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Abstract

:

Featured Application


Cutting an aluminum foil by using an un-traveling tungsten wire.




Abstract


Microslit cutting in aluminum foils is considered to be difficult as aluminum foils have low hardness and deformability. In this study, a novel cutting method is proposed where a tungsten microwire is utilized as the tool to cut aluminum foil without tool traveling or spinning. A statics simulation is first performed to analyze the cutting mechanism. Further, a tungsten wire with a diameter of 50 μm is utilized as the tool and a series of experiments are carried to discuss how the feeding rate influences slit width and roughness. With optimal parameters, it takes only 100 s to fabricate a 5 mm long microslit with an average width of 48.75 μm, width standard deviation of 1.48 μm, and surface roughness of 0.110 μm when applying initial/secondary velocity of 50/50 μm·s−1.
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1. Introduction


Aluminum and its alloys are widely used in many industries owing to its excellent thermal conductivity, electrical conductivity, extensibility and low density [1,2]. For instance, aluminum is used in producing heat sinks with multislit structure [3]. Though it has a poorer thermal conductivity than copper, its low density makes aluminum become more popular in aviation and aerospace [4]. In microelectromechanical systems (MEMS) field, aluminum is processed into various shapes as a core mandrel, which can be utilized to electrochemical forming small and microparts with complex internal cavities, such as corrugated horn antennas and micro waveguides, etc. [5]. Besides, precision aluminum disks are used extensively for hard-drives in the computer industry and precision aluminum mirrors are used in numerous optical applications as in lasers and rotating mirrors in copying machines [6,7].



However, aluminum microstructures are difficult to cut in certain aspects due to its low hardness and deformability, especially for those from aluminum foils [8]. Traditional wire/blade saw cutting uses wire or blade made by cemented carbide or diamond as tools to cut workpiece by tool traveling or spinning, which cannot fulfill the feature scale as well as machining accuracy, and serious bending deformation will appear because of vibrations from the relative motion and extrusion between tool and foil [9,10]. What is more, slits with microscales are difficult to fabricate in aluminum foils due to the limitation of tool size. As a result, straight and smooth slits cannot be stably machined in aluminum foils with a thickness of 100 μm. Wire electrical discharge machining (WEDM) and wire electrochemical machining (WECM) are two typical contactless cutting methods. In WEDM, the material is melted and vaporized by the heat generated in electric spark and the material removal rate is relatively fast compared with WECM. However, the overlapping machined surface is made up of the recast layer and heat-affected zones, leaving poor surface roughness [11,12]. Contrary to WEDM, WECM removes material by controlled electrochemical reactions rather than thermal energy. The anode material is dissolved into electrolyte ionic by ionic. Though it avoids the trouble of white layer and heat-affected zones, low efficiency, and stray corrosion are the main drawbacks in cutting aluminum foils [13,14]. Besides, either in WEDM or WECM, the wire electrode needs to move along the axial direction to refresh electrolytes and remove processing products. When fabricating microstructures, the especially designed fixture is required to avoid vibration of the micro-wire electrode [15]. Laser cutting is another contactless machining method that employs a focused laser beam to generate high power and vaporize the material. The advantage of this method is that it has high efficiency and machining accuracy. However, the equipment cost of laser cutting is rather expensive, especially femtosecond laser machining. Besides, as aluminum has a low absorption rate of laser and low melting point, the processing speed is limited, and spherical slags will appear around slit edges [16].



In this study, a new cutting method is proposed where an ordinary tungsten micro-wire is utilized as the tool to cut aluminum foil without tool traveling or spinning. It is assumed that a tungsten wire with a diameter as small as a cutting tooltip could cut aluminum foil merely by a feeding movement along with the slit profile, as tungsten has much higher strength than aluminum [17,18]. This study aims to analyze the brief principle of this proposed method and experiments are carried out to verify its performances on yielding micro-slits in aluminum foils. Further, process parameters are optimized in order to obtain straight and smooth slits.




2. Principle


Figure 1 shows the process of slit cutting with a tungsten micro-wire. Briefly, the process can be divided into four steps. In the first step, the tungsten micro-wire contacts with the aluminum foil and gets bent, generating tension, as shown in Figure 1a. In second, the tension reacts to the aluminum foil and causes stress concentration at the foil edge, as shown in Figure 1b. Due to the sensitive plasticity of aluminum, the plastic strain will occur around the tungsten wire, resulting in a small “breach” [18]. The goal of this step is to generate enough power for cutting aluminum foil as well as to produce the breach for stress concentration [19]. The wire feeding rate in this step namely initial velocity is relatively slow, usually ranging from 10 μm·s−1 to 50 μm·s−1. In third, the cutting process gets easier and faster because the breach maintains along the cutting trajectory. The wire feeding rate of this step namely secondary velocity can reach 500 μm·s−1, as shown in Figure 1c. At last, the tungsten wire returns along the cutting path to the initial position, preparing for the next slit, as shown in Figure 1d.



Essentially, this cutting method is not much different from traditional mechanical cutting. The diameter of the tungsten microwire used in this process is dozens of micrometers. Keeping the feeding motion of tungsten wire, plastic deformation will take place at the foil edge and stress will gradually generate. Once the stress exceeds the tensile strength of aluminum, a breach, and then a slit will generate.



A statics simulation is performed via Abaqus software to analyze the second step of generating the cutting force and producing the breach [20]. First, the initial contact force   ( F  ) is calculated by the elongation of the tungsten wire. Figure 2 shows the force model and the analysis of the simulation. Let the cross-sectional area of tungsten wire be  S , the original length of tungsten wire be  L , and its elongation be   Δ L  . Besides,  d  is the opening width of the wire fixture and  θ  is the angle between tungsten wire and aluminum foil in the process. According to the definition of elastic modulus and the preload force (   F d   ) gained when fixing tungsten wire,    F p    is derived as follows:


   F P  =  E 1   S L  Δ L +  F d  =  E 1   S L  d  (   1  s i n θ    )  +  F d  .  



(1)







The initial contact force ( F ) can be obtained by employing force synthesis principle and written as


  F = 2  F P  c o s θ = 2  [   E 1   S L  d  (   1  s i n θ    )  +  F d   ]  c o s θ .  



(2)







In present work, the tungsten wire used is 50 μm in diameter with original length ( L ) of 115 μm. The preload force is set at 5 N when fixing this kind of tungsten wires and the opening width of the wire fixture ( d ) is 2 mm. During experiments, the angle between tungsten wire and aluminum foil ( θ ) is measured to be 75°. As a result, the initial contact force ( F ) can be calculated referring to Equation (1) and the value is 2.01 N.



Second, a series of parameters necessary for simulation are set, as summarized in Table 1. In this simulation, the back of aluminum foil is fixed and all its freedom degrees are limited as boundary conditions. Hexahedron mesh is employed for the finite element calculation. The stress and deformation distributions are shown in Figure 3. Obviously, the von Mises stress near the breach is much higher than in other areas and exceeds the rupture strength of aluminum. As a result, a straight slit with great width consistency can be machined.




3. Experiments


The experiments were carried out on a specially designed machine tool, as shown in Figure 4. The fundamental component is a three-axis stage fixed on a platform. Its maximum travel length is 50 mm (X-axis) × 25 mm (Y-axis) × 100 mm (Z-axis). The tungsten wire is put in a small cube made by (polymethyl methacrylate) PMMA where a trench is pre-processed. Meanwhile, the aluminum foil is put on a fixture made by epoxy resin and a PMMA pad is employed to avoid surface scratch and deformation.



In this work, the aluminum foil is 100 μm in thickness and the tungsten micro-wire is 50 μm in diameter. In previous trials, a tungsten wire with a diameter of 25 μm is easily broken while a tungsten wire with a diameter of 100 μm is too thick and tends to bend aluminum foil. Further, a set of parameters is selected to investigate their effects on slit cutting performances. The chemical composition of aluminum foil is listed in Table 2 and primary machining conditions used for experimental tests are shown in Table 3.



Afterward, the slit dimensions were measured using a 3D profilometer (DVM5000, Leica, Wetzlar, Germany) and a scanning electron microscope (SEM: S-3400N, Hitachi, Tokyo, Japan) was used to observe 3D views. In addition, a 3D measurement laser microscope (OLS4100, OLYMPUS, Tokyo, Japan) was employed to measure surface roughness.




4. Result and Discussion


4.1. Width Consistency of Slits


During the experiment, the slit length was 5 mm. At first, the aluminum foil was machined under the initial velocity for 1 mm as the tungsten wire needs to generate tension and produce a breach. At this position, the stress generally exceeds the tensile strength of aluminum according to Figure 2, preparing for the second stage. After finishing the first stage, the cutting process is paused for several seconds. Afterward, the aluminum foil was machined under secondary velocity till the preset length.



Considering the slit machined is rather long compared with its width, the width consistency should be a central index to assess machining quality. Figure 5 shows the SEM micrographs of slits using different initial and secondary velocities. It is observed that plastic flow exists at both sides of each slit. In the cutting process, material near the slit is extruded and plastic bulge deformation appears. As a result, these regions will be a little bit thicker than other regions for about 2 to 5 μm, as shown in Figure 6.



In this study, eight measure points were sequentially selected on each slit to obtain average width and standard deviation. The first measure point was 0.5 mm away from the kerf and the interval was 0.5 mm between the two measure points. Figure 7 shows the width data of each slit and the average width of each slit as well as standard deviation. It can be observed that the average width of each slit is between 44.82~48.75 μm, which is a little smaller than the diameter of the tungsten wire. It is probably caused by minor elastic deformation between tungsten wire and aluminum foil. After cutting, the slit will spring back slightly. Besides, the machined slits are rather straight and have great width consistency.



For a single slit, the width machined under initial velocity shows no difference from the width machined under secondary velocity. The maximum width standard deviation is 2.95 μm with an average width of 47.94 μm, which proves this method has great stability. In addition, it is worth mentioning that slits machined with an initial velocity of 25 μm·s−1 show the best consistency compared with others as shown in Figure 8.




4.2. Surface Roughness


For each slit, 5 areas on its sidewall were randomly selected to measure surface roughness. Figure 9 shows the 3D views of some slit side walls machined under different velocities. The average roughness is summarized in Figure 10.



It is observed that the average roughness Ra that increases with secondary velocity becomes fast. At the initial velocity of 50 μm·s−1, the average roughness Ra is 0.110 μm when the secondary velocity is 50 μm·s−1 and it increases to 0.225 μm when the secondary velocity is 500 μm·s−1. With the increase of the feeding rate, the tungsten micro-wire does not have enough time to cause smooth plastic deformation in aluminum foil, leaving a rough surface.



It is also observed that the average roughness Ra is higher when the initial velocity reduces to 25 or 10 μm·s−1, where the average rough Ra is 0.194 μm and 0.206 μm with the secondary velocity at 50 μm·s−1, as shown in Figure 9. That is because when the secondary velocity is much faster than the initial velocity, the cutting process is not so smooth when changing the feeding rate, which reduces the surface quality of the machined surface.





5. Conclusions


In this study, a novel cutting method for aluminum foil is proposed where an un-traveling tungsten micro-wire is utilized as the tool. It only needs one feeding motion without tool traveling or spinning. According to simulation and experiments, conclusions could be drawn:



For an aluminum foil with a certain thickness, a tungsten wire with a moderate diameter can fulfill the cutting process. The wire first feeds at a low velocity to contact the foil edge and generate enough tension. Due to the sensitive plasticity of aluminum, plastic strain in the form of a breach will occur.



For a single slit, the width machined under initial velocity shows no difference from the width machined under secondary velocity, which is a little smaller than tool diameter. Among all slits, the width standard deviation is less than 3 μm with an average width of around 47 μm, which shows great width consistency.



The roughness of the slit side wall is mainly determined by secondary velocity. The roughness increases fast with secondary velocity and a smoother surface can be obtained when the initial velocity is close to the secondary velocity. The best surface roughness is 0.110 μm.
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Figure 1. Process of cutting aluminum foil with a tungsten microwire: (a) the first step; (b) the second step; (c) the third step; (d) the fourth step. 
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Figure 2. The force model and analysis of simulation. 
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Figure 3. Simulation result: (a) stress; (b) deformation. 
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Figure 4. Experimental apparatus: (a) machining tool; (b) fixture enlargement. 
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Figure 5. SEM micrographs of slits machined using different initial and secondary velocities: (a) 10 and 50 μm·s−1; (b) 10 and 500 μm·s−1; (c) 50 and 50 μm·s−1; (d) 50 and 500 μm·s−1. 
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Figure 6. The tiny bulge near the machined region. 
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Figure 7. Width data of slits with different initial velocities: (a) 10 μm·s−1; (b) 25 μm·s−1; (c) 50 μm·s−1. 
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Figure 8. Summary of measurement result: (a) average slit width; (b) standard deviation. 
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Figure 9. 3D views and profiles of the side wall of slits under different initial and secondary velocities: (a) 50 and 50 μm·s−1; (b) 50 and 500 μm·s−1: (c) 25 and 50 μm·s−1; (d) 10 and 50 μm·s−1. 
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Figure 10. Average roughness of slit side walls using different initial and secondary velocities. 
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Table 1. Simulation parameters.






Table 1. Simulation parameters.





	Parameter
	Value





	Size of aluminum foil
	300 × 250 × 100 μm



	Diameter of tungsten wire
	50 μm



	Poisson’s ratio of tungsten
	0.28



	Poisson’s ratio of aluminum
	0.33



	Elastic modulus of tungsten
	380 GPa



	Elastic modulus of aluminum
	70 GPa



	Yield strength of aluminum
	30 MPa



	Rupture strength of aluminum
	90 MPa



	Initial contact force
	2.01 N










[image: Table] 





Table 2. Chemical composition of aluminum foil.






Table 2. Chemical composition of aluminum foil.





	Composition
	Content





	Al
	99%



	Fe
	˂0.7%



	Si
	˂0.5%



	Rest
	˂0.2%
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Table 3. Machining conditions.






Table 3. Machining conditions.





	Parameter
	Value





	Tungsten wire diameter
	50 μm



	Aluminum foil thickness
	100 μm



	Initial velocity
	10, 25, 50 μm·s−1



	Secondary velocity
	50, 100, 250, 500 μm·s−1











© 2020 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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