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Abstract 
Electrical discharge drilling (EDD) is a well-known machining alternative for creating geometrically obscure shapes in die steel. 

Cryogenic temper of work and electrode material is innovative technology in the field of EDD. Work in hand investigates the effect of 

cryogenic tempering of AISI D2 steel (workpiece) and copper electrode (tool) on material removal rate (MRR) in EDD based on 

design of experiments approach. The discharge current, pulse-on-time and electrode-workpiece combination (cryogenically tempered 

or untempered) are the parameters selected for this study. The orthogonal array, signal-to-noise ratio (S/N) and analysis of variance 

(ANOVA) are used to find out the effect of cryogenic tempering on MRR. The results obtained demonstrate that the discharge current 

and pulse-on-time are the major parameters influencing the MRR for all samples, followed by electrode-workpiece combination i.e. 

cryogenic tempering of electrode and workpiece. Cryogenic tempering is found to have significant effect (nearly 10%) on MRR. It is 

recommended to cryogenically temper both the electrode and workpiece to maximize the MRR.  

 

Index Terms: Electric discharge drilling, Cryogenic tempering, Die steel, copper electrode 

-----------------------------------------------------------------------***----------------------------------------------------------------------- 

1. INTRODUCTION 

Electrical discharge drilling (EDD) is a non-traditional 

technology of machining which has been extensively used to 

produce range of complex shaped dies and molds [1]. This 

process is based on removing material from a part by means of 

a series of repeated electrical discharges between tool called 

the electrode and the workpiece in the presence of a dielectric 

fluid [2]. In EDD, there is no direct contact between the 

electrode and the workpiece which eliminate mechanical 

stress, chatter and vibration problems during machining [1]. 

Only electrically conductive materials can be machined by 

EDD irrespective of its hardness [3]. AISI D2 die steel has a 

growing range of application in die and mould industries. 

EDD is extensively used to generate die cavities on AISI D2 

steel.  

 

Many researchers have worked on the EDD of AISI D2 and 

succeeded in improving the machining performance by using 

different innovative technologies. Guu and Hocheng [4, 5] 

studied the effects of machining parameters of rotary EDD of 

AISI D2 steel and found that material removal rate (MRR) and 

surface finish increases with the increase in rotation speed. 

However, the application of orbiting of the electrode or 

workpiece is limited only to round shape cavities. Another 

promising MRR improvement technique includes the 

modification in electrode metallurgy and replacing the 

traditional dielectric fluids with novel fluids. Medellin et al. 

[6] presented an investigation of the EDD performance on 

AISI D2 tool steel using water as the dielectric. They proved 

that the greatest performance, which corresponds to the 

maximum MRR and the minimum tool wear rate (TWR), is 

achieved with a mixture of 75 per cent tap water and 25 per 

cent deionized water as the dielectric. Kumar and Batra [7] 

investigated the response of three die steel materials including 

AISI D2 steel to surface modification by EDD with tungsten 

powder mixed in the dielectric medium and reported more 

than 100% in micro-hardness for all the three die steels. 

Kansal et al. [8] studied the effect of silicon powder mixing 

into the dielectric fluid of EDD on machining characteristics 

of AISI D2 die steel and reported that suspension of silicon 

powder into the dielectric fluid of EDM appreciably enhanced 

MRR. Hamid and Lajis [9] did experiments on EDD of AISI 

D2 hardened steel in kerosene with a copper tungsten (Cu35% 

- W65%) tool electrode and reported relatively higher MRR. 

Prabhu and Vinayagam [10] investigated the machining 

characteristics of AISI D2 tool steel with copper as a tool 

electrode and multi wall carbon nano-tubes mixed with 

dielectric fluids in EDD process to analyze the surface 

roughness. They reported nearly 34% improvement in surface 

finish by using carbon nano tube mixed dielectric fluid. 

Cryogenic tempering is another novel technique which can be 

used in EDD for improving the machining performance. 

Cryogenic tempering of electrode and/or workpiece can have 

significant positive effects on machining of AISI D2 steel by 

EDD [11, 12]. Gill and Singh [13] investigated electric 

discharge drilling (EDD) of deep cryogenically treated Ti 
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6246 alloy and revealed the improvements in MRR, wear ratio 

(WR) and TWR. From the review of literature, it is clear that 

effects of cryogenic tempering on EDD have not yet been 

investigated extensively. Hence, the present study has been 

planned to investigate the effect of cryogenic tempering of 

AISI D2 steel (workpiece) and copper electrode (tool) on 

MRR of AISI D2 steel in EDD based on Taguchi’s method. 

 

2. EXPERIMENTAL SETUP 

2.1 Work/Tool and Cryogenic Tempering Cycle 

Commercially available AISI D2 steel in annealed form 

having average hardness of 17 HRC was used in the shape of 

rectangular block. AISI D2 steel workpiece was heat treated to 

hardness of 60 HRC which is required for most of the 

applications which it address [14]. After heat treatment the 

workpiece was cut in small pieces of dimension 25mm × 25 

mm × 10 mm and these pieces were used for EDD 

experiments. Pure copper was used as the electrode material 

because of its high electrical and thermal conductivity. The 

electrode tip diameter was taken as 7 mm. 

 

All the workpiece and electrode samples were classified in 

two different groups as untempered with no extra treatment 

and cryogenically tempered. Fig. 1 shows the cryogenic 

tempering cycle used to treat the specimens.  

 

 
 

Fig-1: Cryogenic tempering cycle 

 

2.2 Design of Experiments 

A standard Taguchi experimental plan with L9 (33) array was 

chosen for the statistical analysis. In Taguchi’s design method, 

the experimental results are transformed into a signal-to noise 

(S/N) ratio. In this study, Taguchi’s the higher-the-better 

performance characteristic was considered for MRR, a 

property which is generally expected to be as high as possible. 

The S/N ratio was computed for each level of process 

parameters. Additionally, analysis of variance (ANOVA) was 

performed to verify which parameters were statistically 

significant. Then, the optimal combination of the test 

parameters was determined. The control factors (parameters), 

their codes and levels are given in Table 1. Table 2 gives the 

experimental design using L9 orthogonal array and obtained 

results.  

 

Table-1: Control factors and their levels 

 

Cod

e 

Control Factor Uni

ts 

Level 

1 2 3 

A Discharge current 

(Ip) 

A 3 6 9 

B Pulse-on-time 

(Ton) 

µs 100 300 500 

C Electrode –

workpiece 

combination 

NA UTE+

CTW 

CTE+

UTW 

CTE+

CTW 

UTE-untempered electrode; CTW-cryogenically tempered 

workpiece; CTE- cryogenically tempered electrode; UTW- 

untempered workpiece 

 

Table-2:  Experimental design using L9 orthogonal array. 

 

Experiment 

Number 

A B C MRR (mg/min) 

Result S/N 

Ratio 

1 3 100 1 7.1 17.02 

2 3 300 2 7.6 17.61 

3 3 500 3 8.0 18.05 

4 6 100 2 8.1 18.16 

5 6 300 3 8.2 18.32 

6 6 500 1 8.2 18.27 

7 9 100 3 8.4 18.48 

8 9 300 1 8.2 18.25 

9 9 500 2 8.6 18.68 

 

EDD experiments were carried out on CNC machine. In all the 

experiments, kerosene oil was used as dielectric medium. The 

machining time was kept 20 min for all the experiments. 

Since, the present study was planned to evaluate the effects of 

cryogenic tempering, the electrode-workpiece combination 

was also considered as one of the controllable parameters in 

addition to discharge current and pulse-on-time to facilitate 

the experimental work. The experiments were conducted 

keeping the considered factors at three levels. The range of 

each factor has been selected by performing preliminary 

experiments and based on the capability of the machine. The 

machining experiments were carried out to analyze the 

influence of testing parameters on MRR by fixing the duty 

cycle of 0.56 and gap voltage of 60V. MRR has been defined 

as the ratio of the wear weight of workpiece to machining time 

[15, 16]. 
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3. RESULTS AND DISCUSSIONS 

One of the most common methods of evaluating machining 

performance in the EDD operation is MRR as performance 

characteristics. Hence, proper selection of the machining 

parameters ensures better response which here is higher MRR. 

Analysis of the influence of each control parameter (A, B, and 

C) on the MRR was performed with signal-to-noise (S/N) 

response table. Table 2 shows the orthogonal array and 

associated experimental results for MRR with calculated S/N 

ratios. The S/N response table and means response table for 

MRR is presented in Table 3 and 4 respectively. These tables 

show the calculated S/N ratios and mean for each level of 

control factors. The control factor that has the strongest 

influence is determined depending on the value of Δ (delta) as 

shown in Table 3 and 4. Delta equals the difference between 

maximum and minimum S/N ratios for a particular control 

factor. The higher the value of delta, the more influential is the 

control factor. It can be seen in Tables 3 and 4 that the 

strongest influence was exerted by the discharge current 

(factor A) followed by pulse-on-time (factor B) and electrode-

workpiece combination (factor C). The plots for S/N ratios 

and means are shown in Fig. 2. The optimal levels for each 

control factor can be easily determined from these graphs by 

considering the highest points in accordance with Taguchi’s 

‘‘the higher the better’’ performance characteristic. 

 

Table-3: S/N response table for MRR (larger is better). 

 

Level A B C 

1 17.56 17.89 17.85 

2 18.26 18.06 18.16 

3 18.48 18.34 18.29 

Δ 0.91 0.45 0.44 

Rank 1 2 3 

 

Table-4: Mean response table for MRR. 

 

Level A B C 

1 7.56 7.86 7.83 

2 8.18 8.01 8.10 

3 8.40 8.26 8.21 

Δ 0.83 0.40 0.38 

Rank 1 2 3 

 

Response graphs (Fig. 2.) show the variation of S/N ratio 

when the setting of the control factors is changed from one 

level to another. Based on mean and S/N ratio values the 

optimal level setting of the respective control factors is 

A3B3C3. This implies that in order to enhance the MRR, the 

discharge current and pulse-on-time should be increased and 

both electrode and workpiece should be cryogenically 

tempered (level 3 of factor C; Table 1).  

 

 

 
 

Fig-2:  Plots for MRR: (a) S/N ratio and (b) mean. 

 

Also, it is evident from Fig. 2 that enhancement in MRR (in 

comparison to level 1 of factor C; Table 1) can also be 

obtained by cryogenically tempering electrode only (level 2 of 

factor C; Table 1), however in this case marginal reduction in 

MRR was noted when compared with MRR obtained by using 

cryogenically tempered both electrode and workpiece (level 3 

of factor C; Table 1). Hence, it is recommended to 

cryogenically temper both the electrode and workpiece to 

optimize the MRR. 

 

It is very interesting to note that irrespective to the type of 

workpiece (cryogenically tempered or untempered) used, the 

MRR increased while machining with cryogenically tempered 

electrode. Hence, it can be concluded that both cryogenically 

tempered electrode and workpiece has their respective role to 

play in enhancing the MRR and their coupled effect results in 

additional improvement in MRR. The fact that cryogenic 

tempering of AISI D2 steel increases its hardness is very well 

documented in published research [11, 12, 17-26]. In present 

study also, the average hardness value of cryogenically 

tempered AISI D2 steel was checked and found out to be 

63HRC which is 3HRC (5%) more than the untempered 

sample. The other major change in metallurgy of AISI D2 

steel after cryogenic tempering is transformation of relatively 
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soft retained austenite into harder martensite [11, 12, 17-26]. 

Hence, the improvement in hardness of the cryogenically 

tempered AISI D2 steel to the untempered ones is attributed to 

the near absence of retained austenite and more homogeneous 

distribution of a larger number of finer secondary carbides in 

the former specimens. It is thought that this change in 

hardness of AISI D2 steel after cryogenic tempering may have 

positive effect as far as increase in MRR is concerned.  Nadig 

et al. [27] observed significant enhancement of thermal 

conductivity values after cryogenic tempering of OFHC 

copper samples. Hence from the survey of literature, it is clear 

that cryogenic tempering has ability to improve the thermal 

conductivity of the copper and its alloys. It can be concluded 

that increased conductivity of copper electrode after cryogenic 

tempering might have caused more efficient heat transfer 

away from the electrode tip during machining.  

 

The ANOVA was used to investigate which design parameters 

significantly affect the quality characteristic. The ANOVA is 

performed by separating the total variability of the S/N ratios 

into contributions by each of the design parameters and the 

errors. The total variability of S/N ratio is measured by the 

sum of the squared deviations from the total mean S/N ratio. 

Examination of the calculated Fisher’s values (F) for all 

control factors also shows a very high influence of discharge 

current (factor A) and low influence of pulse-on-time (factor 

B) and electrode – workpiece combination (factor C) on MRR 

of AISI D2 steel (Table 5). The last column of the Table 5 

indicates the percentage of contribution (P) of each factor, 

thus exhibiting the level of influence on the MRR. The table 

shows that the discharge current, pulse-on-time and electrode-

workpiece combination have percentage contributions of 59%, 

11%, and 10% in the MRR of AISI D2 steel respectively. 

 

Table-2:  Experimental design using L9 orthogonal array. 

 

Source DoF Seq 

SS 

Adj 

MS 

F P (%) 

Discharge current 2 2.24 1.12 26.0 59 

Pulse on time 2 0.49 0.24 05.6 11 

Electrode-Work 

Combination 

2 0.46 0.23 05.3 10 

Residual Error 11 0.47 0.04   

Total 17 3.67    

 

CONCLUSIONS 

The Taguchi method was applied to investigate the effects of 

cryogenic tempering on material removal rate of AISI D2 steel 

by electric discharge drilling using copper electrode. Although 

the discharge current (59% contribution) and pulse-on-time 

(11% contribution) are the two most significant process 

variables effecting MRR of AISI D2 steel with copper 

electrode, cryogenic tempering is also significantly effective 

in increasing the material removal rate with nearly 10% 

contribution. Cryogenic tempering increases the hardness of 

AISI D2 steel and electrical/thermal conductivity of copper 

electrode which ultimately helps in increasing the material 

removal rate. 
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