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Many studies have carried out on the characteristics of surfaces processed by PMEDM with various
powders. However, limited works have used the tungsten carbide powder in the PMEDM process and
investigated its effects on the surface properties. In this research, the influence of main process parameters,
including the peak current (Ip), the pulse on time (Ton), and the powder concentration (Cp) on surface
properties—i.e., surface roughness (Ra), microhardness of surfaces (HV), and surface morphology of
SKD61 steel machined by PMEDM with tungsten carbide powder, was explored in two modes: the fine-
finish mode and the semi-finish mode. The results show that the peak current, the pulse on time, and the
powder concentration have a noticeable influence on surface properties. The surface roughness, the
microhardness of surfaces, and the surface morphology at the small peak current (Ip =1 A) and the short
pulse on time (Ton =16 ls) were improved better than those at the large peak current (Ip=4 A) and the long
pulse on time (Ton =200 ls) with all powder concentrations. The best improvement of the surface roughness
at Ip=1 A; Ton=16 ls; Cp=40 g/l is 0.471 ± 0.011lm with a reduction of 57.984% as compared to the normal
EDM. The set of processing parameters {Ip=1 A; Ton=16 ls; Cp=60 g/l} has the most positive effect on the
improvement of microhardness and surface morphology: The microhardness was enhanced up to 825 ± 19
HV with an increase of 129.167% as compared to the normal EDM. The surface morphology had the
smooth surface, the few micro-cracks, the few voids, the few droplets, and the few globules of debris as
compared to that of other process parameters and the normal EDM.
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1. Introduction

Electrical discharge machining (EDM) is largely used to
process metals with high hardness and/or metals that are
difficult to be cut, for example SKH54, Ti6Al4V alloy, SKD61.
However, the EDM process generally features a low removing
rate of material and a low surface quality. To enhance the
productivity and the quality of machined surfaces in EDM, the
conductive powder is generally mixed into the dielectric liquid
of the EDM process. Such a EDM process is also named the
powder mixed electrical discharge machining (PMEDM)
process. PMEDM has improved the spark discharge process.
The participation of conductive powder in spark discharge
process enables reducing the electrical insulation ability of the
dielectric fluid, varied the electrical discharge gap between the
tool and the workpiece (Ref 1-3). In high-temperature condi-
tions, free electrons in the conductive particle of powder have
reduced the insulation of the dielectric fluid. The improvement
of electrical conductivity in the dielectric fluid has assisted
sparks to be formed from a further distance and thus has
widened the discharge distance (Ref 4-6). In addition, the

electrical sparks are more uniform, and the discharge channel is
widely extended. The spark discharge is reduced in energy, and
the craters become shallower (Ref 7-9). Therefore, the process
of spark discharge becomes stable, enhances the machining
performance and the surface quality (Ref 10-13).

The first research on the PMEDM process was reported in
1980 (Ref 14), which reported on the influence of Al, Fe, and C
powder mixed into the dielectric liquid of the EDM process on
the surface quality and the machinability of samples. After that,
a series of studies have been reported. The authors studied a
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List of symbols

Ip Peak current (A)

Ton Pulse on time (ls)
Toff Pulse off time (ls)
Cp Concentration of powder (g/l

Abbreviations

EDM Electrical discharge machining

PMEDM Powder mixed electrical discharge machining

MRR Material removal rate

EWR Electrode wear ratio

TWR Tool wear rate

MDR Material deposition rate

RLT Recast layer thickness

EDX Energy-dispersive x-ray spectroscopy

SEM Scanning Electron Microscope
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wide variety of powders. In addition, assistance measures (Ref
10, 13, 15, 16) including the vibration of tool and/or workpiece
electrode, and assistance of electromagnetic fields in the
PMEDM process have been performed. For example, Nguyen
et al. (Ref 17) reported the change in the surface properties of
samples by the EDM process with Ti. The authors demon-
strated that the surface roughness was decreased, and the
microhardness of surfaces was significantly increased as
compared to the EDM process. Marashi et al. (Ref 18)
investigated the effect of TiO2 powder in the EDM process on
surface properties of AISI D2 steel. As a result, the craters were
shallower. Microdefects were reduced on the surface of
workpieces. Chen and Lin (Ref 19) investigated the combina-
tion of TC powder and ultrasonic tool in the EDM process to
process Al-Zn-Mg material. The results show that the EDM
process with the TC powder and ultrasonic tool has improved
the surface roughness, the microhardness, the material removal
rate (MRR), and the electrode wear ratio (EWR) as compared to
that of the normal EDM.

In (Ref 20), the authors used chromium powder in the EDM
process and assessed the influence of such a powder on MRR,
tool wear rate (TWR), EWR, and surface roughness of H11
steel. The Taguchi method was applied to optimize the goals
including the MRR, the TWR, the EWR, and the surface
roughness. The result had found the positive process parameter
for improvement of the machining ability and the surface
roughness. Microhardness, micro-cracks, and surface morphol-
ogy of H11 steel were studied (Ref 21) with the participation of
Cr particles in the EDM process. The results have shown that
the microhardness, the micro-cracks, and surface morphology
were improved as compared to that of the EDM process.

Prakash et al. (Ref 22) studied the change in the surface
properties of titanium alloy-Ti35Nb7Ta5Zrb by the EDM
process with Si powder. The authors have reported a significant
improvement in surface modification, MRR, and TWR. The
surface properties of Ti6Al4V steel were investigated by Li
et al. (Ref 23) when SiC powder was added into the insulating
oil of the EDM process with the assistance of magnetic stirring.
The results showed that the surface properties including surface
topography and microhardness were improved. The surface
properties and machinability of Inconel 718 Alloy were
investigated by Kumar Sahu et al. (Ref 24) when SiC powder
was added to the dielectric liquid of the EDM process. The
authors pointed out that the addition of powder improved
significantly surface roughness, MRR, and surface structure as
compared to the normal EDM process. AISI D2 steel were
studied by Al-Khazraji et al. (Ref 25) on surface modification in
EDM process with the addition SiC powder. Two types of tool
electrode have been used including copper and graphite
electrode. The results showed that the thickness of the white
layer, the fatigue life, and microhardness of surfaces have
significantly improved as compared to the EDM method.
Authors also pointed out the suitability of each type tool
electrode with added powder for surface modification. The SiC
powder was added to the dielectric liquid of the EDM process.
It was reported by Öpöz et al. (Ref 26). The surface
modification of Ti6Al4V steel by this PMEDM process has
been investigated. The results showed that the microhardness
increased due to SiC penetration into the surface of samples.

Some other powders including Al, Mo, reduced graphene
oxide, carbon nanotubes, CeO2, and MoS2 have also been
studied, specifically as follows: Rouniyar et al. (Ref 27)
investigated the influence of Al powder on the surface

properties of aluminum 6061 alloy by the EDM process with
the aid of a magnetic field. The results showed that the surface
roughness, recast layer thickness, and surface morphology was
improved as compared to normal EDM. Amorim et al. (Ref 28)
investigated surface modification of H13 steel with the addition
of Mo powder after the machined EDM process. The research
results showed that molybdenum powder in the EDM process
had great domination on the properties of recast layers. And the
size of molybdenum powder had also great domination on the
properties of recast layers. The addition of the reduced
graphene oxide powder in the EDM process was studied by
Świercz et al. (Ref 29). In this research, the authors have
reported a change in surface properties of 55NiCrMoV7 steel.
The roughness of surfaces and the thickness of recast layers had
a significant decrease as compared to the EDM process. In
addition, there is an assessment of the white layer thickness
formation with positive polarity and negative polarity. Carbon
nanotubes (CNTs) powder has been added into the dielectric
fluid to process Ti6Al4V alloy by the EDM process, which was
reported by Shabgard et al. (Ref 30). Authors have shown that
MRR, TWR, surface quality including surface roughness, and
micro-cracks have been significantly improved. Hossain et al.
(Ref 31) reported that the influence of CeO2 powder, with
particle size is less than 5 mm, mixed in the pure water. Results
for MRR, TWR, surface roughness, microhardness, and micro-
crack have been improved as compared to conventional EDM
with different concentrations. At concentration of 0.6 g/l MRR,
TWR, surface roughness, microhardness, and micro-crack have
achieved the most optimal value. A combination of suspended
MoS2 powder with ultrasonic frequency vibration has been
experimented with by Prihandana et al. (Ref 32). The
experimental results were reported that the MRR and the
surface quality were improved after machining.

In addition, several studies have used different powders in
the same study to evaluate the role of each powder for surface
modification in the EDM process. For example, Talla et al. (Ref
5) studied the influence of three types of powder including Al,
Gr, and silicon powder in the EDM process on Inconel 625.
The authors point to the effect of each type of powder to
improve the surface quality and the MRR. Gr powder had the
biggest influence on the improvement of MRR. But the silicon
powder had the biggest influence on the improvement of
surface microhardness. Jabbaripour et al. (Ref 33) studied Al,
Gr, SiC, Cr, and Fe powders in the EDM process to improve the
surface roughness of TiAl material. The results showed that the
biggest improved surface roughness of the EDM process with
Al powder reduced by 32% as compared to the normal EDM
process. The surface of samples by the machined PMEDM is
more resistant to corrosion than those by the machined normal
EDM.

Recently, very few studies focused on the effect of tungsten
powder on the surface modification of workpieces by the EDM
process. Kumar and Batra (Ref 34) studied the effect of the
addition tungsten powder into the dielectric fluid on the
microhardness of surfaces of three type of OHNS, D2, and H13
steel. The authors stated that the microhardness of surfaces of
three types of steel was increased by more than 100%, leading
to increase the wear resistance of the machined surface. This
improvement in the surface�s wear resistance is very valuable
for the mold and die, as well as components that require a high
abrasion resistance. Bhattacharya et al. (Ref 35) investigated
the effect of the tungsten powder adding to the dielectric liquid
to process the copper material with a W-Cu electrode that gave
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a fine surface after work, showing specifically that the
microhardness of surfaces was significantly improved. Mo-
hanty et al. (Ref 36), Ti6Al4V steel investigated for surface
modification during EDM machining with the participation of
tungsten disulfide (WS2) powder mixed in deionized water. The
results showed a significant improvement in the microhardness
(HV), the recast layer thickness (RLT), the material deposition
rate (MDR), and the surface roughness. In their study, the wear
resistance tests were also performed. The results showed a
better wear resistance of PMEDM surface than that of normal
EDM.

As mentioned above, many researchers employed different
powders in the EDM process to achieve desired surface
qualities for specific applications. However, limited studies
have reported on the effect of tungsten carbide powder on the
surface modification of SKD61 steel processed by PMEDM.
Tungsten Carbide is a metallic element with a high melting
temperature (about 3422�C), a low thermal expansion, and high
strengths. Its resistance to oxidation, acid, and alkali corrosion
is also very good. SKD61 steel is largely in the hot stamping,
tool, die, and machine parts. SKD61 steel is a material with
good mechanical properties, especially when it is chemically or
heat-treatment. Thus, this study aims to analyze, evaluate the
influence trend of main process parameters including peak
current (Ip), pulse on time (Ton), and powder concentration (Cp)
on the surface properties (including the surface roughness, the
microhardness of surfaces, and the surface morphology) of
SKD61 steel in the EDM process with tungsten carbide powder
at fine-finish and semi-finish modes.

2. Materials and Methods

Figure 1 shows the experimental diagram of this study,
which is composed of three blocks. The first block presents the
input parameters, including system and process parameters. The
next block represents the PMEDM process. The final block
shows the output parameters. The surface roughness, micro-
hardness of surfaces, and surface morphology are analyzed and
evaluated in different scenarios of using the main process
parameters.

2.1 Materials

In the experiment, SKD61 steel supplied by Daido corpo-
ration of Japan was used. Its chemical composition is composed
of 0.38%C-1%Si-5%Cr-1.25%Mo-1%V-0.4%Mn. The oil
EDM fluid 2 was used as a dielectric fluid. It was supplied
by the manufacturer Shell. The tungsten carbide powder with
code WC-727-6 used in this experiment was supplied by the
manufacturer Praxair Surface Technologies. Its chemical com-
position consists of 5.56%C-11.9%Co-0.02%Fe-82.5%W-
0.02% of other components. The particle diameter is less than
31 lm.

2.2 Methods

Samples were machined on the electrical discharge machine
from Aristech Company with model CNC-460 EDM (Fig. 2).
The dimensions before and after machining were given in
Table 1. Before the samples and copper electrodes were put into
machining by PMEDM process. They were machined with high
accuracy in terms of geometric dimensions (0.01 mm) and

geometric errors (0.02 mm) by the fine grinding method, then
the samples and tool electrodes were attached to the CNC-460
EDM, which was carefully mounted with high precision. The
purpose of this has made the PMEDM process to be the most
accurate. The powder was added to the dielectric fluid in the
tank. It has dimensions of length 9 width 9 height = 320 9
250 9 220 mm. It was contained 14 liters of the dielectric fluid.
The powder concentration was determined before the machin-
ing and mid machining process. The purpose of this is to
determine the powder concentration and maintain the powder
concentration. Principle of determination of the powder con-
centration: Use a graduated flask containing the mixture of oil
and powder, which was taken out of the tank. When the powder
in the graduated flask was settled completely to the bottom of
the flask. The powder and oil were separated, the weight of the
powder and the volume of the oil were determined, which leads
to the determination of the powder concentration.

Criteria and basis for selection of process parameters: For
electrical parameters, based on the literature overview and the
configuration of the controller settings of the electrical dis-
charge machine—the CNC-460 EDM. In addition, the aim of
this study was to evaluate the surface properties in the fine-
finish and semi-finish modes. Among electrical parameters,
peak current and pulse on time had a strong impact on the
surface properties of SKD61 steel (Ref 36-39). Hence, the main
domination of electrical parameters including the peak current,
and the pulse on time was selected. Variable levels of these
electrical parameters were chosen as shown in Table 1. Other
parameters such as the discharge voltage, the pulse off time,
and polarity of the electrode were fixed as shown in Table 1.
For powder concentration, it was through the exploratory tests
on the basis of the electrical parameters selected as above,
combined with the thermal and electrical properties of the
tungsten carbide powder. Hence, variable levels of powder
concentration in this experiment were selected as shown in
Table 1.

Surface roughness of the samples (Ra) was carried out the
surface roughness tester with model TR200, it was supplied
from TINE Group. The surface roughness tester was set up with
a cutoff length of 0.8mm, and a track length of 4mm. Value of
surface roughness in each technology mode was the average
value of the three different measurement areas on machined
surface of the sample. These average values of surface
roughness were analyzed and evaluated in the following
section.

Content of the tungsten element was measured by energy-
dispersive x-ray spectroscopy (EDX) method on the
JSM6610LA-Jeol machine. It was the average value of
measurement result on three different measurement regions of
the sample, obtained after the machined process. It was set up
as shown in Fig. 3. The content of the tungsten element in this
study was used for analysis and evaluation in the following
section. Surface morphology of machined samples was taken
by Scanning Electron Microscope (SEM) on the JSM6610LA-
Jeol machine. The images of surface morphology were used to
analyze and evaluate in the following section.

The microhardness of surfaces was performed on micro-
hardness tester Duramin-Struers. A load of 980.7 mN was
applied for more over 10 s. The microhardness in each
technology mode was the average value of the three different
measurement points on the cross-sectional of the machined
surface layer. The average microhardness of surfaces was
analyzed and evaluated in the following section.
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X-ray diffraction (model: X�Pert PRO, make: PANalytical,
from Netherlands) was performed to determine the organization
of the tungsten carbide phase on the machined surface as in
Fig. 4. The x-ray data were analyzed using X’Pert High Score
plus software to identify the tungsten carbide phase. The
diffraction angle (2h) was taken in the range of 0̊ and 90̊. The
presence of the tungsten carbide phase has been detected, such
as W2C, WC1-x.

3. Results and Discussion

3.1 Surface Roughness (Ra)

The surface roughness was observed from Fig. 5 and 6. The
surface roughness by the PMEDM process is improved better
than the EDM process in all of the pulse on time and all of the
peak current. The surface roughness varies with the direction of

Fig. 1 Experimental diagram of study

Fig. 2 Principle schema of the PMEDM system
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reduction. This can be illustrated by the participation of
conductive powder in the discharge process. However, the
surface roughness change is more or less. This depends on the
combination of electrical parameters and powder concentration.
This is the cause, many or few conductive powder particles
have been involved in the spark discharge process, changed the
spark discharge process in the following respects:

a. The conductive powder is mixed into the dielectric fluid
of the EDM process. The spark discharge gap of the tool
electrode and the workpiece electrode is greatly in-
creased. (Ref 8, 40-42). When the EDM process begins
to create the discharge channel, the conductive powder
particles are quickly arranged into bridges under the ac-
tion of an electromagnetic field. As a result the spark dis-

Table 1 Experimental conditions

Deposition condition Detail

Peak current, A Ip 1 A; 4 A
Pulse on time, ls Ton 16 ls; 200 ls
Pulse off time, ls Toff 50 ls
The dielectric fluid Shell EDM Fluid 2
Polarity of electrode Negative (�)
Tool electrode Cu (99%)
Current voltage, V 120 V
Concentration of powder, g/l Cp 20;40;60
Dimension of sample D 9 L= 199 50 mm
Dimension after machining D9 L=199 49.7 mm

Fig. 3 The content of the tungsten element in three different regions by EDX method at Ip = 1 A; Ton = 16 ls; Cp = 60 g/l
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charge gap is increased. As the gap of the spark dis-
charge increases, the energy of sparks is reduced. The re-
sult of MRR is reduced. So, the craters are created on the
surface of workpieces, which are reduced depth and
width (Ref 43, 44). This results in a reduced surface
roughness. To justify this, Fig. 7 depicts the conductive
powder particles, which are involved in the formation of
the discharge channel.

b. Powder particles are taken part in the spark discharge
process. Spark discharges are more uniform and the dis-
charge channel is extended wider (Ref 8, 44). In the
EDM process, the spark is created at one location, which
have the smallest gap between the tool electrode and the
workpiece electrode. But the PMEDM process, the con-
ductive powder gives assistance to the formation of the
discharge channel. This leads to the spark discharge at
various locations, where the conductive powder created a
bridge under the action of an electromagnetic field. The
spark discharge process occurs at many locations on the

surface of samples, create overlapping craters as shown
in Fig. 8 and Ref 45. This leads to a decrease in the
depth of craters as shows in Fig. 9. The arguments about
the explanation of physical phenomena with the partici-
pation of powder particles as mentioned above, make it
clearer about the improved surface roughness as com-
pared to the surface roughness of the EDM process.

In Fig. 5 and 6, the surface roughness at Ip = 1 Awith all the
pulse on time and the powder concentration is improved better
than the surface roughness at Ip = 4 with all the pulse on time
and the powder concentration, respectively. In Fig. 5, at Ip =1A;
Ton = 16 ls there is a good improvement of surface roughness
as compared to that of Ip = 1 A; Ton = 200 ls with all
concentration ranges. Fig. 6 (Ip = 4 A) is also observed, it is
similar to Fig. 5 (Ip = 1 A), which have been mentioned above.
According to Fig. 5, the surface roughness has the large
reduction at Ip = 1 A; Ton=16 ls with Cp=40 g/l; 60 g/l and as
compared to other process parameters. However, in Fig. 6 the

Fig. 4 The x-ray diffraction of samples

Fig. 5 Average value and standard deviation of surface roughness at Ip = 1 A
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Fig. 6 Average value and standard deviation of surface roughness at Ip = 4 A

Fig. 7 The spark discharge is created by the conductive powder (Ref 8)

Fig. 8 Proposing discharge process with the conductive powder in PMEDM
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surface roughness has the large reduction at Ip=4A; Ton=16ls
with Cp=20 g/l; 60 g/l as compared to other process parameters.
Observing Fig. 5 and 6, in Fig. 5 at Ip = 1 A; Ton = 16 ls; Cp =
40 g/l has the surface roughness in Ra= 0.471 ± 0.011 lm.
This is the best-improved surface roughness as compared to
other process parameters, is a reduction of 57.984% as
compared to the normal EDM. These phenomena are explained
as follows: The peak current, the pulse on time, and the pulse
off time are combined reasonably. This creates the broken
pressure of the gas bubble in the previous spark discharge
stage, which is small. This results in a high density of powder
particles in the next discharge channel, supports the spark
discharge process in aspects: The gap of spark discharge is
increased. The spark discharge channel is expanded. As a
result, the density of sparks is more even. Therefore, these are
the main causes. The surface roughness by the PMEDM
process is better than that of the EDM process.

In the opposite direction. Figure 5, and 6 concentrates on
cases, in which surface roughness of the PMEDM process has a
non-significant effect than that of the EDM process. In Fig. 5, at
Ip = 1 A; Ton = 200 ls; Cp = 20 g/l the surface roughness is
1.57 ± 0.026 lm. In comparison with the EDM process, the
surface roughness has a reduction of 6.3%. Meanwhile, in
Fig. 6, at Ip = 4 A; Ton = 200 ls; Cp = 20 g/l the surface
roughness has the smallest variation, a reduction of 4.25% as
compared to that of the EDM process. The explanation for
these phenomena: There is a mismatch of the peak current, the
pulse on time, and the pulse off time. The broken pressure of
the gas bubble in the previous spark discharge stage is big. This
results in a low density of powder particles in the next
discharge channel, not support the spark discharge process in
aspects: The gap of spark discharge is reduced. The spark
discharge channel is not expanded. As a result, the density of
sparks is not uniform. Therefore, these are the main causes. The
surface roughness of the PMEDM process is not better than the
normal EDM process.

The trend in the variation of surface roughness: According
to the graphs of Fig. 10 and 11, they show explicitly the
influence trend of each process parameters on the surface
roughness of samples. Comparing Fig. 10 and 11, the peak
current Ip = 1 A (Fig. 10) has a more positive effect than the
peak current Ip = 4 A (Fig. 11) in improved surface roughness
of samples. In addition, according to Fig. 10, the pulse on time
Ton = 16 ls has a more positive effect than the pulse on time
Ton = 200 ls in improved surface roughness of samples.
However, in Fig. 11, the pulse on time Ton = 16 ls has an equal

effect approximately as compared to the pulse on time Ton =
200 ls in improved surface roughness of samples. Through the
above analysis and evaluation, the role of powder particles is
involved in the spark discharge process. They have a positive
effect on improved surface roughness at the small peak current
with the short pulse on time and the long pulse on time, not a
positive effect on improved surface roughness at the large peak
current with the short pulse on time and the long pulse on time.

3.2 Surface Morphology

Figure 12, 13, 14, and 15 generally describes the surface
morphology of the machined samples by EDM process and
PMEDM process. The ridges at the edge of the crater have been
depicted in Fig. 12a. It is representative of Fig. 12, 13, 14, and
15. The high ridges at the edge of the crater have created a
rough surface. In contrast, the low ridges at the edge of the
crater have created a smooth surface. The ridges at the edge of
the crater is the basis for evaluating surface morphology (Ref
18). As Fig. 16, 17, 18, and 19 describes the defects on
machined surfaces by the EDM process and PMEDM process.
The defects are described and indicated as Fig. 16 a. It is
representative of Fig. 16, 17, 18, and 19.

In Fig. 12, 13, 14, and 15 were observed. Figures show that
the surface morphology of samples by the PMEDM process has
a smoothness, whereas the surface morphology of samples by
the EDM process has a roughness. Thus, when the powder was
added to the insulating dielectric fluid, the surface morphology
has been improved. However, the effect of tungsten carbide
powder on the improvement of surface morphology is more, or
less. This is decided by the combination of the peak current, the
pulse on time, and the powder concentration.

At Ip = 1 A, Pulse on time is varied from 16 to 200 ls, as
shown in Fig. 12, 13 and Fig. 16 and 17. In Fig. 12(b, c, d),
13(b, c, d), 16(b, c, d), and 17(b, c, d ), the surface morphology
of machined samples by the PMEDM process has changed
markedly in the smoothness of surfaces, micro-crack, void,
droplet, globule of debris as compared to that of the EDM
process as in Fig. 12a, 13a, 16a, and 17a. The surface
smoothness of machined samples by the PMEDM process is
usually better than that of machined samples by the EDM
process. The micro-cracks, voids, droplets, and globules of
debris on the surface of machined samples by the PMEDM
process usually appear less as compared to that of the EDM
process. The phenomenon is due to the participation of
conductive powder particles. They have improved the spark
discharge process, reduced the insulation of dielectric fluid,

Fig. 9 Mechanism of creating surface roughness (Ref 8, 46, 47)
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Fig. 10 The trend of surface roughness at Ip = 1 A

Fig. 11 The trend of surface roughness at Ip = 4 A

Fig. 12 Surface morphology at Ip = 1 A; Ton = 16 ls: (a) Cp = 0 g/l; (b) Cp = 20 g/l; (c) Cp= 40 g/l; (d) Cp = 60 g/l
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reduced the viscosity of dielectric fluid, and enhanced the
ability to transfer heat to the outside environment (Ref 48, 49).
In Fig. 13(b, c, d), 17(b, c, d), the surface morphology of
samples at Ton = 200 ls, including the smoothness of surfaces,
micro-crack, void, droplet, globule of debris has not improved
much as compared to the surface morphology of the sample at
Ton = 16 ls as Fig. 12(b, c, d), 16(b, c, d). The phenomenon of
the surface morphology at Ton = 200 ls has not improved much
as compared to the surface morphology at Ton=16 ls with all
concentrations. Because, at Ton = 200ls has produced a large
discharge energy. This results in a large amount of material
removal on surface of samples. However, the pulse off time
(Toff = 50 ls) is not enough time to eject all debris from the
discharge area of the previous spark discharge. As a result,
some debris has adhered on the surface and suspended in the
dielectric liquid. This has formed the unstable discharge
process of the next time (Ref 50), created defects on the
surface. In addition, there is a mismatch of the peak current, the
pulse on time, and the pulse off time. The broken pressure of
the gas bubble in the previous spark discharge stage is big. This
results in a low density of powder particles in the next
discharge channel, not support the spark discharge process.
This has formed the surface morphology as in Fig. 13(b, c, d),
17(b, c, d). In contrast, the pulse on time Ton = 16 ls has
produced a discharge energy, which is less than the discharge

energy at Ton = 200 ls. Hence, the amount of material removal
on the surface of samples at Ton = 16 ls is less than the amount
of material removal on the surface of samples at Ton = 200 ls.
With the pulse off time (Toff = 50 ls) is enough time to eject
most of the debris from the discharge area of the previous spark
discharge. As a result, few debris has adhered and created fewer
defects on the surface. In addition, the peak current, the pulse
on time, and the pulse off time are combined reasonably. This
creates the broken pressure of the gas bubble in the previous
spark discharge stage, which is small. This results in a high
density of powder particles in the next discharge channel,
supports well the spark discharge process. This has formed the
surface morphology as in Fig. 12(b, c, d), 16(b, c, d). Powder
concentration is varied from 20 g/l to 60 g/l. As a result, the
surface morphology has also changed in a positive direction.
The surface of samples is smoother, fewer defects. The results
of the observation showed that the sample has the best
improvement in surface morphology at Ip = 1 A, Ton = 16 ls,
Cp = 60 g/l. Because it has a smooth surface, few micro-cracks,
few voids, few droplets, few globules of debris.

In Fig. 14, 15, 18 and 19, at Ip=4A, pulse on time is varied
from 16 ls to 200 ls. In Fig. 14(b, c, d), 18(b, c, d ), the surface
morphology of machined samples by the PMEDM process has
changed in the smoothness of surfaces, micro-crack, void,
droplet, globule of debris as compared to that of the EDM

Fig. 13 Surface morphology at Ip = 1 A; Ton = 200 ls: (a) Cp = 0 g/l; (b) Cp = 20 g/l; (c) Cp= 40 g/l; (d) Cp = 60 g/l

Fig. 14 Surface morphology at Ip = 4 A; Ton = 16 ls: (a) Cp = 0 g/l; (b) Cp = 20 g/l; (c) Cp = 40 g/l; (d) Cp = 60 g/l

Fig. 15 Surface morphology at Ip = 4 A; Ton = 200 ls: (a) Cp = 0 g/l; (b) Cp = 20 g/l; (c) Cp = 40 g/l; (d) Cp = 60 g/l
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process as in Fig. 14a, 18a. The surface smoothness of
machined samples by the PMEDM process is usually better
than that of machined samples by the EDM process. The micro-
cracks, voids, droplets, and globules of debris on the surface of
machined samples by the PMEDM process usually appear less
as compared to that of the EDM process. The phenomenon is
due to the participation of conductive powder particles. They
have improved the spark discharge process, reduced the
insulation of dielectric fluid, reduced the viscosity of dielectric
fluid, and enhanced the ability to transfer heat to the outside
environment (Ref 48, 49). However, in Fig. 15(b, c, d), 19(b, c,
d), the surface morphology of machined samples by the
PMEDM process has not changed more in the smoothness of
surfaces, micro-crack, void, droplet, globule of debris as
compared to that of the EDM process. The main reason, at Ip
= 4 A, Ton = 200 ls are larger and longer, respectively. This has
produced a large discharge energy, the expansion of the plasma
channel in the discharge process. As a result, the broken
pressure of the gas bubble in the previous spark discharge is
large. Resulting in very little or no powder particles has been
involved in the next discharge process. This has not improved
the spark discharge process, reduced the insulation of dielectric
fluid, reduced the viscosity of dielectric fluid, and enhanced the
ability to transfer heat to the outside environment. Moreover,
with large electrical process parameters as Ip = 4 A, Ton =
200 ls. This has produced a large amount of material removal

on surface of samples. However, the pulse off time (Toff =
50 ls) is not enough time to eject all debris from the discharge
area of the previous spark discharge. As a result, some debris
has adhered, created defects on the surface. This has formed the
surface morphology as in Fig. 15(b, c, d), 19(b, c, d). Powder
concentration is varied from 20 g/l to 60 g/l. As a result, the
surface morphology has also changed in a less positive
direction. The surface of samples is smooth less, not good in
the improvement of defects.

In Fig. 14(b, c, d), 15(b, c, d) and 18(b, c, d), 19(b, c, d) is
the surface morphology of Ip = 4 A with the variation of pulse
on time from 16 to 200 ls and powder concentration from 20 g/
l to 60 g/l. They are improved less than the surface morphology
of Ip = 1 A with the variation of pulse on time from 16 to
200 ls and powder concentration from 20 to 60 g/l, respec-
tively. When this machined surface morphology with powder is
compared to the surface morphology by the normal EDM
process. Because at Ip = 4 A, this has produced a large
discharge energy, the expansion of the plasma channel in the
discharge process. As a result, the broken pressure of the gas
bubble in the previous spark discharge is large. Resulting in
very little or no powder particles has been involved in the next
discharge process. This has not improved the spark discharge
process, reduced the insulation of dielectric fluid, reduced the
viscosity of dielectric fluid, and enhanced the ability to transfer
heat to the outside environment.

Fig. 16 Microdefects on the surface at Ip = 1 A; Ton = 16 ls: (a) Cp = 0 g/l; (b) Cp = 20 g/l; (c) Cp = 40 g/l; (d) Cp = 60 g/l
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3.3 Microhardness of Surfaces

According to Fig. 20 and 21, the microhardness on surfaces
of machined samples by the PMEDM process is higher than
that of the EDM process at the various main process parameters
in all the experiments. However, at Ip = 4 A, Ton = 200 ls, and
Cp = 60 g/l the microhardness is approximately equal to the
microhardness of machined surfaces by the EDM process with
the same electrical process parameters (according to Fig. 21).
At Ip = 1 A (as Fig. 20) with the variation of pulse on time from
16 to 200 ls, the microhardness on surfaces of Ton = 16 ls is
improved better than the microhardness on surfaces of Ton =
200 ls with the variation of powder concentration from 20 to
60 g/l, respectively. At Ip = 1 A, Ton = 16 ls and Ton = 200 ls,
the powder concentration is increased from 20 to 60 g/l, the
microhardness on surfaces is also increased in proportion to the
powder concentration. However, at Ip = 1 A and Ton = 200 ls,
the variation amplitude of microhardness on surfaces increases
not much when the powder concentration changes from 20 to
60 g/l. At Ip = 4 A (as Fig. 21) with the variation of pulse on
time from 16 to 200 ls, the microhardness on surfaces of
Ton=16 ls is improved better than the microhardness on
surfaces of Ton=200 ls with the variation of powder concen-
tration from 20 to 60 g/l, respectively. At Ip = 4 A, Ton = 16 ls
the powder concentration is increased from 20 to 60 g/l, the
microhardness on surfaces is not significantly increased. Even,
the microhardness on surfaces of Cp = 40 g/l is reduced as

compared with the microhardness on surfaces of Cp = 20 g/l. At
Ip=4 A, Ton = 200 ls the powder concentration is increased
from 20 to 40 g/l, the microhardness on surfaces is increased.
However, the microhardness on surfaces of Cp = 60 g/l is
reduced as compared with the microhardness on surfaces of Cp

= 20 g/l and 40 g/l. Based on the experimental data about the
microhardness on surfaces is analyzed and evaluated. At Ton =
16 ls; Ip = 1 A and Cp = 60 g/l the highest microhardness of
surfaces is 825 ± 19 HV as Fig. 20, increased 129.167% as
compared to the microhardness on surfaces of the normal EDM
process.

3.4 The Explanation for the Phenomenon of Varied
Microhardness

a. The participation of powder particles in the EDM process
has made the variation of surface microhardness. To fur-
ther clarify this phenomenon. The tungsten element pene-
tration into the workpiece surface after machining has
been investigated by EDX method. The percentage of the
tungsten element is shown in Fig. 22 and 23. Tungsten
element has existed on the surface of samples. However,
not all surfaces of the samples have the tungsten element.
The content of the tungsten element is more or less,
which depends on the combination of main process

Fig. 17 Microdefects on the surface at Ip = 1 A; Ton = 200 ls: (a) Cp = 0 g/l; (b) Cp = 20 g/l; (c) Cp = 40 g/l; (d) Cp = 60 g/l
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parameters as in Fig. 22 and 23. The above result is due
to the penetration of the tungsten element into the surface
of samples. This penetration of the tungsten element is
assisted by the heat channel, which was formed in the
spark discharge process. The tungsten element of tung-
sten carbide powder is united with the carbon element in
the dielectric fluid or the internal carbon element in the
surface of workpieces under the heat effect of the EDM
process. Hence, the tungsten carbide has been formed in
the circumstances of the above—mentioned. In addition,
the tungsten carbide in the powder is melted, evaporated,
and penetrated into the surface of the workpieces. There-
fore, the microhardness of the surface has been improved.
According to Fig. 24, the tungsten carbide phase has
been confirmed by XRD method, which explains the phe-
nomenon of the microhardness of surfaces by PMEDM
process higher than the microhardness of surfaces by
EDM process. Consequently, the process of electrical dis-
charge has generated heat to melt the tungsten carbide
powder, other compounds of the dielectric fluid, and
other compounds of the SKD61 material of the samples.

This has led to the penetration of some chemical ele-
ments into surfaces, which include tungsten and tungsten
carbide. The penetration of tungsten and tungsten carbide
into the surface is explained by phenomena (Ref 2, 18,
48, 51) as: Those are the process of diffusion including
microscopic diffusion, the process of chemical reactions,
the evaporation, adsorption of physical processes, and the
mechanical adhesion process.

b. The microhardness of surfaces by the PMEDM process is
approximately equal to the microhardness of surfaces by
the EDM process. This phenomenon is due to the forma-
tion of thermal channels in the PMEDM process, which
has created low thermal channels. This has not created
the penetration of tungsten, tungsten carbide, and other
compounds into surfaces. Another reason is due to the
low content of tungsten on surfaces according to Fig. 22,
and 23, which makes the appearance of the tungsten car-
bide phase is low, and unevenly distributed. In addition,
the high concentration of tungsten carbide powder in the
process of spark discharges leads to instability in the
spark discharge process. This leads to the formation of

Fig. 18 Microdefects on the surface at Ip = 4 A; Ton=16 ls: (a) Cp = 0 g/l; (b) Cp = 20 g/l; (c) Cp = 40 g/l; (d) Cp = 60 g/l
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Fig. 19 Microdefects on the surface at Ip = 4A; Ton = 200 ls: (a) Cp = 0 g/l; (b) Cp = 20 g/l; (c) Cp = 40 g/l; (d) Cp = 60 g/l

Fig. 20 Average value and standard deviation of surface microhardness at Ip = 1 A
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electrical arcing and short circuit (Ref 41). This is also
the cause of the formation of the low heat channel, which
is not assisted to form the penetration of the tungsten,
tungsten carbide, and other compounds into surfaces.

3.5 The Trend of the Tungsten Penetration into the Surface
of Samples

As observed in Fig. 25 and 26, it is found that the
penetration of the tungsten element into surfaces of samples at

Fig. 21 Average value and standard deviation of surface microhardness at Ip = 4 A

Fig. 22 Tungsten content on the surface and standard deviation at Ip = 1 A
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Ip = 1 A; 4 A, and the short pulse on time (Ton = 16 ls) is better
than the penetration of the tungsten element into surfaces of
samples at Ip = 1 A; 4 A, and the long pulse on time (Ton =
200 ls) with all concentrations. Moreover, according to Fig. 25
and 26 the penetration of the tungsten element into surfaces of
samples at the small peak current (Ip = 1 A) and the short pulse
on time (Ton = 16 ls) is better than that at the large peak current
(Ip = 4 A) and the short pulse on time (Ton = 16 ls) with all
concentrations. The best result is 62.407 ± 0.291% of tungsten
in surfaces at Ton = 16 ls; Ip = 1 A; Cp = 60 g/l.

3.6 The Trend of the Microhardness Improvement
on the Surface of Samples

As shown in Fig. 27 and 28, it is found that the improved
microhardness on the surface of samples at Ip = 1 A; 4 A and
the short pulse on time (Ton = 16 ls) is better than that at Ip =
1 A; 4 A and the long pulse on time (Ton = 200 ls) with all
concentrations. Moreover, in Fig. 27, 28 the improved micro-
hardness on the surface of samples at Ip = 1 A and the short
pulse on time (Ton = 16 ls) is better than that at Ip = 4 A and
the short pulse on time (Ton = 16 ls) with all concentrations.
The highest microhardness on the surface is 825 ± 19 HV,
improved by 129.167% as compared to the microhardness on
surfaces of the normal EDM process at Ton = 16 ls; Ip = 1 A
and Cp = 60 g/l.

4. Conclusions

In this research, the influence trend of main process
parameters including peak current, pulse on time, and tungsten
carbide powder concentration on surface properties including
surface roughness, microhardness of surfaces, and surface
morphology has been investigated. A strategy for main process
parameters was selected to analyze the influence of change in
surface properties. The main results of this research can be
summarized as follows:

• Surface roughness: The role of powder particles in the
spark discharge process at Ip = 1 A has a positive effect
on the improvement of the surface roughness than that at
Ip = 4 A with all pulse on time and powder concentra-
tions. At Ip = 1 A and Ton = 16 ls has a positive effect
on the improvement of the surface roughness than that at
Ip = 1 A and Ton = 200 ls with all powder concentrations.
The best improvement of the surface roughness is Ra=
0.471 ± 0.011 lm with a reduction of 57.984% as com-
pared to the normal EDM at Ip = 1 A; Ton = 16 ls; Cp =
40 g/l.

• Surface morphology: The improved surface morphology
at Ip = 1 A is better than that at Ip = 4 A with all pulse on
time and powder concentrations. The improved surface

Fig. 23 Tungsten content on the surface and standard deviation at Ip = 4 A
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Fig. 24 XRD analysis of the tungsten carbide phase: a) sample at Ip = 1 A, Ton=16 ls, Cp = 20 g/l; (b) sample at Ip = 1 A, Ton = 16 ls, Cp =
40 g/l; (c) sample at Ip = 1 A, Ton = 16 ls, Cp = 60 g/l
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Fig. 25 The trend of tungsten on the surface of workpieces at Ip = 1 A

Fig. 26 The trend of tungsten on the surface of workpieces at Ip = 4 A
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Fig. 27 The trend of microhardness at Ip = 1 A

Fig. 28 The trend of microhardness at Ip = 4 A
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morphology at Ip = 1 A and Ton = 16 ls is better than that
at Ip = 1 A and Ton = 200 ls with all powder concentra-
tions. The sample at Ip = 1 A; Ton = 16 ls; Cp = 60 g/l
has the best improvement in surface morphology, namely
the smooth surface, the few micro-cracks, the few voids,
the few droplets, and the few globules of debris compared
to that of other process parameters and EDM process.

• Microhardness: The improved microhardness on surfaces
at Ton = 16 ls is better than that at Ton = 200 ls with all
peak current and powder concentrations. The improved
microhardness on surfaces at Ip = 1 A and Ton = 16 ls is
better than that at Ip = 4 A and Ton = 16 ls with all con-
centrations. The highest microhardness on the surface at
Ton = 16 ls; Ip = 1 A; Cp = 60 g/l is 825 ± 19 HV, im-
proved by 129.167% as compared to the microhardness
on surfaces of the normal EDM process.
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