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ABSTRACT
This work presents the experimentally determined material removal rate (MRR), Tool wear rate (TWR) and Surface
roughness (SR) characteristics of electrical discharge machine (EDM) on tungsten carbide composite alloy with tungsten
carbide tool electrode. The experimentation has been performed for geometric parameters such as pulse on time (Ton)
from 100-150 µs, pulse off time (Toff) from 20-80 µs, gap voltage (Vg) from 50-80 volts, pulse current (I) from 4-12 A and
duty cycle from 20-50 respectively. The experimental result depicts that the MRR was maximum at value of 0.9039
mm3/min and the minimum value of TWR and SR was achieved at 0.00112 gm/min and 1.19 µm respectively.

Keywords: Tungsten Carbide, Material removal rate, Tool wear rate, Surface roughness, Taguchi approach

Nomenclature:
A Ampere
DOE Design of experiment
EDM Electrical discharge machine
EWR Electrode wear rate
HB Higher is best
I Discharge current
LB Lower is best
MRR Material removal rate
NB Nominal is best
S/N Signal to noise ratio
SR Surface roughness
Toff Pulse -off time
Ton Pulse -on time
TWR Tool wear rate of graphite
Vg Gap voltage
WC Tungsten carbide
µm Micro meter
µs Micro second
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INTRODUCTION
The EDM is non-conventional machining method where electrical spark is used for removal of surface
material. The EDM method is broadly used in industries to manufacture complicated shapes in dies and
moulds which are complex to manufacture by conventional machining method. In the present days its use in
industries is limited to semi–finishing and rough machining levels because it depicts some limitation on
finishing operations, normally considered as surface roughness irregularity and decreased effective polished
area [1-3].The material removal mechanism for electrical discharge machining consists of two major theories.
Very firstly theory proposes dislocation, melting and evaporation of molten material as a mechanism of
material removal. Secondly theory recommended that the fracture linked spalling takes place during the
discharge, based upon electrical discharge machining parameters and the material properties [4-7]. Any
hardness of materials is cut easily because the materials are good conductor of electricity. As a result the hard
materials which are hard to cut such as titanium and tungsten carbide can be easily machined by EDM [8-9].
Proper spark gap is maintained between tool and specimen and immersed in a dielectric fluid. The EDM
generator provides voltage to create a spark between specimen and tool through the distance. The gap between
the tool and work piece is maintained through a servo mechanism. While the current begins to flow from tool
electrode to work piece, higher amount of heat is produced under the cutting zone. Every spark cause intense
localized heating and that heat flux leads to material removal in a small area due to increase in temperature.
The value of EDM product is compared through its surface perfection which characterized with SR [10].
Makwana and Banker [11] examined the effect of different shapes at fixed cross section area of 280 mm2 for
MRR, SR, EWR on AISI 316 stainless steel work piece material with Taguchi L9 orthogonal array method
and pure copper electrode material. It was concluded that with circular tool a highest MRR of 91.615mm3

/min,
lower EWR of 0.000804 gm/min, surface roughness of 9.8011 µm was obtained and at a high current, high
temperature the crack width or length was also increased. George et al. [12] determined the prime setting of
process parameters like Ton, Vg and during machining of C-C components to check the EWR, MRR with
Taguchi method L8 orthogonal array. They reported that at a Ton = 150µs, Vg = 20V, = 1A the TWR reduced
up to 89.28%. However the MRR was increased up to 116.67% for average value of 0.09 mm3/ml when =
9A, Vg = 100V, Ton =750µs. Jahan et al. [13] studied that for speed up micro-EDM, both the EWR and SR are
large and the glossy surface finish is only obtained due to the reduction of high machining time. Sharma and
Singh [14] found that from the 27 experimental run the 24th alternative with parameters i.e. Ton = 100µs, Toff =
50µs, = 9A, provides higher percentage for grey relational grade which is 24.56% and due to this the micro
hardness in initial machining increased or SR decreased. Han et al. [15] performed the multi-objective
optimization methodology for optimal parameter selection during EDM and used virtual annealing approach
to maximize MRR or minimize SR. From the above optimization it was found that at = 33.9A, Vg =
127.88V, Ton = 412.22µs, Toff = 109.58µs the maximum MRR was obtained up to 54.93mm3/min and
minimum SR was achieved up to 2.07µm respectively. Lee and Li [16] studied the effect of EDM conditions
on surface characteristics for a type of WC. They found that the SR and MRR of specimen were exactly
correlated with intensity of current. Jahan et al. [17] studied the effect of variant tool electrode on the R-C
type die-sinking micro- electric discharge machining of tungsten carbide. They obtained that the tool
gives glossy finish having minimum as compared to the other tool electrodes. Pandey and Jilani [18]
studied the effect of variation in Ton during electrical discharge machining of three different types of WC with
a variety of cobalt contents. They revealed that the existence of Cobalt has a significant effect on experimental
performance of WC and hence a higher cobalt percentage provides much exposure to surface cracking and
defects. Banerjee et al. [19] found that the required temperature and heating of specimen is impotent for
significant MRR. However at minimum melting point some of the surface defects produced normally on WC-
Co composite. The above literature shows that EDM invent lots of application to get the better SR, MRR,
TWR but very small work is revealed with use of EDM for rough experimental phase, TWR and MRR for
tungsten carbide alloy. Moreover the EDM includes a large amount of machining parameters which upset the
quality of product. Due to their complex nature and large amount of parameters it becomes complicated to



1129 Amandeep, Raj Kumar, Rahul Nadda

International Journal of Engineering Technology Science and Research
IJETSR

www.ijetsr.com
ISSN 2394 – 3386

Volume 4, Issue 10
October 2017

state them in a one systematic design. Large amount of investigational work is since required to optimize or
analyze levels of different method for knowing there impact on quality of product. A number of studies are
made in EDM materials, analyzation and optimization of EDM conditions but the different hybrid composites
work piece and tool electrode material is lacking. Taguchi method is one of the welling techniques, for testing
of experimental data through minimum operational work.

In present study the EDM responses such as MRR, TWR and SR of tungsten carbide-cobalt composite work
piece (96.7% WC and 3.3% Co) are presented by using Taguchi method. In this testing the cobalt bonded WC
is selected as specimen due to its high toughness with excellent wear resistance and good strength. Moreover,
when tungsten is combined with carbon to generate tungsten carbide, then the strength is only surpassed by
diamonds. Now days tungsten carbide is most widely used a cutting tool and employed for the cutting of wide
range of materials on vertical turret lathe, computer numerical lathes, engine lathes and chucks. Due to all
such reasons the cobalt bonded tungsten carbide composite alloy is observed as a difficult task imposing
additional problems as compared to EDM of variant type of steels commonly referred in industrial
applications.

EXPERIMENTAL PROCEDURE
EQUIPMENT AND PROCESS
The experiments were performed on the EDM machine using a specific power consumption of 2-10
W/mm3/min. The position of electrode was précised with an optical ruler in a fix time period and the
machining time was recorded with an inbuilt timer in EDM machine. An oscilloscope was attached with
electrode and work piece which measures machining state, identify and note the formation of waves produced
during the electrical discharge. A servo mechanism was used to maintain a proper distance between the tool
and work piece. The schematic diagram of the experimental setup is as shown in Fig. 1. The above schematic
diagram shows that the machining tank is placed in a work tank and the whole operation is performed in that
machining tank. A dielectric fluid is contained in a working tank in which the work piece or tool electrode is
submerged and provides an oxygen free environment for better machining. The stirrer is used for the mixing
of solute and solvent and it also avoids the particles to settle down. Circulation pump circulates the dielectric
fluid into the discharge gap and the magnets are used to detach the debris from dielectric fluid. Oscilloscope is
used to note the change of voltage, time and continuously graphed the shape against a calibrated scale. The
photographic view of die-sinker EDM is shown in Fig.2 (a) and 2(b). An electronic weighing machine was
used to check the weight of electrode or work piece after each experimental run to determine the MRR and
TWR. The SR was calculated by the means of arithmetical average SR of the measured roughness report with
surface roughness tester. Finally the data was analyzed and optimized by using Taguchi Method.

Fig.1: Schematic diagram of experimental test setup
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Fig. 2: (a) Photographic view of die-sinker EDM (b) Setup with tool and work piece

EXPERIMENTAL DETAILS
The experimentation has been performed on Elektra plus R50 die-sinking electrical discharge machine
manufactured by Ratnaparkhi electronics India Pvt. Ltd. In this study a tungsten carbide-cobalt composite
alloy (96.7% WC and 3.3% Co) was used as a specimen with 105 mm × 32 mm ×8.5 mm in dimensions. A
cylindrical tungsten carbide rod was as a tool electrode having 18mm diameter and 50mm length respectively.
Every experimental run is performed for duration of 15 min and the diameter of tool was remaining constant.
For flushing the EDM oil is used as dielectric fluid and during the machining side flushing is maintained at a
pressure of 0.8 bars. The decrease in tool electrode and specimen is determined by measuring the weight
variation of specimen and electrode respectively before and after each experimental run with totally automatic
and self maintained temperature measurement system.

DESCRIPTIONS OF PERFORMANCE CRITERIA
Material Removal Rate (MRR)
Material removal rate is calculated as the ratio of change of weight of work piece before machining and
weight of work piece after machining to the product of density of material and machining period.= W − Wt × ρ

(1)
Tool Wear Rate (TWR)
Tool wear rate is calculated as the ratio of different of weight of tool before machining and after machining to
the machining time.= W − Wt (2)
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Surface Roughness (SR)

The surface roughness of specimen is determined by precise Talysurf profilometer. The surface roughness is
provided by average centre line process. A diamond stylus with a vertical length of 110 mm and tip radius of
25µm is used to determine the surface finish.

SELECTION OF PARAMETERS
The parameters selected to perform the experiments on EDM are: Vg, Ton, Toff, and duty cycle respectively.
The parameters ranges were selected on the assumptions of pilot experiments performed with single variable
at a measured resolution. Table 1 shows different parameters with their specifications or levels. The current
research contains the mixed L32 orthogonal array involving 5 parameters with 4 levels as shown in Table 1.
This orthogonal array suggests precise composition of fractional operations with respect to the effecting
parameters and their levels. Total 32 experiments are performed as per orthogonal array and the results of
each experiment are depicted in Table 2.

Table 1: Machining parameters and their level
Sr. No. Machining

parameters
Symbol Unit Level

Level 1 Level 2 Level 3 Level 4

1. Pulse – on time Ton µs 100 150 - -

2. Pulse – off time Toff µs 20 40 60 80

3. Pulse current A 4 6 8 12

4. Gap voltage Vg V 50 60 70 80

5. Duty cycle 20 30 40 50

Table 2: Response Table for Tungsten carbide (96.7% WC – 3.3% Co)

Run Ton Toff Ip Vg Duty
cycle

MRR TWR SR

Sr. No. µs µs A V mm3/min gm/min µm

1 100 20 4 50 20 0.57051 0.00118 1.66

2 100 20 6 60 30 0.69872 0.00132 1.70

3 100 20 8 70 40 0.74359 0.00157 1.55

4 100 20 12 80 50 0.76923 0.00172 1.39

5 100 40 4 50 30 0.60897 0.00123 1.21

6 100 40 6 60 20 0.66026 0.00153 1.31

7 100 40 8 70 50 0.76282 0.00172 1.25

8 100 40 12 80 40 0.83974 0.00195 1.27

9 100 60 4 60 40 0.64103 0.00115 1.32

10 100 60 6 50 50 0.68590 0.00142 1.40

11 100 60 8 80 20 0.73718 0.00169 1.56

12 100 60 12 70 30 0.81410 0.00190 1.70

13 100 80 4 60 50 0.40385 0.00128 1.58

14 100 80 6 50 40 0.80128 0.00153 1.66

15 100 80 8 80 30 0.85256 0.00178 1.71
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16 100 80 12 70 20 0.89744 0.00183 1.75

17 150 20 4 80 20 0.65385 0.00112 1.19
18 150 20 6 70 30 0.74359 0.00125 1.28

19 150 20 8 60 40 0.79487 0.00147 1.34

20 150 20 12 50 50 0.87820 0.00168 1.42

21 150 40 4 80 30 0.66667 0.00124 3.07

22 150 40 6 70 20 0.76282 0.00149 2.98

23 150 40 8 60 50 0.83333 0.00159 2.86

24 150 40 12 50 40 0.90385 0.00180 3.01

25 150 60 4 70 40 0.70513 0.00139 1.94

26 150 60 6 80 50 0.78205 0.00148 1.98

27 150 60 8 50 20 0.85879 0.00162 1.90

28 150 60 12 60 30 0.90387 0.00181 2.03

29 150 80 4 70 50 0.67949 0.00125 1.72

30 150 80 6 80 40 0.77564 0.00137 1.80

31 150 80 8 50 30 0.88462 0.00156 1.95

32 150 80 12 60 20 0.86538 0.00182 2.01

TAGUCHI METHOD
The present study uses Taguchi method to design the experimental runs; this technique is a perfect design for
experiments which offers an analytical, adequate and simple concept to find out best machining parameters.
Taguchi method is applied to set up the connection between some of the operational parameter or machining
standards. A Taguchi design provides an efficient and powerful approach for designing products which work
optimally and consistently over a variety of conditions. Taguchi process is 2, 3, 4, 5 and fused level partial
fractional designs. It is a process for giving optimum behavior in design phase of product and process. This
approach is a strong design of experiments and it offers a standardized, significant and simple method to find
out the optimal operational parameters. This approach significantly decreases the experimental runs which are
required to design the response functions. It is not possible to examine all the parameters and find out their
major influence in a single operation. All these failures are overcome by Taguchi approach. MINITAB gives
both dynamic and static result of input data in static response operations. MINITAB calculated results,
produces main influence and relations plots for:

 Means Vs control factors.
 S/N ratio (signal to noise) Vs control factors.

Based upon the response characteristics the calculation of ⁄ ratio are classified in three equations (3-5)
precisely the smaller is best (SB), nominal is best (NB) and the larger is best (LB). Generally S/N ratio must
be calculated by using specified equation [20].HB: S N = −10 log 10 y i (3)NB: S N = 10 log 10 (4)LB: S N = −10 log 10 ∑ y i (5)

Here; = mean of Sample; S = standard sample difference of n observation in every run.
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RESULT AND DISCUSSION
The total, 32 experiments were performed on the machine and the normal values for MRR, TWR and SR was
listed in Table 2. The description of the experimental observations is discussed in the following sections.

INFLUENCE ON MRR
The results of the designed model related to MRR in the form of S-N ratio are shown in Table 3. Larger is
better S-N ratio response table for MRR indicates that consists of rank 1 which means that is very
significant to MRR, followed by Ton, duty cycle, Vg and which are less significant. In rank 1 -1.333 is
the highest S/N ratio to level 4 as a result 12A is most significant value for MRR. The analysis of variance for
different factors are depicted in Table 4 which clearly shows that the , Ton are the best significant factors for
MRR because the value of P is less than 0.05 at 95% confidence level for all these parameters. However the p
value for Vg, and duty cycle is greater than 0.05 at 95% confidence level which means Vg is not much
significant for MRR. The Larger is better condition selected for MRR which clearly shows that is most
significant factor followed by Ton and then duty cycle. The significant values are shown in bold form.

The range of adjusted R2 and R2 is more than 97% which indicates that the general linear model gives a fine
explanation of connection between the input factors and MRR. The p value related to model which is less than
or equal to 0.05 (95% confidence, α = 0.05) shows that the model is statically significant (listed as Bold form)
otherwise the model is not significant. R2 = 98.70% and adjusted R2 = 97.39%. The errors standard deviation
in model is S = 0.495984. Hence, a higher MRR is achieved at high of 12A, Ton of 150µs respectively. In
EDM variant machining input factors like , , Ton and Vg has a most significant influence on MRR which
is presented in Fig.3. It has been optimized that the MRR enhanced with increase in , hence MRR is
maximum at 12A . This is because the larger amount of discharge energy exists at the machining gap. The
discharge energy for electrical discharge machining is provided as follow:= ∫ ( ) ( ) (6)
The high current concentration presented in machining gap quickly over heat the specimen; hence the MRR is
maximum at pulse current circumstances. The graph shows that the MRR is higher at high as compared to
that of lower for all condition of at existing Ton. The experimental study shows that higher MRR is
achieved at Ton of 150µs, of 60µs, 12A of , Vg of 70V and duty cycle of 40 respectively. However the
minimum MRR is achieved at Ton of 100µs, of 20µs, 4A of , voltage of 60V and duty cycle of 50
respectively. It has been noticed that the increase in depicted a development towards the higher MRR. The
significant removal of worn out particle from the gap is one of the main factor which giving itself in the
direction of obtaining maximum MRR. This increase of worn out particles in the gap, causes the short circuit.
Moreover the unsteadiness of discharge energy at higher results the decrease of MRR. Hence a strong
decrease in MRR is achieved.

Table 3: Result table for S-N of MRR, Larger is better

Levels Pulse-on Time Pulse-off Time Pulse current Voltage Duty
cycle

1 -3.020 -2.778 -4.316 -2.347 -2.586
2 -2.061 -2.515 -2.648 -3.021 -2.329
3 ------ -2.368 -1.865 -2.371 -2.249
4 ------ -2.501 -1.333 -2.423 -2.998

Delta 0.959 0.411 2.983 0.674 0.749
Rank 2 5 1 4 3
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Table 4: Model analysis for S-N of MRR

Source DF Seq. SS Adj. SS Adj. MS F P

Pulse-on Time 1 0.045374 0.045374 0.045374 18.44 0.000
Pulse-off Time 3 0.007157 0.007157 0.002386 0.97 0.429
Pulse current 3 0.265604 0.265604 0.088535 35.99 0.000
Voltage 3 0.010768 0.010768 0.003589 1.46 0.259

Duty cycle 3 0.013265 0.013265 0.004422 1.80 0.184

Error* 18 0.044280 0.044280 0.002460

Total 31 0.386448

S = 0.495984 R-Sq = 98.70% R-Sq (adj) = 97.39%
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Fig. 3: Main effect produced for S-N ratio of MRR

5.2. INFLUENCE ON TWR
The results of variant input parameters for S-N of TWR i.e. smaller is better is shown in Table 5. The Smaller
is better S-N response table of TWR depicted that the consists of rank 1 which depicts that is very
significant to TWR, followed by , Vg, Ton and then duty cycle which are less significant. In rank 1 54.84
is the lowest S/N ratio at level 4 as a result 12A is most significant value for TWR. The analysis of variance
for different input parameters like , Ton, and Vg is clearly shown by the Table 6. It shows that ,
is the finest significant factors for TWR because the p value of these parameters is less than 0.05 at 95%
confidence level. However the Vg, Ton and duty cycle is not significant factor for TWR which means that the
values of p are greater than 0.05 at 95% confidence level for Vg, Ton and duty cycle. The characteristics
Smaller is better S-N method is selected for TWR which shows that and is much significant factors.
The significant values are shown in bold. Range of adjusted R2 and R2 is more than 92% which indicates that
the general linear design gives a better explanation of connection between the response and input factors of
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TWR. The p value related to design which is less than 0.05 (95% confidence, α = 0.05) indicates that the
designed model is statically significant (listed in Bold) otherwise the model is not significant. R2 = 95.84%
and adjusted R2 = 92.84%. The standard deviation for errors in model is S = 0.0000634. Hence a lower TWR
is obtained at high of 12A, 40µs. Vg, duty cycle and Ton has no significant influence on TWR. In
electrical discharge machining, the variant machining input parameters such as Ton, Vg, , has a most
significant influence on TWR which is shown in Fig. 4. The experimental study shows that the minimum
TWR is achieved at Ton of 100µs, of 40µs; 12A of , duty cycle of 20 and 70V of voltage respectively.
The TWR occurs at some stages in EDM when discharge energy withdraws the particles from specimen and
electrode. From the graph it has been observed that the TWR rises at of 4A. At of 4A maximum current
concentration presented at the machining gap and produces higher amount of heat. This continuously over
heats the tool electrode and increases the tool wear rate beside the MRR, and hence increasing the TWR. It
has been noticed that the TWR has affinity to reduce with rise in movement of electrode. The heat production
at the sparking region is maximum with a larger Ton, and results in development of plasma channel.

Table 5: Result table for S-N of TWR, Smaller is better

Table 6: Analysis of variance for S-N of TWR
Source DF Seq. SS Adj. SS Adj. MS F P

Pulse-on Time 1 0.0000142 0.0000142 0.0000142 62.47 0.001

Pulse-off Time 3 0.0000057 0.0000057 0.0000057 24.91 0.322

Pulse current 3 0.0000153 0.0000153 0.0000153 67.20 0.001

Voltage 3 0.0000020 0.0000020 0.0000020 8.75 0.315

Duty cycle 3 0.0000009 0.0000009 0.0000002 8.65 0.301

Error* 18 0.0000382 0.0000382 0.0025642

Total 31 0.0000763

S=0.0000634 R-Sq = 97.61% R-Sq (adj) = 95.22%

Levels Pulse-on Time Pulse-off Time Pulse current Voltage Duty
cycle

1 56.31 57.09 58.22 56.55 56.40

2 56.59 56.19 56.95 56.60 56.55

3 ------ 56.25 55.80 56.29 56.42

4 ------ 56.27 54.84 56.37 56.44

Delta 0.27 0.90 3.38 0.31 0.15

Rank 4 2 1 3 5
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Fig. 4: Main effect produced for S-N ratio of TWR

5.3. INFLUENCE ON SR
The results of different input parameters for S-N of SR i.e. smaller is better is depicted in Table 7. The S-N
response table of SR shows that the rank 1 is contained by hence is very significant to SR, followed
by Ton, , duty cycle and Vg which are less significant for SR. In rank 1, -5.743 have the smaller S-N ratio to
level 2 as a result of 40µs is most significant value for SR. The Table 8 depicts the different factors for
analysis of variance which reveals that the values of p are smaller than 0.05 at 95% confidence level for
and Ton hence and Ton are significant factors to SR. Moreover the , duty cycle and Vg have not any
significant effect on SR because the range of p value is greater than 0.05 at 95% confidence level. The Smaller
is better characteristics is selected for SR which revealed that the pulse Ton is most significant factor followed
by Ton. The significant values are shown in bold. The R2 and adjusted R2 is more than 96% which indicates
that the general linear model gives a better explanation of connection between the SR and input parameters.
The p value related to model which less than 0.05 (95% confidence, α = 0.05) indicates that model is statically
significant (listed in Bold form) otherwise the model is insignificant. R2 = 98.24% and adjusted R2 = 96.49%.
The standard deviation errors in model is S = 0.498843.  Hence minimum SR takes place at of 40µs and
Ton of 150µs.

In the method of electrical discharge machining, the machining input parameters like Ton and has
a most significant influence on SR which is shown in Fig. 5 It has been noticed that minimum surface
roughness is obtained at of 40µs at this stage a small amount of crater is generated on the specimen
surface, and hence decreasing the surface roughness.. The lesser SR is achieved at Ton of 150µs, of 40µs;
12A of and 50V of Vg and duty cycle of 30 respectively. Due to rise in Ton, the development of plasma
channel occurs between the gap of specimen and electrode. Hence the current concentration reduced and low
craters obtained on specimen face, thus tends to decrease in SR. The significant flushing throughout the gap
tends to cleaning of recast layer.
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Table 8: Result table for S-N of SR, smaller is better

Table 9: Analysis of variance for S-N of SR
Source DF Seq. SS Adj. SS Adj. MS F P

Pulse-on Time 1 2.2366 2.2366 2.2366 8.99 0.008
Pulse-off Time 3 1.8577 1.8577 0.6192 2.49 0.043
Pulse current 3 0.0496 0.0496 0.0165 0.07 0.977
Voltage 3 0.0042 0.0042 0.0014 0.01 0.999

Duty cycle 3 0.0827 0.0827 0.0276 0.11 0.953

Error* 18 4.4792 4.4792 0.2488

Total 31 8.7100

S=0.498843 R-Sq=98.24% R-Sq(adj)=96.49
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Fig. 5: Main effect produced for S-N ratio of TWR

Levels Pulse-on Time Pulse-off Time Pulse current Voltage Duty
cycle

1 -3.462 -3.115 -4.270 -4.672 -4.763

2 -5.766 -5.743 -4.618 -4.653 -4.921

3 ----- -4.652 -4.664 -4.664 -4.459

4 ----- -4.947 -4.905 -4.469 -4.314

Delta 2.304 2.628 0.634 0.203 0.608

Rank 2 1 5 5 4
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SEM RESULTS
The Figs. 6 (a)-(e) depicted the topography of WC-Co composite machined by die sinking electrical discharge
machining in EDM oil. The picture 6(a) shows the surface before machining and there is no formation of
rough surface, crater and the magnification will be done at 20µm. Fig. 6(b) indicates the surface finish of work
piece. There is less crater formation on the specimen surface and the magnification will be performed at a
level of 200µm. In Fig. 6(c) the magnification will be carried out at 50µm and it reveals that during the
machining at high temperature the particles of electrode are stick on specimen surface and after the MRR
these particles also get solidified and a rough surface is produced. The Fig. 6 (d) and (e) depicted that a porous
and foamy structure is generated. This layer is produced due the formation of multi type gas bubbles in die
sinking electrical discharge machining of WC-Co composite specimen. While machining the WC-Co
composite specimen the oxidation and decomposition of WC-Co generate some amount of gases which are
reliable for the formation of porous layer on machined surface. In Figs. 6 (d) and (e) the magnification is
performed with 20 µm and 50µm respectively.

Figs. 6: (a)-(e) Scanning electron microscopy of tungsten specimen using tungsten electrode
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COMPARISIONS OF EXPERIMENTAL AND PREDICTED VALUES
The predicted S-N ratio for wear rate and coefficient of friction may be determined by using following
equation:

η = T + (A − T) + (B − T) + (C − T) + (D − T) + (E − T) (7)
η = T+ (A − T) + (B − T) + (C − T) + (D − T) + (E − T) (8)

η = T+ (A − T) + (B − T) + (C − T) + (D − T) + (E − T) (9)
Here η is expected average of material removal rate; η is the expected average of tool wear rate;
η is the expected average of surface roughness; T is total operational average and A2B3C4D3E2, A1B3C4D3E2

and A3B2C4D1E2 are the significant response of input parameters at selected level of MRR, TWR and SR
respectively.

In order to validate the experimental results, additional experiments are performed, to the ideal as well as
random levels of the machining parameters, within the area of research and the conclusion are shown in
Tables 9, 10 and 11. The conclusion of the study indicates that at the center levels of parameters (i.e. =
12A, Ton = 150µs, = 60 µs, Vg = 60V and duty cycle = 30) the value of MRR is 0.90387 mm3/min, which
is much near to the expected value of 0.84627 mm3/min, having 6.5%, while at the middle level ( = 4A, Ton

= 100µs, = 80µs, Vg = 60V and duty cycle =50) the value of MRR 0.40385 mm3/min, which is much
lesser. At the ideal level ( = 4A, Ton = 150µs, = 20µs, Vg = 80V and duty cycle = 20) EWR is so near
to the expected values, which is 7.9%. Similarly at the optimum level of parameters ( = 4A, Ton = 150µs,

= 20µs, Vg = 80V and duty cycle = 20) the value of SR is 1.19 µm, which is much near to the expected
value of 1.26µm, which is 5.5%, while at the intermediate level (i.e. = 4A, Ton = 150µs, = 40µs, Vg =
80V and duty cycle) the value of SR 3.07 µm, which is much higher.

Table 9: Comparison of actual and expected value of MRR

Levels of machining parameters MRR (mm3/min)

Pulse-on Time
(µs)

Pulse-off time
(µs)

Pulse current
(A)

Voltage
(V)

Duty
cycle

Actual Expected

150 60 12 60 30 0.90387 0.84627

Table 10: Comparison of actual and expected value of TWR

Levels of machining parameters TWR (gm/min)

Pulse-on Time
(µs)

Pulse-off time
(µs)

Pulse current
(A)

Voltage
(V)

Duty
cycle

Actual Expected

150 20 4 80 20 0.00112 0.00113

Table 11: Comparison of actual and expected value of SR

Levels of machining parameters SR (µm)

Pulse-on Time
(µs)

Pulse-off time
(µs)

Pulse current
(A)

Voltage
(V)

Duty
cycle

Actual Expected

150 20 80 20 20 1.19 1.26
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CONCLUSION
In current study the effect of machining parameters like Ton, , , Vg and duty cycle on response such as
TWR, MRR, SR are investigated. A cylindrical tungsten tool electrode is used to perform operation on WC–
Co composite specimen and SR, TWR or MRR are determined and optimized. Moreover the main effect and
interaction related to MRR, SR and TWR are plotted.

1. The main effects plot for Ton, and are significant for MRR, TWR and SR. Moreover the higher
level of , and Ton has significant influence on EWR, MRR and SR.

2. From all these parameters the Vg and duty cycle is non-significant and in case of SR and TWR
respectively.

3. The main effects plot in terms of MRR shows that with increase in and Ton the MRR also increases
respectively. The optimum value obtained for MRR is 0.90387mm3/min at of 12A, Ton of 150µs,
of 60µs, Vg of 60V and duty cycle of 30.

4. Main effect plots in terms of TWR reveals that with rise in Ton the TWR increases to a higher level and
when the other parameters like , and Vg increase the TWR decrease simultaneously. The optimum
value obtained for TWR is 0.00112 gm/min at = 4A, Ton = 150µs, = 20µs, Vg = 80V and duty
cycle = 20A

5. The main effects plot in terms of SR indicates that due to rise in Ton and the SR reduced linearly and
with rise in Vg and duty cycle the SR increases significantly. Moreover when the increases the SR
first decreases and then increases. The optimum value obtained for SR is 1.19µm at = 4A, Ton = 150µs,

= 20µs, Vg = 80V and duty cycle = 20.
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