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Abstract:

 The forming of a micro tapered hole is based on nanosecond pulsed laser processing, which conforms to fast processing time and high throughput; however, the microhole quality should be improved. Micro stamping is a technology providing high precise size and speed. The greatest difficulty in forming a microhole by micro stamping is the precision alignment of the punch head to the lower die. In order to overcome the difficulty, we proposed a concept of stamping without die (SWD). Without a lower die, the tapered punch head was directly applied to the workpiece for micro stamping, and a thicker workpiece surrounding the punching area provides a better support to the stamping process. Thus, a successful forming of micro tapered holes is completed. The micro tapered hole depth is 300 μm, and the maximum ratio of inlet to outlet diameter is 18:1. In order to reduce the number of experiments, the finite element analysis software DEFORM-3D was used for forming analysis. The simulation forecast result was compared with the experimental processing, which was well validated. Under different experimental parameters of laser energy and defocusing distance, drilling results by two methods show that the microhole quality by stamping process is better than by laser processing.
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1. Introduction


The back covers of consumer electronics products, such as mobile phone, tablet Person computer (PC) and so on, are required of microholes. The microholes are tiny, but light could pass through them. Without damaging the aesthetic sense of mobile device design by using microperforation illumination technology, the micro holes provide indication functions or replace the input function of keyboard or mouse. The tapered microhole offers higher light extraction efficiency and better illumination uniformity. The current microhole processing methods include laser processing, electro-discharge machining, micro stamping, and wet etching. Among these processing methods, the electro-discharge machining has higher machining accuracy and lower surface roughness, but the processing rate is low. Thus, it is not suitable for mass production. The wet etching process could remove the surface material selectively or globally at the highest etching rate with the best cost effectiveness, but is limited to the specific materials. Meanwhile, the following pollution is always an issue.



In copper and aluminum alloy microhole processing, the laser processing and micro stamping are better choices in terms of machining efficiency, and both processing methods have their own merits and demerits. The laser drilling results in high depth-diameter ratio and machining efficiency. It can implement high speed drilling, especially applicable to large quantity and high density drilling without tool wear. Due to the Gaussian beam and the effect of defocusing, the microholes by laser drilling are mostly tapered holes [1]. The laser drilling utilizes the high power density of laser to vaporize the workpiece rapidly, and then the melted material is extruded by the surplus pressure of vapor to form holes. As it is a thermal ablation process, the pulsed laser processing is likely to result in char black, molten slag and material deterioration [2,3]. This study uses Nd:YAG laser for drill experiment.



In the application of micro stamping, Masuzawa et al. developed the wire electro-discharge grinding (WEDG) mechanism in 1985, which was used in micro-discharge machining, and the microelectrode was created successfully [4]. This technology was also used to make micro punches for micro stamping [5,6]. Grinding technology [7,8] or reverse-electrical discharge machining (EDM) [9] can be used for making a micro punch as well. In this study, we uses reverse-EDM for creating a micro punch. The major problem in making a microhole by micro stamping is the precision alignment of the punch and lower die, which creates bottleneck in current micro punching. While this issue can be overcome by guide pin [10] or image alignment [11], it remains complicated for mold design. Therefore, this study proposes a stamping without die (SWD), where a higher moment of inertia is produced by a thicker sheet, thus, overcoming the bending moment generated by the stamping process. Micro stamping is a micro forming techniques. This plastic forming considers complex structural mechanics and material problems. In recent years, regarding plastic forming analysis, many studies have used finite element analysis software DEFORM-3D to analyze mold wearness, and the flow of material in molds. According to the simulation results, the simulation and experiment are matched well [12,13,14,15]. In order to study the feasibility of the proposed process, and find the optimal experimental parameters quickly, the DEFORM-3D is used to predict forming and loading in our micro stamping process. The simulation result can used in the experiments.



The experimental setup of micro stamping is as shown in Figure 1a. The whole setup is on an engraving EDM machine (Sodick AP1L, Baginton Coventry, UK). The punch head is affixed to the Z-axis. Figure 1b shows the schematic diagram of the holder fixing workpiece. The design concept is that the workpiece is fixed by screws and the central part of workpiece is suspended. Figure 1c shows the tapered punch for stamping, which is made by reverse-EDM. A 0.2 mm diameter is drilled in the brass electrode, and then ψ2 mm Tungsten Carbide (WC) is used for reverse-EDM [9].


Figure 1. Micro stamping mechanism without a lower die (a) experimental setup (b) schematic diagram of holder (c) micro punch after reverse-EDM (electrical discharge machining). Scale bar = 100 µm.
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In order to discuss the difference between microholes made by laser and micro stamping, a sample with a thickness of 300 μm is used for laser drilling.




2. Finite Element Software DEFORM-3D


2.1. Computer Aided Design Geometric Modeling


The workpiece and support base are both put in the simulation analysis in order to simulate the buckling effect generated by the designed mechanism. Meanwhile, in order to reduce the number of grids, the DEFORM-3D grid fining function is used for contacting area of the punch head and workpiece. The DEFORM-3D grid fining function for the punch and workpiece are as shown in Figure 2. The minimum edge length in grid fining is 0.001 mm.


Figure 2. Schematic diagram of workpiece with fine mesh elements (a) mesh refinement (b) partially enlarged mesh.
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Since the mesh element number influences the simulation time and result, the grid convergence analysis is applied before simulation. Convergence analysis is based on the Z-axis loading. When the difference between this loading and previous loading is less than 0.1%, it means the convergence has been reached. The mesh element number is set as 50,000–150,000 with an increment of 10,000. The analysis result shows that when the mesh element number reaches 100,000, the load difference is less than 0.01%, and the result has converged. The mesh element number is 100,000 for the subsequent simulation.



First, Solidworks was used to build the entire model for stamping, including the punch head, the workpiece and the support base, as shown in Figure 3. Since this study aims at the process of micro stamping without lower die, the lower die is replaced by a support base. Therefore, the effect of support base bearing distance on the workpiece must be considered. First, CAD software, Solidworks (Version 2015, Dassault Systèmes SOLIDWORKS Corporation, Massachusetts, MA, USA, 2014), is used to draw the punch, workpieces, and lower die size for stamping. The geometry of stamping model is as shown in Figure 3. In this process of SWD, the deformation or buckling of workpieces resulted from the support base is examined. The support base is an 8 mm × 8 mm ㄇ-shaped structure. There are two types of workpieces, one is a 0.3 mm thick flat plate; the other is a 1 mm thick flat plate with a groove. The groove size is 6 mm × 6 mm and 0.7 mm deep. Three punch head angles are used, 24°, 54° and 90°. The simulation parameters are listed as shown in Table 1.


Figure 3. Stamping model specification.
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Table 1. Simulation parameters of DEFORM-3D.


	Parameter
	Condition





	Workpiece
	Al6061



	Punch angle
	24°, 54°, 90°



	Workpiece/Die
	Plastic/Rigid



	Stamping speed
	0.5 mm/min



	Stamping depth (Z)
	0.38 mm










2.2. Simulation Results and Discussion


The simulation results of SWD are shown in Figure 4. Figure 4a shows the result of flat-plate workpiece, while Figure 4b shows the result of grooved workpiece. According to the simulation results, when the stamping depth is 0.38 mm at the same punch head angle with flat plates, the workpiece is largely bent, and the workpiece is unperforated. When the workpiece is grooved and the punch angle is 24°, the workpiece is perforated. No buckling is observed, and only deformation around the outlet is shown in the simulation results. However, the workpiece cannot be perforated as the punch angle increases, and it is largely bent.


Figure 4. Schematic diagram of workpiece shape/punch angle in punch forming (a) workpiece-flat plate (b) workpiece-grooved (c) deflection of flat plate with a 24° punch head.
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This phenomenon is analyzed in the view of mechanics, where the lower die supporting the workpiece is an 8 mm × 8 mm ㄇ-shaped groove, and the distance between the application point to the bearing point is very large, which results in a very large bending moment. In stress analysis, the area other than the grooving increases the moment of inertia due to a thicker sheet. This groove contributes to enhancing the punching effect. The relationship between stamping depth (stroke) and punch load is as shown in Figure 5. The punch load is relatively high with a flat plate, and because the tapered punch is V shaped, the lateral force on the punch increases as the workpiece bends (as shown in Figure 4c), and the punch load is high.


Figure 5. Relationship between stamping depth (stroke) and punch load.
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When the workpiece is grooved, the punch at 24° has good punching result. The microhole forming process is as shown in Figure 6. When the stamping depth is 0.34 mm, the workpiece begins to be perforated, and the outlet diameter increases with the stamping depth. While the outlet is slightly bent, it is restricted to the nearby area of the outlet. This result can predict the relationship between stamping depth and perforation. The simulation results will be compared with experiments in the next section.


Figure 6. Stamping depth/punch forming relationship simulation analysis.
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3. Experimental Method and Procedure


3.1. Micro Stamping


DEFORM-3D Version 6.1 (Scientific Forming Technologies Corporation, Ohio, OH, USA, 2007) is used to simulate SWD, thus, the grooved workpiece and punch head angle (24°) has shown a better result. The simulation results show that the microholes are easier to form as the punch head angle decreases. Therefore, this experiment uses a punch at a small angle for micro stamping on the grooved workpiece.



The processing parameters for the micro stamping experiment are as shown in Table 2. The workpieces are Al6061 and C2680. The workpiece size is 25 mm × 25 mm × 1 mm, and the groove size is 6 mm × 6 mm with a depth of 0.7 mm. The micro punch head is made by reverse EDM, the tapered angle is 23.5°, and the length is 414 μm, as shown in Figure 1c.


Table 2. Micro stamping parameters.


	Parameter
	Condition





	Workpiece
	Al6061 C2680



	Punch angle
	23.5°



	Stamping speed
	0.5 mm/min



	Stamping depth (Z)
	300, 310, 320, 330, 340, 350, 360, 370, 380 μm









The workpiece (Feng An Steel Corporation, Taoyuan, Taiwan) is affixed to the engraving EDM platform with the holder, and the micro punch is mounted on the Z-axis of the EDM machine as shown in Figure 1a. The micro punch stamps the workpiece, and then it moves to the next working point, where the spacing between stamping points is 500 μm, as shown in Figure 7b. The workpiece surface is set as the origin, and the punch feeding distance is defined as stamping depth (Z). There are 9 stamping depths at intervals of 10 μm between 300 and 380 μm, as shown in Figure 7a.


Figure 7. Schematic diagram of processing mode (a) stamping depth definition (b) working point position.
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3.2. Laser Processing


The laser processing experiment is as shown in Figure 8a. The laser source is a Nd:YAG laser (LOTIS TII LS-2134UTF, Tokyo Instruments, Inc., Edogawa-ku, Japan) with second harmonic of a 532 nm wavelength. In order to discuss the effect of the defocusing distance on the hole morphology, the focusing lens focal length of 120 mm is changed; The laser processing has not specified the long and short focal lengths. The defocusing distance ranges from +0.5 mm (positive defocus) to −0.5 mm (negative defocus) with an increment of 0.1 mm, as shown in Figure 8b.


Figure 8. Laser processing experiment (a) laser mechanism (b) laser beam in different focusing arrangements.



[image: Applsci 06 00077 g008 1024]






The processing parameters of the laser drilling experiment are as shown in Table 3. The sample is the same as the Al6061 sample for the experiment in Section 3.1. The laser powers used in the experiments are 20, 30, 40 mW, which is measured by a powermeter (Ophir-NOVAII, Ophir Optics, Inc., North Andover, MA, USA).


Table 3. Experimental parameters of laser drilling.


	Parameter
	Condition





	Workpieces (Al6061)
	300 μm



	Wavelength
	532 nm



	Frequency
	15 Hz



	Pumping lamp energy
	16, 17, 18 J



	Power (Watt)
	20, 30, 40 mW



	Focal length
	120 mm









We will discuss the change of required pulses for perforation, inlet, and outlet diameter with different defocusing distance in the section later.





4. Experimental Results and Discussion


Tool maker′s microscope (OM) and Scanning Electron Microscope (SEM) are used to observe the microhole and micro punch head morphology change and size change before and after stamping. The microhole morphology after stamping is discussed, such as the inlet diameter, the outlet diameter, the influence area diameter, and prominence height. Due to the high aspect ratio of microholes, it is difficult to observe the inside of the microholes, thus, the Wirecut Electrical Discharge Machining (WEDM) cuts close to the edge of microholes, and a following grinding step is used for cross-section observation. We then discuss the microhole wall morphology.



4.1. Microhole Morphology


4.1.1. Micro Stamping


Figure 9 shows the schematic diagram of the microhole geometry definition. The OM photos are as shown in Figure 10. The stamping depth is 380 μm, and there are goffers around the microhole entry due to the stamping process. During the process, the materials around the entry is extruded by the stamping head. The stress along the direction of the bevel is in tension, while the direction normal to the bevel is in compression.


Figure 9. Schematic diagram of hole size measurement.
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Figure 10. Optical Microscope (OM) images of micro stamping hole morphology (Z = 380 μm). Scale bars = 50 µm.
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According to the stamping results, it is observed that the inlet hole is enlarged as the stamping depth increases; this phenomenon is the same in both the Al6061 and C2680; however, the plastic deformation around the inlet of Al6061 is smoother than C2680, as the Al6061 has better plastic deformability.



The inlet diameter and influence area diameter are measured by averaging the measured results in both the X-, Y-axial directions. The prominence height is a distance between the workpiece surface and prominence top and measured by averaging the four point measurements at the top of the prominence. Figure 11 shows that the inlet diameter and prominence height increase linearly as the stamping depth increases. Meanwhile, the inlet diameter of Al6061 is larger than C2680, and the diameter difference is about 4 μm with the same stamping depth. The prominence height has a linear trend with the inlet diameter, as they are related to each other.


Figure 11. Stamping depth/inlet hole geometry analysis.
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The inlet influence area diameter is as shown in Figure 11. The influence area diameter of Al6061 and C2680 workpieces has a nonlinear trend with stamping depth, and because the influence area diameter is formed from material deformation, in which the lattice extrude each other and the material flows laterally due to the V-shaped structure of the hole wall. The influence area diameter is 238–290 μm. The influence area diameter increases with the stamping depth.



The outlet diameter and influence area diameter measurement method is the same as the inlet measurement method. The measurement result is as shown in Figure 12. The stamping results of the two workpieces show that the stamping depth for Al6061 punch forming is 340 μm, whereas, the C2680 stamping depth is only 320 μm. This result matches the inlet forming result. As the C2680 material has higher stiffness, the punching result is better.


Figure 12. Stamping depth/outlet hole geometry analysis.
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The outlet diameter is analyzed in Figure 12. According to the outlet diameters of the two materials, as the punching effect contains rupture and extrusion mechanisms, it is merely ruptured when the perforation begins. The plastic forming stage comes up as the stamping depth increases. Therefore, the larger the outlet size, the better the hole quality. The outlet influence area diameter is approximately the same as the inlet influence area. The influence area diameter increases with stamping depth for both Al6061 and C2680 materials. The prominence height of the outlet increases with the stamping depth; however, the difference is slight, and may because the plastic deformation resulted from punching is low, at about 5–8 μm.




4.1.2. Laser Processing


In terms of the experimental parameters of laser drilling, the laser pumping energy is 16, 17, 18 J, and the defocusing distance is +0.5–−0.5 mm. Al6061 has a thickness of 300 μm and is perforated by laser thermal ablation. The pulse required for perforation is recorded, and the microhole size is measured.



The inlet and outlet morphologies of the laser processed holes are as shown in Figure 13. When the defocusing distance of the process is increased, the laser focus spot diameter increases, and the depth of the field increases accordingly. When the defocusing distance is +0.1–+0.5 mm, laser energy generates a keyhole due to high power density. Meanwhile, the melted material stack around the keyhole. The Heat affected zone (HAZ) width increases due to the defocusing. When the defocusing distance is −0.1–−0.5 mm, the power density of laser is not diffracted along its path as positive defocusing, thus the hole diameter is smaller. Meanwhile, the required number of laser pulse for perforation is less with negative defocusing than with positive defocusing as shown in Figure 14 it shows the relationship between defocusing distance and required pulse number for perforation. The processing time for a focal length of −0.5 mm is the shortest, and may be because the energy density of negative defocus is higher than the positive defocus. The relationship between hole depth and defocusing distance has a similar trend, where the hole depth is inversely proportional to the defocusing distance. As shown in Figure 15, while there is an inlet diameter jump with 18 J laser processing and no obvious change in outlet diameter with 16 J laser processing, the inlet and outlet diameters increases with defocusing distance in other cases. Therefore, the taper angle of holes increases with the defocusing distance. The maximum taper angle is about 9.7°. At the same defocusing distance, a negative defocus results in a larger HAZ width than a positive defocus and it is due to higher energy density.


Figure 13. OM images of laser processed holes.
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Figure 14. Relationship between positive and negative defocusing distance and pulse number for perforation.
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Figure 15. Relationship between positive and negative defocusing distance and diameter.
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4.2. Microhole Cross-Section Analysis


In order to obtain the cross-section of holes, WEDM is used to cut across the hole with a following grinding step. As shown in Figure 16b,c, It is observed that the micro tapered hole has good hole wall quality. In the stamping process, the punch head is pressed into the aluminum sheet to form a micro tapered hole, and the flow of the aluminum results in prominence around both the inlet and outlet. The DEFORM-3D simulated result is as shown in Figure 16a. The microhole cross-section by laser processing is as shown in Figure 16d, which shows the irregular cross-section. In addition, the surface roughness of a microhole cross-section is measured by a 3D surface profiler (NanoFocus µscan, NanoFocus AG, Oberhausen, Germany).


Figure 16. Microhole cross-section (a) simulated view (b) Punch-Al6061 (c) punch-C2680 (d) Laser-Al6061.
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We measured the microhole wall morphology along the depth of hole with a length of 200 μm. The result shows the surface is smoother in the microhole by stamping than by laser processing. The surface roughness, Ra, of micro stamping decreases from 1.2 to 0.8 μm, as compared with laser processing. Three holes were measured for each case. Meanwhile, the result shows that surface quality of microholes by stamping can be improved. Moreover, the variation of surface roughness is less than 5% for Al6061 and C2680.




4.3. Punch Morphology after Stamping


The punch head after stamping is as shown in Figure 17. As the punch head is formed by reverse EDM, there are discharge pits and cracks on the surface of the punch head. As the EDM process produces debris, bubbles, and secondary discharge, the punch head tip would be rounded. Therefore, the line contact is produced in the micro stamping process instead of the point contact that causes unbalance and punch head breakage.


Figure 17. Micro punch head morphology after stamping (a) OM image (b) partially enlarged SEM image.
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According to the experimental results, the Al6061 and C2680 workpieces are only punched 18 times with stamping depths of 300–380 μm. Figure 17a is an OM picture of a punch head after stamping and it shows that the punch head is not broken. Figure 17b is a magnified SEM picture of a punch head tip. It shows the punch head is not broken or worn, as the WC has higher strength and wear resistance, and aluminum and copper alloy materials are soft and have high ductility. Therefore, the experimental results prove the feasibility of a tapered punch for micro stamping.





5. Conclusions


This study proposes SWD, and the experimental results prove the feasibility. This method overcomes the bottleneck of a required lower die for micro stamping. The specific conclusions are described as follows:

	(1)

	
We have demonstrated the feasibility of stamping process by a micro-scale tapered punch head and the micro punch head is not apparently worn in the stamping process.




	(2)

	
Micro stamping produces a better micro tapered hole wall quality with Ra value of 0.8 μm than by laser processing.




	(3)

	
The stamping results of Al6061 and C2680 workpieces show that, with the same stamping depth, the prominence height at the inlet of the C2680 is lower than Al6061 (~20%). The results show that the C2680 workpiece has better micro tapered hole wall quality than Al6061.




	(4)

	
The required tapered hole morphology and size can be accurately obtained by controlling the stamping depth. The inlet and outlet diameter of microholes can be adjusted by the stamping depth or punch head angle.




	(5)

	
The micro tapered hole depth is 300 μm, and the maximum ratio of inlet to outlet diameter is 18:1.




	(6)

	
Laser processing is used to form tapered holes. Although the energy and defocusing distance can be adjusted, the largest taper angle in the experiments was 9.7°, which was smaller than the angle of 23.5° produced by the stamping process.




	(7)

	
The surface roughness of micro stamping is 33% lower than laser processing.




	(8)

	
SWD, as proposed in this study, can make the required taper angle by changing the punch angle.









While reverse EDM used in this experiment is a low throughput process, grinding punch head is an alternative method and can be used for mass production.
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