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Abstract- Conductive ceramics like cobalt bonded tungsten 
carbide which is categorized as with high mechanical and 
physical properties are usually known to create major 
challenges during conventional and non-conventional 
machining. Electrical discharge machining (EDM) which is very 
prominent amongst the non-conventional machining methods is 
expected to be used quite extensively in machining it due to the 
favourable features and advantages that it can offer 
This assignment was undertaken to study the machining 
performance of EDM with tungsten carbide using graphite as 
electrodes. The effect of varying the machining parameters on 
the machining responses such as material removal rate (MRR), 
electrode wear ratio (EWR), and surface was investigated. The 
experimental plan for processes was conducted first on 
exploratory based and focused experiment conducted according 
to the design of experiments (DOE) and the results were 
statistically evaluated using analysis of variance (ANOVA). 
Taguchi methodology was employed in evaluating the 
machining performance of the SEDM process and 
mathematical models for MRR, EWR and machined surface 
roughness (SR) were developed. For verification of model 
results, conformation runs have been conducted. Results show 
that peak current was the most significant parameter that 
influenced the machining responses on EDM. 

Keywords— Conductive Ceramics; Tungsten carbide (WC-Co); 
EDM; Parameter; Taguchi techniques. 

 

I.   INTRODUCTION 

he intensifying field of high end applications required 

high grade technical material, which modernizes the 

field of material industry by innovating high strength 

advanced materials. These materials come with exceptional 

technical properties but are difficult to machine. Due to this, 

the field of manufacturing technology geared up with non-

traditional techniques. EDM (Electrical Discharge 

Machining) is a specialized thermal machining process   

Generating electrical spark at the electrode and work piece 

gap in the presence of dielectric Fluid (JOEMARA EDM 

Manual, 2001). At present, it is a widely used in industry for 

high-precision machining of all a widely used in industry for 

high-precision machining of all types of Conductive 

materials such as: metals, metallic alloys, graphite, or even 

some ceramic materials, of whatsoever hardness. 

During 20
th

 century, significant advancements have been 

made by researchers in material technology. The exploration 

for materials which have prominent mechanical and physical 

properties and capability to serve at high temperature 

conditions has led the continuous evolution in this direction, 

conceding the emergence of advanced ceramic materials 

(Lee,1991).Engineering ceramic material composites have 

good servicing properties but difficult to machine. 

Traditional machining processes are unable to perform it, so 

many 0 unconventional technologies like Electrical 

Discharge machining has proved to be effective tool in 

shaping such materials provided that the material should be 

conductive (Lee, 1991). Most ceramics are non-conductive. 

As the needs for more versatile ceramics are being explored, 

other refractory substances and metallic components are 

added to form composite ceramics. Especially with metallic 

additives, they are used as binder and formed by powder 

metallurgy methods. Due to the presence of some of these 

metallic substances, composite ceramics become conductive 

and allow them to be machined by electro-discharge 

machining process (Konig, 1988). 

The study aims at the research in the development of 

methodology for investigation of optimum set of machining 

parameters for machining of conductive ceramic materials by 

EDM. 

 

 

 A.Process Methodology 

 In this segment, a brief explanation of the equipment used to 

carry out the experiments, along with the specifications of 

ceramic material used is depicted. Also, the design factors 

are outlined. 

1. Equipment used in this experiment 

All the experiments have been conducted on an AZ50 

JOEMARS (JOEMARA EDM Manual, 2001) make Die 

Sinking Electrical Discharge Machine with z-axis NC fuzzy 

logic control. Figure 1 shows the experimental set up of work 

piece and electrode along with SEDM machine. The 

dielectric has been jet flushed by nozzles, directed against the 

arc gap under 0.5 kg/cm2 pressure. 

2. Tool and work piece material specification 

Tungsten carbide is one of the cemented carbide materials 

known as metal carbides. Tungsten and carbon are the 

elements of WC, W2C and W5C. Among above 

T 
Figure 1: Experimental setup with S-EDM Machine. 
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combinations, mono-tungsten carbide (WC), that is generally    

called tungsten carbide, is of more importance due to its 

better stability. It is usually used in industry as WC–Co 

composite. The specimens used were in the form of cermet 

of standard size. Availability in cermet form was readily 

ensured in local industries before going to finalize the 

specifications. 

This material was principally developed in order to be 

used as cutting tool, due to its excellent hardness properties 

and, it is capable of coping with rapid changes of 

temperature. In the case of 64WC–9Co, it has a thermal 

conductivity of 100 W/mK and a thermal expansion 

coefficient of 4.3 × 10−6 K−1, at a temperature of 2000C 

with Young’s Modulus(Gpa) 620 and Vicker’s hardness 

(VPN) 1400 – 1550.Fine grade graphite electrodes with 

cylindrical shape of 10mm diameter and 50mm length, 

exhibiting following properties were used. 

B. Design of experiments 

 There are number of statistical techniques available for 

engineering and scientific studies. Taguchi has prescribed a 

standardized way to utilize the Design of Experiments 

(DOE) technique to enhance the quality of products and 

processes (Ross Phillip J., 2006). In this approach, the 

parameters and their levels are mentioned in table 1 and 

according to it L18 orthogonal array was selected and to 

determine the effect of each variable on the output, the 

signal-to-noise ratio (SN ratio) needs to be calculated for 

each experiment conducted 

TABLE I 

ANALYSIS OF MACHINING PARAMETERS 

 

The experimental plans and results for the series of 

machining test are presented in this section. The 

experimental runs of EDM involved four factors which were 

varied at two levels; high and low levels for sparking gap and 

three levels for peak current, on time and duty cycle. The 

machining responses that were investigated were MRR, 

EWR, SR. The table mention out the over all summary of it. 

There are number of process parameters which effect on 

surface quality but the study has been restricted to peak 

current (i), ON time (µs), duty cycle (µs) and sparking gap. 

As a matter of fact, surface roughness (SR) has been treated 

as response parameter, denoted by Ra. Surface roughness of 

the machined work pieces was measured using Mitutoyo SJ-

201 equipment with digital height gauge and with sampling 

length of 0.8mm. 

 The EDM process was investigated using Taguchi design 

(L18) orthogonal array. This design is used to identify the 

significant factors that affect the machining responses. The 

results were then used for the experimental plan for SEDM. 

Minitab 15 software was employed and the experimental 

plans are given in Table II 
TABLE II 

EXPERIMENTAL PLAN 

 
 

 

The results from the Table II were then input to the Design 

Expert software for further analysis according to the steps 

outlined for Taguchi design without performing any 

transformation on the responses, the revealed design status 

was evaluated, and all the information was used for further 

analysis 

 

To investigate the effects of the factors under study (The 

interaction effects are deliberately ignored) the following 

hypothesis is tested at 1% level of significance 

 

H0: Effects of all factors are equal (assumed zero) 

H1: At least one factor has effect different from that of the 

other factors 
 
 

Design Factor Unit Level(coded unit) 

I II III 

Peak Current A 9 13 17 

OnTime μs 40 50 60 

Duty Cycle μs 0.4 0.5 0.6 

Sparking Gap V 4 6  

Std Run Sparkin

g Gap 

(V) 

Peak 

Current 

(Amp) 

ON 

Time 

(μS) 

Duty 

Cycle 

Factor 

1 13 50 9 93 0.4 

2 3 50 9 180 0.5 

3 18 50 9 360 0.6 

4 12 50 13 93 0.4 

5 10 50 13 180 0.5 

6 2 50 13 360 0.6 

7 1 50 17 93 0.5 

8 11 50 17 180 0.6 

9 7 50 17 360 0.4 

10 17 62 9 93 0.6 

11 4 62 9 180 0.4 

12 6 62 9 360 0.5 

13 8 62 13 93 0.5 

14 16 62 13 180 0.6 

15 5 62 13 360 0.4 

16 15 62 17 93 0.6 

17 14 62 17 180 0.4 

18 9 62 17 360 0.5 
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                                            TABLE II 
                    EXPERIMENTAL RESULT 

 

Gr to RP-30 

MRR 

(mm3/ 

min) 

EW 

(mm3/min) 

SR (Ra) (μm) 

2.624 5.470 3.72 

2.884 8.210 3.40 

2.587 9.585 3.43 

4.036 6.950 4.14 

4.678 10.55 4.86 

4.8 12.63 5.53 

6.793 13.10 6.17 

7.709 14.20 6.80 

5.339 9.890 4.10 

3.46 8.480 2.95 

2.09 5.880 2.44 

1.872 6.750 3.39 

4.648 9.060 3.57 

4.775 11.29 3.96 

3.024 7.003 3.16 

    7.03 12.59 4.67 

5.09 9.090 4.10 

5.86 11.04 4.66 

 
D. Analysis of machining parameters (MRR, EW and SR) 

The recorded response has been statistically analysed by 

Minitab 15(Minitab Technologies Inc. 2006), the ANOVA 

results (table 3, 4 and 5) and mathematical model is 

generated and tested. 

 An ANOVA (analysis of concludes information of analysis 

of variance and case statistics for further variance) table is 

commonly used to summarize the experimental results. Table 

5.3 shows the ANOVA table for MRR after transformation 

and generated by the Minitab 15 software 

Table III 

      ANOVA TABLE FOR MRR IN EDM GR TO RP-30 PROCESS 

 

Analysis of Variance for SN ratios (Classical sum of squares-Type II) 

Source DF Seg SS Adj SS Adj MS F P 

SG 1 3.835 3.835 3.8354 7.09 0.024 

PC 2 184.821 184.82
1 

92.4106 170.84 0.000 

OT 2 11.162 11.162 5.5809 10.32 0.004 

DC 2 20.617 20.617 10.3086 19.06 0.000 

Residu
al Error 

10 5.409 0.5409    

Total 17 225.845     

 
The Model F-value implies the model is significant.  There is 

only a 0.01% chance that a "Model F-Value" this large could 

occur due to noise. Values of "Prob > F" less than .0.0500 

indicate model terms are significant. In this case A, B ,C and 

D are significant model terms. 
 

Table IV 

ESTIMATED MODEL COEFFICIENT 

 
The “R-Squared" of 97.6% is in reasonable agreement with 

the "Adj R-Squared" of 95.9%. so this model can be used to 

navigate the design space.  
Final Equation in Terms of Coded Factors 
MRR = 12.1951+ 0.4616* A -4.1170*B [1] + 0.4185 *B [2] 
+ 0.8391 *C [1] +0.2145 * C [2] -1.3291 * D [1] +0.0374 *D 
[2] …………………………… (1) 
 

Table V 

      ANOVA TABLE FOR EW IN EDM GR TO RP-30 PROCESS 

 

Table VI 

ESTIMATED MODEL COEFFICIENT 

Term Coef SE Coef T P 

Constant -19.2778 0.1188 -162.325 0.000 

SG 50 -0.4229 0.1188 -3.561 0.005 

PC 9 2.0744 0.1680 12.351 0.000 

PC 13 -0.1293 0.1680 -0.770 0.459 

OT 93 0.3341 0.1680 1.989 0.075 

OT 180 -0.2918 0.1680 -1.737 0.113 

DC 0.4 2.1163 0.1680 12.601 0.000 

DC 0.5 -0.3372 0.1680 -2.008 0.072 

S = 0.5039       R-Sq = 97.5%       R-Sq (adj) = 95.8% 
 

 The Model F-value implies the model is significant. Values 

of "Prob > F" less than 0.0500 indicate model terms are 

significant. In this case A, B, D are significant model terms. 

Values greater than 0.1000 indicate the model terms are not 

significant. If there are many insignificant model terms (not 

counting those required to support hierarchy), model 

reduction may improve your model. The "Pred R-Squared" 

of 0.9138 is in reasonable agreement with the "Adj R-

Squared" of 0.9548. 
 

Final Equation in Terms of Coded Factors: 

EW = 13.9006+ 2.1160* A + 2.3014*B [1] - 0.1264 *B [2] - 0.9864 *C [1] 

- 0.6160 * C [2] +1.2321 * D [1] +0.3995 *D [2] ………………………. (2) 

 

 

Term Coef SE Coef T P 
Constant 5.78071 0.4151 13.927 0.000 
SG 50 0.09114 0.4151 0.220 0.831 
PC 9 -2.89811 0.5870 -4.937 0.001 
PC 13 0.23409 0.5870 0.399 0.698 
OT 93 0.07348 0.5870 0.125 0.903 
OT 180 0.30402 0.5870 0.518 0.616 
DC 0.4 0.02937 0.5870 0.050 0.961 
DC 0.5 -0.25806 0.5870 -0.440 0.670 
S = 1.761          R-Sq = 75.5%       R-Sq (adj) = 58.4% 

Analysis of Variance for SN ratios (Classical sum of squares-Type II) 

Source DF Seg SS Adj SS Adj MS F P 

SG 1 80.60 80.60 80.597 9.15 0.013 

PC 2 60.26 60.26 30.130 3.42 0.074 

OT 2 23.52 23.52 11.760 1.34 0.306 

DC 2 26.04 26.04 13.020 1.48 0.274 

Residual 

Error 

10 88.04 88.04 8.804   

Total 17 278.45     
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Table VII 

      ANOVA TABLE FOR SR IN EDM GR TO RP-30 PROCESS 

Values of "Prob > F" less than 0.0500 indicate model terms 

are significant. In this case A, B, D are significant model 

terms 
Table VIII 

ESTIMATED MODEL COEFFICIENT 

 

Term Coef SE Coef T P 

Constant -12.1191 0.2395 -50.599 0.000 

SG 50 -1.0348 0.2395 -4.320 0.002 

PC 9 2.0367 0.3387 6.013 0.000 

PC 13 -0.2023 0.3387 -0.597 0.564 

OT 93 -0.1130 0.3387 -0.334 0.746 

OT 180 -0.0425 0.3387 -0.126 0.903 

DC 0.4 1.1185 0.3387 3.302 0.008 

DC 0.5 -0.4131 0.3387 -1.219 0.251 

S = 1.016      R-Sq = 88.1%       R-Sq (adj) = 79.7% 
 

The "R-Squared" of 88.1%  is  close to the "Adj R-Squared" 

of 79.7% as one might normally expect.  
 
Final Equation in Terms of Coded Factors: 
SR = -12.1191 – 1.0348* A +2.0367*B [1] - 0.2023 *B [2]-
0.1130*C [1]-0.0425 * C [2] +1.1185 * D [1] -0.4131 *D [2] 
………………….. (3) 
 

 After the ANOVA procedure, further analysis was 

performed in graphic plots as shown before. Figure 2 

revealed the main effects plots the purpose of this analysis is 

to find out the strong effect of parameters on MRR .It shows 

the A1, B3, C1 and D3 have strong effect on maximizing the 

MRR 
 
 
 
 
 
 
 
 
  

 

 
Figure 2. Main effect plot of MRR 

 

As observed in the ANOVA table, the factors that influence 

the MRR are All four but the most two effectives are B and 

D and all significant effect of it shown graphically in figure 2 

where the interaction of above parameters and effect of it 

MRR can be visualize. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Main effect plot of EW 

 

Figure 3 revealed the main effects plots the purpose of this 

analysis is to find out the strong effect of parameters on EW 

.It shows the A2, B1, C1 and D1 have strong effect on the 

EW. Figure 3 shows the four plots as above mention 

 As observed in the ANOVA table, the factors that influence 

the EW are All four but the most three effectives are A, B 

and D all significant effect of it shown graphically in figure 

53 where the interaction of above parameters and effect of it 

MRR can be visualize 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Main effect plot of SR 

 

Figure 4 revealed the main effects plots the purpose of this 

analysis is to find out the strong effect of parameters on SR 

.It shows the A2, B1, C3 and D1 have strong effect on the 

SR. 

As observed in the ANOVA table, the factors that influence 

the SR are All four but the most three effectives are A, B and 

D all significant effect of it shown graphically in figure 4 

where the interaction of above parameters and effect of it on 

SR can be visualize. 

 
II. CONCLUSIONS 

This investigation has proposed a model for EDming of WC-

Co with graphite electrode and taguchi technique identify the 

significant factors and their associated levels on desired 

output. The technological variables like current, ON time, 

duty cycle and sparking gap have been studied as a function 

of design to minimize the roughness and wear and maximize 

the material removal rate. 

The following conclusion are derived from the above study 

1. Based on the ANOVA table, the most influencing 

factors on MRR, EW and SR are peak pulse on 

time, current and duty cycle and with less effect of 

gap voltage 

2. For graphite electrode materials, the material 

removal rate increases with increasing peak current. 

At the low range of peak current, the relative wear 

Analysis of Variance for SN ratios (Classical sum of squares-Type II) 

Source DF Seg SS Adj SS Adj MS F P 

SG 1 19.2741 19.2741 19.2741 18.67 0.002 

PC 2 45.3250 45.3250 22.6250 21.95 0.000 

OT 2 0.2326 0.2326 0.1163 0.11 0.895 

DC 2 11.5156 11.5156 5.7578 5.58 0.024 

Residu

al 
Error 

10 10.3262 10.3262 1.3026   

Total 17 86.6734     
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ratio decreases with the peak current for graphite 

electrodes. For graphite electrode materials, the 

machined work piece surface roughness increases 

with increasing peak current 

3. The extended study of EDM technology with 

ceramics and using proper non-conventional 

optimization technique will be helpful to generate 

manufacturing data in all provisions of machining 

of ceramics. 
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