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ABSTRACT (Font-Times New Roman, Bold, Font Size -12)
In today's world, ceramic composites are being refined for more than just their enhanced hardness and strength. They may also be used to create geometries that are notoriously tough to process, making them suitable for Electrical Discharge Machining. With multi-response elements like material removal rate, electrode wear rate, and geometrical errors, sparking parameters like current (I), pulse on time (Tonne), pulse off time (Toff), and dielectric flushing pressure (P) are upgraded. Machine time was reduced from 12.517 to 10.121 minutes, material removal rate was increased from 0.0183 to 0.0215 g/min, electrode wear rate was decreased from 0.0024 to 0.0002 g/min, circularity was decreased from 0.175 mm to 0.098 mm, cylindricality was decreased from 0.761 to 0.541 mm, and perpendicularity was decreased from 1.071 to 0.085 mm, according to the outcome of the confirmation experiments. After the data was optimised to its maximum potential, the grey relational grade was raised to 0.16464. As a result, using grey relational analysis to optimise Spark Electrical Discharge Machining settings for different performance factors appears to be a successful use of experimental results.
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1. Introduction
The challenge of reducing the size of mechanical components with complicated forms is of paramount importance in emerging applications. Ceramics have a substantial and established market in industrial settings, particularly for metal forming, machining, and wear applications (Philip, Mathew, and Kuriachen 2021; Ahmad and Sueyoshi 2010).   Traditional powder metallurgy is used to make most ceramics, and post-sintering machining is needed for around 60% of the components. (Lee and Lau 1991; Yan-Cherng Lin et al. 2009). Assuming they have a high enough electrical conductivity, these hard materials can be milled by EDM (Lin et al. 2009). The capacity to machine precisely and the ease with which EDM can carve complicated patterns are its main selling points. (Rajavel et al. 2021; Selvarajan et al. 2020).  If you're looking for a ceramic composite with outstanding mechanical, thermal, and tribological qualities, go no further than silicon nitride (Si3N4). But regular mechanical machining methods have a hard time making them. It might be possible to utilise EDM to make intricate forms out of materials that conduct electricity. “Petrovic” from 1995.
A number of difficulties and restrictions may arise while machining conductive ceramic composites. Cutting tools crafted from diamond or CBN, which are very hard, are frequently required, which can drive up expenses (Selvarajan, Narayanan, and JeyaPaul 2016; Selvarajan, and Venkatramanan 2023a). Additionally, conductive ceramic composites are more likely to shatter during machining processes due to their brittleness. They can be difficult to cut with consistently because to their high heat conductivity (Selvarajan, Narayanan, and Jeyapaul 2014a; Alfattani et al. 2023).  Their characteristics can be changed by chemical processes that occur during machining. Additionally, their hardness and brittleness make it difficult to achieve very precise machining. According to Selvarajan et al. (2023a) and Selvarajan, Narayanan, and Jeyapaul (2014b), these constraints can restrict the complexity and precision of the components that can be manufactured, which in turn increases manufacturing costs. In order to conquer these obstacles, producers might employ cutting-edge machining processes, specialised tools, and CAD/CAM software to optimise tool paths (Selvarajan et al. 2023a).
Ideal for electrical discharge machining are ceramic composites with high conductivity. Research by Srinivasan et al. (2022) and Srinivasan, Palani, and Balamurugan (2021) has shown that conductive composites may be made using a range of unconventional methods.According to the study, conductive composites are finding more and more uses (Muttamara et al. 2003). Furthermore, EDMed parameters are evaluated for significance using Taguchi grey relational analyses (TGRA) (Somani, Tyagi, and Kimar 2021).
 Investigated the effect of electrical discharge machining (EDM) settings on a Si3N4-TiN ceramic composite by use of a tapered copper electrode. Citations: (Murugan, Satheesh Kumar, and Alagarsamy 2022; Nguyen and Pham 2021). An L9 orthogonal array experimental design is used to manufacture the composite, taking three input factors into account: pulse current, pulse on-time, and pulse off-time (Chiabert, Lombardi, and Orlando 1998). The material removal rate (MRR), overcut (OC), and taper ratio (TR) are three metrics that are thought of as machining performance parameters. The best EDM factor combinations for multiple replies are found using Taguchi and grey relational analysis (GRA) (Sheth et al., 2021; Ferreira, Carvalho, and Guedes-Silva 2019).
Micro- and nano-applications are on the rise, making EDM an increasingly important technique in manufacturing engineering (Gotoh, Tani, and Mohri 2016; Selvarajan et al. 2023c). (Selvarajan et al. 2023b). As a result, components made using EDM must have exacting dimensions and close form tolerances. Various form and orientation tolerances, including cylindricity, circularity, perpendicularity, and others, are examined in this experimental study (Selvarajan et al. 2023d) for silicon nitride composites during the EDM process. Despite their importance in manufacturing owing to their outstanding mechanical and thermal characteristics, conventional machining poses a significant challenge to Si3N4-TiN composites, which are the subject of this study's investigation (Selvarajan et al. 2023f). The machinability of MoSi2-SiC composites using die-sinking EDM and rotary EDM are compared in the study (Selvarajan et al. 2023g). Because of its extreme hardness and lack of toughness, the material can develop surface imperfections such as microcracks, pores, recast layers, craters, and unmelted spherical particles. The geometrical tolerance of Si3N4-TiN composites is investigated in this work using Spark Erosion Machining. These composites are difficult to process because of their high hardness. In their study published in 2023, Selvarajan et al. 
A survey of the relevant literature uncovered a dearth of substantial experimental work in this area. And in non-traditional machining methods like EDM, geometrical tolerances are crucial considerations.
Research into electrical discharge machining (EDM) on Si3N4-TiN ceramic composites has been limited, according to the reviewed literature.
· EDM has been used in a small number of experiments to determine the geometric tolerances, MRR, and EWR of Si3N4-TiN composites.
· The impact of the EDM technique on the geometrical tolerance of Si3N4-TiN composites has received very little attention.
· Why There hasn't been enough research on ceramic composites using GRA to find the best EDM process parameters.
· Optimising the EDM input process parameters for Si3N4-TiN ceramic composites has been the subject of few research that have utilised ANOVA analysis.
· Despite being grounded on an extensive literature research on EDM of composites, the Si3N4-TiN conductive ceramic composite has received less attention in topographical analysis.
Consequently, the geometrical tolerances were assessed after subjecting Si3N4-TiN composites to the EDM method. Next, the best parameters for enhanced geometrical tolerances in Si3N4-TiN composites are estimated using the GRA approach and the ANOVA technique. Experiments are carried out utilising the DOE approach to assess the output responses of Si3N4-TiN composites. Although there have been many research on electrical discharge machining (EDM), using scanning electron microscopy (SEM) to study the machined surface topography has only been done in a small number of experimental works.
2. Methods and materials
      According to Selvarajan et al. (2023e), Taguchi came up with a DOE approach that reduces the amount of trials and analysis needed to get the desired outcomes. The research in this study relied on specimens made of titanium nitride. For every possible combination of parameters, the machining experiments were carried out. The work piece's weight was measured before and after machining using electronic balances with a 300-gramme capacity and a precision of 0.001 grammes. These balances, produced in Mumbai by Citizen Scale (I) Pvt. Ltd. (Model CG 203). We also used a stopwatch to keep track of how long the experiment lasted. Because electrode wear impacts the accuracy of machined features, measuring and controlling it is crucial. When it comes to tool wear, the melting points of the electrode materials are crucial. We can observe the work piece and electrode held in place during the machining of conductive ceramic composites using advanced die sinking EDM.
A rod of 20 mm in length and 5 mm in diameter was utilised in a copper-based electrode to attain a high MRR with little tool wear. Circularity, cylindricity, and perpendicularity were measured with a precision of 4.5 microns using CMM. This study utilised a CNC Coordinate Measuring Machine (CMM) from HELMEL Engineering, which has an accuracy of 4.5µm. Geomet, a universal CNC CMM programme, was used. The GEOMET measurement software of the CMM machine was configured to calculate the values of circularity, cylindricity, and perpendicularity. 
3. Results and discussions
3.1. MRR AND EWR
The experiment was ended by carefully wiping the parts with acetone and then calculating the final weight of each electrode. Using the following formula, we were able to calculate the material removal rate:
MRR = (W 1 - W 2) / t,  			(1)
Where,
 W1 -  Workpiece mass prior to milling,
W2  -  The finished product's mass following machining,
t - Machining Time (minute). 
EWR = Wtb – Wta / t, 				(2)
Where, 
Wtb - Weight of the tool before machining, 
Wta - Weight of the tool after machining,
 t - Machining Time (minute). 
Table 1.  MRR and EWR for cylindrical electrode.
	Exp. No
	Input parameters
	Machining Time (min)
	Output responses
	Geometrical Tolerances

	
	Current
(amp)
	Pulse on time
(µs)
	Pulse off time
(µs)
	Dielectric pressure
(kg/cm2)
	
	MRR
(g/min)
	EWR
(g/min)
	Circularity (mm)

	Cylindricity
(mm)
	Perpendicularity (mm)


	1
	4
	25
	5
	23
	26.367
	0.0179
	0.0021
	0.090
	0.545
	1.067

	2
	4
	27
	6
	25
	31.268
	0.0172
	0.0043
	0.105
	0.579
	0.938

	3
	6
	30
	5
	25
	20.167
	0.0212
	0.0010
	0.789
	1.122
	0.827

	4
	4
	30
	7
	27
	34.167
	0.0364
	0.0008
	0.312
	1.026
	1.467

	5
	6
	25
	6
	27
	12.517
	0.0183
	0.0024
	0.175
	0.761
	1.071

	6
	8
	27
	5
	27
	13.483
	0.0262
	0.0031
	0.872
	0.771
	1.327

	7
	8
	25
	7
	25
	11.210
	0.0184
	0.0022
	0.982
	1.316
	1.327

	8
	6
	27
	7
	23
	21.133
	0.0106
	0.0006
	0.119
	1.113
	0.970

	9
	8
	30
	6
	23
	12.017
	0.0374
	0.0015
	0.129
	1.219
	1.420



According to the results, the MRR reaches its maximum of 0.0374 gm/min with an 8-amp current and a 30-second pulse-on duration. However, with a current of 6 amps and a pulse on duration of 27 seconds, the lowest possible MRR was a meagre 0.0106 gm/min. Alternate pulse-on-time and current configurations provide the MRR between the two extremes.
It is possible that the spark produced by an electrical discharge between the work piece and the electrode during EDM is responsible for the observed rise in MRR. The spark creates extremely high temperatures and pressures, which force the molten material out of the work piece. The maximum allowable ratio is dependent on a number of inputs, including; current, pulse on time, electrode material, work piece material, and dielectric fluid.
The results of this study make it very evident that the MRR levels are proportional to the current and pulse on time. The reason behind this is that increasing the current and pulse duration causes the spark's temperature and pressure to rise, leading to more material removal. As a thicker recast layer accumulates and thermal damage sets in, MRR values may be reduced by increases in current and pulse on time beyond a specific limit. To sum up, the current study demonstrates that the maximum RMS return to milling (MRM) in electrical discharge machining (EDM) is affected by a number of input factors, and that the optimal current-to-pulse-on-time ratio for maximum RMS differs between applications and materials.
You can see that the EWR values vary depending on the input parameters in the table below. By adjusting the current to 4 amps and the pulse on time to 27 seconds, the maximum EWR value of 0.0043 gm/min was attained. A 6 A current with a pulse on time of 27 sec was used to measure an EWR of 0.0006 gm/min. Electrode machining (EDM) involves eroding or cutting a metal work piece with an electrical discharge. This process involves removing material from a work piece by generating a spark between an electrode and the work piece. This spark causes the metal to melt and vaporise at a high temperature. More material will be removed in the same amount of time if the EDM process is efficient, as demonstrated by the EWR value.
The EWR values vary depending on the input parameters since the strength and length of the spark discharge are affected by current and pulse on time. To enhance the rate of material removal, one can raise the spark's energy by gradually increasing the current and the pulse duration. Too high of a current or pulse rate, however, could harm the electrode or work piece, reducing the process's effectiveness. Thus, it is essential to adjust the input parameters such that the necessary quantity of material is removed without damaging the electrode or work piece in any way.
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Figure 1. Contour plots for (a) machining time; (b) MRR; (c) EWR; (d) circularity; (e) cylindricity; (f) perpendicularity : current vs. pulse on time.

By creating set geometric tolerance strips, a contour layer allows one to see a 3D surface. The geometrical tolerance is affected by the x and y axis input values, and the z axis slide's ability to attain certain edge positions is described here. With these parameters set: current 6 amps, pulse on time 26 s, as shown in Figure 1 (a), the least perpendicularity is obtained. This combination of parameters yields the minimum cylinder, as shown in Figure 1 (b): current 5 amps, pulse on time 25 s. With these parameters set: current 6 amps, pulse on time 28 s, the minimal circularity is shown in Figure 1 (c). Figure 1 (d) demonstrates that the EWR was decreased when the maximum TMR was obtained from the combination of these parameters (current 4-8 amps) and the pulse on time 29 µs simultaneously.
The greatest maximum return ratio (MRR) obtained from this specification of pulse on time (30 µs) and current (8 amps) is displayed in Figure 1(e). Picture 1 In general, the results indicate that a current of 8 amps and a pulse on time of 28-30 µs provide the best performance for these parameter combinations. The values of MRR have grown in tandem with the present rate and pulse on time.
Last but not least, it found that the current, which controls the strength of the electrical discharges, is a crucial EDM parameter. Rougher geometrical tolerances may be the consequence of increasing the current, which can increase material removal rates. The rate of material removal and surface finish can also be influenced by the pulse on and pulse off times.
Pulse durations that are too long raise the possibility of electrode wear while simultaneously increasing the rate of material loss. Longer pulse-off periods, on the other hand, may slow down the pace of material removal yet provide a smoother surface finish. Another critical component that might affect EDM is dielectric pressure. The dielectric fluid is employed to flush out the eroded material and cool the work piece. You may increase the material removal rate by increasing the dielectric pressure, which improves the cooling effect and makes it easier to remove the eroded material.
But, electrode degradation and surface roughness are both worsened by increased dielectric pressure. Accordingly, in optimising EDM settings for ceramic composites, it is necessary to strike a compromise between the required material removal rate, surface quality, and the danger of electrode wear and other problems. To do this, one must employ specialised EDM software to optimise the settings, closely observe and experiment with the EDM process, and so on.

4. Conclusions
In order to enhance the EDM machining performance and the geometrical tolerances of the machined hole, the GRA-RSM method has been employed. Here is a brief overview of the work's conclusion:
1. EDM machining of Si3N4 based ceramic composites has shown significant improvements in performance metrics including geometrical tolerances, MRR, and EWR when cylindrical-profile copper electrodes are used.
2. As shown, the Si3N4 ceramic composite material's performance in EDM is significantly improved in a number of areas. In order to machine Si3N4 ceramic composites using cylindrical electrodes, the optimal parameter is A3B1C2D
3.Using cylindrical electrodes to machine Si3N4, the best EDM settings for a variety of performance metrics are 8 A current, 20 sec pulse on, 5 sec pulse off, and 28 kg/cm2 dielectric pressure. 0.0214 g/min is the maximum resistance loss and 0.002 g/min is the electrical work rate in the cylindrical electrode. The plasma energy generation and machined hole circularity were both enhanced at high pulse current.
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