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Abstract - Wire Electrical Discharge Machining (WEDM) employs the principle of electro-

thermal discharge, utilising an electric current applied to a wire to generate heat. The process 

entails liquefying the workpiece material, then vaporising it, and expelling the vaporised 

material with a dielectric fluid. The research investigates the microscopic characteristics and 

surface integrity resulting from WEDM of heat-treated high-carbon alloy steel, providing 

critical insights for precision manufacturing applications. Buderus 2080 high-carbon steel, 

heat-treated to a hardness of 801 VHN, was machined using WEDM. This research 

systematically varied pulse-on time (0.2, 0.4, 0.6 µs) and open voltage (75, 90, 105 V) as 

independent parameters. Surface roughness, recast layer thickness, recast layer hardness and 

crater width were evaluated as dependent variables. A General Linear Model Factorial as 

experimental design and Analysis of Variance (ANOVA) were utilised to ascertain the 

contribution of each independent variable. The findings indicate a direct proportional 

relationship between pulse-on time and open voltage on the one hand and surface roughness, 

recast layer thickness and crater width on the other hand. Conversely, a reciprocal 

proportionality is observed between pulse-on time and the recast layer hardness. Pulse-on 

time exerted a stronger influence on all dependent variables than open voltage. Optimal 

machining conditions, determined using the Variance response optimiser, were a pulse-on 

time of 0.4µs and an open voltage of 90V. 
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1. Introduction 

Wire Electrical Discharge Machining (WEDM) is an indispensable manufacturing process in industries that require high 

precision. WEDM with two-axis motion can machine complex geometries in high-hardness materials [1]. The material 

removal mechanism in WEDM is localised melting and vaporisation of the workpiece. This is done by controlled 

electrical discharges between the continuously fed wire electrode and the workpiece. After that, the workpiece is flushed 

by a dielectric fluid [2]. There are several strategies used to meet the high-precision requirements of modern 

manufacturing industries, especially to optimise WEDM process parameters [3]-[4]. The selection and adjustment of 

parameters have been shown to directly affect the machining efficiency, surface finish, and dimensional accuracy of the 

workpiece [5]-[6]. Moreover, maintaining surface quality is very important because it affects not only the precision and 

the functional features of the manufactured components but also their performance and durability [7]. It is evident that a 

good surface finish is necessary to decrease friction, increase wear resistance and prevent fatigue failures in critical 

applications [8]. A systematic study of the relationship between machining parameters and surface quality enables 

industries to ensure that their production processes consistently produce components within strict specifications and 

industry standards [9]. Pulse on time (PonT) refers to the time duration during which electrical energy is supplied to the 

workpiece in each pulse. The process is assisted by a spark discharge between the wire and the workpiece, which melts 

and vaporises a small amount of material. PonT is a parameter that determines the pulse duration during the cutting 

process [10]. Open voltage (OV) is the voltage applied across the gap between wire and workpiece prior to a spark 

discharge. As the voltage reaches a threshold, the gap ionises, and a spark jumps between the wire and the workpiece, 

initiating material removal. OV is an important parameter controlling the energy of the generated sparks [11]. It is 

necessary to adjust the PonT and OV variables appropriately to reduce surface roughness (SR) and the recast layer (RL). 

Substantial research has been dedicated to optimising WEDM parameters for various materials, with a particular focus 

on performance characteristics such as Material Removal Rate (MRR), SR, kerf width, and wire wear. For example, the 

study on Inconel 825 revealed that the MRR depends directly on PonT and inversely on pulse-off time (PofT), while the 

wire tension also affects the MRR [12].  Similar studies conducted on AISI 431 stainless steel showed a positive 

correlation between SR and PonT, and negative correlations with higher PofT and servo voltage. Moreover, the machined 

surface hardness increased with increasing PonT [13]. Optimisation results for Aluminium 5454 alloy indicated that taper 

angle, peak current, and PonT affected kerf width, SR, MRR, and wire wear, and that higher currents could affect SR 

[14]. The study on polycrystalline silicon carbide showed that the OV and servo voltage directly affect MRR, kerf loss, 

and SR, with the OV directly affecting the rate of formation [15]. 

Furthermore, PonT and PofT were identified as highly significant parameters for both SR and MRR in medium carbon 

steel [16]. However, some studies have shown opposite findings. For instance, the study of A309H stainless steel found 
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that PofT was the main factor for SR, and voltage dominated MRR, with PonT having a relatively lower influence [17]. 

These studies provide useful information regarding the individual or combined effects of different WEDM parameters on 

different materials and performance metrics. There is a significant gap in the comprehensive understanding of the 

interdependent effects of PonT and OV, particularly regarding microscopic surface characteristics such as SR, RL 

thickness, and RL hardness in heat-treated high-carbon alloy steel. Many existing works focus mainly on MRR or SR, 

neglecting a detailed microstructural analysis of the RL properties, especially its hardness, in relation to these key 

parameters for such a critical engineering material. The aim of this study is to precisely evaluate the combined effect of 

PonT and OV on the microscopic surface defect SR, RL thickness and RL hardness. The present work aims to elucidate 

the individual and synergistic contributions of these key parameters through systematic experimental design and statistical 

analysis. The results will significantly enhance understanding of the effects of WEDM on the microstructural integrity 

and performance of high-carbon alloy steel parts, providing a strong foundation for improving precision and quality in 

important manufacturing applications and filling a significant gap in the existing literature on WEDM of advanced 

materials. 

2. Material and Methods 

2.1 Material 

The material used in this research was Buderus 2080 high carbon alloy steel with an as-received hardness of 610 VHN. 

The following changes were induced to improve the mechanical properties of the material: an increase in hardness, a 

reduction in brittleness, homogenisation of the grain structure into austenite and an improvement in wear resistance. These 

changes were obtained through a complete heat-treatment process of the material. After this treatment, the material had a 

hardness of 712.60 VHN, which is the maximum hardness specified by the manufacturer. The sequence of heat-treatment 

steps used in this study is presented in Table 1. 

Table 1. Heat treatment process in this research 

Step Heat Treatment Process Temperature (oC) Time (minutes) 

1 Soft Annealing 600 60 

2 Stress Relieving 600 60 

3 Pre-Heating I 600 45 

4 Pre-Heating II 960 45 

5 Austenitising 960 45 

6 Quenching 10 2 

7 Tempering I 180 120 

8 Tempering II 180 120 

9 Tempering III 180 120 

10 Carburising - 45 

11 Nitro carburising - 45 

2.2 Specimen Preparation  

The cutting process was conducted using a CHMER 32GF WEDM machine. GFMS AC Cut VS900 zinc-coated brass 

wire electrode with a diameter of 0.25 mm was employed for wire cutting. The cutting scheme for WEDM specimen 

preparation is illustrated in Figure 1. 

 

Figure 1. Cutting scheme for this research 

2.3 Experimental Design  

The experimental design used a 32 full factorial design, which systematically investigates the influence of two independent 

factors, each set at three distinct levels, thereby enabling comprehensive analysis of their individual effects and potential 

interactions. The independent variables selected for this research were PonT and OV, with their respective levels detailed 

in Table 2. To ensure the reliability and trustworthiness of the research findings, each combination was replicated three 
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times. This approach, combined with randomisation of the experimental sequence, eliminates potential bias and ensures 

equal probability [18]. The integration of replication and randomisation has been shown to significantly strengthen the 

integrity and validity of research and to increase confidence in the obtained results [19]. The constant WEDM process 

parameters are summarised in Table 3. The machining process was conducted with the workpiece fully submerged in 

deionised water, which served as the dielectric fluid. All experiments were performed at room temperature (approximately 

23 ± 2 °C). The control variables are shown in Table 3. 

Table 2. Independent variables in this research 

Factor Level Value Unit Data Type 

Pulse on time 3 0.2; 0.4; 0.6 µs Fix 

Open voltage 3 75; 90; 105 V Fix 

Table 3. Control variables of this research 

Parameter Value unit 

Power setting 10 DCEN 

Arc of time 13 µs 

Pulse-off time  12 µs 

Wire feed rate (Override) 9 mm/s 

Wire tension 8 G 

Wire feed speed 10 mm/s 

Dielectric flushing flowrate 6 kg/cm² 

Feed rate mode 0 (servo) 

Cutting feed rate 1 mm/s 

Peak current 2 A 

Servo voltage 50 V 

Dielectric flushing flowrate 6 kg/cm² 

2.4 Measurement of Dependent Variables 

The dependent variables investigated in this research were SR, RL thickness, and the recast layer microhardness (RLH).  

SR measurements were performed using a Mitutoyo Surftest 301 SR apparatus. Measurements were taken perpendicular 

to the wire-cutting path on the workpiece surface as shown in Figure 2(a). RL Thickness was observed using a Scanning 

Electron Microscope (SEM) (Inspect S50) with 2000X magnification. The thickness of RL was measured using computer-

aided design software. RL measurements were taken three times (right, centre, and left), as depicted in Figure 2(b). Each 

side was further replicated ten times to ensure statistical robustness. RH was determined using a Vickers microhardness 

tester, specifically a Wilson 402MDV. The precise locations for microhardness measurements on the specimen and its 

dimensions are illustrated in Figure 2(c). 

 
Figure 2.  Measurement scheme of dependent variable in this research 

3. Results and Discussion 

Experiments were conducted to investigate the effects of pulse-on time (PonT) and open voltage (OV) on the WEDM 

machining process. The experimental results are summarised in Table 4. The lowest SR obtained in this study is 1.33 µm, 

as shown in Table 4, at PonT 0.2 µs and OV 75V in the first replication. The highest SR value of 2.53 µm was achieved 

at PonT 0.6 µs and OV  105V. These results show that the surface finish deteriorates significantly as PonT and OV 

increase. The lowest RL layer thickness reached in this study was 4.34 µm for a machining combination of 0.2 µs PonT 

and 75V of OV at the third replication. In contrast, the maximum RL thickness of 6.61 µm was achieved at 0.6 µs PonT 

and 105V OV in the third replication. This trend indicates that higher discharge energy conditions lead to greater material 

melting and resolidification, resulting in thicker RL formation. The maximum RLH was 698.42VHN at 0.2 µs PonT and 

75V OV, whereas the minimum RLH value of 609.03 VHN was observed at 0.6µs PonT and 105V OV in the third 

replication. The opposite trend indicates that higher thermal input during machining reduces the hardness of the RL due 
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to changes in the resolidified microstructure. In general, the independent variables PonT and OV showed a positive 

proportional relationship with SR and RL thickness and an inverse proportional relationship with RLH. A similar study 

[20] reported SR values in the range of 3-4 µm. The higher SR values reported in that study were attributed to the use of 

Inconel 718, which has a lower hardness of 296 VHN than the material used in the present work. In addition, the PonT 

used in that study was 300 µs, which contributed to the higher SR. In related work [21] and [22], it has been demonstrated 

that quenching and controlled heating of heat-treated materials result in finer grain sizes. The SR and the erosion 

efficiency in WEDM are higher for finer-grained structures, such as those in quenched steels, at the same PonT and OV. 

Table 4. Result of the experiment 

Run Order PonT (µs) OV (V) SR (µm) RL (µm) RLH (VHN) CW (µm2) 

1 0.6 75 2.08 5.62 635.24 753.668 

2 0.6 90 2.25 5.97 634.39 861.712 

3 0.2 105 1.65 5.14 647.00 543.111 

4 0.4 105 2.04 5.54 639.99 571.269 

5 0.4 105 2.14 5.44 633.59 581.644 

6 0.6 90 2.25 5.83 618.90 861.712 

7 0.6 90 2.15 5.80 627.80 821.423 

8 0.2 90 1.48 4.55 669.80 345.858 

9 0.2 75 1.33 4.53 698.42 389.264 

10 0.2 75 1.39 4.38 680.70 449.220 

11 0.2 75 1.42 4.44 689.90 420.411 

12 0.2 105 1.65 5.09 648.77 566.187 

13 0.6 105 2.52 6.14 611.47 905.834 

14 0.6 75 2.08 5.69 632.25 801.144 

15 0.6 105 2.52 6.16 614.92 954.500 

16 0.4 75 1.69 5.28 656.82 580.788 

17 0.4 75 1.78 5.10 652.33 566.298 

18 0.4 90 1.87 5.44 650.88 549.067 

19 0.6 105 2.53 6.61 609.03 887.445 

20 0.4 90 1.77 5.33 648.77 602.657 

21 0.4 90 1.80 5.54 645.24 579.522 

22 0.4 75 1.71 4.93 654.72 566.298 

23 0.2 105 1.70 4.88 650.12 588.087 

24 0.6 75 2.20 5.76 634.80 782.222 

25 0.4 105 2.20 5.53 639.80 621.947 

26 0.2 90 1.58 4.77 670.11 380.858 

27 0.2 90 1.60 4.99 668.71 377.252 

3.1 Surface Roughness Response Analysis  

SR is an essential characteristic for surface identification and for evaluating materials that have undergone machining 

processes [23]. SR and PonT are directly proportional, as mentioned in Table 3. High PonT values promote "double 

sparkling," in which increased pulse duration leads to a higher frequency of electrical sparks [24]. This results in increased 

thermal energy delivered to the workpiece, thereby enhancing heat conduction, increasing erosion, and forming deeper 

craters, which consequently elevate SR. Similarly, an elevated OV intensifies the electric field between the workpiece 

and the electrode, leading to more stable and efficient sparks and, consequently, greater material erosion. The augmented 

discharge energy associated with elevated OV generates additional heat, further impacting SR. A previous study on heat-

treated steel has also reported that insufficient flushing during machining increases SR. The double-sparking phenomenon 

was evident at PonT values of 0.4 µs and 0.6 µs. Enhancing OV increases the potential difference between the workpiece 

and the electrode wire. Consequently, the electric field intensifies, leading to increased stability and efficiency of the 

sparks within the same gap. This results in a greater volume of eroded material, which directly influences the measured 

SR on the workpiece surface. Consistent findings have been reported [25] in heat-treated steel and in cold work, where 

SR increases when the workpiece is not adequately flushed during machining.  The results of statistical tests using the 

general linear model (GLM) ANOVA are shown in Table 5. Table 5 demonstrates how the variables PonT and OV 

influence SR. It presents the results of the GLM ANOVA, showing that both PonT and OV have a statistically significant 

impact on SR, with p-values of 0.000 for both factors. Table 5 shows the effects of the variables PonT and OV on SR. 

Results of the GLM ANOVA are shown, with both PonT and OV having statistically significant effects on SR (p< 0.001 

for both factors). PonT is the main factor of SR variation with 78.33% contribution, and OV contributes 18.86%. Note 

that a full-factorial experimental design was used, which generally facilitates the analysis of interaction effects, but the 

ANOVA table below does not explicitly report the contribution or statistical significance of the PonT-OV interaction 

term. When interpreting the individual effects of PonT and OV on SR, this limitation has to be considered. In WEDM 
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processes, parameters do not work independently, and their coupled effects can influence surface characteristics [26]. 

Thus, although the individual contributions of PonT and OV are relevant, a better understanding can be achieved by 

incorporating interaction analysis, as reported in previous studies on materials such as AISI 304 stainless steel and Inconel 

718 [27], [28]. 

Table 5. Results of GLM ANOVA on SR variable response 

Source DF Seq SS Contribution F-Value P-Value 

PonT 2 2.54881 78.33% 305.88 <0.001 

OV 2 0.61365 18.86% 73.64 <0.010 

Error 22 0.09166 2.82%   

Lack-of-Fit 4 0.03846 1.18% 3.25 0.036 

Pure Error 18 0.05320 1.63%   

Total 26 3.25412 100.00%   

 

 

Figure 3.  Result of residual plot on SR variable response 

Figure 3 shows that the residual plots validate the statistical model's assumptions. The Normal Probability Plot and 

Histogram confirm the approximate normal distribution of residuals. The Versus Fits plot shows a random scatter around 

the zero line, indicating constant variance (homoscedasticity) and linearity. The Versus Order plot reveals a random 

distribution, confirming residual independence. Collectively, these diagnostic plots confirm that the model's assumptions 

are adequately met, thereby ensuring the reliability and validity of the ANOVA results regarding the influence of PonT 

and OV on SR. 

3.2 RL Response Analysis  

During the PonT phase, the cutting process occurs. During the Toff phase, cutting does not occur [29]- [30]. This 

phenomenon occurs on a microsecond timescale and repeats continuously, leading to rapid cooling via the dielectric fluid. 

When the workpiece is flushed with dielectric fluid, the eroded material detaches from it. Material erosion is the 

mechanism by which the cutting process takes place in WEDM [31]. The PonT determines the frequency of the cutting 

phase, whereas OV determines the magnitude of the cutting energy. An elevated level of the PonT factor leads to a higher 

frequency of sparks colliding with the workpiece, thereby causing the material to undergo progressively greater melting 

and solidification [32]. Increasing OV will result in a greater transfer of thermal energy to the workpiece, leading to a 

greater distance over which heat conducts from the workpiece's surface. As the values of PonT and OV increase, erosion 

of the workpiece material intensifies, leading to thicker recast layers. 

Some recast layers (RLs) observed in this investigation showed a tendency to contour. Figures 4(C-F) demonstrate 

that certain RL surfaces exhibit a propensity for being curved, while Figure 4(A and B) displays a tendency for being flat. 

When the PonT factor is modest and the OV factor is significant, the resulting RL tends to exhibit a more uniform and 

flatter morphology. This phenomenon occurs because sparks occur infrequently, resulting in reduced erosion of the 

workpiece surface. Consequently, the RL exhibits a predominantly flat shape.  Conversely, when the PonT factor was 

high and OV was low, the RL tended to exhibit a contoured morphology. Increased PonT intensifies the frequency of 

thermal energy transfer to the workpiece. As the discharge energy increases, the volume of molten material also increases, 
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leading to uneven solidification and distinct surface contours within the RL. Elevated OV further increased heat 

conduction, promoting deeper erosion of the workpiece and a greater accumulation of molten and resolidified material. 

As a result, the difference in RL contour becomes more pronounced when the PonT and OV settings are set at high levels. 

Figure 4(A) presents the RL formed from the combination of PonT 0.2 µs and OV 75 V, which exhibited a predominantly 

flat morphology with a relatively uniform thickness. The RL formed by this combination tends to be uniform, ranging 

from approximately 3.16 µm to 4.48 µm, with an average value of 4.53 µm. Figure 4(B) is an image of the RL formed in 

the combination of PonT 0.2µs and OV 90V machining process. The RL formed is nearly the same as the combination in 

Figure 4(A), but the RL value spans a wider thickness range of 3.51-5.1 µm, with an average thickness of 4.99 µm, higher 

than that in Figure 4(A). Figure 4(C) shows that the RL exhibits a flat trend and a uniform thickness. The mean thickness 

of the RL is 5.12 µm. Figure 4(D) illustrates that the RL formed tends to be contoured, resulting in a distinctly non-

uniform thickness. The thickness ranges from 3.28 µm to 8.78 µm, with an average thickness of 5.39 µm. As illustrated 

in Figure 4(E and F), the RL formed tends to be contoured, resulting in a non-uniform thickness. The mean layer thickness 

is 5.28 µm. Figure 4(F) displays a contoured RL formation similar to that observed in Figure 4(C), albeit with some 

regions exhibiting thinner RL and others displaying thicker RL. In this configuration, the minimum RL thickness is 3.43 

µm, while the maximum R thickness is 9.49 µm. The RL thickness exhibits a non-uniform distribution, falling within a 

broader range. The mean RL thickness was 5.89 µm. According to the reported study [33], non-uniform RL formation 

was achieved using a different EDM sinking machining and a titanium composite material. 

Table 6. Result of GLM ANOVA on RL variable response 

Source DF Seq SS Contribution F-Value P-Value 

PonT 2 6.4922 78.34% 138.96 0.000 

OV 2 1.2806 15.45% 27.41 0.003 

Error 22 0.5139 6.20%     

Lack-of-Fit 4 0.1107 1.34% 1.24 0.331 

Pure Error 18 0.4032 4.87%    

Total 26 8.2867 100.00%    

 

Table 6 shows the GLM ANOVA results, which clearly indicate that PonT and OV have statistically significant effects 

on RL thickness, with P-values of 0.000 and 0.003, respectively. The largest contribution is made by PonT, which 

accounts for 78.34% of the total variation, while OV accounts for 15.45%. Although a full factorial experimental design 

was adopted, the ANOVA results did not explicitly report the PonT-OV interaction. This limitation should be kept in 

mind when interpreting the individual effects of these parameters on RL formation. In WEDM processes, electrical 

parameters can be correlated and influence surface integrity characteristics, such as RL thickness [34]. For example, the 

optimum PonT level for reducing or controlling RL thickness may vary for a given OV setting. Many studies have 

highlighted the importance of accounting for interaction effects in modelling and optimisation of WEDM processes. 

Another study revealed significant interactions between PonT and other parameters and surface integrity, including RL 

formation, across different materials [35]. Similarly, earlier studies have reported that the interactions between electrical 

parameters significantly affect the RL characteristics of advanced alloys [36]. Ignoring these interactions may lead to a 

poor understanding of the complex thermal and metallurgical phenomena occurring during the WEDM process, resulting 

in suboptimal process control and incorrect conclusions about the effects of process parameters [37]. So, although the 

effect of PonT is dominant, the addition of interaction terms would give a better insight into the mechanisms that control 

the formation of RL. The RL formation observed in this research at the combination parameter of 0.2 µs for PonT and 75 

V for OV 4(A) is shown in Figure 4. RL formation at the combination parameter of 0.2 µs of PonT and 90 V of OV 4 

(B). RL formation at the combination parameter of 0.2 µs of PonT. 105 V of OV 4(C). 0.4 µs of PonT and 105 V of OV 

4(D) 0.6 µs of PonT and 90 V of OV 4(E) on combination 0.6 µm RL formed. PonT of 0.6 µs and OV of 105 V (F). 

Figure 5 shows the observed RL thickness in this observation, ranging from 7.88 µm to 35.33 µm, with an average of 

22.583 µm, indicating a significant thermal impact on the heat-treated Buderus 2080 during the WEDM process. thickness 

of this range is significantly larger than the reported RL of 2.53 μm for a heat-treated specimen under similar machining 

conditions. The high temperature during electrical discharges results in localised melting and subsequent rapid 

solidification of the workpiece material, directly consequent on the formation of the RL. The large thickness achieved in 

the present study can be attributed to the specific combination of high energy input parameters, particularly the different 

PonT and OV. Similar studies on AISI M2 steel with a high carbon content have confirmed the hypothesis that longer 

pulse durations result in thicker RL. This is explained by an increase in the volume of molten material as energy input per 

pulse increases [38]. Similarly, studies on different alloys, such as Inconel 718, highlight the importance of high discharge 

energy. Parameters such as PonT often dictate the extent of melting, resulting in increased melting and, hence, a more 

pronounced RL [39]. Furthermore, material properties such as thermal conductivity, melting point, and the specific heat 

treatment used to achieve a hardness of 801 VHN are of utmost importance for determining the degree of melting and re-

solidification [40]. The presence of a thick RL underscores the importance of electrical discharge parameters and the 

characteristics of the heat-treated high-carbon alloy steel in determining the resulting surface integrity. 
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Figure 4. RL formed by heat-treated specimen in this research resulted by each machining parameter 
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Figure 5. RL formed by non-heat-treated specimen using 0.6 µs of PonT and 105V of OV 

.  

Figure 6. Result of residual plot for RL response 

Figure 6 shows that the residual plots support the statistical model's assumptions for the RL data. The Normal 

Probability Plot and Histogram confirm normality. The Residual versus Fits plot shows a random scatter, fulfilling the 

assumption of homogeneity of variance. The Residual versus Order plot confirms the residuals are independent. These 

collectively ensure the reliability of the RL experiment. 

3.3 Recast Layer Hardness Response Analysis 

According to the microhardness data presented in Table 3, microhardness decreases within the RL. The reduction in 

microhardness in the RL is due to the workpiece undergoing a prior heat treatment before WEDM. The purpose of heat 

treatment is to attain the material's greatest achievable hardness. The WEDM technique employs thermal energy to 

penetrate the workpiece. The temperature applied to the workpiece can range from 8,000 °C to 20,000 °C, as reported by 

[41]. Causing the workpiece to melt. The rapid melting and solidification of the workpiece do not occur uniformly 

throughout the workpiece but only on the surface subjected to the cutting process. This specific region is referred to as 

the RL [42]. Increasing PonT increases the frequency of sparks, leading to greater melting and solidification of the 

workpiece material. OV intensifies the electric field, increasing heat conduction and distributing thermal energy more 

evenly throughout the workpiece. Repeated intense thermal impacts increase heat absorption, reducing the cooling rate 

and slowing the solidification process. Conversely, minimal heating promotes rapid cooling and faster solidification. This 
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rapid solidification process, characteristic of WEDM, can trap air and form voids within the RL, thereby decreasing its 

microhardness. This inverse relationship between PonT or OV and RLH aligns with the findings of other studies. 

Microhardness indentation analysis (Figure 7) shows that all indenters successfully penetrated the RL and reached the 

parent material, despite the varying thicknesses of the RL (Table 3). For example, with the lowest PonT (0.4 µs) and OV 

(90 V), the RL thickness was 4.53 µm, and the indentation depth was 7.83 µm. This resulted in a high microhardness of 

698.42 VHN, indicating a significant influence from the parent material. In contrast, a combination of high PonT and OV 

yielded an RL thickness of 6.16µm and an indentation depth of 8.39µm. This suggests that, although thicker RLs offer 

greater initial resistance to indentation, measured hardness values are significantly influenced by the underlying parent 

material, especially when the indentation depth exceeds the RL thickness. A similar phenomenon was observed in a study 

by Chakraborty et al. [43]. 

Table 7. Result of GLM ANOVA on RLH variable response 

Source DF Seq SS Contribution F-Value P-Value 

PonT 2 9100.4 68.95% 116.80 <0.001 

OV 2 3241.7 24.56% 41.61 <0.001 

Error 22 857.0 6.49%    

Lack-of-Fit 4 497.5 3.77% 6.23 0.03 

Pure Error 18 359.5 2.72%    

Total 26 13199.2 100.00%    

 

Figure 7. The indenter results during measurement in this research and the indenter shape 

The GLM ANOVA results for the RLH response variable are shown in Table 7 and indicate that both PonT and OV 

had a statistically significant effect on this key surface property (p-values < 0.001). PonT is the dominant factor, 

explaining 68.95% of the variation in RLH, followed by OV at h 24.56%. Although the experimental design was full 

factorial, which allows investigation of interaction effects, the ANOVA table reported only the main effects of PonT and 

OV. The absence of an explicit interaction term between PonT and OV in the presented results restricts a complete 

understanding of how these two electrical discharge parameters might affect RL hardness synergistically or 

antagonistically. The complex interplay among process parameters in WEDM often implies that their combined effects 

are not simply additive; rather, they can exhibit significant interactions that profoundly influence the resultant surface 

integrity, including RLH [44]. Hardness of the RL is an important indicator of its metallurgical structure, which is highly 

sensitive to the thermal history imposed by the electrical discharges. For example, the optimal PonT setting to obtain a 

given RLH may depend on the OV level used, and vice versa. If we ignore these interaction effects, we may get an 

incomplete or even misleading picture of the process mechanics, and we may not be able to precisely control the machined 

surface properties. The importance of interaction effects has been stressed in the WEDM literature, with many studies 

emphasising the need to study the complex relationships between the input parameters and output responses. The 

interaction of PonT with other electrical parameters can significantly influence the microhardness and metallurgical 

properties of the RL, as observed in studies on various materials, since these interactions govern the localised energy 

density and cooling rates [45]. While the contributions of PonT and OV to the RLH are certainly important, a detailed 

study of their interaction would be very useful in optimising the WEDM process to control the mechanical properties of 

the RL in heat-treated high-carbon alloy steel. 

Figure 8 shows that the residual plots validate the GLM ANOVA results for RLH. The Normal Probability Plot and 

Histogram confirm the normality of the residuals. The Versus Fits plot displays a random scatter, indicating 

homoscedasticity and adequate model linearity. The Versus Order plot further demonstrates the independence of the 

residuals. The collective affirmation of these diagnostic plots confirms that the underlying statistical assumptions are 

satisfied, thereby reinforcing confidence in the ANOVA results presented in Table 7. These findings indicate that PonT 

and OV significantly influence RLH, with PonT playing a predominant role. This approach ensures the reliability of 

conclusions regarding their main effects. The robustness of the model, as supported by these residual analyses, ensures 
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that the conclusions drawn regarding the main effects of PonT and OV on RLH are reliable. The indenter results during 

measurement in this research and the indenter shape are shown in Figure 7. 

 

Figure 8. Result of residual plot for RLH response 

3.4 Crater Width Response Analysis 

The results of WEDM cutting are a series of contoured surfaces. Through topographic observation, various surface-

forming phenomena are observed, including, but not limited to, globules, pockmarks and craters. Craters are a major 

feature of the molten metal and are randomly distributed across the workpiece's surface. The formation of the deposit is 

attributed to the release of gases from the redeposited material, which subsequently becomes entrapped by the rapidly 

solidifying material [46]. Pockmarks are formed by material removal during machining, leaving depressions on the 

workpiece surface. It has been established that a potential difference develops between the electrode wire and the 

workpiece during machining, leading to localised explosion. The detonation of the explosive material erodes the 

workpiece, forming craters on its surface. Debris is a component of the workpiece that is removed by erosion during the 

machining process. As demonstrated in Figures 10(A-B), the surface topography of the heat-treated specimen is presented, 

while Figure 9(C) presents the surface topography of the specimen that was not subjected to heat treatment. 

Figure 9(A) shows the results of surface topography observation using SEM at 2000x magnification on the specimen 

machined with a 0.2 µs PonT and 75 V OV combination. The distribution of craters is non-uniform and uneven across 

the entire surface of the workpiece produced by the WEDM process. The crater area varied according to the measurements 

obtained with ImageJ. The narrowest crater had an area of 2.598 µm², while the largest had an area of 72.125 µm². The 

overall crater area for this combination was 449.220 µm². It was observed that narrow crater formations tend to occur 

near larger craters during the PonT phase. This phenomenon can be attributed to the fact that the energy released during 

machining to erode the workpiece is exclusively during the PonT phase. This energy is sufficiently potent to erode the 

workpiece. Subsequently, the energy released during the PofT phase allows residual electrical energy to erode the 

workpiece. However, this energy is insufficient to initiate the cutting process, resulting in a small crater. This phenomenon 

explains why small craters are frequently found near larger craters. Relevant research Paswan et al [47] revealed that at 

elevated wire feed and cutting speeds, the resulting crater size is reduced. Another study found that discharge energy is a 

determining factor in pockmark formation [48]. 

It has been observed that as the energy increases, the diameter of the pockmark on the workpiece also increases. As 

illustrated in Figure 9(A), the pockmarks and globules produced in this combination are relatively small. No debris was 

observed on the workpiece surface during cutting with this combination, although these features were not quantitatively 

measured in this research. Observations in Figure 9(B) also show that the craters formed by this machining combination 

are fewer in number, but the craters are also wider.  The narrowest crater produced in this combination is 9.105 µm², 

while the widest is 285.829 µm². The total number of craters in this machining combination is 954.500 µm². The 

phenomenon of large craters is attributed to the 0.6 µs PonT value used in this combination. As a result, sparks impact 

the workpiece more frequently, leading to increased erosion. Furthermore, a higher OV value increases the discharge 

energy during machining, resulting in deeper metal penetration and, consequently, larger crater sizes than pockmarks 

produced under lower OV conditions. From the surface topography shown in Figures 10(A-B), it can be concluded that 

PonT is a key factor in determining crater size, whereas OV primarily affects the number of craters. The formation of 

craters is characterised by a tendency for large craters to be near one another, as well as for narrow craters to be formed. 

This indicates that large craters form due to high discharge energy during high PonT duration. In contrast, narrow craters 

are caused during PofT. Further detailed analysis of these variables is required. However, this research indicates that the 

PofT variable has no significant impact on SR [49]. Additionally, debris was observed on the workpiece surface. The 
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number of globules, pockmarks, and debris affecting the workpiece's surface topographies is presented in the following 

study [50]. However, globules, pockmarks, and debris were not observed in this research. Figure 9(C) displays the surface 

topography of the non-heat-treated specimen processed with PonT at 0.6 µs and OV 105 V. The observed crater area was 

976.21 µm2, substantially larger than that for the heat-treated specimen under identical machining conditions. The surface 

topography consisted of the largest crater area of 868.47 µm2 and the smallest crater area of 29.82 µm2. The positions of 

individual craters were closely spaced, in contrast to the heat-treated specimens, which exhibited numerous pockmarks 

with diameters ranging from 0.1 to 0.2 µm2 distributed across the surface. This difference is attributed to the heat treatment 

processes applied to Buderus 2080 high-carbon alloy steel, particularly carburising and tempering, which are intended to 

enhance surface hardness and wear resistance [51]-[52]. Reported by Gugulothu  et al. [53] contained more cavities, 

globules, debris, crater on the AISI 304 stainless steel’s surface through machining combination PonT 120µs, PofT 50µs, 

and peak current 16A. Carburising introduces additional carbon into the surface layer, which upon quenching transforms 

into a dense, wear-resistant martensitic structure. Subsequent tempering relieves internal stresses while maintaining 

elevated hardness [54]-[55].  

 

Figure 9. Result of surface topography specimen in this research 

As a result, the heat-treated material becomes harder and less ductile, making it more susceptible to brittle fracture 

during WEDM. WEDM discharges impose severe thermal shocks on the workpiece surface due to rapid localised heating 

and cooling [56]. In materials with reduced ductility and increased brittleness, these thermal shocks may induce 

microcracks and material expulsion via brittle fracture mechanisms rather than elastic deformation [57]. The pockmarks 

observed on the machined surface indicate that brittle material was removed. When localised thermal stress causes 

materials to spall off, they leave behind uneven depressions. This phenomenon is consistent with observations for other 

rigid and brittle materials processed by WEDM, in which surface imperfections such as pockmarks and craters are more 

pronounced due to the material's limited elastic deformation under thermal stress [58]. The observation of surface 

morphology, including pockmarks, craters, and globules, on the machined surface of heat-treated Buderus 2080 high-

carbon alloy steel is a direct consequence of the WEDM process. The specimen is harder and less ductile than it would 
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be if annealed. However, the basic thermal-erosion process in WEDM naturally creates these surface irregularities. The 

strong, localised electrical discharges quickly melt and vaporise the workpiece material, then cause explosive ejection, 

followed by rapid solidification of the molten surface. This process, which is subject to constant change, ultimately leads 

to the formation of craters and depressions that resemble pockmarks on the surface. Research on materials known for 

their ductility, such as Inconel 718, Ti6Al4V, and AISI 304 stainless steel, has consistently revealed craters, globules, 

and other surface irregularities after WEDM machining [59]-[61]. For example, the Ti6Al4V alloy, known for its high 

elongation to failure of 15–20% [62], still shows clear craters and globules after WEDM due to thermal shock and material 

expulsion. AISI 304 stainless steel, which is also very ductile and can stretch by more than 50% [63]-[64], exhibits craters 

and micro-voids on its WEDM-machined surfaces [65].  Confirmed by Šimna  et al. [66], on ductile material leads to 

higher wire electrode wear, besides machining parameters of 0.8µs of PonT, 16µs of PofT, and 40V of SV. This 

combination of parameters not only results in the formation of wide craters but also leads to high titanium release from 

the Inconel 718 alloy. Therefore, if naturally very ductile materials exhibit these flaws, it is even more likely that a heat-

treated, high-carbon alloy steel will show clear pockmarks and craters. These characteristics are indicative of localised 

brittle fracture and material ejection resulting from the extreme thermal gradients and pressure waves produced during 

the WEDM process. 

Table 8. Result of GLM ANOVA on the CW variable response 

Source DF Seq SS Contribution F-Value P-Value 

PonT 2 6.4922 78.34% 138.96 <0.001 

(Significance)  

OV 2 1.2806 15.45% 27.41 0.003 

Error 22 0.5139 6.20%     

Lack-of-Fit 4 0.1107 1.34% 1.24 0.331 

(Insignificance) 

Pure Error 18 0.4032 4.87%     

Total 26 8.2867 100.00%     

 

Figure 10. Result of residual plot for CW response 

Table 8 shows that both PonT and OV significantly influence CW, with a p-value of 0.000. PonT is identified as the 

dominant factor, contributing 68.95%, while OV contributes 24.56%. Although a full-factorial experimental design was 

employed, the ANOVA results focused on the main effects of PonT and OV. Interpretation of CW behaviour should 

therefore account for the possibility of coupled parameter effects. Crater formation is a direct consequence of localised 

thermal energy input, which melts and vaporises material. The size and morphology of these craters are highly sensitive 

to the combined energy delivered by each discharge, which is a function of both the duration of PonT and the potential 

difference across the gap (OV) [67]. Therefore, the interaction between PonT and OV is particularly crucial for 

understanding and controlling crater width, as the effect of increasing PonT on CW might either be amplified or mitigated 

depending on the specific OV setting, and vice versa. Numerous studies in WEDM literature emphasise the importance 

of analysing interaction effects to fully capture the intricate relationships between input parameters and output responses, 

especially for surface characteristics. For instance, research on various materials has demonstrated that the interaction 

between PonT and other electrical parameters can significantly influence surface morphology, including crater 
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dimensions and distribution [68]. The application of a dielectric fluid mixed with 10µm boron carbide produces small, 

shallow crater topography on Ti6Al4V but results in high dielectric fluid consumption during machining [69]. Neglecting 

these interaction effects can lead to an incomplete or even misleading interpretation of the process mechanics and hinder 

precise control of the surface finish. Thus, while the individual contributions of PonT and OV to CW are clearly 

substantial, a thorough analysis that incorporates their interaction would provide invaluable insights into optimising the 

WEDM process to achieve the desired surface characteristics in heat-treated high-carbon alloy steel. The residual plot for 

CW response is shown in Figure 10. The data in this research are normally distributed, as indicated by most of the blue 

dots clustering near the red line in the normal probability plot. Versus fits and Versus order display residuals scattered 

randomly around zero with no apparent pattern. These diagnostics collectively imply that the regression model 

assumptions are reasonably met. 

 

Figure 11. Results of ANOVA response optimiser 

3.5 ANOVA Response Optimisation 

The steps of the ANOVA response optimiser are performed after a thorough examination of microscopic defects, 

including SR, RL, RLH, and CW. The response determination is selected as the minimum SR, the minimum RL thickness, 

the maximum RLH, and the maximum CW. Figure 11 displays the multi-objective response optimisation of the WEDM 

process, designed to determine the optimal combination of PonT and OV that balances surface integrity characteristics. 

The objective of the optimisation process was to maximise RLH and CW, while simultaneously minimising RL thickness 

and SR. The subsequent optimisation analysis identified an optimal parameter set with PonT = 0.4 µs (Level 2) and OV 

= 90 V (Level 1). The composite desirability for this optimal solution is 0.5514, indicating a moderate overall compromise 

among the potentially conflicting objectives. This outcome provides important insight into the practical application of the 

ANOVA results previously discussed. ANOVA revealed the significant main effects of both PonT and OV. The 

optimisation process was to maximise CW (desirability d = 0.40229). Its individual desirability is lower than that for 

minimising RL (d = 0.67564) and SR (d = 0.66667), and for maximising RLH (d = 0.51005). This suggests that achieving 

an exceptionally large CW might be at odds with simultaneously obtaining a smoother surface, a thinner RL, and harder 

RL properties, which are often prioritised for enhanced component performance. The optimal settings of PonT at 0.4 µs 

and OV at 90 V represent a strategic compromise, with intermediate PonT and lower OV values selected to balance PonT's 

strong influence across all responses. The objective of achieving a refined surface and a robust RL is thus realised. This 

demonstrates that quantitative understanding of individual parameter contributions derived from ANOVA can be 

translated into practical multi-objective process control for WEDM of hardened high-carbon steel. These optimisation 

results are excellent and represent the best optimal solution because they have the highest multi-response compromise 

value. Other research achieved a good predictive R² = 0.9646 using an artificial neural network approach for different 

dielectric fluids in WEDM [70]. 

4. Conclusion 

This work systematically studied the microstructural characteristics of WEDM in hardened high-carbon steel and revealed 

important insights into how machining parameters influence surface integrity. The research proved the significant impact 
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of PonT and OV on SR, RL thickness, RLH and CW. One of the important conclusions is that PonT is always more 

important than OV for all tested reactions. PonT and OV vary directly with SR, RL and CW. More aggressive material 

removal, larger craters, and thicker RLs can be obtained by increasing the energy per discharge, which can be achieved 

by increasing pulse durations or voltages. However, these factors were negatively associated with RLH. The increased 

energy input accelerates melting and ejection of materials, but also decreases the cooling rates within the molten pool. 

This results in a more flexible and less dense RL due to changes in the microstructure. The relation of these responses is 

clear. Deep craters are formed, and the RL is thick and irregular. This makes the surface rougher and the RL more flexible. 

From a practical perspective, these results are highly useful for improving WEDM processes in industries that deal with 

high-carbon steels and have stringent requirements for surface quality and mechanical performance. To limit unwanted 

surface imperfections, such as high SR, high RL and large craters, manufacturers should aim for lower PonT and OV 

settings, and work to achieve a more robust RL.  

This proposed parameter window mitigates harsh heat effects, resulting in improved surface polish and a robust RL. 

The PonT parameter settings were altered to obtain low SR, RL thickness, and CW results, and high LRH results for the 

heat-treated Buderus 2080 material. The results showing that RLs of untreated materials were larger and more irregular 

suggest that material pretreatment and accurate control of WEDM parameters are both important to achieve the desired 

surface integrity. The ANOVA response optimiser was used to optimise RLH and CW maximising, while RL thickness 

and SR were minimised. The optimisation analysis showed an optimal set of parameters with PonT = 0.4 µs and OV = 

90 V. The macro performance of WEDM across different environments could be analysed in future work to improve this 

study and investigate additional output characteristics beyond microscopic surface integrity. Furthermore, the importance 

of these findings could be enhanced by exploring the WEDM responses of different material types. The following research 

should investigate the influence of other parameters, such as PofT duration and wire feed, which are known to affect 

energy dissipation and debris removal, on the surface topography and the properties of the RL. 
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