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Abstract. 
This research work  mainly focused on experimental investigation on material transfer mechanism in WEDM of pure titanium. The effects of machining parameters such as pulse on time, pulse off time, peak current, spark gap voltage, wire feed, and wire tension on the material removal rate (MRR), overcut, and surface roughness for pure titanium in WEDM process were explored. The selected machined samples were analyzed using energy dispersive X-ray analysis, scanning electron microscope, and X-ray diffraction techniques. It was observed from the results that a significant material transfer occurred from the dielectric, as well as tool, electrode on the work surface either in free form and/or in compound form. Also the multiresponse optimization of process parameters was done using desirability approach. The predictions from this model were validated by conducting experiments.


1. Introduction
The use of light, thin, and compact mechanical elements has recently become a global trend. The search for new, lightweight material with greater strength and toughness has led to the development of new generation of materials such as titanium. Having greater hardness and reinforcement strength, these materials are difficult to machine by the traditional methods. Although these materials can be machined conventionally, subsurface damages such as metallurgical alterations, work hardening, and microcracks can occur. Since the cost of using conventional machining is generally prohibitive, nonconventional machining such as wire electric discharge machining (WEDM) is the ideal technique in dealing with these materials [1]. Wire electrical discharge machining (WEDM) is a specialized thermal machining process capable of accurately machining parts with varying hardness or complex shapes, which have sharp edges that are very difficult to be machined by the main stream machining processes. This practical technology of the WEDM process is based on the conventional EDM sparking phenomenon utilizing the widely accepted noncontact technique of material removal. Since the introduction of the process, WEDM has evolved from a simple means of making tools and dies to the best alternative of producing microscale parts with the highest degree of dimensional accuracy and surface finish quality. Some of the common applications of WEDM are including the fabrication of the stamping and extrusion tools and dies, fixtures and gauges, prototypes, aircraft and medical parts, and grinding wheel form tools [2]. The material removal mechanism of WEDM is very similar to the conventional EDM process involving the erosion effect produced by the electrical discharges (sparks).  In WEDM, material is eroded from the work piece by a series of discrete sparks occurring between the work piece and the wire, separated by a stream of dielectric fluid, which is continuously fed to the machining zone. In case of WEDM, a wire electrode is trailing vertically through the work piece which usually is fed horizontally. This process utilizes a continuously traveling wire electrode made of thin copper, brass, or tungsten of diameter 0.05–0.3 mm, which is capable of achieving very small corner radii [3, 4]. The wire is kept in tension using a mechanical tensioning device reducing the tendency of producing inaccurate parts. During the WEDM process, the material is eroded from the work piece by a series of discrete sparks, ahead of the wire. The microprocessor used to continuously feed thin wire will constantly maintain the gap (0.025 to 0.05) mm between the wire piece and the work piece. In WEDM process, there is no direct contact between the work piece and the wire piece thus eliminating the mechanical stresses during machining.
2. Background of Research Work
Miller et al. [5] presented a study for the optimization of cutting parameters which were effective for material removal rate and surface finish. The surface finish increased on with increasing the discharge current, pulse duration, and wire speed. Huang and Liao [6] studied the uses of grey relational and signal-to-noise ratio for demonstrating the influence of table feed and pulse on-time on the MRR. Hewidy et al. [7] modeled the machining parameters of wire electrical discharge machining of Inconel-601 using RSM. It was concluded that the volumetric metal removal rate generally increased with the increase of the peak current value and water pressure. Mahapatra and Patnaik [8] optimized the parameters using Taguchi method on D2 tool steel as work material in WEDM process. It was observed that discharge current, pulse duration, dielectric flow rate, and the interaction between discharge current and pulse duration were the most significant parameters for cutting operation. Mathematical models were developed for optimization of MRR and surface finish using nonlinear regression method. Ramakrishnan and Karunamoorthy [9] used Taguchi’s robust design approach for WEDM. The three responses, namely, material removal rate, surface roughness, and wire wear ratio were considered. Manna and Bhattacharyya [10] optimized the machining parameters using the Taguchi and Gauss elimination method. The test results concluded that the voltage and pulse on time were the most significant parameters for controlling the metal removal rate. Sarkar et al. [11, 12] presented the modeling and optimization of wire electrical discharge machining of 
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-TiAl in single and multipass cutting operation. A second-order mathematical model and ANN approach, in terms of machining parameters, were developed for cutting speed, surface roughness, and wire compensation using RSM. Yang et al. [13] analyzed the variations in metal removal rate, surface roughness average, and corner deviation (CD) of wire electrical discharge machining (WEDM) process in relation to the cutting of pure tungsten profiles. A hybrid method including response surface methodology (RSM) and back-propagation neural network (BPNN) integrated simulated annealing algorithm (SAA) was proposed to determine an optimal parameter setting. Kumar et al. [14] explored the study on WEDM in machining of commercially pure titanium (grade-2). The parameters such as pulse on time, pulse off time, peak current, spark gap set voltage, wire feed, and wire tension were varied to investigate their effects on the cutting rate, gap current, and surface roughness of the machined specimens. Shah et al. [15] investigated seven machining parameters in addition to varying material thickness on machining responses such as MRR, kerf, and surface roughness of tungsten carbide samples machined by WEDM. The design of experiments was based on Taguchi orthogonal designs. Results showed the little effect of material thickness on material removal rate and kerf. Sadeghi et al. [16] discussed effects of process parameters on surface roughness and metal removal rate in WEDM of AISI D5 steel alloy. It was found that discharge current and pulse interval were more significant for MRR and surface roughness than open circuit voltage. Kung and Chiang [17] studied behavior of wire electric discharge machining of aluminum oxide-based ceramics. The effects of machining parameters on material removal rate and surface roughness were evaluated. Tzeng et al. [18] analyzed the dependence of the material removal rate and workpiece surface finish on process parameters during the manufacture of pure tungsten profiles by wire electrical discharge machining (WEDM). A hybrid method including a back-propagation neural network (BPNN), a genetic algorithm (GA), and response surface methodology (RSM) was proposed to determine optimal parameter settings of the WEDM process. The results showed that the RSM and BPNN/GA methods were both effective tools for the optimization of WEDM process parameters. Rao and Pawar [19] proposed the mathematical models using response surface modeling (RSM) for correlating the interrelationships of various WEDM parameters such as pulse on time, pulse off time, peak current, and servo feed setting on the machining speed and surface roughness. Yu et al. [20] explored the study on polycrystalline silicon material using WEDM process to optimize the groove width, surface roughness, and cutting speed. The results showed that pulse on time was the most significant factor for cutting speed, surface roughness, and groove width. Kuruvila and Ravindra [21] investigated the WEDM machining parameters on the hot die steel for dimensional error, surface roughness, and MRR. The study revealed that smaller pulse off time and pulse on time resulted in improving the overall performance with minimum dimensional error and good surface finish. The present study explores the machinability of pure titanium (grade-2) using WEDM process. The pure titanium (grade-2) is extensively used for sea water piping’s, reactor vessels, and heat exchangers. The six parameters, that is, pulse on time, pulse off time, peak current, spark gap voltage, wire feed, and wire tension, were varied to investigate their effects on output responses, that is, MRR, overcut, and surface roughness. In addition, a second order mathematical model, in terms of machining parameters, was developed using response surface methodology. These responses were optimized using multiresponse optimization through desirability. The ANOVA was used to identify the significance of the process parameters involved during machining. The test results confirmed the validity and adequacy of the developed RSM model. The selected machined samples were analyzed using energy dispersive X-ray analysis, scanning electron microscope, and X-ray diffraction techniques.










3. Materials and Methods
The experiments were performed on a four-axis CNC type WEDM (Electronica Sprintcut, 734) as shown in Figure 1(a). The six parameters, that is, pulse on time, pulse off time, peak current, spark gap voltage, wire feed, and wire tension were varied to investigate their effect on output responses that is, the MRR, overcut, and surface roughness. The parameters kept constant during machining were electrode (brass wire with 
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0.25 mm), thickness of material 26 mm, and dielectric pressure 7 kg/cm2. The chemical composition of work material taken for experimentation was C: 0.10%, N: 0.03%, O2: 0.25%, H2:0.015%, Fe: 0.30%, and Ti: 99.03%. The work material in the form of square plate having dimensions 148 mm × 148 mm × 26 mm was taken for the experimentation work. The surface roughness of machined surface was measured in μm. The measurements were taken three times using the Mitutoyo’s SURFTEST (SJ-301). Figures 1(b)–1(d) show the work and wire path profiles during machining. The reference point taken was O (5, 0), and the wire tool traces the path OA-AB-BC-CD-DO. The CNC program for machining was generated using ELAPT software.


	
		
		
			
		
		
			
		
	










	


	











	
		
	
	
		
	
	
		
			
		
	


	
		
			
		
			
		
		
			
		
	


	
		
			
		
			
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
		
			
		
	


	
		
			
		
			
		
		
			
		
	




	
		
			
		
			
		
	


	
		
	


	
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	
		
			
		
			
		
	


	
		
	


	
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
	
	
		
			
		
	


	
		
	
	
		
	
	
		
			
		
	


	
		
	
	
		
	
	
		
			
		
	















Figure 1: Job profile and experimental setup of WEDM machine tool (a) 4-axis WEDM CNC type, machine tool, (b) machine control panel, (c) work-path profile, (d) wire (tool) and workpiece (e) wire path on control panel, (f) square punch produced after WEDM.


4. Design of Experiment
The process parameters and their levels for the main experiments were decided on the basis of the pilot experiments conducted using one factor at a time approach (OFTA) [14]. The main experiments were performed using RSM based Box-Behnken design including pulse on time, pulse off time, peak current, spark gap voltage, wire feed, and wire tension machine parameters as shown in Table 1. In the present study, an attempt has been made to develop empirical models using statistical regression analysis. It provides a relationship between the input process parameters and output performance based on experimental results. Finally, the analysis was done to study the main effects and their interactions to explore the quadratic effect of parameters on the performance. The polynomial as the quadratic model relating the response to the factors for Box-Behnken design is given as
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Table 1: Factors and their levels.
	

	S. no.	Symbols	Input factors	Level	Units
	I	II	III
	

	1	
	
		
			

				𝐴
			

		
	
	Pulse on time	0.7	0.9	1.1	µs
	2	
	
		
			

				𝐵
			

		
	
	Pulse off time	17	26	38	µs
	3	
	
		
			

				𝐶
			

		
	
	Peak current	120	160	200	Ampere
	4	
	
		
			

				𝐷
			

		
	
	Spark gap voltage	40	50	60	Volt
	5	
	
		
			

				𝐸
			

		
	
	Wire feed	4	7	10	m/min
	6	
	
		
			

				𝐹
			

		
	
	Wire tension	500	950	1400	Grams
	



4.1. Response Surface Methodology
Response surface methodology is a collection of mathematical and statistical techniques for empirical model building. The RSM was applied for modeling of output responses such as material removal rate, overcut, and surface roughness. The general second-order model is defined as 
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 was proposed using the fitted second order polynomial regression model.
5. Results and Discussion
5.1. Effect of Process Parameters on Material Removal Rate
Consider
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 thickness of work piece in (26 mm). The effect of the process parameters on the MRR has been determined by computing the values as shown in Table 2 using Design expert 6.0, software. The adequacy of model and effects of process parameters with their interactions for MRR are shown in ANOVA (Table 3). This model was developed at 95% confidence level. The model 
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Table 2: Design of experiments matrix and results.
	

	Factors	Response variables
	Standard run no.	Pulse on time 
	
		
			

				𝑇
			

			
				o
				n
			

		
	
 (µs)	Pulse off  time 
	
		
			

				𝑇
			

			
				o
				f
				f
			

		
	
 (µs)	Peak current Ip (Ampere)	Spark gap voltage SV (Volt)	Wire feed WF (m/min)	Wire tension WT (grams)	MRR (mm3/min)	Overcut (
	
		
			

				μ
			

		
	
m)	Surface roughness (
	
		
			

				μ
			

		
	
m)
	

	1	1.1	28	200	50	7	500	9.6	40	3.22
	2	0.9	38	160	50	4	500	4.92	26	2.48
	3	0.7	28	160	60	4	950	3.39	22	2.23
	4	0.9	17	120	50	10	950	8.29	38	2.75
	5	0.9	28	120	60	7	500	4.45	31	2.47
	6	1.1	28	160	40	4	950	9.2	33	2.93
	7	0.9	38	160	50	10	1400	4.77	25	2.48
	8	0.9	28	160	50	7	950	5.19	30	2.65
	9	0.9	17	160	50	4	500	8.81	33	2.81
	10	1.1	28	160	40	10	950	8.59	33	2.94
	11	1.1	38	160	40	7	950	8.3	32	2.91
	12	1.1	28	160	60	4	950	7.03	35	2.83
	13	0.9	17	160	50	10	500	8.19	32	2.79
	14	0.9	28	160	50	7	950	4.67	30	2.61
	15	0.7	28	120	50	7	500	3.28	25	2.49
	16	0.9	28	160	50	7	950	5.51	31	2.68
	17	0.9	28	120	60	7	1400	4.66	28	2.49
	18	0.7	38	160	40	7	950	3.65	28	2.32
	19	0.9	38	120	50	10	950	4.37	26	2.31
	20	0.9	28	200	40	7	1400	6.72	38	2.89
	21	0.9	28	200	60	7	500	6.67	32	2.69
	22	0.9	38	200	50	10	950	6.54	35	2.57
	23	0.9	28	120	40	7	1400	5.07	29	2.71
	24	0.7	28	120	50	7	1400	3.3	24	2.51
	25	0.9	38	200	50	4	950	7.07	35	2.56
	26	1.1	28	160	60	10	950	6.77	37	2.82
	27	1.1	28	120	50	7	500	7.1	33	2.77
	28	0.7	28	160	40	10	950	4.27	30	2.35
	29	0.7	28	200	50	7	500	4.49	31	2.48
	30	0.7	17	160	40	7	950	6.9	33	2.70
	31	0.7	28	200	50	7	1400	4.44	33	2.51
	32	0.9	28	160	50	7	950	4.7	31	2.65
	33	0.9	17	200	50	4	950	8.06	42	2.88
	34	0.9	28	160	50	7	950	5.61	33	2.65
	35	1.1	17	160	40	7	950	11.16	43	3.28
	36	0.9	17	200	50	10	950	8.28	37	2.98
	37	0.9	28	200	40	7	500	7.07	35	2.84
	38	0.7	28	160	40	4	950	4.41	30	2.33
	39	0.9	38	160	50	10	500	4.96	25	2.50
	40	0.9	28	160	50	7	950	5.65	32	2.69
	41	1.1	38	160	60	7	950	6.77	33	2.66
	42	0.7	17	160	60	7	950	4.14	30	2.60
	43	0.9	28	200	60	7	1400	6.57	32	2.68
	44	0.9	17	120	50	4	950	7.61	35	2.75
	45	0.7	28	160	60	10	950	3.75	25	2.28
	46	1.1	28	120	50	7	1400	7.11	35	2.75
	47	0.7	38	160	60	7	950	3.28	24	2.15
	48	0.9	17	160	50	4	1400	8.15	31	2.85
	49	0.9	28	120	40	7	500	5.36	31	2.78
	50	1.1	17	160	60	7	950	8.45	40	3.00
	51	0.9	38	120	50	4	950	4.55	25	2.29
	52	1.1	28	200	50	7	1400	8.37	35	3.12
	53	0.9	17	160	50	10	1400	7.53	37	2.82
	54	0.9	38	160	50	4	1400	4.92	25	2.49
	



Table 3: The analysis of variance for main and interaction effects of parameters on MRR.
	

	Source	SS	DOF	MS	
	
		
			

				𝐹
			

		
	
-value	Prob. > 
	
		
			

				𝐹
			

		
	
	At 95% CI	% Contribution
	

	Model	180.93	8	22.62	97.91	<0.0001	significant	 
	    Pulse on time	100.66	1	100.66	435.74	<0.0001	significant	52.61
	    Pulse off time	41.27	1	41.27	178.64	<0.0001	significant	21.57
	    Peak current	14.62	1	14.62	63.28	<0.0001	significant	7.64
	    Spark gap voltage	9.09	1	9.09	39.35	<0.0001	significant	4.75
	    Pulse off time 2	11.35	1	11.35	49.12	<0.0001	significant	5.93
	    Peak current 2	0.98	1	0.98	4.24	0.0453	significant	0.512
	   Pulse off time 
	
		
			

				×
			

		
	
 peak current	2.26	1	2.26	9.77	0.0031	significant	1.18
	   Lack of fit	9.40	40	0.24	1.18	0.4750	not significant	 
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				.
				9
				4
				5
				7
			

		
	
	 	 	 	 	 	 	 
	
	
		
			

				𝑅
			

			

				2
			

		
	
 adjusted = 0.9360	 	 	 	 	 	 	 
	   Predicted 
	
		
			

				𝑅
			

			

				2
			

			
				=
				0
				.
				9
				2
				2
				8
			

		
	
	 	 	 	 	 	 	 
	


SS: sum of square, DOF: degree of freedom, MS: mean square, 
	
		
			

				𝐹
			

		
	
-value: Fisher value.


Figures 2(a) and 2(b) show the three-dimensional interaction plots for the response MRR. From Figure 2(a), it was observed that MRR increased from 4.91 mm3/min to 7.70 mm3/min with the increase in peak current from 120 to 200 amp and decrease of pulse off time from 38 to 17 μs. This result was concluded due to increase in peak current and decrease of pulse off time; the rate of discharge energy increases and pulse frequency decreases in wire electrode-work gap. The concentration of discharge energy in the spark gap leads to melting and vaporization of molten metal and floating metal suspended in the electrical discharge which leads to increase of MRR. High peak current and low pulse off time increased the debris in the spark gap, which leads to abnormal arcing. The abnormal arcing decreased discharge rate and the material removal rate [22]. Also  abnormal arcing reduced the dielectric strength resulting in wire breakage. It was observed from Figure 2(b) that MRR increasing from 6.81 mm3/min to 8.93 mm3/min with the decrease of pulse off time 38 to 17 μs and spark gap voltage 60 to 40 V. This may reduce the gap between the work and wire electrodes during the spark. It was found that on decreasing the spark gap voltage, the wire speed increases which leads to increase the MRR. The present study revealed that higher MRR can be achieved at the lowest spark gap voltage, pulse off time, and high peak current. It was observed that WEDM surface produces the more irregular topography and defects included globules of debris, spherical particles, varying size craters, pockmarks, and microcracks as shown in Figures 5 and 6. An increase in discharge heat energy a pool of molten metal is formed and is overheated. The overheated molten metal evaporates forming gas bubbles that explode when the discharge ceases, taking molten metal material away. The result is the formation of crater. When the discharge ceases, these small gas bubbles will collapse containing lower pressure energy. The result is finer pockmarks, which also decrease the surface roughness. The spherical shape particles were reported due to surface tension of molten material. From the previous studies, some of the molten material was not flushed away from the gap by dielectric fluid and remained in the electrical discharge. This material resolidifies on the surface of machined samples, that is known as recast layer [23]. Appearance of significant recast layer as shown in Figure 8. Figures 2(c) and 2(d) present the normal probability plot of residuals and residual versus predicted plots for MRR. It was observed that the residuals following a straight line concluding that the errors are normally distributed. Based on experimental results as shown in Table 2, maximum MRR = 11.16 mm3/min was obtained when the parameters were set at pulse on time = 1.1 μs, pulse off time = 17 μs, peak current = 160 A, spark gap voltage = 40 V, wire feed = 7 m/min, and wire tension = 950 grams.
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(d)
Figure 2: Response surface plot for MRR: (a) interaction plot between pulse off time and peak current, (b) interaction plot between pulse off time and spark gap voltage, (c) normal probability plot residuals, (d) actual versus predicted values.


5.2. Effect of Process Parameters on the Overcut
The profile traced by wire and the job are not the same. The perpendicular distance between the actual profile and the profile traced by the wire is equal to half of the width of the cut. Thus, the actual job produced is either undersized or oversized depending upon whether the job is punch or die. In the present study, the job has been considered as a square punch as shown in Figure 1(f). The dimensional deviation of square punch is equal to the half the width of the cut. The dimensional deviation is measured using a digimatic caliper (Mitutoyo) having least count 0.001 mm. The overcut as shown in (Figure 1(c)) was determined as
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-squared” of 0.8706. This model can be used to navigate the design space. The regression model for overcut is given as
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