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Recently, most of the conventional (industrial) materials such as steel, aluminum, and copper are being replaced by composite materials. Among the various composite materials, CFRP material is one of the most popular materials in many industries due to its excellent mechanical properties like-high strength, high modulus, compressive strength, etc. However, the micro hole in micro EDM drilling in the CFRP composite material is challenging due to fiber orientation, uneven distribution of conducting fiber, and delamination affecting the material removal rate (MRR) and micro hole quality performance. The objective of the article is to optimize the process parameters for optimum hole quality in the micro EDM drilling of CFRP composites. For this purpose, response surface methodology is applied to investigate the effect of the input process parameters which are voltage, capacitance, and tool rotation speed on material removal rate, roundness error, and tapper of the micro-hole. The experiments have been conducted according to the box behnken design of experiments. Regression equations, and response surfaces are developed. Optimum responses are determined by the desirability function approach. The experimental investigation shows that capacitance is the highly significant factor among the input process parameters affecting hole quality output responses such as material removal rate, roundness error, and tapper. The MRR increases with increasing the capacitance and tool rotation speed initially but its value decreases on further increasing the capacitance at a particular voltage. Roundness error and the tapper initially decrease on increasing capacitance and tool rotation speed then increases. The optimum material removal rate and hole quality are obtained in a range of 150–250 nF capacitance, and 1400–1600 rpm tool rotation speed, at 100 voltage.
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1 INTRODUCTION
Recently, the miniaturization of industrial products has increased our living standards. Microchips, sensors, laptops, and cell phone micro-components are impressive examples of miniaturization (Takahata and Gianchandani, 2002). The Micro features-based micro product increases the efficiency of the system due to its small size and lightweight. The micro-holes are one of the important micro-features of micro products of many industries like electronics, aerospace, environment, biomedical, automotive, etc (Kumar et al., 2020). Most of the micro products having micro holes are manufactured with composite material due to its excellent mechanical properties such as high strength and lightweight. For example, printed circuit boards and gas turbine blades a remanufactured by CFRP composites having micro holes (Masuzawa, 2000; Wang and Han, 2014).
Micro holes are produced by various manufacturing methods, including micro-electrical discharge (µEDM), electron beam, laser beam micromachining, ultrasonic micromachining, and mechanical micro-drilling processes (Eckart, 2010; Sivaprakasam et al., 2021). Among the various micro-drilling processes, µEDM drilling process produces micro holes by electron discharge method in the electrically conductive materials. During the material removal process, the tool and workpiece are not in contact, and the material of the workpiece melts and evaporates due to the high temperature produced by electron discharge process. The material removal process is affected by electrode voltage, capacitance, tool rotation, and pulse rate rather than the mechanical properties of the workpiece such as tensile strength, hardness, toughness, chatter, and vibration (Rajurkar et al., 2006; Teimouri and Baseri, 2012a; Teimouri and Baseri, 2012b; Teimouri and Baseri, 2013; Ji et al., 2014). The µEDM process has potential to produce micro holes with high dimensional accuracy and repeatability (Satyarthi and Pandey, 2013). However, downscaling of the tool diameter of the electrode shows significant differences of the material removal mechanism of the µEDM drilling process from macro-EDM processes (Masuzawa, 2000; Wang and Han, 2014). The electrode diameter of the macro-EDM is larger than the µEDM which mainly changes the discharge of the pulse affecting the energy density on the hole surface. In the macro-EDM, discharge pulses are generated for a longer time, and plasma is spread over the large surface area of the macro hole. Workpiece material is removed from the large surface area and the material is considered as homogenous. The amount of debris can be ignored due to the large diameter. On the other hand, in the µEDM process, the discharge pulses are produced for a short time and the plasma spread over a particular grain and material cannot be considered as homogeneous material. The effect of debris on the hole quality cannot be ignored in the µEDM. The effect of debris is amplified in the composite material due to fiber orientation (Liu et al., 2016).
Most of the research works that have been carried out in the micro EDM are related to metallic materials (Eckart, 2010). Kadirvel et al. (Kadirvel et al., 2013) conducted experiments on the machining of EN24 die steel with different electrodes such as tungsten, copper, copper tungsten, and silver tungsten using µEDM and found that the material removal rate (MRR) depends on the internal electrode gap and overcut is higher at maximum MRR. Kuriakose et al. (Kuriakose et al., 2020) explained that tool rotation speed is one of the important factors in µEDM drilling of metallic glass. The tool rotation speeds affect the edge, taper angle, deviation, and overcut significantly. Micro EDM drilling in the CFRP composite material is challenging due to the micro range of tool diameter, anisotropic mechanical properties, fiber orientation, uneven distribution of conducting fiber, and delamination (Lau et al., 1990; Teicher et al., 2013; Park et al., 2015; Ahmad, 2016). Teicher et al. (Teicher et al., 2013) observed that low pulse energies produce a low material removal rate but a low pulse reduces tool wear and increased surface quality in the micro EDM drilling of the CFRP. Kumar et al. (Kumar et al., 2018) investigated the maximum MRR in µEDM drilling of CFRP composite with influence of input process parameters using Taguchi design of experiments and analysis of variance (ANOVA) and determined the maximum MRR at the high voltage and capacitance. Dutta et al. (Dutta et al., 2020) applied Grey relational analysis to optimize the micro-hole quality in terms of hole dilation in the CFRP material and observed that voltage is one of the input factors affecting the hole quality.
After reviewing the literature, it can be concluded that a few articles describe the effect of the input process parameter on the micro-hole quality in the micro EDM drilling of composite materials and the optimization of more than one input parameter simultaneously is also rear in the literature. Therefore, it is necessary to carry out research to analyze the effect of the input process parameters on the material removal rate (MRR) and hole quality in the micro EDM drilling of the CFRP composite using statistical modeling techniques. RSM modeling method provides a way to establish the relationship between more than one parameter simultaneously and optimization can be done by the desirability function approach. Thus, the objective of the article is to investigate the optimum hole quality and MRR to the input process parameter including capacitance, voltage, and tool rotation speed using RSM in the micro EDM drilling of CFRP composite. Design of experiment is based on the Box-Behnken method having three factors and three levels with three center points. The adequacy of the model is evaluated by ANOVA analysis and response surfaces are developed to show the trend of hole quality properties to the input parameters. The optimum hole quality and MRR are predicted by the desirability function approach. The predicted results are also compared with experimental results.
2 MATERIALS AND METHODS
For requirements, the workpiece material is CFRP composite. The fiber volume is approx. 55% and the rest is covered with the help of epoxy material as shown in Figure 1A. The epoxy is used as a matrix in the CFRP composite material which binds the reinforced fiber together. The epoxy is selected because it has high adhesive and wear resistance that increases the flexibility and durability of the CFRP (Uthaman et al., 2020a). Brinell hardness of the CFRP is 100.05 BHN (Ghani et al., 2019). The dimensions of the workpiece are 25 mm × 25 mm × 0.6 mm. To uncover the carbon fiber layer for better conductivity, the top surface of the CFRP was rubbed using sandpaper.
[image: Figure 1]FIGURE 1 | (A) CFRP Workpiece material (B) Tool and (C) SEM image of drill bit.
A solid flute Tungsten Carbide drill bit is used as a tool electrode because it has high hardness, melting point, and heat-resistant capacity (Uthaman et al., 2020b). The dimension of the tool electrode is 5 mm of drilling length with 250 microns diameter as shown in Figure 1B, C respectively. The Experiments have been performed on CNC EDM Micro Machining Centre (Mikrotools DT-110) as shown in Figures 2A, B. Position feedback scales have a resolution of 0.1 μm and working table dimensions are X-200 mm, Y-100 mm, and Z-100 mm. The spindle speed range is up to 3000 RPM. The micro drilled hole quality is evaluated by roundness error, tapper angle, and material removal rate with the influence of input process parameters that are voltage, capacitance, and rotation speed of tool electrode. Experiments were conducted using the Box-Behnken method of design of experiments of response surface methodology (Anand and Patra, 2018). Box-Behnken designs are used to generate higher-order response surfaces required fewer experimental run than a normal factorial experimental runs. Box-Behnken designs are independent quadratic designs that do not contain an embedded factorial or fractional factorial design. Design treatments are at the midpoint of the edge of the process space and the center requiring three center points. Three factors and three levels have been used as given in Table 1. The levels of input parameters are selected on the basis of the range of CNC EDM Micro Machining Centre and previous work also shows that the level of the parameters frequently used in micro EDM drilling of CFRP composite as mentioned by Kumar et al. (Kumar et al., 2018).
[image: Figure 2]FIGURE 2 | (A) Experimental setup and (B) tool and workpiece assembly closed view.
TABLE 1 | Design of experiments.
[image: Table 1]In the Micro EDM drilling of the CFRP, the micro hole quality is not only depend on the process parameters but also depend on the material properties such as orientation of carbon fibre. Material removal process is different at different fiber orientation which cannot be controlled. In the present work, the fibre orientation is not considered and the deviation of the experimental results is neglected by taking average value of the hole quality of the three times experimental results of the same input process parameters with fresh tools and average values are used as output responses. The MRR, roundness error, and tapper of the hole are determined by taking the difference of the average value of the top and bottom circumference of the micro holes. The average value of the top and bottom circumference is calculated by an average value of the inner and outer circle circumference of micro holes as shown in Figure 3A.
[image: Figure 3]FIGURE 3 | Hole quality parameters (A) roundness error (B) tapper.
The tapper parameter is shown in Figure 3B. The MRR, roundness error, tapper angle, and are calculated using Eqs. 1 2, 3 respectively.
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To establish a relation between input factor and output response, response surface methodology has been applied. Second-order polynomials which are a non-linear functions having linear, interacting, and power terms are used in the modeling of several manufacturing processes as given by Eq. 4 (Uthaman et al., 2020a).
[image: image]
Where [image: image] is free term and coefficients [image: image], [image: image] and [image: image] are linear, interacting, and quadratic terms respectively. Xi represents the input parameters which are tool rotation speed, capacitance, and voltage. y is the output parameters which are roundness error (RE), tapper, and MRR. Since input parameters (tool rotation speed, voltage and capacitance) have different units and different ranges in the experimental data set, In the RSM techniques, the regression equations are not developed on the physical variable. The input process parameters are normalized known as coded variables which are dimensionless variable that range from −1 to 1 (Assarzadeh and Ghoreish, 2013). To optimize the responses, the desirability function approach widely used in the optimization of multiple response processes has been applied. Harane et al. (Harane et al., 2023) describes the desirability function approach in which the most desirable response is determined in the range of zero and one. ANOVA analysis of regression response surface and desirability function approach are analysed by Design-Expert 13 software package developed by Stat-Ease Inc., MN, United States.
3 RESULTS AND DISCUSSION
Experimental results of material removal rate (MRR), roundness error, and tapper for all combinations of voltage, capacitance, and tool rotation are given in Table 2. The influence of the input parameters, i.e., tool rotation speed, voltage, and capacitance on the material removal rate, roundness error, and tapper have been evaluated through analysis of variance (ANOVA). A 95% confidence interval with a 5% significance level is used for the adequacy of the quadratic statistical model. ANOVA for MRR, roundness error, and tapper are shown in Table 3 to Table 5, respectively. Table 3 shows ANOVA for the material removal rate (MRR). The quadratic model is significant with 97.39% of the coefficient of determination. In the quadratic model, a square of capacitance is highly significant. Moreover, the square of tool rotation speed is also contributing to the model. However, the capacitance, tool rotation speed, and voltage are insignificant and their interacting factors are also insignificant. Table 4 describes the ANOVA of roundness error which is also significant with a 96.44% coefficient of determination. In the quadratic model, a square of capacitance has a major contribution and it is a highly significant factor. The interaction of capacitance, and voltage, and square of voltage are significant factors. Capacitance and voltage are also significant factors. Tool rotation speed, the interaction of tool rotation speed and capacitance, and voltage are insignificant; Table 5 shows the ANOVA of the tapper. The quadratic model confidence interval is significant with a 97.81% coefficient of determination (R2). In the quadratic model, the effect of the square of capacitance is highly significant. Tool rotation speed, voltage, and capacitance are insignificant.
TABLE 2 | Experimental results for roundness error, MRR, and tapper.
[image: Table 2]TABLE 3 | ANOVA analysis of Material Removal Rate (MRR).
[image: Table 3]TABLE 4 | ANOVA analysis of Roundness Error.
[image: Table 4]TABLE 5 | ANOVA analysis of Tapper.
[image: Table 5]Based on the ANOVA, the mathematical regression equations of the MRR, roundness, and tapper are developed as given in Eq. 5–7.
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The coefficient of determination of MRR, roundness error, and tapper are above the 95% confidence interval. The regression equations are also validated with experimental results. Figure 4 shows good agreement between the predicted and experimental tapper.
[image: Figure 4]FIGURE 4 | Comparison of experimental and predicted results of tapper.
Response Surfaces of MRR, roundness error, and tapper are determined using regression equations. The capacitance and tool rotation speed are considered as input variables on two horizontal axis and vertical axis present the output response at a constant voltage. Figure 5 show the response surface of the MRR at three constant voltage. The response surface of the MRR is parabolic curvature with capacitance and tool rotation speed at three different constant voltages. The MRR increases with increasing the capacitance but MRR decreases after the mid-range value of the capacitance. A similar trend is also observed with the tool rotation speed. The response surfaces also show that the effect of the capacitance on the MRR is more than the tool rotation speed because the slope of the parabolic curve of capacitance is more than the tool rotation speed due to its large contribution in ANOVA model as discussed in the previous section. Figure 6 shows the trend of the roundness error to the capacitance and tool rotation speed at a constant voltage.
[image: Figure 5]FIGURE 5 | Effect of Capacitance and tool rotation speed on MRR at (A) 80V (B) 100V (C) 120V.
[image: Figure 6]FIGURE 6 | Effect of Capacitance and tool rotation speed on Roundness Error at (A) 80V (B) 100V (C) 120V.
Roundness error decreases with increasing the capacitance value up to the mid-value. On further increasing the capacitance, the roundness error increases at a constant voltage but the magnitude of the roundness error increases on decreasing the voltage as shown in Figures 6A, B, and C. Minor effect of tool rotation speed is observed on the roundness error at all three condition of the voltage. The minimum roundness error is obtained in the range of the 150–250 nF capacitance and 100–120 V voltage. Capacitance and voltage are the two most affecting parameters in case of roundness error. Figure 7 describes the trends of the tapper to the capacitance and tool rotation speed at different voltages. The trend of the taper is almost similar to the roundness error. On increasing the capacitance, the taper decreases sharply up to a middle range of capacitance and then increases on further increasing the capacitance at a constant voltage. A little variation is observed in the tapper on the increasing tool rotation speed. It can be concluded from the above analysis that capacitance is a highly significant factor affecting the MRR, roundness error, and tapper. The optimum responses are determined using the desirability function approach. Multi-objective optimization is applied in this analysis and the goal of the optimization is to minimize the roundness error and tapper, and maximize the MRR. The range of input process parameters are selected for the optimization. The optimum range of the output response is obtained in the mid-range of the capacitance. The optimum value is obtained between the 150–250 nF capacitance and 1400–1600 rpm as given in Table 6. Similar results of the MRR were obtained by Kumar et al. (Kumar et al., 2018).
[image: Figure 7]FIGURE 7 | Effect of Capacitance and tool rotation speed on Tapper at (A) 80V (B) 100V (C) 120V.
TABLE 6 | Optimum conditions of input factors for responses.
[image: Table 6]To determine the optimization range with respect to most significant factor, i.e., capacitance, the trade-off graph is developed. Figure 8 shows the maximum MRR and minimum tapper and roundness error trend with respect to capicatance at constant 1500 RPM, and 100 Voltage to describe the trade-off properties of response simultaneously. It also explain that the maximum MRR and minimum Tapper and RE are obtained between 100nF and 350 nF.
[image: Figure 8]FIGURE 8 | Trade -Off graph of MRR, Tapper and Roundness Error to the Capacitance.
It may be due to the heat generation effect of the capacitance and delaminating of CFRP composite (Hegde et al., 2019). The hole diameter is 250 microns which is quite small and it is comparable to the cutting tool edge thickness of conventional and non-conventional machining process. Therefore, it is difficult to find out the cross sectional image of micro hole having tapper, and roundness error. Figures 9A, B show the microscopic image of top and bottom surface of the minimum condition of roundness error (RE) at mid-value of capacitance 100 nF. Figure 10A, B shows the microscopic image of top and bottom surface of maximum condition of roundness error (RE) at high value of capacitance 400nf at 100V and 1500 rpm. The difference in measurement shows the roundness error (RE) and tapper in the micro hole. Figure 11A shows SEM image at minimum condition of roundness error (RE) showing no sign of debris and pockmarks. Figure 11B shows the image at high value of capacitance indicating the delamination, debris and pockmarks.
[image: Figure 9]FIGURE 9 | (A) Microscopic image of minimum roundness error (A) top side and, (B) bottom side.
[image: Figure 10]FIGURE 10 | (A) Microscopic image of maximum roundness error (A) top side and, (B) bottom side.
[image: Figure 11]FIGURE 11 | (A) SEM image of hole at minimum RE condition (B) SEM image of maximum RE condition showing delamination effect.
As can be seen in Figure 11B, different irregularities of micro-holes were observed at different locations of the hole due to the high discharge energy produced by high capacitance, and craters are formed around micro-drill holes. A large amount of wear-out electrode material combined with debris results in a large number of pockmarks. Table 7 shows that present work is also compared with previous existing work. Three studies have been found in the micro EDM drilling of the CFRP composite material. No literature was found on the micro EDM drilling of CFRP to predict the hole quality. Present work shows that minimum roundness error is 6 µm approximately in the range of 150–250 nF capacitance and 80 to 120 voltage at 1500 rpm obtained by desirability function approach. It can be concluded from the above analysis that capacitance is an important input process parameter affecting the micro-hole quality and MRR significantly.
TABLE 7 | Comparison of results with published literature.
[image: Table 7]4 CONCLUSION
The following conclusions were obtained based on the findings of the investigation under consideration in this study that can be used to predict the optimum hole quality of the industrial components.
• The Quadratic model of the response surfaces methodology successfully represents the trend of the MRR and roundness error.
• Capacitance is the most significant input process parameter that affects the MRR, roundness error, and tapper.
• An increment in roundness error, tapper, and decrement in MRR was observed with the increment in the capacitance and RPM shows a minor effect at a constant voltage.
• The minimum and maximum roundness error (RE) of the micro-hole at mid-value 100 nF and high-value capacitance 400 nF at 100 V and 1500 rpm, respectively.
• The optimum value of MRR and hole quality are obtained at 150–250 nF and 1400–1600 rpm at a 100V voltage.
• Delamination, debris, and irregularities around the micro-hole increases the roundness error at 400 nF capacitance.
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V-VOLTAGE 4.082E+09 1 4.082E+09 3.63 0.1152 lnsigniﬁant
NC 8.7557E+09 1 8.7557E+09 7.78 0.0384 Insignificant
NV 9.117E+08 1 9.117E+08 8104 0.4093 lnsigniﬁant
cv 4814E+09 1 4814E+09 428 0.0934 Insignificant
N 5.512E+10 1 5.512E+10 49.00 0.0009 Signiﬁunl
c 1233E+11 1 1233E+11 109.60 0.0001 Significant
v 9.079E+09 1 9.079E+09 807 0.0362 Insignificant
Residual 5.625E+9 5 1125E+09
Cor Total 2157E+11 14
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Rotation speed (RPM) Capacitance (nF) Voltage (Vol MRR (um?/mi Roundness error (um; pper (Degree)
1 1500 10 80 405061 35.28 12,68
B 1500 10 120 412358 4827 10.89
3 1500 400 80 541287 5131 103
4 1500 100 100 552921 14.62 7.09
) 2000 100 80 449581 25.55 9.167
6 1000 400 100 280285 2371 1132
7 2000 400 100 351236 18.03 1258
8 1500 400 120 425612 2259 12657
9 1000 100 120 575136 4827 639
10 1000 10 100 259494 45.32 1234
11 1500 100 100 579712 14.05 6.79
12 1500 100 100 576947 1485 569
13 1000 400 80 551740 34.69 553
s 2000 100 120 412587 30.53 865
15 2000 10 100 206203 2958 1537
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Source SS DF Ms F-value Remarks

Model 127.39 9 14.15 2486 00012 Significant

N-RPM | 92 1 9.29 1632 0.0099 Insignificant

C-CAPACITANCE 245 1 245 431 0.0926 Insignificant

V-VOLTAGE | 09187 | 1 09187 161 0.2599 Insignificant

NC 106 1 1.06 1.86 02308 Insignificant

NV 0474 1 0474 0.8324 0.4034 lnsigniﬁcant

cv 385 1 385 676 0.0483 Insignificant

N2 | 44 [ 1 44 [ an | 0.0389 | lnsigniﬁunl

(o7 | 1016 1 1016 17841 0.0001 Significant

v | 0.1207 | 1 0.1207 02119 0.5546 Insignificant
Residual | 285 5 0.5695 [

Cor Total 13024 14
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Source 55 DF S Remarks
Model 22971 9 255.23 15.07 00041 Significant
N-RPM 203.98 1 203.98 1204 00179 Insignificant
C-CAPACITANCE 229.09 1 229.09 1352 00143 Significant
V-VOLTAGE 49.52 i 49.52 2% 0.148 Signiﬁunl
NC 2903 1 2903 171 02475 Insignificant
NV 1849 § 18.59 1.09 0.344 Insigniﬁcant
cv 566.63 1 566.63 3344 00022 Significant
N 93.25 1 93.25 55 00659 Insignificant
c 509.59 1 509.59 30.08 00027 Significant
v 856.21 1 856.21 50.54 00009 Significant
Residual 8471 5 1694
Cor Total 238181 14
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Workpeice material ~ Tool Dia. (mi

1| Kumar et al. (Kumar et al, 2018) | crRe 0.110 12 2
2 | Singh et al. (Singh and Bharti, 2022) ‘ Ti-56A136V 0500 6 -

5 Banonetal. (Roldan etal, 2022) ‘ CFRP 60 211 -
4 Kuriakose et al. (Kuriakose et al, 2020) ‘ Zr- metallic glass 0513 002 14 ym

Current experimental investigation

5 Kaushik etal | cERp 0250 06 6 um
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Sin Voltage RE Tapper MRR
1 1495 165 9 6023 453 657042
2 1452 197 118 6471 4562 679432
3 1570 177 104 7.734 4.691 658566
4 1403 171 9 6739 4275 657593
5 1506 163 9% 8.837 471 653809






