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Abstract: Electrical Discharge machining (EDM) is a thermal process in which sparks discharging 
with high energy density at high temperatures are used to melt and evaporate a small amount of 
workpiece. Under this condition, both the cutting tool (electrode) and the workpiece are subjected to 
very intensive heat energy generated in the system, and thus implying that thermal conductivity might 
play a role in the process. This paper reports the results of an investigation on the influence of thermal 
conductivity of electrode material on EDM process parameters. The parameters investigated were 
material removal rate (MRR), electrode wear ratio (EWR) and surface roughness (Ra) of the machined 
surface. Three types Copper-tungsten (Cu-W) electrodes of different thermal conductivities were used 
in machining stainless steel workpiece. Their thermal conductivities are 2.40 Wcm¯¹ °C¯¹, 2.01 W cm¯¹ 
°C¯¹ and 1.82 W cm¯¹ °C¯¹. The three different levels of peak current applied were 1.5A, 3.5A and 
6.5A. The results of the machining showed that the MRR was found to be highest at thermal 
conductivity of 1.82 W cm¯¹ °C¯¹ and discharge current of 6.5 A. Investigations also indicate that the 
influence of the electrodes’ thermal conductivity is more pronounced on the MRR, as it shows that 
there is interaction effect with the peak current on it. The maximum EWR of about 3.36 % was 
obtained with the current of 4.5 A, and subsequently reduces with further increase in the current. The 
surface finish of work material was found to be the best at the current of 1.5A and thermal conductivity 
of 1.82W cm¯¹ °C¯¹. 
 
Key words: Thermal conductivity, EDM, Material removal rate, Electrode wear ratio, Surface  
                     roughness. 

 
INTRODUCTION 

 
Electrical discharge machining (EDM) is a non-traditional machining technique which requires both the 

cutting tool and the workpiece to be electrically conductive. In this technique, material removal is done through 
successive minute discharge sparks between the cutting tool (electrode) and the workpiece. Though Kamath and 
Kuttan (2009) observed that metal cutting constitutes complex process involving the diversity of many physical 
phenomena, the EDM process is capable of machining hard materials and geometrically complex shapes with 
good surface finish (Kumar et al., 2010). Among the predominant factors that influence the efficient 
performance of the electrode during EDM include electrical conductivity, thermal conductivity, melting point, 
density, wear resistance and resistance to deformation (Zaw et al., 1999; Kern, 2008; Ndaliman and Khan, 
2011).  

Both the electrodes and the machining conditions play important roles in effectiveness of the material 
removal during machining. The most commonly used electrodes in EDM are graphite, copper, brass and 
tungsten–copper. Though copper is very versatile, literatures have shown that copper–tungsten (Cu-W) 
electrodes of different compositions have been used for their unmatched wear resistance (Kern, 2008). They 
were also used to obtain higher material removal rate (MRR), lower electrode wear ratio (EWR) and better 
machining performances (Marafona and Wykess, 2000; Marafona, 2007; Beri et al., 2011). The wear resistance 
of Cu-W electrodes can also be enhanced by black layer generation on the tool surface during EDM (Marafona, 
2009). The shortcoming of this generated layer is the decrease in thermal conductivity of the electrode surface 
brought about by increased equivalent carbon content. High temperature generated during EDM also reduces 
electrode thermal conductivity (Abdulkareem et al., 2010). This leads to heat trapping within the machining gap, 
thereby melting and vaporizing the electrode material. Low temperature machining through cooling can serve as 
a solution to this problem (Abdulkareem et al., 2010; Kalsi, 2010). Salah et al. (2006) also stressed the need to 
take into account the temperature dependence of conductivity in empirical modelling of EDM process, which is 
important because of the stochastic nature of the sparking phenomenon (Ho and Newman, 2003).  

Thermal conductivity of a workpiece can also affect its response to machining. It has been found that work 
material with low thermal conductivity would absorb less quantity of heat during machining, leading to low 
MRR. Khan (2008) observed in steel workpiece using brass electrode that the low thermal conductivity coupled 
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with high melting temperature resulted in poor MRR which led to increased EWR. From these literatures, the 
effect of thermal conductivity of these electrodes on the EDM process outputs is yet to be fully investigated.  

The main objective of this paper is to investigate the influence of thermal conductivity of the electrode 
material on the EDM process outputs. Studies were conducted using Cu-W electrodes of different thermal 
conductivities to machine SUS 304 stainless steel. The EDM process outputs investigated were the MRR, EWR 
and the average surface roughness (Ra) of the machined surface. 

 
Experimental Procedures: 
Materials Preparation: 

The electrode material for this work was Cu-W, which is widely used because of high thermal conductivity 
of Copper, better spark erosion resistance, low thermal expansion coefficient and high melting temperature of 
tungsten. In this case, three types of W-Cu electrodes with dimensions of 20 x 20 x 100 mm, having thermal 
conductivities of 2.40, 2.01 and 1.82 W cm¯¹ °C¯¹ were used.  

The workpiece material used was SUS 304 stainless steel. It is the most versatile and most widely used 
stainless steel available in a wider range of products, forms and finishes. The dimension of the workpiece 
specimen was 110 mm x 50 mm x 10 mm. It was milled and grounded to make it smooth and flat. Table 1 
shows the chemical composition and properties of the workpiece. 

 
Table 1: Chemical composition and mechanical properties of SUS 304 

Chemical composition (%) 
Chromium Silicon Manganese Sulphur Nickel Carbon 
18 to 20 1.0 2.0 0.03 18 to 20 0.08 
Mechanical properties 
Yield strength (ksi) Tensile strength (ksi) Elongation (%) Reduction area (%) Brinell hardness (HB) 
30 75 40 60 187 

 
Methods: 

The EDM machine used for this investigation is Mitsubishi EX 22 model C11E FP60E. The flushing was 
done from a jet nozzle directed towards the machining gap to drive away the debris under kerosene dielectric 
fluid. Fig. 1 shows the experimental set-up used in conducting the investigation. Two parameters were varied in 
the EDM experiment. These are thermal conductivity of the electrode and the peak current of the machine. The 
machining conditions are presented in Table 2. 

 
Table 2: Parameters for die-sinking process 

No Parameters Value 
1 On-time (µsec) 8.0 (constant) 
2 Off-time (µsec) 6.0 (constant) 
3 Voltage (V) 6.0 (constant) 
4 Polarity positive  
5 Peak Current (A) 1.5  / 3.5  / 6.5 
6 Thermal conductivity (Wcm¯¹ °C¯¹) 2.40/ 2.01/ 1.82  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: The EDM experimental set-up: 1-electrode; 2-dielectric fluid; 3-workpiece (Khan, 2008) 
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The output response variables selected to study the effect of thermal conductivity of the electrode are the 
MRR, EWR and Ra. A total of nine experiments were run as a combination of three levels for each of the two 
factors. These experiments were planned and analyzed with the aid of Design Expert Software. A general 
empirical relationship was proposed to study the outputs in terms of the input factors. Thus, equation 1 was 
proposed as the output response. 

 
y = x1 +x2Κ + x3I + x4Κ

2 + x5I
2 + x6ΚI           (1) 

 
Where y is the output, K is the thermal conductivity, I is the peak current and the xis are the coefficient of 

the terms. Response surface plots were used to visualize the trends of the observed outputs. The design matrix 
alongside the observations of the responses is recorded in Table 4. 

For this investigation, the MRR is the rate of loss in the weight of the workpiece with machining time. This 
is given as equation 2. 

 
MRR = (WPb – WPa) / t             (2) 

 
While EWR is the ratio of the weight of the material removed from electrode to the weight of the material 

removed from the workpiece (Khan, 2008), and is given as equation 3. 
 

EWR = (Eb – Ea) / (WPb – WPa)            (3) 
 
Where, 
Eb and Ea are the weight of the electrode before and after machining respectively; 
WPb and WPa are weight of the workpiece before and after machining respectively; and 
t is the machining time. 
The average surface roughness was measured with Wyko NT1100 Veeko machine. These measurements 

were taken from three points of each workpiece and the averages were recorded. 
 

RESULTS AND DISCUSSION 
 
Analysis of Variance (ANOVA): 

The computed experimental results of the three response outputs are presented in Table 3. For each of these 
outputs, the results were analysed statistically. The ANOVA for the reduced response models are presented 
Table 4. In this Table, the insignificant terms of the models that do not support the hierarchy were removed to 
improve it. For MRR, the terms involving the factors I, I2 and interaction KI are significant. Although factor K is 
not significant, it has to be included in the final model for hierarchical support. For EWR, factor K is neither 
significant nor in interaction with I and is therefore not included in the model. Ra is a linear model in which 
only factor I is significant. 

 
Table 3: Experimental design matrix and the output responses 

Run Order Thermal Conductivity, K, 
(Wcm-1 °C-1) 

Peak Current, I  (A) MRR (g/sec) EWR (%) Ra (µm) 

1 2.40 1.50 0.0041 0.33 3.73 
2 1.82 1.50 0.0063 0.32 2.60 
3 2.40 6.50 0.7020 2.85 17.95 
4 2.01 6.50 0.7589 2.34 16.11 
5 2.01 1.50 0.0058 0.64 4.75 
6 2.40 3.50 0.1543 2.16 12.06 
7 2.01 3.50 0.1562 3.81 9.19 
8 1.82 3.50 0.1482 2.94 11.79 
9 1.82 6.50 0.7600 1.90 19.65 

 
On the basis of the ANOVA information in Table 4, the reduced (refined) empirical models for the three 

output variables were generated. Quadratic models were obtained for MRR and EWR, while linear model was 
obtained for Ra. These were subjected to statistical diagnostic tests to confirm their adequacy. Therefore, the 
models used to navigate the behaviour of the responses are presented in equations 4-6. The output results are 
given and discussed in terms of their 3-D surface plots. 

 
MRR (g/sec) = -0.081 + 0.050Κ - 2.630I + 0.024I2 – 0.022ΚI           (4) 

 
EWR (%) = -3.03 + 2.74I – 0.29I2               (5) 
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Ra (µm) = -0.53 + 0.32Κ + 2.80I                (6) 
 

Table 4: ANOVA for response surface models 
Response: MRR ANOVA for response surface reduced quadratic model 

 
Source 

Sum of Squares  
DF 

Mean Square F  
Value 

 
Prob > F 

 
Remark 

Model 0.91 4 0.23 1636.34 < 0.0001 significant 

K 7.456E-004 1 7.456E-004 5.37 0.0814  
I 0.79 1 7.456E-004 5671.42 < 0.0001  
I2 0.042 1 0.79 305.00 < 0.0001  
KI 1.071E-003 1 0.042 7.72 0.0499  
Residual 5.552E-004 4 1.071E-003    
Cor Total 0.91 8 1.388E-004    
Response: EWR ANOVA for Response Surface Reduced Quadratic Model 
 
Source 

Sum of Squares  
DF 

Mean Square F 
Value 

 
Prob > F 

 
Remark 

Model 10.58 2 5.29 16.88 0.0034 significant 
I 5.62 1 5.62 17.93 0.0055  
I2 6.17 1 6.17 19.69 0.0044  
Residual 1.88 6 0.31    
Cor Total 12.46 8     
Response: Ra         ANOVA for Response Surface Linear Model 
 
Source 

Sum of Squares  
DF 

Mean Square F 
Value 

 
Prob > F 

 
Remark 

Model 297.75 2 148.88 47.43 0.0002 significant 
K  0.054 1 0.054 0.017 0.8995  
I  297.70 1 297.70 94.84 < 0.0001  
Residual 18.83 6 3.14    
Cor Total 316.58 8     

 
Material Removal Rate (MRR): 

From equation 4, it can be observed that a quadratic model is adequate for MRR. This was used to generate 
the 3-dimensional surface response plot shown in Fig 2. The contour plot (Fig 2b) of MRR gives the values of 
the points found on the 3-D surface with respect to the K and I. It can be seen that MRR increases almost 
exponentially with increasing I, but the K has little effect on MRR. The pattern of variation of MRR with K 
remained nearly constant. These behaviours can be seen clearly on the one-factor plots in Fig 3a and b. MRR is 
at its maximum when I is 6.5A and minimum when it is 1.5A (Fig 3a). The MRR is highest when K is 1.82 
Wcm¯¹ °C¯¹, then continues to decrease very minutely to its lowest value at 2.40 Wcm¯¹ °C¯¹ (Fig 3b). Both K 
and I have also been shown to have joint effect on the MRR as illustrated in the interaction graph (Fig 3c). This 
interaction curve shows that maximum MRR can be obtained at the lowest K (1.82 Wcm-1°C-1) and highest I 
(6.50A). The interaction is found as a term in equation 4. 

It can be concluded that as the peak current increase, the MRR also increase. This is because when current 
is high, more energy will be available to cause a stronger spark impact. In addition, increasing thermal 
conductivity results in mild decrease in MRR. This is because at high thermal conductivity, there is less heat 
available between the gap of electrode and work material. Availability of less heat leads to low material removal 
rate and good surface finish (Abdulkareem, 2009). This is why high MRR were obtained at lower thermal 
conductivities of 2.01 and 1.82 W cm-1 °C-1. Finally, the influence of thermal conductivity on the material 
removal rate is only felt in conjunction with the peak current. 
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(a.)                                                                                                              (b.) 

Fig. 2: Behaviour of MRR with K and I: a - 3-D surface plot; b - contour plot 

 
(a.)                                                                                    (b.)  

 
                                                                                   (c.) 

Fig. 3: One-factor and interaction plots of MRR with: a – peak current; b – thermal conductivity; c - interaction  
            graph with the two factors 
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Electrode Wear Ratio (EWR): 
Electrode wear takes place during the EDM operation when the electrode (i.e. the tool) gets eroded due to 

sparking action. The rate at which the electrode wears is considerably less than that of the work material. EWR 
is the ratio of loss in weight of the electrode to the loss in weight of the workpiece, which is expressed as 
percentage. From equation 5, it is observed that a quadratic model is suggested for modelling of EWR. It can 
also be observed that it is solely dependent on peak current. Thermal conductivity is not significant in the model 
that was used to produce the curves in Fig. 4. The 3-D surface plot show increasing EWR with increase in 
current until certain maximum is attained. Further increase in current beyond this maximum shows reducing 
EWR. In this case, the maximum EWR of about 3.36 % is found at the current of 4.5A. The one-factor plot of 
the EWR against current in Fig. 4c illustrates this behaviour clearly. The reason for the reduction in EWR may 
be because of the coating of the carbon on the electrode. The heat generated during machining get diffuses to the 
spaces, and thereby decomposes carbon of the dielectric fluid at a very high temperature, part of which got 
deposited around the electrode preventing it from wearing further (Marafona, 2009). Another reason is that of 
the increase in MRR at such higher currents which reduces the wear ratio. 

 
(a.)                                                                                    (b.) 

 
                                                (c.) 

 
Fig. 4: Behaviour of EWR with K and I: a 3-D surface plot; b-contour plot; c - one-factor plot with I 
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Surface Roughness (Ra): 
Fig 5 shows a linear straight line relationship between surface roughness (Ra) and peak current. Ra 

increases with increasing current and vice versa. On the other hand, thermal conductivity does not seem to have 
influence on Ra, as it is seen to be virtually constant over the range of the investigation. The analysis that 
produce the Ra model equation showed that thermal conductivity is not significant. Peak current is the only 
significant factor that influences the behaviour of surface roughness during machining. The one-factor plots of 
each of the two factors show clearly these trends (Fig 6). 

At various thermal conductivities, the machining done with lower current (1.5A) gave the smoothest surface 
finish with the lowest Ra than those at with higher current (Fig, 7). Fig 7a has the lowest Ra of 2.6 µm, while 
Figs 7c & d show the roughest surfaces of 19.65 µm and 17.95 µm respectively. This is because discharges 
strike the surface of the work piece more intensely at higher currents, creating larger cavities that lead to higher 
surface deterioration. 

 

 
(a.)                                                                                (b.) 

 
Fig. 5: Behaviour of Ra with K and I: a - 3-D surface plot, b – contour plot 
 

 
(a.)                                                                                          (b.) 

 
Fig. 6: One-factor plots of Ra with: a – peak current; b – thermal conductivity 
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