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Abstract

Sinker Electrical Discharge Machining (SEDM) is a powerful
technique used for shaping hard materials and creating complex
designs. SEDM effectively machines hardened steel, titanium,
and tungsten carbide, materials challenging for conventional
methods. This study aims to identify the optimal surface profile
(Ra) as a response variable in the SEDM process. This study
utilized hardened SKD11 as the workpiece and graphite as the
electrode, employing Response Surface Methodology (RSM) for
optimization. The investigation focused on the pulse current,
spark-on time, and gap voltage as the input parameters. The
findings revealed that Sample 7 achieved the smoothest surface
(at Ra = 10 um), while Sample 13 had the roughest (at Ra = 20
pum). The analysis of these results determined the ideal conditions
for the pulse current at level 1, spark-on time at level 3, and gap
voltage at level 3, resulting in a surface profile of 10.2 microns.
The successful application of RSM optimization in SEDM
significantly contributes to the precision machining of alloy
steels, which plays a crucial role in material-processing
operations.
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1. Introductions

Sinker Electrical Discharge Machining (SEDM) is a highly efficient
technique for machining hard materials and creating complex profiles.
Materials such as hardened steel, titanium, and tungsten carbide, which
are difficult to machine using traditional methods, can be cut with high
precision using SEDMJ1-4]. High precision is achievable because the
SEDM process does not require physical contact between the tool and
workpiece, and it uses electrical discharges to remove material [5].
Owing to the absence of mechanical cutting forces, this method is
particularly suitable for materials prone to distortion and cracking under
physical stress. Moreover, SEDM excels in creating high-precision
complex shapes, including sharp angles, deep cavities, and small holes,
which are difficult to achieve using conventional techniques. This
process also produces a smooth surface, which often eliminates the need
for additional processing. Its capability to machine hard materials and
form intricate profiles makes SEDM a preferred choice in industries that
demand high precision, such as mold manufacturing, aerospace, and
automotive [6]. By using electrodes shaped according to the desired
profile, the shape can be accurately transferred to the workpiece, making

SEDM an ideal solution for overcoming the limitations of traditional
machining methods.

Although this study adopted a different approach, previous
researchers have conducted several studies on SEDM. Aliakbari
and Baseri [7] reported SEDM process parameters, including
pulse current, pulse-on time, and electrode rotation. The response
parameter focuses on the Material Removal Rate (MRR), surface
roughness (Ra), electrode wear rate (EWR), and Overcut (OC).
Their research employed a Taguchi experimental design with three
levels of testing, using X210Cr12 (SPK) as the workpiece material
and pure copper (99.9% Cu) as the electrode. The results showed
that the current, pulse time, rotational speed, and electrode
geometry significantly affected the MRR, EWR, and Ra. A
subsequent study by Sultan et al. [8] used Response Surface
Methodology (RSM) with similar parameters, pulse current,
spark-on time, and peak current, while analyzing , Ra, and EWR as
response variables. Using EN 353 steel as the workpiece and
copper as the electrode, they identified the optimal MRR, Ra, and
EWR values under specific parameter settings. Using a tungsten-
copper electrode, Chandramouli investigated SEDM on 17-4
precipitation-hardening stainless steel (PH Steel), with parameters
such as the peak current, spark-on time, pulse-off time, and tool
life. His findings revealed that these parameters significantly
influenced MRR and Ra. Swiercz et al. [9] optimized SEDM using
the Taguchi and RSM methods with heat-treated 1.2713 tool steel
and a copper electrode, focusing on MRR and Ra. Saeedi et al.
[10] explored the SEDM of steel using Deep Neural Networks
(DNN) to analyze the surface profile produced by the SEDM
process. Sumanto et al.[11] applied the Taguchi method to
evaluate the effects of three input parameters on the surface
roughness and overcut diameter using SKD11 as the workpiece
material and graphite as the electrode. Khoerudin et al.[12]
employed the Taguchi approach with a copper electrode to assess
similar parameters.

Although considerable research has been conducted on non-
conventional SEDM machining, further studies are necessary to
optimize the SEDM process for SKD11 using Response Surface
Methodology (RSM). SKD11 is commonly used in detailed
drawing processes. Unlike previous studies, this study adopted an
experimental approach with RSM, focusing on three key input
parameters: pulse current, spark-on time, and gap voltage. SKD11
was used as the workpiece material, while graphite was selected as
the electrode material owing to its higher cutting speed than
copper. The gap voltage, which represents the voltage between the
two electrodes, determines the total spark energy and controls the
intermittent gap between them. The primary response variable in
this study was the optimized surface roughness (Ra), with the
primary objective of determining the optimal settings for all
selected parameters.

2. Method

2.1. Material

Graphite was used as the electrode and SKD11 as the
workpiece material. Graphite electrodes have a layered crystalline
structure in which carbon atoms are arranged in parallel layers
[13]. This unique structure endows graphite electrodes with
exceptional conductivity [14]. SKD11 complies with JIS G4404
standards and is classified as a high-chromium alloy steel,
primarily composed of carbon (1.40-1.60%), manganese (max
0.6%), silicon (max 0.4%), chromium (11.00-13.00%),
molybdenum (0.80-1.20%), and vanadium (0.20-0.50%) [15]. A
high Cr content enhances the corrosion and oxidation resistance,
whereas carbon and vanadium significantly improve the hardness
and wear resistance. Mechanically, SKD11 achieved a hardness
level of HRC 58-62 after heat treatment, demonstrating excellent
wear resistance and sufficient toughness to prevent cracking and
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fracturing. This makes it ideal for applications in molds, cutting
tools, and dies used in cold-working processes.

2.2. Heat treatment and machining process

The heat treatment was carried out in a Nabertherm™ furnace
set at 850 °C according to the guidelines of JIS G4404, which
recommend an annealed hardening temperature range of 830-880
°C[15]. Maintaining this temperature for 40 min allowed for
uniform structural changes. It reduces the internal stresses,
facilitating the desired microscopic structure and optimal
mechanical properties specified in JIS G4404, achieving a
Rockwell C Hardness (HRC) of 58-62. After the annealed
hardening process, quenching uses carbon dioxide (CO:) gas to
accelerate cooling, maintain precise temperature control, and
minimize the risk of distortion or cracking. It also prevents
contamination and rust formation, enhancing the material's overall
quality and the consistency of the results. Hardness measurements
were performed using an AR936 Portable Hardness Tester [16].
Fig. 1 illustrates the annealing hardening process employed in this
study.

2.3. Respond Surface Methodology

RSM was utilized to optimize the SEDM machining process
by employing input parameters, such as the pulse current (A), gap
voltage (V), and spark-on time (us), to determine the optimal
conditions for enhancing machining performance. RSM
incorporates an experimental design to investigate variations
among these three parameters and gather data on response
variables, such as the surface profile and material removal rate
(Fig. 2). The surface profile is linked to the surface quality,
whereas the material removal rate is related to the production
efficiency. Surface profile measurements were performed using an
Elcometer™ 456, which provided a measurement accuracy of 0.1
microns. These measurements were conducted at room
temperature, approximately 25-26 °C, within the recommended
operational range of -10 to 50 °C. Fig. 3 illustrates the
measurement of the workpiece surface profile resulting from the
SEDM process.

Fig. 1. Surface profile measurements.

A multilinear regression approach was used as the response
parameter to predict the influence of the three input variables on
the surface profile. Statistical software was employed to derive the
equation for predicting the surface profile, which was then
compared and analyzed against the experimental data.

Fig. 2. Material Preparation of SKD11: (a) heat treatment process (JIS G 4404 standards), (b) hardness measurement prior to heat
treatment, and (c) hardness measurement after heat treatment.
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Fig. 3. Schematic Diagram of the SEDM Process using C-TEK ZNC™-50A

2.4. ANOVA and statistic validation

Analysis of variance (ANOVA) was used to determine the
contribution of each parameter to the response [12, 17-20].
ANOVA compares the means of the three input variables to assess
whether there are significant differences between them (Table 1).
This analysis helps ascertain whether data variations are attributed
to different treatments (factors) or random variability [21-24].

Table 1. SEDM Parameters

Run SEDM Parameter
Pulse current, A Gap voltage, V Spark on time, (ps)
1 16 50 305
2 13 40 210
3 10 45 210
4 10 40 305
5 10 50 305
6 13 50 210
7 10 45 400
8 16 45 210
9 16 45 400
10 13 50 400
11 13 40 400
12 13 45 305
13 16 40 305

Generally, ANOVA is based on the p-value, which indicates
the likelihood that the observed differences between group means
occur by chance. If the p-value was less than the predetermined
significance level (typically 0.05), we concluded that there was a
significant difference between the groups. Additionally, ANOVA
can assess the contribution of each parameter based on the
Adjusted Sum of Squares (Adj SS) of each input parameter
relative to the total Adj SS of all input parameters.[24-26].The
Adjusted Sum of Squares provides insight into how much of the
total variation in the data can be explained by each tested factor.
By comparing the Adj SS of each parameter with the total Adj SS,
we can identify the parameters that contribute most significantly
to the variation in the results.
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3. Result and discussion
3.1. Surface profile, Ra

The surface profile (Ra) data from the samples were measured
using an Elcometer™ and are summarized in Table 2. The results
show that the smoothest surface profile was obtained in iteration
number 2, followed closely by iteration number 13, with average
surface profiles of 8.55 microns and 9.50 microns, respectively.
For iteration number 2, the settings included a pulse current of 13
A, gap voltage of 40 V, and spark time of 210 ps. In contrast,
iteration number 13 utilized a pulse current of 16 A, gap voltage
of 40 V, and spark-on time of 305 s.

A statistical analysis was conducted on Ra to establish a
correlation equation incorporating the three variables that
influence Ra. The resulting correlation equation, derived through
linear regression, is given by Eq. (1). Where A, B, and C are the
pulse current, gap voltage (V), and spark-on time (us),
respectively.

Ra=4.76-0.145*A+0.1187*B + 0.00897* C Q)

The Ra characterization for iterations 2 and 13 was conducted
using a digital camera, with an analysis based on the Ra values
determined through color intensity, monochrome, and binary
representations, as shown in Fig. 4. Analysis of the surface
images, arranged in three rows with varying Ra values (Ra),
revealed significant differences in the distribution of Ra. In the
first row, which uses a black-red color scale, it is clear that as the
Ra value increases, the area covered by red also increases. This
indicates that surfaces with higher Ra values (e.g., 10.4 um) had a
larger rough area than those with lower Ra values (8.3 um). The
expanded red region reflects a greater number of peaks and valleys
on the surface, suggesting increased roughness.

The second row of Fig. 4 provides a monochrome view that
enhances the visualization of the surface texture. Higher Ra values
are associated with a more pronounced rough and random
appearance, as shown by the more distinct gradients between light
and dark areas.
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Table 2. Surface profile of SEDM results

. Parameters Surface profile, Ra
Iterations -
A B C Ra-1 Ra-2 Average Predicted
1 16 50 305 10.5 10.6 10.55 11.1
2 13 40 210 8.3 8.8 8.55 9.5
3 10 45 210 11.6 11.7 11.65 10.5
4 10 40 305 10.4 10.3 10.35 10.8
5 10 50 305 11.4 115 11.45 12.0
6 13 50 210 11.1 11.2 11.15 10.7
7 10 45 400 12.3 12.4 12.35 12.2
8 16 45 210 10.9 10.7 10.80 9.7
9 16 45 400 11.3 114 11.35 11.4
10 13 50 400 12.8 12.9 12.85 12.4
11 13 40 400 12.7 12.6 12.65 11.2
12 13 45 305 13.4 13.1 13.25 11.0
13 16 40 305 8.9 10.1 9.50 9.9

Surfaces with higher Ra values, such as 10.4 um, exhibit more
significant topographical variation and a more irregular texture
distribution compared to those with lower Ra values.

The third row, which displays Ra in a black-and-white binary
format, shows the differences between the peaks and valleys. The
white areas indicate broader and more dispersed rough peaks at
higher Ra values. The surface with Ra = 10.4 um displays a more
extensive white area and a more random distribution than the
surface with Ra = 8.3 um, which appears more uniform and
smoother.

Overall, the three rows of images provide a detailed view of
how Ra influences the surface texture and roughness distribution,
with more significant variations corresponding to higher Ra. The
first row uses a black-red color scheme to display surface
roughness, showing Ra ranging from 8.3 pm to 10.4 pum, where
the red areas indicate higher Raae than others. The second row

surfaces with lower Ra appear smoother, while the Ra = 10.4 um
surface exhibits more pronounced and irregular roughness
patterns. The third row employs a binary (black-and-white)
display to highlight the extreme roughness distribution, where
surfaces with a higher Ra reveal more extensive white areas
representing peaks or rough regions. The Ra = 10.4 um shows a
broader and more randomly distributed white area than the Ra =
8.3 um surface.

This phenomenon aligns with the previous research reported
by [10], which noted similar visualizations, as shown in Fig. 5.
Fig. 5 shows the surface roughness in a monochrome format with
Ra values ranging from 0.40 to 1.96. As shown in Fig. 4, an
increase in Ra correlates with Raae and a more irregular texture
distribution. At a low Ra (0.40), the surface appears smoother,
whereas at a high Ra (1.96), more areas exhibit sharp texture
variations.

features a monochrome representation that enhances clarity;
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Flg 4 Surface roughness characterization based on Ra values: color intensity representation (top row), monochrome (mlddle row), and
binary (bottom row).
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Fig. 5. The surface roughness characterization was adapted from a previous study [11]

Compared with Fig. 4, both images display a similar trend
regarding the increase in surface roughness with higher Ra values.
However, the visualizations in Fig. 4 are more complex, using
three methods (color intensity, monochrome, and binary), which
allows for a deeper analysis of the roughness distribution
differences. Although Fig. 5 shows only a monochrome display,
the results remain consistent, indicating that surfaces with higher
Ra values have more peaks, increased profile areas, and fewer
smooth regions.

In summary, this study confirms that a higher Ra correlates
with increased surface roughness, as evidenced by both color and
monochrome analyses. Both Fig.s clearly demonstrate that a
higher Ra reflects a greater quantity of rough areas with a more
random distribution and less uniform surface. The surface profiles
in this study show an improvement of approximately 10%
compared with the data reported by [11].

3.2. Surface plot analysis

Surface plot analysis is an essential part of the Response
Surface Methodology (RSM) optimization approach. Based on the
displayed surface plots of Ra-Ave, the optimal conditions for
achieving the lowest surface roughness occurred for specific
combinations of parameters A, B, and C, as shown in Fig. 6. In
Fig. 6(a), it is evident that the Raaw values decrease as A
approaches 14-15 and B approaches 45-50, with C held constant at
305. This indicates that variations in A and B within this range
have a significant impact on surface smoothing, providing a
crucial foundation for further analysis.

Fig. 6(b) depicts the relationship between Ra and Ave and
parameters B and C, with A set to 13. There was a decrease in
Raave at B = 45 and C values between 200 and 300. This
combination consistently reduced the surface roughness,
suggesting that lower values of B and intermediate values of C
created optimal conditions for surface processing.

Fig. 6(c) shows Raave against A and C with B fixed at 40. The
findings indicate that combinations of A around 13-14 and C
between 250-350 produce the smoothest surface. From these three
plots, we can conclude that the optimal conditions are A =14, B =
45, and C = 250-300, leading to the lowest surface roughness for
the intended application. Among the three plots, plot (a)
demonstrated the smoothest surface, as it had the lowest Raave
compared to plots (b) and (c). In plot (a), with parameter
combinations of A approximately 14-15 and B approximately 45-
50, Raave, reaches its minimum.

s (a)

10

400

Fig. 6. Surface plot of surface profile: (2) Raave VS A, B (b) Raae
vs B, C and (¢) Raave VS A, C
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This indicates that the combination of A and B within this range
yields a surface with lower roughness than those in the other plots,
making it the most optimal choice.

3.3. ANOVA analysis

Analysis of variance (ANOVA) was performed using
statistical software, resulting in 13 degrees of freedom. The
analysis of the contributions focused solely on the effects of the
three variables on the surface profile. Table 3 presents the
ANOVA results. The results indicate that 'spark on time' (us) is
the variable that most significantly affects the response, followed
by 'pulse current' and 'gap voltage,' with contributions of 13.26%,
27.66%, and 59.08%, respectively. These findings align with the
previous research reported by [10], which noted that "Spark on
Time" (us) has a significant impact.

Table 3. ANOVA statistical and contributions

Parameters Adj SS F-Value Contributions
A 0.9113 0.55 13.26%
B 1.9012 1.15 27.66 %
C 4.0613 2.45 59.08%

4. Conclusion

The analysis of the three surface plots indicates that optimal
conditions for minimal Ra occur in plot (a), with A approximately
at 14-15, B approximately at 45-50, and C at 305. Under these
settings, Ra-Ave values were the lowest, confirming that A and B
significantly affect surface smoothness. This suggests that
variations in parameters A and B significantly influence the
smoothness of the surface during the analysis process.
Characterizing the surface roughness in iterations 2 and 13 using
digital analysis revealed significant differences based on color
intensity, monochrome, and binary displays. In the black-red
display, the increase in Ravalues (from 8.3 um to 10.4 um)
results in a larger red area, reflecting higher roughness. The
monochrome display clarifies the surface texture, where a
higher Ra value indicates a rougher and more random surface. The
black-and-white binary profile further highlighted the differences
in roughness, with broader and more dispersed peaks at
higher Ra values.
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