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Abstract

:

In this study, micro-grinding was performed to investigate the machining characteristics of alumina and zirconia. The machining of ceramics remains highly challenging owing to their properties, such as high brittleness and wear resistance, which leads to a shorter tool life and high machining costs. Polycrystalline diamond (PCD) was selected as the tool material, as it is suitable for machining hard and brittle materials, and micro-electrical discharge machining (EDM) was used to fabricate PCD micro-tools. When using a resistor-capacitor generator circuit in micro-EDM, the discharging energy is related to the working capacitance, and by controlling the working capacitance, the different edge radii and the surface roughness of the tool can be easily achieved. The feed rate, depth of cut, and rotation speed were set as experimental parameters to investigate the grinding characteristics of the ceramics. During the experiment, the grinding force and roughness of the bottom surface were monitored, and the roughness of the machined surfaces was measured using a three-dimensional surface profiler. A working capacitance of 1000 pF was used to fabricate a tool with an edge radius of 3.5 µm. The lower radius of the tool edge resulted in a decrease of the cutting force by 50% at most and a surface roughness of 19 nm Ra.
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1. Introduction


Ceramic materials have attracted attention as possible substitutes for metals for structural parts used in several industrial fields and multiple advanced industries due to promising characteristics, such as low density and high strength, as well chemical resistance [1,2,3,4,5]. However, the advantageous mechanical properties of ceramics can be a disadvantage in fine-shape processing [6,7]. Owing to the high hardness of ceramic materials, the tool wear increases during mechanical processing, which increases the cost of processing; because of the brittle nature of these materials, the machined surface is not smooth or breaks irregularly. These issues limit the application of ceramics, particularly in fields that use structures of tens to hundreds of microns.



Various types of unconventional machining methods have been attempted to overcome the challenges of ceramic processing. Laser machining involves melting and removing the material at the high temperature of the laser or modifying the surface of the material to reduce the cutting force and wear on the tool during machining. Gartner et al. used a picosecond laser to investigate the processing characteristics of aluminum oxide ceramics and proposed a model to predict the results of the machined surface using processing parameters, such as scanning speed and laser power [8]. In the grinding of oxidized zirconium ceramics using a diamond-coated tool, Kisaki et al. achieved a reduction of the fracture toughness of the material and the machining force and changed the surface condition during processing with laser [9].



Electrical discharge machining (EDM) is a method involving material melted by high-temperature heat generated by a spark and removed together with a melting explosion. In the case of a non-conductive material, a conductive substance, such as copper, can be applied to the surface of the material to form an assisting electrode, and the surface material can be melted and processed. Ferraris et al. studied the machinability of conductive ceramic composites based on alumina and zirconia using micro-EDM [10]. Banu et al. applied a copper-based assisting electrode on the surface of zirconia ceramics to produce a conductive layer to proceed with EDM, and analyzed the material removal rate and the hardness of the high layer for retesting [11].



The use of machining methods that use a heat source, such as laser machining and EDM, can result in the formation of micro-cracks on the surface of the material because of the high temperature. In addition, heat can modify the material around the machining area and change its physical properties. Furthermore, EDM can cause a decrease in machining shape accuracy owing to the tool wear.



Grinding with a diamond wheel can be considered when a uniform and smooth surface is needed in a material with high hardness. Rabiey et al. studied the machining conditions to achieve the ductile-brittle transition in zirconia grinding using hybrid bond diamond tools [12]. Dai et al. created a grinding simulation for silicon carbide machining and classified the damage that occurred on the surface [13]. The simulation results were compared with the experimental results obtained through actual grinding to machine a smooth ductile mode surface. However, such conventional grinding methods have several limitations, such as the long time required to improve the surface quality, the large size of the tool, and limitations regarding the shape of the material, because a large machining force acts when the tool and the material are in contact.



The grinding method using a micro-scale tool has been applied to processing of high-hardness materials in various industrial fields such as micro-optics, micro-dies and -molds, and micro-scale medical devices [14,15]. By adjusting the machining parameters, it is possible to achieve a crack-free surface in brittle materials using the ductile mode. Micro-tools can be relatively freely used to machine complex features of tens to hundreds of microns. However, the size effect of the micro-tool should be considered, as it can lead to tool breakage during machining. Subhash and Klecka utilized a single diamond particle to scratch the surface of alumina at a low depth [16]. Katahira et al. machined a SiC with a PCD grinding tool with a radius of 100 µm and investigated the machining characteristics and quality of the product [15]. As a result of the experiment, a high-quality ductile mode surface was obtained. Bian et al. used PCD and diamond-coated end grinding tools with a diameter of 1 mm for the ductile mode cutting of zirconia [17,18]. They studied the machining characteristics of zirconia considering the size effect of the tool, tool wear, and cutting surface.



However, there are few studies on micro-grinding of ceramics using micro-tools fabricated by electrical discharge. In the tool fabrication by EDM, applied voltage and working capacitance affect the edge radius and surface roughness of the tool. In this study, the effects of the electrical discharge parameters on tool geometries and grinding characteristics were investigated. A PCD micro-tool of 100–200 µm in diameter was fabricated by wire electrical discharge grinding (WEDG), a variant process of EDM [19], and the change in the surface roughness and the edge radius of the tool according to the working capacitance of an EDM circuit was measured. Additionally, the tool feed rate, depth of cut, and rotation speed were set as machining parameters, and the roughness of the machined surface and the machining force were measured. Furthermore, the wear of the tool and surface defects that occurred on the machined surface were analyzed.




2. Experimental Setup


Table 1 shows the hardness of several hard materials, including ceramics. Cemented carbide (WC-Co), a common material used in commercial micro-tools, has a degree of hardness similar to that of alumina. Therefore, micro-tools made of cemented carbide suffer from severe tool wear while processing ceramic materials. In contrast, because the hardness of PCD is 3–5 times higher than that of alumina and zirconia, PCD is a suitable tool material for ceramic processing.



The fabrication of micron-sized PCD tools by grinding is a difficult and time-consuming process. Since polycrystalline diamond grains were sintered with cobalt binder, bulk PCD is electrically conductive. Therefore, electrical discharge has been widely used for manufacturing micron-sized PCD tools [22,23,24,25,26]. To manufacture the micro-tool, a 500-µm thick PCD layer is brazed to the end of a cemented carbide material with a diameter of 1000 µm. The grain size of PCD was 10 µm. In our experimental setup, micron-sized PCD tools were machined by WEDG [19]. WEDG is similar to wire EDM, but a metal wire electrode is fed along a wire guide in WEDG. In this study, a brass wire of 200 µm in a diameter was used as a wire electrode and EDM oil was used as a dielectric fluid to minimize the discharge gap. A resistor-capacitor (RC) generator circuit was used to generate the discharge. The resistance was 1 kΩ and the working capacitances of 1000 pF to 478 nF were used. The applied voltage was 100 V.



After WEDG, the tools were moved to a microgrinding system, where a ceramic workpiece was installed, as shown in Figure 1. As shown in Figure 2, two kinds of grinding processes were tested: side-grinding and groove-grinding. For the side-grinding, a circular tool with a diameter of 800 µm was used as shown in Figure 3a. For the groove-grinding, however, unstable machining may occur because of a grinding chip can be stuck between the tool and the workpiece during machining. To avoid this issue, a micro-tool with a D-shaped cross section and an inclined bottom surface was manufactured, as shown in Figure 3b. Table 2 and Table 3 show the machining parameters for the side-grinding and groove-grinding, respectively.



A high-speed spindle was equipped on the Z-axis of the precision stage, and the grinding force was measured using a dynamometer (9256C, Kistler Instrumente AG, Winterthur, Switzerland) on the X-Y-axes stage. The roughness of the tool and the machined surface were acquired using a laser confocal microscope (OLS5000, Olympus Corp., Tokyo, Japan). The magnification of an objective lens was 100×. A tilt removal and Gaussian filter were applied for the surface roughness measurement. Experiments and measurements were repeated three times for each parameter.




3. Results


3.1. Machining Characteristics of Zirconia


When a PCD tool is machined by EDM, the surface of the tool is covered with many craters generated by the EDM spark. As a result, a rough tool surface is obtained. During micro-grinding using an EDMed tool, the craters serve to remove material, which is similar to the action of abrasives of conventional grinding wheels. In conventional grinding, the larger the size of the abrasive of the tool, the higher the decrease in the grinding force. In EDM using an RC circuit, when the working capacitance increases, the crater size and tool surface roughness increase. Focusing on this point, an experiment was conducted to investigate the effect of the working capacitance on the grinding force. As shown in Figure 3a, a ceramic workpiece was ground using the side surface of the PCD tool, and the force components were measured. The PCD tools were fabricated with two different capacitances: 1000 pF and 474,000 pF. Figure 4 shows a graph of the force components according to the working capacitance used in tool fabrication. Using a tool machined at 474,000 pF, the normal force (y-direction) was reduced by 36%, compared to using a tool machined at 1000 pF. Since the radial depth was only 5 µm, the change in the tangential force was very small.



Next, the effect of the working capacitance on the normal force (z-direction, Fz) was investigated in the machining of micro-grooves, as shown in Figure 3b. In this experiment, tools with a diameter of 200 µm were fabricated with a working capacitance in the range of 1000 to 100,000 pF. Figure 5 shows the normal force at different feed rates when micro-grooves were machined using tools with working capacitances of 1000 and 100,000 pF. When a tool manufactured with a capacitance of 100,000 pF was used, the normal force was higher than that manufactured with a capacitance of 1000 pF; in particular, when the tool feed rate was 200 µm/s, the normal force was increased by up to 50%. When a large capacitance is used, as the size of the craters formed on the tool surface increases, the surface roughness of the tool also increases. The grinding force tends to decrease as the capacitance increases, similar to side-grinding. However, the experimental results indicated that the grinding force increased despite the use of a larger capacitance (100,000 pF). To analyze these contrasting tendencies, an experiment was conducted to investigate the change in the tool geometry according to the working capacitance used during tool fabrication. It is noted that the tool edge between the side and bottom of a tool is not involved during the side-grinding. Regarding the size effect on micro-grinding using a micro-tool, machining with the edge of the tool participating must be considered. To identify the influence of the tool during groove-grinding with a micro-tool, the edge radius of the tool was analyzed. In EDM, the current was concentrated in a sharp part such as an edge during machining [27], and resulted in the rounding of the edge. If the discharge energy is reduced using a condenser with a small capacitance, sharper edges can be obtained with a smaller energy. In this study, the micro-tool was manufactured with the capacitance of 1000, 10,000, 100,000, and 474,000 pF to confirm the change in the edge radius of the tool. Figure 6 shows the change in the edge radius (re) according to the working capacitance. A tool with an edge radius of 3.5 µm was fabricated using a capacitance of 1000 pF. Figure 6a,b show scanning electron microscopy (SEM) images of the edges of the machined tools with capacitances of 1000 and 474,000 pF, respectively. Considering the grinding force increment in Figure 5, it is possible to infer that the tool with a larger edge radius produced with a larger capacitance resulted in a higher minimum uncut chip thickness, enhancing the ploughing effect with smaller chip formation, and also resulting in a higher grinding force [28,29].



Using a micro-tool with a diameter of 200 µm, the grinding characteristics of zirconia were investigated with respect to the tool feed rate, depth of cut, and rotation speed. Figure 7 shows that as the feed rate increases, the grinding force increases, and the grinding marks are clearly evident in the photographs in Figure 8. Considering the increase in the roughness of the machined surface in Figure 7, it can be assumed that as the tool feeds, the cusp grows, leaving a clearer grinding mark. Figure 9 shows the 2D and 3D profiles of the surfaces.



Experiments were performed by changing the depth of cut to confirm the size effect depending on the edge radius. By using a tool with a capacitance of 10,000 pF, an edge radius of 9.2 µm was obtained. Figure 10 shows the force component in the feed direction (Fx) increased for depths of cut of 10 µm or higher. This means that the side surface of the tool participated in machining when the depth of the cut was larger than the edge radius.



From Figure 11a, the experimental results indicate that with a depth of cut of 10 µm or more, the surface roughness of the machined surface increased. As shown in Figure 11b, some defects were observed on the surface at 15 µm.



Figure 12 shows the decrease in the normal force according to the tool’s rotational speed. As the rotational speed increased, the unit material removal volume and the grinding force decreased. The roughness of the machined surface was reduced from 30 nm to 18 nm in Ra.



Figure 13 shows the spiral structure on the surface of zirconia machined by micro-grinding. The structure had 600 µm in width and 300 µm in height. The machining conditions used were the following: feed rate of 100 µm/s, depth of cut of 10 µm, and rotation speed of 30,000 rpm. Figure 14 shows the SEM images of the chips obtained during the grinding of zirconia. They consist of a lot of debris or particles of 1 µm or sub-micron size.



Tool Wear


To investigate the wear of the PCD tool, the change of the force and tool surface were monitored. The experiment was conducted at a tool feed rate of 100 µm/s, depth of cut of 3 µm, and rotation speed of 30,000 rpm. The smooth surface, which is considered to be tool wear, gradually spread from the tool tip. From Figure 15a, when compared with the initial stage of machining, the normal force was increased by four times or more. Figure 15b shows the surface profiles measured by comparing the changes in the bottom surfaces of the tool before and after grinding. The smooth surface spread from the tool tip after a length of 1000 mm, which was abrasion wear. Considering that the roughness of the tool tip area in Figure 16 decreased, the protruding part of the discharge surface wore out in height, leading to chip interference and reducing the chip evacuation during processing with a higher grinding force.





3.2. Machining Characteristics of Alumina


Figure 17 shows the change in normal force acting on the tool with a diameter of 100 µm while processing alumina, according to the feed rate. The normal force increased with the increase in the feed rate, and many surface defects occurred due to the brittle nature of alumina. The SEM images in Figure 18 show that, as the feed rate increased, grains were broken on the bottom of the groove, causing several defects; however, at a feed rate of 50 µm/s, the percentage of smooth surface increased.



Figure 19a shows the change in the grinding force according to the depth of the cut. It can be observed that as the depth of cut increased from 5 to 7 µm, the grinding force increased, and the ratio of the area of defects on the floor surface also increased. When compared with the experimental results presented in the previous section, it is possible to consider that a smooth surface may be produced from alumina by reducing the unit machining volume rate via the tool feed rate and depth of cut. Figure 19b shows the results of measuring the grinding force according to the rotation speed of the tool. At 20,000 rpm, with the largest machining volume rate per revolution, a large number of surface defects occurred. At the higher rotation speed of 30,000 rpm, the grinding force was reduced, resulting from the reduction of machining volume rate per revolution.



Figure 20 shows the SEM images and 3D profiles of several types of defects that appeared on the ground surface of alumina. In Figure 20a, defects appear in the cavities and are considered to be the original defects of the ceramic material. In addition, the surface of the material was separated from the chip near the processing marks, generating micro-pits. Owing to the brittle nature of ceramics, various forms of defects can occur on the work surface. In Figure 20b, an intergranular fracture was found, in which grains of several tens of microns were separated from the boundary [30].





4. Conclusions


In this study, grinding was performed using a micro-tool for high-hardness zirconia and alumina ceramics. Considering the size effect of micro-machining, the characteristics of the micro-grinding of ceramics were investigated by adjusting the working capacitance, tool feed rate, depth of cut, and rotation speed as parameters.



In the grinding with the side surface of the tool, the increase in the working capacitance during tool fabrication by EDM caused a decrease in the normal force. On the contrary, the normal force in the machining of micro-grooves increased continually as the working capacitance increased. To determine the cause of the contrasting tendency, the edge radius of the tools was investigated in terms of the size effect in macro-machining.



During the fabrication of the PCD tool, the edge radius was changed by adjusting the working capacitance. The larger the capacitance used to fabricate the tool, the larger the edge radius produced. Accordingly, the force acting on the tool manufactured with 1000 pF decreased by up to 50% compared to that of the tool with 100,000 pF.



Next, the micro-grinding characteristics of zirconia were investigated. When the tool feed rate was increased by 50–400 µm/s, the normal force increased in the range of 0.35–0.85 N, and a smooth surface with a surface roughness of at least 19 nm Ra was obtained at a feed rate of 50 µm/s. As the depth of cut became larger than the edge radius of the tool, the proportion of the force in the feed direction increased, resulting in a larger number of defects. After grinding 1000 mm in length, the wear on the tool face was examined by SEM observation considering grinding force, surface roughness, and evident abrasion wear.



Finally, micro-grinding of alumina was conducted and produced a partially smooth surface with some defects and failures. When increasing the feed rate in the range of 50–1000 µm/s, the normal force increased up to 1.2 N, and the area where the fractures occurred widened. When the depth of the cut increased from 5 to 7 µm, the area of the fractured surface increased. Based on the results of observation of the machined surfaces, the defects were classified according to their shape into raw material defects and intergranular fractures resulting from the breakage of grain boundaries.
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Figure 1. Experimental setup. 
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Figure 2. Schematic of (a) side-grinding and (b) groove-grinding. 
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Figure 3. SEM images of PCD grinding tool: (a) cylindrical tool and (b) inclined D-shape tool. 
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Figure 4. Force component comparison according to different working capacitances used in tool fabrication. 
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Figure 5. Comparison of normal force (Fz) at different feed rates of tools fabricated using working capacitances of 1000 and 100,000 pF. 
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Figure 6. (a) Effect of the working capacitance on the tool edge radius (re) and SEM images of the edge fabricated with capacitances of (b) 1000 pF and (c) 474,000 pF. 
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Figure 7. Influence of the feed rate on the normal force (Fz) and roughness of the machined surfaces (tool diameter: 200 µm, depth of cut: 10 µm, rotation speed: 30,000 rpm). 
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Figure 8. SEM images of the cutting marks on the grooves for different tool feed rates: (a) 50 µm/s, (b) 200 µm/s, and (c) 400 µm/s (tool diameter: 200 µm, depth of cut: 10 µm, rotation speed: 30,000 rpm). 
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Figure 9. 2D and 3D surface profiles of the grooves for different tool feed rates: (a) 50 µm/s, (b) 200 µm/s, and (c) 400 µm/s. 
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Figure 10. Effect of the depth of cut on the grinding force components. 
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Figure 11. (a) Effect of the depth of cut on the roughness of machined surfaces. (b) SEM images of the surfaces. 
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Figure 12. Normal force (Fz) and surface roughness obtained by varying the rotation speed of the tool. 
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Figure 13. SEM image of the micro-spiral structure ground by a PCD tool. 
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Figure 14. SEM image of chips during the grinding of zirconia. 
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Figure 15. (a) Normal force (Fz) according to the machining length and (b) tool bottom surface profiles before and after 1000-mm grinding. 
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Figure 16. Surface roughness change of the tool after grinding. 
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Figure 17. Normal force at different tool feed rates (workpiece: alumina, tool diameter: 100 µm, axial depth of cut: 5 µm, tool rotation speed: 30,000 rpm). 
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Figure 18. SEM images of the machined surfaces for different tool feed rates: (a) 50 µm/s and (b) 500 µm/s (depth of cut: 5 µm, tool rotation speed: 30,000 rpm). 
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Figure 19. Normal force as a function of (a) depth of cut (feed rate: 50 µm/s, tool rotation speed: 30,000 rpm) and (b) rotation speed (feed rate: 100 µm/s, depth of cut: 3 µm). 
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Figure 20. SEM images of defects on the machined surface of alumina: (a) defects caused by raw material pores and micro-pits separated with grinding chips and (b) intergranular fractures. 
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Table 1. Hardness of PCD, alumina, WC-Co, and zirconia [18,20,21].
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	Material
	Vickers Hardness

(100 g Load; kg/mm2)





	PCD
	110–120



	Alumina
	18–20



	WC-Co
	17–18



	Zirconia
	12
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Table 2. Machining parameters for the side-grinding.






Table 2. Machining parameters for the side-grinding.





	Tool material
	PCD



	Tool shape
	circular tool of Ø 800 µm



	Workpiece material
	Zirconia



	Rotation speed (rpm)
	30,000



	Feed rate (µm/s)
	250



	Radial depth of cut (µm)
	5



	Axial depth of cut (µm)
	100
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Table 3. Machining parameters for the groove-grinding.






Table 3. Machining parameters for the groove-grinding.





	Tool material
	PCD



	Tool shape
	D-shaped tool of Ø 200 µm



	Workpiece material
	Zirconia



	Rotation speed (rpm)
	10,000–30,000



	Feed rate (µm/s)
	50–400



	Axial depth of cut (µm)
	5–15
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