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            Abstract
          
        

        
          CFRP (Carbon Fiber Reinforced Plastic) is a composite material formed using carbon fibers and epoxy resin matrices. It has low productivity and suffers from machining defects during precision machining. Laser machining of CFRP is associated with the problem of heat damage to the epoxy resin. EDM of CFRP can process various shapes with a shaped tool, however it has a lower material removal rate compared to laser, and the non-conductive epoxy resin layer on the surface must be removed before EDM processing. In this study, we have proposed a laser EDM hybrid machining in which CFRP was pre-processed with a laser and then post-processed by EDM. The laser pre-processing conditions were selected by adjusting the laser power and the number of repetitions to minimize thermal damage. According to EDM conditions, the size of the thermal damage area occurring in the epoxy resin, the change in the side gap, and the change in the processing time were investigated. Using the hybrid processing, micro-holes with a diameter of 150 μm were machined, and square-shaped micro-holes were also machined. To improve productivity, a multi-tool capable of processing four square shapes was manufactured, and multi-processing was performed.
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      1. Introduction
      CFRP (Carbon Fiber Reinforced Plastic) is a composite material using carbon fibers and epoxy resin matrices. It is widely used in various industries such as aviation, automobiles, ships, sports, medical, electronics, robotics, and defense. It has been in the spotlight for its excellent properties such as light weight, high strength, high elasticity, abrasion resistance, and fatigue characteristics [1]. However, precision machining of CFRP is difficult due to the heterogeneous properties of carbon fiber and epoxy resin. Defects such as delamination, fiber pull out, burrs, uncut fiber and thermal damage are easy to occur during cutting such as drilling and milling, and high tool wear is also a problem [1-3]. Various non-conventional machining methods are also being used in CFRP processing. Among them, laser machining is capable of processing CFRP from a large area to a small area without considering tool wear and cutting force [4]. For precise micro-shapes, picosecond pulses are used [5], and good shape processing is also possible even with nanosecond pulses [6]. The author also studied micro machining of CFRP using nanosecond pulses [7]. However, there is a problem in that extensive thermal damage occurs to the heat-sensitive epoxy resin during laser processing of CFRP [3].

      CFRP machining using EDM can process various shapes depending on the shape of the tool electrode. Since EDM is a non-contact machining resulting in almost no cutting force, so precise shape machining without delamination or burr is possible [8]. For micro machining, it is possible to make micro holes in CFRP using EDM [9]. However, EDM is generally slower than laser machining. There is a problem that the non-conductive epoxy resin layer on the surface of the CFRP must be removed before EDM processing [10]. To make up for the shortcomings of EDM of CFRP and increase productivity, a hybrid machining of drilling and EDM deburring was researched [11]. However, this process was not applied to make various shapes other than the circular hole shape.

      In this study, the hybrid machining of CFRP using laser and EDM was proposed. After pre-processing with a laser to minimize thermal damage, post-processing with EDM was performed to machine the micro-shape. By using EDM tools with various shapes, not only circular but also square shaped micro-holes were machined. In addition, multi-processing using multi-tool was attempted to improve productivity.

    

    

  
    
      2. Experimental Set Up
      In this experiment, Ytterbium Pulsed Fiber Laser (K2 Fiber 20, K2 Laser System, Korea) with a wavelength of 1,064 nm was used. It is adjustable from 10-95% based on the maximum power of 20 W, the maximum frequency is 200 kHz, and the maximum scan speed is 3,000 mm/s. EDM machine was manufactured in the laboratory. It has XYZ axis with the tool rotation, and uses an RC type EDM power. The EDM tool was made of tungsten carbide with a diameter of 0.5 mm, and was manufactured to various shaped microelectrodes through WEDG. As the dielectric fluid, EDM oil (EDM OIL 100, Universal Oils, Korea) was used. For a multi-processing, SS304 with a diameter of 1.0 mm was used as a multi-tool electrode, and deionized water was used as the dielectric fluid. The CFRP specimen is plain woven type and has a thickness of 0.5 mm (Muhan Carbon, Korea).

    

    

  
    
      3. Feasibility Test of Laser EDM Hybrid Machining
      In Fig. 1 shows the machined rectangular shape by hybrid process with pre-processing by laser and post-processing by EDM. Laser processing conditions were 95% power, 20 kHz frequency, 600 mm/s scan speed, and 800 repetitions. For EDM, a square tool with a side of 310 μm was used, and 120 V and 94 nF were used. After laser pre-processing, the size of the square shape was 265 μm on the front side and 132 μm on the back side. After EDM post-processing, the size of the square shape was 353 μm on the front side and 343 μm on the back side. After EDM, the overall size increased due to the size of the square tool (310 μm), but the taper was decreased from 14.9 degrees after laser to 1.1 degrees after EDM. So a square shape with almost no taper could be processed. However, after laser machining, thermal damage occurred widely around the machined area, which could not be removed even after EDM. Therefore, it is necessary to reduce the laser thermal damage area in order to produce a precise shape after EDM.

      
        
        

        Fig. 1 
				
        

        
          Square shape machining on CFRP using hybrid machining for feasibility test: after laser pre-processing (a) Front view, (b) Backside view; after EDM post-processing (c) Front view, and (d) Backside view
        
        

        

      

    

    

  
    
      4. Results and Discussion
      
        4.1 Laser Pre-Processing
        In order to reduce the wide thermal damage in the laser pre-processing step, the laser power and the number of repetitions were reduced. Fig. 2(a) shows a case of 50% laser power and 10 repetitions. Although the wide and deeply damaged areas were reduced, a large area was still thermally damaged. Fig. 2(b) shows a case of 30% laser power and 5 repetitions, and it shows that there is very little thermal damage around the machined area. A very small thermally damaged area is not a problem since it is included in the machining area of EDM post processing. Although the amount of laser processing in the depth direction was relatively small, 30% power and 5 repetitions were selected as laser conditions because wide and deep thermal damage could not be removed even after EDM. Fig. 2(c) shows the result of processing a rectangular shape under the conditions of 30% power and 5 repetitions.

        
          
          

          Fig. 2 
				
          

          
            Laser machining results with different conditions: (a) 50% power and 10 repetitions, (b) 30% power and 5 repetitions, (c) 30% power and 5 repetitions (square shape)
          
          

          

        

      

      
        4.2 EDM Post-Processing
        Fig. 3 shows the result of EDM post-processing of a circular shape after laser pre-processing. In the laser pre-processing, a circular shape was machined with 30% power and 5 repetitions. The EDM tool size is 233 μm. As shown in Fig. 3(a), under the EDM conditions of 120 V and 10 nF, thermal damage occurred in which the epoxy resin melted widely in the carbon fiber direction due to the heat generated during EDM. In Fig. 3(b), slight thermal damage occurred around the hole on the back side. As shown in Figs. 3(c) and 3(d), under the EDM conditions of 90 V and 10 nF, the discharge energy was relatively small, so it was possible to machine a shape with a very small thermal damage area around the machined hole after EDM post-processing.

        
          
          

          Fig. 3 
				
          

          
            Machined holes by laser EDM hybrid process with different EDM conditions: 120 V, 10 nF (a) Front view, (b) Backside view; 90 V, 10 nF (c) Front view, (d) Backside view
          
          

          

        

        To analyze the size of thermal damage after EDM post-processing, the thermal damage area ratio was calculated as follows.
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        In the case of 120 V and 10 nF in Fig. 3(a), the thermal damage area ratio is larger than in the case of 90 V and 10 nF in Fig. 3(c).

        Fig. 4 shows the thermal damage area ratio according to voltage in EDM post-processing. In this case, the capacitor is 10 nF, and the tool size is 233 μm. As the voltage increases, the thermal damage area ratio increases. Fig. 5 shows the thermal damage area ratio according to the capacitor in EDM post-processing. In this case, the voltage is 100 V and the tool size is 215 μm. As the capacitor increases, the thermal damage area ratio also increases. That is, if the discharge energy increases, more heat is generated during EDM, so the thermal damage area increases.

        
          
          

          Fig. 4 
				
          

          
            Thermal damage area ratio according to voltage in EDM post-processing (capacitor: 10 nF, tool size: 233 μm)
          
          

          

        

        
          
          

          Fig. 5 
				
          

          
            Thermal damage area ratio according to capacitance in EDM post-processing (voltage: 100 V, tool size: 215 μm)
          
          

          

        

        Fig. 6 shows the machining time and the side gap according to the voltage in EDM post-processing. In this case, the capacitor is 10 nF and the tool size is 233 μm. When the voltage was 90 V, the side gap was the smallest at 25 μm. In the case of 90 V and 110 V, the machining time was almost the same, and in the case of 120 V, the shortest machining time was 13 minutes.

        
          
          

          Fig. 6 
				
          

          
            Machining time and side gap according to voltage in EDM porst-processing (capacitance: 10 nF, tool size: 233 μm)
          
          

          

        

        Fig. 7 shows the micro holes with a diameter of 150 μm by using hybrid machining. In the laser pre-processing step, it was processed to a size of 100 μm. In the EDM post-processing step, conditions of 100 V and 5 nF were used, and the tool size was 125 μm. The EDM machining time was 9 minutes, and it was observed that the epoxy resin was slightly melted around the machined holes after EDM.

        
          
          

          Fig. 7 
				
          

          
            Micro holes with a diameter of 150 μm by using hybrid machining: (a) After laser pre-processing (30% power, 5 repetitions); after EDM post-processing (100 V, 5 nF, too size 125 μm) (b) Front view, (c) Backside view
          
          

          

        

      

      
        4.3 Square Shape Machining
        In this experiment, a rectangular shape was machined as shown in Fig. 8. In the laser pre-processing, a square shape was processed. Then, EDM post-processing was performed using a square tool with a side of 210 μm. In this case, EDM conditions were 100 V and 10 nF. The tool can be rotated when machining a circular shape, but it is impossible to rotate the tool when machining a square shape. Therefore, the removal of debris and the supply of dielectric fluid in the machining area were relatively difficult, so the machining time was increased to 41 minutes. The size of the machined rectangle is 247 μm on one side. After EDM post-processing, the epoxy resin melted in the direction of carbon fiber on the front side. This is because the thermal damage is increased due to the prolonged machining time and unstable machining environment caused by non-rotation of the tool.

        
          
          

          Fig. 8 
				
          

          
            A square shape by hybrid machining with laser pre-processing (30% power and 5 repetitions) and EDM post-processing (100 V and 10 nF): (a) Front view, (b) Backside view
          
          

          

        

      

      
        4.4 Multi-Processing Using Multi-Tool
        In order to improve productivity, a multi-tool capable of processing four square shapes was manufactured, and multi-processing was performed using this multi-tool in EDM post-processing. A SS304 shaft with 1mm diameter was used to fabricate four rectangular multi-tools using wire electrodes. As shown in Fig. 9, the outer four sides were machined to make a rectangle (steps 1 to 4). Then, by machining in to a cross shape (steps 5 to 6), four square multi-tools are completed. In this case, EDM conditions were 125 V and 97 nF, and the total processing time was 97 minutes. The length of one side of the rectangle is 140 μm. Fig. 10 shows the multi-tool after being used for CFRP multi-processing, and it can be seen that the tool tip is worn out.

        
          
          

          Fig. 9 
				
          

          
            Fabrication procedure of multi-tool (outer four sides machining: steps 1 to 4, cross shape machining: steps 5 to 6)
          
          

          

        

        
          
          

          Fig. 10 
				
          

          
            Multi-tool (after being used for CFRP multi-processing)
          
          

          

        

        In EDM post-processing using multi-tool, since the discharge gap is not controlled for each hole during discharge, machining stability and efficiency may be reduced. Increased machining area and no tool rotation also reduce machining stability. Using the multi-tool, there were many electrical shorts between tool and workpiece, and the machining did not proceed well in the depth direction. Therefore, the amount of machining in laser pre-processing was increased in order to reduce the amount of machining in EDM post-processing. As laser conditions, 80% power and 200 repetitions were used, and the size of the processed shape was reduced by repeatedly irradiating one point. A total of 4 holes were pre-machined with a laser according to the size of the multi-tool. As shown in Fig. 11(a), after laser pre-processing, thermal damage occurred around the machined area. In EDM post-processing, 125 V and 47 nF was used because of the large machining area of multi-processing. Deionized water was used as a dielectric fluid. The EDM machining time was 14 minutes. Figs. 11(b) and 11(c) shows the front and back sides after EDM post-processing. In conclusion, multi-processing is possible, but the machining shape accuracy is not high. Further research is needed to improve machining shape accuracy in multi-processing.

        
          
          

          Fig. 11 
				
          

          
            Multi-processing of 4 square shapes with multi-tool by hybrid machining: (a) After laser-pre-processing (80% power, 200 repetitions); after EDM post-processing (125 V, 47 nF) (b) Front view, (c) Backside view
          
          

          

        

      

    

    

  
    
      5. Conclusion
      In this paper, micro machining of CFRP using laser and EDM was studied. In the laser pre-processing step, thermal damage was minimized by controlling the laser power and the number of repetitions. As a result of the experiment, the conditions of 30% power and 5 repetitions were selected. In the EDM post-processing, the size of the thermal damage occurring in the epoxy resin, the change in the side gap, and the change in the machining time were investigated according to the EDM conditions. The thermal damage size was analyzed through the thermal damage area ratio. In the case of high discharge energy, thermal damage occurred widely around the machined area after EDM post-processing. When the discharge energy is reduced, it is possible to machine the shape with little to no thermal damage after EDM post-processing (ex. 90 V and 10 nF). By using the hybrid machining, micro-holes with a diameter of 150 μm were machined, and a square-shaped hole with a side length of 247 μm was also machined. To improve productivity, multi-processing that can process 4 square shapes was tested. In order to increase the machining stability and efficiency of EDM in multi-processing, the amount of laser pre-machining was increased and the amount of EDM post-machining was reduced. As a result, four square holes were machined by multi-processing. But, the machining shape accuracy was not high, so further research on improving machining shape accuracy is needed.
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