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Abstract: Among the family of carbides, tungsten carbide (WC) and its variants have extensive use in
numerous applications including cutting tools, dies, and many wear resistant parts. Such applications
need machining of WC, which is famously considered as challenging due to high tool wear mainly in
traditional machining. Sinking electric discharge machining (EDM) can be considered as a suitable
alternate but the low machining rate of EDM, with conventional tool design, poses limitations. In this
research, the conventional tool design is modified by providing relief angles to the tool electrodes.
The relief-angled tool electrodes are first time introduced in this research to machine through holes.
The role of the relief angle during EDM has been investigated in terms of six response characteristics,
i.e., machining time, hole taper angle, radial overcut at the hole entrance, radial undercut at the
hole exit, longitudinal tool wear, and roughness of inside hole surfaces. The performance of the
relief-angled electrodes is found to be significantly better than the performance of conventional
cylindrical tool. In addition to improvements in other responses, a 49% reduction in the machining
time has been realized by the use of relief-angled electrode indicating a worthwhile contribution in
the field of electric discharge machining.
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1. Introduction

Tungsten carbide is a material of choice in numerous applications requiring higher values of
melting point, hardness, strength, toughness, wear resistance, and abrasion resistance. The automotive,
tooling, die and mold, and aerospace are the common industries wherein the use of tungsten carbide
and its allied family materials are widely practiced. The drawing and extrusion dies, squeeze casting
and high pressure die casting, punches, cutting tools (tool inserts), cutting blades, water jet nozzles,
conical pick for drilling, and high wear resistant parts are the specific and exemplary applications
of tungsten carbide [1–3]. The machining of tungsten carbide is frequently required to fulfill the
above-said industry needs and associated applications. Shaping of WC through conventional means of
machining is considered as challenging because of high tool wear rates and the catastrophic failure of
the cutting tools [4]. The use of diamond tool is therefore practiced to cut the WC materials. The use of
diamond tool makes the machining process costly. Among the nonconventional machining practices,
electric discharge machining (EDM) is a competent process wherein tool failure can be avoided. Since,
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the tool and work do not make a physical contact during EDM, therefore the hardness of the material
does not impart any significant challenge. In comparison of other commonly used metallic materials,
the die-sinking EDM of carbides (WC) has not been widely attempted because of its low machining
rate [5]. However, the EDM is reported as a potential process for machining WC [6,7].

Upgrading the EDM performance has always been remained the researchers’ interest.
Besides having a long list of advantages, low machining rate of EDM is a very well-known limitation
of EDM. That is why, in addition to other performance measures of EDM, the improvement in the rate
of material removal (MRR) is one of the preferred objectives of the researchers. Many attempts are
being carried out to achieve high MRR and geometrical accuracy by employing different concepts.
For example, to get the better machining performance, the search for appropriate tool material is one of
the basic requirements of EDM. It becomes more critical if the substrate material is hard, e.g., tungsten
carbide, titanium, and nickel-based super alloys. The search for the suitability of the tool electrode
material is not only limited in old studies [8] but also in the recent researches [9]. In some researches
the copper is reported and some researchers recommend copper–tungsten as the appropriate tool
electrode materials for the EDM of hard materials. Another route for the improvement of process
performance is to seek the optimized parametric combinations [10,11].

Mixing of powder in the dielectric is another commonly reported route by means of which the
MRR of the electric discharge erosion process and surface morphology of the machined region can be
improved [12]. The process is well-known by its name of powder mixed-EDM (PMEDM). The main
interelectrode discharge distributes by the addition of powder particles and secondary discharges
are developed. The machined surface topography becomes unique under the action of modified
discharges [13]. The additive powders have a significant effect on many performance characteristics
such as discharge energy, surface integrity [14], microhardness, and MRR [15,16].

Providing vibrations to the tool electrode is another method opted for the sinking EDM of WC to
improve the machinability measures [17]. It has been stated that the use of ultrasonic vibrated tool
electrode uplifts the MRR four times as compared with the MRR under conventional EDM conditions.
However, the vibrations in the tool severely affect the tool wear and surface finish [18].

Creating holes in hard materials with high geometrical accuracy is considered as challenging for
the manufacturing industry. The presence of overcut and taper angle are the critical challenges [19,20].
The overcut in EDM die-sinking is another issue that ultimately influences the geometrical accuracy [21].
With respect to machining holes through EDM the difference between the designed geometry and
machined geometry is very common [22]. It has been reported that the overcut especially in the case of
hole making through EDM is highly difficult to forecast since there exists a complex and non-linear
relationship of tool wear, tool diameter, and discharge parameters [23]. In a study presented in [24]
the side over cut of the electric discharge machined (EDMed)hole has been significantly reduced by
a varying electric field around the electrodes. Geometrical errors (radial and axial) caused by EDM
die-sinking can also be controlled through the proper selection of tool material and the electrode
polarity [25]. In the present study the overcut at the hole entrance and the under-cut at the hole exit are
also considered as the performance measures of EDM through relief angled electrode designs.

Among other parameters affecting the MRR during EDM, the role of flushing method also plays
an important role especially in the case of a hole formation. The melt debris accumulate in the partially
drilled hole and solidify with the internal walls of the hole [26]. To overcome this difficulty many
researchers provided the rotary motion to the tool to facilitate the expulsion of melt debris [27] and
the associated phenomenon is termed as self-flushing [28]. Chou et al. [29] reported that resticking
of the melt debris on the machined surface is soundly observed when WC is machined through
EDM. Provision of tool rotation has soundly overcome the restick problem of debris. Yadav et al. [30]
evaluated the performance of EDM by adding oxygen in the dielectric and using rotary tool electrode.
Improvement in MRR is achieved, however the hole overcut and the recast layer thickness are
adversely increased.
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From the literature, it can be concluded that several attempts are being carried out to get improved
outcomes of EDM. Conventionally, the straight cylindrical tool is used in sinking-EDM to produce
through holes. Novelty of the present research is the first-time use of relief-angled tool electrodes
to improve the EDM performance. As in the case of cutting tools used in conventional machining,
the relief angle facilitates the machining performance. Likewise, different relief angles are provided to
the bottom of the tool electrode and through-holes are produced in WC. The machining time (MT),
hole taper angle (ø), radial overcut (ROC), radial undercut (RUC), and surface roughness (SR) are
considered as the responses. A significant improvement in machining time was achieved under the
relief-angled tool electrode. Therefore, an extension of the relief-angled tool design is proposed naming
as “relief angle with land”. The results in terms of the said response characteristics are found to be
highly encouraging when the WC is subjected to be machined with modified tool design.

2. Materials and Methods

Tungsten carbide was machined through EDM using a copper electrode. EDM involves the
electrical and thermal energies in order to produce the spark between both the electrodes (tool and
substrate). Under the action of successive electric sparks, electrodes’ surfaces get melted and vaporized.
In this respect, the type of the conductor (electrode), elemental composition, and properties of the
electrodes (physical, thermal, and electrical) play a vital role during machining. Therefore, the elemental
composition (as per datasheet provided by the manufacturer) is presented in Table 1 and the important
properties of the substrate (WC) are presented in Table 2. A strip of WC consisting of 145 mm length,
40 mm width, and 4 mm thickness was taken as a substrate. Perpendicularity between both the tool
and substrate’s exposed surfaces was considered as important to get a symmetrical machined feature.
It was very carefully ensured that the tool and workpiece were mutually perpendicular to each other.
Firstly, the workpiece was placed on a flat plate and the tool (held in the tool holder) was brought very
close (1 mm) to the upper surface of the work sample. Secondly, the tool was slightly loosened from
the holder and let it dropped over the work surface under the action of gravity. At that time the tool
and work acquired a physical contact and became perpendicular to each other. Then the reference for
the machining was established. Through hole of a circular cross-section (8 mm diameter) was taken as
the machining feature. A minimum distance of 2 mm between the circumferences of successive holes
was maintained so that the machining effects associated with a particular hole could be completely
avoided for the following hole. The machining was carried out using a copper electrode and all the
EDM parameters were set fixed. Parametric values were taken from the ranges, available in literature
as cited in the introduction section, pertaining to EDM through a copper electrode. Parametric values
were taken from the ranges, available in the literature as cited in the introduction section, pertaining
to EDM through copper electrode. Since the EDM parameters were kept constant throughout the
experimentation so the effect of EDM parameters remained uniform. Each experiment reflected only
the effect of tool designs. The fixed set of parameters is presented in Table 3. In addition to EDM
parameters the other machining conditions were also kept constant, e.g., the dielectric type, flushing
rate, the position of the workpiece with respect to the worktable, etc.

Table 1. Elemental composition of tungsten carbide.

Element Percentage

W 88.3
Fe 0.16
C 4.9

Co 5.9
Ni 0.31
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Table 2. Properties of tungsten carbide (mechanical, thermal, and electrical) [7,8,29].

Properties Values Units

Density 15.5 g/cm3

Hardness 92.3 HRA
Toughness 50 kg/mm2

Tensile strength 179 kg/mm2

Compressive strength 410 kg/mm2

Melting Point 3140 ◦C
Thermal conductivity 0.502 W/cm-◦C

Thermal coefficient of expansion 5.5 × 10−6 K−1

Specific heat 39.8 J/molK
Electrical Resistivity 17 × 10−6 Ohm cm

Table 3. Electrodes and electric discharge machining (EDM) parameters (constants).

Parameter Values Units

Electrodes
Tool Copper −

Workpiece Tungsten carbide −

EDM parameters

Discharge current 30 A A
Spark Voltage 5 V V
Pulse on-time 100 µs
Pulse off-time 50 µs

Electrode Polarity Work +ve
Tool −ve

Servo sensitivity 3 −

Spark-flushing time ratio 1 −

Dielectric Kerosene oil −

Flushing mode Continuous −

Different relief angles were taken as the variables of the current research. In order to produce
a circular hole (blind or through) using EDM, conventionally a cylindrical electrode with a uniform
cross-section (throughout the length of the tool) is commonly used. In this research, the conventional
cylindrical design was modified by different design types through providing relief angle on the sides
of the tool. Three different electrode types namely conventional (DC), relief angle (DR), and relief angle
with land (DRL) were designed and fabricated for this investigation. The concept of the relief angle was
borrowed from the tools (single-point tool especially) used in conventional machining [31]. On the
other end, the concept of land was derived from the design features of punches and dies [32]. The relief
angle design type (DR) was further categorized into four subdesigns in which relief angles were varied.
Relief angles of 10, 20, 30, and 45◦ were provided and the corresponding tools were named as DR10,
DR20, DR30, and DR45. Likewise, the design type named as relief angle with land (DRL) was further
characterized into five subdesigns such as DRL10, DRL20, DRL30, DRL45, and DRL90. Five relief angles
with a constant land thickness of 1 mm were provided. The difference between DR and DRL is the
inclusion of land that was kept constant (1 mm thickness) in the case of DRL. In this way, a total of
10 electrode designs were utilized to perform the machining on tungsten carbide. The detail of these
designs is presented in Table 4. A schematic illustration of the designs is shown in Figure 1a and the
developed electrodes are shown in Figure 1b. In each of the designs, the face diameter was 8 mm and
the shank diameter was 5 mm, which were kept constant. The total height of each of the electrodes
was also kept constant at 50 mm. However, due to the relief angles and land thickness, the face height
and the shank height varied but the overall height of the electrode remained the same, i.e., 50 mm.
The picture of these designs could be fully comprehended by pivoting Table 4 with Figure 1. Tools were
prepared on the lathe using constant parametric settings (spindle speed, tool feed rate, depth of cut,
etc.) and other machining conditions. For example, the high speed steel (HSS) turning tool was used
to prepare copper electrodes and parameters including a spindle speed of 375 rpm, tool feed rate of



Appl. Sci. 2020, 10, 2432 5 of 20

0.175 mm/rev, and depth of cut was 1 mm for rough turning and 0.1 mm for finish turning. In this
way, the variability in tool dimensions was minimized. For each experimental run a fresh tool was
employed so that the effects of tool wear on the machining performance could also be avoided.

Table 4. Tool electrode design details (design type, name, symbols, and dimensions).

Design
Type

Design Name Design
Symbol

Design Dimensions

Angle Height Diameter

Relief
Angle;

T
(deg)

Land
Height;

LH
(mm)

Face
Height;

FH
(mm)

Shank
Height;

SH
(mm)

Total
Height;

H
(mm)

Face
Diameter;

FD
(mm)

Shank
Diameter;

SD
(mm)

DC Conventional DCR0 0 0 0 50.00 50 8 8

DR Relief angle

DR10 10 0 8.50 41.50 50 8 5
DR20 20 0 4.12 45.87 50 8 5
DR30 30 0 2.60 47.40 50 8 5
DR45 45 0 1.50 48.50 50 8 5

DRL
Relief angle

with land

DRL10 10 1 8.50 40.50 50 8 5
DRL20 20 1 4.12 44.87 50 8 5
DRL30 30 1 2.60 46.40 50 8 5
DRL45 45 1 1.50 47.50 50 8 5
DRL90 90 1 0 49.00 50 8 5
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Figure 1. Electrode design details: (a) schematic of electrode designs and (b) actual electrodes of
different designs.

Six performance measures were considered in order to access the effect of electrode designs during
EDM of WC. It includes the machining time (MT), taper angle (ø), radial overcut (ROC), radial undercut
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(RUC), longitudinal tool wear (LTW), and surface roughness (SR). Generally, the deep machining
(milling or drilling) was considered as difficult and the sidewalls of the resulting feature (cavity or
hole) did not remain parallel. As a result the tapered feature was produced. With reference to the
drilled/milled holes, the difference in diameters of the hole at the entry and exit positions caused the
taperness in sidewalls as schematically shown in Figure 2a. Therefore, in this study the taper angle was
taken as one of the important performance characteristics, which was calculated using Equations (1)
and (2).

Hal f di f f erence in diameters (∆D) = 1/2(Den −Dex) (1)

Taper angle (∅) = Tan−1(∆D/L) (2)

where,

Den is the diameter at the hole entrance;
Dex is the diameter at the hole exit;
∆D is the half of the difference between both the diamters (Den and Dex);
L is the hole length.

By comparing the diameters of tool and the machined hole, EDM produces oversized hole,
in general. The phenomenon is well-reported by the term “overcut”. It is being noticed that at the
entrance of the hole, the machined diameter is larger than the tool diameter whereas the exit diameter
of the hole is found to be less than the tool diameter. Thus, at the hole entrance the radial overcut
(ROC_en) and at the hole exit the radial undercut (RUC_ex) are taken as response characteristics as
schematically depicted in Figure 2b. The radial overcut and undercut were calculated using Equations (3)
and (4), respectively.

Radial overcut (ROC) = 1/2(Den −Dtool) (3)

Radial undercut (RUC) = 1/2(Dtool −Dex) (4)

where,

Den is the diameter of machined hole at the entrance;
Dex is the diameter of hole at the exit;
Dtool is the diameter of the tool electrode.
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Figure 2. Schematic of hole dimensions: (a) taper angle and (b) radial overcut and undercut.

With reference to the measurements of each of the experimental runs, the machining time was
carefully noted. The calculations of taper angle, radial overcut, and radial undercut primarily involve
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the measurements of different diameters (tool electrode, hole entry, and hole exit). All the diameters
associated with each of the experimental runs were measured on coordinate measuring machine;
CMM (CE-450DV, CHIEN WEI Precise Technology Co., LTD. Taiwan) with a 1 µm measurement
accuracy. For each diameter, 8-points measurement was planned around the periphery of the circle
as shown in Figure 3a. In this way four diameters were measured for a single circle and the average
of four diameters was computed in the calculations of the taper angle, radial overcut, and radial
undercut. Finally, the roughness of the inside surfaces of the machined hole was measured using
Surtronic 128 roughness meter. The roughness tester was first calibrated using the standard specimen.
Each measurement was recorded against an evaluation distance of 3 mm. Since, the workpiece consists
of a 4 mm thick strip therefore prior to take the measurements of surface roughness a fixture was
developed so that the results were accurate. A slot of the square cross-section (4.1 mm × 4.1 mm)

was milled on an aluminum block and the worpiece was placed inside the slot. The schematic as
well as the actual workpiece placed in the fixture is shown in Figure 3c,d. For each hole, repetitive
measurements (three times) were executed and an average value was reported in the results. Surface
roughness was measured in its three variants, i.e., Ra, Rt, and Rz. However, the roughness in terms Ra

was only reported because of its common use in the industry.
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on coordinate measuring machine (CMM) and (b) schematic and actual measurement on Surtronic 128.

3. Results and Discussion

EDM die sinking of tungsten carbide was attempted using ten different tool designs. The tool
designs are mainly of three types named as conventional design (DC), relief angle design (DR), and relief
angle with land design (DRL). The machining performance was evaluated in terms of machining time
(MT), taper angle (ø), radial overcut (ROC), radial undercut (RUC), and surface roughness (SR) of
the eroded holes. Experimental results revealed that each of the response characteristics significantly
varied as the tool design is changed. For example, the machining time to complete the 4 mm through a
hole in WC varied from 172 to 338 min, and the taper angle varied from 3.84 to 21◦. The micrographs
of the machined holes are shown in Figure 4. These micrographs consisted of enlarged images of
the hole entrance and hole exit corresponding to each electrode design. The effect of each of the
electrode designs and their variants on the set responses was analyzed through comparative bar-charts
as discussed in the following section.
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3.1. Effect of Electrode Design on Machining Time (MT)

The effect of different electrodes on the machining time is graphically presented in Figure 5.
The electrode with conventional design, i.e., cylindrical tool with no relief angle, completed the through
a hole of 4 mm length in 338 min. As the design type was changed from the conventional (DCR0) to
the relief angle (DR) and the relief with land (DRL), a substantial reduction in machining time was
observed. The time to complete the hole by using the design type DR ranges from 185 to 205 min.
Since, in the design type DR the relief angles were further varied, therefore as the degree of relief was
increased to a certain extent (30◦) the machining time was also increased. For example, the time taken
by the 10 degree relief (DR10) was 185.42 min and the time consumed by 30 degree relief was found
to be 212.2 min. However, by a further increase in relief angle (45◦) the time was slightly reduced
(205.65 min). It can be noticed that the pattern of machining time was somehow irregular as the
relief angle was changed, but the machining time was substantially smaller than the time taken by
conventional design. The fluctuation in machining time was around 12 min when the relief angles
were 20, 30, and 45◦. This fluctuation became more compact (less than 1 min) in the case of DRL type
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designs when relief angles were 20, 30, and 45◦. The reason behind this fluctuation could be the change
in current characteristics due to the presence of relief angles that need further research. Since EDM is
a complex phenomenon and the prediction of discharge current and other parametric behaviors is
difficult [23], therefore due to the complex nature of the process slight variations in the machining
results can be expected. Thus the involvement of multiple aspects (current characteristics, discharge
phenomenon, relief angle, debris flushing, etc.) could be another possibility behind a certain amount
of variations among the machining results under relief angled electrodes. Within the subdesigns of DR

the design with 10 degree relief offered the shortest machining time of 185 min. The third design type,
i.e., relief with land (DRL) followed a similar increasing trend. Since in this design type the thickness
of the land was kept constant and the relief angles were varied, therefore with the increase in relief
angle the machining time also increased. Among the subdesigns of DRL, the minimum time was also
observed in the case of 10 degree relief (DRL10) amounting to be 172 min. However, the time taken
by 20, 30, and 45 degree reliefs were somewhat closer to each other. As the relief degree was further
increased to a level of 90◦ the machining time tended to rise. Comparing all the nine designs of relief
angled tools with the conventional cylindrical design the shortest time (172 min) was resulted by the
tool having a 10 degree relief angle with a land thickness of 1 mm (DRL10). Considering the machining
time corresponding to the conventional design as a reference, a 49% reduction in machining time could
be achieved using the modified tool design (DRL10). Such a huge amount of time reduction might be
recognized as a massive contribution in the field of EDM. Reduction in machining time eventually
improved the material removal rate. Since, EDM is a very slow machining process and many decisions
in machining industry declined due to the slow nature of this process, the use of relief angled tool
design could boost up the machining rate of EDM. In this way, the productivity of EDM could be
substantially improved.
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The phenomenon behind this sound reduction in machining time is believed to be the sparking
behavior in different tool designs. Since, the material removal during EDM is based on the successive
sparks produced in front of the exposed surfaces of the electrodes. At the beginning of the machining
feature (hole), the spark generation was initiated at the tool’s footing face and the material erosion
was caused from the top surface of the substrate. In the case of conventional design type (cylindrical
electrode; DCR0), as the machined feature progressed and a certain depth was achieved, the tool
progressively tended to penetrate longitudinally inside the machined depth. At this stage, the surface
area available to cause the sparking was greater. In addition to the footing face of the tool, the side surface
around the tool periphery also produced electric sparks with the side walls of the machined feature.
The phenomenon may be termed as the side sparking or the peripheral sparking. The surface area at
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the bottom of the tool remained constant throughout the machined feature. However, as the machining
depth was further achieved the surface area of the tool around the periphery further increased because
of the tool’s uniform cross-section. Resultantly, the amount of side sparking was enhanced as depicted
in Figure 6a. The surface area available for the cumulative sparking (bottom sparking as well as side
sparking) continuously went on increasing because of the uniform tool cross-section throughout the
tool length. This endless increase in the surface area continued as long as the hole was formed. If the
input spark energy remained constant and the surface area for electric discharges was increased,
then the constant amount of energy needs to be distributed over the larger area (bottom surface plus
the inner walls of the hole). In this way, the energy density per unit area reduced and consequently
the machining rate slowed down. On the other end, the provision of the relief angle in the tool (DR)
built the tapered walls of the tool instead of straight vertical walls. As a result, the gap between the
hole’s inner walls and the tool’s side walls increased. The gap due to the relief angle was so enlarged
that the voltage difference between the two walls became high and consequently it did not allow the
spark to be initiated. In this way, the surface area available for sparking was the only tool’s bottom
faced-area and the chances of side or peripheral sparking were minimized as could be envisioned from
the schematic shown in Figure 6b. Since, during EDM the erosion of tool also took place along with the
workpiece, therefore the possible drawback of this design (DR) could be the reduction in tool diameter
at the bottom side due to the longitudinal wear of the tool.
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and (c) relief angle with land design; DRL.

Thus, another design type named as relief angle with land (DRL) was introduced in which the
relief angle was provided at a height of 1 mm starting from the bottom end of the tool. The tool
diameter remained the same within a 1 mm height and then reduced because of the relief angle. At the
beginning of the machining, the sparking phenomenon during this design of the electrode was similar
to the previous two designs. The sparking behavior changed as the machining depth progressed. Up to
the machining depth of 1 mm, starting from the top most layer of the work surface, the surface area for
sparking also increased (bottom surface and peripheral surface). This increase in collective surface area
(bottom and peripheral) acquired a maximum value when the machining depth of 1 mm was achieved.
As the depth further propagated the surface area for sparking remained constant since the sidewalls of
the tool were straight in a 1 mm distance and after that the sides were tapered due to the provision
of the relief angle. Thus, the gap between the inner walls of the eroded hole and the tool’s sidewalls
(of 1 mm length) was short as compared to the gap between the inner walls of the hole and tapered
sidewalls of the tool. In this way the sparking only occurred at the bottom and 1 mm sidewalls of the
tool. In this case the phenomenon was termed as the moderate side sparking. This design type (DRL)
might overcome the above stated drawback of the previous design (DR). Moreover, upon the tool wear
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of DRL along its length, the cross section of the tool at the bottom side remained uniform due to the
land of 1 mm thickness. As the input discharge energy was constant (as in case of present research)
and the surface area also became constant after a depth of 1 mm therefore a steady rate of erosion
was observed. Thus, it could be inferred that the provision of the relief angles in the tool designs
allowed the side or peripheral sparking to be at a minimum or moderate level. It could also be noticed
that the amount of side sparking continuously increased in the case of the conventional tool design
whereas it remained constant when the relief angles were introduced in the tool design. Against a
fixed level of input discharge energy, if the spark density was continuously reduced the erosion rate
would be slowed down and if the spark density remained constant the steady rate of erosion could be
maintained. That is why the machining time to complete the through hole by conventional tool design
(DCR0) was significantly high as compared to the time taken by the relief angled tool designs (DR and
DRL) to finish the same hole in the same material under the same machining conditions.

3.2. Effect of Electrode Design on Taper Angle (ø)

The effects of tool designs and various relief angles on the degree of taperness of the machined
holes have been presented in Figure 7. By the use of conventional design (DCR0), in which the sides
of the tool are straight and parallel to the axis of the hole, the taper angle of 3.94◦ was observed.
The second design type (DR), in which relief angles were provided and the sidewalls of the tool were
not parallel to the hole axis, the taper angle was found to be larger than the taper angle in the case of
the conventional tool design (DCR0). Furthermore, as the relief angle in the tool increased the taperness
in the sidewalls of the machined hole also increased as can be observed from the red callout mentioned
in Figure 7.
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As the erosion progressed, the tool wear was experienced at the bottom and consequently the tool
length mainly reduced. The wear in tool length reduced the diameter of the tool at the bottom end
because of the presence of relief angle. The exit diameter of the machined hole became smaller. Thus,
the difference in hole diameters (at the entrance and exit) resulted in a taper angle. This difference
in diameters became more and more as the relief angle was increased from 10 to 45◦. Consequently,
the taper angle in the sidewalls of the hole increased. Among the tools designed under the category of
DR the tool having a relief angle of 10◦ produced the minimum taper angle (4.21◦) in the machined
hole. A similar pattern of the hole taper angle was noticed in the case of third design type (DCR) in
which relief angles were given after the 1 mm land thickness. In this design type, the side walls of the
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tool, at a height of 1 mm from the tool bottom, were parallel to the hole axis whereas after 1 mm the
sides became inclined due to the presence of the relief angle. The maximum surface area available for
the sparking remained constant for all the design variants of DRL because of a 1 mm land thickness.
The total surface area for sparking is the summation of the bottom surface area and surface area of
circular land of 1 mm thickness (π× 42 + 2π× 4× 1 = 75.4 mm2). In this way, the total surface area was
75.4 mm2, which theoretically remained constant in the case of DRL tools. Therefore, ideally the hole
taper angle should remain constant but in actual the taper angle increased as the relief angle increased.
The cause of this increase could be the change in current characteristics occurred due to the relief
angles. As in the case of a 90 degree relief angle, it is possible that the behavior of the discharge current
became erratic and the resulted taper of the hole reached a maximum value of 21.11◦. Since EDM is
a complex phenomenon and the prediction of discharge current and other parametric behaviors is
difficult [23], therefore further research is needed to understand the change in current performance
when a relief angle of 90◦ is provided. Hence, land with a relief of 90◦ was the worst design in terms of
the hole taper angle. The minimum taper angle under the category of DRL was found to be in case of
10 degree relief with 1 mm land (DRL10). As a whole, if we compared the taper angles of all the ten
designs, the minimum taper angle of 3.84◦ was achieved using the tool DRL10 in which the relief of 10◦

was provided with 1 mm land. Thus, DRL10 was the most appropriate tool to have the machined hole
with a minimum taper angle.

3.3. Effect of Electrode Design on Radial Overcut at Hole Entrance (ROC_en)

Another performance characteristic of EDM considered in this study was the radial overcut at
the hole entrance. Overcut is the universal fact of EDM, which indicates that the dimension of the
machined impression along the horizontal plane is larger than the dimension of the tool. For example,
by creating a circular impression through circular tool the size of the machined imprints comes out
to be larger than the tool diameter. Since the progression of the hole is the result of such imprints,
therefore an overcut is observed at the hole entrance. The half of the difference in the diameters of the
tool and the hole entrance is termed as the radial overcut as described in the materials and methods
section by Equation (3). Comparing the overcuts produced by all the tool designs, it was observed that
the tool having conventional cylindrical design (DC) imparted the largest radial overcut, i.e., 249 µm.
It indicates that the actual diameter of the produced hole, at the entrance, was 249 µm larger than the
diameter of the tool. The overcuts resulted by the remaining tools (modified through relief angles
and relief with land) were significantly less than the overcut caused by the conventional design as
can be observed in Figure 8. There was no precise pattern of radial overcuts with the increase in
relief angles, however the overall range of overcuts values was substantially smaller than overcut
in the case of the conventional tool. The range of the overcut caused by the relief angle design type
(DR) was from 115.5 µm to 152.75 µm. On the other end, for the design type of the relief angle with
constant land thickness (DRL) the overcut was within the range of 176.25–203 µm. This range was
somehow larger than the range obtained by the design type of DR. Since, in the case of the conventional
design, the interacting surface area of the tool with the inner walls of the hole was the largest following
by the surface area in the case of design type DRL and DR. The larger was the interacting surface
area, the greater was the overcut at the hole entrance. That is why the overcuts produced by the
design type DC (conventional design), DRL (relief angle with land), and DR (relief angle) were 249 µm,
176.25–203 µm, and 115.5–152.75 µm, respectively.
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3.4. Effect of Electrode Design on Radial Undercut at the Hole Entrance (RUC_ex)

On the other side, the hole diameter at the exit plane seemed to be smaller than the actual tool
diameter. The result of this difference in diameters was termed as the radial undercut at the hole exit,
which was calculated, for all the tool designs, using Equation (4). The experimental results of EDM in
terms of radial overcut against each of the ten designs are plotted as shown in Figure 9.
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EDM of WC.

The major cause of the undercut at the hole exit was the presence of taperness alongside the inner
walls of the machined hole. That is why graphical trends in the case of undercut were matching to those
trends noticed for hole taper angle. For example, in the case of relief angle design type (DR) as the size
of the relief angle increased from 10 to 45◦, the undercut at the exit of the hole continuously increased.
Tool wear was the main reason behind this progressive escalation in the undercut. As the tool worn
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out from the bottom plane the length of the tool was reduced. At the reduced length the corresponding
diameter of the electrode also reduced due to the presence of the relief angle. Thus, the diameter of the
electrode available at the final cuts, to finish the hole, was comparatively smaller than the diameter
available at the initial cuts. In this way, the undercut was produced. The higher the relief angle is,
the smaller the diameter of the electrode available to finish the hole at the exit layers is. Therefore,
the high amount of undercut was produced as can be observed in the case of DR45, which produced the
largest undercut (661.255 µm) within the category of tools with a relief angle design (DR). The trend of
the undercut caused by the design type DRL was again similar to the trend of DR. Just in the case of
the 45 degree relief the undercut was reduced. However, this reduction was so small (less than 5 µm)
that it could be ignored. For example the undercut with a 30 degree relief is 343 µm whereas with a
45 degree relief it was 338.75 µm. Thus it can be said that the results pattern of DRL designs was similar
to the case of DR designs. The design having a relief angle of 10◦ with 1 mm land (DRL10) produced
the minimum of 92 µm undercut within the category of DRL design. An extraordinary undercut was
observed in the case of DRL90 where the relief angle of 90 was provided. The exit diameter of the hole
was found to be highly undersized as compared to the designed diameter of 8 mm. The land of 1 mm
was found to be totally eroded, which indicates that the behavior of the current flow was highly erratic,
which affected the electrode wear in an entirely different pattern as compared to the wear observed in
all the other tools. Upon a comparison among the performance of different electrodes, it can be noticed
that the minimum size of undercut at the hole exit was found to be 26.50 µm when conventional
cylindrical tool (DC) was employed during EDM of WC. All the remaining electrode designs produced
the larger amounts of undercuts in comparison with the conventional design. Thus, the conventional
cylindrical design (DC) was relatively more practical if the objective was to keep the machined hole
with minimum undercut at the exit plane of the hole.

3.5. Effect of Electrode Design on Longitudinal Tool Wear (TLW)

Length of each electrode was measured before and after machining. The difference in lengths
is named as longitudinal tool wear. It was noticed that the maximum too wear was found in the
conventional tool design (DC) as can be seen in Figure 10. On the other end the tool length reduction was
found to be less in the case of all the modified tool designs compared with the conventional tool design.
The main reason behind this reduction in tool wear was the machining time. Since the machining time
for modified tool designs was smaller as compared to the conventional tool. Low machining time
indicates that the time for the tool to be under machining conditions is small and hence the length of
tool reduction becomes smaller. Within the category of relief angled tool designs (DR) as the relief angle
increased the tool wear increased, except for 45 degree relief. A similar pattern was observed in the case
of the tool design named as the relief angle with land (DRL). The reason behind this increasing trend
again could be the change in discharge behavior of each electrode design. There is a possibility that by
introducing the relief angle the discharge behavior changed from regular (as in case of conventional
tool design) to irregular. Since, the shank of the tool was uniform throughout the length whereas the
footing end of the modified tool was tapered. The change in the cross sectional area was involved.
Due to this change in the cross section area the resistance to the discharge current varied. As a result,
there was a possibility that the discharge characteristics were changed due to which the machining
time as well as the tool wear was directly affected. A change in cross sectional area is different for
different relief angles, thus the effect of relief angle over the current and discharge characteristics needs
to be explored further. However, from the results it could be inferred that the minimum tool wear in
longitudinal direction was found to be in the case of DR10 amounting to 790 µm.
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The effect of tool length reduction was directly over the radial undercut at the exit point of the
machined hole. As the electrode length reduced due to the wear at the footing end, the diameter of the
remaining tool reduced because of the presence of relief angle. The concept is further illustrated in
Figure 11 wherein the length of tool before and after machining is presented schematically. Moreover,
the actual tool before and after machining is shown as a sample. When the length reduced, the remaining
diameter became smaller and as a result the diameter of the machined hole at the exit point was smaller
than the diameter at the entrance. In this way, a radial undercut was observed. A change in tool length
and diameter was greater with the increase in the relief angle, which is why the radial undercut also
seemed to be larger in the case of large relief angles.
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3.6. Effect of Electrode Design on Surface Roughness (SR)

The roughness of the inner walls of the machined holes has also been evaluated and the
experimental results in a comparative format are presented in Figure 12. The roughness in its three
characteristics (Ra, Rt, and Rz) were recorded, however, the reported values were in terms of Ra because
of the widely used measure of roughness. Among the holes produced by all the ten electrode designs,
the roughness corresponding to the design type DC was found to be the highest ones, i.e., 6.94 µm.
all the other holes machined by the modified tool designs had a surface roughness less than the
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roughness of the hole machined by conventional design. The results in terms of surface roughness
followed no systematic trend when the relief angles were changed. However, the hole produced
with the tool having relief angle of 10◦ and land thickness of 1 mm (DRL10) had the minimum surface
roughness (Ra = 4.42 µm). Although, there was close competition among the tool designs in terms
of surface roughness but still the tool design DRL10 could be considered as the promising one as
compared to the other designs especially in comparison with the conventional cylindrical tool (as can
be witnessed from Figure 12).Appl. Sci. 2020, 10, x FOR PEER REVIEW 16 of 19 
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holes after the EDM of WC.

Experimental results in a summarized form has been shown in Table 5, wherein all the six EDM
responses (machining time; MT, taper angle; ø, radial overcut at the hole entrance; ROC_en, radial
undercut at the hole exit; RUC_ex, longitudinal tool wear; LTW, and surface roughness; SR) were
tabulated with minimum values achieved after experimentation. Among the ten tools employed
during the EDM of WC in this study, each of the five response characteristics was evaluated and the
top-three tools were ranked. As it can be witnessed from Table 5, the tool design in which a relief
angle of 10◦ was provided with a land thickness of 1 mm, i.e., DRL10 acquired the first rank against
three response attributes, i.e., machining time, taper angle, and surface roughness. The basis of this
rank is the minimum response value resulted by the said tool. On the other end, the two response
characteristics (radial overcut and radial undercut) were found to be minimum with the tool design
other than the DRL10. However, in the case of these two responses the design DRL10 was in the second
position. Thus, it could inferred that if the machinist had to opt for a single tool design to perform
EDM of WC, then the design DRL10 could be considered as the preferred design since it can compete
with the other designs in most of the response characteristics.
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Table 5. Summary of the experimental results to select the most appropriate tool design based on the
decision criteria of minimum values of each of the six response characteristics (machining time; MT,
taper angle; ø, radial overcut at the hole entrance; ROC_en, radial undercut at the hole exit; RUC_ex,
longitudinal tool wear; LTW, and surface roughness; SR).

Responses Minimum Value
Tool Ranking

Rank 1 Rank 2 Rank 3

Machining Time; MT
(min) 172.00 DRL10 DR10 DRL20

Taper Angle; ø
(deg) 3.84 DRL10 DCR0 DR10

Radial overcut;
ROC_en

(µm)
115.50 DR20 DR10 DR45

Radial undercut;
RUC_ex

(µm)
26.50 DCR0 DRL10 DR10

Longitudinal tool wear;
LTW
(µm)

790 DR10 DR20 DR45

Surface Roughness;
SR

(µm)
4.42 DRL10 DR20 DRL45

The most common tool design DRL10

4. Conclusions

EDM of tungsten carbide; WC (famously considered as a difficult-to-machine material), was carried
out using various tool designs to produce cylindrical holes of 4 mm depth with 8 mm diameter. The tool
designs include the conventional cylindrical design (DC), relief angle design (DR) containing four relief
angles (10, 20, 30, and 45◦), and relief angle with a land design (DRL) consisting of five relief angles
(10, 20, 30, 45, and 90◦) with a land of 1 mm thickness. The performance was gauged through evaluating
the machining time (MT), hole taper angle (ø), radial overcut at the hole entrance (ROC_en), radial
undercut at the hole exit plane (RUC_ex), longitudinal tool wear (LTW), and the surface roughness (SR)
of the inner walls of the machined holes. By considering machining outcomes, erosion phenomenon,
and comparative analysis of tool designs’ performances, the following conclusions might be inferred:

i. Machining of WC was still difficult and time consuming through electric discharge machining.
However, the difficulty level could be considerably reduced if design modifications in the tool
design were introduced.

ii. The machining results in terms of all the six performance characteristics (MT, ø, ROC_en,
RUC_ex, LTW, and SR) were found to be relatively better when the newly designed tools (DR and
DRL) were employed during EDM of WC. The leading phenomenon behind the improved
machining characteristics was the result of the differences in the surface areas available for
sparking (see the discussion associated with Figure 6)

iii. The tool electrode with conventional cylindrical design (DC) took remarkably high machining
time (338 min) to finish the through hole. A significant reduction in machining time could be
realized by modified tool designs (DR and DRL). The design having a 10 degree relief angle
with 1 mm land thickness (DRL10) was found to be the most preferred tool capable of machining
the hole in 172 min. A 49% reduction in the machining time could be realized if DRL10 was
employed during EDM of WC, thus, improving the productivity of the EDM process. In this
way, the difficulty level in machining of WC could be soundly reduced.
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iv. Regarding the hole taper angle (ø), as the relief angle increased the corresponding taperness in
holes’ sidewalls also increased. The tool having 10 degree relief with a land thickness of 1 mm
(DRL10) produced the hole with minimum taper angle amounting to 3.84◦.

v. There was a clear difference in the radial overcut at the hole entrance when the modified tool
designs were employed. The tools with relief angle (DR) were found to be better than the
conventional cylindrical tool in order to get the smaller overcut at the hole entrance. On the
other, the undercut at the exit plane of the hole was smallest in the case of conventional tool
design (DC).

vi. Longitudinal tool wear (LTW) of modified tool designs was found to be substantially less than
the tool wear in the case of the conventional tool design (DC). The minimum longitudinal tool
wear was observed in the case of the 10 degree relief angle (DR10) with an amount of 790 µm.

vii. There was close competition among the performance of all the electrode designs in the case of
the roughness of the inner surfaces of the machined holes. However, the modified tool designs
produced the surfaces with smaller roughness as compared to the roughness caused by the
conventional tool design (DC). Moreover, the minimum roughness of Ra 4.42 µm resulted again
by the tool DRL10, i.e., tool having a relief angle of 10◦ with a land thickness of 1 mm.

viii. The tool design DRL10 could be considered as the most appropriate tool design capable of
resulting significantly improved results for most of the five performance characteristics taken
in this study.
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