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1. Title of the thesis and abstract  

Title: Experimental Investigations on Electro Discharge Surface Modification of Die Steel 

P20+Ni 

Abstract: 

Electrical discharge machine (EDM) has proven itself as one of the most popular, widely 

accepted and versatile unconventional machining for die making, automobile, tool making, 

marine and defense industries. It is also capable of machining complex profile in electrically 

conductive materials irrespective of hardness. The process is used to machine very thin and 

fragile sections without contact between tool and work material. 

Though EDM is mainly used for machining “difficult to machine” category metals in the 

mould and die making industries, some characteristics of it indicate its ability in the area of 

surface modification. The discrete electrical discharge between tool and work material 

generates very high temperature (8000 to 12000 °C), leading to melt and vaporize work 

material, partially electrode material and dielectric. Favorable machining condition helps to 

transfer elements from tool and dielectric on work surface. This surface alloying ability of 

EDM in the area of plasma channel can be extended to transfer desired elements on the work 

material. The migrated elements on the machined surface were observed either in free or 

carbide form due to bonding with carbon elements dissociated from hydrocarbon dielectric. 

The variation in chemical compositions of machined surface leads to deliver desired 

properties on the work surface. 

The present experimental work has been carried out to investigate appropriate machining 

conditions, which enables to deposit tool element on work surface. The experiments were 

performed on P20+Ni steel, which is mainly used as die and mould material for composite 

plastic products. The electrodes used for experimentation were manufactured through powder 

metallurgy (P/M) consisting of three metallic powders such as copper (75% of wt), tungsten 

(23% of wt) and silicon (2% of wt). No work related to surface modification of P20+Ni die 

steel using EDM was observed during the rigorous study of literature. Similarly, no work was 

reported previously using said compositions of P/M electrode at different compaction 

pressure. 

The process parameters, which greatly influence the performance, were selected based on the 

result of pilot experiments. Pilot experimental matrix was designed using Taguchi’s L9 

orthogonal array. Process parameters such as compaction pressure, peak current, and pulse on 

time were used to study its effects on surface characteristics. To confirm material migration 
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and changes in qualities of machined surface, selected samples from pilot experiments were 

considered for SEM, EDS and XRD analysis. Levels of input parameters for pilot 

experimentations were decided based on literature review, EDM hand book, and by trial runs. 

The levels of input variables for the main experiments were selected based on the result 

analysis of pilot experiments. 

The main experiments were designed as per second-order central composite rotatable design 

(CCD) using response surface methodology. The total 30 number of experiments were 

performed according to the design matrix. Variations in input process parameters such as 

compaction pressure (Cp), peak current (Ip), pulse on time (Ton) and duty cycle (τ) were used 

to measure its effects on MRR, TWR, SR, and MH. The results of responses were analyzed 

using statistical software Design expert 10. ANOVA for MRR, TWR, SR, and MH was 

performed to find contributions of individual parameters. Peak current was observed most 

significant parameters for all responses. Quadratic equations for responses were obtained 

using regression analysis. More than 200% improvement in microhardness of machined 

surface was observed with P/M electrode as compared to the base material. The scanning 

electron microscope was used to study the microstructure of selected machined samples. 

Result of SEM indicates defects free multi-layered recast surface. A very few microcracks 

were observed at high peak current and pulse on time. EDS and XRD analysis confirm the 

migration of electrode elements on the work material. Formation of various phases such as 

WC, W2C, and SiC was observed during XRD analysis. Improvement in carbon percentage 

of machined surface was due to pyrolysis of hydrocarbon oil. Formation of carbide and an 

increase in carbon percentage on the machined surface will lead to significant improvement 

in microhardness. 

Objectives of responses (maximize MRR and MH with minimum TWR and SR) were 

conflicting in nature, hence single objective optimization could not fulfill all objectives at a 

time. Multi-objective optimization technique “composite desirability” approach was used to 

obtain a single set of input parameters which fulfill desired objectives. Predicted results of 

responses were confirmed with the experimental result. Good agreement between predicted 

and experimental results was observed with tolerable errors. 

Finally, it is concluded that efforts to modify the surface of P20+Ni die steel using EDM are 

technically feasible. Significant improvement in surface compositions and hence surface 

properties is possible with P/M electrode without any major alterations in the machine. 

Improvements in surface hardness of machined surface shall lead to the maximum working 

life of die and press tool. 
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2. Brief description on the state of the art of the research topic  

The last decade has seen an increasing interest in the novel applications of Electrical 

Discharge Machining (EDM) process, with particular emphasis on the potential of this 

process for surface modification. Since EDM is already being used extensively for the 

manufacture of press tools, dies and punches where a hard and abrasion-resistant machined 

surface is a major requirement, researchers are exploring various ways to adapt this technique 

for surface hardening of workpieces. Efforts are being made to create new, harder alloys on 

the surface of machined components with the aim of increasing their working life and wear 

resistance. 

With the advancement of technology, there is an ever-increasing need for 

harder materials with surfaces that are able to withstand stringent applications. Such hard and 

wear resisting surfaces are required in the case of cutting tools also. Forging dies need to 

retain surface characteristics and dimensional accuracy at elevated temperatures. 

Moreover, there are instances where the designer would like the same component to have 

different properties at different locations. It is all the more demanding in the case of 

aerospace mechanisms and structures because of weight and space limitations. The purview 

of surface modification may be stated to include: 

1. Modify the surface characteristics of work material by just changing the process 

parameters without altering the existing process. 

2. Improve the microstructure of work surface due to the changing rate of melting and 

cooling. 

3. Formation of hard constituents such as carbide, nitride on work surface. 

A number of phenomena observed during the EDM process make it a high potential 

technology for application in the field of surface modification. Each spark generates a 

temperature of the order of 8,000 to 12,000 °C and creates a plasma channel, causing fusion 

or partial vaporization of the workpiece, tool electrode and the dielectric fluid at the point of 

discharge. As the spark duration is only a few micro-seconds, this surface is immediately 

quenched by the flowing dielectric. Variation in process parameters such as pulse wave form, 

current intensity, flushing, type of dielectric and electrode material properties such as thermal 

conductivity, electrical resistivity and heat diffusivity have considerable impact on surface 

finish, hardness and dimensional accuracy of the machined surface. Some powder additives 
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suspended in the dielectric fluid also significantly affect the properties of the machined 

surface.  

While removing material from the workpiece surface, the spark also erodes some material 

from the tool electrode. Most of this material is carried away by the dielectric but some of it 

gets deposited back on the workpiece and the tool electrode. As the dissolution of the 

electrode takes place during the process, the constituents of the electrode material may be 

deposited on the machined surface by varying the process parameters towards the end of the 

machining cycle for specific surface modifications. 

3.   Definition of the Problem  

In the present experimentation work, attempts have been made to model, analyse and 

optimize the surface modification phenomenon of P20+Ni die steel on electrical discharge 

machining (EDM) using green powder metallurgy (P/M) electrode. The central composite 

second order rotatable design has been chosen for designing the experiments and response 

surface methodology was applied for developing the mathematical models. Efforts has been 

made to correlate the four input process parameters; compaction pressure (Cp), peak 

discharge current (Ip), pulse-on time (Ton), and duty cycle (τ) with four output responses; 

material removal rate (MRR), tool wear rate (TWR), surface roughness (SR), and 

microhardness (MH). Results obtained were presented in the form of three dimensional 

surface plots. Analysis of variance had been performed to check the adequacy of the 

developed mathematical models as well as significance of each term comprising the models. 

Statistical software Design Expert 10 (DX 10) was used to construct the plots to analyse the 

influence of individual input process parameter on output responses. Composite desirability 

function approach was used for multi-objective optimization of the developed models. The 

optimal predicted results were experimentally verified, matched well with the predicted 

results. Different techniques like scanning electron microscopy (SEM), energy-dispersive 

spectroscopy (EDS), and X-ray diffraction (XRD) have been used to ascertain the 

characteristics of the machined surface.  The SEM and EDS analysis showed significant 

migration of material from the P/M electrode and dielectric to the machined surface. The 

XRD shows the formation of tungsten carbide (WC, W2C) on the machined surface which is 

responsible for the substantial increase in microhardness. SEM shows a crack free surface 

which indicates that surface alloying has been carried out without any adverse impact on 

surface quality. 
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4. Objective and Scope of work  

P20+Ni die steel is mainly used for manufacturing high pressure die for composite plastic 

products. Plastic mould has to be exposed to complex conditions during working. The main 

reasons for the failure of plastic moulds are to high pressure, temperature, wear, abrasion, and 

friction during working. An enhancement of die life is very important for economical 

productions. 

Properties of work material are greatly influenced during machining due to rapid heating and 

cooling work surface by a dielectric. Variation in chemical compositions of the machined 

surface might be possible due to depositions of elements from electrode and carbon elements 

from hydrocarbon dielectric fluid for performing desired surface modifications. The material 

used for die making must possess various characteristics such as strength, toughness, 

hardness, abrasion resistance and wear resistance. These all desired properties can be 

improved by adding various elements like copper, tungsten and silicon from electrode or 

dielectric. Tungsten is helpful to improve the mechanical and physical properties of the work 

surface. Presence tungsten is increased hardness and toughness of work material. It has a 

strong affinity with carbon and hence the formation of tungsten carbide can help to increase 

abrasion resistance of work surface. Up to 2% presence of silicon intensifies the influence of 

chromium, manganese and molybdenum. Improvements in hardness and oxidation resistance 

of work surface are observed due to the presence of silicon. Copper is helpful to increase the 

corrosion resistance of steel. Improvements in thermal and electrical conductivity are 

observed due to additions of copper, which is desirable for EDM operation. 

The main objectives of the present experimental work are to modify the surface of P20+Ni 

die steel using EDM. Experiments were performed using EDM electrode manufactured 

through powder metallurgy process. Experimental results were analyzed to investigate 

optimum levels of input process parameters which are able to transfer elements from 

electrode and dielectric to modify the work surface of P20+Ni die steel. Input levels of 

process parameters for main experimentations are decided based on the results of pilot 

experiments. Design matrix for the main experimentations was obtained using Response 

surface methodology. SEM, EDS, and XRD analysis have been carried out to confirm the 

migration of material from the electrode to the work surface. The main objectives of the 

present experimental work are summarized as follow: 
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1. To develop a hard and modified surface layer on P20+Ni die steel machining on EDM 

using powder metallurgy (P/M) composite electrode. 

2. To investigate the combined effects of P/M electrode and EDM parameters on the 

responses such as material removal rate (MRR), tool wear rate (TWR), surface 

roughness (SR) and microhardness (MH) as aspects of the surface modification 

phenomenon. 

3. To perform ANOVA, develop three-dimensional response surface plots and statistical 

regression equations for MRR, TWR, SR and MH using Response Surface 

Methodology (RSM). 

4. Perform the multi-objective optimization using composite desirability approach to 

obtain the optimum set of parameter enables the best possible machining conditions 

for surface modification. 

5. Detail study of micro-structure and composition of machined surface with changes 

occur due to variation of levels of parameters such as compaction pressure (Cp), peak 

current (Ip), pulse-on time (Ton) and duty cycle (τ) has been investigated using 

Scanning Electron Microscope (SEM), Energy Dispersive Spectrometry (EDS) and 

X-Ray Diffraction (XRD) techniques.       

5. Original contribution by the thesis 

Following studies have been carried out which are considered as major contribution of 

current research work. 

1. Powder metallurgy electrodes at different compaction pressure have been developed 

successfully, which has ability to alloying the metal surface during machining. 

2. Modeling of EDM process has been carried out for understanding the underlining 

mechanism of surface modification phenomenon using green P/M composite 

electrode. 

3. Role of P/M electrode for surface modification process on a P20+Ni steel using EDM 

has been clearly established. 

4. Role of copper, tungsten, and silicon powders, their properties and compositions on 

surface integrity aspects has been ascertained. It is significant as surface integrity 

dictates the functional performance of the machined component. 

5. Evaluate the process performance characteristics such as material removal rate 

(MRR), tool wear rate (TWR), surface roughness (SR), and microhardness (MH) for 

surface modification phenomenon by EDM process considering; compaction pressure, 

peak current, pulse on time, and duty cycle as input parameters. 
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6. Develop a response surface methodology (RSM) model to correlate the input process 

parameters such as compaction pressure, peak current, pulse on time, and duty cycle 

with output responses such as MRR, TWR, SR, and MH for surface modification by 

EDM process. These models would help in predicting the values of responses for a 

large number of input parameter combinations. 

7. Analyse the influence of various input parameters on output responses using response 

surface methodology. 

8. Develop and analyse the three dimensional response surface plots to acquire further 

insight information on the correlation between input process variables and output 

responses. 

9. Optimize the process parameters for multi-objective performance of surface 

modification by EDM process using “composite desirability” approach. 

10.  Recommendation has been made on selection of powder materials, their 

concentration and other parameters considering various performance characteristics.  

6. Methodology of Research, Results / Comparisons  

In the present experimental work attempts have been made to obtain optimum machining 

conditions which able to transfer/migrate constituents from powder metallurgy electrode to 

work surface. The research methodology followed during experimentation is described 

below: 

6.1 Experimental design based on CCD 

Experiments were designed using the design of experiments (DOE) techniques. A second-

order rotatable central composite design (CCD) is composed for a total of 30 experiments. It 

further consisted of 2β fractional runs with 24 corner points, six centre points and eight axial 

runs located at 2α levels. The second order regression equations for the selected model are 

obtained for the response characteristics, viz., material removal rate, tool wear rate, surface 

roughness and microhardness. These regression equations are developed using the 

experimental data and plotted to investigate the effect of process variables on various 

response characteristics. The analysis of variance (ANOVA) performed to statistically 

analyze the results. 

In this experimental work, the levels of compaction pressure, peak current, pulse on time and 

duty cycle were selected through rigours study of past work and by performing numbers of 

pilot experiments (trial runs). The complete research methodology described in flow diagram 

shown in Figure 1. Results of responses are given in Table 1. 
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Figure1 Flow Chart of Research Methodology 

Surface modification of die steel using EDM 

Powder Metallurgy (P/M) Electrode 
• Finalise powder materials (copper, 

tungsten, silicon) 
• Decide compositions of P/M electrode  

(Cu = 75%wt, W = 23%wt, and Si = 2%wt) 

Selection of Work Material 
• P20+Ni die steel 

Selection of variables based on analysis of results of pilot experiments 

Compaction 
pressure 

(kg/cm
2
) 

125 
175 
225 
275 
325 

Peak 
current 
(Amp.) 

6 
9 
12 
15 
18 

Pulse on 
time (µs) 

50 
70 
90 

110 
130 

Duty 
cycle (%) 

75 
80 
85 
90 
95 

Performing experiments according to design matrix develop using 
response surface methodology (RSM) 

Monitoring and control EDM performance for surface modification  

Measurement of responses: (1) Material removal rate (2) Tool wear rate (3) 
Surface roughness (4) Micro-hardness  

Analyse responses using statistical software Design Expert 10 for: (1) Modelling and 
validation of process (2) Obtaining second order regression equations (3) Performing 
ANOVA (4) Obtaining relation between responses and variables using 3D surface plot   

Performing SEM, EDS, and XRD analyses of machined 
samples for surface characterisation 

Performing Multi-objective optimization using Composite desirability approach  

Conclusion and future scope of work 
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Table 1 Observed mean value of responses 

Exp. 

No. 

Run 

Order 

Input process parameters Mean Values of Responses 

Cp Ip Ton τ MRR 
(gm/min) 

TWR 
(gm/min) 

SR 
(μm) 

MH 
(HVN) 

Actual Coded Actual Coded Actual Coded Actual Coded 

1 12 175 -1 9 -1 70 -1 80 -1 0.1623 0.0283 5.635 886 

2 6 275 1 9 -1 70 -1 80 -1 0.1334 0.0252 4.755 831 

3 9 175 -1 15 1 70 -1 80 -1 0.2344 0.0326 8.192 1026 

4 28 275 1 15 1 70 -1 80 -1 0.2082 0.0293 7.481 936 

5 4 175 -1 9 -1 110 1 80 -1 0.1843 0.0266 6.443 852 

6 27 275 1 9 -1 110 1 80 -1 0.1511 0.0249 5.387 791 

7 14 175 -1 15 1 110 1 80 -1 0.2486 0.0271 8.684 908 

8 20 275 1 15 1 110 1 80 -1 0.2323 0.0304 8.126 883 

9 11 175 -1 9 -1 70 -1 90 1 0.1855 0.0352 6.477 1103 

10 16 275 1 9 -1 70 -1 90 1 0.1462 0.0271 5.119 868 

11 2 175 -1 15 1 70 -1 90 1 0.2816 0.0385 9.831 1189 

12 22 275 1 15 1 70 -1 90 1 0.2461 0.0339 8.614 1092 

13 5 175 -1 9 -1 110 1 90 1 0.2113 0.0324 7.387 1021 

14 19 275 1 9 -1 110 1 90 1 0.1684 0.0251 5.882 793 

15 29 175 -1 15 1 110 1 90 1 0.3032 0.0331 10.605 1056 

16 15 275 1 15 1 110 1 90 1 0.2683 0.0292 9.481 924 

17 10 125 -2 12 0 90 0 85 0 0.2361 0.0331 8.263 1059 

18 25 325 2 12 0 90 0 85 0 0.1712 0.0269 5.985 861 

19 18 225 0 6 -2 90 0 85 0 0.1211 0.0238 4.235 821 

20 7 225 0 18 2 90 0 85 0 0.2924 0.0347 10.323 1094 
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Exp. 

No. 

Run 

Order 

Input process parameters Mean Values of Responses 

Cp Ip Ton τ MRR 
(gm/min) 

TWR 
(gm/min) 

SR 
(μm) 

MH 
(HVN) 

Actual Coded Actual Coded Actual Coded Actual Coded 

21 30 225 0 12 0 50 -2 85 0 0.1982 0.0333 6.934 974 

22 21 225 0 12 0 130 2 85 0 0.2463 0.0258 8.617 822 

23 13 225 0 12 0 90 0 75 -2 0.1681 0.0271 5.882 869 

24 23 225 0 12 0 90 0 95 2 0.2363 0.0335 8.266 1071 

25 26 225 0 12 0 90 0 85 0 0.2186 0.0267 7.628 846 

26 3 225 0 12 0 90 0 85 0 0.2192 0.0264 7.573 837 

27 1 225 0 12 0 90 0 85 0 0.2154 0.0266 7.591 843 

28 8 225 0 12 0 90 0 85 0 0.2231 0.0268 7.683 849 

29 24 225 0 12 0 90 0 85 0 0.2185 0.0261 7.671 831 

30 17 225 0 12 0 90 0 85 0 0.2172 0.0265 7.622 841 
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6.2 ANOVA analysis of responses 

Analysis of variance (ANOVA) has been carried out to check the adequacies of the 

developed model and to find the significance of individual parameters on the selected 

responses. 

6.2.1 ANOVA for material removal rate  

The result of ANOVA for MRR model is shown in Table 2. The calculated F-value of 

predicted MRR model is 651.22, indicates the model is significant. There is only 0.01% 

possibility of larger F-value occurs due to noise. In this case, Cp, Ip, Ton, τ, CpIp, Cpτ, Ipτ, Cp
2, 

Ip
2, Ton

2, and τ2 are observed significant terms (P-value less than 0.05). 

Table 2 ANOVA for MRR 

Source  Sum of 
Squares 

df Mean 
Square 

F 
Value 

P- value 
Prob>F 

 

Model 0.061 14 4.348E-003 651.22 < 0.0001 significant 
Cp 6.240E-003 1 6.240E-003 934.68 < 0.0001  
Ip 0.044 1 0.044 6528.62 < 0.0001  
Ton 2.948E-003 1 2.948E-003 441.57 < 0.0001  
τ 6.416E-003 1 6.416E-003 960.94 < 0.0001  
CpIp 6.162E-005 1 6.162E-005 9.23 0.0083  
CpTon 4.225E-007 1 4.225E-007 0.063 0.8048  
Cpτ 1.440E-004 1 1.440E-004 21.57 0.0003  
IpTon 1.960E-006 1 1.960E-006 0.29 0.5959  
Ipτ 5.688E-004 1 5.688E-004 85.20 < 0.0001  
Tonτ 1.190E-005 1 1.190E-005 1.78 0.2017  
Cp

2 3.332E-004 1 3.332E-004 49.91 < 0.0001  
Ip

2 2.015E-004 1 2.015E-004 30.18 < 0.0001  
Ton

2 3.720E-005 1 3.720E-005 5.57 0.0322  
τ2 4.061E-004 1 4.061E-004 60.83 < 0.0001  
Residual 1.001E-004 15 6.677E-006    
Lack of 
Fit 

6.735E-005 10 6.735E-006 1.03 0.5217 
Not 

Significant 
Pure Error 3.279E-005 5 6.559E-006    
Cor Total 0.061 29     
R-Squared = 0.9984                                                           Adj R-Squared= 0.9968  
Pred R-Squared = 0.9929                                                   Adeq Precision= 98.912 

 

6.2.2 ANOVA for tool wear rate 

The result of ANOVA for TWR is shown in Table 3. The calculated F-value for predicted 

TWR model is 32.13 which indicate significant model. There is a 0.01% possibility of larger 

F-value could occur due to noise. In this case, Cp, Ip, Ton, τ, CpIp, CpTon, Cpτ, Tonτ, Cp
2, Ip

2, 

Ton
2 and τ2 are significant terms (P-value less than 0.05). The “lack of fit” for F-value is 21.81 

which show lack of fit is significant relative to the pure error. 
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Table 3 ANOVA for TWR 

Source  Sum of 
Squares 

df Mean 
Square 

F 
Value 

P-value 
Prob>F 

 

Model 4.125E-004 14 2.946E-005 32.13 < 0.0001 significant 
Cp 7.107E-005 1 7.107E-005 77.50 < 0.0001  
Ip 1.088E-004 1 1.088E-004 118.64 < 0.0001  
Ton 5.490E-005 1 5.490E-005 59.87 < 0.0001  
τ 7.668E-005 1 7.668E-005 83.62 < 0.0001  
CpIp 8.556E-006 1 8.556E-006 9.33 0.0080  
CpTon 5.641E-006 1 5.641E-006 6.15 0.0255  
Cpτ 2.280E-005 1 2.280E-005 24.86 0.0002  
IpTon 3.706E-006 1 3.706E-006 4.04 0.0628  
Ipτ 1.563E-008 1 1.563E-008 0.017 0.8979  
Tonτ 4.516E-006 1 4.516E-006 4.92 0.0423  
Cp

2 2.258E-005 1 2.258E-005 24.62 0.0002  
Ip

2 1.372E-005 1 1.372E-005 14.96 0.0015  
Ton

2 1.679E-005 1 1.679E-005 18.30 0.0007  
τ2 2.580E-005 1 2.580E-005 28.13 < 0.0001  
Residual 1.376E-005 15 9.171E-007    
Lack of Fit 1.345E-005 10 1.345E-006 21.81 0.0017 significant 
Pure Error 3.083E-007 5 6.167E-008    
Cor Total 4.262E-004 29     
R-Squared = 0.9677                                                           Adj R-Squared= 0.9376  
Pred R-Squared = 0.8172                                                   Adeq Precision= 21.395 

 

6.2.3 ANOVA for surface roughness 

Table 4 ANOVA for SR 

Source  Sum of 
Squares 

df Mean 
Square 

F 
Value 

P- value 
Prob>F 

 

Model 74.51 14 5.32 765.61 < 0.0001 significant 
Cp 7.00 1 7.00 1007.56 < 0.0001  
Ip 54.32 1 54.32 7813.76 < 0.0001  
Ton 3.57 1 3.57 513.65 < 0.0001  
τ 7.55 1 7.55 1086.12 < 0.0001  
CpIp 0.088 1 0.088 12.71 0.0028  
CpTon 3.706E-004 1 3.706E-004 0.053 0.8205  
Cpτ 0.25 1 0.25 35.93 < 0.0001  
IpTon 7.014E-003 1 7.014E-003 1.01 0.3311  
Ipτ 0.72 1 0.72 104.12 < 0.0001  
Tonτ 0.034 1 0.034 4.88 0.0431  
Cp

2 0.36 1 0.36 51.87 < 0.0001  
Ip

2 0.16 1 0.16 22.73 0.0002  
Ton

2 0.064 1 0.064 9.17 0.0085  
τ2 0.44 1 0.44 63.80 < 0.0001  
Residual 0.10 15 6.951E-003    
Lack of Fit 0.095 10 9.496E-003 5.10 0.0430 significant 
Pure Error 9.304E-003 5 1.861E-003    
Cor Total 74.61 29     
R-Squared = 0.9986                                                           Adj R-Squared= 0.9973  
Pred R-Squared = 0.9925                                                   Adeq Precision= 107.325 

 



14 
 

The result of ANOVA for developed SR model is shown in Table 4. The calculated F-value 

for predicted SR model is 765.61 that indicate the model is significant. There is only a 0.01% 

possibility of larger F-value occurs due to noise. In this case, Cp, Ip, Ton, τ, CpIp, Cpτ, Ipτ, Tonτ, 

Cp
2, Ip

2, Ton
2 and τ2 are found significant terms (P-value less than 0.05). The “lack of fit” for 

F-value is 5.10 which indicate lack of fit is significant relative to the pure error. 

6.2.4 ANOVA for microhardness 

The result of ANOVA for developed MH model is shown in Table 5. The calculated F-value 

for predicted SR model is 54.00 that entails that the selected MH model is significant. There 

is a 0.01% possibility of larger F-value occurs due to noise. In this case, Cp, Ip, Ton, τ, CpIp, 

Cpτ, IpTon, Tonτ, Cp
2, Ip

2, Ton
2and τ2 are significant terms (P-value less than 0.05). The “lack of 

fit” for F-value is 16.50 which indicate lack of fit is significant relative to the pure error. 

Table 5 ANOVA for MH 

Source  Sum of 
Squares 

df Mean 
Square 

F 
Value 

P-value 
Prob>F 

 

Model 3.578E+005 14 25557.17 54.00 < 0.0001 significant 
Cp 72490.04 1 72490.04 153.17 < 0.0001  
Ip 83898.38 1 83898.38 177.27 < 0.0001  
Ton 42588.38 1 42588.38 89.99 < 0.0001  
τ 74705.04 1 74705.04 157.85 < 0.0001  
CpIp 3570.06 1 3570.06 7.54 0.0150  
CpTon 45.56 1 45.56 0.096 0.7606  
Cpτ 13282.56 1 13282.56 28.07 < 0.0001  
IpTon 3630.06 1 3630.06 7.67 0.0143  
Ipτ 473.06 1 473.06 1.00 0.3333  
Tonτ 2943.06 1 2943.06 6.22 0.0248  
Cp

2 24531.67 1 24531.67 51.83 < 0.0001  
Ip

2 23517.03 1 23517.03 49.69 < 0.0001  
Ton

2 5692.53 1 5692.53 12.03 0.0034  
τ2 28582.74 1 28582.74 60.39 < 0.0001  
Residual 7099.08 15 473.27    
Lack of Fit 6890.25 10 689.02 16.50 0.0032 significant 
Pure Error 208.83 5 41.77    
Cor Total 3.649E+005 29     
R-Squared = 0.9805                                                Adj R-Squared= 0.9624  
Pred R-Squared = 0.8904                                        Adeq Precision= 27.563 

 

6.3 Second order regression equation of responses 

The regression analysis is used to develop statistical equations for the selected responses. The 

non-significant terms (P-value greater than 0.05) are not considered during regression 

analysis. The regression equations for MRR, TWR, SR, and MH are as follows: 
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Statistical regression equation of MRR (Actual terms):  

MRR = 0.22 – 0.032 * Cp + 0.085 * Ip + 0.022 * Ton + 0.033 * τ + 7.850 E-003 * CpIp – 0.012 

* Cpτ + 0.024 * Ipτ – 0.014 * Cp
2 – 0.011 * Ip

2 + 4.658 E-003 * Ton
2 – 0.015 * τ2 

Statistical regression equation of TWR (Actual terms):  

TWR = 0.027 – 3.425 E-003 * Cp + 4.258 E-003 * Ip – 3.025 E-003 * Ton + 3.575 E-003 * τ + 

2.925 E-003 * CpIp + 2.375 E-003 *CpTon – 4.775 E-003 * Cpτ – 2.125 E–003 * Tonτ + 3.588 

E–003 * Cp
2 + 2.838 E-003 * Ip

2 + 3.138 E-003 * Ton
2 + 3.888 E-003 * τ2  

Statistical regression equation of SR (Actual terms): 

SR = 7.63 – 1.08 * Cp + 3.01 * Ip + 0.77 * Ton + 1.12 * τ + 0.30 * CpIp – 0.50 * Cpτ + 0.85 * 

Ipτ + 0.18 * Tonτ – 0.46 * Cp
2 – 0.30 * Ip

2 + 0.19 * Ton
2 - 0.51 * τ2    

Statistical regression equation of MH (Actual terms): 

MH = 841.17 – 109.92 * Cp + 117.92 * Ip – 83.92 * Ton + 111.42 * τ + 58.75 * CpIp– 115.25 * 

Cpτ – 60.25 * IpTon – 53.25 * Tonτ + 119.54 * Cp
2 + 117.04 * Ip

2 + 57.54 * Ton
2 + 129.54 * τ2 

6.4 Effects of process parameters on responses 

The parametric analysis has been carried out to study the influence of various process 

parameters such as compaction pressure (Cp), peak current (Ip), pulse on time (Ton) and duty 

cycle (τ) on material removal rate (MRR), tool wear rate (TWR), surface roughness (SR), and 

microhardness (MH) during surface modification of P20+Ni steel using EDM. Design Expert 

10 (DX 10) statistical software is used to develop three dimensional (3D) surface plots for the 

selected responses. Three-dimensional response surface plots are able to deliver insight 

knowledge regarding the relation between input process parameters with responses. 
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6.5 Multi-objective optimization using composite desirability approach 

The effects of process parameters on the four responses such as MRR, TWR, SR, and MH 

have been studied for surface modification of P20+Ni die steel using EDM. However, all the 

responses are conflicts in nature and hence single objective optimization technique would not 

able to solve the problem. Attempts have been made to optimize the set of responses using a 

multi-response tool known as a “composite desirability” approach based on response surface 

methodology. Different multi characteristic response models have been developed. Limits 

and goals were established for responses in order to precisely determine their impact on 

overall desirability. A maximum or minimum level is provided for all response characteristics 

which are to be optimized. Weights are assigned in order to give added emphasis to upper or 

lower bounds or to emphasize a target value. The importance varies from 1(least important) 

to 5 (most important) is assigned to each response compared to the other responses. 

Table 6 Constraints of input parameters and responses (MRR, TWR, SR & MH) 

Name Goal Lower 
Limit 

Upper 
Limit 

Lower 
Weight 

Upper 
Weight 

Importance 

A:Compaction 
Pressure 

is in range 125 325 1 1 3 

B:Peak Current is in range 6 18 1 1 3 
C:Pulse on 
Time 

is in range 50 130 1 1 3 

D:Duty Cycle is in range 75 95 1 1 3 
MRR maximize 0.1211 0.3032 1 1 3 
TWR minimize 0.0238 0.0385 1 1 3 
SR minimize 4.235 10.605 1 1 3 
MH maximize 791 1189 1 1 3 

 

 

Figure 2 Ramp function graph of desirability for MRR, TWR, SR & MH 
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Figure 3 Bar graph of desirability for MRR, TWR, SR & MH 

The optimum level of individual process parameters and responses with composite 

desirability are represented in the form of the dot in the ramp function graph shown in Figure 

2. The bar graph shown in Figure 3 indicates the individual and composite desirability. 

Table 7 Optimal set of parameters for MRR, TWR, SR, and MH 

Factor 
coding 

Name of Factor Optimum level 

A Compaction Pressure (Cp) 125.001 
B Peak Current (Ip) 17.159 
C Pulse on Time (Ton) 113.806 
D Duty Cycle (τ) 75.00 

 

Table 7 indicates the levels of individual parameters, which is considered as an optimal set 

for optimization of MRR, TWR, SR, and MH with the highest composite desirability. 

Further, the predicted value of individual responses at 95% of the confidence interval is given 

in Table 8. The predicted values of responses confirmed by perform an experiment on EDM 

by setting the level of parameters given in Table 7. A good agreement between the predicted 

value and the experimental value of responses are observed, which strongly validate the 

predicted model for responses. 
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Table 8 Experimental validations of predicted responses (MRR, TWR, SR & MH 

Responses Desirability Predicted 
value 

Experimental 
value 

Prediction 
Error (%) 

MRR (gm/min) 0.5792 0.227 0.286 2.06 
TWR (gm/min) 0.5523 0.030 0.032 6.25 
SR (μm) 0.4275 7.881 8.343 5.53 
MH (HVN) 0.6752 1059.737 1134.21 6.57 

Overall composite desirability: 0.5512   

 

6.6 SEM analysis of EDMed surface 

 The selected EDMed samples were analysed using a scanning electron microscope (SEM) to 

study the surface topography. From studies of SEM images taken at different magnification, 

it is concluded that uniformity in surface topography while machining using P/M electrode. 

This may be attributed to the distribution of spark energy over the entire surface covered by 

the electrode. 

 

Figure 4 (a - d) SEM micrograph of surface machined at compaction pressure 175 

kg/cm2, peak current 9 Ampere, pulse on-time 70 μs and duty cycle 80 % (Trial 1)    
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6.7 Energy Dispersive Spectrometry (EDS) analysis 

Energy dispersive spectrometry is used to decide the weight percentage of compositions of 

the base material. Similarly, it is helpful to detect the presence of foreign elements transferred 

during machining. The EDS spectrum for trial 1 is shown in Figure 5. 

 

Figure 5 EDS spectrum of trial 1 

6.8 X-Ray Diffraction analysis 

The X-ray diffraction analysis is carried out using XRD analyzer (Make: BRUKER, Model: 

D2 PHASER), to study the phases present on the machined surface.  

 

Figure 6 XRD peaks of trial 1 
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The presence of wider peaks in a smaller region indicates an amorphous structure. It is 

generated due to rapid quenching of the machined surface by EDM oil. The amorphous 

structure is able to deliver very high microhardness. Further increase in carbon percentage 

help to impart high microhardness, strength and wear resistance. The improvement in thermal 

properties and corrosion resistance were contributed by the increase of copper percentage. 

7. Achievements with respect to objectives 

Sr. 

No. 

Objectives Achievements 

1 To develop a hard and modified surface 

layer on P20+Ni die steel while 

machining on EDM using green P/M 

composite electrode 

More than three times improvements in 

microhardness of machined surface have 

been obtained due to migration of hardest 

constituents from P/M electrode. 

2 To study the combined effects of P/M 

electrode and EDM parameters on the 

process of surface modification. 

The effects of P/M electrode and process 

parameters on surface modification have 

been studied successfully using RSM.  

3 To evaluate EDM process responses 

such as MRR, TWR, SR and MH as 

aspects of the surface modification 

phenomenon. 

Responses such as MRR, TWR, SR, and 

MH have been evaluated successfully 

during surface modification. 

4 To develop a regression model for 

MRR, TWR, SR and MH using RSM 

which helps to predict the value of 

responses while varying input 

parameters. 

Second order regression equations for 

MRR, TWR, SR, and MH developed 

successfully using response surface 

methodology. 

5 To perform ANOVA to predict the 

significance of input parameters and to 

develop three-dimensional response 

surface plots. 

Analysis of variance (ANOVA) for 

MRR, TWR, SR, and MH has been 

performed to obtain contribution of 

individual parameters. 3-D surface plots 

developed.  

6 To obtain the optimum level of 

parameters enables the best possible 

machining performance. 

The optimum level of parameters has 

been identified, which able to deliver 

best machining performance. 
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7 To perform the multi-objective 

optimization using composite 

desirability approach.  

 

Multi-objective optimization has been 

performed using composite desirability 

approach. Set of parameters derived able 

to satisfy combined objective of 

responses. 

8 To study the microstructure of the 

modified surface by using the images 

obtained through the Scanning electron 

microscope (SEM). 

SEM analysis of selected samples has 

been carried out. Surface morphology of 

EDMed samples analyse successfully. 

9 To analyze the compounds present in 

the modified surface by using EDS and 

XRD (X-Ray Diffraction) technique. 

EDS and XRD analysis carried out for 

selected samples. 

 

8. Conclusion  

The following inferences can be drawn from the results of experimentation: 

1. Surface modification with green P/M composite electrodes using EDM is found to be 

a promising alternative method to eliminate expensive and time-oriented secondary 

surface treatments such as PVD, CVD, plasma spraying, etc. 

2. The proposed green composite powder metallurgy electrode is capable to improve 

EDM performance with a substantial increase in microhardness of machined surface. 

3. Peak current is observed most significant parameter contributing 72% for MRR, 

25.5% for TWR, 72.8% for SR and 23% for MH during ANOVA analysis. Similarly, 

duty cycle, pulse-on time and compaction pressure also play an important role to meet 

desired objectives. 

4. Composite desirability approach (using RSM) is collectively used to optimize the 

process parameters to achieve combined objectives of maximum MRR & MH with 

minimum TWR & SR. The set of parameters at maximum value of composite 

desirability 88.4% is: compaction pressure = 187.5 kg/cm2, peak current = 6-A, pulse 

on-time = 87.5 μs and duty cycle = 95%. 

5. The Cu-W-Si green P/M composite electrode is capable to modify the surface of 

P20+Ni die steel. Under appropriate machining condition a significant amount of 
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copper (24.23%), tungsten (7.51%) and silicon (0.75%) were observed on the 

machined surface as compared to the base material. 

6. The presence of tungsten carbide (WC & W2C) and silicon carbide (SiC) are observed 

during XRD analysis of the machined surface indicating migration of silicon and 

tungsten from P/M electrode and react with dissociated carbon from hydrocarbon oil 

(dielectric) at very high temperature. The formation of silicon carbide and tungsten 

carbide with cementite phase leads to significant improvement in microhardness. 

7. No major surface defects such as microcracks, voids, etc. are observed on the EDMed 

surface during SEM analysis. So, it can be concluded that the surface modification 

process performed on EDM using P/M electrode does not deteriorate the quality of 

the machined surface. 

8. The process is capable to improve microhardness more than three times as compared 

to the base material. Improvement in microhardness helps to enhance wear and 

abrasion resistance and hence the life of die and press tools can be substantially 

improved by this technique. The presence of tungsten carbide (WC, W2C) helps to 

improve the red hardness of die steel and hence, die surface becomes suitable for hot 

working applications. 
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