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Abstract 

In the dynamic and competitive scenario, industries need to respond to the demand and 

changes in the market to survive. To meet the production task at a large scale within a short 

period, dies and mould systems are applied in every manufacturing industry. The shape, 

size, and materials of dies and moulds vary according to the application. The literature 

review has revealed that miniature research has been conducted to find the optimal levels 

of machining parameters for best machining quality of difficult to machine materials like 

high carbon high chromium die steel SKD 11. The die steel SKD 11 as blanking die 

material is extensively used for blanking dies, forming dies, coining dies, long punch, 

extrusion dies, and thread rolling dies, etc. The reliable superiority of parts being machined 

in wire electrical discharge machining is difficult because the process parameters cannot be 

controlled efficiently. These are the major challenges for researchers and practicing 

engineers. Manufacturers try to ascertain control factors to improve the machining quality 

based on their operational experiences, manuals or failed attempts. Keeping in view the 

applications of material SKD 11 die steel, it has been selected and has been machined on 

wire-cut EDM (Elektra Sprint cut 734) of Electronica Machine Tools Limited. 

The objective of the present work was to investigate the effects of the various WEDM 

process parameters on the machining quality like cutting rate, material removal rate, kerf 

width, dimensional deviation, and surface roughness and to obtain the optimal sets of 

process parameters so that the quality of machined parts can be optimized. The working 

ranges and levels of the WEDM process parameters are found using one factor at a time 

approach. The response surface methodology, as a design of the experiment technique, has 

been utilized to investigate and optimize the various process parameters for different 

machining characteristics of blanking die material with WEDM. The influence of six 

process parameters namely pulse on time, pulse off time, spark gap set voltage, peak 

current, wire tension, and wire feed rate have been investigated on machining 

characteristics namely cutting rate, material removal rate (MRR), surface roughness (SR), 

kerf width and dimensional deviation. The response surface methodology (RSM), in 

xi 



conjunction with second-order central composite rotatable design, has been used to 

develop the empirical models for response characteristics. 

In present experimentation, the quadratic model is suggested for all three responses. 

Analysis of Variance (ANOVA) indicates that Ip, Ton, Toff, SV, and WF are significant 

process parameters influencing the cutting speed, material removal rate, and surface 

roughness. While servo spark gap set voltage and wire feed rate were highly significant 

parameters influencing the kerf width and dimensional deviation. Desirability function has 

been used along with RSM for the optimization of single and multi-objective 

characteristics. Optimal sets of parameters have been selected corresponding to maximum 

desirability value. The confirmation tests are performed to validate the mathematical model 

and to confirm the optimal parametric combinations developed by RSM 

desirability function,respectively.
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Introduction 

CHAPTER 1 

Introduction 

1.1 Introduction 

B.R. and N.I. Lazarenko, a Russian physicist, had published their work on an inversion of 

electric discharge wear effect during manufacturing application by controlling electric 

discharge during the Second World War. At that time, EDM was used to remove broken 

drills and taps. Then in 1974, D.H. Dulebohn used an optical line follower system to 

control the shape of any component to be processed by the WEDM process. While the 

industries had understood its process capabilities, then its popularity rapidly increasing in 

1975.At the end of the 1970s, CNC was introduced in WEDM to improve performance, 

which brought a major evolution of the manufacturing process [1].  

Nowadays, there is an increasing trend towards high-speed machinery in the manufacturing 

era as well as the demand for alloy materials, which have high hardness, good toughness, 

and impact resistance strength properties. But, machining of such materials is very difficult 

by the conventional machining process [2]. Hence, the non-conventional machining 

process is applied to machine for such difficult machining materials. Among the non-

conventional machining process, the WEDM process uses wire as an electrode to 

transform electrical energy into thermal energy for machine of cutting such harder 

materials like alloy steel, conductive ceramics, and aerospace materials. In addition, 

WEDM is capable of producing very intricate shape and size, fine, corrosion, and wear 

resistance surface[3], [4]. 

As a result, the wide scope of the WEDM process over the conventional EDM process was 

extensively used for any through-hole machining in which the wire has to exceed through 

the part to be machined. WEDM uses an electrode as continuously traveling wire made of 

brass, copper, tungsten, or molybdenum of diameter 0.05 -0.30 mm to initialize the 

sparking process[5]. The wire is kept in tension during the machining process by some 
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mechanical arrangement to reduce inaccuracy in the product. During the machining 

process, metal is eroded to the lead of wire, and there is no direct contact between 

workpiece and wire, so less amount of residual stresses developed in machining parts[6]. 

1.2 Basic Principle of WEDM Process 

The WEDM (wire electrical discharge machining) use thermo-electrical mechanism to cut 

electrical conductive materials by a series of distinct sparks generated among wire 

electrode and workpiece in the presence of dielectric fluid, which create a channel of 

plasma for each electrical discharge as dielectric fluid becomes ionized in the gap as shown 

[7] in Fig. 1.1. In the occurrence of spark discharge, there is a current flow across the 

workpiece gap - wire electrode. The energy content of a single spark discharge can be 

expressed as a product of TON x IP.  The surface area where sparks take place is heated to 

tremendously high temperatures in the series of 8000°C-12,000°C or as high as 20,000°C; 

therefore, that surface area is melted and removed. The removed particles in the form of 

debris are flushed away by a stream of dielectric fluids also acts as a cooling medium. This 

progression is generally in conjunction with CNC and will work just when the part is being 

cut entirely. 

FIGURE 1.1 Serried of electrical pulses as the interelectrode gap 

The wire electrical discharge machine consists of the main table (X-Y), an auxiliary table 

(called a U-V table), and a wire drive mechanism. The workpiece is mounted and clampe 

on the main work table. The main table moves along X and Y axes by means of servo
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 motors, and also, the U-V table moves by means of servo motors. U & V axes are parallel 

to X & Y axes, respectively.  

A traveling wire which is constantly fed from a wire feed coil is caused to travel 

throughout the workpiece and goes finally to the waste-wire box. Besides its traveling 

path, the wire is supported under tension between a pair of wire guides, which are disposed 

on both (lower and upper) sides of the workpiece. The lower wire guide is fixed, whereas 

the upper wire guide is supported by the U-V Table. The upper wire guide can be exiled 

crossways along U-V axes, with respect to the lower wire guide. It can also be positioned 

upright along Z-axis by affecting the vertical arm[8].  

As the material removal or machining proceeds, the work table carrying the workpiece is 

displaced transversely along a predetermined path which is stored in the controller.  

In order to produce taper machining, the wire electrode has to be tilted. This is achieved by 

displacing the upper wire guide (along U-V axes) with respect to the lower wire guide. The 

desired taper angle is achieved by simultaneous control of the movement of the X-Y table 

and the U-V table along their respective predetermined paths stored in the controller. The 

path information of the X-Y table and U-V table is given to the controller in terms of linear 

and circular elements via the NC program. 

While the machining is continuous, the machining region is constantly flushed with water 

passing during the nozzles on both sides of the workpiece. The spark discharge across the 

wire electrodes – workpiece causes ionization of the water, which is used as a dielectric 

medium.  It is essential to note that the ionization of water leads to enhance water 

conductivity. An ion exchange resin is used in the dielectric distribution system, in order to 

avoid the increase in conductivity and to retain the conductivity of the water steady. Fig. 

1.2 exhibits the schematic diagram of the basic principle of the WEDM process.
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FIGURE 1.2. Schematic diagram of WEDM process[9] 

1.3 Step by Step Procedure to Material Removal in WEDM 

1.3.1 Step I 

As the wire is surrounded by deionized water, voltage and ampere are generated, as shown 

in Fig. 1.3 

FIGURE 1.3 Volts & Amps formed by power supply[10]
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1.3.2 Step II 

For the duration of pulse on time, controlled arcs are generated between wire and 

workpiece, which helps in erosion and so accurately vaporize and melt the material as 

shown in Fig. 1.4. 

FIGURE 1.4 Spark generations and erosion of material[10] 

1.3.3 Step III 

For the period of pulse off time, high pressurized dielectric fluid cools the materials and 

flushes away the debris, as shown in Fig. 1.5. 

FIGURE 1.5 Flushing of corroded particles[10]
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1.3.4 Step IV 

A filtration system is used to take away the debris from the dielectric fluid, and the fluid is 

thus reused, as shown in Fig. 1.6. 

FIGURE 1.6 Filtration and reuse of dielectric[10] 

1.4 Advantages of WEDM 

a) WEDM can cut any intricate profile in electrically conductive materials.

b) WEDM produces a sharp, burr-free edging, so it is an extremely popular machining

choice for workpieces such as die openings and medical implants.

c) It eliminates the occurrence of the geometrical change during the machining of heat-

treated steels.

d) An important number of CNC features, such as automatic threading of the wire, and

restarting the operation in the case of wire rupture, improve the performance of

WEDM as a manufacturing process.

e) Complex contours in tough materials can be formed to a high degree of accuracy

and surface finish.

f) It avoids rejections and wastages due to the beginning, planning, and inspection of

the program.

g) During cutting, the workpiece is not subjected to mechanical deformation as there is

no direct contact between the workpiece and electrode.

h) Metallurgical and physical properties of the work material, such as toughness,

hardness, strength, microstructure, etc. are no barriers to its application.
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i) Tool manufacturing and storage is avoided, as the process does not require a

specially formed electrode for the purpose of a tool.

j) WEDM process simplifies the manufacturing of precision workpieces.

k) Heat treatment is usually unnecessary.

l) The process generates a high surface finish.

1.5 Limitations of WEDM 

a) High capital cost.

b) The material removal rate is comparatively low.

c) Not suitable for very large workpieces.

d) Electrolysis can occur in some materials.

e) The precision uniform wire is required

1.6  Applications of WEDM 

In WEDM, metal is eroded by a series of electrical discharge instead of the cutting tool 

which remove the metal in the form of a chip. WEDM has tremendous potential in its 

applicability in the present manufacturing industries to achieve a considerable surface 

finish, good-dimensional tolerance, and complicated contour generation. It has wider 

capabilities in aerospace, production, medical, jewelry, automobile industries as well as it 

provides the best option for machining high strength and temperature resistive materials, 

conductive, and exotic materials[11]. 

1.6.1 Tool and Die Making Industries 

• Sheet metal press dies

• Fixtures and gauges

• Extrusion dies

• Various types of blanks and punches

• Thread rolling dies

• Stamping dies.
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1.6.2 Aircraft and Aerospace Industries 

WEDM plays an important role in the manufacturing of aerospace and aircraft products 

like: 

• Airframes for the aerospace industry

• Jet engine blade sets

• Fin deployment actuator housing for a missile

• Rocket guidance systems

• Gyroscopes

• Satellite structural component

1.6.3 Automobile Industries 

The demand for the WEDM process is growing among automobile industries to improve 

the performance of high-speed automotive engine components. Little of the items produced 

by WEDM in automotive fields are: 

• Car engine prototypes

• Fuel metering valves

• Engine mountings

1.6.4 Medical and Surgical Industries 

Manufacturing in the medical industry demands required high-quality accuracy and 

precision beside with flexibilities to hold the incredible demands of a frequently altering 

and quickly growing industry. WEDM specializes in manufacturing medical devices and 

tools, tools, and implants for all aspects of the medical field. The following parts to be 

manufactured by WEDM are: 

• Surgical cathodes and syringe components

• Breathing regulator valves for oxygen masks.

• Surgical screws, bolts, and hardware.

• Bone / Jaw reamers for dental implants.

• Different splints and supports for orthotic and prosthetic devices.

• Dies and tooling for manufacturing and stamping medical equipment and tools.
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• The hip joint, shoulder joint, and knee joint support apparatuses.

1.6.5 General applications 

• Cam

• Special gears

• Grinding tools

• Keyways

• copper and graphite electrodes

• Collets and flexures

• Printer components

1.7 Statement of the Problem 

The current work “Experimental Investigation with Parametric Optimization of WEDM 

process for Blanking Die material” has been undertaken keeping into consideration the 

following problems:  

• It has been extensive acknowledged that machining conditions such as wire

tension, wire feed rate, spark gap set voltage, peak current, pulse off time, pulse

on time and other cutting parameters should be chosen to optimize the

economics of cutting operations as assessed by productivity, total

manufacturing cost per component or other suitable condition.

• The higher cost of NC machine tools, compared with their conventional

counterparts, has required us to operate these machines as efficiently as possible

in order to obtain the required payback.

• Novel materials of higher strengths and capabilities are being developed

continuously, and response characteristics are not only dependent on the cutting

parameters but also workpiece material. SKD 11 is one of appropriate material

which can be utilized in the purpose of excessive loads such as forging press

dies, die casting, and plastic mould dies, mandrels, punching tools, hot-worked

forging, extrusion, etc. The investigation of optimal machining parameters for

SKD 11 is thus very essential.

• Predicted optimal solutions may not be achieved practically using an optimal

setting of machining parameters suggested by any optimization technique. So,
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• all the predicted optimal solutions should be verified experimentally using a

suggested combination of machining parameters.

1.8   Objectives of the Present Investigation 

• Selection of the most suitable material for Blanking dies using a decision-

making approach.

• Investigation of the working ranges and levels of the WEDM process input

parameters using OFTA (one factor at a time approach).

• Experimental determination of the effects of the various process parameters viz

pulse on time, pulse off time, spark gap set voltage, peak current, wire feed and

wire tension on the performance measures like cutting rate, surface roughness,

MRR, dimensional deviation, overcut, and kerf width in WEDM process.

• Modeling of the performance measures using response surface methodology.

• Single response optimization of the process parameters of the WEDM process

using RSM and desirability function.

• Multi-objective optimization of the process parameters of the WEDM process

using desirability function in conjunction with RSM.

• Validation of the results by conducting confirmation experiments.

1.9 Phases of Research 

• Literature review

• Design of experiment

• Experimentation work

• Optimizing the results

1.9.1 Design of Experiment 

Response surface methodology (RSM) has been used for designing and planning the 

experiments. 

Pilot experimentation was carried out before designing the final experimentation, to 

explore the trends of influence of the various machining parameters (peak current, pulse on 

time, wire feed rate, pulse off time, wire tension and spark voltage) on the response 
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variables of interest (cutting rate, MRR, surface roughness, kerf width, and dimensional 

deviation). This helped in deciding the number of levels to be used (along with their 

values) for each factor. 

In contrast to the final experimentation, which employed the RSM technique for the 

planning of experiments (where two or more factors are simultaneously varied); the pilot 

experimentation was based on a “one factor at a time” approach. 

1.9.2 Experimentation work 

The experimentation has been done on CNC wire electrical discharge machining setup on 

SKD 11 as work material, so as to observe the impact of subsequent machining process 

parameters on MRR, CR, SR, DD, and KW. 

a) Peak current (IP)

b) Pulse on time (TON)

c) Pulse off time (TOFF)

d) Wire feed rate (WFR)

e) Wire tension (WT)

f) Spark gap set voltage (SV)

1.9.3 Optimizing the Results 

The results obtained have been optimized using the desirability approach. In this section, 

the model for single-objective optimization as well as multi-objective optimization have 

been developed by desirability function and to determine the optimal sets of WEDM process 

parameters for desired combinations of quality characteristics.  
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CHAPTER 2 

Literature Review 

By means of progression and improvements in novel advancements, low weight-high 

quality, high hardness, and temperature safe materials have been produced for unique 

applications, for example, aviation, medical, automobile, and so forth. In the machining of 

tough and composite materials, conventional machining processes are being progressively 

more supplanted by other non-conventional machining processes such as Electrical 

Discharge Machining. Because of the presentation of the WEDM procedure, it has 

advanced from a straightforward method for making dies and tools to the best option of 

creating smaller size parts by way of dimensional exactness and surface wrap up. 

Determination of right machining conditions is the most imperative perspective to be 

contemplated while machining a part. WEDM is an intricate machining process inhibited 

by a huge number of controlled parameters, for example, discharge frequency, wire 

electrode feed rate, pulse duration, dielectric flow rate, discharge current intensity, and so 

forth. Any slight change in the controlled parameters can influence the machining 

execution. Along these lines, definite data of the WEDM parameters and their impact on 

yield machining attributes ought to be accessible before forming any material into a helpful 

application. 

This literature surveys the examination work with an endeavor to comprehend and translate 

the past work on various aspects identified with EDM/WEDM. The literature is 

consequently reviewed underneath different categories as shown in Fig. 2.1. 
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FIGURE 2.1  Brief outline of past research
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2.1 Review on WEDM operations 

In the current scenario, WEDM is well-known as a vital process in several industries, in 

which importance is given to the accuracy, precision, and variety. To the best knowledge 

of authors, this technique was first introduced to the manufacturing firm in the late 1960s. 

The development of the process was the result of seeking a technique to replace the 

machined electrode used in EDM. In 1974, Dulebohn used the optical-line follower system 

to automatically control the shape of the parts to be machined by the process. Towards the 

end of the 1970s, when CNC (computer numerical control) system was incorporated into 

WEDM that brought about a main advancement of the machining process. By 1975 the 

popularity of the technique was rapidly increased as the process, and its capabilities were 

better understood by the industry. Researchers have attempted to discover the process 

capability of this system; still, the full potential utilization of this process is not 

enormously solved because of its difficult and stochastic nature and a large number of 

variables concerned with the process. 

This process was introduced in the late 1960s’ and has revolutionized the die and tool, 

mould and metalworking industries. This process is mainly in use for cutting operations 

though it is obvious that the process is also used for turning ,so-termed as wire electric 

discharge turning [6]. In cutting operation WEDM primarily employed either for a trim cut 

or rough cut [12], [13]. Sanchez et al. presented a systematic approach to predict the 

influence of process parameters on an angular error in WEDM taper cutting by design of 

experiments (DoE) techniques [14].   In 2015, Mohapatra and Sahoo utilized the technique 

for gear cutting of stainless steel and studied their micro-structural analysis[8]. In most 

recent work, Mohapatra, Satpathy, and Sahoo optimized the process parameters of WEDM 

like wire feed rate, pulse on time, servo voltage, wire tension and pulse off time to attain 

the greatest MRR and least value of surface roughness during the production of a fine pitch 

spur gear made of copper [15].   

2.2 Review on WEDM on work material 

In WEDM, the material is removed due to the progression of spark erosion in between 

workpiece and wire tool results in vaporization and fusion. This technique is suitable for 

producing any intricate shape in any conductive material regardless of the hardness of the
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 material [16]. To the best knowledge of researchers, this technique can be successfully 

employed for machining of steel and steel alloys [2], [3], [6], [8], [10], [17]–[31], Inconel 

series/alloys  [32]–[38] aluminium and aluminium alloys [39]–[42],  titanium and its alloys  

[5], [43]–[51], metal matrix composite [52]–[57],  nickel-base superalloys [58], [59],  and 

nanocomposite ceramic materials [60]. 

2.3 Review on Performance Measure of WEDM 

In WEDM process servo feed (SF), water pressure (WP), wire material, wire offset (Woff), 

wire tension (WT),  wire feed rate (WF), peak current (Ip),  servo voltage (SV), pulse-off 

time (Toff), pulse-on time (Ton)  are employed as input process parameters while surface 

integrity aspects, wire wear rate, kerf width, material removal rate (MRR), surface 

roughness (SR) are used as process responses. Since last decade, a number of efforts have 

been made by authors community to maximize the material removal rate, cutting speed, to 

minimize the surface roughness, kerf, dimensional deviation, residual stress, recast layer 

thickness, wire wear rate and to improve the surface integrity aspects by different 

approaches as these factors can help to significantly enhance the cost-effective payback in 

WEDM. 

2.3.1 Effects of process parameters on cutting speed 

Many different types of problem-solving quality techniques have been used to investigate 

the significant factors and their inter-relationships with the other variables in obtaining an 

optimal WEDM cutting speed.  

Jangra, Jain, and Grover optimized the performance characteristic in wire electrical 

discharge machining using the Taguchi method coupled with gray relational analysis. 

Performance characteristics, i.e. dimensional lag, surface roughness, and cutting speed, 

were investigated during the rough cutting operation. Process parameters (wire tension, 

pulse on time, wire-speed, peak current and pulse off) were investigated using mixed L18 

orthogonal array [13].  Shayan, Afza, and Teimouri investigated the effect of wire tension, 

discharge current, gap set voltage, pulse off time, and pulse on time on cutting velocity as a 

response during dry WEDM process of cemented tungsten carbide. They found a pulse on 

time, pulse off time and gap set voltage as significant model terms to improve cutting rate 
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[61]. Shandilya, Jain, and Jain described the RSM and BPNN based mathematical 

modeling for average cutting speed of SiCp/6061 Al metal matrix composite (MMC) 

during WEDM. Four WEDM parameters like wire feed rate, pulse off time, servo voltage 

and pulse on time had been chosen as machining process parameters. The performance of 

the developed ANN models was compared with the RSM mathematical models of average 

cutting speed [55]. Nourbakhsh et al. presented the impact of several input process 

parameters, i.e. wire tension, pulse current, servo reference voltage and pulse width on 

surface integrity, wire rupture, and cutting speed as a performance measure during wire 

electro-discharge machining of titanium alloy. It was also found that the cutting speed 

increases with peak current and pulse interval. [62]. Garg, Manna, and Jain presented an 

experimental examination of process parameters such as wire mechanical tension, wire 

feed rate, time between pulses, servo reference voltage, short pulse time and pulse width 

on performance measures as cutting velocity (CV) during machining of newly developed 

Al/10 % ZrO2(p) metal matrix composite (MMC). They found that pulse width, time 

between pulse, short pulse time and servo reference voltage were the most important factor 

affecting cutting velocity [56].  Aggarwal, Khangura, and Garg created the empirical 

modeling and analysis of various process parameters such as pulse-on time, pulse-off time, 

peak current, spark gap voltage, wire feed rate, and wire tension on cutting rate during 

machining of Inconel 718 on WEDM. It was observed that pulse-on time showed the 

highest percentage contribution (38.64 %), followed by spark gap voltage (27.93 %) and 

pulse-off time (20.78 %), to affect the cutting rate[36]. Chalisgaonkar and Kumar 

investigated the effect of key process parameters such as wire type (zinc-coated and 

uncoated brass wire), wire offset, servo voltage, wire feed, peak current, pulse off time and 

pulse on time on the performance measure of cutting speed after fine cutting of commercial 

pure titanium on WEDM [63]. Maher, Hui Ling, et al. presented the effect of cutting 

parameters on cutting speed of the WEDM process. It was concluded that the pulse on time 

and peak current were the most important parameters affecting the cutting speed,  where 

the wire tension had a minor effect on the cutting speed  [64]. V. Singh, Bhandari, and 

Yadav investigated the effects of process variables like wire feed, peak current, pulse on 

time, servo voltage and pulse off time on cutting rate in the WEDM machining of AISI D2 

steel by using L27 Taguchi’s orthogonal array and evaluated the experimental data by 

analysis of variance (ANOVA).  It was found that servo voltage,  pulse off time and pulse 

on time have a significant role in affecting the cutting rate [24]. Saedon, Jaafar, and 
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Yahaya studied the influence of three machining parameters, namely peak current, pulse 

off time, and wire tension to cutting rate followed by suggesting the best operating 

parameters towards good machining characteristics of titanium alloy (TI-6AL-4V) using 

full factorial experimental design. They concluded that peak current had an overwhelming 

influence on cutting rate compared to pulse off time and wire tension [50]. 

2.3.2 Effects of process parameters on material removal rate 

In WEDM the material erodes from the workpiece by a sequence of discrete sparks 

between the tool electrode and the work in the liquid dielectric medium. These electrical 

discharges melt and vaporize tiny amounts of the work material, which are then expelled 

and flushed away by the dielectric fluid. 

 

Dewangan et al. developed central composite based design of experimental in order to 

forecast and optimize the MRR of  WEDM process in machining of AISI D2 tool steel 

material with electrode as copper material  and three input factors as duty cycle(ζ),  pulse 

duration(Ton), and discharge current(Ip) [65]. Y. Chen and Mahdivian developed a 

theoretical model to estimate material removal rate of the workpiece   with different values 

of discharge current, pulse duration time and interval time. It was found that the discharge 

current and pulse duration was significant parameters affecting the material removal 

rate[66]. Tosun, Cogun, and Tosun explained optimizations as well as an experimental 

investigation of WEDM process parameters, i.e. dielectric flushing pressure, wire-speed, 

open-circuit voltage, pulse duration on MRR as response using Taguchi design of 

experiment. They were also done ANOVA to find a level of importance of input 

parameters on the response, and regression analysis was performed to model the MRR. 

they found open-circuit voltage and pulse duration were highly effective parameters on the 

MRR, whereas wire speed and dielectric flushing pressure were less effective factors.[67]. 

Hewidy, El-Taweel, and El-Safty developed mathematical models for correlating the 

interrelationships based on the response surface methodology (RSM) of various WEDM 

machining parameters of Inconel 601 material such as peak current, duty factor, wire 

tension and water pressure on the metal removal rate. They studied that the metal removal 

rate generally increased with the increase in the value of the peak current and water 

pressure. This tendency was valid up to the generation of arcing, after definite value, the 
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increased in the peak current leads to a decreased of MRR [68].  Mahapatra and Patnaik 

derived a relationship between control factors and MRR by means of nonlinear regression 

analysis, resulting in a valid mathematical model. They  found that dielectric flow rate and 

discharge current, and their interactions played a significant role during cutting operations 

for maximization of MRR[69]. Haddad and Tehrani presented an investigation on the 

effects of machining parameters on material removal rate (MRR) in cylindrical wire 

electrical discharge turning (CWEDT) process. CWEDT of AISI D3 (DIN X210Cr12) tool 

steel was studied by using of statistical design of experiment (DOE) method. The effects of 

EDM parameters such as pulse off time, voltage, spindle rotational speed, and power were 

analyzed on MRR by using analysis of variance (ANOVA). A model was developed for 

MRR by using response surface methodology (RSM) [70]. Ramakrishnan and 

Karunamoorthy developed an artificial neural network (ANN) model and multi-response 

optimization technique to predict and choose the most excellent process parameters for the 

WEDM process on Inconel 718 material. They used the Taguchi L9 OA design of 

experimental method for performing experiments with different process parameters such as 

delay time, ignition current, pulse on time and wire feed rate. They found a pulse on time, 

delay time and ignition current have most important than wire feed rate on response 

measures like MRR [71]. Datta and Mahapatra developed quadratic mathematical models 

of MRR using response surface methodology to signify the process behavior of WEDM. 

Experiments were conducted with six process parameters: dielectric flow rate, wire 

tension, wire-speed, pulse frequency, pulse duration, and discharge current to be varied in 

three levels. [72]. Alias, Abdullah, and Abbas uncover the influence of three different 

machine rates, which are 2 mm/min, 4 mm/min, and 6 mm/min with constant current (6A) 

with WEDM of Titanium Ti-6Al-4V. It was found that the material removal rate increased 

with the increase of machine feed rate [73]. Ghodsiyeh, Golshan, et al. studied the behavior 

of three control parameters base on the Design of Experiment (DOE) method during 

WEDM of titanium alloy (Ti6Al4V). A zinc-coated brass wire of 0.25mm diameter was 

used as a tool electrode to cut the specimen. Analysis of variance (ANOVA) technique was 

used to find out the parameters affecting the material removal rate (MRR).  They found 

that the peak current and pulse on time had a considerable role in increasing the MRR  

[74]. Malik, Yadav, and Kumar investigated the effect of controlled parameters during 

wire electro-discharge machining of tungsten carbide ceramic with zinc-coated brass wire 

on material removal rate. They analysed that the peak current was the highly critical factor 
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whereas the duty factor was the least significant parameter affecting the MRR [75]. 

Ghodsiyeh et al. investigated the behavior of three control parameters according to the 

design of experiment (DOE) method while WEDM of titanium alloy (Ti6Al4V). The 

sample was cut by an electrode instrument made of brass wire of 0.25 mm diameter. 

Analysis of variance (ANOVA) technique was used to find out the parameters affecting the 

material removal rate (MRR). They found that the peak current was significantly affected 

the MRR [47]. El‐taweel and Hewidy presented a study of the optimum selection of wire 

electric discharge machining (WEDM) conditions for CK45 steel. The feeding speed, duty 

factor, water pressure, wire tension, and wire-speed had been considered the main factors 

affecting WEDM performance criteria. The MRR was evaluated as process performances. 

They showed that the feeding speed and duty factor were the most vital factors controlling 

the MRR[19]. Lal et al. investigated the effect of wire electrical discharge machining 

process parameters such as wire drum speed, pulse off time, peak current and pulse on time 

on the material removal rate, while machining newly developed hybrid metal matrix 

composite (Al7075/7.5%SiC/7.5%Al2O3). It was found that pulse on time, pulse off time 

and pulse current were significant parameters. The pulse on time was the most significant 

parameter that contributed the maximum (46.04%) to the material removal rate followed 

by pulse current (34.72%), pulse off time (10.23. The wire drum speed had an insignificant 

effect on the material removal rate. [57]. Mohapatra and Sahoo worked with the 

microstructural analysis, and optimization of high-quality gears has input parameters as a 

pulse on time (Ton), pulse off time (Toff), wire feed rate (WF), and wire tension (WT). 

The objective was to optimize MRR of fine pitch spur gears made of stainless steel and 

study their microstructural analysis. The gear has a base diameter of 28.19mm, face width 

5.23mm, addendum diameter 36.66mm, pitch circle diameter 30mm and a pressure angle 

of 20°. The wire was made of brass and had a diameter of 0.25mm.They found that the 

maximum material removal rate occurred at low pulse on time and high pulse off time, 

wire feed rate and wire tension [8]. Bobbili, Madhu, and Gogia studied the effect of four 

controlled parameters on MRR during machining of basic grade aluminum alloy for armor 

applications. It was found that MRR was increased as a pulse on-time rise from0.85ms to 

1.25ms [42]. Dabade and Karidkar analyzed the machining conditions during WEDM of 

Inconel 718 by Taguchi L8 OA for material removal rate (MRR), surface roughness (SR), 

cutting width and dimensional deviation. They observed that pulse-on-time was the most 

influential factor for MRR, at 95 % confidence level [76]. Saedon, Jaafar, and Yahaya 
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studied the influence of three machining parameters, namely, peak current, pulse off time, 

and wire tension to material removal rate followed by suggesting the best operating 

parameters towards good machining characteristics of titanium alloy (TI-6AL-4V) using 

full factorial experimental design [77]. Mohapatra, Satpathy, and Sahoo optimized the 

process parameters like wire feed rate, pulse on time, servo voltage, wire tension and pulse 

off time to attain the greatest MRR during the production of a fine pitch spur gear made of 

copper using suitable method as Taguchi quality loss design technique and desirability 

with grey Taguchi technique. They analyzed that with the increase of wire feed rate, pulse 

on time, and wire tension, the loss function decreases. This was due to the fact that larger 

sparks cause the wire to move more quickly bearing a greater load to the wire, resulting in 

a decrease in the loss function. Increased in the pulse on-time results in faster cutting speed 

leading to different values of MRR.  [15]. Sadananda Chakraborty and Bose used entropy-

based grey relation analysis to identify the optimal cutting parameters: servo feed setting, 

pulse on time, peak current, corner angle, gap voltage, and pulse off time for MRR during 

WEDM process of Inconel 718 by Taguchi L27 OA design of experiments [38]. Sivaraman 

et al. analyzed the effect of various control parameters (wire tension, pulse off time, and 

pulse on time) of WEDM of titanium on the response parameters to get a higher metal 

removal rate using response surface methodology. It was found that wire tension, pulse off 

time and pulse on time  had significant factors affecting the MRR.  [51]. 

2.3.3 Effects of process parameters on surface roughness 

It is also a very important parameter whose value is required to be minimized. It is 

important to the finish cut of WEDM. To obtain good surface roughness, certain factors 

need to be controlled, and these are electrical parameters, dielectric fluid, workpiece 

material, etc. Researchers suggest that with an increase of discharge energy, the roughness 

of WEDMed surfaces also increases. As larger discharge energy will produce larger crater 

& hence larger value of surface roughness on the workpiece would be formed. So, a lot of 

research had been done in the past & it was suggested that Pulse on time and Peak current 

are the factors that most prominently affect the surface roughness. As Pulse on time & 

Peak current is increased, then surface roughness also increases because large & frequent 

spark is created along with large current will flow for a longer period of time. Gökler and 

Ozanözgü presented the effect of offset and cutting parameter arrangement for WEDM 
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process in order to acquire the desired surface roughness during machining of  1040 steel 

of thicknesses 30, 60 and 80 mm, and  2379 and 2738 steels  of thicknesses 30 and 60 mm 

[78]. Hewidy, El-Taweel, and El-Safty developed mathematical models for correlating the 

inter-relationships based on the response surface methodology (RSM) of various WEDM 

machining parameters of Inconel 601 material such as peak current, duty factor, wire 

tension and water pressure on surface roughness. It was found that surface roughness 

increased with the increase of peak current and decreases with the increase of wire tension 

and duty factor [68]. Kanlayasiri and Boonmung investigated influences of different wire 

EDM process parameters, i.e. pulse on time, wire tension, peak current, and pulse off time 

on surface roughness as response characteristics of newly developed DC 53 die steel by 

ANOVA techniques. Results showed that pulse-on time and peak current were important 

factors to the surface roughness. [29]. Ramakrishnan and Karunamoorthy developed 

artificial neural network (ANN) models and multi-response optimization techniques to 

predict and choose the most excellent process parameters for WEDM process on Inconel 

718 material to conduct experiments and brass wire of 0.25mm diameter as tool electrode. 

They used the Taguchi L9 OA design of experimental method for performing experiments 

with different process parameters such as delay time, ignition current, pulse on time and 

wire feed rate. They found a pulse on time, delay time and ignition current have most 

important than wire feed rate SR. [71]. Routara, Nanda, and Patra presented multi-response 

optimization of material removal rate and surface roughness under the controlled process 

parameters such as duty factor, gap voltage, wire feed rate, and gap current by the planned 

design of experiment as Taguchi L9 orthogonal array. The gray relation analysis was 

utilized for multi-response optimization techniques  to measure performance deviating 

from actual value [79]. Datta and Mahapatra developed quadratic mathematical models 

using response surface methodology to signify the process behavior of WEDM. 

Experiments were conducted with six process parameters: dielectric flow rate, wire 

tension, wire-speed, pulse frequency, pulse duration, and discharge current to be varied in 

three levels. Information related to the process responses viz. MRR, SF and kerf were 

calculated for each of the experimental trials [72]. Jangra, Jain, and Grover optimized the 

performance characteristic in WEDM using Taguchi method coupled with gray relational 

analysis. Performance characteristic i.e. surface roughness was investigated during rough 

cutting operation. Process parameter (peak current, wire tension, pulse on, pulse off, and 

wire speed ) were investigated using mixed L18 orthogonal array [80]. Alias, Abdullah, and 
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Abbas uncover the influence of three different machine rates, which are 2 mm/min, 4 

mm/min, and 6 mm/min with constant current (6A) with WEDM of Titanium Ti-6Al-4V. 

The effects of different process parameters on surface roughness were also discussed. They 

also concluded that spark gap voltage and wire tension were important parameters to 

obtain better surface finish. This was due to the increase of wire tension that reduces its 

vibration and improves the surface quality of the machined part.  [73]. Ghodsiyeh, Lahiji, 

et al. studied the behavior of three control parameters during machining of titanium alloy 

(Ti6Al4V). ANOVA was employed to recognize the level of significance of the machining 

parameters on the performance characteristics of surface roughness (SR). They found that 

peak current was the most affecting parameter on surface roughness followed by pulse on 

time [45]. Reddy, Reddy, and Reddy investigate performance characteristics of EN 19 & 

AISI 420 (SS420) steels during WEDM process. They had done experimentation by 

Taguchi techniques with four input parameters namely current, bed speed, pulse off and 

pulse on with response as surface roughness. They concluded that pulse on was the most 

affecting parameter on the surface roughness of both materials [30]. Rajyalakshmi and 

Venkata have investigated the influence of machining parameters of wire-EDM during the 

machining of Inconel 825. The analysis of surface characteristics like surface roughness of 

Inconel-825 was carried out, and an excellent Multiple linear regression model had been 

developed relating the process parameters, and machining performance indicate the 

suitability of the proposed model in predicting surface roughness [34]. Nayak and 

Mahapatra presented a multi-objective optimization method to determine the optimal 

controlled parameters of the WEDM process. Experiments had been conducted using six 

process parameters such as dielectric flow rate, wire tension, wire-speed, pulse frequency, 

pulse duration, and discharge current, each at three levels for obtaining maximum surface 

finish [81]. Sengottuvel, Satishkumar, and Dinakaran investigated the effects of five 

electrical discharge machine process parameters like flushing pressure, peak current, tool 

geometry, pulse off time, and pulse on time on surface roughness on machining of Inconel 

718 material by using copper electrode. The parameters were optimized using multi-

objective optimization technique of desirability approach and the significance of each 

parameter was analyzed by analysis of variance (ANOVA) [35]. Nourbakhsh et al. 

presented the impact of several input process parameters on surface integrity during wire 

electro-discharge machining of titanium alloy. It was found that surface roughness was 

increased with pulse width and decreased with a pulse interval [62]. Ikram et al. reported
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 the effect and optimization of eight control factors on surface roughness in wire electrical 

discharge machining (WEDM) process for tool steel D2. The experiment performed under 

different cutting conditions of wire feed velocity, dielectric pressure, pulse on-time, pulse 

off-time, open voltage, wire tension, and servo voltage by varying the material thickness. 

Analysis of variance (ANOVA) and signal-to-noise (S/N) ratio was used as statistical 

analyses to identify the significant control factors and to achieve optimum levels 

respectively. It was found that pulse on-time was the main essential factor affecting surface 

roughness [46]. Subrahmanyam, Professor, and Sarcar, n.d. have focused on optimizing the 

effects of eight input process parameters on surface finish during the machining of EN-31 

using Taguchi L36 (2137) orthogonal array (OA) as the design of experiments (DOE) [82]. 

Garg, Manna, and Jain investigated the effect of controlled input parameters like wire 

mechanical tension, wire feed rate, short pulse time, servo reference voltage, time between 

pulses and pulse width during machining of newly developed Al/10 % ZrO2(p) metal 

matrix composite (MMC) on performance measures such as surface roughness. They found 

that PW, TBP, SPT, and SCM- RV were the significant parameters for obtaining the 

lowest surface roughness [83]. S. K. Singh, Kumar, and Kuma analyzed the effect of three 

parameters on surface roughness of the Ti-6AL-4V alloy. They concluded that the current 

had a significant influence on the surface roughness followed by pulse on time. Pulse off 

time had the least effect on surface roughness [17]. Ghodsiyeh, Golshan, and Izman 

examined the behavior of four main control variables that incorporates servo voltage, peak 

current, pulse off time, and pulse on time during WEDMing of Ti6Al4 V as work material 

and tool electrode as zinc-coated brass wire of 0.25 mm diameter. They also had done 

ANOVA analysis to find out the ranking of parameters to effect surface roughness [48]. 

Rupajati et al. studied the optimization of surface roughness (SR) simultaneously in a wire-

EDM process by using the Taguchi method with fuzzy logic. Arc on time and open voltage 

were a significant effect on surface roughness of AISI H13 steel [84]. Sudhakara and 

Prasanthi explored the review of the research work carried out by various research workers 

with various methodologies and how the output parameters of the WEDM like surface 

finish were affected by the input process parameters like on time, off time, voltage, wire 

tension, wire feed, dielectric pressure. current, etc  [85]. Mathew, Babu, and others 

presented an effective Taguchi gray relation analysis to experimental results of WEDM on 

AISI 304, considering surface roughness as output responses. The input parameters used 

for optimization were pulse on time, pulse of time, servo voltage, wire feed, wire tension,
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 and dielectric pressure. The pulse on time was the most important parameter among others 

to affect surface quality  [2]. Lodhi and Agarwal employed analysis of variance to study 

the effect of varying wire feed, pulse on time, peak current and pulse off time on surface 

roughness of AISI D3 steel during machining with WEDM by Taguchi L9 OA design. It 

was found that the peak current was the most important factor in the surface roughness [3]. 

Zaman Khan et al. investigated the effect of the WEDM parameters on the surface 

roughness average and the microhardness of the high strength low alloy steel (ASTM 

A572-grade 50). Nine experimental runs based on an orthogonal array of Taguchi method 

were performed, and grey relational analysis (GRA) method was subsequently applied to 

determine an optimal WEDM parameter setting. The SI parameters, i.e. surface roughness 

and microhardness were selected as the quality targets. The pulse off-time was found to be 

the most influential factor for the surface roughness [86]. Shinde and Shivade focused on 

the effect of process parameters on surface roughness in WEDM of AISI D3 tool steel 

using the Taguchi method. The results obtained were analyzed for the selection of an 

optimal combination of WEDM parameters for proper machining of AISI D3 tool steel to 

achieve the better surface finish. They found that wire speed and pulse on time had the 

strongest correlation to surface roughness as compared to current and pulse on time [87]. 

Aggarwal, Khangura, and Garg created the empirical modeling of process parameters of 

the WEDM carried out for Inconel 718 using a well-known experimental design approach 

called response surface methodology. The parameters such as pulse-on time, pulse-off 

time, peak current, spark gap voltage, wire feed rate, and wire tension had been selected as 

input variables keeping others constant. The performance had been measured in terms of 

surface roughness. It was found that the pulse-on time and spark gap voltage were the 

major contributors for affecting surface roughness with percentage contribution of 61.22 

and 27.35 %, respectively [36]. Z. Zhang et al. examined the effect of controlled 

parameters on surface roughness of the tungsten tool YG15 during the WEDM process.  

They found that the pulse-on time, peak current and spark voltage were considerable 

variables affecting surface quality [88]. Chalisgaonkar and Kumar investigated the effect 

of key process parameters such as wire type (zinc-coated and uncoated brass wire), wire 

offset, servo voltage, wire feed, peak current, pulse off time and pulse on time on the 

performance measure of surface roughness after the fine cutting of commercially pure 

titanium on WEDM. They had performed ANOVA to predict the significant process 

parameters such as wire material, TON and wire offset for surface roughness during trim 
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cut process [63]. Bobbili, Madhu, and Gogia presented a comparative study of wire 

electrical discharge machining (WEDM) of armour materials such as aluminum alloy 7017 

and rolled homogeneous armour (RHA) steel using Buckingham pi theorem to model the 

input variables and thermo-physical characteristics of WEDM on surface roughness (Ra) 

of Al 7017 and RHA steel [42]. Kasim et al. analyzed the relationship between cutting 

parameter as variable input like voltage, current and feed rate and surface roughness as 

output. Analysis of variance (ANOVA) was used to study the identified parameters 

affecting the machined surface finish. It was found that voltage dominantly controls on Ra 

of both directions. The feed rate was not statistically significant [89]. Sivaraman, 

Eswaramoorthy, and Shanmugham explored the effect of cutting parameters of WEDM on 

TITANIUM, which was widely used in many aerospace and medical applications due to 

their high scientific benefits. Titanium was machined in wire cut EDM machine and the 

optimal combination of control parameters was found to get the higher surface finish using 

the Taguchi method [49]. V. Singh, Bhandari, and Yadav investigated the effects of 

process variables like wire feed, peak current, pulse on time, servo voltage, and pulse off 

time on surface roughness, in the WEDM of AISI D2 steel by using L27 Taguchi’s OA 

and evaluated the experimental data by ANOVA.  They found that servo voltage and pulse 

on time were the most influencing factors on SR [24]. Dabade and Karidkar (2016) 

analyzed the machining conditions during WEDM of Inconel 718 by Taguchi L8 OA for 

cutting width, surface roughness, dimensional deviation, and material removal rate. They 

observed that arc on time was the main influential factor for SR at 95 % confidence level, 

with 58.42 % of contributions. Along with this, servo voltage was observed to be the next 

significant parameter [76]. Saedon, Jaafar, and Yahaya studied the influence of three 

machining parameters, namely peak current, pulse off time, and wire tension to surface 

roughness followed by suggesting the best operating parameters towards good machining 

characteristics of titanium alloy (TI-6AL-4V) using full factorial experimental design [77]. 

Nilesh G Patil and Brahmankar developed semi-empirical model for surface finish (Ra) of 

ceramic particulate reinforced Al matrix composites based on WEDM process parameters, 

average ceramic particle size, material properties and volume fraction. The volume fraction 

and size of the particulates not only alters the thermal and physical properties of the 

resulting composites but also affected the process behaviour and machined surface 

morphology separately [90]. Çaydaş and Ay investigated of the effects of machining 

parameters as the injection pressure, pulse peak current and pulse on time on the surface 
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roughness of wire-electrical-discharge-machining of an annealed Inconel 718  nickel-based 

superalloy. They also described regression analysis to predict process parameters on 

cutting quality. The ANOVA highlighted that the  pulse peak current and pulse on time 

were significant factors affecting the SR [37]. Mohapatra, Satpathy, and Sahoo optimized 

the process parameters like pulse on time, wire feed rate, servo voltage, wire tension and 

pulse off time to attain the least value of surface roughness during the production of a fine 

pitch spur gear made of copper using suitable method as Taguchi quality loss design 

technique and desirability with grey Taguchi technique. They found that the wire feed rate 

was the most important factor according to taguchi loss function, while pulse off time was 

the most influencing factor as per gray relation grade  [15]. Pujara, Kothari, and Gohil 

explored the use of TLBO ( teaching-learning based optimization) as decision-making 

approach for selecting most affecting process parameters peak current, wire feed rate, 

servo voltage and pulse ON/OFF time on process response for maximization of surface 

finish during WEDM machining of LM6 aluminium alloy matrix [91]. Sadananda 

Chakraborty and Bose used entropy-based grey relation analysis to identify the optimal 

cutting parameters: servo feed setting, pulse on time, peak current, corner angle, gap 

voltage  and pulse off time for surface during WEDM process of Inconel 718 by Taguchi 

L27 OA design of experiments  [92]. Sivaraman et al. analyzed the effect of various 

control parameters (wire tension, pulse off time, and pulse on time) of WEDM of titanium 

on the response parameters to get the higher surface finish using response surface 

methodology [51]. 

2.3.4 Effects of process parameters on cutting width 

The wire and workpiece represent negative and positive terminal in a DC electrical circuit 

and always separated by an inhibited gap that is constantly maintained by the machine. 

This gap must always be filled with dielectric fluid, which acts as a cooling agent, an 

insulator, and also function as flushing in order to flush away the eroded particles from the 

work zone. During the wire cut process, the sparking occurs between the side and machine 

surfaces of the workpiece. The sparking area consists only of the front of the electrode 

diameter as it progresses into the cut while the clearance is equal to the spark length of the 

wire electrode. The side clearance is known as spark over-cut, and the total width of the 

machined opening is called the kerf width. [93]. Tosun, Cogun, and Tosun explained 
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optimizations as well as an experimental investigation of WEDM process parameters, i.e. 

open-circuit voltage, wire-speed, dielectric flushing pressure, pulse duration on kerf as 

response using Taguchi design of experiment. They were also done ANOVA to find the 

level of importance of input parameters on the response, and regression analysis was 

performed to model the kerf. They studied that open-circuit voltage and pulse duration 

were effective process parameters to obtain minimum kerf,  while   wire speed and flushing 

pressure were insignificant [94]. Mahapatra and Patnaik derived the relationship between 

control factors and responses as kerf by means of nonlinear regression analysis, resulting in 

a valid mathematical model. They found that factors like discharge current, pulse duration, 

and dielectric flow rate and their interactions had been found to play a significant role in 

rough cutting operations for minimization of cutting width [95]. Datta and Mahapatra 

developed quadratic mathematical models utilizing RSM to signify the process behavior of 

WEDM. Experiments were conducted with six process parameters: dielectric flow rate, 

wire tension, wire-speed, pulse frequency, pulse duration, and discharge current to be 

altered in three levels. Information related to the process response viz. kerf was calculated 

for each of the experimental trials. Apart from modeling and simulation, the application of 

a grey-based Taguchi technique has been utilized to evaluate optimal parameter 

combinations to achieve minimum width of cut, with the selected experimental domain. 

[72]. Alias, Abdullah, and Abbas uncover the influence of three different machine rates, 

which are 2 mm/min, 4 mm/min, and 6 mm/min with constant current (6A) with WEDM 

of Titanium Ti-6Al-4V. The effects of different process parameters on the kerf width was 

also discussed. They found that the kerf width decreased with an increase of machine feed 

rate [73]. Shandilya, Jain, and Jain presented optimization off four input process 

parameters during WEDM of SiCp/6061 Al metal matrix composite (MMC) using design 

of experiment as RSM. They found that voltage and wire feed rates were highly significant 

parameters, and pulse-off time and pulse on time had an insignificant effect on kerf [53].  

Rao and Krishna explored to foresee the importance of different process parameters to 

obtain a least conceivable kerf width while machining of Al7075/SiCP MMCs on wire 

electrochemical discharge machine. They also focused on GA to decide the best conditions 

of process parameters to obtain the least KW [54]. Nayak and Mahapatra presented a 

multi-objective optimization method to determine the optimal controlled parameters of 

WEDM process. Experiments had been conducted using six process parameters such as 

dielectric flow rate, wire tension, wire speed, pulse frequency, pulse duration, and 
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discharge current; each at three levels for obtaining the response like kerf. Taguchi L27 

orthogonal array was used to gather information regarding the process with a smaller 

number of experimental runs. The traditional Taguchi approach was insufficient to solve a 

multi-response optimization problem. In order to overcome this limitation, a multi-criteria 

decision-making method, TOPSIS was applied in this study [81]. Ikram et al. reported the 

effect and optimization of eight control factors on kerf in wire electrical discharge 

machining (WEDM) process for tool steel D2. The experiment performed under different 

cutting conditions of wire feed velocity, dielectric pressure, pulse on-time, pulse off-time, 

open voltage, wire tension, and servo voltage by varying the material thickness. They 

showed that the pulse on-time was a significant factor affecting the kerf [46]. Lusi et al., 

n.d. proposed the Taguchi based gray relation analysis and fuzzy logic to obtain the 

optimum process parameters for the least value of kerf. They  used SKD61 tool steel (AISI 

H13 as workpiece material [96]. Mohapatra and Sahoo optimized the process parameter 

that was kerf width of fine pitch spur gears made of stainless steel and studied their 

microstructural analysis. The value of kerf obtained from the experiment was optimized by 

principal component analysis [8]. Dabade and Karidkar analyzed the machining conditions 

during WEDM of Inconel 718 by Taguchi L8 OA for cutting width. They observed that 

pulse-on-time was the main influential factor for Kerf at 95 % confidence level, with 83.21 

% contributions. Along with this, they found the next significant parameter affecting the 

kerf was peak current [76]. Saedon, Jaafar, and Yahaya studied the influence of three 

machining parameters, namely peak current, pulse off time, and wire tension to kerf width 

followed by suggesting the best operating parameters towards good machining 

characteristics of titanium alloy (TI-6AL-4V) using full factorial experimental design. It 

was found that kerf width decreased with the decrease of peak current [77]. Diantoro and 

Soepangkat, n.d. explored the effect of different machining parameters like an arc on time, 

on time, off time, open voltage, and servo voltage on WEDM performance characteristic as 

cutting width (kerf) of Buderus 2379 ISO-B tool steel by using taguchi-grey- fuzzy logic 

method [97]. Çaydaş and Ay investigated the effects of machining parameters as the 

injection pressure, pulse peak current and pulse on time on the cutting quality as kerf width 

of WEDM of a nickel-based superalloy. They also described regression analysis to predict 

process parameters on cutting quality. They found that pulse peak current had high 

intensity effect on kerf width [37]. 
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2.3.5 Effects of process parameters on dimensional lag 

Jangra, Jain, and Grover optimized the response characteristics in WEDM by the Taguchi 

method and gray relational analysis.  They investigated dimensional lag as a response 

during the rough WEDM process. Process parameters (wire tension, pulse on time, wire 

speed and pulse off time) were investigated using mixed L18 OA [13]. Sudhakara and 

Prasanthi explored the review of the research work carried out by various research workers 

with various methodologies and how the output parameters of the WEDM like dimensional 

accuracy was affected by the input process parameters like off time, on time, voltage, wire 

tension, wire feed, dielectric pressure. current, etc   [85]. Dabade and Karidkar analyzed 

the machining conditions during WEDM of Inconel 718 by Taguchi L8 OA for 

dimensional deviation. They observed that arc on time was the most prominent factor for 

dimensional deviation with contributions of 36.11 %. Along with this, the peak current was 

observed to be the next significant parameter for DD [76]. 

2.3.6 Effects of process parameters on surface topography 

There are certain factors that influence surface integrity, and these are tool nose radius, 

cutting geometry, feed, depth of cut, so these factors may be considered as input process 

parameters. Surface integrity is associated with surface roughness and subsurface damage, 

microhardness, recast layer thickness and surface residual stress generated in machined 

surfaces. Hence for improving surface integrity of WEDM, surface roughness, surface 

cracks need to be given consideration. 

Çaydaş, Hasçalik, and Ekici created an ANFIS model for forecasting the white layer 

thickness as a function of the input process parameters. Open circuit voltage, wire feed 

rate, pulse duration, and flushing pressure were taken as model’s input features. They also 

combined the modeling function of fuzzy with an artificial neural network: and generated 

the set of rules from experimental data. The predictions of the model were compared with 

experimental results for verifying the approach [98]. Alias, Abdullah, and Abbas uncover 

the influence of three different machine rates, which are 2 mm/min, 4 mm/min, and 6 

mm/min with constant current (6A) with WEDM of Titanium Ti-6Al-4V. The effects of 

different process parameters on surface topography which was measured by  50 x 
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magnification microscope [73]. Liew, Yan, and Kuriyagawa proposed carbon nanofiber 

assisted micro electro-discharge machining, and experiments were performed on reaction-

bonded silicon carbide. The changes in surface topography and surface damage with 

carbon nanofiber concentration were examined.  They found that the mechanism of 

micropore formation on RB-SiC at the high carbon nanofiber concentration involves 

preferential removal of silicon binder, apart from the ejection of gases in EDM of metal 

materials. Carbon nanofibers were partially adhered to the workpiece surface, especially 

when a high concentration of carbon nanofibers was used [99]. Nourbakhsh et al. presented 

the impact of several input process parameters, i.e. wire tension, pulse current, servo 

reference voltage and pulse width on surface integrity, wire rupture, and cutting speed as a 

performance measure during wire electro-discharge machining of titanium alloy. They also 

examined the work surface on the scanning electron microscope to understand the effect of 

different wire material on work surface characteristics. They found that uncoated wire 

produced a surface finish with more craters, cracks and  melted drops [62]. Ghodsiyeh, 

Golshan, and Izman examined the behavior of four main control variables that incorporates 

servo voltage, peak current, pulse off time, and pulse on time  during WEDMing of Ti6Al4 

V as work material and tool electrode as zinc-coated brass wire of 0.25 mm diameter. They 

also had done ANOVA analysis to find out the ranking of parameters to affect the white 

layer thickness [48]. Sudhakara and Prasanthi explored the review of the research work 

carried out by various research workers with various methodologies and how the output 

parameters of the WEDM like surface finish, metal removal rate, dimensional accuracy 

and HAZ were affected by the input process parameters like off time, voltage, on time, 

wire tension, wire feed, dielectric pressure. current, etc  [85]. C. Zhang investigated the 

performance of various process parameters of WEDM on the surface integrity of hot-

pressed TiN/Si3N4 nanocomposite ceramics composites. The surface microstructures 

machined by the new process were examined with a scanning electron microscope (SEM), 

an energy dispersive spectrometer (EDS), and X-ray diffraction (XRD). It was found that 

the TiN/Si3N4 nanocomposite ceramics were removed by melting, evaporation and 

thermal spalling; the material from the wire electrode was transferred to the workpiece, and 

a combination reaction taken place during machining process [100]. Zaman Khan et al. 

investigated the effect of the WEDM parameters on the surface roughness average and the 

micro hardness of the high strength low alloy steel (ASTM A572-grade 50). Nine 

experimental runs based on an orthogonal array of taguchi method was performed and grey 

30 
 



Literature Review 

relational analysis (GRA) method was subsequently applied to determine an optimal 

WEDM parameter setting. The SI parameters, i.e. surface roughness and microhardness, 

were selected as the quality targets. They concluded from ANOVA results that the pulse 

off time is the mainly considerable parameter to affect the SI  [22]. Z. Zhang et al. 

investigated the effect and optimization of process parameters on surface integrity 

including white layer thickness and crack density during WEDM of tungsten tool YG15. 

Four input process parameters including pulse current, pulse-on time, water pressure, and 

feed rate were set during WEDM experiment, and three output characteristics including 

surface roughness (SR), white layer thickness (WLT), and surface crack density (SCD) 

were taken as the performance criteria of surface integrity. After the analysis of variance 

and interaction of process parameter, the results manifest that the peak current and pulse on 

time  had significant effect on the SR, WLT, and SCD, while feed rate and water pressure 

also had a good correlation with surface integrity but were not the most significant factors 

affecting the SI [101]. Chalisgaonkar and Kumar investigated the effect of key process 

parameters such as wire type (zinc-coated and uncoated brass wire), wire offset, servo 

voltage, peak current, wire feed, pulse off time and pulse on time on the performance 

measure of surface integrity, after the fine cutting of commercially pure titanium on 

WEDM. It was found from the scanning electron microscopy reveals that a smoother 

surface can be obtained while machining with lower TON, IP and wire offset coupled with 

uncoated brass wire. Energy dispersive x-ray indicates higher concentration of oxygen 

content on trim cut machined surface rather than rough cut [63]. Srinivasa Rao, Ramji, and 

Satyanarayana presented the parametric analysis of wire EDM process parameters on 

residual stresses of aluminum alloy using the Taguchi method. The experiment had been 

performed with three controlled parameter such as peak current, pulse on time and spark 

gap voltage. It was found that all the main control factors, TON, IP, and SV had shown 

significant effect [102]. P. Sharma, Chakradhar, and Narendranath studied the effect of 

different wire materials (i.e., hard brass wire, diffused wire, and zinc-coated wire) on 

WEDM performance characteristics such as surface topography, recast layer formation, 

residual stresses, and microstructural and metallurgical alterations of Inconel 706 

superalloy. They found that hard brass wire offers a low density of micro globules and 

melted debris under low discharge energy settings and improves the surface quality of the 

machined component compared to the zinc-coated wire. The hard-brass wire produces a 

relatively thin recast layer as that of zinc-coated wire. The residual stress analysis revealed 
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that hard brass wire offers comparatively less residual stresses on the machined 

components [103]. Diantoro and Soepangkat, n.d. explored the effect of five machining 

parameters on WEDM performance characteristics as recast layer (RL) of Buderus 2379 

ISO-B tool steel by using taguchi-grey- fuzzy logic method. They were found that on-time 

gives the highest contribution for reducing the total variation of the multiple responses, 

followed by off time, open voltage, servo voltage and arc on time. [25]. Azam et al. 

presented an experimental investigation to determine the main wire electrical discharge 

machining (WEDM) process parameters, namely pulse, wire-speed, power, pulse ratio and 

pulse on time, which contribute to recast layer formation in high-strength low-alloy 

(HSLA) steel using the factorial design of experiments. They were also done the analysis 

of variance for predicting the most suitable significant process parameter as pulse on time 

and wire-speed affecting recast layers [104]. Nilesh G Patil and Brahmankar developed a 

semi-empirical model for the surface finish (Ra) of ceramic particulate reinforced Al 

matrix composites based on WEDM process parameters, average ceramic particle size, 

material properties and volume fraction. The volume fraction and size of the particulates 

not only alters the thermal and physical properties of the resulting composites but also 

affected the process behavior and machined surface morphology separately. It was found 

that the machined surfaces of Al/SiC composites were dominated by the globules of matrix 

material. The presence of ceramic particles was significant on the machined surfaces of 

Al/Al2O3p composites. [90]. Çaydaş and Ay investigated the effects of machining 

parameters as the injection pressure, pulse peak current and pulse on time on the cutting 

quality as recast layer thickness during WEDM of an annealed nickel-based superalloy. 

They also described regression analysis to predict process parameters on cutting quality. It 

was found from the ANOVA results that injection pressure had little effect on the recast 

layer, while pulse on time and current  were the most considerable parameters affecting the 

recast layer [37]. 

2.4 Review on optimization and modeling techniques 

In the present era of automation, the application of modeling and optimization techniques 

was found ever-increasing for controlling the machining processes, as these techniques 

were equivalent to the incredible capability of the human mind in learning uncertainties.  A 

number of researchers attempted optimization and modeling of WEDM process applying 
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linear and non linear regression analysis [34], [67], [69], [105], [106], grey relation 

analysis [22], [79], [107], [108], taguchi based gray analysis [40], [41], [80], [109], 

response surface methodology  [6], [68], [74], [110]–[112], artificial neural network  [55], 

[98], [113]–[116], genetic algorithm [54], [69], [110], [115], [116],  fuzzy logic [25], [35], 

adaptive neuro-fuzzy inference system [64] ,  taguchi based utility approach [26] , 

hybridized RSM and NSGA-II [101] , pareto optimization [43], [117],  desirability 

function [43], [118], simulated annealing scheme [113] , data envelopment analysis [119] , 

principal component analysis [8], dimensionless analysis [120] and finite element analysis 

[115] to achieve the superior insight of the process. Mukherjee, Chakraborty, and Samanta 

studied, applied, and compared different non-traditional optimization methods, namely ant 

colony optimization, biogeography-based optimization, particle swarm optimization, 

genetic algorithm, sheep flock algorithm and artificial bee colony algorithms for single as 

well as multi-objective optimizations [121].  

2.5 Review on multi attributes decision-making method 

Wang and Chang proposed a fuzzy set multiple criteria decision-making approach for 

selecting the most suitable tool steel materials for a specific manufacturing application 

such as die design, jig, and fixture design [122] . Al-Harbi presented the analytical 

hierarchy process (AHP) as a potential decision-making method for use in project 

management. By applying the AHP, the prequalification criteria can be prioritized, and a 

descending-order list of contractors was made in order to select the best contractors to 

perform the project. A sensitivity analysis was performed to check the sensitivity of the 

final decisions to minor changes in judgments [123]. Chakladar and Chakraborty, n.d. used 

the TOPSIS and an AHP approach to select the most appropriate NTM process for specific 

work material and shape feature combination, while taking into account different attributes 

affecting the NTM process selection decision. They also included the design and 

development of a TOPSIS-AHP-method-based expert system that can automate the 

decision-making process with the help of a graphical user interface and visual aids. The 

expert system not only segregates the acceptable NTM processes from the list of the 

available processes but also ranked them in decreasing order of preference  [124]. Brauers 

et al. developed and implemented a methodology for multi-objective optimization of multi-

alternative decisions in road construction. After a rough overview of multi-objective 
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decision support for the assessment of road design alternatives, multi-objective 

optimization with discrete alternatives: MOORA was selected. This method went for a 

matrix of responses of alternatives on objectives, on which ratios were applied. This 

methodology was applicable to the problems with large numbers of scenarios and 

objectives  [125]. Shankar Chakraborty explored the application of an almost new MODM 

method, i.e., MOORA method, to solve different decision-making problems as frequently 

encountered in the real-time manufacturing environment. Six decision-making problems 

which include selection of (a) an industrial robot, (b) a flexible manufacturing system (c) a 

computerized numerical control machine, (d) the most suitable non-traditional machining 

process for a given work material and shape feature combination, (e) a rapid prototyping  

process, and (f) an automated inspection system were studied [126]. Maniya, Zaveri, and 

Bhatt performed the multiattribute evaluation of water jet weaving machines alternatives 

using AHP. The AHP had been used in weighting the importance of attributes depending 

upon the customer requirements  [127]. D. Singh and Venkata Rao proposed the use of 

hybrid decision-making methods of graph theory and matrix approach (GTMA) and the 

analytical hierarchy process (AHP) for solving problems of the industrial environment. 

Three examples were presented to illustrate the potential of the proposed GTMA-AHP 

method, and the results were compared with the results obtained using other decision-

making methods [128] . Görener, Toker, and Uluçay provided the basic outline of SWOT 

analysis in which to perform analysis of decision situations. They proposed to enhance 

SWOT analysis with a multi-criteria decision-making technique called analytic hierarchy 

process (AHP). AHP approach achieved pairwise comparisons among factors or criteria in 

order to prioritize them using the eigenvalue calculation [129] .Gadakh applied TOPSIS 

method for solving multiple criteria (objective) optimization problem in WEDM process. 

They also had been done a comparative analysis of outcome based on TOPSIS method 

with other decision-making methods derived by past researchers to find the applicability of 

this method in the present manufacturing environment  [130]. Dey et al. applied the fuzzy 

MCDM technique entailing MOORA in the selection of alternatives in a supply chain. The 

MOORA method was utilized to three suitable numerical examples for the selection of 

supply chain strategies (warehouse location selection and vendor /supplier selection) [131].  

Gaidhani and Kalamani presented a deep study of a newer non-conventional technique of 

machining, i.e., abrasive water jet machining and also  focus  on selection of various 

process parameters like-angle of impact, pressure inside the pumping system, abrasive 
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material type, stand-off distance, focusing tube diameter, nozzle speed, abrasive mass flow 

rate and target material properties for getting the required output like- depth of cut and cut 

quality for cutting stainless steel (Grade 304). With the help of the analytical hierarchy 

process technique, the selection of a few parameters were done which were comparatively 

more influencing  [132]. Gadakh, Shinde, and Khemnar applied MOORA method for 

solving multiple-criteria (objective) optimization problems in welding. Six decision-

making problems which include the selection of suitable welding parameters in different 

welding processes such as submerged arc welding, gas tungsten arc welding, gas metal arc 

welding, CO2 laser welding, and friction stir welding. In all these cases, the results 

obtained using the MOORA method almost corroborate with those derived by past 

researchers who proved the applicability, potentiality, and flexibility of this method while 

solving various complex decision-making problems in present-day manufacturing 

environment [133]. Chaturvedi et al. performed an experimental investigation of 

machining parameters on MRR in electrochemical machining operations on mild steel. 

They used the Taguchi experimental design method for conducting experimental trials 

under varying voltage, feed rate, and electrolyte concentration. They also had been 

performed the MOORA decision making approach for parametric optimization and find 

best [134]. Bose and Mahapatra focused on the die-sinking electric discharge machining 

(EDM) of AISI H13, W-Nr. 1.2344 Grade: for finding out the effect of machining 

parameters such as discharge current, pulse on time, pulse off time and spark gap (SG) on 

performance response like MRR, SR & overcut using square-shaped Cu tool with lateral 

flushing by ANOVA. These experimental data were further investigated using grey 

relational analysis to optimize multiple performances in which different levels combination 

of the factors were ranked based on grey relational grade  [135]. Chatterjee, Athawale, and 

Chakraborty solved the materials selection problem using two most potential multi-criteria 

decision-making (MCDM) approach and compares their relative performance for a given 

material selection application. The first MCDM approach was ‘Vlse Kriterijumska 

Optimizacija Kompromisno Resenje’ (VIKOR), a compromise ranking method, and the 

other one was ‘ELimination and Et Choice Translating REality’ (ELECTRE), an 

outranking method. These two methods were used to rank the alternative materials, for 

which several requirements were considered simultaneously. Two examples were cited in 

order to demonstrate and validate the effectiveness and flexibility of these two MCDM 

approaches  [136].
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2.6 Identified Gaps in the Literature  

After a complete investigation of the existing literature, a number of gaps have been seen 

in the machining of WEDM.  

• The majority of the researchers have researched the impact of a restricted 

number of input process parameters on the performance measures of WEDMed 

parts.  

• Technology outlines or operator instructional manuals are not accessible for 

viable machining of SKD 11 utilizing WEDM. In this way, there is a need to 

create optimal sets of process parameters fulfilling a number of performance 

measures such as kerf width, material removal rate, surface roughness, 

dimensional deviation, and cutting rate. 

• Also, the impact of machining parameters on SKD 11 has not been completely 

investigated utilizing WEDM with a brass wire of diameter 0.25 mm. 

• The multi-criteria decision-making approach for optimization of the WEDM 

process is another thrust area that has been given less consideration in past 

studies. 

• In order to solve the machining trouble, a number of process variables and their 

interaction require to be measured.  
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CHAPTER 3 

Experimental Design Methodology 

3.1 Introduction 

A scientific approach to plan the experiments is a necessity for the efficient conduct of 

experiments. By the statistical design of experiments, the process of planning the 

experiment is carried out, so that appropriate data will be collected and analyzed by 

statistical methods resulting in valid and objective conclusions. When the problem involves 

data that are subjected to experimental error, the statistical methodology is the only 

objective approach to analysis. Thus, there are two aspects of an experimental problem: the 

design of the experiments and the statistical analysis of the data. These two points are 

closely related since the method of analysis depends directly on the design of experiments 

employed. The advantages of design of experiments are as follows: 

• Reduce time to design/develop new products & processes

• Improve the performance of existing processes

• Improve the reliability and performance of products

• Achieve product & process robustness

• Perform evaluation of materials, design alternatives, setting component &

system tolerances, etc.

• The number of trials is significantly reduced.

A properly planned and executed set of experiments is of prime importance for deriving 

clear and accurate conclusions from the experimental observations. In the present work, the 

OFTA (one-factor time approach) for conducting  screening experiments [137] and the 

response surface methodology have been utilized to design the experiments and ensuing 

investigation of the information gathered. 
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3.2 One Factor Time Approach 

The one factor at a time (OFTA) approach is a method used to plan the experiments by 

varying one factor at a time, keeping all other factors at fixed levels [138].  This method is 

effective only when the emphasis is only to estimate the main effects of the factors on 

responses, provided the experimental error is not too large as compared to factor effects 

such as screening experiments where it is desirable to isolate insignificant factors. This 

method suffers from serious drawbacks that are given below: 

a) OFTA fails to address interactions existing between the parameters assuming that

each factor behaves independently.

b) OFTA takes into account the effect of only one parameter at a time. In the actual

machining process, the cumulative effects of different control factors yield the

output.

c) OFTA approach requires a greater number of runs to estimate the effect of factors

for the same precision as obtained in statistically designed experiments.

Thus, true optimal settings cannot be obtained when OFTA approach is followed for 

design of experiments.   

Keeping in view above mentioned limitations, Sir Ronald A. Fisher devised factorial 

experiment designs, which focus on simultaneous change in a number of factors at a time 

[138]. A very useful strategy named as design of experiments was established. Design of 

experiments (DOE) is defined as “A collection of mathematical and statistical techniques 

that are useful for modeling and analysis of problems in which a response of interest is 

influenced by several variables and objective is to optimize this response” [139]  . The 

research on experimentation strategies has been further propagated to full factorial designs, 

fractional factorial designs[137], response surface methodology (RSM) [138], [140], 

[141]and Taguchi methodology[142] by extracting maximum from the concepts of DOE. 

From the literature review, it shows that final experimentation and analysis was done by 

Taguchi or response surface methodology. But the Taguchi method has certain inherent 

weaknesses that are as follows: 
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a) The signal to noise ratio and loss function contain information concerning both

mean and the variability, and the singular effect of variables on these two measures

cannot be assessed.

b) A most critical drawback of the Taguchi method is that it does not account for

higher-order interactions between design parameters. Only main effects and two-

factor interactions are considered.

c) This methodology lacks in building mathematical models that describe how the

performance changes as a function of control and noise variables. Such

mathematical models not only provide a basis for developing an understanding of

the phenomenon of interest but are also required for suggesting directions for further

improvement.

d) Simultaneous optimization of more than one objective function cannot be carried

out; unless some other technique such as multi-criteria decision method is employed

on the already obtained results.

Detail comparisons between various methods of design of experiments have described in 

Table 3.1. 

TABLE 3.1 DOE methods vs. selection criteria 

Method 
Number of 

experiments 
needed 

Interaction between 
design variables 

Limitations When used 

Taguchi method Extremely low 
(L9) Poorly estimated 

Consider poorly 
nonlinear effect and 
interactions between 

variables 

At the beginning of 
a project, initial 
design (mostly) 

Full factorial 
design 

High 
27 Well estimated 

Expensive. 
Coms impractical for 

large number of 
variables (>5) 

Final design 

Fractional 
factorial design 

Low-Medium 
(9 for 

1/3 fraction) 
Depend on fraction Smaller fractions –less 

information Final design 

Response Surface 
Methodology Medium    15 Relatively well 

estimated Expensive Final design 
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3.3 Response Surface Methodology 
Response surface methodology (RSM) is a collection of statistical and mathematical 

techniques helpful for analyzing problems in which some independent variables influence 

a dependent variable or response, and the objective is to optimize this response [139]. In 

various experimental conditions, it is feasible to represent independent factors in 

quantitative form as given in. Then these factors can be considered as having a functional 

relationship with the response as follows:  

( )1 2,, ... k rY X X X eϕ= ±  
 

(3.1)
This represents the relation between response Y and x1, x2…xk of k quantitative factors. 

The function Φ is called response surface or response function. The residual er measures 

experimental errors [139]. For a given set of independent variables, a characteristic surface 

is responded. When the mathematical form of Φ is not known, it can be approximated 

satisfactorily within the experimental region by a polynomial. Higher the degree of 

polynomial better is the correlation, but at the same time, costs of experimentation become 

higher.  

For the present work, RSM has been applied for developing the mathematical models in 

the form of multiple regression equations for the quality characteristic of machined parts 

produced by the WEDM process. In applying the response surface methodology, the 

dependent variable is viewed as a surface to which a mathematical model is fitted. For the 

development of regression equations related to various quality characteristics of WEDM 

process, the second-order response surface has been assumed as:  
2

2
0

1 1 2

k k

i i ii i ij i j r
i i j

Y b b X b X b X X e
= = =

= + + + ±∑ ∑ ∑ (3.2) 

This assumed surface Y contains linear, squared and cross-product terms of variables xi‟s. 

In order to estimate the regression coefficients, a number of experimental design 

techniques are available. D. C. Montgomery has proposed that the scheme based on central 

composite rotatable design fits the second-order response surfaces quite accurately[141].
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3.3.1 Central Composite Design 

In this design, the standard error remains the same at all the points which are equidistant 

from the center of the region. This criterion of rotatability can be explained as follows: Let 

the point (0, 0, ---, 0) represent the center of the region in which the relation between Y 

and X is under investigation. From the results of an experiment, the standard error, er of Y 

can be computed at any point on the fitted surface. This standard error acts as a function of 

the coordinates xi’s of the point. Because of rotatability condition, this standard error is 

same at all equidistant points with the distance ρ from the center of the region, i.e. for all 

points, which satisfy the following equation:  
2 2 2 2
1 2 .... constantkX X X ρ+ + + = =  (3.3) 

Central composite rotatable design is subdivided into the following three parts: 

• Points related to 2k design, where k is the number of parameters and 2 is the

number of levels at which the parameters are kept during experimentation

• Extra points called star points positioned on the co-ordinates axes to form a

central composite design with a star arm of size α

• Few more points added at the center to give roughly equal precision for

response Y with a circle of radius one

The factor α is the radius of the sphere or circle on which the star points lie. With k ≥5 the 

experimental size is reduced by using half replication of 2k factorial design. With half 

replication, α become 2(k-1)/4. Also, no replication is needed to find error mean square 

since this can be found out by replicating the center points. The components of central 

composite second order rotatable design for a different number of variables are given in 

Table 3.2. A graphic representation of different points for the 3 variables is shown in Fig. 

3.1. 
TABLE 3.2 Component of Central composite design 

Variables (k) Factorial 
Points (2k) 

Star points 
(2k) 

Centre 
Points (α) Total (N) Value of  α 

3 8 6 6 20 1.682 

4 16 8 7 31 2.000 

5 16* 10 6 32 2.000 

6** 32* 12 9 53 2.378 
*Half replication. ** this raw is used in present work
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FIGURE 3.1 Central composite design for 3 factors[140] 

3.3.2 Estimation of the Coefficients 

As known previous, the regression equation representing the second-order response surface 

has been thought as Equation (3.2): 

 2
2

0
1 1 2= = =

= + + + ±∑ ∑ ∑


i

k k

i i ii i ij j r
i i i j

Y b b X b X b X X e  (3.4) 

Where Y is the estimated response, b’s are the coefficients, and xi’s are the independent 

variables.  

The method of least squares may be used to estimate the regression coefficients[140]. Let 

Xqi denote the qth observation of the variable Xi and N the total number of observations. 

Then the data for N observations in terms of various variables will appear as shown below: 

Y X1 X2 …. Xk X1
2 X2

2 …. Xk2 X1X2   ….. Xk-1Xk 

Y1 X11 X12 …. X1k X11
2 X12

2 …. X1k
2 X11X12 ….. X1k-1X1k 

Y2 X21 X22 …. X2k X21
2 X22

2 …. X2k
2 X21X22 ….. X2k-1X2k 

.    .    .   . 

.    .    .   . 

.    .    .   . 

YN XN1 XN2 …. XNk XN1
2 XN2

2 …. XNk
2 XN1XN2 ….. XNk-1XNk 

 

In terms of the qth observation, the Equation (3.2) can be written as: 
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Where, q = 1, 2… N  

The least square function is, 
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N
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=
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Hence from the Equation (3.6) 

 2

0
1 1 1 2

−
= = = =

 
= − − − 

 
∑ ∑ ∑ ∑



N k k k

q i qi ii qi ij qi qj
q i i i j

L Y b b X b X b X X  (3.8) 

 

This function is to be minimized with respect to b0, b1… This least-square estimate of b0, 

bi, bii,  and bij must satisfy the following set of equations: 
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There are P = k+1 normal equations, one for each unknown regression equation 

coefficient. Hence, by solving the above equations, the coefficients of the regression 

equation can be obtained. It is simpler to solve the normal equations if they are expressed 

in matrix form.  

The second-order response surface in matrix form may be written as: 

 Y X β ε= +  (3.13) 
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Where 
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N = Total number of experiments 

P = Total number of coefficients  

Y is an (N × 1) vector of the observations, X is an (N × P) matrix of the levels of the 

independent variables, β is a (P × 1) vector of the regression coefficients and ε is a (N × 1) 

vector of random errors.  

The least-square estimator is 

( ) ( )2

1

N

q
q

L Y X Y Xε ε ε β β
=

′′= = = − −∑ (3.14) 

This may be expressed as 

L Y Y X Y Y X X Xβ β β β′ ′ ′ ′ ′ ′= − − +  (3.15) 

Since X Yβ ′ ′   is a (1 × 1) matrix and its transpose will also be a (1× 1) matrix. Then 

( )X Y XYβ β′′ ′ ′=   

Hence the Equation (3.15) has been written as: 

2L Y Y X Y X Xβ β β′ ′ ′ ′ ′= − +  (3.16) 
The least-square estimates must satisfy 

2 2 0L X Y X X
β

β
β
∂ ′ ′= − + =
∂

 (3.17) 

This on simplification yields the values of different coefficients of regression equation as: 

( )

X X X Y

X X X Y

β

β

′ ′=

′′ ′=
(3.18) 

3.3.3 Analysis of Variance 

For the analysis of variance, the total sum of squares may be divided into four parts: 

• The involvement due to the first-order terms

• The involvement due to the second order terms
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• A “Lack of fit” component which measures the deviations of the response from 

the fitted surface  

• An experimental error which is obtained from the center points  

 
The general formulae for the sum of squares are given in Table 3.3, where N is the total 

number of experimental points, 0 0, ,sn Y Y   represent the total number of observations, sth 

response value, and mean value of response respectively at the center points of the 

experimental region. 

TABLE 3.3 Analysis of Variance for CCD[138] 

Sr. 
No. Source Sum of Squares Degree of Freedom 

1 First-order terms 
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3.3.4 Significance Testing of the Coefficients 

In order to find out the individual coefficients for importance, one has to set up a null 

hypothesis, which tests the estimated coefficients for the difference from its mean value 

using the student’s t-test. Where design is entirely randomized, it may be shown that the 

analysis of variance could be used rather than a t-test to compare two treatments. This is 

due to the reason that the one-tailed F-test with 1 and n degree of freedom (DOF) 

corresponds to the two-tailed t-test with n degree of freedom, i.e. t2 = F for 1 DOF. 
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Therefore, for the significance testing of individual coefficients F test with 1 and n0 degree 

of freedom has been used, where n0 is the total number of observations of the center point. 

The F ratio is given by:  

 

( )

2

0 21,
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e

b
c

F n
S

 
 
 =  (3.19) 

Where,  

ib  = Regression coefficient 

cii = Element of the error matrix ( ) 1X X −′   

Se = Standard deviations of experimental error calculated from replicating observations at 

zero levels as: 
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Where, 
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Ys =sth response value at the center 

This calculated value of F can be compared with the theoretical value of F at 95% 

confidence level. If for a coefficient, the computed value of F is greater than the theoretical 

value, then the effect of that term is significant. The insignificant second-order terms can 

be deleted from the equations, and the remaining co-efficient can be recalculated. 

3.3.5 Adequacy of the Model 

Once the coefficient has been estimated and tested for their significance, the estimated 

regression equation is then tested for the adequacy of fit as follows: 

a) 0y  Find the residual sum of squares as:  

 
( )

2

1
1

N

q q
q

S y y
=

= −∑  (3.21) 

 

Where qy ‘s are the observations at experimental points and qy   is the mean of all 

observations. N is the total number of observations and k is the total number of variables. 

The number of degrees of freedom for the residual sum of squares will be:  
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( )( )
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2 3
2

k k
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b) From repeated observations at the center point, the error sum of squares can be

found as

( )
0

2

2 0
1

n

s
s

S y y
=

= −∑ (3.22) 

Where ys is the Sth response value at the center point. 0y is the mean of all the responses at 

the center point, and n0 is the total number of experimental points at the center. The degree 

of freedom for error sum of squares is f2 = n0-1.  
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CHAPTER 4 

Experimentation 

4.1 Introduction 

The most advantageous use of the potentialities of WEDM process requires the choice of 

proper sets of machining process parameters. It can primarily be accomplished by 

interpreting the interrelationship between great numbers of process parameters and 

identifying the most favorable machining conditions because the process is random and 

complex in the environment. Hence, experimental trials are to be performed on a particular 

machine tool sequentially to comprehend the outcome of various process parameters on 

performance measures such as:  machining rate, MRR (material removal rate), SR (surface 

roughness), OC (overcut), DD (dimensional deviation), (WWR) wire wear ratio, RLT 

(recast layer thickness) and surface crack size density. 

In the present work, experiments are executed on a 4- axis Sprintcut-734 WEDM machine 

manufactured by Electronics India Ltd. Pune, India, as shown in Fig. 4.1, which is existing 

at Jay Tech Industries, Odhav, Ahmadabad.  Table 4.1 provides specifications of the 

selected machine tool. 

4.2  Specifications of Work Piece Material 

SKD 11 required for experimentation was procured from M/s Bansidhar steel Corporation, 

Rakhiyal, Ahmedabad. Table 4.2 shows the chemical composition of SKD 11. Blanking 

die material (SKD 11) can be supplied in an assortment of finishes, including the fine-

machined, pre-machined, and hot-rolled condition. It has wide-ranging practical 

applications in tools & dies making firms as such as manufacturing of blanking dies, 

forming dies, long punch, coining dies, thread rolling dies, extrusion dies and so on.
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4.3 Process Parameters of WEDM 

WEDM process is a difficult machining process controlled by a huge number of factors 

affecting the process. A change in a particular parameter may influence the process in a 

complex way. Therefore, a detailed and deep approaching into the process (input) factors is 

essential. Input process variables of wire EDM can be divided into two categories:  

a) Electrical parameters: spark gap voltage, pulse off time, peak current and pulse on

time.

b) Non-electrical parameters: wire tension, dielectric pressure and wire feed rate.

FIGURE 4.1 4-axes Electronica sprintcut-734 CNC WEDM
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TABLE 4.1 Specifications of 4-axis Electronica sprintcut-734 WEDM 

[Source: Electronica sprint cut machine tool manual] 

Electrical Specifications 

1 Connected load 15 KVA 

2 Input power supply 3 Phase, AC 415 V, 50 Hz 

3 Average power consumption 6 to 7 KVA 

4 Overload protection With SIEMENS contractor and 
3 phases thermal overload relay 

Mechanical Specifications 

1 Table size in mm 650 × 440 

2 Maximum work piece size in mm 600 × 780 × 200 

3 Main table traverse (X×Y) in mm 300 × 400 

4 Vertical table traverse (Z) in mm 225 

5 Maximum workpiece weight in kg 400 

6 Auxiliary table traverse (U×V) in mm ± 40 × ± 40 

7 Resolution in mm 0.0005 

8 Main table feed rate in mm/min 900 

9 Control of axis 
X, Y, U, V, Z simultaneous / 

independent 
10 Maximum taper cutting angle in mm ± 30.8 / 50 

11 Wire electrode diameter in nm 0.25 (Standard) 
0.20, 0.15 (Optional) 

TABLE 4.2 Chemical composition of SKD 11 

Element Standard  
(Max. Weight) 

Actual 
 (Max. Weight) 

C 1.40 – 1.60 % 1.55 % 

Mn 0.60 % max 0.35 % 

Si 0.60 % max 0.25 % 

V 1.10 % max 0.9 % 

Mo 0.7 -1.20 % 0.8 % 

Cr 11.0 -13.0% 12.0 % 

Fe Balance Balance 
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In addition, there are supplementary input parameters that can’t be controlled by the 

machine tool; however, they affect machining performance like the thickness of the 

workpiece, the electrical conductivity of workpiece, types of wires, and its diameter, the 

conductivity of the dielectric fluid. Table 4.3 shows controllable input parameters and their 

ranges of WEDM machine. 

TABLE 4.3 Process parameters and its range 

Sr. No. Name of Parameter Symbol Range 

1 Pulse on Time TON 100 – 131 mu 

2 Pulse off Time TOFF 00 – 63 mu 

3 Peak Current IP 10 – 230 A 

4 Wire feed rate WF 01 – 15 m/min 

5 Wire Tension WT 01 – 15 mu 

6 Spark Gap Voltage SV 00 – 99 Volts 

These controllable process parameters are discussed as follows: 

4.3.1  Pulse on Time (TON) 

It means the time during which current is permitted to flow per cycle. The main EDM 

process is effectively done during this time. The spark gap is bridged, the current is 

generated, and spark is generated. Increased pulse on time allows further heat to be 

submerged into the workpiece as the discharge energy increases. The particular pulse 

discharge energy increase with an enlarging TON period, resulting in a faster cutting rate. 

With high values of pulse on time, however, surface roughness is given higher. The higher 

discharge energy has an effect on wire performance as wire breaking takes place. The 

range of TON available on the wire electrical discharge machine is 100-131 (mu), which 

can be varied in steps of 1. The equivalent real values of TON are from 0.1μs to 1.65μs in 

steps of 0.05μs. A conversion table is provided in the company manual of the machine 

tools to convert machine units to actual units of TON, which shown in Appendix I (Table 

A). 

4.3.2  Pulse off Time (TOFF) 

It means the time between two successive sparks when the discharge energy is turned off. 

TOFF is the duration of the rest required for the deionization of the dielectric. These times
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 also allow the molten debris to solidify and to be drained away from the sparking gap. 

Higher the TOFF setting larger is the pulse off period.  With the lowest value of TOFF, 

there are extra numbers of discharges in a given period, enhancing to raise the sparking 

efficiency means to increase cutting speed.  With extremely low values of the TOFF 

period, frequently wire breaking occurs, resulting from reducing the efficiency of cutting. 

The range of TOFF available on the machine tool is 0 – 63 machine units in steps of 1. The 

conversation table is provided to convert machine units into actual units (2μs to 52μs in 

steps of 0.25μs to 2μs) which shown in Appendix-I (Table B). 

4.3.3  Peak Current (IP) 

It interprets the quantity of power used in WEDM. The current increases until it reaches a 

particular level during each TON, which known as peak current. Higher the peak current, 

superior discharge energy.  Raise the value of IP will increase the pulse discharge energy 

which further also increases the cutting speed. Moreover, extremely high peak current 

values lead to frequent wire breakage. The range of peak current available on the machine 

is from 10-230A in steps of 10A. 

4.3.4  Spark Gap Voltage (SV) 

It defines as a reference voltage for the actual gap voltage. Higher the servo reference 

voltage longer is the discharge waiting time. In order to obtain larger discharge waiting 

time, cutting speed need to be reduced, which create wider discharge gap. So, discharge 

conditions become more stable resulting good surface quality. If we set the small value of 

SV on the machine, which will narrow down the spark, which extends to the number of 

sparks per unit time. It increases the cutting rate, but at that time, the working gap becomes 

unstable, and frequently, wire breakage takes place. The range of SV can vary from 0 to 

99V in step of 1V accordingly machine tool manual. 

4.3.5  Wire Feed Rate (WF) 

It is defined as a rate at which the fresh wire is fed constantly for sparking. Wire electrode 

contributes 70% of the machining cost in WEDM. Thus, to achieve the economy, the lower 

wire feed rate is recommended. However, frequent wire breakage is observed when the 

WF is reduced below 5m/min. Higher values of WF (above 6m/min) require higher pulse

52 
 



Experimentation 

 power when the cutting rates are higher [Electronica sprint cut machine manual]. Wire 

feed setting is available in the range of 1m/min to 15 m/min in step of 1 m/min in the 

selected machine tool. 

4.3.6  Wire Tension (WT) 

It is defined as a gram-equivalent load with which the continuously fed wire is kept under 

tension so that it remains straight between the wire guides. The range of wire tension is 

varying from 1mu to15mu in steps of 1mu according to the machine tool manual. The 

conversation table is provided in the machine tool manual to convert machine units into 

actual units of WT which is shown in Appendix-I (Table C). A higher value (above 10mu) 

of wire tension may cause frequent wire breakage due to large tensile force. Smaller value 

(less than 5mu) may produce inaccurate parts due to slack of wire, 

4.3.7  Flushing Pressure (WP) 

The function of the dielectric fluid is to flush away the debris produced during cutting and 

to maintain the workpiece and wire to cool during machining. Flushing pressure can vary 

from 0 to15 kg/cm2 in the step of 1 kg/cm2 in the WEDM machine. Larger flushing 

pressure is required for cutting thick jobs as well as cutting with large pulse power. Low 

flushing pressure is required for cutting thin jobs and for making the trim cut. 

The above discussion uncovers that a large number of process (Input) parameters decide 

machine performance like productivity and quality aspects. The effect these process 

parameters may vary from different to a different material that has different mechanical, 

physical, electrical and thermal properties.  Past research shows that the wrong parameter 

setting may adversely affect the performance of machine tools as frequently wire breakage. 

This causes the most serious problem to obtain a productive and quality aspect for a 

particular material. It is essential to study the effect of the individual input parameter on 

the performance criteria, which mean to separate the input parameters, actually affecting 

the machining performance. Hence, there is necessary to choose a range of the selected 

process parameters to avoid unusual discharge conditions, as well as wire breaking, which 

occurs during machining of particular materials. These necessitate carrying out primary 

analysis following a one-factor-at-a-time approach (OFTA), and it is described in the 

following sections
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4.4 Response Parameters 

There is a number of important machining characteristics in die-cutting with WEDM, 

which must be optimized for better performance and economy. In the present work, 

various machining characterizes has been investigated. These are discussed below: 

4.4.1 Cutting Rate 

Cutting rate is defined as a rate at which material removed from the workpiece. It can be 

expressed as mm/min. During WEDM, the cutting rate is a desirable characteristic, and it 

should be as high as possible to give the least machine cycle time leading to increased 

productivity.  

4.4.2 Material Removal Rate 

The material removal rate of the workpiece is defined as the volume of material removed 

from the workpiece per minute. It can also be expressed as mm3/min. The material removal 

rate in cutting describes the total manufacturing time, and therefore, it overall affect the total 

cost of cutting. 

4.4.3  Surface Roughness 

Roughness is often a good predictor of the performance of a mechanical component, since 

irregularities in the surface may form nucleation sites for cracks or corrosion. Therefore, 

the roughness of the machined surface should be as small as possible. The SR value is 

measured in terms of the micrometer (μm) as an arithmetic average of all departure of the 

roughness profile from the centreline of the evaluation length. 

4.4.4 Dimensional Deviation 

The dimensional deviation is an important measure of performance, knowledge of which is 

very much essential to achieve a close dimensional control in WEDM. The profile traced 

by wire and the workpiece is not similar. The upright distance between the actual profile 

and the profile followed by the wire is equivalent to half of the width of the cut. Therefore, 

the actual job produced is either small or larger depending upon the job is a punch or die.
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4.4.5 Kerf Width 

It is the measure of the amount of the material that is wasted during machining and 

determines the dimensional accuracy of the finishing parts. The internal corner radius to be 

produced in WEDM operation is also limited by the kerf width. 

4.5 Pilot Experimentation 

Pilot experimentation is carried out by conducting experiments that are planned using 

OFTA. According to OFTA, one process parameter is incremented while other parameters 

are kept at the central levels of their available ranges. This approach is beneficial for 

studying the effect of individual parameter on the response functions. 

 

The experiments are performed on 4 axis Electronica Sprintcut-734 WEDM machine 

available at Jay Tech Industries, Odhav, Ahmedabad. The various input process parameters 

are varied during the experimentation viz. TON, IP, TOFF, WF, WT, and SV. So as to 

study their effects on cutting speed and surface roughness. There are other parameters that 

are kept constant throughout the experimentation, as shown in Table 4.4.  
TABLE 4.4 Uncontrolled parameters 

Sr. No. Process Parameters Units Fixed Operating Conditions 

1 Work material - SKD 11 

2 Work material size mm 150 x 150 x 10 

3 Electrode material - Brass wire (0.25mm Dia.) 

4 Electrode polarity - Negative 

5 Dielectric pressure kg/cm2 7 

6 Dielectric fluid - Deionised water 

7 Working temperature °C 25 

8 Conductivity of dielectric Mho + 20-24 
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4.5.1 Procedure for Pilot Experimentation 

Experiments are conducted on SKD 11 through OFTA (one factor at a time approach). The 

following steps are followed: 

1) The workpiece is clamped on the x-y table of the machine tool and checked using a 

dial indicator for any perpendicularity errors. 

2)  The wire is made vertical using a verticality block. 

3) To set the working coordinate system (WCS), a reference point on the ground edge 

of the workpiece is selected. 

4) The tool path for movement of wire is designated by developing a computer 

program using ELCAM software supplied by the Electronica machine tool 

manufacturer. 

5)  The machine is jogged by manually to the point where cutting should start. Zero is 

set at the point where initial sparking starts. 

6)  Process parameters are set at the specified levels, and 10 mm length of straight cut 

is made on an SKD 11 plate. This cut length of 10 mm is utilized for recording of 

cutting rate data and measurement of surface roughness. The cut section of length 5 

mm separates the two consecutive experiments. Fig. 4.2 indicates the view of the 

SKD 11 plate after performing all preliminary experiments.  

7) The rate of cutting is directly displayed on the monitor of the machine, which is 

noted at distances of 2.5mm, 5mm, and 7.5mm from the initialization of cut when 

cutting is stabilized properly. The average of the above three readings is taken as the 

cutting rate. The centerline average (CLA) surface roughness parameter (Ra) is used 

to quantify the surface roughness of the machined surface. Ra is measured using a 

contact type Mitutoyo surftest SJ -410 roughness tester, having a least count of 

0.001 μm. The cut-off length is 0.8 mm, and the evaluation length is 4 mm. Ra is 

measured at three places perpendicular to the direction of cut, and the mean of the 

three readings denotes average surface roughness. Fig. 4.3 shows the set up for 

measurement of surface roughness. 

The above procedure outlined from (6) to (7) is followed for assessing the effect of each 

input parameter. The following section describes the effect of each input process parameter 

on cutting speed and surface roughness. 
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FIGURE 4.2 SKD 11 plate after pilot 
experiments 

FIGURE 4.3 Set up for surface roughness 
measurement 

4.5.2 Effect of Process Parameters on CR (Cutting Rate) and SR (Surface 
Roughness) 

The effect of individual process parameter on cutting rate and surface roughness is 

discussed, which is as follows: 

4.5.2.1  Effect of Pulse on Time (TON) 

TON is increased from 105mu to 120 mu keeping all other parameters at their center 

values (TOFF =50mu; IP=160A; WT=8mu; WF=8m/min; SV=50Volt; SF=2050). Fig. 4.4 

(i, ii) shows the effect of TON on cutting rate and surface roughness. The cutting rate 

increases practically in a straight line with the increase in the pulse on time, as shown in 

Figure. 3a. It was not possible to do machining beyond TON >130 mu because frequent 

wire breakage occurs. Fig. 4.4 (i) clearly reveals that the average cutting rate increased 

from 1.37 mm/min to 1.7 mm/min. It is concluded that with higher TON, larger discharge 

energy is existing at the machining zone, which causes more rapidly erosion of 

material[33]. The surface roughness increased from 1.675μm to 2.531μm as shown in Fig. 

4.4 (ii). This is attributed that with higher Ton, deep craters are created on the workpiece 

surface due to concentrated heating effect, thus increasing the surface roughness[29].
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(i) (ii) 

FIGURE 4.4 (i, ii) Effect of pulse on time (TON) on cutting rate and surface roughness 

(TOFF= 50mu, IP= 160A, WP= 8 kg/cm2, WT= 8mu, WF= 8 m/min, SV=50V) 

4.5.2.2 Effect of Pulse off Time (TOFF) 

Pulse off time is increased from 36 mu to 60 mu and keep other parameters at their mid 

values (TON=118 mu; IP = 160A; WT = 8mu; WF = 8m/min; SV= 50 Volt; SF = 2050). 

Fig. 4.5 (i, ii) displays the effect of pulse off time on cutting rate and surface roughness. It 

reveals that with an increase in TOFF from 36 mu to 60 mu, the usual cutting rate 

decreases from 2.55 mm/min to 1.09 mm/min. With a lower value of TOFF at 36 mu, the 

cutting rate increases with more number of discharges and increase in the sparking 

efficiency. The average surface roughness decreases from 3.963 μm to 1.67 μm. With an 

immense value of TOFF, the machining stability is enhanced, and the arcing is prohibited, 

resulting in the creation of shallow crater on the surface of the workpiece. Consequently, 

the surface roughness decreases [98].  
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FIGURE 4.5 (i, ii) Effect of pulse off time (TOFF) on CR (cutting rate) and (SR) surface roughness. 
(TON=118 mu; IP= 160A; WF =8m/min; WT= 8mu; SV= 50Volt) 

4.5.2.3 Effect of Peak Current (Ip) 

IP is varied from 40 A to 220A, while other parameters are set at (TON=118 mu; TOFF = 

50mu; WT= 8mu; WF =8m/min; SV= 50 Volt; SF=2050). Fig. 4.6 (i, ii) show the effect of 

peak current on cutting rate and surface roughness. It clearly indicates that the cutting rate 

improves from 0.45 mm/min to 2.01 mm/min as the IP is increased from 180A to 230A 

correspondingly. For these reasons an increase in IP lead to an increase in pulse discharge 

energy, which in turn improves cutting rate [143] as well as deteriorates the surface finish 

[31]. Fig. 4.6 (ii) depicts the effect of IP on surface roughness. It shows that as IP is 

increased from 40 A to 220A, surface roughness increases from 0.578 μm to 3.175 μm. 
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FIGURE 4.6  (i, ii) Effect of peak current (IP) on CR (cutting rate) and SR (surface roughness). 
(TON=118mu; TOFF= 50mu; WT= 8mu; WF =8m/min; SV= 50Volt)
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4.5.2.4 Effect of Wire Tension (WT) 

WT is increased from 2-10 mu and other parameters are kept at (TON=118 mu; TOFF= 50 

mu; IP = 160 A; SV= 50 Volt; WF =8m/min; SF=2050). Fig. 4.7 (i, ii) illustrates the effect 

of WT on cutting rate and surface roughness. It highlights that WT is increased from 2-12 

mu, negligible effect on the cutting rate as an increase from 1.83 mm/min to 1.78 mm/min, 

and surface roughness also increases from 2.20 μm to 2.31 μm. The cutting rate and 

surface roughness remain constant throughout with the increase in WT [143]. It was not 

possible to perform cutting beyond WT >10 mu because of the wire slipping. 
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FIGURE 4.7 (i, ii) Effect of Wire tension (WT) on CR (cutting rate) and SR surface roughness) (TON=118 
mu; TOFF= 50mu; IP = 160 A; WF =8m/min; SV =50Volts) 

4.5.2.5 Effect of Wire Feed rate (WF) 

WF is increased from 2 to12 m/min while other parameters are kept at (TON=118 mu; 

TOFF= 50 mu; IP = 160 A; WT =8m/min; SV= 50 volt; SF=2050). Fig. 4.8 (i, ii) shows 

the result of WF on cutting rate as well as on surface roughness. Fig. 4.8 (i) shows that 

there is negligible effect of WF on cutting rate as WF increase from 2-12 mu, the cutting 

speed varied from 1.86 mm/min to 1.81 mm/min Whereas surface roughness is varied from 

2.44 μm to 2.25 μm when the WF is increased from 2m/min to 12m/min[33], [144].
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FIGURE 4.8 (i, ii) Effect of wire feed (WF) on CR (cutting rate) and SR surface roughness). (TON=118 mu; 

TOFF= 50mu; IP = 160A; WT =8mu; SV =50Volts; SF=2050) 

4.5.2.6 Effect of Spark Gap Set Voltage 

To discover the cause of SV on cutting rate (CR) and surface roughness (SR), SV is 

increased from 10V to 80V and other parameters are set at (TON=118 mu; TOFF= 50mu; 

IP = 160 A; WT= 8mu; WF =8m/min; SF=2050). Fig. 4.9 (i, ii) highlights the effect of 

spark gap voltage on cutting rate and surface roughness. Fig. 4.9 (i) reveals that as SV is 

increased from 10V to 50V, an increasing trend in cutting rate is observed from 1.35 

mm/min to 1.57 mm/min, respectively. and beyond the SV increased from 60V to 80V, a 

decreasing trend in cutting rate observed [2]. On the opposing, as SV is varied from 10V to 

80V, the surface roughness is declined [145] from 3.418 μm to 1.458 μm as shown in Fig. 

4.9 (ii). Due to the increase of SV, the gap between two successive arcs became wider 

which results in a smaller amount of discharge energy produced per unit time.  
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FIGURE 4.9 (i, ii) Effect of spark gap set voltage on cutting rate and surface roughness. (TON=118 mu; 
TOFF= 50mu; IP = 160 A; WT= 8mu; WF =8m/min; SF=2050) 

It is observed from Fig. 4.4 to Fig. 4.9 that, cutting rate, as well as surface roughness in 

WEDM of SKD 11, is mainly affected by pulse on time, pulse off time, peak current and 

spark gap voltage. Wire tension and wire feed feebly effects on cutting rate, whereas a 

moderate influence of these on surface roughness was observed. 

 

Thus, the parameters that affect the cutting rate and surface roughness, i.e. TON, TOFF, IP, 

WF, WT, and SV, are selected to carry out further investigation on WEDM of SKD 11. 

Table 4.5 lists these parameters and their selected ranges. 

TABLE 4.5 Process parameters and their ranges 

Sr. 
No. Process Parameters Symbol 

Range (Machine 
Units) 

Range 
(Actual Units) 

1. Pulse on time TON 110-120 0.6 - 1.35 μs 

2. Pulse off time TOFF 50 - 58 14 – 38 μs 

3. Peak current IP 160 - 200 A 

4. Spark gap voltage SV 10 - 50 V 

5. Wire feed WF 4 -10  m/min 

6. Wire tension WT 4 - 10 500 – 1400 gram 

4.6  Main Experimental Plan 

In the present study, experiments are planned by response surface methodology as a central 

composite design (CCD) approach using Design Expert 7.0® software. In the present 

work, as there are six control factors, as shown in Table 4.5 are consider for construction 
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of the design of experiment by CCD. The selected process variables in terms of coded and 

actual value were varied up to five levels as per the given in Table 4.6.  The coded value of 

variables used in Table 4.6 and Table 4.7 was found by the following Equation (4.1). 

max

v avg

avg

A A
CodingVariable

A A
−

=
−

(4.1) 

Where vA = Actual value of variable, avgA = value of variable at zero level, 

maxA  = maximum value of variable.  

RSM was used to develop second-order regression equations relating response 

characteristics and process variables. A CCD has three groups of design points :(a) two-

level factorial or fractional factorial design points (b) axial points (sometimes called "star" 

points)(c)  center points[141]. The two-level factorial part of the design consists of all 

feasible combinations of the +1 and -1 levels of the factors. The star points have all of the 

factors set to 0, the midpoint, except one factor, which has the value +/- alpha (α). Center 

points, as implied by the name, are points with all levels set to coded level 0 - the midpoint 

of each factor range:(0, 0). Center points are usually repeated 4-6 times to get a good 

estimate of an experimental error (pure error). For k parameters, 2k star points and one 

central point are added to the 2k full factorial, bringing the sample size for the central 

composite design to 2k +2k+1. Thus in 52 design points are generated. It is planned to 

carry out experiments with one replication. Thus, in total, 104 experiments are planned to 

be carried out. 

TABLE 4.6 Experimental parameters settings (central composite) 

Coded 
Factors 

Real 
Factors Parameters 

Levels 

-α -1 0 +1 +α 
A Ton Pulse on time 110 112 115 118 120 
B Toff Pulse off time 50 52 54 56 58 
C IP Peak current 160 170 180 190 200 

D SV Spark gap set 
voltage 10 20 30 40 50 

E WF Wire feed rate 4 6 7 8 10 
F WT Wire tension 4 6 7 8 10 

Experiments are conducted on a 4- axis Electronica Sprintcut-734 CNC Wire cut machine 

according to the CCD, as illustrated in Table 4.7. Table 4.4 provides detail of parameters 

and their values/ range/type that is kept at as fixed during main experimentation. A circular 

plate of 150 mm diameter with 12 mm thickness is taken as a workpiece. The plate is fixed 

on the machine table, and the machine setting is done as discussed in section 4.4.1. An 
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8mm x 8mm square cut is taken on the workpiece. Fig. 4.10 shows the path followed by 

wire. Wire enters into the workpiece at point A. It moves beside ABCDA and exits the 

workpiece from A. CNC code for cutting is generated using ELCAM software supplied by 

the manufacturer. During entire machining conditions, the wire offset is set to zero. 

 

FIGURE 4.10 Wire Path 

In order to compute the mean cutting rate, instant cutting speed is noted at a separation of 

2.5mm, 5mm, and 7.5mm from the initiation of cut along a particular length beside AB, 

BC, and CD. This is done to ensure that readings are noted only when cutting is stabilized 

properly. Average of the readings obtained so provide average cutting rate. The surface 

roughness of the piece that is cut from the workpiece plate is measured by utilizing contact 

type Mitutoyo surftest SJ -410 roughness, as discussed in section 4.4.1. Four readings of 

surface roughness (Ra) upright to the direction of cut are taken along ABCDA, and the 

average of these readings gives mean surface roughness. MRR decides the financial 

aspects of machining and production rate. It is found by the subsequent Equation (4.2) 

[42]. 

 MRR (mm3/min) = Average machining rate × thickness of plate × width of cut (4.2) 

Width of cut = (Ds-As) 

Ds = Desired workpiece size = 10 mm, As = Actual workpiece size obtained after 

machining, which is measured using digital vernier caliper with a least count of 1µ. It is 

measured at two random places on sides AB, BC, and CD, and an average of these six 

values represents the actual size of the workpiece. The dimensional deviation is an 

important measure of performance, knowledge of which is very much essential to achieve 

a close dimensional control in WEDM. Dimensional Deviation is found by the following 

relation [7]. 

 Dimensional deviation = 0.5 × (width of cut) (4.3) 
The profile traced by wire and the workpiece is not similar. The upright distance between 

the actual profile and the profile followed by the wire is equivalent to half of the width of 

the cut. Therefore, the actual job produced is either small or larger depending upon the job 
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is a punch or die. In the current investigation, the job has been considered as a square 

punch. The dimensional deviation of the square punch is equivalent to half the width of the 

cut. The dimensional deviation is estimated utilizing a vernier caliper (Mitutoyo) having 

least count 0.001mm. The overcut as shown in Fig. 4.11was determined as[43]: 

Overcut (δ) = dimensional deviation (DD) – 0.5×wire diameter (d) (4.4) 

DD = 0.5(WP-Wa) 

Where, Wp = Programmed path, Wa = Actual job profile. 

The kerf is measured using the infinite focus alicona machine as the sum of the wire 

diameter and twice wire – workpiece gap[116]. The kerf value was expressed in three 

different spots and each spot will give ten readings; the average of these readings will be 

taken as kerf width. 

KW= D+2δ (4.5) 
Each time a trial is performed, a particular set of parameter combinations is chosen, and 

the workpiece is cut as per Fig. 4.10. Table 4.7 and Table 4.8 summarizes the results 

obtained for 54 experiments with one replication. 

FIGURE 4.11 Overcut profile 

FIGURE 4.12 Kerf width measurement [5] 

4.7     Experimental set-up 

The workpiece material in the form of a circular plate having a 150mm diameter with 12 

mm thickness was taken for the experimentation work. Fig. 4.13 (a-c) shows the machine 

tool, work material, and wire path profile during machining.   Fig. 4.14 shows the complete 

job after WEDM. 
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  (a)    (b) 

(c) 

FIGURE 4.13  (a) Machine tool set up (b) Work piece-SKD 11 circular plate (C) Wire path during cutting
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 FIGURE 4.14 Complete job after WEDM
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TABLE 4.7 Design matrix for main experimentation with coded and real value of variables 

Std 
order 

Run 
order 

Control Factors 
TON TOFF IP SV WF WT 

Coded Real Coded Real Coded real Coded Real Coded Real Coded Real 
1 15 -1 112 -1 52 -1 170 -1 20 -1 6 -1 6 
2 40 +1 118 -1 52 -1 170 -1 20 -1 6 +1 8 
3 26 -1 112 +1 56 -1 170 -1 20 -1 6 +1 8 
4 9 +1 118 +1 56 -1 170 -1 20 -1 6 -1 6 
5 31 -1 112 -1 52 +1 190 -1 20 -1 6 +1 8 
6 38 +1 118 -1 52 +1 190 -1 20 -1 6 -1 6 
7 8 -1 112 +1 56 +1 190 -1 20 -1 6 -1 6 
8 45 +1 118 +1 56 +1 190 -1 20 -1 6 +1 8 
9 34 -1 112 -1 52 -1 170 +1 40 -1 6 +1 8 

10 30 +1 118 -1 52 -1 170 +1 40 -1 6 -1 6 
11 51 -1 112 +1 56 -1 170 +1 40 -1 6 -1 6 
12 14 +1 118 +1 56 -1 170 +1 40 -1 6 +1 8 
13 33 -1 112 -1 52 +1 190 +1 40 -1 6 -1 6 
14 27 +1 118 -1 52 +1 190 +1 40 -1 6 +1 8 
15 11 -1 112 +1 56 +1 190 +1 40 -1 6 +1 8 
16 36 +1 118 +1 56 +1 190 +1 40 -1 6 -1 6 
17 20 -1 112 -1 52 -1 170 -1 20 +1 8 +1 8 
18 35 +1 118 -1 52 -1 170 -1 20 +1 8 -1 6 
19 24 -1 112 +1 56 -1 170 -1 20 +1 8 -1 6 
20 6 +1 118 +1 56 -1 170 -1 20 +1 8 +1 8 
21 47 -1 112 -1 52 +1 190 -1 20 +1 8 -1 6 
22 12 +1 118 -1 52 +1 190 -1 20 +1 8 +1 8 
23 46 -1 112 +1 56 +1 190 -1 20 +1 8 +1 8 
24 28 +1 118 +1 56 +1 190 -1 20 +1 8 -1 6 
25 13 -1 112 -1 52 -1 170 +1 40 +1 8 -1 6 
26 1 +1 118 -1 52 -1 170 +1 40 +1 8 +1 8 
27 18 -1 112 +1 56 -1 170 +1 40 +1 8 +1 8 
28 48 +1 118 +1 56 -1 170 +1 40 +1 8 -1 6 
29 37 -1 112 -1 52 +1 190 +1 40 +1 8 +1 8 
30 4 +1 118 -1 52 +1 190 +1 40 +1 8 -1 6 
31 44 -1 112 +1 56 +1 190 +1 40 +1 8 -1 6 
32 22 +1 118 +1 56 +1 190 +1 40 +1 8 +1 8 
33 32 -1.57 110 0 54 0 180 0 30 0 7 0 7 
34 41 1.57 120 0 54 0 180 0 30 0 7 0 7 
35 3 0 115 -1.57 50 0 180 0 30 0 7 0 7 
36 10 0 115 1.57 58 0 180 0 30 0 7 0 7 
37 39 0 115 0 54 -1.57 160 0 30 0 7 0 7 
38 42 0 115 0 54 1.57 200 0 30 0 7 0 7 
39 7 0 115 0 54 0 180 -1.57 10 0 7 0 7 
40 49 0 115 0 54 0 180 1.57 50 0 7 0 7 
41 5 0 115 0 54 0 180 0 30 -1.57 4 0 7 
42 16 0 115 0 54 0 180 0 30 1.57 10 0 7 
43 25 0 115 0 54 0 180 0 30 0 7 -1.57 4 
44 43 0 115 0 54 0 180 0 30 0 7 1.57 10 
45 19 0 115 0 54 0 180 0 30 0 7 0 7 
46 21 0 115 0 54 0 180 0 30 0 7 0 7 
47 17 0 115 0 54 0 180 0 30 0 7 0 7 
48 52 0 115 0 54 0 180 0 30 0 7 0 7 
49 50 0 115 0 54 0 180 0 30 0 7 0 7 
50 29 0 115 0 54 0 180 0 30 0 7 0 7 
51 2 0 115 0 54 0 180 0 30 0 7 0 7 
52 23 0 115 0 54 0 180 0 30 0 7 0 7 
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TABLE 4.8 Observed value of performance characteristics 
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1 15 112 52 170 20 6 6 1.23 4.428 2.627 300 150 
2 40 118 52 170 20 6 8 2.51 8.7348 3.312 290 145 
3 26 112 56 170 20 6 8 1.21 4.0656 2.683 280 140 
4 9 118 56 170 20 6 6 2.22 8.2584 3.215 310 155 
5 31 112 52 190 20 6 8 1.9 6.498 3.09 285 142.5 
6 38 118 52 190 20 6 6 3 10.44 3.564 290 145 
7 8 112 56 190 20 6 6 1.51 5.1642 3.038 285 142.5 
8 45 118 56 190 20 6 8 2.42 8.2764 3.493 285 142.5 
9 34 112 52 170 40 6 8 1.11 3.996 2.642 300 150 
10 30 118 52 170 40 6 6 1.93 6.948 2.907 300 150 
11 51 112 56 170 40 6 6 0.89 3.3108 2.254 310 155 
12 14 118 56 170 40 6 8 1.56 5.7096 3.085 305 152.5 
13 33 112 52 190 40 6 6 1.46 5.256 2.922 300 150 
14 27 118 52 190 40 6 8 2.3 8.28 3.176 300 150 
15 11 112 56 190 40 6 8 1.15 4.347 2.644 315 157.5 
16 36 118 56 190 40 6 6 1.86 6.8076 3.08 305 152.5 
17 20 112 52 170 20 8 8 1.32 4.5936 2.655 290 145 
18 35 118 52 170 20 8 6 2.07 6.9552 2.931 280 140 
19 24 112 56 170 20 8 6 1.08 3.6288 2.368 280 140 
20 6 118 56 170 20 8 8 1.78 6.0876 2.79 285 142.5 
21 47 112 52 190 20 8 6 1.52 5.1072 2.586 280 140 
22 12 118 52 190 20 8 8 2.42 8.4216 2.968 290 145 
23 46 112 56 190 20 8 8 1.25 3.975 2.512 265 132.5 
24 28 118 56 190 20 8 6 1.99 6.6864 2.755 280 140 
25 13 112 52 170 40 8 6 1.1 3.696 1.991 280 140 
26 1 118 52 170 40 8 8 1.68 5.6448 2.522 280 140 

Continue…. 
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27 18 112 56 170 40 8 8 0.84 0.84 1.835 275 137.5 
28 48 118 56 170 40 8 6 1.37 1.37 2.502 280 140 
29 37 112 52 190 40 8 8 1.1 1.1 2.084 270 135 
30 4 118 52 190 40 8 6 1.83 1.83 2.62 290 145 
31 44 112 56 190 40 8 6 0.95 0.95 1.89 300 150 
32 22 118 56 190 40 8 8 1.43 1.43 2.386 320 160 
33 32 110 54 180 30 7 7 0.85 0.85 1.491 300 150 
34 41 120 54 180 30 7 7 1.68 1.68 2.624 300 150 
35 3 115 50 180 30 7 7 1.5 1.5 2.49 290 145 
36 10 115 58 180 30 7 7 1.1 1.1 2.131 305 152.5 
37 39 115 54 160 30 7 7 1.26 1.26 2.308 300 150 
38 42 115 54 200 30 7 7 1.42 1.42 2.432 300 150 
39 7 115 54 180 10 7 7 1.43 1.43 2.737 280 140 
40 49 115 54 180 50 7 7 0.99 0.99 1.702 315 157.5 
41 5 115 54 180 30 4 7 1.55 1.55 2.4 295 147.5 
42 16 115 54 180 30 10 7 1.44 1.44 2.433 300 150 
43 25 115 54 180 30 7 4 1.51 1.51 2.571 285 142.5 
44 43 115 54 180 30 7 10 1.55 1.55 2.432 305 152.5 
45 19 115 54 180 30 7 7 1.58 1.58 2.484 290 145 
46 21 115 54 180 30 7 7 1.57 1.57 2.542 305 152.5 
47 17 115 54 180 30 7 7 1.6 1.6 2.46 295 147.5 
48 52 115 54 180 30 7 7 1.55 1.55 2.395 290 145 
49 50 115 54 180 30 7 7 1.61 1.61 2.475 300 150 
50 29 115 54 180 30 7 7 1.59 1.59 2.539 300 150 
51 2 115 54 180 30 7 7 1.53 1.53 2.29 305 152.5 
52 23 115 54 180 30 7 7 1.62 1.62 2.38 315 157.5 
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CHAPTER 5 

Experimental Results and Analysis – 
Response Surface Methodology 

The previous chapters focused on carrying out a preliminary investigation to sort out the 

significant process parameters affecting the responses and to identify the range of these in 

order to isolate the levels of process parameters. These results are utilized in planning the 

main experimentation, and the experiments were designed and performed as per the design 

of experiment recommended by central composite design, as shown in Table 4.7.The 

selection of the appropriate model and the development of response surface models have 

been carried out by using statistical software, “Design Expert (DX-7)”. This section 

concentrates on the examination of results of main experimentation (Table 4.8), in order to 

recognize an individual with interaction effects of input process parameters on different 

responses like cutting rate, material removal rate (MRR), surface roughness (SR), kerf 

width (KW) and dimensional deviation. The analysis of variance (ANOVA) was 

performed to ensure the competence of the fitted model and carry out graphical and 

regression analysis. 

5.1 Selection of Adequate Model 

To evaluate for sufficiency of the model, three distinct tests such as a sequential model 

sum of squares, lack of fit test, and model summary statistics have been performed for 

cutting rate, material removal rate, surface roughness, kerf width, and dimensional 

deviation. The sequential sum of squares demonstrates the contribution of the terms of 

increasing complexity to the model. This test chooses the most noteworthy request 

polynomial, where the terms are not associated. For the most part, a model with the highest 

F-value and lower p-value is selected. Experimental field at which points are not 

incorporated in the regression and variations are observed in the model that cannot be 
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accounted for by random error[141]. For the model to be fit, this test should indicate an 

insignificant lack of fit. A p-value, greater than 0.05 nullifies the lack of fit of the model to 

the response data, and the model can be utilized for prediction of response parameter for 

95% of a confidence interval. Model summary statistics give information about standard 

deviation, R2, predicted R2 and prediction error sum of squares (PRESS) of the model. 

Generally, a model with a smaller standard deviation, R2 closer to 1, and a smaller value of 

PRESS is selected[141]. 

Table 5.1 to Table 5.5 presents three different tests to choose a satisfactory model to fit 

different output quality. The results (Table 5.1 to Table 5.5) show that the quadratic model 

in all the quality confirms significant, hence the capability of the quadratic model is 

definite. Any more test model review statistics‟ given in the subsequent sections further 

confirms that the quadratic model is preeminent to fit as it exhibits small standard 

deviation, high “R-squared” values, and a low “PRESS” (adeq precision). 
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TABLE 5.1 Choice of adequate model for cutting rate 

Sequential Model Sum of Squares [Type I] 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F 

Mean vs Total 252.7201 1 252.7201 

Linear vs 
Mean 17.83576 6 2.972627 94.89719 < 0.0001 

2FI vs Linear 0.917223 15 0.061148 2.363747 0.0071 

Quadratic vs 
2FI 0.732823 6 0.122137 6.685457 < 0.0001 Suggested 

Cubic vs 
Quadratic 0.450836 16 0.028177 1.803123 0.0519 Aliased 

Residual 0.937615 60 0.015627 

Total 273.5944 104 2.630715 

Lack of Fit Tests 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F 

Linear 3.007697 38 0.07915 151.6184 < 0.0001 

2FI 2.090474 23 0.09089 174.1078 < 0.0001 

Quadratic 1.357651 17 0.079862 152.982 < 0.0001 Suggested 

Cubic 0.906815 1 0.906815 1737.08 < 0.0001 Aliased 

Pure Error 0.0308 59 0.000522 

Model Summary Statistics 

Source Std. 
Dev. R-Squared Adjusted 

R-Squared 
Predicted 

R-Squared PRESS 

Linear 0.176988 0.854438 0.845434 0.833237 3.48106 

2FI 0.160839 0.898378 0.872353 0.863544 2.84841 

Quadratic 0.135163 0.933485 0.909855 0.886365 2.372049 Suggested 

Cubic 0.125008 0.955083 0.922892 0.874621 2.617191 Aliased 
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TABLE 5.2 Choice of adequate model for material removal rate 

Sequential Model Sum of Squares [Type I] 

Source 
Sum of 
Squares 

df 
Mean 

Square 
F 

Value 
p-value 

Prob > F 

Mean vs 
Total 

3215.904 1 3215.904 

Linear vs 
Mean 

213.9378 6 35.6563 95.75628 < 0.0001 

2FI vs 
Linear 

7.546438 15 0.503096 1.443807 0.1471 

Quadratic 
vs 2FI 

7.777444 6 1.296241 4.737282 0.0004 Suggested 

Cubic vs 
Quadratic 

6.326877 16 0.39543 1.639806 0.0858 Aliased 

Residual 14.46865 60 0.241144 

Total 3465.961 104 33.32655 

Lack of Fit Tests 

Source 
Sum of 
Squares df 

Mean 
Square 

F 
Value 

p-value 
Prob > F 

Linear 31.62394 38 0.832209 10.92218 < 0.0001 

2FI 24.07751 23 1.046848 13.73918 < 0.0001 

Quadratic 16.30006 17 0.958827 12.58396 < 0.0001 Suggested 

Cubic 9.973184 1 9.973184 130.8913 < 0.0001 Aliased 

Pure Error 4.495469 59 0.076194 

Model Summary Statistics 

Source Std. 
Dev. 

R-Squared Adjusted 
R-Squared 

Predicted 
R-Squared 

PRESS 

Linear 0.610217 0.855555 0.846621 0.835621 41.10425 

2FI 0.590297 0.885734 0.856471 0.842533 39.37584 

Quadratic 0.523092 0.916837 0.887292 0.851117 37.22924 Suggested 

Cubic 0.491064 0.942139 0.900671 0.827474 43.14138 Aliased 
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TABLE 5.3 Choice of adequate model for surface roughness 

Sequential Model Sum of Squares [Type I] 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 
Prob > F  

Mean vs Total 705.9342 1 705.9342    

Linear vs Mean 12.27915 6 2.046525 28.08136 < 0.0001  

2FI vs Linear 0.719384 15 0.047959 0.61933 0.8511  

Quadratic vs 2FI 3.496365 6 0.582728 15.52058 < 0.0001 Suggested 

Cubic vs 
Quadratic 1.214993 16 0.075937 2.780793 0.0022 Aliased 

Residual 1.638463 60 0.027308    

Total 725.2825 104 6.97387    

Lack of Fit Tests 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F  

Linear 6.478208 38 0.170479 17.01913 < 0.0001  

2FI 5.758824 23 0.250384 24.99608 < 0.0001  

Quadratic 2.262458 17 0.133086 13.2861 < 0.0001 Suggested 

Cubic 1.047465 1 1.047465 104.5696 < 0.0001 Aliased 

Pure Error 0.590998 59 0.010017    

Model Summary Statistics 

Source Std. 
Dev. R-Squared 

Adjusted 
R-

Squared 

Predicted 
R-Squared PRESS  

Linear 0.26996 0.634635 0.612035 0.584846 8.032554  

2FI 0.278275 0.671816 0.587769 0.515651 9.371358  

Quadratic 0.193767 0.852522 0.800129 0.730414 5.216044 Suggested 

Cubic 0.16525 0.915318 0.854629 0.742959 4.973316 Aliased 
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TABLE 5.4 Choice of adequate model for kerf width 

Sequential Model Sum of Squares [Type I] 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F 

Mean vs Total 9234424 1 9234424 

Linear vs Mean 5220.014 6 870.0023 3.402016 0.0043 Suggested 

2FI vs Linear 5183.984 15 345.599 1.444255 0.1469 

Quadratic vs 2FI 3384.357 6 564.0595 2.640077 0.0222 Suggested 

Cubic vs 
Quadratic 2904.986 16 181.5616 0.817071 0.6615 Aliased 

Residual 13332.62 60 222.2103 

Total 9264450 104 89081.25 

Lack of Fit Tests 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F 

Linear 11687.2 38 307.5578 1.383204 0.1295 Suggested 

2FI 6503.213 23 282.7484 1.271627 0.2269 

Quadratic 3118.856 17 183.4621 0.825099 0.6588 Suggested 

Cubic 213.8699 1 213.8699 0.961854 0.3307 Aliased 

Pure Error 13118.75 59 222.3517 

Model Summary Statistics 

Source Std. 
Dev. R-Squared Adjusted 

R-Squared 
Predicted 

R-Squared PRESS 

Linear 15.9916 0.17385 0.122748 0.047838 28589.57 Suggested 

2FI 15.46907 0.3465 0.17914 -0.03961 31215.34 

Quadratic 14.61686 0.459214 0.267093 -0.05039 31538.99 Suggested 

Cubic 14.90672 0.555964 0.237738 -0.53189 45996.36 Aliased 
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TABLE 5.5 Choice of adequate model for dimensional deviation 

Sequential Model Sum of Squares [Type I] 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F 

Mean vs. Total 2311289 1 2311289 

Linear vs. Mean 1315.982 6 219.3303 3.444011 0.0040 Suggested 

2FI vs. Linear 1286.984 15 85.79896 1.438632 0.1494 

Quadratic vs. 2FI 856.1604 6 142.6934 2.688152 0.0202 Suggested 

Cubic vs 
Quadratic 719.7681 16 44.98551 0.814343 0.6645 Aliased 

Residual 3314.49 60 55.2415 

Total 2318782 104 22295.98 

Lack of Fit Tests 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F 

Linear 2916.465 38 76.74909 1.388618 0.1267 Suggested 

2FI 1629.481 23 70.84699 1.281832 0.2198 

Quadratic 773.3205 17 45.48944 0.823038 0.6611 Suggested 

Cubic 53.55239 1 53.55239 0.968921 0.3290 Aliased 

Pure Error 3260.938 59 55.27013 

Model Summary Statistics 

Source Std. 
Dev. 

R-
Squared 

Adjusted 
R-

Squared 

Predicted 
R-Squared PRESS 

Linear 7.980261 0.175619 0.124627 0.05 7118.714 Suggested 

2FI 7.722645 0.347369 0.180231 -0.03806 7778.603 

Quadratic 7.285763 0.461624 0.270359 -0.04531 7832.878 Suggested 

Cubic 7.432462 0.557678 0.24068 -0.52438 11422.74 Aliased 
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5.2 Analysis of Variance and Statistical Models of Response Quality 

Analysis of variance is conceded out to statistically analyze the results. ANOVA checks 

the values of R2 as it explains the ratio of the variability explained by the model to the total 

variability inherent in the observation data of experiments. It also shows adequate 

precision, which measures the signal to noise ratios. A ratio greater than 4 indicates the 

model to be fit. Process variables having p-value < 0.05 are considered significant terms 

for the given response parameters. The backward elimination process eliminates the 

insignificant terms to adjust the fitted quadratic models, and in the present work backward 

elimination process with α to exit=0.05 is used to eliminate the insignificant terms. 

The hierarchy of various models is conserved to build up the mathematical models as it is 

observed that only hierarchical models are invariant under linear transformations. Principle 

of hierarchy explains that although a factor as the main effect is found to be insignificant as 

regards its contribution towards the response parameter if its higher-order terms viz. 

interaction or quadratic terms are significant, the main effect will be included in the 

analysis as a term of significance. The results and analysis for different responses from the 

application of ANOVA test are discussed in the following sections. 

5.2.1 Analysis of variance and mathematical model for cutting rate 

As discussed in section 5.1, the quadratic model for cutting rate is recommended by design 

expert. Table 5.6 shows ANOVA for the quadratic model at 95% confidence level. It 

shows that the model F-value is 102.08, and the consequent p-value is less than 

0.0001which indicates that the model is considerable.  There is only a 0.01% chance that a 

"Model F-value" this large could occur due to noise. Moreover, the lack of fit F-value of 

89.97 implies the lack of fit is significant.  There is only a 0.01% chance that a "lack of fit 

F-value" this large could occur due to noise. Hence, the quadratic model is considerable at 

95% confidence level. The other important coefficient R2, which is called determination 

coefficient, shows less difference between the predicted and actual values. The obtained 

predicted R2 value as 0.9079 is in good agreement with the adjusted R2 of 0.9152. Fig. 5.1 

highlight the normal probability plot of residuals for cutting rate. It evidently shows that 

errors are normally spread as mainly of the residuals are clustered just about the straight
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line. It is observed that the regression model is quite good fitted with experiential values. 

"Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable. our 

ratio of 44.460 indicates an adequate signal.  This model can be used to navigate the design 

space. 

TABLE 5.6 ANOVA for response surface reduced quadratic model of cutting rate 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F  

% 

Contribution 

Model 19.29354 11 1.753958 102.0827 < 0.0001 significant  

A-TON 10.59409 1 10.59409 616.5901 < 0.0001 significant 50.75 

B-TOFF 1.755488 1 1.755488 102.1717 < 0.0001 significant 8.41 

C-IP 1.030247 1 1.030247 59.96173 < 0.0001 significant 4.94 

D-SV 3.20833 1 3.20833 186.729 < 0.0001 significant 15.37 

E-WF 1.24756 1 1.24756 72.60965 < 0.0001 significant 5.98 

AB 0.098439 1 0.098439 5.729283 0.0187 significant 0.47 

AD 0.269102 1 0.269102 15.66206 0.0001 significant 1.29 

AE 0.241327 1 0.241327 14.04552 0.0003 significant 1.16 

CE 0.153077 1 0.153077 8.909257 0.0036 significant 0.73 

E^2 0.180425 1 0.180425 10.501 0.0017 significant 0.86 

F^2 0.291533 1 0.291533 16.96759 < 0.0001 significant 1.39 

Residual 1.58072 92 0.017182 
   

 

Lack of Fit 1.54992 33 0.046967 89.96979 < 0.0001 significant  

Pure Error 0.0308 59 0.000522 
   

 

Cor Total 20.87426 103 
    

 

    Std. Dev.   0.13                             R-Squared     0.9243 

 Mean         1.56    Adj R-Squared 0.9152 

 C.V. %       8.41   Pred R-Squared 0.9079 

PRESS       1.92                         Adeq Precision44.460 
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FIGURE 5.1 Normal probability plot for cutting rate 

Based on the projected second-order polynomial model, the effects of the input-controlled 

variables on the cutting rate have been found by using design expert 7.0 software. The 

regression equation in terms of the actual factor for the cutting rate as a function of six 

input-controlled variables was created using experimental data and is given underneath. 

The coefficients of insignificant terms have been omitted from the quadratic equation.  

 Cutting Rate =-71.81790 +0.68739 * TON+0.67458 * TOFF +0.046050* 

IP+0.22772 * SV+2.05024 * WF-1.34051 * WT-6.53646E-003 * TON 

*TOFF-2.16146E-003 * TON * SV-0.020469 * TON * WF-4.89063E-003 

* IP * WF+0.075283*WF2+0.095695*WT2         (5.1) 

The quadratic functions of wire feed rate and wire tension have significant effects on 

cutting rate and can be used to forecast the cutting rate within the restrictions of control 

factors.  Values of "Prob > F" less than 0.0500 indicate model terms are significant.   

In this case, A, B, C, D, E, AB, AD, AE, CE, E2, F2 are significant model terms (Table 

5.6).  Values greater than 0.1000 indicate the model terms are not significant. Fig. 5.2 

shows a plot of experimental and predicted data for machining rate. It depicts that Equation 

(5.1) is adequate to represent the actual relationship between process parameters and 

responses.
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FIGURE 5.2 Actual versus predicted for cutting rate 

5.2.2 Analysis of variance and mathematical model for material removal rate 

As discussed in section 5.1, the quadratic model for the material removal rate is suggested 

by design expert 7.0® software. Table 5.7 highlights ANOVA for the quadratic model at 

95% confidence level. It shows that the model F-value is 81.88, and the subsequent p-value 

is less than 0.0001 which indicates that the model is considerable.  There is only a 0.01% 

chance that a "Model F-value" this large could occur due to noise. Moreover, the "lack of 

fit F-value" of 7.43 implies the lack of fit is significant.  There is only a 0.01% chance that 

a "lack of fit F-value" this large could occur due to noise. Therefore, the quadratic model is 

considerable at 95% confidence level. The other important coefficient R2, which is called 

determination coefficient, shows less difference between the predicted and actual values. 

The predicted value of R2 as 0.8812 is in good agreement with the value of adjusted R2 as 

0.8963. Fig. 5.3 shows the normal probability plot of residuals for the material removal 

rate. It clearly indicates that errors are normally scattered as most of the residuals are 

clustered in the region of a straight line. 
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TABLE 5.7 ANOVA for response surface reduced quadratic model of material removal 
rate 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 

% 

contribution 

Model 226.8848 11 20.62589 81.8898 < 0.0001 significant 

A-TON 134.1797 1 134.1797 532.726 < 0.0001 significant 53.66 

B-TOFF 19.08618 1 19.08618 75.77678 < 0.0001 significant 7.63 

C-IP 13.8968 1 13.8968 55.17365 < 0.0001 significant 5.56 

D-SV 26.95053 1 26.95053 107.0002 < 0.0001 significant 10.78 

E-WF 19.5774 1 19.5774 77.72702 < 0.0001 significant 7.83 

F-WT 0.247161 1 0.247161 0.981291 0.3245 

AD 1.970865 1 1.970865 7.824813 0.0063 

AE 3.3879 1 3.3879 13.45079 0.0004 significant 1.35 

D^2 1.877787 1 1.877787 7.455269 0.0076 

E^2 2.275899 1 2.275899 9.035873 0.0034 significant 0.91 

F^2 3.398484 1 3.398484 13.49281 0.0004 significant 1.35 

Residual 23.17239 92 0.251874 

Lack of Fit 18.67692 33 0.565967 7.427938 < 0.0001 significant 

Pure Error 4.495469 59 0.076194 

Cor Total 250.0572 103 

  Std. Dev.  0.50  R-Squared   0.9073 

   Mean   5.56 Adj R-Squared       0.8963 

 C.V. %     9.03 Pred R-Squared      0.8812 

   PRESS    29.70 Adeq Precision     40.688 
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FIGURE 5.3 Normal probability plot for material removal rate 

Depending on the planned second-order polynomial model, the effects of the input process 

variables on the material removal rate have been determined by using design expert 7.0 

software. The regression equation in terms of the actual factor for the material removal rate 

as a function of six input process variables was developed using experimental data and is 

given underneath. The insignificant coefficients of several terms have been omitted from 

the quadratic equation. 

 Material removal rate = -88.78042 +1.16180 * TON -0.25428 * TOFF 

+0.043395 * IP +0.76260 * SV +4.44255 * WF - 4.77725 * WT - 5.84948E-

003 * TON * SV - 0.076693 * TON * WF - 2.50575E-003 * SV2 + 0.27586   

* WF2 + 0.33710 * WT2 (5.2) 

The quadratic functions of spark gap voltage, wire feed rate, and wire tension have 

considerable effects on the material removal rate and can be used to forecast material 

removal rate within the limits of control variables.  Values of "Prob > F" less than 0.05 

indicate model terms are significant. In this case, A, B, C, D, E, AD, AE, D2, E2, F2 are 

significant model terms (Table 5.7).  Values greater than 0.1000 indicate the model terms 

are not significant. Fig. 5.4 shows a plot of experimental and predicted data for material 

removal 
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rate. It depicts that Equation (5.2) is adequate to represent the actual connection between 

input process variables and responses. 
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FIGURE 5.4 Actual versus predicted for material removal rate 

5.2.3 Analysis of variance and mathematical model for surface roughness 

Surface roughness is an important process criterion, which dictates the condition of the 

surface component, which has to be machined. If the surface finish of the machined work 

material is the decisive factor due to its application requirements, then the work material 

must be machined with a low material removal rate. As explained in section 5.1, the 

quadratic model for surface roughness is recommended by design expert 7.0® software. 

Table 5.8 shows ANOVA for the quadratic model at 95% confidence level. It indicates that 

the model F-value is 42.88, and the subsequent p-value is less than 0.0001 which indicates 

that the model is considerable.  There is only a 0.01% chance that a "Model F-value" this 

large could occur due to noise. Moreover, the "lack of fit F-value" of 7.76 implies the lack 

of fit is significant.  There is only a 0.01% chance that a "lack of fit F-value" this large 

could occur due to noise. Hence, the quadratic model is considerable at 95% confidence 

level. The 
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other important coefficient R2, which is called determination coefficient, shows less 

difference between the predicted and actual values. The obtained predicted value of R2 as 

0.7804 is in good agreement with the value of adjusted R2 as 0.8173. Fig. 5.5 shows the 

normal probability plot of residuals for surface roughness. It clearly indicates that errors 

are normally spread as most of the residuals are clustered about a straight line. 

TABLE 5.8 ANOVA for response surface reduced quadratic model of surface roughness 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F 
% 

contribution 

Model 16.1907 11 1.471882 42.88415 < 0.0001 significant 

A-TON 5.266131 1 5.266131 153.4318 < 0.0001 significant 27.22 

B-TOFF 0.13814 1 0.13814 4.024801 0.0478 significant 0.71 

C-IP 0.180624 1 0.180624 5.262594 0.0241 significant 0.93 

D-SV 2.957376 1 2.957376 86.16489 < 0.0001 significant 15.28 

E-WF 3.714529 1 3.714529 108.225 < 0.0001 significant 19.19 

CE 0.181476 1 0.181476 5.28741 0.0237 significant 0.94 

DE 0.305256 1 0.305256 8.893821 0.0037 significant 1.58 

B^2 0.122905 1 0.122905 3.580904 0.0616 

C^2 0.269466 1 0.269466 7.851053 0.0062 

E^2 0.353559 1 0.353559 10.30116 0.0018 significant 1.83 

F^2 0.74995 1 0.74995 21.85025 < 0.0001 significant 3.88 

Residual 3.15765 92 0.034322 

Lack of Fit 2.566652 33 0.077777 7.7646 < 0.0001 significant 

Pure Error 0.590998 59 0.010017 

Cor Total 19.34835 103 

Std. Dev.  0.19       R-Squared   0.8368 

Mean   2.61       Adj R-Squared    0.8173 

C.V. %     7.11       Pred R-Squared   0.7804 

PRESS     4.25       Adeq Precision     25.764 
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FIGURE 5.5 Normal probability plot for surface roughness 

Based on the projected second-order polynomial model, the effects of the controlled 

variables on the surface roughness have been determined by using design expert 7.0 

software. The regression equation in terms of the actual factor for the surface roughness as 

a function of six process variables was developed using experimental data and is given 

underneath. The insignificant coefficients terms in the quadratic equation have been 

omitted. 

Surface roughness = +78.61910 + 0.089044 * TON -1.78728 * TOFF -

0.30636 * IP +0.028325 * SV - 0.61146 * WF - 2.24411 * WT - 5.32500E-

003 * IP * WF - 6.90625E-003 * SV * WF + 0.016349 * TOFF2 + 

9.68293E-004 * IP2 +0.11091 * WF2+0.16154*WT2 (5.3) 
The quadratic functions of peak current, wire feed rate, and wire tension have considerable 

effects on surface roughness and can be used to forecast surface roughness within the 

limits of control variables.  Values of "Prob > F" less than 0.05 indicate model terms are 

considerable. In this case, A, B, C, D, E, CE, DE, C2, E2, F2 are significant model terms 

(Table 5.8).  Values greater than 0.1000 indicate the model terms are not significant. Fig. 

5.6 shows a plot of experimental and predicted data for surface roughness.It depicts that 
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Equation (5.3) is adequate to represent the actual relationship between process parameters 

and responses. 
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FIGURE 5.6 Actual versus predicted surface roughness 

5.2.4 Analysis of variance and mathematical model for kerf width 

As explained in section 5.1, the quadratic model for kerf width is suggested by design 

expert 7.0® software. Table 5.9 highlights ANOVA for the quadratic model at 95% 

confidence level. It shows that the model F-value is 6.52, and the subsequent p-value is 

less than 0.0001 which indicates that the model is considerable.  There is only a 0.01% 

chance that a "Model F-value" this large could occur due to noise. Moreover, the "lack of 

fit F-value" of 0.78 indicates the lack of fit is not significant relative to the pure error. 

There is a 78.25% chance that a "lack of fit F-value" this large could occur due to noise. 

Therefore, the quadratic model is considerable at 95% confidence level. The other 

important coefficient R2, which is called determination coefficient, shows less difference 

between the predicted and actual values. The obtained predicted R2 value as 0.2122 is in 

good agreement with the value of adjusted R2 as 0.3000. Fig. 5.7 shows the normal 
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probability plot of residuals for kerf width. It obviously shows that errors are normally 

dispersed as most of the residuals are cluster about a straight line. 

TABLE 5.9 ANOVA for response surface reduced quadratic model of kerf width 

Source Sum of 
Squares df Mean 

Square 
F 

Value 

p-value 
Prob > 

F  
% 

contribution 

Model 10639.91 8 1329.989 6.517517 < 0.0001 Significant  

B-TOFF 143.2705 1 143.2705 0.702087 0.4042 
 

 

C-IP 290.0376 1 290.0376 1.421309 0.2362 
 

 

D-SV 3216.065 1 3216.065 15.76011 0.0001 Significant 10.71 

E-WF 845.4032 1 845.4032 4.14284 0.0446 Significant 2.82 

F-WT 693.9549 1 693.9549 3.400678 0.0683 
 

 

BC 1097.266 1 1097.266 5.377074 0.0225 Significant 3.65 

CE 1181.641 1 1181.641 5.790548 0.0180 Significant 3.94 

D^2 3172.272 1 3172.272 15.5455 0.0002 Significant 10.57 

Residual 19386.05 95 204.0637 
   

 

Lack of Fit 6267.302 36 174.0917 0.782957 0.7825 
Not 

Significant 
 

Pure Error 13118.75 59 222.3517 
   

 

Cor Total 30025.96 103 
    

 

                                      Std. Dev.    14.29                R-Squared         0.3544 

                                      Mean          297.98            Adj R-Squared         0.3000 

                                      C.V. %       4.79               Pred R-Squared         0.2122 

                                      PRESS      23654.92       Adeq Precision         10.024 
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FIGURE 5.7 Normal probability plot for kerf width 

Based on the projected second-order polynomial model, the effects of the input process 

variables on the kerf width have been found by using design expert 7.0 software. The 

regression equation in terms of the actual factor for the kerf width as a function of six input 

process variables was created using experimental data and is given underneath. The 

insignificant factors coefficients have been omitted from the quadratic equation. 

KW = +2725.55707 - 36.56896 * TOFF - 13.98925 * IP + 6.32135 * SV - 

80.72837 * WF - 3.06650 * WT + 0.20703 * TOFF * IP + 0.42969 * IP * WF 

- 0.094353 * SV2 
(5.4) 

The quadratic functions of spark gap voltage have considerable effects on kerf width and 

can be used to forecast kerf width within the limits of control variables.  Values of "Prob > 

F" less than 0.05 indicate model terms are considerable. In this case, D, E, BC, CE, and D2 

are significant model terms (Table 5.9).  Values greater than 0.1000 indicate the model 

terms are not significant. Fig. 5.8 shows a plot of experimental and predicted data for 

89 



Experimental Results & Analysis 

Kerf width. It depicts that Equation (5.4) is adequate to represent the actual relationship 

between process parameters and responses. 
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FIGURE 5.8 Actual versus predicted kerf width 

5.2.5 Analysis of variance and mathematical model for dimensional deviation 

The term “dimensional deviation” is defined as the contour followed by wire, and the job 

profile are not like. The perpendicular distance between the actual profile and the contour 

traced by the wire is equivalent to half of the width of the cut. Thus, the actual job formed 

is either undersized or oversized depending upon the job is die or punch [117]. In the 

current study, the job has been considered as a square punch. The dimensional deviation of 

the square punch is equal to half the width of the cut. The term “dimensional deviation” 

has been used as a response parameter during coarse cutting operation with zero wire 

offset. The dimensional deviation was measured using Mitutoyo vernier calipers having 

least count 0.001mm. As discussed in section 5.1, the quadratic model for dimensional 

deviation is suggested by design expert 7.0® software. Table 5.10 shows ANOVA for the 

quadratic model at 95% confidence level. It indicates that the model F-value is 6.57, and 

the subsequent p-value is less than 0.0001 which indicates that the model is considerable.
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 There is only a 0.01% chance that a "Model F-value" this large could occur due to noise. 

Moreover, the "lack of fit F-value" of 0.79   implies the lack of fit is not significant.  There 

is only a 77.90 % chance that a "lack of fit F-value" this large could occur due to noise. 

Thus, the quadratic model is significant at 95% confidence level. The other important 

coefficient R2, which is called determination coefficient, shows less difference between the 

predicted and actual values. The obtained predicted R2 value as 0.2141 is in good 

agreement with the adjusted R2 of 0.3020. Fig. 5.9 shows the normal probability plot of 

residuals for dimensional deviation. It obviously shows that errors are normally scattered 

as most of the residuals are clustered approximately around a straight line. 

TABLE 5.10 ANOVA for response surface reduced quadratic model of dimensional deviation 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F  
% 

contribution 

Model 2668.96 8 333.62 6.57 <0.0001 Significant  

B-TOFF 42.03 1 42.03 0.83 0.3652 
 

 

C-IP 75.51 1 75.51 1.49 0.2257 
 

 

D-SV 805.88 1 805.88 15.87 0.0001 Significant 10.75 

E-WF 219.15 1 219.15 4.32 0.0405 Significant 2.92 

F-WT 165.91 1 165.91 3.27 0.0739 
 

 

BC 276.39 1 276.39 5.44 0.0218 Significant 3.69 

CE 284.77 1 284.77 5.61 0.0199 Significant 3.80 

D^2 799.32 1 799.32 15.74 0.0001 Significant 10.67 

Residual 4824.42 95 50.78 
   

 

Lack of 
Fit 

1563.48 36 43.43 0.79 0.7790 Not 
significant 

 

Pure Error 3260.94 59 55.27 
   

 

Cor Total 7493.38 106 
    

 

Std. Dev.     7.13                            R-Squared       0.3562 

  Mean        149.08                 Adj R-Squared      0.3020 

                                             V. %          4.78                    Pred R-Squared    0.2141 

                                          PRESS       5889.14                Adeq Precision     10.051 
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FIGURE 5.9 Normal probability plot for dimensional deviation 

Based on the future second-order polynomial model, the effects of the controlled variables 

on the dimensional deviation have been found by using design expert 7.0 software. The 

regression equation in terms of the actual factor for the dimensional deviation as a function 

of six input control variables was created by experimental data and is given underneath. 

The insignificant coefficient   terms have been omitted from the regression equation. 

Dimensional Deviation = 1359.62134 - 18.32578 * TOFF - 6.98634 * IP 

+3.17220 * SV - 39.69199 * WF - 1.49938 * WT + 0.10391 * TOFF * IP + 

0.21094 * IP * WF - 0.047362 * SV2 (5.5) 

The quadratic functions of spark gap voltage have considerable effects on dimensional 

deviation and can be used to forecast dimensional deviation within the limits of control 

variables.  Values of "Prob > F" less than 0.05 indicate model terms are considerable. In 

this case, D, E, BC,CE, D2 are significant model terms  (Table 5.10).  Values greater than 

0.1000 indicate the model terms are not significant. Fig. 5.10 shows a plot of experimental 
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and predicted data for surface roughness. It depicts that Equation (5.5) is adequate to 

represent the definite relationship between process variables and responses. 
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FIGURE 5.10 Actual versus predicted dimensional deviation 

5.3 Effect of Control Parameters on Performance Measure 

This section presents the effect of input process variables on performance measures such as 

cutting rate, material removal rate, surface roughness, kerf width, and dimensional 

deviation. It discusses individual as well as the interaction effects of different parameters 

on the considered performance measure. The effect of different parameters on different 

performance measures is given in subsequent subsections. 

5.3.1 Effect of process variables on cutting rate 

Based on main effect plots, as shown in Fig. from 5.11 to 5.16, the cutting rate was mainly 

affected by TON, IP, TOFF, WF, SV and WT. The cutting rate is increased significantly 

from 1.05 to 1.82 mm/min the same as pulse on time was increased by 112 mu to 118 mu. 

This is due to the fact that a higher value of pulse on time increases the duration of 

discharge energy and it leads to rapid melting and evaporation of material. Thus, a large 
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amount of material is removed, and hence, an increase in cutting rate is obtained. This is in 

agreement with the findings of [143] and [11]. 

A slight increase in cutting rate had occurred when the peak current was increased from 

170 to 190 A with a value of 1.31 to 1. 57 mm/min. An increase in cutting rate with peak 

current is due to higher discharge energy resulting in increased heat density within the 

workpiece electrode gap. Higher heat accelerates the process of melting and evaporation of 

the material leading to faster erosion of material, and hence, cutting rate increases[11], 

[146].  

 

Meanwhile, by decreasing the pulse off time, spark gap voltage and wire feed rate, the 

cutting rate significantly improved (assessed as 1.57 to 1.31 mm/min, 1.62 to 1.29 mm/min 

and 1.62 to 1.45 mm/min respectively). Increased duration of pulse off time decreases the 

amount of discharges within a certain period. As a result, less discharge energy is impinged 

on the work piece in a given time that reduces the rate of metal erosion, thereby reducing 

the cutting rate [147]. Since servo voltage and pulse on time showed the higher percentage 

of contribution as compared to the other three parameters (pulse off time. wire feed rate 

and peak current), they can be considered most significant to the cutting rate. Fig. 5.16 

shows that cutting rate almost remains constant with increase in the wire tension. Though 

with increase in wire tension, the machining stability increases as vibrations get restricted. 

But its increment does not influence the cutting rate much. 

 

Based on Table 5.6, four interactions have been found to be significant (Ton × Toff, Ton × 

SV, Ton × WF and IP × WF) as shown in Figures from 5.17 to 5.20. From Fig. 5.17 the 

cutting rate is found to have an increasing trend with the increase of pulse on time and at 

the similar time it decreases with the increase of pulse off time. This establishes the fact 

that cutting rate is proportional to the energy consumed during machining and is dependent 

not only on the energy contained in a pulse determining the crater size, but also on the 

applied energy rate or power. It is observed from Fig. 5.18 that cutting rate decreases with 

increase in spark gap set voltage. With increase in spark gap set voltage the average 

discharge gap gets widened resulting into a lower cutting rate. It is seen from Fig. 5.19 that 

cutting rate increases with increase in the wire feed rate. As per the Fig. 5.20, wire feed is 

set at 6 m/min, increase peak current from 170 A to 190 A, cutting rate increases but at 

same time when wire feed rate increases, cutting rate decrease. While the peak current is 

setting as a higher value, frequently wire breakage may occur. 
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FIGURE 5.11 Effect of pulse on time (TON) on cutting rate 
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FIGURE 5.12 Effect of pulse off time (TOFF) on cutting rate
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FIGURE 5.13 Effect of peak current (IP) on cutting rate 
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FIGURE 5.14 Effect of servo voltage (SV) on cutting rate
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FIGURE 5.15 Effect of wire feed rate (WF) on cutting rate 
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FIGURE 5.16 Effect of wire tension (WT) on cutting rate
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FIGURE 5.17 Combined effect of Toff and Ton on cutting rate 

Design-Expert® Software

CR
3.02

0.84

X1 = A: TON
X2 = D: SV

Actual Factors
B: TOFF = 54.00
C: IP = 180.00
E: WF = 7.00
F: WT = 7.00

  112.00

  113.50

  115.00

  116.50

  118.00

20.00  

25.00  

30.00  

35.00  

40.00  

0.8  

1.375  

1.95  

2.525  

3.1  

  C
R

  

  A: TON    D: SV  

 

FIGURE 5.18 Combined effect of SV and TON on cutting rate
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FIGURE 5.19 Combined effect of WF and TON on cutting rate 
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FIGURE 5.20 Combined effect of WF and IP on cutting rate
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5.3.2 Effect of process variables on material removal rate 

The mean effects plots and interaction plots were considered only for those variables that 

were found considerable from result of ANOVA (Table 5.7). Mean effect plots of Ton, IP, 

Toff, WT, SV, and WF on MRR is shown in Fig. 5.21 to Fig. 5.26 respectively. Fig. 5.27 

to Fig. 5.30 represent the interaction effect between Ton × Toff, Ton × SV, Ton × WF and 

Toff × WF on MRR respectively. From Fig. 5.21 to Fig. 5.26, it could be observed that 

higher MRR could be obtained at higher values of pulse on time, and peak current. On the 

other hand, a decrease in pulse off time, spark gap voltage and wire feed rate is found to 

improve the MRR [2]. It was shown from Fig. 5.27 that MRR increased from 2.811 

mm3/min to 6.10 mm3/min, with the increase in pulse on time from 112 mu - 118 mu and 

simultaneous decrease of pulse off time from 52 mu to 56 mu. This is due to the fact that 

higher value of pulse on time increases the duration of discharge energy and it leads to 

rapid melting and evaporation of material. Thus, large amount of material is removed. It 

was observed from Fig. 5.28, that MRR increase from 2.811 to 6.1 mm3/min, with increase 

of pulse on time from 112 mu to 118 mu and simultaneously decreases of servo voltage 

from 40 volt to 20 volts. With increase in spark gap set voltage the mean discharge gap 

gets widened resulting into a lower cutting rate mean decrease material removal rate. It 

was observed from Fig. 5.29 that MRR increase from increase of pulse on time while 

decrease of wire feed rate. It was observed from Fig. 5.30 that MRR increases from 3.4 to 

5.7 mm3/min with decrease of pulse off time from 56 mu to 52 mu while decrease of wire 

feed rate from 6 m/min to 8 m/min. Increased duration of pulse off time, the number of 

discharges within a given period decreases. Thus, less discharge energy is impinged on the 

work piece in a given time that reduces the rate of metal erosion, thereby reducing the 

MRR. 
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FIGURE 5.21 Effect of pulse on time (TON) on material removal rate 
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FIGURE 5.22 Effect of pulse off time (TOFF) on material removal rate
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FIGURE 5.23 Effect of peak current (IP) on material removal rate 
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FIGURE 5.24 Effect of servo voltage (SV) on material removal rate
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FIGURE 5.25 Effect of wire feed rate (WF) on material removal rate 
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FIGURE 5.26 Effect of wire tension (WT) on material removal rate
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FIGURE 5.27  Combine effect of pulse on time and pulse off time on material removal rate 
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FIGURE 5.28 Combine effect of pulse on time and servo voltage on material removal rate
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FIGURE 5.29 Combine effect of pulse on time and wire feed rate on material removal rate 
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FIGURE 5.30 Combine effect of pulse off time and wire feed rate on material removal rate
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5.3.3 Effect of process variables on surface roughness 

Based on analysis of variance (Table 5.8), Ton, Ip, Toff, WF, SV and two interaction (IP × 

WF), (SV × WF) is significant for surface roughness. From the main effect plots, as of Fig. 

5.31 to Fig. 5.35, it was shown that as the pulse on time is increased the surface roughness 

increased significantly with value of 1.975 μm to 2.55 μm. During pulse on time, the spark 

gap is bridged, current is generated and the work is accomplished. The longer the spark is 

continued, the material removal is more.  Accordingly, deeper and broader creators were 

produced, so that increases the surface roughness. It is also observed that surface 

roughness increases to some extent with increase in the peak current. The peak current 

setting is higher, the discharge energy is larger. This leads to increase in surface roughness. 

The surface roughness decreases with the increase of pulse off time and servo voltage 

[146]. In order to obtain improved surface roughness during WEDM of SKD 11, the 

optimum parameter combination obtained is; pulse on time = 110 mu, pulse off time=54 

mu, peak current=180 A, spark gap voltage= 30 V, wire feed = 7 m/min and wire tension = 

7 mu.  

At the point when the peak current was expanded from 170 A to 190 A, keeping the wire 

feed rate steady at 6 m/min, the surface roughness expanded from 2.62 μm to 2.84 μm. At 

the point when Peak current expanded from 170 A to 190 A, keeping the wire feed rate 

steady as 8 m/min, the surface roughness expanded from 2.47 μm to 2.54 μm (Fig. 5.36). 

At the point when servo voltage expanded from 20 V to 40 V, keeping wire feed rate 6 

m/min at constant level, surface roughness was diminished from 2.8 μm to 2.4 μm while 

keeping the wire feed rate keeping steady at 8m/min, surface roughness was diminished 

from 2.4 μm to 1.86 μm (Fig. 5.37). 
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FIGURE 5.31 Effect of pulse on time (TON) on surface roughness 
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FIGURE 5.32 Effect of pulse off time (TOFF) on surface roughness
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FIGURE 5.33 Effect of peak current (IP) on surface roughness 
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FIGURE 5.34 Effect of servo voltage (SV) on surface roughness
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FIGURE 5.35 Effect of wire feed rate (WF) on surface roughness 

Design-Expert® Sof tware

SR
3.606

1.431

X1 = C: IP
X2 = E: WF

Actual Factors
A: TON = 115.00
B: TOFF = 54.00
D: SV = 30.00
F: WT = 7.00

  170.00

  175.00

  180.00

  185.00

  190.00

6.00  
6.50  

7.00  
7.50  

8.00  

2.18  

2.345  

2.51  

2.675  

2.84  

  S
R

  

  C: IP  

  E: WF  
 

FIGURE 5.36 Combine effect of peak current and wire feed rate on surface roughness
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FIGURE 5.37 Combine effect of servo voltage and wire feed rate on surface roughness 

5.3.4 Effect of process parameters on kerf width 

The response surface is plotted to learn the effect of process parameters on the kerf width 

and is revealed in Fig. 5.38 to Fig. 5.41. It is seen from Fig. 5.38 that the kerf width 

increases with increase of servo voltage. It is seen from Fig. 5.39 that kerf width decreased 

from increases of wire feed rate.  In order to obtain smallest kerf width during WEDM of 

SKD 11, the most favourable parameter combination obtained is; pulse on time = 112 mu, 

pulse off time = 55 mu, peak current = 190 A, spark gap voltage = 20 V, wire feed = 8 

m/min and wire tension = 8 mu.  

During wire-electrical-discharge machining, pieces are removed from the work piece via 

melting as a result of the high temperature caused by spark discharges, occurring between 

the wire and the work piece and the kerf occurs when these pieces are removed from the 

intermediate region with the liquid-circulation pressure. The kerf width varies depending 

on the parameters used during the machining. 

It is observed from Fig. 5.40 that kerf width is decreased by increasing the pulse off time 

from 52 mu to 56 mu, with a parallel decrease of peak current from 170 A to 190A. 
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On increasing the pulse off time, the machining status becomes stable and the probability 

of uncontrolled sparking is reduced. Also, the sparking frequency is reduced. All these 

effects contribute to reduction in the kerf width [144] . It is observed from the Fig. 5.41 

that kerf width increases as wire feed rate decreases.  
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FIGURE 5.38 Effect of servo voltage (SV) on kerf width 
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FIGURE 5.39  Effect of wire feed rate (WF) on kerf width
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FIGURE 5.40 Combine effect of pulse of time and peak current on kerf width 
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FIGURE 5.41 Combine effect of peak current and wire feed rate on kerf width
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5.3.5 Effect of process variables on dimensional deviation 

The effects of significant process parameters obtained from ANOVA (Table 5.10) i.e. SV, 

WF, WT and interaction (TOFF × IP) and ((IP × WF), for dimensional deviation are 

presented in this section. From the main effect plots based on Fig. 5.42 and Fig. 5.43, it is 

observed that when servo voltage increased from 20 V to 40 V, the dimensional deviation 

is significantly increased. The dimensional deviation decreased from 128 μm to 121 μm on 

increasing wire feed rate from 6 m/min to 8 m/min. when wire tension increase from 6 mu 

to 8 mu , a dimensional deviation decreased from 128 μm to 124 μm [76].  

 

It is observed from the Fig. 5.44 that dimensional deviation decreases with increase of 

pulse off time parallel with the increase of peak current. The figure shows curvature means 

good interaction between the pulse of time and peak current. 

 

It is also observed from the Fig. 5.45 that dimensional deviation decreases with increase of 

wire feed rate and increase with increase of peak current. 
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FIGURE 5.42  Effect of servo voltage (SV) on dimensional deviation
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FIGURE 5.43  Effect of wire feed rate (WF) on dimensional deviation 
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FIGURE 5.44  Combine effect of pulse of time and peak current on dimensional deviation
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FIGURE 5.45 Combine effect of peak current and wire feed rate on dimensional deviation
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CHAPTER 6 

Single and Multi-Response Optimization 

using Desirability Function 

6.1 Desirability Function 

Derringer and Suich (1980) express a multiple response method called desirability. It is an 

attractive method for manufacturing firm for optimization of multiple quality attribute 

problems. The method makes utilization of an objective function, D(X), called the 

desirability function and changes an expected response into a scale free esteem (di) called 

desirability [140]. The desirable ranges are from zero to one (smallest to most desirable 

respectively). The factor settings with greatest total desirability are thought to be the 

optimal parameter conditions.  

The concurrent objective function is a geometric mean of every change responses: 
1

1

1 2 3
1

( ............... )
n n

n
n i

i
D d d d d d

=

 
= × × × × =  

 
∏ (6.1) 

Where, n is the number of responses in the measure. If any of the responses or factors falls 

outside the desirability range, the overall function becomes zero. 

 It can be extended to 

= × × ×
11 2

1 2( ......... )w w wn n
nD d d d  (6.2) 

to reflect the possible difference in the importance of different responses, where the weight 

wi satisfies   0< wi<1 and 1 2 ...... 1nw w w+ + + =  

Desirability is an objective function that ranges from zero outside of the limits to one at the 

goal. The numerical optimization finds a point that maximizes the desirability function. 
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The characteristics of a goal may be altered by adjusting the weight or importance. For 

several responses and factors, all goals get combined into one desirability function. For 

simultaneous optimization each response must have a low and high value assigned to each 

goal. The "Goal" field for responses must be one of five choices: "none", "maximum", 

"minimum", "target", or "in range". Factors will always be included in the optimization, at 

their design range by default, or as a maximum, minimum of target goal[43], [83]. The 

implications of the objective parameters are: 

Maximum: 

di = 0 if response < low value 

0 ≤ di ≤ 1 as response changes from low to high 

di = 1 if response > high value 

Minimum: 

di = 1 if response < low value 

1 ≥ di ≥ 0 as response changes from low to high 

di = 0 if response > high value 

Target: 

di = 0 if response < low value 

0 ≤ di ≤ 1 as response changes from low to target 

1 ≥ di ≥ 0 as response changes from target to high 

di = 0 if response > high value 

Range: 

di = 0 if response < low value 

di = 1 as response changes from low to high 

di = 0 if response > high value 

The di for "in range" are incorporated in the product of the desirability function "D", but 

are not counted in calculating "n": ( )
1
n

iD d= ∏
If the aim is none, the response will not be utilized for the optimization. 

Desirability function has been utilized to establish the optimum parameters for WEDM 

parts for optimization of material removal rate, cutting rate, kerf width, surface roughness 

and dimensional deviation. Second order central composite design of experiment 
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concerning six parameters (wire tension, wire feed rate, peak current, spark gap set 

voltage, pulse off time and pulse on time) each at five levels has been utilized to find 

optimum combination of process parameters and levels in WEDM machining of SKD 11 

tool steel. The single as well as multiple response optimizations were obtained through 

desirability function. 

6.2 Single Response Optimization using Desirability Function 

The constraints for the optimization of individual output characteristics viz. dimensional 

deviation, kerf width, surface roughness, material removal rate and cutting rate, are given 

in Table 6.1 to Table 6.5. Goals and limits were recognized for each output parameters 

individually to exactly conclude their impact on individual desirability. A maximum or 

minimum level is provided for each output characteristic which has to be optimized. 

TABLE 6.1 Series of input process parameters and cutting rate for desirability 

Process  
Parameters Goal Lower 

Limit 
Upper 
Limit 

Lower 
Weight 

Upper 
Weight Importance 

TON is in range 112 118 1 1 3 

TOFF is in range 52 56 1 1 3 

IP is in range 170 190 1 1 3 

SV is in range 20 40 1 1 3 

WF is in range 6 8 1 1 3 

WT is in range 6 8 1 1 3 

CR maximize 0.84 3.02 1 1 3 

 

TABLE 6.2 Series of input process parameters and material removal rate for desirability 

Process 
Parameters Goal Lower 

Limit 
Upper 
Limit 

Lower 
Weight 

Upper 
Weight Importance 

TON is in range 112 118 1 1 3 

TOFF is in range 52 56 1 1 3 

IP is in range 170 190 1 1 3 
SV is in range 20 40 1 1 3 
WF is in range 6 8 1 1 3 

WT is in range 6 8 1 1 3 

MRR maximize 2.772 10.44 1 1 3 
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TABLE 6.3  Series of input process parameters and surface roughness for desirability 

Process 
Parameters Goal Lower 

Limit 
Upper 
Limit 

Lower 
Weight 

Upper 
Weight Importance 

TON is in range 112 118 1 1 3 

TOFF is in range 52 56 1 1 3 

IP is in range 170 190 1 1 3 

SV is in range 20 40 1 1 3 

WF is in range 6 8 1 1 3 

WT is in range 6 8 1 1 3 

SR minimize 1.431 3.606 1 1 3 

TABLE 6.4 Series of input process parameters and kerf width for desirability 

Process 
Parameters Goal Lower 

Limit 
Upper 
Limit 

Lower 
Weight 

Upper 
Weight Importance 

TON is in range 112 118 1 1 3 

TOFF is in range 52 56 1 1 3 

IP is in range 170 190 1 1 3 

SV is in range 20 40 1 1 3 

WF is in range 6 8 1 1 3 

WT is in range 6 8 1 1 3 

KW minimize 260 340 1 1 3 

TABLE 6.5 Series of input process parameters and dimensional deviation for desirability 

Process 
Parameters Goal Lower 

Limit 
Upper 
Limit 

Lower 
Weight 

Upper 
Weight Importance 

TON is in range 112 118 1 1 3 

TOFF is in range 52 56 1 1 3 

IP is in range 170 190 1 1 3 

SV is in range 20 40 1 1 3 

WF is in range 6 8 1 1 3 

WT is in range 6 8 1 1 3 

DD minimize 130 170 1 1 3 
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Weights are assigned to provide added importance to higher / lower limits or to highlight a 

objective value. The default value “1” of weight is assigned to a goal to regulate the shape 

of its exacting desirability function. The default value “3” is chosen for importance in 

order to provide equal importance to all goals. 

6.2.1 Optimal Solutions 

The aim of optimization is to find a best set of conditions that will meet all the goals. It is 

not essential that the value of desirability is always 1.0 as the value is entirely dependent 

on how closely the lower and upper limits are set relative to the actual optimum[36], [43], 

[83]. A set of 30 optimal solutions is derived for the particular design space constraints for 

individual output response characteristic viz. dimensional deviation, kerf width, surface 

roughness, material removal rate and cutting rate using statistical software design expert. 

The group of setting possessing utmost desirability value is chosen as optimum condition 

for the required response. Table 6.6 to Table 6.10 describe the optimal group of conditions 

with superior desirability function required for obtaining desired output response quality 

under precise constraints. 
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TABLE 6.6 Set of optimal solutions for desirability (Cutting rate) 

Sr. No. TON TOFF IP SV WF WT CR Desirability 

1 117.99 52 190 21.03 6 7.9 2.76372 0.88244 Selected 

2 118 52.02 187.52 20.01 6.09 8 2.734326 0.868957 

3 118 52.25 189.96 20 6 7.46 2.710705 0.858121 

4 118 52 185.29 20 6 6.17 2.703354 0.854749 

5 117.89 52.37 190 20.02 6 7.57 2.691598 0.849357 

6 117.93 53.23 190 20.4 6 6 2.67092 0.839872 

7 118 52.01 187.34 20.06 6 6.98 2.670478 0.839669 

8 118 52 185.23 23.97 6 6 2.624192 0.818437 

9 117.95 53.51 189.98 20 6 6.5 2.585962 0.8009 

10 117.94 52 173.9 20 6 6.02 2.530356 0.775392 

11 118 52 187.05 29.21 6 6 2.511301 0.766652 

12 117.95 52 190 30.56 6 7.97 2.509625 0.765883 

13 118 53.39 184.07 20 6 7.42 2.499935 0.761438 

14 118 52 183.05 20 6.82 6 2.454294 0.740502 

15 117.83 55.04 190 20 6.16 6 2.433015 0.730741 

16 118 55.77 187.6 20 6 6 2.408007 0.719269 

17 118 53.94 177.03 20.21 6 8 2.40244 0.716716 

18 118 52 190 30.23 6.43 8 2.377346 0.705205 

19 118 52 179.13 20 6.56 7.2 2.37363 0.7035 

20 118 54.97 182.69 20 6 6.43 2.338798 0.687522 

21 117.96 52.92 170 21.63 6 8 2.337921 0.68712 

22 118 56 185.96 22.04 6 8 2.302622 0.670927 

23 118 52 182.29 20.01 8 7.71 2.231111 0.638124 

24 116.47 52 186.86 31.57 6 6 2.205214 0.626245 

25 118 55.66 190 20 6.85 6 2.179976 0.614668 

26 117.31 52 176.29 20 7.68 6.13 2.128554 0.59108 

27 118 54.28 190 20 7.93 6 2.117794 0.586144 

28 118 53.17 186.39 40 6 6.71 2.004541 0.534193 

29 118 54.12 190 40 6.75 6.08 1.795318 0.438219 

30 118 55.82 170 23.08 7.99 8 1.738924 0.41235 
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TABLE 6.7 Set of optimal solutions for desirability (Material removal rate) 

Sr. 
No. 

TON TOFF IP SV WF WT MRR Desirability 

1 118 52.74 189.15 20 6 6 9.313584 0.853102 Selected 

2 118 52 187.85 20.58 6 8 9.310544 0.852705  
3 118 52.19 190 25.67 6 6 9.252491 0.845134  
4 117.99 52.64 189.76 20 6 8 9.243984 0.844025 

 
5 118 53.14 189.43 20.05 6 6 9.221521 0.841096 

 
6 117.5 52.02 190 21.84 6 6 9.18509 0.836345 

 
7 118 52.6 190 23.49 6 7.99 9.136693 0.830033 

 
8 118 52.45 185.65 20 6 8 9.119827 0.827833  
9 118 52 188.15 27.25 6.01 7.99 8.993333 0.811337  
10 118 52.03 183.95 20 6 7.52 8.932432 0.803395  
11 118 53.17 190 20 6.21 8 8.859955 0.793943  
12 118 53.32 189.84 26.96 6 6.07 8.828186 0.7898 

 
13 118 52.38 189.96 29.62 6 8 8.82542 0.789439 

 
14 118 52.44 190 22.35 6.36 7.99 8.78828 0.784596 

 
15 118 52 189.5 30 6.08 8 8.776928 0.783115 

 
16 117.71 52 190 20 6.29 6.42 8.772256 0.782506  
17 118 52.03 190 22.61 6.53 8 8.712284 0.774685  
18 118 52 171.69 20 6 7.89 8.565979 0.755605  
19 117.95 52 189.97 20.05 6.64 6.42 8.547476 0.753192  
20 118 55.19 190 20 6 6.47 8.454516 0.741069 

 
21 118 54.39 177.34 21.47 6 8 8.221204 0.710642 

 
22 117.99 52.09 171.08 28.1 6 8 8.182724 0.705624 

 
23 118 52 189.84 20.02 7.64 6 8.146188 0.700859 

 
24 118 52.51 173.53 30.83 6 6 8.101141 0.694985  
25 117.99 52.01 190 20.07 7.7 7.76 7.878454 0.665943  
26 118 53.05 190 20 7.62 8 7.782493 0.653429  
27 118 52.14 190 28.73 7.27 8 7.750521 0.649259  
28 118 52.44 185.75 20.71 8 6 7.732525 0.646912 

 
29 118 54.32 171.83 34.54 6 8 7.111691 0.565948 

 
30 118 52 173.22 30.97 8 6 6.714224 0.514114 
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TABLE 6.8 Set of optimal solutions for desirability (Surface roughness) 

Sr. No. TON TOFF IP SV WF WT SR Desirability 

1 112 54.72 180.31 40 7.98 6.94 1.641715 0.903119 Selected 

2 112 54.95 181.03 39.96 8 7.03 1.643105 0.902481 

3 112 54.3 182.57 40 8 7.04 1.648076 0.900195 

4 112.03 54 179.97 39.97 8 7.07 1.650805 0.89894 

5 112 54.2 181.69 39.99 8 7.24 1.65522 0.89691 

6 112 55.54 178.76 39.9 8 7.04 1.657753 0.895746 

7 112.01 54.51 179.41 39.97 7.83 7.11 1.659001 0.895172 

8 112 54.2 184.29 40 8 6.9 1.661375 0.894081 

9 112.15 55.2 178.2 40 7.97 6.97 1.663493 0.893107 

10 112 54.66 178.53 40 7.87 7.31 1.668238 0.890925 

11 112 53.98 185.07 39.98 8 7.06 1.671409 0.889467 

12 112 55.1 180.64 39.74 8 7.37 1.672062 0.889167 

13 112 54.37 175.9 40 8 6.7 1.67345 0.888529 

14 112 54.75 174.93 40 8 6.75 1.676952 0.886919 

15 112 54.87 184.23 40 8 7.37 1.678133 0.886376 

16 112.01 54.62 179.5 40 8 7.55 1.689442 0.881176 

17 112 53.99 186.15 40 7.99 6.74 1.693051 0.879517 

18 112 52.92 182.17 40 8 7.04 1.693306 0.8794 

19 112 54.86 180.36 40 8 6.42 1.694877 0.878677 

20 112 55.41 178.62 38.58 8 6.77 1.697889 0.877293 

21 112 52.84 183.6 40 7.98 6.99 1.707439 0.872902 

22 112 53.5 173.64 40 8 7.23 1.711966 0.87082 

23 112.99 54.83 181.26 40 8 7.06 1.729909 0.862571 

24 112 53.6 172.19 40 7.74 6.96 1.736178 0.859688 

25 112 56 177.2 38.5 8 7.45 1.751312 0.85273 

26 112 52.74 185.88 40 7.91 7.27 1.753667 0.851648 

27 112.2 52.38 182.83 40 8 6.71 1.762908 0.847399 

28 112 53.2 171.38 40 7.99 6.68 1.766831 0.845595 

29 112 55.44 175.05 40 7.25 6.98 1.771122 0.843622 

30 112 52.99 189.98 40 8 7.92 1.914039 0.777913 
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TABLE 6.9 Set of optimal solutions for desirability (Kerf width) 

Sr. No. TON TOFF IP SV WF WT KW Desirability 

1 118 55.71 170.06 20 8 8 273.6283 0.829646 Selected 

2 116.78 56 170.03 20.39 8 7.86 274.6244 0.817195  
3 117.32 55.16 170 20 7.69 8 276.6741 0.791574  
4 117.98 54.98 170 20.02 8 7.03 277.5992 0.78001  
5 116.84 53.36 170 20 8 7.25 279.0981 0.761274  
6 114.36 54.39 175.9 20 8 8 279.554 0.755575  
7 117.8 52.79 170 20 8 7.03 280.5577 0.743028  
8 112 52.02 171.37 20.3 8 7.48 281.2484 0.734395  
9 117.96 56 170.12 20.39 7.83 6.14 281.2853 0.733934  
10 113.37 55.99 170 20.03 6.95 7.92 281.5201 0.730999  
11 115.68 52 176.35 20 7.59 8 282.0376 0.72453  
12 115.01 52 185.41 20 7.64 8 282.3345 0.720819  
13 118 52.09 170 20 7.77 7.3 282.4494 0.719383  
14 118 56 170 20 7.04 7.13 283.1847 0.710191  
15 114.24 52 190 20.05 8 7.86 283.4708 0.706615  
16 116.39 52.91 181.56 20 7.25 8 284.0911 0.698862  
17 118 52.83 186.42 20.01 7.12 8 284.4231 0.694711  
18 117.78 55.74 170 40 8 7.97 286.8104 0.66487  
19 112 55.9 170 40 7.8 7.99 288.0909 0.648864  
20 114.75 54.96 170 39.48 7.98 8 288.5602 0.642998  
21 114.42 56 170 39.99 8 7.08 289.2096 0.63488  
22 116.43 54.75 170 40 8 7.62 289.2382 0.634522  
23 117.9 54.3 170 40 8 7.34 290.7439 0.615701  
24 115.08 56 170.31 40 8 6.6 290.9819 0.612726  
25 112 52 172.89 39.99 8 7.93 292.6909 0.591364  
26 113 52 183.72 40 8 8 294.7942 0.565073  
27 115.71 52 190 39.9 6.83 8 295.1878 0.560152  
28 116.31 52 190 39.99 7 8 295.2408 0.55949  
29 118 55.95 178.73 40 8 7.91 295.7274 0.553408  
30 114.73 52 190 40 6.01 7.42 296.0971 0.548786  

124 
 



Single & Multi response Optimization using Desirability Function 

TABLE 6.10 Set of optimal solutions for desirability (Dimensional deviation) 

Sr. No. TON TOFF IP SV WF WT DD Desirability 

1 116.61 55.5 170 20 8 7.9 137.2153 0.819617 Selected 

2 115.47 55.34 170.42 20 8 8 137.3579 0.816052 

3 115.07 54.98 170.02 20 8 8 137.411 0.814726 

4 117.95 55.99 170.4 20 7.86 7.52 138.2138 0.794656 

5 113.15 55.09 170 20 7.74 8 138.3366 0.791585 

6 116.27 54.06 170 20 8 7.5 138.7725 0.780688 

7 116.31 53.27 170 20.02 7.94 8 138.7804 0.780491 

8 117 52.39 170 20 8 8 139.116 0.772101 

9 115.66 55.57 170 20 8 6.59 139.1353 0.771617 

10 116.6 56 170 22.12 8 8 139.229 0.769275 

11 115.25 56 170 20 7.97 6.28 139.417 0.764576 

12 113.29 56 175.68 20 7.61 7.9 140.8648 0.728381 

13 118 52.01 183.4 20.02 8 7.95 140.8805 0.727988 

14 112.05 52 181.32 20 7.99 7.68 141.0549 0.723628 

15 112.27 52.01 190 20 6.85 7.87 141.2278 0.719306 

16 115 52.05 190 20 6 7.68 141.2534 0.718664 

17 112.9 52 188.09 20 7.26 8 141.2786 0.718034 

18 113.31 52 187.11 20 7.52 7.96 141.3306 0.716736 

19 112.33 52 190 20.02 6.01 7.56 141.3734 0.715666 

20 117.94 52 170.01 20 7.36 7.92 141.9647 0.700883 

21 116.38 54.47 175.58 20 8 6 142.7556 0.681111 

22 112 53.48 188.99 20 6.4 8 143.0238 0.674406 

23 113.47 54.07 170.04 40 8 8 144.6425 0.633937 

24 112 54.78 170 40 8 7.47 144.9378 0.626556 

25 117.8 53.73 170 39.55 7.99 8 145.1427 0.621432 

26 117.91 56 170 40 7.74 7.25 145.4582 0.613546 

27 112.86 54.18 170 40 7.66 8 145.8584 0.60354 

28 112 52 175.13 39.24 8 7.82 147.2278 0.569304 

29 112.89 52 190 40 6 7.42 148.1707 0.545732 

30 117.46 53.04 190 40 6 6.62 150.8402 0.478995 
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TABLE 6.11 Optimal sets of process parameters using desirability function 

 
Factors 

 
 

Response 

Desirability Ton Toff IP SV WF WT 
Predicted 
optimal 
solution 

CR 0.882 117.99 52 190 21.03 6 7.9 2.76372 

MRR 0.853102 118 52.74 189.15 20 6 6 9.313584 

SR 0.903119 112 54.72 180.31 40 7.98 6.94 1.641715 

KW 0.829646 118 55.71 170.06 20 8 8 273.6283 

DD 0.819617 116.61 55.5 170 20 8 7.9 137.2153 

 

The ramp function graphs and bar graphs (Fig. 6.1 to Fig. 6.10) have drawn by design 

expert solver illustrate the desirability for each process parameter and each output 

response. The spot on every ramp reflects the factor setting or response forecast for that 

output response quality. The height of the spot shows how desirable it is. A linear ramp 

function is formed between the small value and the aim or the high value and the aim as 

the weight for each parameter was set equal to one. Bar graphs explain the individual/ 

partial desirability functions (di) of each of the output responses (dimensional deviation, 

kerf width, surface roughness, material removal rate and surface roughness); di varies from 

0 to 1 depending upon the closeness of the response towards target[36]. The bar graph 

shows how well each variable satisfies the condition: values close to one are considered 

good. Table 6.11 reports the ultimate set of optimum levels of different process variables 

and the predicted values of different output response characteristics. 
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FIGURE 6.1  Ramp function graph of desirability for cutting rate 
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FIGURE 6.2  Bar graph of desirability for cutting rate
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FIGURE 6.3  Ramp function graph of desirability for material removal rate 
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FIGURE 6.4  Bar graph of desirability for material removal rate
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FIGURE 6.5  Ramp function graph of desirability for surface roughness 
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FIGURE 6.6  Bar graph of desirability for surface roughness
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FIGURE 6.7  Ramp function graph of desirability for kerf width 
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FIGURE 6.8   Bar graph of desirability for kerf width
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FIGURE 6.9   Ramp function graph of desirability for dimensional deviation 
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FIGURE 6.10  Bar graph of desirability for dimensional deviation
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6.3 Multi Response Optimization using Desirability Function 

To beat the issue of contradictory responses of single quality optimization, multi-

characteristics optimization has been conceded out using desirability function in 

combination with RSM. Two multi-characteristic models have been created. Aims and 

bounds have been built up for each response to accurately find out their impact on overall 

desirability. A most or least level is assigned for all output response qualities which are to 

be optimized. Weights have been assigned in order to provide added importance to upper 

or lower limits or to highlight a target value[83]. The importance is provided to each 

response relative to the other responses. Importance varies from the 0 to 1 as least 

important, to the most important. 

6.3.1 Model 1: Cutting rate and material removal rate 

The series and aims of input process parameters i.e. wire tension, wire feed rate, peak 

current, spark gap set voltage, pulse off time, pulse on time and the response quality i.e. 

material removal rate and cutting rate are specified in Table 6.12 . Material removal rate 

 as well as cutting rate has been given equal weightages as 5. 

The objective of optimization is to locate a decent arrangement of conditions that will meet 

all the goals. It is not essential that the desirability value is 1.0 as the value is totally 

dependent on how closely the lower and upper bounds are set relative to the real optimum. 

A group of 30 optimal solutions is derived for the particular design space constraints ( 

Table 6.13) for material removal rate and cutting rate by use of statistical design expert 

software. The group of conditions possessing maximum desirability value is selected as 

optimum condition for the required responses.  

Table 6.13 highlights the optimal set of condition with superior desirability function 

essential for getting desired output characteristics under particular constraints. 

The ramp function graph and bar graph (Fig. 6.11 and Fig. 6.12) have drawn using design 

expert solver show the desirability for material removal rate and cutting rate. The spot on 

each one ramp reflects the factor setting or response forecast for that response quality. The 
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height of the spot indicates how much desirable it is. A linear ramp function is formed 

between the least value and the goal or the greatest value and the goal as the weight for 

each process parameter was set equal to one. Bar graph shows the overall desirability 

function of the responses (material removal rate and cutting rate). Desirability alters from 0 

to 1 depending upon the closeness of the response towards target. The bar graph shows 

how well each variable satisfies the criterion, values close to one are considered good. 

TABLE 6.12 Range of input parameters and responses for desirability (CR and MRR) 

Name Objective Lower 
Bound 

Upper 
Bound 

Lower 
Weight 

Upper 
Weight Importance 

TON is in range 112 118 1 1 3 
TOFF is in range 52 56 1 1 3 

IP is in range 170 190 1 1 3 
SV is in range 20 40 1 1 3 
WF is in range 6 8 1 1 3 
WT is in range 6 8 1 1 3 
CR maximize 0.84 3.02 1 1 5 

MRR maximize 2.772 10.44 1 1 5 

TABLE 6.13 Set of optimal solutions for cutting rate and material removal rate 

No. TON TOFF IP SV WF WT CR MRR Desirability 
1 118 52.11 189.99 20 6 6 2.80012 9.505574 0.888577 Selected 
2 117.99 52 189.89 20.01 6.05 8 2.788542 9.346058 0.875392 
3 118 52 189.53 20 6 7.85 2.778796 9.320432 0.871496 
4 118 52 190 21.77 6.04 8 2.749061 9.316249 0.864511 
5 117.99 52 190 21.05 6.05 6.15 2.73637 9.33668 0.862977 
6 118 52 187.43 20.21 6 7.89 2.744636 9.244307 0.858749 
7 118 52 184.34 20.36 6 6 2.708119 9.283306 0.853035 
8 117.99 52.04 190 20 6.03 6.59 2.715143 9.169028 0.847105 
9 118 52.02 189.25 20 6 6.67 2.712719 9.162864 0.846149 

10 118 53.19 190 20 6 7.73 2.652264 8.977484 0.820218 
11 118 52.11 181.27 20.13 6 6.4 2.590873 8.888426 0.8004 
12 118 52.44 190 20 6.36 6.51 2.566601 8.711695 0.783265 
13 118 52 178.09 20 6 7.46 2.538081 8.672117 0.774177 
14 117.99 52 178.04 23.33 6.09 6 2.490857 8.77981 0.770271 
15 118 52.8 181.32 20 6 6.55 2.514075 8.658984 0.767829 
16 117.99 55.17 189.16 20.06 6 6 2.48876 8.68996 0.764004 
17 118 52.41 172.57 20 6 6 2.481068 8.67645 0.761349 
18 118 52 188.63 20.18 6.86 6 2.509225 8.561071 0.760313 
19 117.32 52 190 20.45 6.48 8 2.515825 8.486915 0.75692 
20 117.95 52 190 29.89 6.01 7.52 2.462345 8.651644 0.755402 
21 117.99 52 174.77 24.39 6 8 2.436057 8.585579 0.745035 
22 118 52.48 190 20 6.86 8 2.485168 8.388603 0.743486 
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23 118 52.21 190 20 7.11 6 2.450329 8.384147 0.73528  
24 118 52 179.1 20.42 6.66 8 2.429625 8.205296 0.718803  
25 117.93 52 176.99 30.28 6 8 2.302575 8.269536 0.693544  
26 118 52.01 189.67 20 7.68 6.32 2.313274 7.922411 0.673742  
27 118 52.02 190 39.39 6 8 2.280096 7.934385 0.666886  
28 118 52.27 175.04 20 8 6.05 2.192258 7.293319 0.604774  
29 117.73 56 188.92 39.93 6.15 8 1.778758 6.502587 0.457716  
30 118 53.52 170 28.7 7.96 6 1.808588 6.371183 0.45667  

TON = 118.00

112.00 118.00

TOFF = 52.11

52.00 56.00

IP = 189.99

170.00 190.00

SV = 20.00

20.00 40.00

WF = 6.00

6.00 8.00

WT = 6.00

6.00 8.00

CR = 2.80012

0.84 3.02

MRR = 9.50557

2.772 10.44

Desirability = 0.889

 

 

FIGURE 6.11  Ramp function graph of desirability for cutting rate and material removal rate
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FIGURE 6.12  Bar graph of desirability for cutting rate and material removal rate 
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FIGURE 6.13 Desirability plot for multi-characteristics (MRR and CR)
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FIGURE 6.14 Contour plot of desirability for multi-characteristics (MRR and CR) 

Desirability 3D surface-plots were first drawn keeping input parameters in range, cutting 

rate and material removal rate at maximum. Fig. 6.13 shows a plot of desirability function 

distribution of desired responses for SKD 11 steel according to pulse on time and pulse off 

time. It can be interpreted that overall desirability value is less in the area of low pulse on 

time and high level of pulse off time. 

To show the sensitivity of results to condition, contour plots for overall desirability for the 

considered model are shown in Fig. 6.14. The near optimal region was located close to the 

right hand bottom region of the plot, which had overall desirability value greater than 0.85 

that gradually reduced while moving left and upwards. Sensitivities are obtained using the 

shape of the contour lines in Fig. 6.14. 

Table 6.14 shows point prediction of CR and MRR at optimum setting of process 

parameters. The 95% confidence interval is the scope in which one can guess the process 

average to fall into 95% of the time. The 95% prediction interval is the scope in which one 

can expect any individual value to plunge into 95% of the time. The prediction interval will 

be outsized than the confidence interval as one can be expecting more disperse in 

individual values than in averages. Confirmation experiments were performed at predicted 

optimal levels and the results were found to be within 95% confidence interval. 
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TABLE 6.14 Point prediction at optimal setting of responses (CR and MRR) 

Response Prediction 95% CI 
low 

95% CI 
high 

95% PI 
low 

95% PI 
high 

Actual value 
(Mean of three 
confirmation 
experiments) 

CR 2.805228 2.706946 2.903511 2.526959 3.083497 2.81 

MRR 9.513799 9.161719 9.86588 8.456687 10.57091 9.6102 

6.3.2  Model 2: Cutting rate, material removal rate and surface roughness 

The ranges and goals of input process parameters i.e. wire tension, spark gap set voltage, 

wire feed rate, pulse on time, peak current, pulse off time and output parameters like 

surface roughness, material removal rate and cutting rate are specified in Table 6.15. 

Cutting rate as well as material removal rate has been assigned an importance of 5 relative 

to surface roughness with an importance of 3. 

TABLE  6.15 Range of input parameters and responses for desirability (CR, SR and MRR) 

Process 
parameters Goal Lower 

Bound 
Upper 
Bound 

Lower 
Weight 

Upper 
Weight Importance 

TON is in range 112 118 1 1 3 

TOFF is in range 52 56 1 1 3 

IP is in range 170 190 1 1 3 

SV is in range 20 40 1 1 3 

WF is in range 6 8 1 1 3 

WT is in range 6 8 1 1 3 

CR maximize 0.84 3.02 1 1 5 

MRR maximize 2.772 10.44 1 1 5 

SR minimize 1.431 3.606 1 1 3 
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TABLE 6.16 Set of optimal solutions for cutting rate, material removal rate and surface roughness 

Sr. 
No. TON TOFF IP SV WF WT CR MRR SR Desirability 

1 118 52.08 182.29 20 6.17 6.92 2.52 8.582 3.098 0.5816 Selected 
2 118 52.24 182.44 20 6.16 6.93 2.51 8.561 3.091 0.5813  
3 118 52 183.68 20 6.33 6.83 2.50 8.497 3.077 0.5813  
4 118 52.32 183.78 20 6.22 6.81 2.50 8.543 3.089 0.5807  
5 118 52.37 181.83 20 6.03 6.98 2.53 8.656 3.119 0.5803  
6 118 52.16 185.35 20 6.35 6.73 2.51 8.519 3.091 0.5795  
7 117.91 52.04 183.77 20 6.34 6.83 2.48 8.431 3.064 0.5792  
8 117.98 52 181.85 20 6.31 6.55 2.49 8.500 3.083 0.5786  
9 118 52 183.21 20.92 6.33 6.53 2.49 8.527 3.086 0.5783  

10 118 52 183.48 20 6.36 7.39 2.50 8.462 3.084 0.5781  
11 118 52.23 180.78 20 6.31 6.5 2.46 8.426 3.062 0.5770  
12 118 52.53 182.13 20.58 6.16 6.51 2.48 8.566 3.097 0.5768  
13 117.99 53.29 183.35 20 6 7.16 2.48 8.520 3.102 0.5726  
14 118 52.39 188.7 21.23 6.52 6.92 2.44 8.356 3.060 0.5719  
15 117.98 53.17 186.46 20.1 6.25 6.68 2.46 8.430 3.085 0.5708  
16 117.62 52 185.36 20.75 6.3 7.02 2.44 8.342 3.065 0.5708  
17 118 52 179.48 24.97 6.07 6.33 2.42 8.591 3.114 0.5647  
18 118 52.91 181.17 20 6.51 6.05 2.41 8.305 3.068 0.5634  
19 118 52 184.16 23.02 6.85 7.97 2.37 8.139 3.033 0.5596  
20 118 52 184.55 28.07 6.39 6 2.37 8.454 3.101 0.5553  
21 118 53.26 177.36 20.88 6.41 6.52 2.25 7.863 2.926 0.5536  
22 118 52 184.9 20.01 7.59 6.77 2.24 7.588 2.860 0.5516  
23 118 53.45 188.55 20 6.88 7.78 2.33 7.946 3.018 0.5493  
24 118 53.25 183.3 20 7.1 6 2.27 7.840 2.962 0.5486  
25 118 52.27 175.78 20 6.87 6.19 2.29 7.813 2.974 0.5477  
26 117.93 52 187.03 21.04 7.82 8 2.28 7.784 3.000 0.5404  
27 116.45 52 181.31 20 6.13 6.24 2.30 7.949 3.061 0.5361  
28 117.24 52.71 175.09 20 6.14 8 2.31 7.981 3.104 0.5291  
29 118 54.41 186.59 20.01 7.12 6 2.19 7.671 2.973 0.5277  
30 117.54 52 183.23 20.1 7.99 8 2.21 7.443 2.955 0.5246  
 

Table 6.16 reports 30 values of overall desirability and the corresponding responses under 

discussion. The group of conditions possessing maximum desirability value is selected as 

optimum condition for the desired responses parameters. The ramp function graph drawn 

by design expert solver describes the desirability for surface roughness, material removal 

rate and cutting rate (Fig. 6.15). A linear ramp function is formed between the least value 
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and the goal or the greatest value and the goal as the weight for each parameter was set 

equal to one. 

TON = 118.00

112.00 118.00

TOFF = 52.08

52.00 56.00

IP = 182.29

170.00 190.00

SV = 20.00

20.00 40.00
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6.00 8.00

WT = 6.92

6.00 8.00

CR = 2.52256

0.84 3.02

MRR = 8.58189

2.772 10.44

SR = 3.09822

1.431 3.606

Desirability = 0.582

FIGURE 6.15 Ramp function graph of desirability for cutting rate, material removal rate and surface 
roughness 
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FIGURE 6.16   Bar graph of desirability for cutting rate, material removal rate and surface roughness 

Bar graph (Fig. 6.16) highlights the overall desirability function of the responses in the 

considered model. Desirability varies from 0 to 1 depending upon the closeness of the 
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response towards target. The bar graph shows how well each variable satisfies the criterion 

values close to one are considered good.  

Desirability 3D-plots (Fig. 6.17) were drawn keeping input parameters in range, material 

removal rate, cutting rate at maximum and surface roughness at minimum. It can be 

interpreted that overall desirability value is less in the region of low pulse on time and high 

level of pulse off time. It is revealed that overall desirability value is higher in the region 

where there is a high pulse on time, low pulse off time. To show the sensitivity of results to 

condition, contour plots for overall desirability for the considered model are shown in Fig. 

6.18. It is revealed that overall desirability value is higher in the region where there is a 

high pulse on time, and low pulse off time. 

Table 6.17 shows point prediction of optimal CR, MRR and SR responses at optimal 

setting of parameters. The 95% confidence interval is the range in which one can expect 

the process average to fall into 95% of the time. The 95% prediction interval is the range in 

which one can expect any individual value to fall into 95% of the time. The prediction 

interval will be outsized than the confidence interval since one can expect more scatter in 

individual values than in averages. Confirmation experiments were conducted at predicted 

optimal levels and the results were found to be within 95% confidence interval. 
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FIGURE 6.17 Desirability plot for multi-characteristics (MRR, SR and CR)
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FIGURE 6.18 Contour plots for desirability plot of multi-characteristics (MRR, SR and CR) 

TABLE 6.17 Point prediction at optimal setting of responses (CR, SR and MRR) 

Response Prediction 95% CI 
low 

95% CI 
high 

95% PI 
low 

95% PI 
high 

Confirmation 
experiments 

CR 2.522564 2.434006 2.611123 2.247579 2.797549 2.65 

MRR 8.581885 8.254012 8.909758 7.532587 9.631183 9.1266 

SR 3.098225 2.980974 3.215475 2.712047 3.484403 3.056 

6.3.3 Model 3: Cutting rate, material removal rate, surface roughness and kerf 
width 

The ranges and goals of input parameters i.e.  wire feed rate, pulse off time, wire tension, 

pulse on time, spark gap set voltage, peak current and the response characteristics viz. Kerf 

width, surface roughness, material removal rate and cutting rate are specified in Table 

6.18. Cutting rate and material removal rate has been given an equal importance as 5 

relatives to surface roughness and kerf width each with an equal importance as 3. 

141 



Single & Multi response Optimization using Desirability Function 

TABLE 6.18 Series of input process parameters and responses for desirability (CR, MRR, SR, and KW) 

Process 
Parameters Objective Lower 

Bound 
Upper 
Bound 

Lower 
Weight 

Upper 
Weight Importance 

TON is in range 112 118 1 1 3 
TOFF is in range 52 56 1 1 3 

IP is in range 170 190 1 1 3 
SV is in range 20 40 1 1 3 
WF is in range 6 8 1 1 3 
WT is in range 6 8 1 1 3 
CR maximize 0.84 3.02 1 1 5 

MRR maximize 2.772 10.44 1 1 5 
SR minimize 1.431 3.606 1 1 3 
KW minimize 260 340 1 1 3 

TABLE 6.19 Set of optimal solutions for cutting rate, material removal rate, surface roughness and kerf 
width 

Sr.
No. TON TOFF IP SV WF WT CR MRR SR KW Desirability 

1 118 52 186.53 20 6.55 7.11 2.48 8.359 3.055 285.8 0.5951 Selected 
2 118 52.02 184.66 20 6.35 6.95 2.51 8.495 3.080 287.3 0.5947 
3 118 52 183.42 20 6.3 6.87 2.51 8.508 3.080 288.3 0.5933 
4 118 52.35 184.15 20 6.24 7.19 2.50 8.501 3.084 287.5 0.5932 
5 118 52.64 184.31 20.02 6.25 7.05 2.47 8.426 3.059 288.4 0.5907 
6 117.99 52 187.56 20 6.76 7.78 2.49 8.372 3.117 283.3 0.5888 
7 118 52.84 183.87 20 6.14 7.03 2.49 8.493 3.080 289.1 0.5885 
8 117.94 52.32 181.9 20 6.04 6.97 2.53 8.625 3.115 289.7 0.5880 
9 117.99 52.05 185.5 20 6.75 7.9 2.48 8.329 3.106 283.6 0.5877 

10 118 52 182.55 20.03 6.8 7.73 2.41 8.101 3.017 285.0 0.5876 
11 118 52.02 184.57 20 6.62 7.92 2.51 8.435 3.134 284.0 0.5875 
12 118 52 184.56 20 6.35 6.42 2.54 8.631 3.133 289.0 0.5873 
13 118 52.01 185.23 20.16 6.98 7.71 2.39 8.053 3.007 284.4 0.5872 
14 118 52 179.54 20.05 6.22 7.19 2.47 8.420 3.063 289.7 0.5869 
15 118 52.76 188.2 20.06 6.38 6.9 2.48 8.423 3.087 287.7 0.5867 
16 118 52.98 183.3 20 6 7.2 2.51 8.606 3.120 289.2 0.5860 
17 118 52 190 20 7.58 7.69 2.33 7.900 3.011 283.5 0.5754 
18 118 52 186.97 20.1 7.06 6.03 2.44 8.316 3.092 288.9 0.5753 
19 118 53.45 180.29 20 6 7.65 2.45 8.459 3.118 289.6 0.5746 
20 118 52 190 20.64 7.42 6.38 2.33 8.007 2.999 289.0 0.5705 
21 118 52.94 182.15 20 6.74 6 2.37 8.150 3.033 291.6 0.5681 
22 118 52 181.58 20 7.72 7.4 2.21 7.396 2.849 283.7 0.5676 
23 118 52.08 190 20 7.38 6 2.41 8.256 3.111 288.7 0.5665 
24 117.75 53.21 189.16 20.02 6 7.56 2.57 8.725 3.260 286.2 0.5653 
25 118 52.52 173.74 20 6.12 6.84 2.36 8.171 3.036 294.1 0.5613 
26 118 52.71 185.87 20 7.57 6.02 2.27 7.810 2.967 289.8 0.5604 
27 117.99 53.73 184.34 20.05 7.08 6 2.24 7.773 2.958 292.1 0.5520 
28 118 54.57 178.5 20.02 6.1 8 2.34 8.148 3.136 289.2 0.5486 
29 118 52 187.94 26.73 7.73 6.53 2.09 7.439 2.755 299.9 0.5298 
30 118 52.17 177.94 27.45 6 6 2.39 8.627 3.172 308.8 0.5121 
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Table 6.19 highlights the values of 30 sets of input process parameters that will give high 

values of overall desirability and the subsequent values of responses under discussion are 

also given. The set of conditions possessing maximum desirability value is selected as 

optimum condition for the desired outputs.  

The ramp function graph (Fig. 6.19) drawn by design expert solver shows the desirability 

for kerf width, surface roughness, material removal rate and cutting rate. The spot on each 

ramp shows the factor setting for that response characteristic. The height of the dot shows 

how much desirable it is. A linear ramp function is formed between the least value and the 

goal or the greatest value and the goal as the weight was set equal to 1 for each parameter. 

Bar graph (Fig. 6.20) shows the overall desirability function of the responses. Desirability 

varies from zero to one base on the closeness of the response towards target. The bar graph 

shows how well each variable satisfies the criterion: values near one are considered to be 

excellent.  
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FIGURE 6.19  Ramp function graph of desirability for cutting rate, material removal rate, surface roughness 
and kerf width
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FIGURE 6.21 Desirability plot for multi-characteristics (CR, MRR, SR and KW)
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FIGURE 6.22 Contour plot for desirability of multi-characteristics (CR, MRR, SR and KW) 

Desirability 3D surface-plots (Fig. 6.21) were plot by keeping input process parameters in 

range, cutting rate and material removal rate at maximum, surface roughness and kerf 

width at minimum. The contour plots for overall desirability for the considered model are 

shown in Fig. 6.22. It is shown that overall desirability value is higher in the area where 

there is a higher value of pulse on time, and lower value of pulse off time. 

 

Table 6.20 shows point prediction of CR, MRR, SR and KW responses at optimal setting 

The 95% confidence interval is the range in which one can expect the process average to 

fall into 95% of the time. The 95% prediction interval is the range in which one can expect 

any individual value to fall into 95% of the time. The prediction interval will be outsized 

than the confidence interval since one can expect more scatter in individual values than in 

averages. Confirmation experiments were conducted at predicted optimal levels and the 

results were found to be within 95% confidence interval. 
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TABLE 6.20 Point prediction at optimal setting of responses (CR, MRR, SR and KW) 

Response Prediction 95% CI 
low 

95% CI 
high 

95% PI 
low 95% PI high Confirmation 

experiments 
CR 2.47623 2.389656 2.562804 2.201878 2.750582 2.40 

MRR 8.358526 8.035009 8.682042 7.310581 9.406471 8.1231 

SR 3.055351 2.944203 3.166499 2.670982 3.43972 2.992 

KW 285.7606 279.0676 292.4536 256.622 314.8992 282 

6.3.4 Model 4: Cutting rate, material removal rate, surface roughness, kerf width 
and dimensional deviation 

The ranges and goals of input parameters viz. pulse on time, pulse off time, peak current, 

spark gap set voltage, wire feed rate, wire tension and the response characteristics viz. 

cutting rate, material removal rate, surface roughness, kerf width and dimensional 

deviation are given in Table 6.21. Material removal rate and surface roughness has been 

assigned an equal importance of 5 relative to surface roughness, kerf width and 

dimensional deviation each with an equal importance of 3. 

TABLE 6.21 Series of input process parameters and responses for desirability (CR, MRR, SR, KW and DD) 

Process 
Parameters Goal Lower 

Bound 
Upper 
Bound 

Lower 
Weight 

Upper 
Weight Importance 

TON is in range 112 118 1 1 3 
TOFF is in range 52 56 1 1 3 

IP is in range 170 190 1 1 3 
SV is in range 20 40 1 1 3 
WF is in range 6 8 1 1 3 
WT is in range 6 8 1 1 3 
CR maximize 0.84 3.02 1 1 5 

MRR maximize 2.772 10.44 1 1 5 
SR minimize 1.431 3.606 1 1 3 
KW minimize 260 340 1 1 3 
DD minimize 130 170 1 1 3 

146 
 



Single & Multi response Optimization using Desirability Function 

TABLE 6.22 Set of optimal solutions for cutting rate, material removal rate, surface roughness, kerf width 
and dimensional deviation 

Sr.
No. TON TOFF IP SV WF WT CR MRR SR KW DD Desirability 

1 118 52 187.43 20 6.45 7.32 2.53 8.518 3.119 284.8 142.5 0.608 Selected 

2 118 52.01 187.47 20 6.67 7.44 2.47 8.331 3.072 284.4 142.2 0.608 

3 118 52 185.28 20 6.47 7.49 2.50 8.442 3.093 285.2 142.7 0.608 

4 118 52 184.73 20 6.27 7.54 2.56 8.647 3.154 285.6 142.9 0.605 

5 118 52.04 184.64 20 6.53 7.87 2.53 8.503 3.147 284.3 142.2 0.604 

6 118 52.55 185.19 20 6.57 7.56 2.43 8.218 3.031 285.9 143.0 0.602 

7 117.93 52.24 183.36 20 6.5 7.5 2.44 8.237 3.03 286.3 143.2 0.602 

8 118 52 183.44 20.09 6.55 6.67 2.44 8.286 3.019 288.6 144.3 0.598 

9 118 52.99 188.42 20 6.53 7.67 2.46 8.325 3.104 285.7 143.0 0.596 

10 118 52 188.53 20.07 6.68 6.36 2.50 8.502 3.126 287.4 143.8 0.595 

11 118 52.01 183.94 20 7.56 7.62 2.27 7.622 2.905 283.6 141.8 0.594 

12 117.95 52 181.85 20 6.55 6.51 2.42 8.242 3.016 289.5 144.8 0.592 

13 118 52 186.1 20 7 6.22 2.41 8.201 3.036 288.3 144.2 0.591 

14 117.65 52.59 188.9 20 6.52 8 2.50 8.438 3.201 283.6 141.9 0.59 

15 118 52.41 190 20 6.75 6.32 2.47 8.418 3.12 288.1 144.1 0.588 

16 117.99 52 183.52 20 7.15 6.2 2.36 7.999 2.983 288.7 144.3 0.586 

17 118 52.23 179.14 20 8 8 2.23 7.404 2.971 280.8 140.4 0.583 

18 118 52.02 190 21.89 7.38 8 2.36 8.094 3.073 286.9 143.5 0.581 

19 118 52.02 177.5 20 6.21 6.57 2.46 8.428 3.077 292.7 146.3 0.578 

20 117.95 52.81 187.59 20 8 7.83 2.20 7.508 2.929 284.8 142.4 0.576 

21 118 53.99 179 20 6.69 8 2.24 7.681 2.98 286.6 143.4 0.572 

22 118 53.68 178.33 20 6 7.99 2.45 8.485 3.184 289.2 144.7 0.571 

23 117.63 52 183.76 20.03 7.94 6 2.24 7.63 2.966 287.9 143.9 0.568 

24 118 52.15 177.73 20 8 6.04 2.23 7.454 2.972 286.4 143.1 0.566 

25 117.99 52.01 190 26.81 6.61 7.43 2.34 8.182 3.028 296.4 148.3 0.553 

26 118 54.36 190 20 6.04 6.39 2.51 8.649 3.266 292.6 146.5 0.549 

27 116.57 53.44 190 20.01 8 8 2.01 6.952 2.864 287.0 143.5 0.536 

28 118 52 190 39.99 6.19 7.63 2.14 7.443 3.035 295.6 147.9 0.514 

29 117.01 54.37 187.66 40 6 8 1.88 6.697 2.971 301.2 150.8 0.451 

30 117.96 54.94 190 26.27 8 6 1.87 7.01 2.796 309.5 154.8 0.443 
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A set of 30 optimal solutions is derived for the particular design space constraints (Table 

6.22) for the output responses by use of statistical design expert software. The set of 

conditions possessing maximum desirability value is selected as optimum condition for the 

required outputs. Table 6.22 describes the optimal set of condition with superior 

desirability function required for obtaining desired output qualities under specified 

constraints. The ramp view drawn using Design Expert software shows the desirability for 

the output responses (Fig. 6.23). The spot on each ramp reflects the factor setting for that 

response quality. The height of the spot shows how much desirable it is. A linear ramp 

function is formed between the least value and the goal or the greatest value and the goal 

as the weight for each parameter was set equal to one. Bar graph (Fig. 6.24) shows the 

overall desirability function of the responses. Desirability varies from zero to one base on 

the closeness of the response towards target. 
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FIGURE 6.23 Ramp function graph of desirability for cutting rate, material removal rate, surface roughness 
and kerf width
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FIGURE 6.24  Bar graph of desirability for cutting rate, material removal rate, surface roughness, kerf width 
and dimensional deviation 
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FIGURE 6.25 Desirability plot for multi-characteristics (CR, MRR, SR, KW and DD)
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FIGURE 6.26 Contour plot for desirability of multi-characteristics (CR, MRR, SR, KW and DD) (TON, 
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FIGURE 6.27 Contour plot for desirability of multi-characteristics (CR, MRR, SR, KW and DD) (TON, IP)
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FIGURE 6.28 Contour plot for desirability of multi-characteristics (CR, MRR, SR, KW and DD) (TON, SV) 
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FIGURE 6.29  Contour plot for desirability of multi-characteristics (CR, MRR, SR, KW and DD) (TON, 
WF)
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WT) 

Desirability 3D surface plots (Fig. 6.25) were drawn by keeping input parameters in range, 

cutting rate and material removal rate at highest and surface roughness, kerf width and 

dimensional deviation at lowest. The contour plots for overall desirability for the 

considered model are shown in Fig. 6.26 to Fig. 6.29. It is revealed that overall desirability 

value is superior in the region where there is a high pulse on time, high peak current, high 

wire tension, low pulse off time, low servo voltage and low wire feed rate. 

Table 6.23 shows point prediction of CR, MRR, SR, KW and DD at optimal setting of 

responses. The 95% confidence interval is the range in which one can expect the process 

average to fall into 95% of the time. The 95% prediction interval is the range in which one 

can expect any individual value to fall into 95% of the time. The prediction interval will be 

outsized than the confidence interval since one can expect more scatter in individual values 

than in averages. Confirmation experiments were conducted at optimal levels predicted and 

the results were found to be within 95% confidence interval. 
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TABLE 6.23 Point prediction at optimal setting of responses (CR, MRR, SR, KW and DD) 

Response Prediction 95% CI 
low 

95% CI 
high 

95% PI 
low 

95% PI 
high 

Confirmation 
experiments 

CR 2.527697 2.440589 2.614805 2.253176 2.802218 2.56 

MRR 8.517509 8.194592 8.840425 7.469749 9.565269 8.9088 

SR 3.119321 3.008636 3.230006 2.735086 3.503557 3.095 

KW 284.7572 277.6279 291.8866 255.5153 313.9991 290 

DD 142.4509 138.8943 146.0074 127.8633 157.0385 145 
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CHAPTER 7 

Conclusion and Future Scope 

7.1 Conclusions 

In past chapters, facts of pilot investigations and finalization of working range of WEDM 

process parameters, main experimentation using central composite design approach, and 

optimization of WEDM process parameters using RSM with desirability approach are 

presented. This exploration as a whole is successful in identifying parameters that require 

consideration from operational perspective during machining of blanking die material. This 

chapter list down broad conclusions from the present research work. The future research 

directions are also discussed. 

7.1.1  Conclusions drawn from the pilot investigation 

1. Pulse on time, pulse off time, peak current and spark gap set voltage mainly affect

the cutting rate obtained. The effect of wire feed rate and wire tension on machining

rate is found to be insignificant.

2. The pulse on time, peak current, pulse off time, and spark gap voltage affects the

surface roughness of the machined surface. A little effect of wire feed rate and wire

tension was also observed on surface roughness.

3. The pilot study concluded the range of process parameters as; pulse on time from

0.6μs to 1.35μs, pulse off time from 14μs to 38μs, peak current from 160 A to 200

A, spark gap voltage from 10V to 50V, wire feed rate from 4m/min to 10 m/min

and wire tension from 500g to 1400g, as the outcome to carry out further

investigation on WEDM of blanking die material.
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7.1.2 Conclusions drawn from main experimentation 

1. The cutting rate obtained was ranged between 0.84 mm/min and 3.02 mm/min. The

contribution of process variables in terms of percentage is given as; pulse on time:

50.75%, pulse off time: 8.41%, peak current: 4.94%, spark gap voltage: 15.37%,

wire feed rate: 5.98 % and wire tension: 0.47%.

2. Material removal rate was found to be increased approximately 53.65% when pulse

on time was increased from 0.6 μs to 1.35 μs. Meanwhile, when pulse off time was

decreased from 38 to 14μs, the increment of material removal rate is obtained

7.63%. When peak current was increased from 160 to 200A showed the marginal

increment of material removal rate is 5.56%. When servo voltage was increased

from 10 to 50 V, material removal rate was decreased as 10.78%.

3. The surface roughness varied between 1.431 μm to 3.606 μm. The surface

roughness was mainly affected by interaction between peak current and wire feed

rate, and interaction between servo voltage and wire feed rate. The decrement of

surface roughness was about 15.28%, when spark gap voltage was increased from

10 to 50V.

4. The kerf width was found to be increases of 10.75% with increase of servo voltage

from 10 to 50 V. The kerf width was decreased of 2.81% with increases of wire

feed rate from 6 to 8 mm/min.  In order to obtain smallest amount of kerf width

during WEDM of SKD 11, the optimum parameter combination obtained is; pulse

on time = 112 mu (0.7 µs), pulse off time=55 mu (36 µs), peak current=190A, spark

gap voltage= 20 V, wire feed = 8m/min and wire tension = 8 mu (1000 gram).

5. When servo voltage increased from 20 to 40 V, the dimensional deviation is

significantly increased. The dimensional deviation decreased from 128 μm to 121

μm on increasing wire feed rate from 6m/min to 8 m/min. When wire tension

increase from 6 mu (700 gram) to 8 mu (1000 gram), a dimensional deviation

decreased from 128 μm to 124 μm.

6. Desirability function in combination with RSM has been utilized for single response

optimization. Optimal sets of process variables, predicted optimal response and

desirability value for single response optimization are summarized in the following

table.
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Factors 

 
Response 

Desirability Ton Toff IP SV WF WT 
Predicted 
Optimal 
Solution 

CR 0.882 117.99 52 190 21.03 6 7.9 2.76372 

MRR 0.853102 118 52.74 189.15 20 6 6 9.313584 

SR 0.903119 112 54.72 180.31 40 7.98 6.94 1.641715 

KW 0.829646 118 55.71 170.06 20 8 8 273.6283 

DD 0.819617 116.61 55.5 170 20 8 7.9 137.2153 

 

7. Perception of desirability in combination with RSM has also been utilized for 

simultaneous optimization of response characteristics of conflicting nature. The 

optimal sets of process parameters for multi response optimization with maximum 

desirability of the selected performance measures were found as per the assumed 

models. The optimal values of process parameters for multi response optimization 

using RSM and desirability function are reported in the table. 
Factors 

Responses Ton Toff IP SV WF WT Desirability 

CR, MRR 118 52.11 189.9 20 6 6 0.8885 

CR, MRR, SR 118 52.08 182.29 20 6.17 6.92 0.5815 

CR, MRR, SR, 
KW 118 52 186.53 20 6.55 7.11 0.5950 

CR, MRR, SR, 
KW, DD 118 52 187.43 20 6.45 7.32 0.6080 

7.2 Limitations of the Research 

1. In the current work, just straight cutting of blanking die material using WEDM has 

been done. Efforts can be directed towards parametric optimization for the curved 

profile. 

2. In the present work, brass wire of Ø 0.25 mm is used as the tool electrode. Process 

analysis can be done using different diameters as well as   different materials of 

wire. 

3. Present work optimized process parameters considering rough cutting. Trim cutting 

operation of blanking die material can be investigated. 
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4. There is further scope of process simulation (Finite element analysis) in for dry 

WEDM. 

7.3 Scope for Future Work 

The results presented by the present work can be used directly for effective and economical 

machining of blanking die material in industrial applications. The future research 

directions in WEDM machining as follows: 

1. The issues such as residual stress after machining with WEDM may be 

investigated.  

2. The effects of machining parameters on recast layer thickness and heat affected 

zone should be investigated.  

3. The weightages to be assigned to various characteristics in multi response 

optimization models should be based upon requirements of industries.  

4. The tribological and corrosion behavior as well as surface integrity aspects of 

WEDMed parts need proper attention. 

5. The present work is an attempt towards the investigation of machinability 

characteristics of blanking die material using WEDM. The research work could be 

further extended over a variety of some more advanced materials such as ceramics, 

composite materials, supper alloy and shape memory alloys, etc.  

6. Proper attention is required to examine the applicability of WEDM for producing 

complex geometries such as spline, curved surface, gears, etc. 

7. The results can be analyzed using other multi criteria decision making approach for 

multi objective optimization like PSO, ABC, NSGA, etc.  
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