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Abstract

:

Titanium alloys are widely used in aerospace, the military industry, electronics, automotive fields, etc., due to their excellent properties such as low density, high strength, high-temperature resistance, and corrosion resistance. Many components need to be finished precisely after being cut in these applications. In order to achieve high-quality and high-efficiency finishing of titanium alloys, ultrasonic-assisted magnetic abrasive finishing (UAMAF) was introduced in this research. The machining performance for UAMAF of a titanium alloy was studied by experimentally comparing UAMAF and magnetic abrasive finishing (MAF). The results show that the cutting force of UAMAF can reach 2 to 4 times that of MAF, and it decreases rapidly with the increase in the machining gap due to the energy loss of ultrasonic impact in the transmission between magnetic abrasives. The surface roughness of UAMAF can reach about Ra 0.075 μm, which is reduced by about 59% compared with MAF. The main wear type of the magnetic abrasive is that the diamond grits fell off the magnetic abrasive in both UAMAF and MAF. The uniform wear of the magnetic abrasive is realized, and the utilization ratio of the magnetic abrasive is obviously improved in UAMAF.
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1. Introduction


Titanium alloys, the third-generation metal after steel and aluminum, have been widely used in aerospace, the military industry, electronics, automotive fields, etc., due to its excellent properties such as low density, high strength, high-temperature resistance, and corrosion resistance [1]. Titanium alloys are mainly used for manufacturing complex parts such as blades and integral impellers of jet engines, as well as accurate dies and rotors of turbomolecular pumps. The complex curved surface, which plays a key role, needs finishing precisely after these parts are cut. It is difficult to guarantee the machining precision and surface quality because of the high strength, strong toughness, large viscosity, and small thermal conductivity of titanium alloys, which are a typical difficult-to-cut material [2,3].



In order to achieve the high-quality and high-efficiency finishing of these complex parts of difficult-to-cut alloys, some new technologies for composite finishing with a variety of energy sources have been applied to the finishing of such materials. The machining technology of ultrasonic-assisted magnetic abrasive finishing (UAMAF) is a combination of ultrasonic vibration and magnetic abrasive finishing (MAF), and it can achieve high efficiency, high precision, and high quality in the finishing of difficult-to-cut materials [4]. Therefore, some researchers have devoted themselves to the investigation of UAMAF of difficult-to-cut materials.



The experimental research on UAMAF of high carbon steel with hardness HV730 was carried out by MULIK et al. The results show that the machining mode turns into interrupted cutting due to the effect of ultrasonic vibration. The microscratches are randomly distributed on the surface, which is found by observing the topography of the machined surface. Therefore, the material removal process is the function of microchipping and nanoscratching. The surface roughness of the workpiece can reach Ra 0.022 μm after UAMAF [5,6]. The experiment on UAMAF of the inner surface of a nickel-based alloy tube was carried out by Chen et al. The results show that the surface roughness is decreased from Ra 2.4 μm to Ra 0.31 μm by finishing for 30 min with an ultrasonic amplitude of 19 μm at the vibration frequency of 19 kHz [7]. The experimental research on UAMAF of a titanium alloy was developed by Zhou et al. The results show that the surface residual stress of the workpiece changed from a tensile stress of +280 MPa to a compressive stress of −20 MPa [8]. Çelik et al. carried out the experiment on UAMAF of the white layer of the Ti6Al4V alloy formed by wire-electro-discharge machining, concluding that the white layer thickness could decrease by 89% after UAMAF [9].



In order to further research the machining performance of UAMAF, some researchers carried out a comparative experimental study on UAMAF and MAF. The experiment on UAMAF of stainless steel was developed and compared with MAF by Chen et al. The results show that the removal rate of the workpiece is higher, and the machining efficiency can be increased by about 50% with the help of ultrasonic vibration. Likewise, the surface roughness can be reduced to 0.06 μm, and the surface microtopography is fine and uniform [10]. The passivation experiment on UAMAF of the cutting edge of the cemented carbide cutter was conducted by Qi et al. The results show that the passivation efficiency can be improved by about 26% compared with MAF to obtain the same passivation roundness radius [11]. The comparative experiment on UAMAF and MAF of the taper hole of a titanium alloy was conducted by Jiao et al. The results show that the material removal rate of UAMAF is increased to 1.6 times that of MAF [12]. Guo et al. shows that the material removal ratio of UAMAF is 1.9 times than that of MAF through the comparative experiment on machining the parts of the 30CrMnSi grooves [13]. Anjaneyulu et al. investigated the surface integrity of Hastelloy C-276 after UAMAF and MAF. The results show that the surface roughness after UAMAF can be reduced to Ra 0.096 μm from the initial average roughness of Ra 1.3 μm; however, the surface roughness after MAF only can be reduced to 0.325 μm [14].



The previous studies show that high efficiency and precision machining for difficult-to-cut alloys can be attained by UAMAF. However, the machining performance for UAMAF of titanium alloys should be researched, and the effect mechanism of the ultrasonic vibration in UAMAF should especially be analyzed further through comparative experiments and theoretical analyses.



In this study, a cutting force model for UAMAF of a titanium alloy was established, and a comparative experiment on UAMAF and MAF of a titanium alloy was carried out. Based on the cutting force model and experiment results, the effects of the ultrasonic parameter and machining parameter on cutting force, surface quality, and machining performance of the magnetic abrasive were studied, and the effect mechanism of ultrasonic vibration in UAMAF of a titanium alloy was analyzed.




2. Machining Principle of UAMAF and the Cutting Force Model


2.1. Machining Principle


UAMAF technology is a composite machining technology realized by applying ultrasonic vibration to a magnetic pole based on the MAF. The applied ultrasonic vibration on the magnetic pole can trigger the vibration of the magnetic abrasive. The machining principle of UAMAF is shown in Figure 1. The magnetic abrasive is pressed on the surface of the workpiece by the magnetic force of the magnetic pole. The workpiece material is removed by cutting the magnetic abrasive at the speed of Vs, which is driven by the rotating motion of the magnetic pole through the magnetic field force, and is also removed through the high-frequency and high-velocity impact of the magnetic abrasive at the speed of Vu, driven by the ultrasonic vibration of the magnetic pole. The depth of the abrasive pressed into the surface layer of the workpiece and the contact length between the abrasive and the workpiece are increased due to the effect of ultrasonic vibration. Therefore, the material removal rate is increased, and the machining efficiency is improved.




2.2. Modeling of Cutting Force


The cutting force of the magnetic abrasive on the workpiece is mainly composed of the magnetic force and ultrasonic force in UAMAF, and the analysis diagram of the cutting force is shown in Figure 2.



It can be seen from Figure 2 that the relationship among the cutting force    f n   , magnetic force    f m   , and ultrasonic force    f u    of a single magnetic abrasive is as follows:


   f n  =  f m  +  f u   



(1)







According to Maxwell’s equations, the cutting pressure P of a magnetic abrasive on a workpiece only under a magnetic field can be expressed as:


  P =    B 2    2  μ 0     (  1 −  1   μ m     )   



(2)




where  B  is the magnetic induction intensity,    μ 0    is the permeability in the vacuum, and    μ m    is the relative permeability of the magnetic abrasive [15].



The total normal cutting force    F M    of all the magnetic abrasives under the magnetic field is calculated as:


   F M  = P  A M  =    B 2   A M    2  μ 0     (  1 −  1   μ m     )   



(3)




where    A M    is the effective contact area between the magnetic abrasive brush and the workpiece.



Therefore, the magnetic force    f m    of a single magnetic abrasive can be given by:


   f m  =    F M   n  =    B 2   A M    2 n  μ 0     (  1 −  1   μ m     )   



(4)




where  n  is the number of the effective magnetic abrasives which actually participate in finishing.



The motion of a single magnetic abrasive under ultrasonic vibration can be described approximately as a harmonic vibration in UAMAF, as shown in Figure 3, in which   Δ t   is the effective contact time between the magnetic abrasive and the workpiece, and  δ  is the depth of the magnetic abrasive pressed into the workpiece under ultrasonic vibration.



It can be seen from Figure 3 that the magnetic abrasive is moved from   y =  (  δ − a  )    to   y = − a   during the time     Δ t  / 2    from    t 1    to    t 2    in an ultrasonic vibration period; thus, the time   Δ t   can be concluded as follows:


  Δ t =  1  π f    [   π 2  − arcsin  (  1 −  δ a   )   ]   



(5)




where  f  is the ultrasonic vibration frequency.



Suppose that the magnetic abrasive cannot be compressed, the impulse of a single magnetic abrasive in an ultrasonic vibration period is derived as [16]:


  i m p u l s e =    ∫ T    f u     ( t ) d t ≈  f  c u   Δ t  



(6)




where    f u  ( t )   is the force acting on the magnetic abrasive under ultrasonic vibration, and    f  c u     is the average contact force between the magnetic abrasive and workpiece under ultrasonic vibration.



The average contact force    f  c u     between the magnetic abrasive and workpiece under ultrasonic vibration can be given by:


   f  c u   =  σ s   A  c u    



(7)




where    σ s    is the yield strength of the workpiece material, and    A  c u     is the average area of the magnetic abrasive pressed into the workpiece under ultrasonic vibration.



The impulse of a single abrasive in an ultrasonic vibration period can be expressed as:


  i m p l u s e =  f u  T =    f u   f   



(8)







Substituting (8) into (6), the ultrasonic force    f u    of a single magnetic abrasive on the workpiece is calculated as:


   f u  =  f  c u   Δ t f  



(9)







Substituting (5) and (7) into (9), it can be derived as:


   f u  =  σ s   A  c u    1 π   [   π 2  − arcsin ( 1 −  δ a  )  ]   



(10)







Substituting (4) and (10) into (1), it can be concluded as follows:


   f n  =    B 2   A M    2 n  μ 0     (  1 −  1   μ m     )  +  σ s   A  c u    1 π   [   π 2  − arcsin ( 1 −  δ a  )  ]   



(11)







Therefore, the total cutting force    F n    of the magnetic abrasive on the workpiece in UAMAF can be expressed as:


   F n  =    B 2   A M    2  μ 0     (  1 −  1   μ m     )  +  σ s   A  c u    n π   [   π 2  − arcsin ( 1 −  δ a  )  ]   



(12)









3. Experiment Conditions


The experiment setup was built by assembling an ultrasonic vibration system into a 3-axis CNC machine tool, as shown in Figure 4. The resonance frequency of the ultrasonic vibration system is 21.91 kHz, and the ultrasonic amplitude can be adjusted continuously from 5 μm to 15 μm. The workpiece material is the TC4 titanium alloy, and the mechanical properties of the TC4 are shown in Table 1. The magnetic pole is an N38 neodymium magnet with a diameter of 6mm in the experiment. The cooling lubricant is Castrol 9930 water-soluble cutting fluid with a concentration of 8%. The magnetic abrasive is prepared with a chemical-composited coating, and the average diameter is about 300 μm. The surface topography of the prepared magnetic abrasive is shown in Figure 5. By combing findings from previous research with the performance of the experiment setup and the preliminary exploratory experiment, the suitable machining parameters were found and listed in Table 2, in which the ultrasonic amplitude of 0 μm represents MAF. A group of machining parameters with the spindle speed of 1000 r/min, a feed rate of 15 mm, and a machining gap of 1.5 mm, which has an excellent performance in MAF, was selected to be used in the comparative experiment of surface roughness and machining performance of the magnetic abrasive.



A Kistler 9119AA2 piezoelectric dynamometer was used to measure the cutting force in UAMAF and MAF. The surface roughness after milling, UAMAF, and MAF was measured by a Form Talysurf PGI 840 surface profiler, and the cut-off length for the measuring was selected according to ISO 468:1982. Each set of cutting force and surface roughness was measured three times, and the average was employed. The surface topography of the magnetic abrasive was observed with a JSM 6360LV scanning electron microscope (SEM). A Keyence VHX-600E super-depth-of-field microscope was used to monitor the surface micrograph of the workpiece.




4. Results and Discussion


4.1. Cutting Force


Firstly, the dynamometer and ultrasonic power supply are turned on, and then, the magnetic pole is lowered to the location at the machining gap of 1.5 mm. The ultrasonic power supply is turned off after feeding for about 10 s, and then, the magnetic pole continues to feed for about 10 s. After that, the magnetic pole is lifted up, and the dynamometer is closed. The measured force curve is shown in Figure 6, and it is divided into three sections. The first section is a cut-in section from the beginning of the experiment to the point when the magnetic pole drops to the machining gap of 1.5 mm. The second section is the machining period of UAMAF, and the third is that of MAF. The average forces of the stable part of the second and third sections are taken to characterize cutting forces in the experiment of UAMAF and MAF, respectively. It can be seen from Figure 6 that there is a sudden drop in the cutting force from the machining period of UAMAF to that of MAF. Equation (12) shows that the cutting force in UAMAF consists of the ultrasonic force and magnetic force. The sudden drop is due to the disappearance of the ultrasonic force in the machining period of MAF.



4.1.1. Effect of Ultrasonic Amplitude on Cutting Force


The spindle speed, feed rate, and machining gap are 1000 r/min, 15 mm/min, and 1.5 mm, respectively, and the other machining parameters are shown in Table 2. The cutting forces of UAMAF with different ultrasonic amplitudes and of MAF are measured, and the results are shown in Figure 7. It shows that the cutting force of UAMAF increases approximately linearly with the increase in ultrasonic amplitude, and the cutting force of UAMAF is 2 to 4 times greater than that of MAF in the range of the ultrasonic amplitude of 6 μm to 14 μm.



From Equation (1), it can be seen that the cutting force of a single magnetic abrasive on the workpiece consists of the magnetic force and ultrasonic force in UAMAF, and the magnetic force remains unchanged in the machining. From Equation (8), it can be found that the ultrasonic force is increased linearly with the increase in ultrasonic amplitude, because the ultrasonic impulse is increased with the increase in ultrasonic amplitude while the ultrasonic frequency remains unchanged. Therefore, the cutting force is increased linearly with the increase in ultrasonic amplitude in UAMAF. From Equation (12), it can be seen that the cutting force is greatly increased in UAMAF compared with MAF, due to the effect of ultrasonic vibration.




4.1.2. Effect of Machining Gap on Cutting Force


The spindle speed, feed rate, and ultrasonic amplitude are 1000 r/min, 15 mm/min, and 10 μm, respectively, and the other machining parameters are shown in Table 2. The cutting forces of UAMAF and MAF with different machining gaps are measured, and the results are shown in Figure 8.



From Figure 8, it can be seen that both the cutting force and ultrasonic force decrease rapidly with the increase in the machining gap in UAMAF. Because magnetic abrasives are layered uniformly along the magnetic flux lines in the machining gap, magnetic abrasives on the top layer are impacted by the ultrasonic vibration of the end face of the magnetic pole, and the ultrasonic vibration energy is transferred layer by layer, this leads to the magnetic abrasives in the lowest layer acting on the workpiece in UAMAF. The energy loss in these collisions can be characterized by an energy transfer coefficient  η , which can be expressed as follows:


  η =    F  U i    /   F  U i + 1      



(13)




where    F  U i     is the ultrasonic force between magnetic abrasives of the ith layer and the front in the machining gap.



From Figure 8, it also can be seen that the energy transfer coefficient of ultrasonic impact is about 60% in UAMAF, and thus, the ultrasonic force decreases rapidly in proportion with the increase in the machining gap. At the same time, the magnetic field intensity at the location of the magnetic abrasive is decreased gradually with the increase in the machining gap. From Equation (3), the magnetic force of the magnetic abrasive that acted on the workpiece is also decreased gradually with the increase in the machining gap. Therefore, the total cutting force, which is formed by both the ultrasonic force and magnetic force, is decreased rapidly with the increase in the machining gap in UAMAF.




4.1.3. Effect of Feed Rate on Cutting Force


The spindle speed, machining gap, and ultrasonic amplitude are 1000 r/min, 1.5 mm, and 10 μm, respectively, and the other machining parameters are shown in Table 2. The cutting forces of UAMAF and MAF with different feed rates are measured, and the results are shown in Figure 9. It shows that the cutting force of UAMAF is 2 to 4 times greater than that of MAF in the range of the feed rate from 5 mm/min to 20 mm/min. The cutting forces of two machining methods are increased with the increase in feed rate, but the increased speed of the cutting force of UAMAF is faster.



Because the initial surface of the workpiece is obtained by milling, which causes an obvious machining texture, the height difference between the wave crest and trough is large. The main removal material is the wave crest in the force measurement process of UAMAF and MAF, owing to the vertex effect in machining. Therefore, the faster the feed rate is, the less the wave crest removal is. Therefore, the difference between the wave crest and trough is greater, the surface area of the workpiece is larger, and there are more effective abrasives that are involved in machining, as the feed rate is increased gradually in UAMAF and MAF. From Equation (12), the cutting force is increased with the increase in the feed rate in UAMAF and MAF. At the same time, due to the effect of ultrasonic vibration, the cutting force and material removal efficiency are greater, the wave crest removal is faster, the difference between the wave crest and trough of the machining surface is larger, and the surface area of the workpiece and the number of effective magnetic abrasives involved in machining are decreased faster in UAMAF. Therefore, the cutting force of UAMAF is increased relatively faster than that of MAF with the increase in feed rate.




4.1.4. Effect of Spindle Speed on Cutting Force


The feed rate, machining gap, and ultrasonic amplitude are 15 mm/min, 1.5 mm, and 10 μm, respectively, and the other machining parameters are shown in Table 2. The cutting forces of UAMAF and MAF with different spindle speeds are measured, and the results are shown in Figure 10. It shows that the cutting forces of the two machining methods are decreased linearly with the increase in spindle speed in the range of 800 r/min to 1400 r/min.



The reason for this phenomenon is that the amount of magnetic abrasives that are thrown out is increased gradually as the spindle speed increases, due to the increase in centrifugal force during machining. As a result, the number of magnetic abrasives participating in machining is decreased. From Equation (12), the cutting force is proportional to the number of magnetic abrasives in both UAMAF and MAF. Therefore, the cutting forces of both machining methods are reduced gradually with the increase in spindle speed.





4.2. Surface Roughness


The surface roughness (Ra) of the workpiece after UAMAF and MAF was measured every 5 min. The ultrasonic amplitude in UAMAF was set to 10 μm. The variation curve of surface roughness with the machining time is shown in Figure 11, and the surface roughness curves and the surface micrographs after milling, MAF, and UAMAF are shown in Figure 12 and Figure 13, respectively.



As can be seen from Figure 11, the surface roughness of the workpiece is decreased gradually with the increase in machining time in MAF. After 40 min of MAF, the surface roughness of the workpiece is decreased from Ra 1.1 μm to Ra 0.187 μm. It can be seen from Figure 12b that there are obvious scratches on the surface after MAF. The surface roughness is decreased rapidly with the increase in machining time at the beginning of machining in UAMAF. After 10 min of UAMAF, the surface roughness of the workpiece can reach Ra 0.189 μm, and then after 5 min, it can reach Ra 0.1μm. After another 25 min, the surface roughness decreases slowly with the increase in machining time, and finally, can reach Ra 0.075 μm. It can be seen from Figure 12c that the surface topography is evenly distributed without obvious scratches after UAMAF. These indicate that the limit capacity of surface roughness that can be processed by this group of machining parameters has been approached after UAMAF for 15 min. It also can be seen from the comparative analysis of the variation curve of surface roughness with the machining time in UAMAF and MAF that the surface roughness of UAMAF after 10 min is basically the same as that of MAF after 40 min. To evaluate by using the machining time for achieving this surface roughness, the machining time can be shortened to about one quarter, and the machining efficiency in UAMAF can be increased by about four times, compared with MAF. To evaluate by using the surface roughness of finishing after 40 min, the surface roughness can be reduced by 59% in UAMAF, as compared with MAF.



From Figure 12a and Figure 13a, there are a large number of homogeneously distributed crests with a height of about 3μm and troughs with a depth of about 1μm on the surface of the titanium alloy after milling. From Figure 12b,c and Figure 13b,c, it can be seen that the crests and troughs generated by milling on the surface of the titanium alloy are removed after UAMAF and MAF, and a smoother surface is obtained. The crests are removed, firstly, in both UAMAF and MAF. The difference in the height between the wave crest and trough becomes smaller and smaller with the increase in machining time. When a magnetic abrasive is allowed to cut into the groove between the two adjacent wave crests, the magnetic abrasive can cut the whole surface of the workpiece. Therefore, both UAMAF and MAF have the vertex effect. The surface roughness is decreased rapidly at the beginning of machining, then decreases more and more slowly, and finally, remains unchanged basically with the increase in machining time in UAMAF. Because of the increase in cutting force, the material removal rate of UAMAF is larger than that of MAF. It can realize the rapid removal of the wave crest and trough on the surface of the titanium alloy, and cause the rapid reduction of the surface roughness. Due to the effect of ultrasonic vibration, the motion direction of the magnetic abrasive is more random and the motion trajectory of the magnetic abrasive is more complex in UAMAF. The complex trajectory obtains a smoother surface more easily because of the superposition action of several magnetic abrasives. At the same time, due to the high-frequency and high-acceleration impact of ultrasonic vibration, the additional ultrasonic shot peening can make the material of the wave crest of the workpiece surface plastically flow into the wave trough and fill it. Therefore, the lower surface roughness can be obtained more easily in UAMAF than in MAF.




4.3. Machining Performance of Magnetic Abrasive


The experiment on UAMAF and MAF of a titanium alloy was carried out with two groups of magnetic abrasives that have the same initial state. The ultrasonic amplitude in UAMAF was set to 10 μm. The total machining time of each finishing method was 30 min, the magnetic abrasives were randomly sampled every 10 min, and the surface topography of magnetic abrasives was observed by SEM. The results are shown in Figure 14.



From Figure 14, it can be seen that the amount of diamond grits on the surface of the magnetic abrasive decreased gradually with the increase in machining time, and the main wear type of the magnetic abrasive was found to be that the diamond grits fell off from the magnetic abrasive in both UAMAF and MAF. By comparing the results of the two finishing methods, it can be found that the reduction rate of diamond grits is relatively faster in UAMAF, but the distribution of diamond grits is relatively uniform after UAMAF. On the other hand, the distribution of diamond grits is relatively concentrated, with some of the magnetic abrasives having more diamond grits while others have less after MAF.



From Equations (7) and (12) it was found that, because of the effect of ultrasonic vibration, the indentation depth of the magnetic abrasive and cutting force are greater, and diamond grits on the surface of the magnetic abrasive fall off more easily in UAMAF than in MAF. At the same time, due to the effect of ultrasonic vibration, the spatial position in the machining gap and the attitude of the magnetic abrasive are more easily changed in UAMAF. Therefore, the probability of all magnetic abrasives in the machining gap and diamond grits on the magnetic abrasive directly participating in machining is increased greatly, the uniform wear of the magnetic abrasive is realized, and the utilization ratio of the magnetic abrasive is improved greatly. However, the magnetic abrasive only rotates and feeds in MAF. The change in the spatial position in the machining gap and attitude of the magnetic abrasive is an accidental process. Therefore, the wear of the magnetic abrasive is more concentrated, and the utilization rate is relatively lower.





5. Conclusions


In this research, the cutting force, surface roughness, and magnetic abrasive machining performance of UAMAF of a titanium alloy were studied through the comparative experiment of UAMAF and MAF, and the effect mechanism of ultrasonic vibration in UAMAF was also researched. The main conclusions are summarized as follows:




	
Because of the effect of ultrasonic vibration, the cutting force of UAMAF is increased greatly, and is 2 to 4 times greater than that of MAF in the range of the ultrasonic amplitude of 6μm to 14 μm. Moreover, the cutting force of UAMAF is increased approximately linearly with the increase in ultrasonic amplitude.



	
The cutting force is decreased rapidly with the increase in the machining gap, due to the energy loss of ultrasonic vibration transmission between the end face of the magnetic pole and the magnetic abrasive, and between magnetic abrasives, and the ultrasonic force is decreased by about 60% in every layer in UAMAF.



	
The wave crest removal is lower, the surface area of the workpiece is larger, and there are more effective abrasives involved in machining as the feed rate is increased gradually; thus, the cutting force is increased with the increase in the feed rate in UAMAF and MAF. At the same time, due to the effect of ultrasonic vibration, the cutting force and material removal efficiency are greater, and therefore, the cutting force of UAMAF is increased faster than that of MAF relative to the feed rate.



	
The amount of magnetic abrasives that are thrown out is increased gradually as the spindle speed increases, due to the increase in centrifugal force during machining. As a result, the number of magnetic abrasives participating in machining is decreased, and the cutting force of UAMAF and MAF is reduced gradually with the increase in spindle speed.



	
Due to the vertex effect of UAMAF, the surface roughness decreased rapidly at the beginning of machining, then decreased more and more slowly, and finally, remained basically unchanged with the increase in machining time.



	
Because of the increase in cutting force, the material removal rate of UAMAF is greater than that of MAF. It can realize the rapid removal of the wave crest on the surface of the titanium alloy and the rapid reduction of the surface roughness. Therefore, the machining efficiency of UAMAF can be increased by about four times, compared with MAF.



	
The amount of diamond grits on the surface of the magnetic abrasive is decreased gradually with the increase in machining time, and the main wear type of the magnetic abrasive is that the diamond grits fell off from the magnetic abrasive in both UAMAF and MAF.



	
Due to the effect of ultrasonic vibration, the spatial position in the machining gap and the attitude of the magnetic abrasive are more easily changed in UAMAF. Therefore, the probability of all magnetic abrasives in the machining gap and diamond grits on the magnetic abrasive directly participating in machining is increased greatly, the uniform wear of the magnetic abrasive is realized, and the utilization ratio of the magnetic abrasive is improved greatly.
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Figure 1. Machining principle of UAMAF. 
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Figure 2. Analysis of cutting force. 
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Figure 3. The distribution of   Δ t   in an ultrasonic vibration period. 
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Figure 4. Experiment setup of UAMAF. 
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Figure 5. The surface topography of magnetic abrasive. 
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Figure 6. The measured force curve. 
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Figure 7. The relationship between cutting force and ultrasonic amplitude. 
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Figure 8. The relationship between machining gap and cutting force. 
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Figure 9. The relationship between feed rate and cutting force. 
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Figure 10. The relationship between spindle speed and cutting force. 
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Figure 11. Variation curve of surface roughness with machining time. 
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Figure 12. Surface micrograph: (a) after milling, (b) after MAF, (c) after UAMAF. 
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Figure 13. Surface roughness curve: (a) after milling, (b) after MAF, (c) after UAMAF. 
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Figure 14. Surface topography of magnetic abrasives: (a) after UAMAF for 10 min, (b) after UAMAF for 20 min, (c) after UAMAF for 30 min, (d) after MAF for 10 min, (e) after MAF for 20 min, (f) after MAF for 30 min. 
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Table 1. Mechanical properties of TC4.
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	Property
	Value





	Tensile strength (MPa)
	990



	Yield strength (MPa)
	830



	Poisson ratio
	0.34



	Modulus of elasticity (GPa)
	110
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Table 2. Machining parameters.
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	Parameter
	Value





	Spindle speed—S (r/min)
	800, 1000,1200, 1400



	Feed rate—F (mm/min)
	5, 10, 15, 20



	Machining gap—g (mm)
	0.9, 1.2, 1.5, 1.8, 2.1



	Ultrasonic amplitude—A (μm)
	0, 2, 4, 6, 8, 10, 12, 14



	Ultrasonic frequency—f (kHz)
	21.91



	Magnetic abrasive size—d (μm)
	300
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