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3.1. Analysis of variance for MRR and TWR  

ANOVA is a statistical method used to interpret 

experimental data to make the necessary decisions, 

concerning the parameters that affect the performance of the 

process. Based on this, parameters can be categorized into 

significant and insignificant machining parameters. Each 

parameter’s influence on MRR and TWR are estimated and 

assessed in terms of percentage contribution (%P). ANOVA 

results were presented in Figure 5 for both MRR and TWR 

with 95% (α=0.05) confidence level. The contribution of 

individual parameters to the values of MRR and TWR are 

evaluated and shown in Tables 7 & 8 respectively. If p value 

is less than 0.05, it has significant effect on the performance 

measures. It is observed that all parameters are significant, 

but particle size and peak current are most significant 

(44.40% and 30.59%) for MRR. In case of TWR, all 

parameters are also significant, but particle size and peak 

current are most significant (28.92% and 25.52%). Both the 

MRR and TWR are significantly influenced by the 

parameters PS, IP, TON, %WC and CP.  In continuation, 

experimental analysis viz. SEM studies for structural 

analysis at micro level, for Chemical analysis EDX is used, 

for phase analysis were carried out by XRD on the work 

surfaces made under optimum conditions and also on as 

received work pieces   as presented below. The optimality 

of each parameter influencing the MRR and TWR are 

presented below.

 
Figure 4. Main effect plots for TWR  

 

Figure 5. ANOVA for MRR and TWR  
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Table 7. ANOVA for MRR 

Source DF Seq SS Adj SS Adj MS F Probability 
% 

contribution 

POL 1 0.4512 0.4512 0.4512 22.93 0.003 3.43 

IP 2 4.0269 4.0269 2.0135 102.33 0.000 30.59 

TON 2 0.7719 0.7719 0.3860 19.62 0.002 5.86 

PS 2 5.8436 5.8436 2.9218 148.5 0.000 44.40 

%WC 2 0.4803 0.4803 0.2401 12.20 0.008 3.65 

CP 2 1.4703 1.4703 0.7351 37.36 0.000 11.17 

Error 6 0.1181 0.1181 0.0197    

Total 17 13.1624      

Table 8. ANOVA for TWR 

Source DF Seq SS Adj SS Adj MS F Probability 
% 

contribution 

POL 1 2.1356 2.1356 2.1356 6.87 0.040 5.70 

IP 2 9.4033 9.4033 4.7017 15.13 0.005 25.08 

TON 2 3.4658 3.4658 1.7329 5.58 0.043 9.25 

PS 2 10.8400 10.8400 5.4200 17.44 0.003 28.92 

%WC 2 6.0833 6.0833 3.0417 9.79 0.013 16.23 

CP 2 3.6925 3.6925 1.8462 5.94 0.038 9.85 

Error 6 1.8644 1.8644 0.3107    

Total 17 37.4850      

 

a) Polarity: It is noticed that positive polarity generates 

high MRR. Therefore, to exploit usage of positive polarity, 

Anode (discharge spot) and Cathode will be work piece and 

tool respectively. As a result, huge amount of particles of 

tool is transferred to work surface thereby resulting high 

MRR. In this case, the TWR is more than the MRR. The 

reason is being that WC has more density than copper, both 

of which emanate from the tool and WC is flushed out due 

to the flushing pressure of the die electric medium. It has 

been found that work material with low thermal 

conductivity would absorb less quantity of heat during 

machining, leading to low MRR. The low thermal 

conductivity coupled with high melting temperature of 

workpiece resulted in poor MRR, which led to increased 

TWR. 

b) Peak Current: With the increase in the peak current, 

the MRR increases, and the thermal conductivity also 

increase. The reason is attributed to the availability of more 

energy when the current increases, thereby causing a 

stronger spark impact. Due to the increase in the thermal 

conductivity, there is a mild decrease in the MRR due to the 

decrease of availability of heat between the gap of electrode 

and work material. The result of availability of less heat 

leads to low MRR and high TWR.  

c) Pulse on-Time: The current and pulse on-time have 

the direct relationship on the MRR and TWR. The outputs 

increase with increasing current and pulse on-time. The 

highest MRR obtained with the P/M electrode is 9.90 

mg/min with the peak current of 13A and pulse duration of 

12 μs. The rate of tool wear is higher compared to the 

material removal from the workpiece. The maximum value 

obtained for TWR is 20.70 mg/min which is also higher than 

the maximum MRR obtained under the same machining 

conditions because the following reasons/attributes are 

responsible for reducing MRR viz. (1) Reduction of WC 

and Cu particle size, (2) Thermal conductivity of WC 

increases, (3) surface to volume ratio changes and (4) 

shielding effect of nanoparticles [10].  Hence any of the 

attributes that makes such type of electrode is apt for work 

piece surface modification. 

d) Particle Size: The NP electrode composite has 

resulted low values of MRR and TWR. In EDM process, 

with the increase in density of NP electrode, the amount of 

WC & Cu particles dropped from the electrode should 

increase. The smaller particles would be eroded first owing 

to their reactive surface area being much higher than that of 

the coarser ones. It is reported that EDM electrodes made 

with nano particles would have higher MRR and lower 

TWR than micro sized electrodes [12]. The use of sintered 

electrode increases the wear due to the fact that the thermal 

conductivity of composite material is greater than that of 

raw material [11]. It is observed in the present investigation 

on MRR and TWR increase and if nano particles are used, 

the reactive surface increases (over micron size particles 

[12] and [13]) leading to more erosion of material and 

increased MRR. The MRR is considerably low in case of 

nano-sized particles over micron sized particles.  

e) Significance of %WC Composition: The density of 

WC is very high over Copper. The thermal conductivity of 

the composite tool electrode is improved in presence of low 

or high weight percentage of WC as it becomes denser. It is 

evident to observe that MRR is high, at 40% of WC due to 

the transfer of percentage of Copper particles from tool to 

work surface. Hence, the tool erosion rate at 60wt% of WC 

is low over the 40 & 50wt% compositions of WC. 

f) Compaction Pressure: In general, low thermal 

conductivity, low melting temperature of Inconel 718 

results in poor heat absorption due to this poor removal of 

work material in EDM [13]. Therefore, because the tool 

electrode has high thermal conductivity, more heat 

absorption capacity, and high melting point, it causes more 

material to transfer from tool to work surface. But it is 

observed that lower compaction pressures show high MRR 

and TWR. At lower value of CP, the particles bonded 

loosely on the tool do not withstand shock and higher 

temperature produces more heat absorption during 

machining causing more removal of material on the work 

surface. 

3.2. Confirmation experiment 

Based on the earlier evaluated combinations of specific 

factors and levels, an experiment for confirmation is 

performed. A new experiment is worked out finalizing the 

optimum conditions where in machining parameters of 

optimum level are considered.  Finally, the prediction and 
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4. Conclusions  

The influence of input parameters on the performance 

characteristics of EDM process with Cu-WC mixed ceramic 

compact sintered electrode was investigated using MRR 

and TWR as the basic criteria. The following conclusions 

are drawn from the results.  

1. Material removal rate at most favorable condition (i.e. 

A1B3C3D1E1F1) is increased with increases of IP, 

TON and decreased with increase in the PS, %WC and 

CP. It is noticed that MRR is directly proportional to the 

IP and TON. 

2. Tool wear rate at optimum condition (i.e. 

A1B1C1D3E1F3) was increased with decreases of IP, 

TON, %WC and increased with increase in the PS, and 

CP. It was noticed that TWR was inversely proportional 

to the IP, TON and %WC.  

3. The experimental analysis shows that POL, IP, TON, 

PS, %WC and CP have significantly influenced MRR 

and TWR. The parameters, Particle size and peak current 

would be more contribution to MRR and TWR, when 

compared to other input parameters.  

4. At optimal combinations of parameters, the MRR and 

TWR values obtained are 9.90mg/min and 13.23 

mg/min respectively. The use of NP electrodes in the 

present study has considerably reduced the MRR values 

when compared to TWR. i.e., the surface modification 

was done by the small particle sizes. 
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الأستاذ الدكتور محمد الطاھات الاستاذ الدكتور علي جوارنھ
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