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Abstract

:

The shape accuracy of microstructures is an important factor that directly affects the quality and performance of products. Nevertheless, it is difficult to find a study for the shape accuracy of microstructures below several microns. This study aimed to reduce the shape error in the precision machining of microstructures with a repeated triangular cross-sectional shape with a width of 5 µm or less. Two important factors in this study were the morphological features of the microstructure to be fabricated and the cross-sectional shape of the chip. The tool path was modified in consideration of these two factors. Before the tool path change, the shape error due to the deformation of the triangular micropattern in a DOC (depth of a cut) of 1 µm was about 0.39 µm. However, after the tool path was modified, the shape error due to deformation did not occur while maintaining the DOC at 1 µm.
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1. Introduction


Optical lenses, biochips, and fuel cells, which are used as core components in various high-tech industries, are fabricated in a form that consists of a microstructure on the surface [1,2,3,4,5,6]. In particular, a head-up display device mounted on an aircraft or a vehicle, or a head-mounted display device for realizing a VR (virtual reality) and an AR (augmented reality) requires a high-performance lens. Microstructures designed on the surface of the lens constitute one of the key methods to achieve high optical performance. Therefore, many studies have been conducted on ultra-precision machining technology to fabricate the aspherical surface or the freeform surface of a lens with a repeated fine structure [7,8].



Recent precision machine tools have evolved to the extent where the resolution is less than or equal to 1 nm, and the development of this equipment technology has led to the study of the micropattern machining of various contents [9,10,11,12,13,14,15].



Currently, the turning process can fabricate micropatterns of a smaller size than those obtained using a milling process. Precision turning can produce microstructures with a simple cross-section with a single repeated shape such as triangles or rectangles at higher speeds. In addition, more complicated cross-sectional shapes can be realized when the precision turning process is combined with additional devices such as a fast tool servo (FTS) and a slow tool servo (STS) [13,14,16,17].



Various materials such as aluminum, PMMA (poly methyl methacrylate), plated copper, and nickel are used as a work piece for precision machining [7,9,10,12]. In particular, metals have been used as molds for the lens with repeated micropatterns on their surface [6,9,18,19]. For instance, copper and nickel have excellent optical and mechanical properties, and are widely used as lens mold materials. On the other hand, a transparent PMMA is used as an optical element [12].



In ultra-precision machining, the shape accuracy of work pieces is the most important issue. There have been many experimental works that investigated the factors that cause the shape errors such as burr and deformation, and found ways to improve them. Theoretical approaches have also been proposed to predict the occurrence of shape errors [10,11,13,14,15,20].



In recent years, studies have been undertaken to fabricate patterns of a smaller size than in the past [4,21,22]. Diamond tools have often been used for micropatterns ranging from tens of microns to several microns in size [4,10,20]. Microstructures smaller than one micrometer can be machined using a diamond tool made by a focused ion beam. In order to obtain structures smaller than one micrometer, machining studies using AFM (atomic force microscope) have also been reported [21,22]. It was more difficult to obtain the high-dimensional accuracy, as the size of the micropattern was reduced from several tens of microns to a few microns or submicrons. The micropatterns appear to be very uneven in a paper showing examples of machining submicron-sized micropatterns using AFM [22]. However, there have been no studies to identify the causes of the shape error of microstructures of less than several microns, or to determine the proper machining process conditions to improve the shape accuracy. Today, research is still focused on whether microstructures of less than a few microns can be successfully produced by precision machining. Machining microstructures with a size of a few micrometers or less with the use of a diamond tool is still a challenging task. Making very small tools, setting more precisely the devices, and not lowering productivity should be considered together [4].



In this paper, precision machining was performed using a diamond tool to fabricate microstructures of several microns in size. In this process, two factors affecting the shape error of the microstructure were discussed. One was the morphological feature of the microstructure to be fabricated, and the other was the shape of the cross-section of the chip in the cutting process. The factors affecting the shape accuracy of the microstructure vary, such as the cutting velocity and cutting depth. However, this paper focuses on the two factors above in terms of looking for the factors that can be controlled without affecting productivity. The characteristics of these two factors on the shape accuracy of microstructures were identified, and the process plan was revised to take this into account. The experimental results showed that the shape accuracy of microstructures could be improved without the loss of productivity.




2. Experimental Setup


2.1. Basic Schematic of Precision Diamond Cutting


The machining experiments were carried out using precision machine tools. Microchannels of several microns in size were machined using a diamond tool. The workpiece was amorphously plated copper and nickel. Figure 1 shows a schematic of the ultra-precision turning experiment where microchannels are produced by a relative movement between a work piece and a tool.




2.2. Experiments with Three Shapes of Microstructural Patterns


Figure 2 shows the experimental methods for fabricating the surface microstructures of three shapes. This experiment was devised to investigate the influence of the morphological characteristics of a surface microstructure on the shape accuracy of the microstructures. Figure 2a shows the fabrication of a microstructure where the shape of the cross-section is a quadrangle by using a rectangular tool. Figure 2b shows the fabrication of a surface microstructure with a trapezoidal cross-section using a triangular tool. Figure 2c shows the fabrication of a surface microstructure with a triangular cross-section using a triangular tool. These experiments were performed under the feed rates of 1.0 µm/rev and 0.1 µm/rev on a nickel-plated circular plate with a diameter of 90 mm. The angular velocity of a work piece was 100 rpm. Figure 3 shows the precision machine tool and experimental setup.




2.3. Experiments for Cutting Force Measurement


Figure 4 is a schematic drawing of the experiment to measure the cutting forces for the different cross-sectional shapes. Two shapes of tools—one with the rake face of a trapezoidal shape and the other with a triangular-shaped rake face—were examined for the two shapes (trapezoidal and V-shaped) of the cross-section. The inside of the red dotted circles in Figure 4 indicates the shape of each cross-section to be cut. In that cutting section, the red dotted line is the cutting edge that is to be contacted with a tool. These experiments were carried out on copper-plated rolls with a diameter of 300 mm. The angular velocity of a roll was 300 rpm, and the cutting depth was in 1-µm increments from 1 µm to 20 µm. Figure 5 shows the precision machine tool and experimental setup.




2.4. Experiments with Different Tool Paths


In order to examine the effects of a tool path on the deformation behavior of a surface microstructure, two tool paths, as shown in Figure 6, which were both different from the original one shown in Figure 2c, were devised to machine microstructural patterns with a triangular cross-section. These new tool paths (introduced in Figure 6a,b) were in a direction parallel to the slopes of a triangular microstructure, but the cutting edges—as well as the machining directions between these two paths—were different, although the final microstructural patterns were the same. These experiments were carried out on a copper-plated circular plate with a diameter of 50 mm. The speed of a work piece was 4 m/min, and the depth of each cut was 1 µm. The precision machine tool used in these experiments was the same as those described in Section 2.2.





3. Results and Discussion


3.1. Effects of the Shape of the Microstructure


Figure 7 presents the images obtained by observing the three shapes of the machined microstructures by SEM. In order to observe each machined result more clearly, the cross-section of the microstructures was formed by the FIB (focused ion beam) milling process, and then observed with SEM. In order to minimize the shape changes of a cross-section during the FIB milling process, Pt (platinum) was deposited on the microstructure before the FIB milling process commenced.



The microstructures with a trapezoidal cross-sectional shape did not show any burrs or deformation when the depth of cut was 1 µm or 0.1 µm. As a result of the square-shaped microstructures, burrs of about 0.18 µm that formed at the upper edge were observed under the machining conditions of a 1-µm depth of cut. Burrs were not observed under the condition where the depth of cut was reduced to 0.1 µm. In microstructures with a triangular cross-section, a deformation of about 0.39 µm occurred under a machining condition with a depth of cut of 1 µm. This shape error did not occur under the machining conditions with a depth of cut of 0.1 µm.



To et al. reported that deformation of the microstructure of the material surface increased when the depth of cut was increased in precision machining. Studies by Yan et al. and Kim et al. showed that the shape accuracy improved when the depth of cut was reduced [9,10,11]. In this experiment, the relationship between the depth of cut and shape error was similar to the results obtained by other researchers.



The experiments showed that the different results depended on the shape of the microstructure in the experiments when using similar machining conditions. For the case of a cutting depth of 1 µm, the shape error types according to the shape of the microstructure are obtained from Figure 6 by using the diagrams. Burrs or deformation did not occur in the case where the angle between the surface contacting the tool and the adjacent surface was 120° (a microstructure with a trapezoidal cross-section). In the case of 90° (a microstructure with a rectangular cross-section), a burr formed at the upper edge of the microstructure. When the angle was 60° (microstructure where the shape of the cross-section is triangular), local deformation occurred at the upper edge of the microstructure. The experimental results showed that the shape error tended to be larger when the angle between the surface in contact with the tool and the adjacent surface at the time of machining the microstructure was smaller. These shape errors did not appear when the depth of cut had been reduced to 0.1 µm.



The shape errors of the microstructures of several microns in size occurred intensively at the upper edge of the microstructure. It was found that the form accuracy of the microstructure changed depending on the angle between the surface that comes into contact with the tool and the adjacent surface in the experimental results of the fabrication of the three kinds of microstructures. Figure 8 summarizes these phenomena. It should also be noted that if the form accuracy of the microstructure is improved due to the reduction of the depth of cut, the productivity will decrease because the machining time is increased.




3.2. Cutting Force


Cutting forces were measured while machining the two cross-sectional shapes, as described in Section 2.3. Then, the specific cutting pressure was calculated from the measured cutting forces.



Figure 9a shows the cutting force measured during the experiment in Section 2.3 versus the MRR (material removal rate), and Figure 9b shows the specific cutting pressure calculated based on the cutting force versus the MRR. The experimental results showed that the cutting force of the V-shaped cutting cross-section was slightly larger than that of the trapezoidal cutting cross-section, even though the material removal rate was the same. Additionally, the specific cutting pressure calculated based on the cutting force was slightly larger.



Since the machining speeds of the two cases were the same, it is conceivable that the machining cross-sectional area is the same if the material removal rates are the same. Figure 10 shows the length of the cutting edge according to the change in the cross-sectional area for the two cross-sectional shapes. When the cross-sectional area of the cutting was the same, the length of the cutting edge for the V-shaped cross-section was shorter than that for the trapezoidal one. Thus, the chip thickness of the trapezoidal cross-section was smaller than that of the V-shaped cross-section in this study. In general, the cutting force is expected to be larger when the chip thickness is smaller [23,24,25,26,27]. This is very true if the cross-sectional shapes to be cut are very similar or the same. The experiment results in this study were not consistent with those in previous works due to a slight difference between the shapes of the trapezoidal and triangular cross-sections. The difference in the cutting forces in this study might be expressed by considering the formation and deformation of a chip in two machining processes.



Figure 11 shows a SEM image of the shape of the machined chip. Figure 12 shows the changes in the cross-sectional shape of the chip before and after machining the two cross-sectional shapes based on the SEM image in Figure 11. Figure 12 b represents the width of the cross-section of cutting, and Figure 12 b′ represents the width of the cross-section of the chip generated after machining.



Table 1 and Table 2 show the change in the width of the cross-section before and after machining for the two cross-sectional shapes. Figure 12 b is a value calculated from a machining condition and a tool shape, and Figure 12 b′ is a value measured from an SEM image of the chip. In the case of the trapezoidal cross-sectional shape, the width of the chip generated after machining was larger. In the case of the V-shaped cross-section, the width of the cross-section of the chip generated after machining was smaller than the width of the cross-section before machining when the depth of cut was 5 µm. When the depth of cut was 10 µm, the width of the chip generated after machining was larger, but the difference was smaller than that in case of the trapezoidal cross-sectional shape.



Figure 13 shows an enlarged view of part of the SEM image shown in Figure 11b. A close look at the V-shaped combs generated by the triangular-shaped tool shows that the wrinkled areas in the oblique direction to the V-shaped combs appeared intermittently (as indicated by the dotted arrow). From the results, it can be seen that there was a chip flow in the center around the vertex of the triangular-shaped tool in the shear deformation process to generate the chip. The flow of this type of chip has also been mentioned by Yan et al. [10].



To summarize the cutting force experiments, the plastic deformations of the chips for the two machining processes were different, even if the cross-sectional areas to be cut for the two processes were the same. A V-shaped cross-section resulted in a more complex shape change in the chip formation than the trapezoidal cross-section. Correspondingly, the required cutting load for the V-shaped cross-section was higher than the trapezoidal cross-section. It can be concluded that the cross-sectional shape is an important factor affecting the cutting load. Thus, engineers should design the shape of the cutting cross-section in order to reduce the cutting load when planning a tool path.




3.3. Tool Path Change


From the results detailed in Section 3.1, if the part stressed by the continuous contact of the diamond tool during machining (as shown in Figure 6a) is a weakly shaped area (‘P1’ position), it causes a large shape error, as shown in Figure 14a. Figure 14a, which shows the result of machining using the toolpath of Figure 6a, clearly demonstrates the results discussed in Section 3.1.



Therefore, an improved tool path was devised, as shown in Figure 6b, so that the area with high stress during machining had a shape with high rigidity (‘P2’ position). This also took into account the advantages of the cutting cross-section of a simple shape, as discussed in Section 3.2.



Figure 14b shows the machining results for this improved tool path while maintaining a DOC of 1 µm. The micropatterns were created accurately, and the improved toolpath enhanced the shape accuracy of the micropattern without reducing the production efficiency.





4. Conclusions


The main objective of this study was to reduce the shape error without decreasing the production efficiency in the precision machining of microstructures with a triangular cross-section with a width of 5 µm or less.



First, the characteristics of the shape errors according to the geometric shapes of the microstructures were examined. Microstructures with three cross-sectional shapes (rectangular, trapezoidal, and triangular) were fabricated to observe the occurrence of the shape errors. When the DOC was 1 μm, the trapezoidal microstructure with an angle of 120° between the cutting surface and the adjacent surface had no shape error. A burr of about 0.18 µm was formed in the rectangular microstructures with an angle of 90° between the cutting surface and the adjacent surfaces. Additionally, deformation of about 0.39 µm occurred in the triangular microstructures of 60°. In the case of a DOC of 0.1 µm, no shape error occurred in all three cases. Second, the cutting loads on two cutting cross-sectional shapes, such as the trapezoidal and V-shaped cross-section, were compared. The cutting load was smaller when the shape of the cutting cross-section was a relatively simple trapezoidal shape.



Based on these experimental results, the tool path was modified. The paths were arranged diagonally so that the tools proceeded side by side on the shape surface of the triangular microstructure. Due to the tool path change, the shape of the cutting cross-section changed from a V-shape to the simpler trapezoidal shape. Furthermore, the angle between the cutting surface and the adjacent surface increased from 60° to 120°. Before the tool path was modified, the deformation of the triangular micropattern under the condition of a DOC of 1 µm was about 0.39 µm, but no deformation occurred after the tool path was modified. As a result, the shape accuracy of the triangular microstructures was improved without reducing the production efficiency.
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Figure 1. Schematic drawing of an ultra-precision machining experiment. The left shows the generation of chip by relative transport of tool and material. The right shows the process of dividing the whole cutting depth and cutting it sequentially. 
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Figure 2. Three shapes of microstructural patterns: (a) with rectangular cross-sections; (b) trapezoidal cross-sections; (c) triangular cross-sections. 
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Figure 3. Precision machine tool (4-axis with air bearing) and experimental setup setup(run-out correction using the indicator and height correction using a jig). 
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Figure 4. Cutting force measurement for the different section shapes: (a) trapezoidal section shape, (b) V-shaped sectional shape. 
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Figure 5. Precision drum lathe and experimental setting. A tool dynamometer was used to measure the cutting force. 
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Figure 6. Machining with different tool paths: (a) changed tool path 1 (continuous contact area ‘P1’), (b) changed tool path 2 (continuous contact area ‘P2’). 
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Figure 7. SEM photos for the three shapes of the machined microstructures: depth of cut of 1.0 µm (a–c) and 0.1 µm (d–f). 
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Figure 8. Illustration of the shape error of three microstructural patterns: (a) trapezoidal cross-sections, (b) rectangular cross-sections, and (c) triangular cross-sections. 
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Figure 9. Measured cutting force and specific cutting pressure: (a) cutting force, (b) specific cutting pressure. 
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Figure 10. Cutting edge length. 
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Figure 11. SEM images of the cutting chips: (a) cutting chip of the trapezoidal section, (b) cutting chip of the V-shaped section. 
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Figure 12. Illustration of chip deformation. (b: undeformed chip width, b′: deformed chip width). 
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Figure 13. Machined chip SEM image of the V-shaped section. The dotted arrow indicates the flow direction of the chip. 
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Figure 14. Machining results on the changed tool path: (a) the machining result obtained by using the tool path shown in Figure 6a, and (b) the machining result obtained by using the tool path shown in Figure 6b. 
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Table 1. Undeformed chip width and chip width of the trapezoidal section shape.
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	Cutting Depth (µm)
	b (µm)
	b′ (µm)





	10
	70
	74.9



	20
	90
	95.4
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Table 2. Undeformed chip width and chip width of the V-shaped section shape.
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	Cutting Depth (µm)
	b (µm)
	b′ (µm)





	5
	30
	28.5



	10
	40
	41.2











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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