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Abstract. Machinability investigation of SKD61 steel in heat-treated state as machined by
electro-discharge machining (EDM) in finishing regime with adding tungsten compound
powder is very restrictive. Hence, the machinability of this material state, comprising rate of
material removal (RMR), rate of electrode wear (REW), and surface roughness (R.), was
explored under the influence of control parameters {including peak-current (I,), pulse-on time
(Ton), and powder amount (A;)}. In addition, finding the optimal domain of control parameters
is meaningful in improving the RMR, R,, and reducing REW. With this goal, the predictive
models for RMR, R,, and REW were instituted and evaluated to confirm these models'
adequacy and accuracy by the analysis of variance (ANOVA). Eventually, desirable approach
(DA) and technique for order of preference by similarity to ideal solution (TOPSIS) were
executed for the multi-criteria optimization. The results revealed that I, proves the most robust
influence on RMR, REW, and R.. However, the sequent influences are A, and To, for REW,
while the reverse is for R.. The value of RMR by DA is increased by 8.67 % versus TOPSIS.
Meanwhile, the TOPSIS contributes the best optimum solution for REW and R, corresponding
to a drop of 10 % and 0.5 % versus DA. In addition, surface features (defects, chemical
composition distribution, TRL, surface topography, and crack acreage percentage (CAP)) at
optimal parameters of the two algorithms were also considered.
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1. INTRODUCTION

SKD61 tool steel is widely applied in manufacturing due to its excellent high-temperature
resistance, corrosion resistance, oxidation resistance, and toughness, especially after heat
treatment [1]. It is commonly used for producing molds such as hot stamping, plastic, and blow
molds [2]. Although heat-treated SKD61 is difficult to machine by conventional methods, it is
suitable for electro-discharge machining (EDM) [3]. However, EDM has low productivity and
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causes surface defects [4]. Recently, powder-mixed EDM (PMEDM), which introduces
conductive particles into the dielectric fluid, has been developed to enhance machining
efficiency and surface quality [5].

PMEDM studies on SKD61 steel have mainly focused on the non-heat-treated state. For
instance, EDM with surfactant and Al powder additions was investigated to evaluate the effects
of discharge current, pulse-on time, and powder concentration on thickness of recast layer
(TRL) and surface roughness (SR) [6]. The results confirmed significant effects of these
parameters on TRL and SR improvement. Other studies using Cr and Al powders in different
dielectric fluids reported that pulse-on time, peak current, dielectric type, powder ratio, and
particle size influenced material removal rate (MRR), SR, and electrode wear rate (EWR) [7].
Moreover, Mo powder-assisted EDM with a rotating electrode was found to enhance surface
modification, carbide formation, and hardness [8]. The effects of electrode area and electrical
parameters during EDM with Si powder were also examined, showing that an appropriate
powder concentration is essential for improving SR [9]. Recently, tungsten powder-assisted
EDM was reported to modify surface chemistry, enhance hardness, and induce new phases [10].
However, the heat-treated state of SKD61 steel remains insufficiently investigated despite its
extensive industrial applications.

Improving machining efficiency and product quality requires effective process parameter
optimization. Various multi-objective optimization methods, such as PSO, GA, AMGA, NSGA-
I, BFO, Taguchi, and GRA, have been applied. However, most of these techniques only
provide Pareto solutions and are limited in identifying a global optimum [11]. Therefore,
TOPSIS and desirability approach (DA) are effective methods for solving multi-criteria
problems and obtaining a single optimal solution.

The combination of EDM with tungsten compound powder mixed in a dielectric fluid for
machining heat-treated SKD61 steel is highly significant. Tungsten possesses excellent
physical, chemical, and mechanical properties, including a high melting point (~3422 °C), low
thermal deformation, high thermal conductivity, thermal strength, corrosion resistance,
oxidation resistance, and hardness, making it suitable for surface modification applications.
However, research on heat-treated SKD61 steel processed by tungsten powder-assisted EDM
remains limited.

Hence, exploring the machinability of the heat-treated SKD61 steel by EDM machining
with tungsten compound powder at finishing regime is necessary, and has significance in
production and research. To solve this problem, a relationship between the various machining
parameters {powder amount (A;), pulse-on time (Ton), and peak-current (I,)} and the machining
features {RMR, REW, and SR} was instituted by math models. Subsequently, the influences of
machining parameters on the machining features (including RMR, REW, and SR) were
investigated. Finally, to improve the machining features, the optimum problem of
simultaneously finding the minimum REW and R,, and the maximum RMR was implemented
by the DA and TOPSIS to choose a reasonable solution for each machining feature. Besides, the
surface features (defects, chemical composition distribution, TRL, surface topography, and
crack acreage percentage (CAP)) at optimal parameters of the two algorithms were also
considered. These help to have more knowledge and understanding of the finishing regime of
EDM process engaging tungsten compound powder.
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2. MATERIALS AND METHODS

2.1. Materials and processes
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*Optimization of machining features (RMR, REW, and R,) by TOPSIS and DA algorithms;

*Comparison of these obtained optimization results by TOPSIS and DA algorithms in terms of RMR, REW, R,. surface
defects, thickness of recast layer (TRL), crack acreage percentage (CAP), compositional chemistry and distribution of
them, distribution of tungsten carbide phase, and the surface topography.

Figure 1. Empirical diagram of the study.

Figure 1b shows the SKD61 steel specimens with dimensions of 45 X 19 mm (height x
diameter). The initial composition consisted of C (0.38 %), Mn (0.4 %), V (1 %), Si (1 %), Mo
(1.25 %), Cr (5 %), and Fe as the balance (wt.%). After heat treatment, the specimens reached a
hardness of 50 + 2 HRC. The treated material contained Mn (0.54 %), C (21.16 %), Si (0.53 %),
O (19.4 %), V (0.66 %), Mo (3.18 %), Cr (3.28 %), and Fe as the balance (wt.%). The
experiments were conducted using an Aristech CNC-460 EDM machine with a 99 % Cu
electrode under reverse polarity conditions (Figures la and 1c). Tungsten compound powder
with a particle size below 31 um, containing C (5.56 %), W (82.5 %), Co (11.9 %), Fe (0.02 %),
and other elements (0.02 %) (wt.%), was uniformly mixed into Shell EDM 2 dielectric fluid
(Figures 1d and le).

2.2. Empirical procedure

The selection of processing variables was based on previous studies and the available
settings of the EDM machine. This study evaluated the effects of control parameters on the
machinability of the heat-treated material, including MRR, Ra, and TWR, during fine-finishing
operations. Since pulse-on time (Ton) and peak current (I,) significantly affect machining
performance [12], they were chosen as variables, while voltage (120 V) and pulse-off time
(40 ps) were kept constant. The powder concentration (A,) was determined through preliminary
experiments considering the electrical and thermal properties of the powder. Therefore, Ton, Ip,
and A, were selected as input factors for the DOE. A Box—Behnken design based on RSM was
applied to reduce the number of experiments and costs while maintaining model reliability. The
selected parameter levels were determined according to EDM machine limitations, powder
properties, and previous studies [13], as shown in Table 1.
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Table 1. Matrix of process variables and output responses.

Machining parameter Measured response (avg.)

No. Ton(us) I (A) Ap(g/l) REW (g/min) RMR (g/min) R, (um)
1 80 3 20 0.000783 0.00629 2.4
2 20 2 10 0.000363 0.00364 2.01
3 50 2 0 0.000612 0.00348 2.28
4 80 2 10 0.000673 0.00438 2.17
5 50 4 0 0.001995 0.00688 3.12
6 50 3 10 0.000639 0.00482 2.38
7 80 4 10 0.001932 0.00791 3.16
8 50 2 20 0.000490 0.00446 1.98
9 20 4 10 0.001055 0.00611 2.52
10 20 3 20 0.000649 0.00443 2.09
11 20 3 0 0.000876 0.00404 2.48
12 50 3 10 0.000662 0.00493 2.41
13 80 3 0 0.001478 0.00532 2.94
14 50 3 10 0.000663 0.00465 2.39
15 50 4 20 0.001063 0.00810 2.75

2.3. Measurement of output variables

The surface roughness (R.) was measured using a Mitutoyo tester (Figure 1h), initially set
up with a cutoff length of 0.8 mm and a track length of 4 mm. The mean values of the three
distinct measurement regions on the sample's machined surface represented the surface
roughness value for each technological mode. Subsequently, RMR and REW were computed by
Egs. (1) and (2). The electrode and specimen weights were measured using a Sartorius
electronic balance (Figure 1f). The machining time in Egs. (1) and (2) is the time required to
change the height of the sample from 45 mm down to 44.3 mm. The results of RMR, REW, and
R. are presented in Table 1. A HITACHI SU3800 machine (Figure 1i) was used to determine
the content, distribution, and chemical composition of elements on the surface using energy
dispersive X-ray spectroscopy (EDS), in which the element content is the average value of three
different areas. The recast layer of the specimens was obtained by an optical microscope (AXIO
- A2M as in Figure 1g) as it went through various processing phases [14], and the recast layer
was computed according to Eq. (3). The crack acreage percentage (CAP) on the surface of the
specimen was obtained as it underwent various processing stages [14], and CAP was computed
according to Eq. (4). The topography of the machined surfaces was observed and examined
using a 3D laser scanning microscope (VK-X3000, Keyence Corporation), and multi-file
analysis software for analysis in the following section.

RMR ( g ) __ Workpieceweightbeforemachining—Workpieceweightaftermachining (1)
min) Machiningtime
REW( g ) __ Electrodeweightbeforemachining—Electrodeweightaftermachining (2)
min Machiningtime
3 Arecastlaym"(i)
TRL( m) _ 1zll‘recastlayer(i) (3)
H 3
Z:3 X Amicro—crack(i)
=14 . .
CAP(%) — micrograph of SEM(i) % 100% (4)

3
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3. RESULTS AND DISCUSSION

3.1. Main influence analysis and development of mathematical models for machining
features

Figures 2a—c present the main effects of machining parameters on the process responses,
confirming that Ton, Ip, and A, significantly affect all machining characteristics. As shown in
Fig. 2a, increasing Ton, Ip, and A, enhances RMR throughout the investigated range. This is
attributed to the higher thermal energy generated at elevated To, and I, which promotes material
melting and removal from the workpiece surface [16]. In addition, powder particles suspended
in the dielectric reduce fluid viscosity, facilitating the ejection of molten materials and
improving RMR [17]. Figure 2b illustrates that REW increases with increasing Ton and I,
whereas a higher A, reduces eclectrode wear. The proper combination of these parameters
generates favorable discharge conditions, increasing powder concentration in subsequent
discharges and improving heat distribution [18]. Consequently, the thermal load transferred to
the electrode decreases, reducing melting and evaporation of electrode material [13]. Figure 2¢
indicates that R, increases with higher To, and I, but decreases as A, rises from 0 to 20 g/L. This
improvement is attributed to the suitable interaction among To, I, and A,, which enhances
discharge stability and uniformity through the formation of a stable discharge channel with a
higher powder concentration [18].

The predictive models of RMR, REW, and R, were set up and correspond to Egs. (5(7).
RMR = 0.00664 - 0.000008To, - 0.0031331, - 0.000042A,, + 0.000710 I,> + 0.000002A,>
-0.0000000002778Ton*+ 0.000009I,Ton + 0.0000061,A, + 0.0000004833TonAp (5)
REW = 0.001464-0.000017Ton-0.0008791,+ 0.000023 A+ 0.0002221,> + 0.000002A ;>
+0.0000001431Ton*+ 0.0000051,Ton- 0.00002I,A,- 0.00000039TonA, (6)
Ra=12.25398 - 0.00513426Ton - 0.173751,, - 0.0236667A, + 0.06333331,> +
0.00000925926Ton” + 0.000758333A,° + 0.0041, Ton - 0.00175I,A, - 0.000125TonA,  (7)

(a) Main Effects Plot for RMR (b) Main Effects Plot for REW
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Figure 2. Main influential plot of machining parameters on (a) RMR, (b) REW, and (c) R..
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The normal probability plots described in Figures 3a-c indicate that the residuals lie on the
reference lines with little deviations dispersed around a steep line. Therefore, the model terms
selected are the only major variables, and their errors have the form of a normal distribution
[19]. The development models were also considered for appraising the adequacy via ANOVA
analysis in the following sections for predicting the optimum attributes.
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Figure 3. Normal probability plot: (a) RMR, (b) REW, and (c¢) R,.
3.2. Investigation of RMR results

3.2.1. ANOV A analysis

The RMR model was evaluated for its adequacy via ANOVA analysis, with a confidence
level of 95 % and a significance level of 5 %. Table 2 shows the ANOVA results of RMR. The
P-values corresponding to the model terms are significant when they are smaller than 5 %.
Hence, the terms (comprising 7., I, A, 1,°) are significant for the RMR model. The
development model has been confirmed by the precision/adequacy through coefficients,
including “R?”, “R*(adj)”, and “R?*(pred)”. In which, the R? value is 0.9895. The empirical and
predictive values reveal that they have good consistency. The R*(pred) value is 0.8511, which is
also in agreement with the R*(adj) value of 0.9707.

Table 2. ANOVA for RMR model.

Sum of squares Mean square F-value p-value Remark Contribution
Model 2.924E-05 3.249E-06 52.55 0.0002031  significant
Ip 2.126E-05 2.126E-05 343.9 8.391E-06  significant 71.95 %
Ton 4.033E-06 4.033E-06 65.23 0.0004715  significant 13.65 %
Ap 1.586E-06 1.586E-06 25.65 0.003884  significant 5.37%
Ip x Ton 2.809E-07 2.809E-07 4.543 0.08624 not significant  6.09 %
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L x A
Ton X Ap
I,2

Ton®

A2

Lack of fit

1.464E-08
8.410E-08
1.863E-06
2.308E-13

1.791E-07
2.693E-07

1.464E-08
8.410E-08
1.863E-06
2.308E-13

1.791E-07
8.978E-08

0.2368
1.360
30.13
3.732E-06
2.897
4.512

0.6471 not significant
0.2961 not significant
0.002740  significant

0.9985 not significant
0.1495 not significant
0.0563 not significant

0.00 %
0.61 %
0.95 %
0.05 %
0.28 %
0.91 %

“R2” = 0.9895, “ R2(adj)” = 0.9707, and “R*(pred)” = 0.8511

3.2.2. Influences of process parameters on RMR

The incorporated influence of process parameters on RMR is disclosed in Figure 4. In
which I, expresses the most influence on RMR with a contribution of 71.95 %, followed by Ton
(13.65 %) and A, (5.37 %), as indicated in Table 2. As a result, RMR augments with an increase
of I, in the entire investigation spaces of A, and Ton. Moreover, RMR rises (or decreases) with
an augmentation in A, (or Ton) for the whole design spaces of Ij,.
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Figure 4. Interaction influence plots of variables for RMR.
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Figure 5. 3D surface plots for RMR: (a) I, vs Ton; (b) I, vs Ap; (¢) Ton Vs Ap.
Figures Sa—c show the 3D surface plots of RMR when one factor is fixed while the other

two factors are varied. In Figure 8a, an upward tendency of RMR is expressed when T, and I,
increase simultaneously. A sudden drop in RMR is observed at I, of 3 A and To, of 50 us. RMR
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obtains the largest value at I, of 4 A and Ton of 80 ps, and the smallest value at I, of 2 A and Ton
of 20 ps. Observing Figure 5b, RMR improves as both A, and [, increase. An unusual decrease
in RMR is confirmed at I, of 3 A and A, of 10 g/L. RMR augments at a powder amount of 20
g/L for all I, values, whilst it degrades at a powder amount of 0 g/L for all I, values. The
intersections of (I, =2 A, A, =0 g/L) and (I, =4 A, A, = 20 g/L) disclose the smallest and
largest RMR, respectively. In Figure 5c, an upward tendency of RMR is observed when Ton
increases with the augmentation of A,. An uncommon decrease in RMR is affirmed at To, of 50
us and A, of 10 g/L. The intersections of (Ton= 20 us, Ap=0 g/L) and (Ton= 80 us, Ap=20 g/L)
depict the smallest and largest RMR, respectively.

The above analysis indicates that increasing both T., and I, raises discharge energy,
thereby improving RMR [20]. However, excessive energy input may cause unstable machining
due to insufficient debris removal in the discharge gap, resulting in short circuits [21]. The
introduction of powder into the dielectric promotes dispersed discharges, which enhances RMR.
Conversely, a reduction in RMR may occur due to short circuits, arc formation caused by
excessive debris from previous discharges, or an inappropriate combination of I, and Ton that
reduces powder concentration during subsequent discharges [22]. The RMR results obtained
with tungsten compound powder are consistent with previous studies [23, 24], although
different process parameters and powder types were used.

3.3. Investigation of REW results

3.3.1. ANOVA analysis

The REW model was considered for evaluating its adequation through ANOVA analysis
with a confidence level of 95 % and a significance level of 5 %. The ANOVA results of the
REW model are shown in Table 3. The P-values corresponding to the model terms are
significant when they are less than 5 %. Accordingly, the terms 4,, I, 1, I,x4,, and 4, are
significant. The developed model has been confirmed by the precision/adequacy through
coefficients, including “R?”, “R*(adj)” and “R*(pred)”. In which, the R? value is 0.9947,
indicating that the empirical and predictive values show a good compromise. The R*(pred) value
is 0.9145, which is also suitable with the R*(ad;j) value of 0.985.

Table 3. ANOVA results for REW model.

Sum of squares Mean square F-value P-value Remark Contribution
Model 3.749E-05 4.17E-06 103.2 <0.0001 significant
I, 2.528E-05 2.53E-05 626.3 <0.0001 significant 67.13 %
Ton 6.390E-08 6.390E-08 1.583 0.2638 not significant 0.17 %
Ap 5.623E-07 5.623E-07 13.93 0.01353 significant 1.49 %
Ip X Ton 1.884E-07 1.884E-07 4.667 0.08316 not significant 0.5 %
I, x A, 2.025E-06 2.025E-06 50.17 0.0008682  significant 5.38%
Ton XAp 2.176E-08 2.176E-08 0.5390  0.4958 not significant  0.06 %
I2 8.206E-06 8.206E-06 203.3 < 0.0001 significant 21.46 %
Ton® 2.592E-07 2.592E-07 6.422 0.05226 not significant  0.93 %
A2 8.994E-07 8.994E-07 22.28 0.005240  significant 2.35%
Lack of Fit 2.014E-07 6.714E-08 364.3 0.002739  significant 0.53 %

“R?” =0.9947, “R*(adj)” = 0.985, and “R? (Pred)” = 0.9145
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3.3.2. Influences of process parameters on REW

Figure 6 indicates the incorporated influence of machining variables on REW. According
to the ANOVA results of REW given in Table 3, I, expresses the most contribution for REW
with 67.13 %, followed by A, (1.49 %) and Ton (0.17 %). As the results of the incorporated
impact plots shown in Figure 6, REW augments with an increase of I, in the whole investigation
spaces of Ton and A,. Additionally, REW grows (or decreases) with an increment in Ay (or Ton)
in the entire investigation spaces of I,.
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Figure 6. Interaction influence plots of variables for REW.
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Figure 7. 3D surface plots for REW: (a) I, vs Ton; (b) Ip vs Ap; (¢) Ton Vs Ap.

The 3D surface plots of REW when one factor is fixed while the other two factors are
altered are presented in Figures 7a—c. Specifically, in Figure 7a, an upward tendency of REW is
disclosed with the boost of both I, and Ton. A rapid decline in REW is observed at I, of 3 A and
Ton of 50 ps. At I, of 4 A and Ton of 80 pus, REW attains the greatest value, while at I, of 2 A and
Ton 0of 20 ps, it reaches the smallest value. It is clear from Figure 7b that REW declines with the
increase of both A, and I,. An unusual drop in REW is verified at [, of 3 A and A, of 10 g/L.
REW degrades at a powder amount of 20 g/L for all I, values, whilst it augments at a powder
amount of 0 g/L for all I, values. The intersections of (I[,=4 A, A,=0 g/L) and (I,=2 A, A,=
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20 g/L) reveal the largest and smallest REW, respectively. In general, as can be seen from
Figure 7c, a downward tendency of REW is indicated when the pulse on time drops with the
augmentation of the powder amount. An uncommon decrease in REW is confirmed at To, of 50
us and A, of 10 g/L. The intersections of (Ton= 20 us, Ap=20 g/L) and (Ton= 80 pus, A,=0 g/L)
depict the smallest and largest REW, respectively.

The above analysis indicates that increasing both I, and T., enhances discharge energy,
causing more heat to be transferred to the electrode and consequently increasing REW [13].
However, excessive energy input may destabilize the process due to ineffective debris removal
in the discharge gap, resulting in short circuits. The presence of powder in the dielectric
promotes dispersed discharges, which can increase REW [25]. Conversely, abnormal reductions
in REW may occur due to short circuits or arc formation caused by excessive debris
accumulation from previous discharges [26]. Furthermore, an unsuitable combination To, and I,
generates high bubble collapse pressure, reducing powder concentration in subsequent
discharges. This decreases discharge energy and heat transferred to the electrode, leading to
lower REW. The REW behavior is consistent with previous studies [24, 27], although its
dependence on process parameters varies with electrical conditions and the thermal-electrical
properties of different powders.

3.4. Investigation of R, results

3.4.1. ANOVA analysis

The ANOVA analysis with a confidence level of 95 % and a significance level of 5 % was
utilized to evaluate the suitability of the R, model, the results of which are given in Table 4. The
P-values corresponding to the model terms are significant when they are less than 5 %.
Accordingly, the significant terms of the R, model are T, 1, 4, 1, A4,°, and I, x T,. The
developed model has been confirmed by the precision/adequacy through coefficients, including
“R?”, “R*(adj)” and “R*(pred)”. In which, the R? value is 0.9947, demonstrating that the
empirical and predictive values show a good compromise. The R*(pred) and R*(adj) values are
0.9166 and 0.9848, respectively. This indicates that there is a suitable agreement between
“R*(pred)” and “R*(ad))”.

Table 4. ANOVA results for R, model.

Sum of squares ~ Mean square  F-value  P-value Remark Contribution

Model 1.935 0.2150 102.0 <0.0001  significant

I, 1.209 1.209 573.4 <0.0001  significant 62.20 %
Ton 0.3081 0.3081 146.1 <0.0001  significant 15.85 %
A, 0.3200 0.3200 151.8 <0.0001  significant 14.46 %
Ip X Ton 0.05760 0.05760 27.32 0.003391  significant 2.96 %
I x A, 0.001225 0.001225 0.5810  0.4803 not significant ~ 0.06 %
Ton X Ap 0.005625 0.005625 2.668 0.1633 not significant ~ 0.29 %
I, 0.01481 0.01481 7.025 0.04540 significant 0.60 %
Ton 0.0002564 0.0002564 0.1216  0.7415 not significant ~ 0.00 %
A’ 0.02123 0.02123 10.07 0.02472 significant 1.04 %
Lack of fit  0.01008 0.003358 14.39 0.06566 not significant  0.52 %

“R?” =0.9947, “R?(adj)” = 0.9848, and “R?(Pred)” = 0.9166
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3.4.2. Influences of processing parameters on R,

Figure 8 indicates the incorporated influence of machining variables on the roughness. I,
has the greatest influence on R, with a contribution rate of 62.20 %, followed by Ton (15.85 %)
and A, (14.46 %), according to the ANOVA results shown in Table 4. From the results of the
incorporated effect plots (Figure 8), R, rises with an augmentation of To, and I, in the entire
investigation spaces of A,. Meanwhile, R, declines with an augmentation of A, in the entire
investigation spaces of Ton and I,. These observations are suitable to the outcomes previously
announced [28, 29].
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Figure 8. Interaction influence plots of variables for Ra.
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Figure 9. 3D surface plots for Ra: (a) I vs Ton; (b) Ip vs Ap; () Ton VS Ay.

Figures 9a—c illustrate the 3D surface plots of R, with one factor held fixed while the other
two factors are mutated. Specifically, in Figure 9a, an upward trend of R, is described by the
increase of both I, and Ton. A sudden decline in R, is observed at I, of 3 A and Ton of 50 ps. At
I, of 4 A and T.n of 80 ps, Ra achieves the greatest value, while at I, of 2 A and Ton of 20 ps, it
reaches the smallest value. In Figure 9b, it is easy to see that R, declines with the increase of
both A, and I,. An unusual drop in R, is verified at I, of 3 A and A, of 10 g/L. R, degrades at a
powder amount of 20 g/L for all I, values, whilst it augments at a powder amount of 0 g/L for
all I, values. The intersections of (I, =4 A, Ap=0 g/L) and (I, =2 A, A, =20 g/L) reveal the
largest and smallest R,, respectively. In general, as can be seen from Figure 9¢, a downward
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tendency of R, is observed when To, drops with the augmentation of A,. An uncommon
decrease in R, is confirmed at Ton of 50 ps and A, of 10 g/L. The intersections of (Ton = 20 ps,
Ap,=20g/L) and (Ton= 80 pus, Ap=0 g/L) depict the smallest and largest R, respectively.

The analysis shows that increasing both I, and To, raises discharge energy, resulting in
higher R, values [13]. However, excessive energy input may cause unstable machining due to
insufficient debris removal, leading to short circuits or arcing [30]. The addition of powder into
the dielectric promotes dispersed discharges and enlarges the discharge gap, which reduces
discharge energy density and produces smaller surface craters, thereby improving R..
Conversely, abnormal R, deterioration may occur due to short circuits, arcing from excessive
debris accumulation, or an inappropriate combination of I, and To, that decreases powder
concentration during subsequent discharges [31]. In this study, PMEDM produced higher R,
values than EDM across the investigated range, and the trend agrees with previous studies [32,
33]. However, the influence of powder addition depends on the thermal and electrical properties
of the powder, dielectric fluid, and machining parameters.

3.5. Optimization outcomes of machining features

The multi-criteria optimization problem of this study is described as follows:

Finding x = [Ton, Ip, Ap] such that RMR and {REW and R.} simultaneously reach their
respective maximum and minimum values using TOPSIS and DA algorithms, as shown in [27].

The process parameters are within the following conditions: 20 < 7, < 80 (us), 2 <1, <4
(A),and 0 <4, <20 (g/L).

The entropy weight approach was used to determine the weights of the three responses,
resulting in w; = 0.249 for RMR, w, = 0.680for REW, and w3 = 0.072 for R,, which was
computed according to reference [15]. The optimal condition obtained from TOPSIS was the
15th experimental run with I, = 2A, T, = 50us, and A4, = 20g/L, achieving Ra = 1.98 um,
RMR = 0.00446 g/min, and REW = 0.00049 g/min (Table 5). Using the same weighting factors,
the DA method identified the optimal parameters as I, = 2A, Ty, = 70us, and A, = 20g/L
with a desirability value of 0.878, producing R, = 1.99 um, RMR = 0.004847 g/min, and REW
= 0.0005445 g/min (Table 5). Compared with DA, TOPSIS provided lower REW and R, by
10 % and 0.5 %, respectively, while DA achieved 8.67% higher RMR (Table 5). Therefore,
TOPSIS is more suitable when minimizing REW and R. is prioritized, whereas DA is preferable
for maximizing RMR.

Table 5. Comparison of optimal results.

. Optimal variables Machining attributes
Algorithm - .
Ton (us) Ip (A) Ap(g/L) RMR (g/min) REW (g/min) Ra (um)
DA 70 2 20 0.004847 0.0005445 1.99
TOPSIS 50 2 20 0.00446 0.00049 1.98
Comparison between TOPSIS and DA 18.67% 410 % 10.5%

3.6. Empirical verification of the results

The experimental values of machining responses at the optimal parameters are depicted in
Table 6. The errors between the values of output variables for the empirical and predicted
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models are within the tolerable assortment, with the largest error of 6.3 % for REW and the
smallest error of 2.2 % for R,, both obtained by the TOPSIS technique.

Table 6. Empirical verification of the results.

Algorithm zﬁilcél::tlégg Optimum variables PV EV ?;Or)o r
RMR, g/min 0.004847  0.004561 5.9

DA REW, g/min I,=2 A, Ton=70 ps, A,=20 g/L  0.0005445 0.000524 3.8
Ra, pm 1.99 2.05 2.9
RMR, g/min 0.00446 0.004339 2.7

TOPSIS REW, g/min I,=2 A, Ton=50 ps, A, =20 g/L 0.00049 0.00052 6.3
Ra, pm 1.98 2.02 2.2

Error = Abs (PV — EV)/PVx100 %

The surface defects under the optimal conditions obtained from the two algorithms were
analyzed, as shown in Figure 10. Figures 10a and 10b present the surface morphology
corresponding to the TOPSIS and DA methods, respectively. It can be observed that defects,
including droplets, debris particles, micro-cracks, and voids, are less pronounced in the TOPSIS
condition than in the DA condition. Since both methods use the same I, and A,, the higher Ton
value from the DA method contributes to the formation of more surface defects [33]. This
phenomenon is related to the involvement of powder particles in the discharge process, which
promotes dispersed discharges, alters material removal behavior, generates residual stresses, and
affects dielectric properties such as viscosity, conductivity, and heat transfer [34]. The defect
density observed in this study is higher than that reported in previous work [10], which can be
attributed to the present investigation focusing on heat-treated material, whereas the previous
study examined the non-heat-treated state.

(a)

(Globules of debris

\og
T o ~
\\ y v

SU3800 0001 10.0kV 7. 1mm x560 JSE

Figure 10. Surface defects at optimal parameters: (a) TOPSIS; (b) DA.

The surface chemical compositions obtained under the optimal conditions of TOPSIS and
DA were compared, as presented in Table 7. The results show that the concentrations of C, W,
Co, and Cu from the TOPSIS condition are higher than those from DA, whereas the contents of
V, Si, Cr, Fe, and Mo are greater under the DA condition. This difference is attributed to the
distinct optimal parameters selected by the two optimization methods, which generate different
physical and chemical interactions during the discharge process. Additionally, the element O
was not detected on the machined surfaces produced by either method. The elemental
distributions under the optimal TOPSIS and DA conditions are illustrated in Figure 11. The
TOPSIS condition exhibits a more uniform distribution of elements compared with the DA
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condition. This variation is related to the different parameter combinations, which influence the
discharge channel characteristics and consequently the material transfer and surface
modification mechanisms [35]. Although the elemental composition differs from previous
research [10], both studies confirm the diffusion of W elements and the formation of the W2C
phase on the machined surface.

Table 7. Chemical composition and elemental content on surfaces at optimal parameters.

Chemical elements (wt.%)

Algorith
gortm C v Si Cr Fe Mo W Co  Cu
DA 1942 125 085 539 6861 240 170 033 028
TOPSIS 219 122 059 435 5943 234 934 044 039
(a e K C Kal2 VKl (b Fe Kal CKal2 V Kat
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Figure 11. Distribution of chemical elements on surfaces at optimal parameters : (a) TOPSIS and (b) DA.

Regarding the recast layer, the TRL obtained from the TOPSIS method is thinner than that
from the DA method, as shown in Figures 12a and 13. The surface layer produced under the
optimal TOPSIS condition exhibits a more uniform distribution of tungsten carbide phases
compared with the DA condition. Moreover, the CAP value achieved by TOPSIS is lower than
that obtained by DA (Figure 12b). These differences are mainly attributed to the different
electrical parameters selected by the two optimization methods, which affect the decomposition
pressure of gas bubbles during previous discharges and the role of powder particles in
subsequent discharges [36]. The presence of an appropriate powder concentration promotes
stable and uniform discharge channels with a wider discharge area [26]. Furthermore, the
dielectric fluid with suspended powder reduces viscosity, enhancing debris removal from the
discharge zone. These effects contribute to the reduction of TRL and CAP. The surface
topographies under the optimal TOPSIS and DA conditions are presented in Figures 14a and
14b, respectively. The TOPSIS condition produces a more uniform surface morphology,
whereas the DA condition shows a less homogeneous surface structure.
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Figure 12. TRL and CAP at optimal parameters: (a) TRL; (b) CAP.
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Figure 14. Surface topography of specimens at optimal parameters: (a) TOPSIS; (b) DA.
4. CONCLUSIONS

In this study, the machinability of heat-treated SKD61 steel in EDM operations with
tungsten compound powder was evaluated. The principal results have been drawn:
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- The predictive models with well-reliability have been instituted, with the R?-values of
RMR, REW, and R, are 0.9895, 0.9947 and 0.9947, respectively. An upward of I, or T, leads
to an increment in entire output attributes. For A,, an augmentation in A, leads to an increment
in RMR and a reduction of REW and R.. For RMR, the influence of I, is the greatest with a
contribution rate of 71.95 %, followed by To, and A, corresponding to a contribution rate of
13.65 % and 5.37 %. For REW, the greatest impact on REW is I, with a contribution rate of
67.13 %, followed by A, with a contribution rate of 1.49 %, and To, with a contribution rate of
0.17 %. For Ry, I,, has also the greatest impact on R, with a contribution rate of 62.2 %, followed
by Ton with a contribution rate of 15.85 %, and A, with a contribution rate of 14.46 %.

- Both the TOPSIS and DA were employed to solve the multi-criteria optimization
problem. DA gives the best result in terms of improving RMR with an increment of 8.67 %
compared to TOPSIS. Meanwhile, TOPSIS contributes the most suitable outcome for reducing
REW and R, with corresponding reductions of 10 % and 0.5 % compared to DA. The defects,
TRL, CAP, and surface topography of TOPSIS are better improved than those of DA. The
content of elements such as C, W, Co, and Cu of TOPSIS is larger compared to that of DA,
whilst the content of elements such as Si, V, Fe, Cr, and Mo of DA is also more than that of
TOPSIS. For the distribution of chemical composition, as well as the distribution of W-C,
TOPSIS has better results than DA. Hence, the chosen approach will depend on the
requirements for surface feature criteria or machining ability criteria.

- The findings of this study provide a more comprehensive knowledge of machinability of
heat-treated SKD61 steel in the EDM operation with tungsten compound powder, and the
benefits of the DA and TOPSIS algorithms. These factors can help foster the well-being of
industrial production and the research community.
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