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Abstract  

Wire electrical discharge machining (WEDM) is non conventional technology in which the electrical discharges 

occurring between the wire electrode and workpiece allow to machine difficult to cut material. The shape 

accuracy of cut high parts is one of the major limitations of WEDM. Establishing favorable machining conditions 

for the required dimensional accuracy plays a key role in the process. Response surface methodology (RSM) 

was used to build empirical models on the influence of the discharge energy E, workpiece height H and wire 

tension Fn on the surface flatness deviation W and material removal rate MRR during the machining of tool 

steel X165CRV12. Developed models can be used in the WEDM process as a guideline for the selection of 

parameters to achieve the desired surface flatness deviation W and material removal rate MRR in industrial 

applications. 
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1. INTRODUCTION 

Wire electrical discharge machining (WEDM) is precision technology that allows to manufacturing difficult to 

machining conductive materials. Through the electrical discharges occurring in the gap between the wire and 

workpiece material is removed [1-2]. Suitable conditions to electrical discharges ensure the dielectric 

(deionized water) is delivered into the gap. Whit its flow the debris is evacuated from the gap. Dimensional and 

shape accuracy is one of the most important features characterizing the part after WEDM [3-4]. Predicting 

favorable machining conditions for the required dimensional and shape accuracy cutting parts plays a key role. 

Shape errors in cutting material are caused by physical phenomena occurring in the: wire vibrations caused 

by electric discharges and flowing dielectric as well as uneven distribution of treatment products [5-10]. The 

dimensional and shape accuracy of the workpieces after machining also depends on the height of the 

workpiece (along with the height of the cut material, the amount of eroded material facilitating the electric 

breakdown in the gap increases) [11-15]. The main goal of this research is a better understanding of the 

relationship between the influence the WEDM process parameters: discharge energy, workpiece heigh and 

wire tension on the shape errors of cutting parts and material removal rate.   

2. MATERIALS AND METHODS  

Conducted initial research and literature review indicate that the most important parameters of the wire 

electrical discharge machining which has a strong influence on the material removal mechanism are discharge 

current and discharge time. These parameters with considering constant discharge voltage (U) represent the 

discharge energy (E). The dimensional and shape accuracy of the workpieces after machining also depends 

on the height of the workpiece and wire tension. The preliminary test was conducted to investigate a range of 

stability discharges for different values of discharge current and pulse time. The measurement of the voltage 
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and current waveforms during the electric discharge was 

done with the probe Tektronix and Pearson current 

sensor, respectively. The sampling rate was 100 MS/s, 

2-Channel registration on the oscilloscope card. 

Analysis of the obtained data was done in DIAdem. The 

typical recorded current and voltage waveform during 

WEDM is shown in (Figure1). 

The discharge occurred when the intensity of the voltage 

field overcame the dielectric resistance in the gap 

between two electrodes. Open circuit voltage drops to 

discharge voltage and current increase to discharge 

current. During discharge time, the material is melted 

and evaporated as a result of the plasma channel 

impact. Finally, discharge current and voltage drops to 

near zero and debris formed as solidified molted 

materials are through away to the gap. During the time interval, the condition in the gap stabilize, and the 

process is repeated cyclically. The average discharge energy of the electrical discharge is described in 

Equation (1): 

𝐸 = ∫ 𝑈𝑐(𝑡) ∙ 𝐼𝑐(𝑡)𝑑𝑡    (mJ),
𝑡𝑜𝑛

0

 (1) 

where: Ic - discharge current, ton - pulse duration time, Uc – discharge voltage,   

 

Figure 2 Samples cut after WEDM 

The present paper was focused on the analyses of the influence of WEDM parameters and conditions on the 

flatness deviation of cut parts. Experimental studies were conducted on wire electrical discharge machine 

Robofil 190 Charmilles. The electrode used was a brass wire with a dimension of 0.25 mm and deionized 

water was used as the dielectric. The cutting samples of tool steel X165CRV12 have dimensions of 10 x 10 x 

H mm. The study was conducted according to experimental design, five levels, and three parameters. 

Experiments were conducted with the following machining conditions: discharge time in the range ton = 1,4 –

1,8 µs, workpiece heigh =  40 – 100 mm, and wire tension  Fn= 0,4- 1,6 daN. Discharge voltage was constant 

U = 30 V. The sixteen samples was cut with different WEDM parameters (Figure 2). 

The influence of selected WEDM parameters and condition: discharge pulse, workpiece high and wire tension 

on surface flatness deviation was investigated. To achieve this goal, experimental research was carried out 

according to the Hartley design of the experiment, three-level three parameters. Surface flatness deviation 

measuring was performed on a Carl Zeiss coordinate measuring machine. A measurement strategy was 

determined in the Calypso software - the head movement path and the number of points were determined 

(raster strategy, 300 measurement points). Figure 3 shows exemplary reports on the performed 

Figure 1 Recorded current and voltage 

waveforms  
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measurements generated in Calypso. For a sample with a height of 100 mm (maximum cutting height), a clear 

concave surface was observed in the middle part (Figure 3b). However, in the case of cutting the sample of 

the smallest height (Figure 3a), no clear shape errors were observed. 

 

 

(a) (b) 

Figure 3 The graphical presentation of measured flatness deviation on CMM for workpiece height  

a) 40 mm, b) 100 mm 

3. RESULTS AND DISCUSSION 

Experimental investigation of the influence of the WEDM process parameters on the surface flatness deviation 

and MRR was carried out using response surface methodology (RSM). Table 1 shows the levels of machining 

parameters carried out in the experimental design and observed values of flatness deviation W and material 

removal rate MRR. 

Table 1 Design of the experimental matrix 

No. 
WEDM paramters  Observed values 

ton (µs) Calculated E (mJ) Fn (daN) H (mm) W (mm) MRR (mm2/min) 

1. 1.5 3.37 0.64 52 0.0168 55 

2. 1.5 3.37 0.64 88 0.0110 54 

3. 1.5 3.37 1.36 52 0.0273 37 

4. 1.5 3.37 1.36 88 0.0147 38 

5. 1.7 4.21 0.64 52 0.0168 65 

6. 1.7 4.21 0.64 88 0.0130 65 

7. 1.7 4.21 1.36 52 0.0301 54 

8. 1.7 4.21 1.36 88 0.0240 55 

9. 1.4 2.83 1 70 0.0168 40 

10. 1.8 4.86 1 70 0.0270 78 

11. 1.6 3.84 0.4 70 0.0128 120 

12. 1.6 3.84 1.6 70 0.0400 46 

13. 1.6 3.84 1 40 0.0285 54 

14. 1.6 3.84 1 100 0.0151 55 

15. 1.6 3.84 1 70 0.0237 55 

16. 1.6 3.84 1 70 0.0223 56 

In the developed regression equations, it was decided to include the average value of the electric discharge 

energy determined in accordance with equation (1). The pulse energy depends on the pulse time, the current 
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and the voltage of the electric discharge. The first two parameters are directly related to each other (the value 

of the discharge current depends on the pulse time and is a result parameter) for the tested object - a Robofil 

190 machine tool generator. 

The regression equation was described by the polynomial function of the second degree: 

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖 +

𝑘

𝑖=1

∑ 𝛽𝑖𝑖𝑋𝑖
2 +

𝑘

𝑖=1

∑ 𝛽𝑖𝑗𝑖𝑋𝑖𝑋𝑗 +

𝑘

𝑖=1,𝑖≠𝑗

𝜀 (2) 

The Fisher–Snedecora test (F) was used to verify the significance of the correlation coefficient R. The 

correlation coefficient R was significant when there was a relation for the associated p-value (p = 0.05). After 

eliminating the non-significant terms, the final response equations for the surface flatness deviation W and 

MRR presented in equations 3-4. Table 2 presents the regression summaries for the established equations: 

𝑊 = 0.0039 + 0.000087 ∙ 𝐸 ∙  𝐻 − 0.0053 ∙ 𝐹n
2    (3) 

𝑀𝑅𝑅 = 157.85 − 4.35 ∙ 𝐻 + 18.56 ∙ 𝐸 + 0.026 ∙ 𝐻2 (4) 

Table 2 Regression summary 

Investigated 
parameters 

ratio R F/Fkr p-value 

Flatness deviation W 0.92 9.52 0.005 

Material removal rate MRR 0.87 3.48 0.003 

The developed regression equation indicates, that the main parameter influencing the flatness deviation W is 

the height of the cut material (Figure 4). As the height of the workpiece increases, the error of the surface 

flatness increases. The obtained value of the flatness deviation is in the range: 0.008 - 0.05 mm. The largest 

flatness deviation (about 0.05 mm) was obtained for the maximum height of the cut material, the discharge 

energy and the minimum tension force of the wire (Figure 4a). The conducted experimental studies indicate 

that the source of shape errors is related to the vibrations of the working electrode caused by many process 

variables. Along with the growth of the high of cut material, the number of debris increase in the middle of the 

height in the gap. Local concentration of debris cause an uneven distribution of discharges. Furthermore, this 

leads to wire vibration. The amplitude of the wire vibration is "reflected" on the workpiece (concave surface 

areas). The maximum value of the vibration amplitude is in the near central part of the surface.  

  

(a) (b) 

Figure 4 Estimated response surface plot for the Flatness deviation W: (a) constant wire tension Fn = 1 daN, 

(b) constant discharge energy E = 3.84 mJ 
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The value of the material removal rate of the WEDM process depends on the height of the cut material and 

discharge energy (Figure 5). With the growth of discharge energy the amount of volume of material that is 

removed from the workpiece during a single discharge grows. This leads directly to an increase in MRR. 

However, the main factor affecting the MRR is the stability of the EDM process. In the most favorable 

processing conditions, which are defined by: efficient removal of debris from the gap, uniform discharges on 

the entire electrode surface as well as the minimum amplitude of wire vibrations, the highest material removal 

rate is achieved. Depending on the conditions in the gap, the feed rate of the wire is changing. A feed that is 

too fast in relation to the amount of material removed per unit time will lead to a short circuit and break the 

electrode. The conducted experimental tests show that with the smallest cutting height (40 mm) and maximum 

discharge energy (about 5 mJ) it is possible to obtain the MRR equal to 115 mm2/min. 

 

Figure 5 Estimated response surface plot for material removal rate MRR 

3. CONCLUSION 

The experimental studies were focused on the analyses of the influence of WEDM parameters on the flatness 

deviation and material removal rate during machining of tool steel X165CRV12. Summarizing the results of 

the experimental investigation can be concluded: 

• The main process parameter influencing the flatness deviation after WEDM machining in the rough cut 

is discharge energy and workpiece heigh followed by wire tension. The source of shape errors during 

WEDM is the wire vibrations that are reflected in the workpiece. The largest flatness deviation (about 

0.05 mm) was obtained for the maximum: height of the cut material, the discharge energy and the lowest 

tension force of the wire. 

• The developed regression equations could be used in wire electrical discharge machining of tool steel 

X165CRV12 as a guideline for the selection of WEDM parameters.  
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