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Abstract

:

High quality, highly efficient finishing processes are required for finishing difficult-to-machine materials. Magnetic abrasive finishing (MAF) process is a finishing method that can obtain a high accuracy surface using fine magnetic particles and abrasive particles, but has poor finishing efficiency. On the contrary, fixed abrasive polishing (FAP) is a polishing process can obtain high material removal efficiency but often cannot provide a high-quality surface at the nano-scale. Therefore, this work proposes a new finishing process, which combines the magnetic abrasive finishing process and the fixed abrasive polishing process (MAF-FAP). To verify the proposed methodology, a finishing device was developed and finishing experiments on alumina ceramic plates were performed. Furthermore, the mechanism of the MAF-FAP process was investigated. In addition, the influence of process parameters on finishing characteristics is discussed. According to the experimental results, this process can achieve high-efficiency finishing of brittle hard materials (alumina ceramics) and can obtain nano-scale surfaces. The surface roughness of the alumina ceramic plate is improved from 202.11 nm Ra to 3.67 nm Ra within 30 min.
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1. Introduction


Magnetic abrasive finishing (MAF) process are used for the precision finishing of the inner surface of circular tubes, the mirror finishing of flat parts, and the precision edge finishing of complex curved parts [1,2,3]. Among them, when using the plane MAF process, a certain gap is provided between the magnetic pole and the workpiece, and a magnetic brush composed of fine particles (mixed magnetic particles and abrasive particles) is formed in this gap. Although this process can obtain a better surface finish, there is a problem in material removal efficiency, and there is a strong demand for improving the finishing efficiency. Shinmura et al. [4,5] proposed and designed a plane MAF device, which generates a magnetic field from an electromagnet. The process principle of plane MAF is analyzed, and the influence of the supply weight of finishing fluid and magnetic abrasive on the grinding depth and surface roughness is discussed. In references [6,7], they also discussed the finishing of the outer surface of the cylinder and the inner surface of the tube through the MAF process, and investigated the influence of some process parameters on the finishing characteristics. Zou et al. [8,9,10] proposed the MAF process using an alternating magnetic field. They investigated the process mechanism and finishing characteristics, and concluded that the MAF process using an alternating magnetic field can achieve higher finishing efficiency and surface quality compared with the case of a static magnetic field. Wang et al. [11] discussed the use of MAF process for finishing pipes of three materials, such as Ly12 aluminum alloy, 316L stainless steel and H62 brass. They reported that using transformer oil or stearic acid liquid can significantly improve material removal rate (MRR), because transformer oil helps to form a physisorption film, and stearic acid helps to form a chemisorption film. Jiao et al. [12] applied the MAF process to improve the surface quality of the hole wall and eliminate burrs on the edge of the hole. They used 7075 aluminum alloy as a workpiece, and analyzed the influence of magnet spinning speed, abrasive mesh, and abrasive filling amount on the diameter deviation of the hole and surface roughness of the inner wall. They reported that the burrs were significantly removed and the burr removal efficiency was improved by 33.3% compared with the conventional magnetic abrasive finishing process. Vahdati et al. [13] applied the MAF process to finishing aluminum pipes. They discussed the influence of the magnetic flux density, machining time, the amount of magnetic abrasive powder and the rotation speed of the workpiece on the surface roughness. According to the experimental results, using permanent magnets of 1 T, the amount of 8 g of ilmenite powder of mesh 150, rotating speed of 750 rpm, and 30–40 min of process time, will result into a surface roughness of 0.45 μm Ra from the original value of 2 μm Ra. Gheisari et al. [14] proposed a new machining process to use magnetorheological (MR) fluid to finish the cylindrical surface. They showed that the application of fast rectilinear alternating motion in the process can effectively improve the surface of the workpiece, and the surface roughness of the aluminum cylinder can be improved from about 200 nm Ra to 50 nm Ra. Yin et al. [15,16] improved the deburring efficiency of edges by using the vibration-assisted MAF process. They proposed a method for polishing 3D micro-curved surfaces using vibration-assisted MAF technology, and studied the effects of three vibration modes (horizontal vibration, vertical vibration, and compound vibration) on magnetic field, polishing pressure, abrasive behavior, and polishing performance. Lin et al. [17] polished the free-form surface through the MAF process. The Taguchi experimental design was used to investigate the effects of magnetic field, spindle speed, feed speed, working gap, abrasives, and lubricants. After two-stage finishing, the surface roughness Rmax is improved from 2.670 μm to 0.102 μm. Guo et al. [18] proposed a localized vibration-assisted magnetic abrasive polishing (VAMAP) method for the finishing of V-grooves and Fresnel optical elements. They showed that this method can improve the surface roughness of the workpiece from an initial value of more than 10 nm Ra to about 7 nm Ra while the microfeatures of V-groove and Fresnel optics were well maintained.



On the contrary, the fixed abrasive polishing (FAP) process has a higher material removal efficiency than the free abrasive polishing process [19,20,21]. Therefore, it can be used to polish hard brittle materials, such as silicon wafers, glass, and ceramics [22,23,24]. However, the FAP process is inferior to the free abrasive polishing process and the MAF process in terms of surface finish. Luo et al. [25] investigated the use of semi-fixed and fixed polishing film with diamond and alumina abrasive for the polishing of SiC and sapphire substrates. They concluded that when the material removal scale is tens of nanometers or more, the removal mode of the substrate is brittle removal. When the material removal scale is nanoscale, it is a plastic removal mode. They also discussed the material removal mechanism of semi-fixed and fixed diamond abrasive polishing tools for processing SiC substrates. They concluded that massive scratches and pits were generated due to the unequal protrusion height of the diamond grits in the fixed polishing film. However, in the semi-fixed abrasive polishing, due to the retraction during the polishing process, the protrusion height of the diamond grits is basically the same, which makes it easier to obtain smooth and scratch-free substrate surface with nanoscale roughness [26]. Huang et al. [27] discussed the processing characteristics and mechanism of GO/SiO2 nano-slurry in a fixed abrasive process. They showed that grinding with GO/SiO2 slurry can reduce the surface damage to the glass and achieve a crack-free subsurface. In comparison with traditional grinding, this process reduces the surface roughness by 35% and the material removal rate increases by 28%. Zhou et al. [28] investigated the mechanical removal behavior of SiC substrates during polishing with fixed abrasives by molecular dynamics simulation. They showed that the random distribution of diamond abrasives will reduce the processing quality, and optimizing the arrangement and exposed height of the abrasives in the fixed abrasive pad will help improve the processing quality. Cho et al. [29] investigated the mechanism of material removal when polishing glass substrates (borofloat, BK7, and quartz) by fixed abrasive grinding. They show that the material removal of the glass substrate follows the brittle fracture model. Jiao et al. [30] proposed the ultrasonic-assisted fixed-abrasive lapping (UAFL) technology, and conducted theoretical and experimental studies on the mechanism and characteristics of UAFL. The results show that the superimposed ultrasonic vibration helps to improve the material removal rate and surface quality.



In recent years, the widespread use of hard and brittle materials such as titanium alloys, glass, and ceramics has promoted the development of corresponding surface finishing processes. Although the MAF process has better surface quality after finishing, its finishing efficiency is lower than that of FAP process. Therefore, we propose a new finishing process, magnetic abrasive finishing process combined with the fixed abrasive polishing process (MAF-FAP), and expect it to achieve high-efficiency finishing of brittle hard materials and achieve nano-scale surface quality. In this paper, we discussed the finishing mechanism of MAF-FAP process. The difference in finishing efficiency and surface quality between this process and FAP process was investigated when finishing alumina ceramic plates. In addition, the influence of different process parameters on finishing characteristics is discussed.




2. Processing Principle and Experimental Setup


2.1. Processing Principle


Figure 1 shows the processing principle of the conventional plane MAF process. The basic principle of the conventional plane MAF process is to fill the magnetic abrasive or compound magnetic finishing fluid between the magnetic pole and the workpiece. Magnetic abrasives are made of iron powder and abrasives through sintering or chemical or other techniques [31]. However, sintering requires both high temperature and pressure within an inert gas atmosphere. Subsequently, the sintered material should be crushed mechanically and then sieving is required to sort it into a specific particle size. Obviously, due to the complex production process, additional production costs will increase [32]. Therefore, more and more researches have focused on the use of unbound magnetic abrasives [33,34,35]. The compound magnetic finishing fluid is obtained by uniformly mixing a certain proportion of magnetic particles, abrasive particles, and grinding fluid. In the magnetic field, the magnetic particles are attracted by the magnetic poles and arranged along the lines of magnetic force to form a magnetic brush. The relative movement between the magnetic brush and the workpiece is generated through the feed movement and the rotation movement, thereby realizing the material removal on the surface of the workpiece. However, since the tangential force and normal force of the MAF process are mainly limited by the magnetic force, the finishing efficiency is lower than that of the FAP process. In order to improve the finishing efficiency and realize the ultra-precision surface finishing, a new finishing process is proposed which combines FAP process and the MAF process.



A schematic diagram of MAF-FAP process is shown in Figure 2. Here magnetic particles are adsorbed to the combined tool surface by magnets attached to the FAP tool, and by applying a grinding liquid with abrasive particles onto the surface of the workpiece, a magnetic brush with abrasive particles is formed. A slide table is attached to the lower part of the workpiece, and the workpiece is reciprocated left and right to realize the feed movement. At the same time, constant pressure is applied to the combined tool to make the normal load constant during the finishing process. In addition, the combined tool can perform the rotational movement. Therefore, in the finishing process, the combined tool acts on the workpiece with constant pressure, and at the same time, the combined tool performs rotational movement and horizontal feed movement relative to the workpiece. As a result, the fixed abrasive on the surface of the FAP tool and the abrasive particles absorbed into the magnetic brush act on the surface of the workpiece in a combined manner to achieve finishing of the workpiece surface.




2.2. Experimental Setup


Figure 3 shows an external view of the experimental device. The experimental device was modified by a desktop drilling machine NS-14R (manufactured by Nakane, Tokyo, Japan), where a pulley was connected to the lever part that lowers the chuck, and weight can be attached to the pulley to apply arbitrary load on the workpiece. The combined tool is connected to the main shaft of the drilling machine through a chuck and realizes a rotational movement. In the finishing process, the normal load acting on the workpiece is measured by the load cell under the workpiece table. The horizontal feed movement of the workpiece is provided by an electric linear slides. In addition, the sliding table is fixed on an X–Y table, and the processing area can be adjusted manually.



Figure 4 shows the external view of the combined tool. The combined tool is composed of a fixed abrasive tool (cup-type electrodeposition diamond wheel) and two permanent magnets. The grinding surface of the fixed abrasive tool has an outer diameter of 10 mm and an inner diameter of 8 mm. The magnetic field is provided by two ring-shaped permanent magnets with an inner diameter of 6.5 mm, an outer diameter of 19 mm, and a thickness of 10 mm. The magnetic particles are attracted to the bottom surface of the grinding wheel to form a magnetic brush. The combination of magnetic brush and grinding wheel constitutes the grinding tool for this process.



The normal load adjustment system is shown in Figure 5. The combined tool can move in a certain range in the vertical direction. The combined tool is applied with a normal load, which presses the workpiece. There is a load cell (LCB-03, produced by A&D CO., LTD., Tokyo, Japan) under the workpiece, which can measure the load from 0 to 100 N. The load cell is connected to the Digital indicator (AD-4532B, produced by A&D CO., LTD., Tokyo, Japan), and the load value is obtained through the logger (midi LOGGER GL240 produced by Graphtec Corporation, Yokohama, Japan). According to the difference between the load value obtained by the logger and the expected load value, increase, or decrease the normal load applied to the combined tool.




2.3. Force Analysis


Figure 6 shows a schematic diagram of the force analysis of MAF-FAP. The magnetic particles are concentrated and adsorbed in the finishing zone by receiving the magnetic forces ∆Fx and ∆Fy (the resultant force ∆F) expressed by the following equations from the magnetic pole in the direction of the magnetic force line (x-axis direction) and the direction of the equipotential line (y-axis direction) [36].


  ∆  F χ  =  V 0  χ  μ 0  H     ∂ H   ∂ x     ,  



(1)






  ∆  F y  =  V 0  χ  μ 0  H     ∂ H   ∂ y     ,  



(2)




where V0 is the volume of the magnetic particles, χ is susceptibility of the magnetic particles,    μ 0    is permeability of vacuum, H is the magnetic field intensity, (∂H/∂x) and (∂H/∂y) are the rate of change of the magnetic field in the x and y coordinate directions, respectively, and x and y are the coordinates. Equations (1) and (2) indicate that the magnitude of the magnetic force acting on the magnetic particles increases as the volume of the magnetic particles increases.



Further, assuming a spherical particle shape, the magnetic attraction force ∆Fm between magnetic particles can be calculated as [37]


  ∆  F m  =   3 π  r 2   μ 0    χ r  2   H 2    2     3 +  χ r     2    ,  



(3)




where r is the radius of each magnetic particle and χr is the specific magnetic susceptibility of each magnetic particle. Thus, Equation (3) suggests that the larger the particle size of the magnetic particles, the stronger the adsorption between the particles. Therefore, if the diameter of the magnetic particles is large, it is considered that the formed brush shape can be maintained easily.



The combined tool that receives the pressure P distributes the pressure to the fixed abrasive particles and the magnetic brush. At this time, the relationship between normal load P applied to the combined tool and the polishing pressures Pn and Pm applied to the workpiece is given by the equation


  P = n  P n  + m  P m  ,  



(4)




where n and m are the number of fixed abrasive particles and magnetic brushes acting on the workpiece, respectively, and Pn and Pm represent the polishing pressure exerted on the workpiece by the fixed abrasive particles and by the magnetic brush, respectively.



Qualitatively, Pm increases as ∆Fm increases. Therefore, when the pressure (P) is constant, when the diameter of the magnetic particles is large, the polishing pressure (Pm) given by the magnetic brush increases, and the polishing pressure (Pn) of the abrasive particles decreases. This will inevitably lead to different effects on the finishing characteristics when using different sizes of magnetic particles and different normal loads, which will be discussed in detail in the experimental chapter.





3. Experimental Conditions and Method


To investigate the performance and mechanism of the combined tool, the magnetic particle diameter and the load were changed, and the finishing experiment of alumina ceramic plate was performed. Table 1 shows the experimental conditions. The grinding liquid and abrasive particles are thoroughly mixed and used as a slurry. About 2 mL was applied to the polishing area first to avoid drying of the polishing surface and another ~1 mL was applied after 5 min. The surface roughness of the workpiece is measured by the surface roughness meter (SURFPAK-SV produced by Mitutoyo Corporation, Kawasaki, Japan). The evaluation standard of surface roughness uses arithmetic average roughness (Ra). Before finishing, select three points to measure on the workpiece, and the average of the three measurements is taken as the initial surface roughness. The initial surface roughness of the workpiece is 140 nm to 210 nm, with an average of about 171 nm. In subsequent measurement, the measurement position is the same as the selected 3 points before finishing, and the average of the three measurement results is taken as the surface roughness. First, the finishing characteristics of the MAF-FAP process and FAP process were compared. Secondly, the influence of different normal loads on the finishing characteristics when the average diameter of the magnetic particles is 75 μm and 330 μm is discussed.



When using a new FAP tool, due to the difference of some factors (such as the height of the fixed abrasive protrusion), this will have an impact on the accurate evaluation of the finishing effect. Therefore, the new FAP tool was pretreated under the same conditions, as shown in Figure 7. The conditions of the pretreatment process are shown in Table 2. The tool used in the pretreatment process is a fixed abrasive diamond pellet. The normal load is set to 4 N, and the rotational speed is set to 1800 rpm. The pretreatment time is 10 min.




4. Experimental Results and Discussion


4.1. Comparison of FAP and MAF-FAP


This experiment compares the finishing characteristics of the FAP process and the MAF-FAP process. In the MAF-FAP process, magnetic particles with an average diameter of 75 μm and 330 μm are used respectively. The total normal load is set to 10 N. The change of surface roughness with time is shown in Figure 8, and it can be seen that the surface roughness is improved only when magnetic particles with an average diameter of 330 μm are used. In the case of the FAP process, the surface roughness increases most obviously, followed by the case where the average diameter of the magnetic particles is 75 μm. Figure 9 shows the material removal rate (MRR) in the three cases. Corresponding to the change in surface roughness, the highest MRR in the case of FAP is obtained. In the case of MAF-FAP, MRR is much smaller than FAP, and when the magnetic particle size is 75 μm, the MRR is higher than when the magnetic particle size is 330 μm. In the case of FAP, since there is no magnetic brush to share the normal load, the depth of the fixed abrasive particles entering the workpiece increases, which leads to brittle fracture. Therefore, the amount of material removed is greater and the surface roughness increases. According to the force analysis of the MAF-FAP process, the magnetic attraction force between the magnetic particles increases with the increase of the volume of the magnetic particles (Equation (3)), and at the same time increases with the increase of the magnetic field intensity. Since the magnetic field decreases as the distance from the magnetic pole increases, the ability of the magnetic brush to maintain its shape increases as the volume of the magnetic particles increases and the distance from the magnetic pole decreases. When the average diameter of the magnetic particles is 75 μm, the shape retention capacity of the magnetic brush is lower than 330 μm. This will result in a different distribution of normal loads. In the case where the average diameter of the magnetic particles is 330 μm, Pm increases due to the increase in the magnetic attraction force between the magnetic particles. In turn, the normal load acting on the fixed abrasive particles is reduced, which reduces the depth of the fixed abrasive particles into the workpiece. Although this reduces MRR, it improves surface quality.



According to the experimental results, it can be found that when the normal load is 10 N and the average diameter of the magnetic particles is 75 μm, it is not suitable to improve the surface quality of the workpiece. Therefore, further research experiments have been carried out for these two sizes of magnetic particles.




4.2. Normal Load


In these two sets of experiments, we have investigated the influence of different normal loads on the material removal and surface roughness when the average diameter of the magnetic particles is 75 μm and 330 μm, respectively. According to the previous experimental results, when the normal load is 10 N, the average diameter of the magnetic particles is 75 μm, and the surface roughness is increased. Therefore, in this set of experiments, the normal load is set to 1 N, 3 N, and 10 N. When the average diameter of the magnetic particles is 330 μm, the surface roughness is improved. Therefore, in order to explore the best conditions, the cases of greater than 10 N (30 N) and less than 10 N (3 N) were investigated respectively.



Figure 10 shows the effect of normal load on material removal and surface roughness when the average diameter of magnetic particles is 75 μm. It can be seen from Figure 10 that the surface roughness increases in the case of 3 N and 10 N, and with the increase of the normal load, the increase of the surface roughness is greater. In the case of 1 N, the surface quality is improved. The amount of material removal increases with the increase of the normal load. As in the previous analysis, the force between magnetic particles (∆Fm) limits the magnitude of the normal load (Pm) it can share. When the fixed abrasive shares too much normal load, it enters the surface of the workpiece deeper, and at the same time, the fixed abrasive particles has a larger particle size. Therefore, although the amount of material removed has increased, the surface roughness has increased.



Figure 11 shows the effect of normal load on material removal and surface roughness when the average diameter of magnetic particles is 330 μm. It can be seen from the figure that the amount of material removal increases with the increase of the normal load, and the surface quality is also improved. However, the change rate of surface roughness is the smallest at 3 N, and is almost the same at 10 N and 30 N. Figure 12 shows the measurement results of the optical surface profiler Newview7300 (Zygo Corporation, Middlefield, OH, USA). It can be seen from the figure that the surface quality is greatly improved after finishing. According to the measurement results, when the average diameter of the magnetic particles is 330 μm and the normal load is 30 N, the surface roughness of the workpiece is improved from 202.11 nm to 3.67 nm within 30 min.





5. Conclusions


In this work, we propose a new finishing process, which combines the magnetic abrasive finishing process and the fixed abrasive polishing process, analyzed the finishing mechanism of the process, and experimentally verified by finishing alumina ceramics. The main conclusions obtained are as follows:




	
A new finishing process is proposed, which combines the magnetic abrasive finishing process and the fixed abrasive polishing process.



	
Under the experimental conditions, when the average diameter of the magnetic particles is 330 μm and the normal load is 30 N, the best surface quality and the highest finishing efficiency can be obtained.



	
According to the experimental results, the surface roughness of the alumina ceramic plate was improved from 202.11 nm Ra to 3.67 nm Ra within 30 min.
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Figure 1. Processing principle of the conventional plane MAF process. 
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Figure 2. Processing principle of the MAF-FAP. 






Figure 2. Processing principle of the MAF-FAP.



[image: Machines 09 00081 g002]







[image: Machines 09 00081 g003 550] 





Figure 3. External view of the experimental setup. 






Figure 3. External view of the experimental setup.



[image: Machines 09 00081 g003]







[image: Machines 09 00081 g004 550] 





Figure 4. External view of combined tool. 
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Figure 5. Normal load adjustment system. 
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Figure 6. Schematic diagram of force analysis. 
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Figure 7. Pretreatment of fixed abrasive tool. 
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Figure 8. Change of surface roughness with time (Load: 10 N). 
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Figure 9. Material removal rate (Load: 10 N). 
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Figure 10. Effect of normal load on surface roughness and material removal (magnetic particles: 75 μm). 
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Figure 11. Effect of normal load on surface roughness and material removal (magnetic particles: 330 μm). 
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Figure 12. Surface of the workpiece before and after finishing (Load: 10 N, magnetic particles: 330 μm). (a) Before finishing; (b) After finishing. 
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Table 1. Experimental conditions.






Table 1. Experimental conditions.





	Parameters
	Conditions





	Workpiece
	Alumina ceramic plate (SSA-S) (100 × 100 × 2.5 mm3)



	Fixed abrasive tool
	Cup-type electrodeposition diamond wheel # 120 (KURE GRINDING WHEEL SDEM21)

Grinding surface: Outer diameter 10 mm × Inner diameter 8 mm)



	Grinding fluid
	Water insoluble polishing oil (Castrol Honailo 988): 3 mL



	Abrasive
	Diamond abrasive (2–4 μm) (TOMEI CARAT: 50): 0.15 g



	Permanent magnet
	Nd–Fe–B ring permanent magnet × 2 (Outer diameter 19 mm × Inner diameter 6.5 mm× 10 mm)



	Magnetic particles
	Electrolytic iron powder, 75 μm in mean dia: 0.15 g

Electrolytic iron powder, 330 μm in mean dia: 0.15 g



	Rotational speed
	560 rpm



	Feeding speed
	2 mm/s



	Load
	1 N, 3 N, 10 N, 30 N



	Finishing time
	10 min × 3



	Surface roughness

before finishing
	Ra: 0.171 μm (0.140–0.210 μm)
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Table 2. Pretreatment conditions.






Table 2. Pretreatment conditions.





	Parameters
	Conditions





	Pretreatment tool
	Fixed abrasive diamond pellet



	Grinding fluid
	Water insoluble polishing oil (Castrol Honailo 988): 3 mL



	Rotational speed
	1800 rpm



	Feeding speed
	0.01 mm/s



	Load
	4 N



	Finishing time
	10 min
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