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Abstract: In the current context, an attempt is being made
to improve the electrical discharge machining (EDM) pro-
cess by using powder particles in a suitable combination.
To improve the quality of such procedures, the process
parameters should be optimized. The present study pro-
poses to utilize Taguchi—Grey relational analysis to dis-
cover the optimal combination of process parameters for
SKD61 die steel specimens using titanium powder-mixed
EDM (PMEDM). Among the machining parameters chosen,
the optimal combination of current (3 A), pulse on-time
(37 ps), pulse off-time (37 ps), and powder concentration
(4 g/L) was determined experimentally. Due to its rele-
vance in spark energy production, peak current is a more
significant factor in PMEDM processes. A superior surface
topography was obtained with increased microhardness
and fewer microfractures over machined specimens with
optimal process parameter in PMEDM. The titanium parti-
cles can effectively enhance the surface performance mea-
sures during PMEDM-based machining owing to tiny craters
and pores with better lubrication.
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1 Introduction

Electrical discharge machining (EDM) utilizes the thermal
energy generated by electrical discharge sparks to attack

* Corresponding author: Nguyen Huu Phan, Hanoi University of
Industry, No. 298, Cau Dien Street, Bac Tu Liem District, Hanoi,
Vietnam, e-mail: phanktcn@gmail.com

Pham Van Dong, Nguyen Van Thien, Nguyen Huy Kien,

Tran Quoc Hung, Nguyen Mai Anh, Hoang Xuan Thinh,

Hoang Van Nam: Hanoi University of Industry, No. 298, Cau Dien
Street, Bac Tu Liem District, Hanoi, Vietnam

the machined surface continuously and repeatedly. During
the machining operation, the materials in the workpiece
and electrode are melted and evaporated [1]. Allowing the
deionization of the pressurized dielectric medium ejects
the resolidified particles from the machining zone [2].
Additionally, it may influence the thermal and electrical
conductivity of the plasma generated in the machining
zone. The dielectric medium’s characteristics can affect
both the formation of craters and microcracks and the
thickness of the white layer [3]. To establish the surface
layer’s quality, the roughness (R,), hardness (HV), average
white layer thickness (WLT), and heat-impacted zone were
measured (HIZ). As a result, the cost of machining has
grown dramatically, as has tool material wear [4]. As a
result, optimizing the surface layer quality throughout
the EDM process continues to be a difficulty. Numerous
variables, such as electrical settings, electrode materials,
and dielectric fluid, can affect the EDM process’s surface
quality. Numerous parameters, such as current (I), pulse-
on time (T,,), and pulse-off time (T,g), all influence the
surface quality during the EDM process. Additionally,
these variables can impact the recast layer’s depth [5].
The EDM procedure of removing the WLT layer from the
machining surface is time consuming. Reduce the depth of
the WLT to increase the surface quality. Electrical resis-
tivity and thermal conductivity of the insulating medium
might potentially affect surface performance evaluations
during the EDM process [6]. Additionally, the machined
workpiece’s surface quality is determined by the tool
wear rate (TWR), which is greatly influenced by the spe-
cific gravity, tensile strength, electrical conductivity,
and melting temperature of the electrode materials. In
EDM operations with low surface quality, water-diluted
dielectric fluid is more productive than oil-diluted dielec-
tric fluid [7]. The diameter of the crater is mostly deter-
mined by the nature of the dielectric medium. Microcracks
vary in length and distribution depending on the heat
conductivity of the workpiece [8]. However, fabricating
electrodes with complicated shapes with these materials
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is extremely difficult. Powder-mixed EDM (PMEDM) can be
used to eliminate microfractures and voids in the WLT [9].
The electrode material and composition of the powder
used with the dielectric fluid during the PMEDM process
may affect the machined surface’s WLT [10]. During the
EDM process, a stronger tool electrode can provide a
smoother surface with a higher surface hardness. Addi-
tionally, the particle size of the powder material may affect
the depth of the WLT, which in turn affects the high vol-
tage of the machined surface during the EDM process [11].
Powder particle size has a significant effect on the capabil-
ities of machined specimens to withstand high voltage
(12]. In comparison to standard EDM, PMEDM consider-
ably lowers particle adherence and small fractures [13].
It was revealed that the particle size of the powders mixed
with the dielectric medium has an effect on the PMEDM
process’s efficacy [14]. The powder-mixed dielectric medium
can be used as an insulating medium. It can increase the
efficiency and surface quality of machined specimen as
compared with the conventional EDM process [15]. The
addition of conductive powders can reduce the resis-
tance of dielectric fracture to reduce the machining
time with better surface quality in the PMEDM process
[16]. This has created considerable research directions
to improve the machinability of titanium alloy in the
PMEDM process. Silver nano powder-mixed dielectric
solution has resulted in better measures of EDM process
while machining titanium specimens [17]. It could pro-
vide higher machining operating cost in such process.
The lower WLT was observed in the PMEDM process.
Many factors such as powder types, concentration, and
size were contributed to assess performance measures
in the PMEDM process [18]. It was also observed that
the chromium nano-sized particles have efficiently con-
tributed than micron-sized chromium particles in the
PMEDM process. Nevertheless, the chromium nano pow-
ders used in PMEDM resulted in four times higher pro-
duction costs as that of micro chromium powders. The
quality indicators in PMEDM using Al,0; powder mixed
with different dielectric fluids were analyzed and evalu-
ated [19]. The higher material removal rate (MRR) was
observed with transformer oil as dielectric medium than
distilled water in the PMEDM process. The lower electrode-
wear-rate (EWR), surface-roughness (R,), and radial-over-
cut (ROC) were observed with kerosene dielectric medium.
The MRR, R,, and WLT have been significantly improved
in PMEDM with B,C powder while machining titanium
(Ti-6Al-4V) alloy [20]. The MRR was significantly improved
with lower R, and WLT using SiC powder on machining
titanium (Ti-6Al-4V) alloy [21]. While utilizing chromium
particles combined with dielectric medium, the hardness
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of the layer increased two times during the machining of
AISI D2 steel in the PMEDM process. The size of the cracks,
craters, and adhesion particles on the machining surface
were significantly reduced in the PMEDM process while
compared with the EDM process [22]. It was inferred that
usage of different particles with the insulating medium
could enhance the surface measures of the EDM process
[23]. The mechanism of the machining process can be
enhanced by including the electrical conductive powders
in the dielectric medium owing to the modification of elec-
trical conductivity of plasma column [24]. The particles
could be distributed uniformly by incorporating the mag-
netic stirrer in the process. The addition of B,C-based
ceramic particles in the dielectric medium can efficiently
enhance the process mechanism [25]. The utilization of
mixing the tungsten carbide particles with dielectric
medium can improve the surface performance measures
while machining titanium alloy [26]. The size of powder
material can also modify the depth of WLT which can
change the HV of machined surface in the EDM process.
The graphite powder produces larger crater radius owing
to the higher thermal energy of each spark over the
workpiece [27]. The surface hardness of various mold
steels such as D3, H113, and D6 has been significantly
improved by PMEDM using Mn, Al, and Al-Mn powders.
The size of the powder materials can strongly affect the
HV of machined specimens [28]. A composite layer has
been created over the machined surface due to the pene-
tration of a significant amount of powder materials and
thus contributed to significantly improve its mechanical
properties [29]. A layer of nitrite was found over the
machined AISI 4140 steel surface with Cu and Graphite
electrode, under the mixture of urea and deionized
water [30]. The effectiveness of powders such as Al,
SiC, and AlL,0; mixed dielectric fluid could modify the
various quality measures of MRR, TWR, and over cut in
an efficient manner [31]. It was found that the size of the
powders mixed with dielectric medium can further alter
the effectiveness of the PMEDM process [33].

The surface should be as high quality as possible in
terms of structure. This can be performed by imple-
menting multi-response optimization techniques, some-
times known as multi-criteria decision-making (MCDM)
approaches. It is necessary to develop MCDM in order
to determine the ideal parameter combination for the
PMEDM procedure [32]. Numerous strategies exist for con-
verting several response characteristics into a single per-
formance measure in any process [33]. Weight assignment,
genetic algorithms (GA), the Taguchi data envelopment
analysis ranking approach, and Taguchi-Grey relation
analysis (TGRA) are among these techniques. The response
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surface methodology has been used to optimize para-
meters in virtually any industrial process in order to quan-
tify their effect. Regardless of the method, a MCDM strategy
based on the Technique of Order Preference Similarity to
the Ideal Answer may provide a more technical solution
than prior technologies. Multi-objective optimization
method by ratio analysis is a strategy based on ratio
analysis for optimizing multiple objectives [34]. It was
created to address multi-objective challenges in any pro-
cess by utilizing the principal component analysis tech-
nique. GA, ant colony optimization, and the Preferential
Selection Index are key [35]. TGRA has the potential
to significantly improve the mechanism of action of the
procedure. However, the computation’s precision can be
adjusted by adjusting the gray-scale coefficient. TGRA is
often used due to its enhanced efficacy and versatility. The
TGRA technique has been shown to be effective for deter-
mining the optimal mix of components for any manufac-
turing process [36]. The TGRA technique can be used to
determine the ideal process parameters, whose signifi-
cance dictates how machining processes respond. Only
MCDM can create superior process factors in machining
processes, according to the entire survey.

After conducting a review of the literature, it was
revealed that just a few research attempts had been
made to incorporate MCDM into the PMEDM process. It
was discovered that little effort has been made to opti-
mize the process parameters for PMEDM machining of
SKD61 die steel. The current study was initiated as a
result of this discovery. The current study used a TGRA-
based MCDM technique to machine SKD61 die steel in the
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PMEDM process. Additionally, the PMEDM technique was
used to investigate the impacts of powder particles on the
machined surface quality metrics topography, micro-
cracks, WLT, R,, and HV.

2 Experimental methodologies

2.1 Choice of workpiece and process factors

Due to its importance in the creation of complex-form hot
stamping dies for manufacturing applications, the pre-
sent study selected SKD61 die steel specimens with a
sample size of 45 mm x 27 mm x 10 mm as the workpiece
specimens. The machining trials were performed using
an AG40L electrical discharge machine (Sodick, USA)
equipped with a powder mixing stirrer configuration
similar to that shown in Figure 1. EDM drilling was
used to make blind holes 50 mm in diameter above the
specimens. Titanium powder particles were deemed
powder particles in this experiment because of their
electrical and thermal conductivity. Titanium powder
was selected due to its excellent conductivity, low spe-
cific gravity, and nonmagnetic characteristics. The par-
ticles had an average diameter of 45 um and were mixed
with HD-11 oil dielectric fluid at a flushing pressure of
10 L/min and with the tool electrode polarized posi-
tively. We used a copper (Cu) tool electrode with a
22mm diameter. Experiments were conducted using
the process parameter combinations shown in Table 1.

Figure 1: Experimental scheme used in the present study.
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Table 1: Selection of process parameters

Process parameters Symbol Unit Variables
Peak-current I A 1,2,3
Pulse on-time Ton ps 18, 25, 37
Pulse off-time Tosf us 18, 25, 37
Powder concentration C g/l 3,4,5

The process variables were chosen to represent the
process parameters at their maximum, medium, and
minimum values.

In this investigation, HD-1 dielectric fluid was employed,
since it has frequently been utilized in Vietnam for cur-
rent pulse processing. Two stirring vanes were turned in
opposite directions at a speed of 200 rev/min to ensure
that the titanium powders were distributed uniformly
throughout the dielectric. A solvent pump was employed
to maintain a constant flow rate of 24 L/min into the pro-
cessing chamber. The magnets were employed to attract
debris formed during the machining process and pre-
venting it from combining with the titanium powder. The
entry of such particles entering the machining zone would
have harmed the electrical discharge process. The dielec-
tric fluid performs a variety of purposes, including pre-
venting discharges, cooling the operation, and expelling
undesirable material from the cutting zone. The dielectric
fluid used is determined by the application and the cost
of production.

2.2 Measurement of quality measures
The MRR, the TWR, the surface roughness (R,), the micro-
hardness (HV), and the WLT were all used as quality

indicators in this experiment. The weights of the work-
piece and electrode were determined precisely using

Table 2: Quality measures matrix in PMEDM process
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a digital weighing scale with an accuracy of 0.001g
and a standard deviation of 10 mg (Model: Vibra AJ-203
SHINKO, Japan). The surface roughness (R,) was evalu-
ated using a 0.8 mm cutoff length contact probe profil-
ometer (SJ-210) (MITUTOYO, JAPAN). Three measurements
were obtained for each test sample, and the average of
the three values was utilized. The surface morphology
was determined using a JEOL-6490 scanning electron
microscope and a Carl Zeiss Axiovert 40MAT optical micro-
scopy. The hardness (HV) was evaluated using a 0.5kg
applied stress on an Indenta Met 1106 microhardness
tester (Buehler, USA). According to Muthuramalingam’s
idea [37], the average thickness of the white layer has
been estimated.

3 Results and discussion

In this investigation, SKD61 die steel specimens were
machined using the PMEDM method according to the
experimental design described in the preceding section,
and the findings are summarized in Table 2. Three mea-
surements were obtained for each test sample, and the
average of the three values was utilized.

3.1 Effect of | on performance measures

Figure 2 shows the influence of I on the quality para-
meters in PMEDM using titanium powder. The change
of I led to the quality parameters being changed quite
strongly, and the increase of I led to the value of the
quality indicators being increased accordingly. This may
be due to an increase in I leading to an increase in spark

Exp. No 1 Ton Tos C MRR TWR R, HV WLT
(A (ns) (ns) (/1) (mm>/min) (mm>/min) (um) (HV) (um)

1 1 18 18 3 12.623 0.519 0.605 911.9 12.72

2 1 25 25 4 13.54 0.506 0.488 978.8 15.7

3 1 37 37 5 17.195 0.451 0.368 918.9 15.766

4 2 18 25 5 18.077 0.753 0.816 1090.6 18

5 2 25 37 3 16.542 0.641 1.04 900.1 19.6

6 2 37 18 4 17.871 0.842 0.943 1047.6 18.8

7 3 18 37 4 20.366 1.029 1.136 1380.8 19.06

8 3 25 18 5 20.435 1.164 0.983 1090.0 21

9 3 37 25 3 19.194 1.626 1.28 980.5 19.72

Mean 17.3159 0.8368 0.8510 1033.24 17.8184

Standard deviation 2.7464 0.3827 0.3069 149.49 2.6016

Standard error 0.9155 0.1276 0.1023 49.83 0.8672
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Figure 2: Effect of | on performance measures.

discharge energy. It leads to the thermal energy of the
spark impacting the machined surface of the workpiece
and the electrode to be greatly increased. Hence, the
amount of material of the electrode and the workpiece to
be melted and evaporated was also increased. The cause
of the increase in WLT could be because the amount of
workpiece-powder-electrode adhered to the surface of
the workpiece also increased with the increase of I. R,
of the machined surface was also increased by I due to
the increase of the size of the craters on the surface of
the workpiece. The increase in HV can be attributed
to the increased penetration of Titanium powders and
Carbon into the machined surface. MRR, TWR, R,, and
WLT were significantly altered with an increase of I,
and HV was slightly altered.

3.2 Effect of T,, on performance measures

The influence of T,, on MRR, TWR, R,, HV, and WLT in
PMEDM using titanium powder is shown in Figure 3. The

25,00
W 18us ®m25us m 37us

20,00

HV/100

MRR TWR*10 Ra*10 WLT

Figure 3: Effect of T,, on performance measures.
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increase in T,, led to an increase of MRR, TWR, and WLT.
But the increase of these quality indicators was not sig-
nificant. This was due to an increase in the energy of the
sparks in the PMEDM under T,, = 18-37 ps. However, the
increase in spark energy was not significant. R, was
changed very little by T,, change. The hardness of the
machined surface (HV) after PMEDM was reduced by the
increase of T,, has resulted in a decrease in the amount
of titanium powder entering the machined surface. The
increase of WLT in PMEDM could be due to the increased
adhesion of electrode material, workpiece, and powder
material to the machined surface. In general, the change
of T,, led to the quality indicators in PMEDM being
slightly affected.

3.3 Effect of T, on performance measures

The T, in PMEDM affects the process of chips, powders,
and dielectric fluid being ejected from the gap at dis-
charge, after they are impacted by sparks. It also affects
the recovery of the dielectric fluid and the deposition
of powder into the machined surface. Figure 4 shows
that the change of quality parameters (MRR, TWR, R,,
HV, and WLT) was not significant with the increase
under Tog = 18-37 ps. MRR, TWR, and R, were slightly
increased, and MRR increased by 6.8%. The reason
may be that the increased T.g led to a more stable
machining process. Therefore, the useful energy in
machining was increased. The HV of the surface layer
was increased, it may be because the increase of T,g
has led to easier process of titanium powder material
entering the machined surface. This was also the cause
of the increase in WLT.

25,00

W 18us m25us m 37us

20,00

15,00

10,00

5,00

0,00

MRR TWR*10 Ra*10 HV/100 WLT

Figure 4: Effect of pulse off time on performance measures.
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3.4 Effect of titanium powder concentration
(C) on performance measures

The addition of powder to the dielectric fluid increased
the number of sparks and decreased the energy required
to break down the dielectric fluid, hence increasing use-
able energy. Additionally, the presence of powder parti-
cles in the discharge gap results in an increase in the size
of the discharge gap. Additionally, it is simpler to remove
the chip and dielectric solution from the discharge gap.
It may result in more stable machining. Figure 5 illus-
trates the influence of titanium powder mixed with dielec-
tric fluid on the EDM processing of SKD61. Increases in
C = 3-5g/L resulted in a 15.2% rise in MRR. TWR and R,
were decreased by 15.0 and 25.91%, respectively. The reason
for this could be that the number of sparks increases,
resulting in a drop in the energy of each spark. The rise
in powder concentration resulted in an increase in powder
accessing the workpiece surface layer following PMEDM,
and WLT increased marginally (5.23%) at C = 5 g/L. The
hardness of the surface layer changed insignificantly
(=10.73%), and the HV was maximum at C = 4 g/L. How-
ever, the value of powder concentration is too high, it
will lead to more occurrence of short-circuit phenom-
enon. Hence, the machining process is not stable. It
can negatively affect the improvement of quality indica-
tors in PMEDM.

3.5 Multi-response optimization of process
parameters by TGRA

In the present study, TGRA-based MCDM technique was
applied to machine SKD61 die steel in the PMEDM process.
Figure 6 illustrates rules involved in TGRA methodology.

25,00
m 3g/l m4g/l m5g/l
20,00 - I I
15,00 -
10,00 - I I
5,00 - I
0,00 - ; ‘ -
MRR TWR*10 Ra*10 HV/100 WLT

Figure 5: Effect of titanium powder concentration on performance
measures.
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The signal to noise (S/N) ratios and their normalized
values (N-S/N) for the specified quality measurements
in the PMEDM process are shown in Table 3. MRR and
HV should be increased, while TWR, R,, and WLT should
be decreased, in order to achieve higher performance
metrics in the PMEDM process. Given that the current
inquiry required both features, 0.5 was chosen. The G,
value for each trial is listed in Table 4. This higher G,
value suggests a more efficient MCDM in the PMEDM pro-
cess. The mean G, values for all input factor levels are
shown in Table 5. As a result, the more advantageous
process factors are those with a higher mean G, value
in the process. As a result, the ideal parameters were
identified in the study, as indicated in Table 5. The
max-min relationship demonstrated that the key deter-
mining factor on quality metrics in the PMEDM process
was the maximum-minimum relationship. The spark
energy used in the PMEDM process has an effect on the
amount of material removed from the workpiece and tool
electrode. The roughness of the surface is mostly deter-
mined by the crater formation, its size, and dispersion.
The size of the crater is determined by the peak current.
Thermal energy is responsible for the development of
the WLT. Peak current may have an effect on the produc-
tion of spark plasma during the PMEDM process. As a
result, the current plays a critical role in assessing the
quality metrics used in the PMEDM process. After com-
puting the optimal factor combination, a confirmation
test was run to determine its confidence. It was noted
that the G, grade value improved by 3.4% when com-
pared to the Ge.

Confirmation Experiments: Confirmation experiments
were carried out using the optimal process parameters
such as the material workpiece (SKD61), material elec-
trode (Cu), reverse polarity, pulse-on time (37 pis), current
(3A), pulse-off time (37 ps), and concentration (4 g/L).
The results of the experiment are shown in Table 6. The
coefficient of gray levels obtained from the experimental
results at optimal process parameters was the largest.
Compared with the results of the best experiment (7st),
the optimal efficiency is improved by 10.81%. This showed
that the processing efficiency improved significantly.

3.6 Surface morphology of the machined
specimens under optimal factor setting

The observation of the analytical image of the compound
organization on the machined surface layer showed
that the carbide of titanium —carbon and alloy of
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Calculation of S/N ratio:
=  Smaller-the-better characteristics

S . 1 2
N ratio = —1010gaz Y

= Larger-the-better characteristics

s 1 ,
i ratio = —10 lOgZZ 1/Ys

m - Number of experimental replication

Y. - Response of a™ trial of b" dependent level.

Calculation of normalized S/N ratio:
=  Smaller the better characteristics
7 o Max (Yap) — Yap
@7 max(Yy) — min(Yg)

= Larger the better characteristics
Yyp — min (Yab)
max(¥y,) — min(Ygp)

Zab -

Z. - Normalized of a™ trial of o™ dependent level.

Computation of grey co-efficient (GC):

(lpmin + évlpmax )
( l}]ab + 5lpmux )
¥, - Grey co-efficient for a™ trial of A" dependent response;
Y =1 - Normalized S/N

o - Distinctive co-efficient’s value is from 0 to 1
[In the present study, J is considered as 0.5 due to LTB and STB
characteristics of quality measures]

Gcab =

Computation of grey relation grade (G,,):

1
G, = MZ GCyp

M - Number of the performance measures

Confirmation experiment:

Ge= Gr= ) (G Gp)
G, — Predicted GR grade
Ge-Total averageGR grade
G,—Optimal average GR grade

Figure 6: TGRA-based methodology in PMEDM process.

Table 3: Normalized ratio of the present study

Trial S/N ratio N-S/N ratio

No MRR TWR R, HV WLT MRR TWR R, HV WLT
1. 22.0233 5.6967 4.3649 59.1990 -22.0897 0 0.1095 0.3988 0 0

2. 22.6324 5.9170 6.2316 59.8139 -23.918 0.1456 0.08973 0.2264 0.1706 0.4198
3. 24.7080 6.9165 8.6830 59.2654 -23.9544 0.6416 0 0 0.0184 0.4282
4. 25.1425 2.4641 1.7662 60.7533 —25.1055 0.7455 0.3997 0.6388 0.4313 0.6925
5. 24.3718 3.8628 -0.3407 59.0858 —25.8451 0.5613 0.2741 0.8334 -0.0314 0.8624
6. 25.0430 1.4938 0.5098 60.4039 —-25.4832 0.7217 0.4868 0.7549 0.3344 0.7793
7. 26.1781 -0.2483 -1.1076 62.8026 -25.6025 0.9930 0.6432 0.9043 1 0.8067
8. 26.2075 -1.319 0.1489 60.7485 -26.4444 1 0.7394 0.7882 0.4300 1

9. 25.6633 -4.2224 -2.1442 59.8290 —25.8981 0.8699 1 1 0.1748 0.8746
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Table 4: Gray relational grade of the present study

Trial GC grade Gray
relational

grade

No MRR TWR R, HV WLT

0.3333
0.3692
0.5825
0.6627
0.5326
0.6424 0.4935

0.3596
0.3545
0.3333
0.4544
0.4079

0.4541
0.3926
0.3333
0.5806
0.7501 0.3265
0.6710 0.4290 0.6937
0.9861 0.5836 0.8393 1 0.7211
1 0.6573 0.7025 0.4673 1

0.7936 1 1 0.3773 0.7994

0.3333
0.3761
0.3375
0.4679

0.3333
0.4629
0.4665
0.6192
0.7842

0.3627
0.3911

0.4106
0.5570

0.5603
0.5859
0.8260
0.7654
0.7941

VONOWV A WN R

Table 5: Computation of optimal process parameters combination

Factors L1 L2 L3 Optimal Max-Min
parameters

1 0.3881 0.5677 0.7952 3A 0.4070

Ton 0.5819 0.5722 0.5969 37 ps 0.0246

Totf 0.5714  0.5807 0.5990 37 ps 0.0276

C 0.5724 0.6010 0.5777 4g/L 0.0287

Table 6: Results of confirmation experiments

Machining Exp. value
characteristics

7st Optimal Difference (%)

parameters

MRR (mm?/min) 20.366 21.882 2.53
TWR (mm?>/min) 1.029  0.853 -17.05
SR (ps) 1136  0.93 -18.13
HV (HV) 1380.8 1213.7 -12.10
WLT (ps) 19.06 19.81 3.93
Gray relational 0.8260 0.9153 10.81
grade

Fe - titanium had formed on the white layer (Figure 7).
These organizations can improve the workability of the
machined surface after PMEDM. With the special proper-
ties of titanium, titanium carbides, and Ti-Fe alloys, the
mechanical properties of the machined surface can be
greatly improved according to the wear resistance, cor-
rosion resistance, and thermal stability. The titanium
powder material was melted and evaporated by the elec-
tric spark and it has penetrated the surface layer of the
workpiece. The analysis results of elemental composi-
tion at different positions of the white layer showed that
titanium was distributed quite evenly (Figure 8). The
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composition of the carbon in the white layer is greatly
increased, which was produced by the cracking of the
oil fluid dielectric. Titanium, carbon, and copper have
penetrated deep into the surface layer. However, the
analysis results show that Cu, Ti, and C only appear
on the white layer. The topography of the machined sur-
face changed with the change of powder concentration
as shown in Figure 9. The number of craters increased
with the increase of the powder concentration; however,
the size of the craters decreased. The bottoms and
mouths of the craters are formed in the form of curved
arcs (Figure 10). The cause may be due to the immediate
impact of the dielectric fluid on the liquid metal region;
it is generated by the spark that hits the surface of the
workpiece. The shape of the craters will contribute to
improved fatigue resistance of the surface layer com-
pared to other traditional machining methods. Many
pores also appear on the surface machined by PMEDM
(Figure 11). The size of the craters and pores is small.
Those effects can have a beneficial effect on the working
condition of the die surface. These craters and pores
facilitate the storage of lubricants such as dielectric fluid
and lubricating powder during the working life of the
product. In addition, microcracks in the machined sur-
face can adversely affect the fatigue resistance of the
machined surface layer as shown in Figure 12. On the
contrary, it can be highly effective for surfaces subject to
sliding friction, because they can create an increase in
the adhesion of the lubricant on the machined surface.
The number of microcracks increased with the increase
of powder concentration, whereas their size decreased.
This may be due to the reduction of the spark energy
formed in the PMEDM. The analytical characteristics
of the white layer have shown that its microscopic
hardness cannot be significantly increased. The results
showed that the surface layer machined after PMEDM
was significantly improved. It is intended to improve
the surface quality of mould steel by PMEDM using tita-
nium powder. However, the practical application of this
technical solution in practice needs to be based on the
working conditions of each type of product.

4 Conclusions

The present work used TGRA-based MCDM optimization
to determine the ideal combination of process parameters
for machining SKD61 die steel in titanium-based PMEDM.
The following conclusions have been drawn from the
experiments.
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Figure 8: EDAX analysis of machined surface.
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Figure 9: Topography of machined surface. (a) Topography of machined surface with 3 g/L, (b) topography of machined surface with 4 g/L,

and (c) topography of machined surface with 5 g/L.

Figure 11: Pores of machined surface.

e The best combination of process parameters in the
PMEDM process was determined to be current (3A),
pulse on-time (37 ps), pulse off-time (37 ps), and powder
concentration (4 g/L).

Figure 12: Cracks of machined surface.

¢ Due to the importance of spark energy in the PMEDM
process, the peak current is a more prominent factor.

¢ Titanium particles can significantly improve surface
performance during PMEDM-based machining due to
their small craters and pores that provide improved
lubrication.

e Under ideal process parameter combinations, a higher
HV with fewer microcracks can be achieved over
machined specimens.
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