (b) layout of displacement testing experiment; (c) laser displacement sensor; (d) displacement of LUAT. 
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Figure 7. Parameters and meshing of BMG turning simulation. 
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Figure 8. Average cutting force of LUAT and conventional turning (CT). 
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Figure 9. Displacement trajectory of the tool tip. (a) 200 mm/s; (b) 800 mm/s. 
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Figure 10. Instantaneous cutting force in main turning direction. (a) LUAT; (b) CT. 
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Figure 11. Formation of BMG chips. (a) Principle of chip formation; (b) simulation results. 
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Figure 12. Maximum Mises stress of LUAT and CT. 
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Figure 13. Maximum von Mises stress of LUAT and CT. (a) 100 mm/s, LUAT (b) 100 mm/s, CT; (c) 200 mm/s, LUAT (d) 200 mm/s, CT; (e) 300 mm/s, LUAT (f) 300 mm/s, CT. 
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Figure 14. Shapes and von Mises stress in chips. (a) LUAT; (b) CT. 
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Table 1. Parameters of piezoelectric ceramics.






Table 1. Parameters of piezoelectric ceramics.





	Material
	Poisson’s Ratio (−)
	Density (kg/m3)
	Young’s Modulus (GPa)





	PZT-8
	0.31
	7600
	77
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Table 2. Parameters of 1045 steel.
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	Material
	Longitudinal Wave Velocity (mm/s)
	Density (kg/m3)
	Elastic Modulus (GPa)





	1045 steel
	5.17 × 106
	7890
	21
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Table 3. Related parameters of linear D–P model of BMG.
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	Material
	Dilatancy Angle (°)
	Friction Angle (°)
	Flow–Stress Ratio (−)
	Yield Stress (MPa)
	Abs Plastic Strain (−)





	Vit1
	11.902
	11.902
	1
	1194.62
	0
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Table 4. Physical parameters of Bulk metallic glass (BMG) and turning tool.






Table 4. Physical parameters of Bulk metallic glass (BMG) and turning tool.





	Material
	Poisson’s Ratio (−)
	Density (kg/m3)
	Young Modulus (GPa)





	Vit1
	0.36
	6125
	96,000



	YG-8
	0.22
	14,700
	640,000
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