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Abstract 

 

This study examines how various process parameters affect the machining properties of a bio- 

compatible Ti-6Al-4V alloy using PMEDM with silicon carbide (SiC) powder. The parameters 

investigated include peak current, pulse on/off time, powder concentration, and voltage gap. The 

study analyzed their effects on material removal rate (MRR), tool wear rate (TWR), surface 

roughness (SR), and surface morphology. A central composite design was used in the tests to make 

empirical models that use response surface methods to link the process parameters to the machining 

results. It is found that the Pulse current and Ton influence the material removal rate and the surface 

roughness significantly. The powder concentration also impacts PMEDM's machining performance. 

The Scanning electron microscopic images reveal the effect of powder seen in the machined 

components. The crater, micro cracks and machining marks can be seen in the SEM images. The 

surface integrity is correlated with the output parameters of surface roughness. The developed 

mathematical models effectively predict and optimize the machining properties of Ti-6Al-4V alloy 

using PMEDM with SiC powder. The relevance and importance of the parameters, as well as the 

impact and interaction effects of the parameters, have been determined by ANOVA analysis of the 

experimental results. Regression models have been created to predict the performance 

characteristics. The PMEDM process responses were analyzed for the simultaneous influence of 

many process parameters using Grey Relational Analysis (Multi-objective optimization), and the 

optimal set of process (input) parameters were identified. Samples (machined with the best possible 

settings) were analyzed for surface integrity and surface change by scanning electron microscopy. 

Machining using a dielectric composed of Al2O3 and SiC Powder showed considerable 

improvements in performance parameters during the experiments. The powder substance (combined 

with dielectric) and its concentration determine the enhancement of the properties. 

Keywords: PMEDM; Process Parameter; RSM, Peak Current; Peak Voltage 
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Chapter 1 

Introduction 

1.1 Introduction 

 

In the past several years, the usage of bio-compatible materials in the medical sector has 

grown significantly. Due to their outstanding biocompatibility, high strength, and resistance 

to corrosion, bio-compatible materials like titanium alloys have gained popularity. These 

materials are employed in a variety of applications, such as surgical equipment, dental 

implants, and implantable medical devices. However, because of their great strength and 

poor heat conductivity, these materials are difficult to machine. New machining methods are 

being created as a result to address these issues. 

A technique called the Powder Mixed Electro Discharge Machine (PMEDM) has attracted 

a lot of attention lately. The hybrid machining process known as powder metal electrical 

discharge machining (PMEDM) is based on electro discharge machining (EDM) and powder 

metallurgy. The process asks for mixing conductive powder with the dielectric fluid used in 

electro-diathermic melting. The powder is added into the gap that is created during the 

machining process between the electrode and the workpiece, where it acts as a heat 

conductor and improves the efficiency of the machining operation. 

The goal of this study is to find out if PMEDM can be used to make parts out of safe materials 

like titanium metals. The study looks at how different process factors, such as current, pulse 

on time, powder concentration, and electrode material, affect the ability to machine and 

surface features of the parts that are machined. 
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Fig 1.1- PMEDM Setup 

1.2 Titanium Alloy Ti-6Al-4V 

Alloy titanium One of the most popular and well-known titanium alloys is Ti-6Al-4V. It is 

also referred to as Grade 5 titanium and contains 6% aluminium, 4% vanadium, and 90% 

titanium. Due to its remarkable mix of qualities, which makes it appropriate for a wide range 

of applications, this alloy is widely employed in several industries. 

The following are some of the essential features of titanium alloy Ti-6Al-4V: 

High Strength: Ti-6Al-4V is known for its excellent strength-to-weight ratio, making it 

stronger than many steels while being significantly lighter. 

Corrosion Resistance: Titanium alloys, including Ti-6Al-4V, possess excellent corrosion 

resistance, especially in environments like seawater and many chemical environments. 

High Temperature Stability: Ti-6Al-4V retains its strength and stability at elevated 

temperatures, making it suitable for high-temperature applications. 

Low Density: Titanium alloys have a low density, approximately half that of steel, making 

them ideal for weight-sensitive applications. 

Biocompatibility: Ti-6Al-4V is biocompatible, meaning it is compatible with human 

tissues and is commonly used in medical implants and surgical instruments. 

Good Fatigue Resistance: The alloy exhibits good fatigue resistance, making it suitable 

for applications subjected to cyclic loading. 

Low Modulus of Elasticity: Ti-6Al-4V has a lower modulus of elasticity compared to 

other metals like steel, which can be advantageous in certain applications. 
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Due to its unique combination of properties, Ti-6Al-4V finds applications in various 

industries, including aerospace, medical, automotive, marine, and sporting goods. Some 

common applications include aircraft components, gas turbine engine parts, orthopedic 

implants, bicycle frames, and marine components. 

The fourth most expensive structural metal is titanium, which is also the ninth most common 

element in the crust of the planet [1]. William Gregor, a Britisher, made the discovery of the 

metal in 1791. 

The scientist discovered a mysterious chemical in the mineral menachanite, which he called 

menachite. German scientist Martin H. Klaproth, who discovered the same element in the 

mineral rutile and was inspired by the moniker of the Titans—the mighty Greek Rulers—

gave the metal its name in 1795. American scientist Matthew A. Hunter created the first pure 

Titanium (99.9%) from titanium tetrachloride in 1910. 

The Kroll Process was created by Luxembourgian metallurgist William Justin Kroll in the 

1930s and allows for the mass manufacturing of titanium. After a protracted mellowing 

process, industrial production of titanium began in 1948. 

Titanium is a material that is strong for how light it is and can stand up to high temperatures. 

The material also has great resistance to rust. Titanium is a low-density element that can be 

made stronger by combining it with other elements and then deforming it. Titanium metal 

and its alloys have great strength-to-density ratios, great corrosion and wear resistance, 

amazing biocompatibility, surprising mechanical abilities, and enormous stress strength. The 

aerospace industry uses titanium and titanium alloys extensively to create engine parts, 

aircraft frames, and missiles [2]. Additionally, titanium is utilized in the petrochemical and 

chemical process industries, maritime (offshore deep-sea) industries, hydrocarbon 

processing and production sectors, power generation, nuclear waste storage, desalination, 

ore leaching, and metal recovery applications [3]. Due to its exceptional specific strength, 

titanium is also utilized to produce sporting goods like golf clubs, tennis racquets, and 

bicycles. Because titanium and its alloys are non-toxic and have great biocompatibility, they 

are frequently employed in applications requiring direct contact with bone or tissue. 

Titanium is used in the manufacture of surgical staples, orthopedic pins and screws, 

orthodontic products, and ligament clips, among other things [4,5]. 
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The element titanium has the chemical symbol Ti and the atomic weights 22 [6] and 47.9, 

respectively. Titanium frequently appears in either the HCP crystal structure, also known as 

the Alpha () phase, or the BCC crystal structure, also known as the Beta () phase (Phase at 

High Temperature). At 882 °C, pure titanium passes through an allotropic transition, 

transitioning from the Alpha phase to the Beta phase. Up to its melting point, which is over 

882 °C, titanium's Beta () phase remains stable. By introducing particular components, the 

temperature of transition may be recovered. For instance, stabilizers such as oxygen, 

nitrogen, and aluminum boost the temperature of transformation, whereas stabilizers such 

as molybdenum, niobium, and vanadium reduce the temperature of transformation. Because 

they seldom affect the temperature of transition, silicon, tin, and zirconium are regarded as 

neutral elements [7]. At high temperatures (up to 550°C), aluminium is used as a reinforcing 

substance. There are numerous distinct types of commercially available pure titanium grades 

where oxygen acts as a strengthening agent [8,9]. Figure 1.2 shows how temperature and 

phase affect titanium alloy. 

 

 

FIGURE 1.2 Two allotropic forms of titanium 



5  

1.3 Machinability of Titanium and its Alloys 

Machinability is a measure of how easily a material can be machined efficiently and 

effectively. It is an important consideration in material selection for various applications, as 

it impacts the ease of manufacturing and the cost of producing finished parts. Machinability 

is influenced by various factors, including cutting forces, power consumption, cutting 

temperature, chip size, and surface integrity.[12] 

Titanium and its alloys are known to have relatively low machinability compared to other 

metals like steel or aluminum. Several factors contribute to the challenges of machining 

titanium and its alloys. 

Low Thermal Conductivity: Titanium and its alloys have low thermal conductivity, which 

means that the heat generated during machining is not dissipated quickly. This leads to heat 

concentration at the cutting edge and face of the tool, resulting in tool failure and increased 

wear. 

Chemical Reactivity: Titanium readily reacts with gases like hydrogen, nitrogen, and 

oxygen, forming hydrides, nitrides, and oxides, respectively. These reactions can reduce the 

fatigue strength and cause embrittlement of the alloy. 

Chemical Affinity: At temperatures above 500°C, titanium and its alloys have a strong 

chemical affinity with most materials, leading to the welding of chips with the tool and 

resulting in diffusion-dissolution wear. 

Low Elastic Modulus: Titanium alloys have a low elastic modulus, which can cause 

deflection, chatter, and tolerance issues during machining. The low elastic modulus, 

combined with the formation of built-up edge on the tool wear-land, increases thrust force 

and deflection of slender workpieces. 

High Forces for Plastic Deformation: Titanium alloys have high strength even at elevated 

temperatures, requiring higher forces for plastic deformation. This increased force affects 

tool life negatively. 

Dynamic Shear Strength: Titanium alloys have great dynamic shear strength, leading to 

abrasive cutting edges that notch the tool and increase tool wear. 
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1.4 Application of Titanium Alloys 

Titanium alloys find numerous applications across various industries due to their exceptional 

properties. Some of the typical applications of various grades of titanium alloys are as 

follows: 

 

 Ti Grade 1 (Unalloyed Titanium): 

Medical Implants: Titanium Grade 1, with its good weldability, high ductility, and 

formability, is commonly used for medical implants like joint replacements, bone 

plates, and dental implants. 

 Ti-5Al-2.5Sn (Annealed condition): 

Cryogenic and Aerospace Applications: This alloy with good ductility and 

toughness is widely used in aerospace components, aircraft structures, and cryogenic 

storage tanks. 

 Ti-8Al-1Mo-1V: 

Fan Blades: Ti-8Al-1Mo-1V, known for its high weldability and strength, is used 

in the manufacturing of fan blades. 

 Ti-6Al-2Sn-4Zr-2Mo: 

Flat Rolling and Forging: This titanium alloy offers high strength, creep resistance, 

and good temperature stability, making it suitable for flat rolling and forging 

applications. 

 Ti-2.25Al-11Sn-5Zr-2Mo: 

Jet Engine Blades, Bulkhead Forging: This alloy is known for its high strength 

and creep resistance, making it ideal for applications in jet engine blades and 

bulkhead forging. 

 Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si: 

Compressor Blades: This titanium alloy exhibits very good service temperature 

characteristics, making it suitable for compressor blades in aircraft engines. 

 Ti-6Al-4V: 

Aerospace Components, Prosthetic Implants: Ti-6Al-4V is one of the most widely 

used titanium alloys. Its average strength, temperature resistance, and good 
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corrosion resistance make it suitable for aerospace components, such as aircraft 

structural components and engine parts. It is also used in prosthetic implants.[14] 

 Ti-10V-2Fe-3Al: 

Airframes, Landing Gear: This titanium alloy with high strength and toughness is 

used in airframes and landing gear components. 

 Ti-15Mo-3Al-2.7Nb-0.2Si: 

Exhaust Systems of Commercial Aircraft: This alloy offers high oxidation 

resistance and creep resistance, making it suitable for exhaust systems in commercial 

aircraft.[15] 

These applications showcase the versatility of titanium alloys in various industries, including 

aerospace, medical, automotive, and chemical processing, where their unique combination 

of properties is highly valued. 
 

FIGURE 1.3 Titanium Alloys Ti-6Al-4V Applications 
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1.5 Electric Discharge Machining (EDM) 

A non-traditional machining technique called electric discharge machining (EDM) employs 

electrical energy to remove material from a workpiece. It is frequently used to machine 

complex forms and challenging materials. According to the electrical discharge theory, 

material is removed from a workpiece by localised melting and vaporisation when regulated 

sparks are created between an electrode (tool) and the workpiece.[16] 

The following essential elements and phases are part of the EDM process: 

 Electrode and Workpiece: The EDM machine consists of an electrode (usually 

made of copper, graphite, or other conductive materials) and a workpiece (the 

material to be machined). The electrode is connected to the negative terminal of the 

power supply, while the workpiece is connected to the positive terminal. 

 Dielectric Medium: The electrode and workpiece are immersed in a dielectric 

medium, which is usually a non-conductive fluid (such as deionized water or 

kerosene). The dielectric medium serves multiple purposes, including cooling the 

sparking area, flushing away debris, and preventing arcing between the electrode and 

workpiece. 

 Electrical Discharge: A controlled electrical discharge is generated between the 

electrode and workpiece by applying a high voltage across them. This creates a spark, 

and intense heat is generated at the point of contact, causing the material to melt and 

vaporize. 

 Material Removal: As the sparks occur repeatedly, small craters are formed on the 

workpiece's surface due to material removal. The sparks also create a recast layer 

and heat-affected zone on the machined surface. 

 Flushing and Debris Removal: The dielectric fluid is continuously circulated and 

used to flush away the eroded particles and debris from the machining area. 

 Shape Replication: The electrode and workpiece do not physically contact each 

other during the process. The shape of the electrode is replicated on the workpiece 

as material is removed, resulting in the desired shape. 

EDM is widely used in industries where high precision and intricate shapes are required, 

such as aerospace, medical, mold and die making, and automotive. It is particularly useful 

for machining hard materials, complex contours, and delicate or fragile components. 
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However, the process is relatively slow compared to traditional machining methods and is 

more suitable for small-scale production or prototyping[16]. 

1.6 Principle of EDM Process 

Electric discharge machining (EDM) is a way to carefully remove material from a workpiece 

by sending electrical discharges or sparks between an electrode (the tool) and the object. 

The EDM method is based on electric breakdown and the creation of a plasma path that can 

carry electricity.[17] 

The EDM process is based on the following main ideas: 

 Electrical Breakdown: To start the EDM process, a strong voltage is applied 

between the electrode and the material. When the voltage is turned up, the electric 

field between the electrode and the workpiece gets strong enough to ionise the 

insulating fluid (usually deionized water or oil) around the electrode and the 

workpiece. 

 Forming a Plasma Channel: The ionised dielectric fluid makes a plasma channel 

between the electrode and the workpiece that is electrically conductive. This plasma 

tunnel lets the current pass, making the circuit complete. 

 Electrical Discharges: When the electric current flows through the plasma channel, 

it heats up a small area of the workpiece very quickly. This heat makes the material 

in the item melt and evaporate, leaving behind a small hole or pit. 

 Erosion and removal of material: The sparks from the electrical shocks wear away 

the material on the surface of the workpiece. The dielectric fluid carries away the 

degraded material, and the process keeps taking away material in the form of tiny 

chips or waste. 

 Non-Contact Machining: During the EDM process, the tool and the material do not 

touch each other. Instead, the material is taken away by repeatedly building up and 

breaking down the plasma channel. 

 Controlling factors: The EDM process can be managed by a number of factors, 

such as the voltage, current, pulse length (on-time), pulse interval (off-time), flushing 

rate, and electrode shape. These settings are changed to get the material removal rate, 

surface finish, and accuracy that are needed. 
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The EDM process is especially good for working with hard and hard-to-work-with materials, 

making complex and detailed shapes, and making sure the end product is very accurate. It is 

used a lot in fields like aerospace, automobiles, medicine, and making tools and dies. 

1.7 Powder Mixed Electric Discharge Machining (PMEDM) 

In a process called Powder combined Electric Discharge Machining (PMEDM), small 

powder particles are mixed with the electrical fluid. This makes the Electric Discharge 

Machining (EDM) process work better and do more. Powder granules improve the surface 

finish, the rate at which material is removed, and how well the machine works.[18] 

For PMEDM, the dielectric fluid is mixed with the right particles, such as graphite, metal, 

silicon, or chromium. During the machining process, the powder particles are pushed into 

the space between the electrode (tool) and the workpiece while they are floating in the 

dielectric. During the machining process, the contact between the powder granules and the 

electrical discharges makes the whole process more efficient.[19] 

Powder Mixed Electric Discharge Machining (PMEDM) has a number of important benefits 

and features, such as: 

 Improved Material Removal Rate (MRR): The addition of powder particles in the 

dielectric increases the discharge energy and sparks density. This results in higher 

material removal rates, making PMEDM more efficient than conventional EDM for 

certain applications. 

 Better Surface Finish: PMEDM often provides improved surface finish compared 

to conventional EDM. The fine powder particles assist in flushing away the debris 

and molten material, leading to a smoother surface. 

 Reduced Electrode Wear: The presence of powder particles in the dielectric 

reduces the contact area between the electrode and workpiece. This reduces electrode 

wear and prolongs the electrode's life, resulting in longer machining tool life. 

 Enhanced Flushing Efficiency: The powder particles in the dielectric improve the 

flushing of the eroded material from the inter-electrode gap, preventing clogging and 

ensuring stable machining conditions. 
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 Increased Machining Precision: PMEDM can achieve higher machining precision 

and accuracy due to better control over the spark formation and distribution of 

electrical discharges. 

 Versatility: PMEDM can be used for a wide range of materials, including hard-to- 

machine materials like titanium alloys and superalloys. 

Overall, Powder Mixed Electric Discharge Machining (PMEDM) is a promising 

advancement in the EDM process, offering improved performance and broader applications, 

especially for materials with high hardness and low machinability. 

1.8 Process Variables of PMEDM 

PMEDM involves several process variables that can be controlled to optimize the machining 

performance and achieve desired results. These variables can be broadly classified into 

electrical parameters, non-electrical parameters, electrode-based parameters, and powder-

based parameters. Here, we will focus on electrical parameters: 
 

 

FIGURE 1.4 Parametric analysis of the PMEDM process 
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1.8.1 Electrical Parameters 

1.8.1.1 Peak Current (Ip): 

Peak current is the term used to describe the highest current level experienced during the 

electrical discharge machining process. It is an important parameter because it controls how 

much energy is given to the workpiece. While higher peak currents result in faster material 

removal rates, they can also worsen tool wear and surface polish. The material being cut and 

the required machining rate influence the choice of peak current. 

1.8.1.2 Discharge Voltage (V): 

During the EDM process, the voltage between the tool (the electrode) and the subject is 

called the discharge voltage. It's a big part of what starts and keeps the electrical spark 

between the electrodes going. The main things that affect the voltage setting are the 

breakdown voltage of the insulator and the distance between the electrodes. With wider gaps 

between the electrodes, you can use higher voltage settings, but the stronger electric field 

may cause the tool to wear out faster and make the surface harder to machine. 

1.8.1.3 Pulse ON Time (TON): 

The pulse ON time is the duration for which the current flows through the electrodes during 

one cycle of the EDM process. Dielectric ionization occurs during this period, and the 

amount of energy applied during TON determines the material removal rate. Longer pulse 

ON times results in more energy being absorbed by the workpiece, leading to deeper craters 

and increased material removal. 

1.8.1.4 Pulse OFF Time (TOFF): 

Pulse OFF time is the time during which the electrical supply is cut off, and the dielectric 

characteristics are restored by reionization. During TOFF, the removed molten material 

solidifies and is flushed out from the inter-electrode gap. The duration of TOFF should be 

minimized to ensure efficient machining and stable process conditions. 

1.8.1.5 Duty Cycle: 

The duty cycle is the ratio of the pulse ON time (TON) to the total cycle time. It represents 

the percentage of time the electrical discharge is active during one cycle. Higher duty cycle 

values indicate that more energy is being applied to the workpiece, resulting in higher 

material removal rates. However, excessively high duty cycles can lead to instability in the 

EDM process and insufficient flushing. 
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1.8.1.6 Polarity: 

The orientation in PMEDM refers to how the tool electrode and the workpiece electrode are 

wired together. The tool electrode can be hooked to either the positive or negative pole of 

the power source. Positive polarity is when the tool is connected to the cathode (the negative 

pole) and the workpiece is connected to the anode (the positive pole). Positive polarity makes 

the subject (the anode) heat up the most, which removes a lot of material. 

These electrical factors can be changed and optimized based on the specific needs of the 

machining process, the material being machined, and the desired surface finish and material 

removal rates. To make PMEDM work well and be reliable, these factors must be carefully 

chosen and controlled. 

1.8.2 Non-electrical Parameters 

In addition to the electrical parameters, Powder Mixed Electric Discharge Machining 

(PMEDM) is also affected by a number of non-electrical factors. Both of these factors are 

important for getting the machining speed and surface quality you want. Let's look at a few 

important non-electrical parameters: 

1.8.2.1 Dielectric Fluid: 

The dielectric fluid used in PMEDM serves several important functions. It acts as an 

electrical insulator until the voltage breakdown occurs, at which point dielectric breakdown 

must occur instantaneously to facilitate the electrical discharge. The dielectric fluid also 

plays a crucial role in flushing the inter-electrode gap and carrying away the excess heat 

generated during the discharges. It should have good fluidity, thermal conductivity, and 

dielectric strength to effectively remove debris and reduce thermal damage. Various 

dielectric fluids can be used, such as deionized water, kerosene, mineral oil, silicon oil, and 

others, each with its specific properties and advantages. 

1.8.2.2 Dielectric Flushing: 

Proper flushing is essential in PMEDM to remove the eroded molten material from the inter-

electrode gap. Efficient flushing helps maintain stable machining conditions and improves 

the surface finish. Various flushing techniques can be employed, such as vacuum flushing, 

side flushing, and pressure through tool/workpiece flushing. The use of a servo- controlled 

tool head with cyclic up-down motion or vibrating tool head enhances the flushing 

efficiency. 
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1.8.2.3 Material Removal Rate (MRR): 

Material removal rate is a critical parameter in PMEDM, representing the volume of material 

removed from the workpiece per unit time. It is influenced by the powder concentration, 

particle size, and electrical parameters. Higher material removal rates are desirable in certain 

applications, but they should be balanced with other considerations, such as surface finish 

and tool wear. 

1.8.2.4 Surface Roughness (SR): 

Surface roughness refers to the quality of the machined surface and is affected by various 

parameters, including the powder type, concentration, particle size, electrical parameters, 

and flushing efficiency. Controlling the surface roughness is essential to meet the required 

surface finish specifications. 

1.8.2.5 Tool Wear: The wear of the electrode during PMEDM is a critical factor that affects 

the accuracy and precision of the machining process. Proper selection of electrode materials, 

tool shape, and electrical parameters can help minimize tool wear and prolong tool life. 

1.8.2.6 Powder Concentration and Density: 

The concentration and density of the powder particles in the dielectric fluid can significantly 

impact the machining performance. Optimal powder concentration ensures improved 

material removal rates and surface finish, but excessively high concentrations may lead to 

process instability and reduced flushing efficiency. 

1.8.3 Electrode-Based Parameters 

Electrode-based parameters in Powder Mixed Electric Discharge Machining (PMEDM) 

refer to the characteristics and properties of the electrodes used in the machining process. 

These parameters play a crucial role in determining the machining efficiency, accuracy, and 

surface quality. Let's delve into some important electrode-based parameters: 

1.8.3.1 Electrode Material: 

The choice of electrode material is critical in PMEDM as it directly influences tool wear, 

material removal rate, and surface finish. Commonly used electrode materials include 

copper, brass, tungsten, tungsten-copper alloy, carbon steel, zink-based alloy, graphite, and 

others. Each material offers different properties, such as electrical conductivity, thermal 

conductivity, and machinability, which impact the overall performance of the process. 
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Copper and brass electrodes are commonly used due to their good electrical and thermal 

conductivity, making them suitable for various applications. 

Tungsten and tungsten-copper alloy electrodes are preferred when machining hard and 

high-temperature alloys due to their high melting point and wear resistance. 

Graphite electrodes are popular for achieving high material removal rates and fine surface 

finishes. 

1.8.3.2 Electrode Shape and Size: 

The shape and size of the electrode determine the final shape and accuracy of the machined 

feature. Various electrode shapes, such as circular, rectangular, triangular, and square, can 

be used depending on the required geometry. The size of the electrode affects the spark gap 

and clearance between the electrode and workpiece, which, in turn, influence the machining 

efficiency and surface finish. 

1.8.3.3 Electrode Clearance: 

The electrode clearance refers to the distance between the tool electrode and the workpiece 

during the PMEDM process. An appropriate electrode clearance is necessary to create the 

desired cavity and facilitate efficient flushing of debris. The clearance should be adjusted 

based on the material being machined and the desired rate of material removal. 

1.8.3.4 Tool Servo System: 

A servo-controlled tool head can be employed in PMEDM to control the electrode 

movement and maintain stable machining conditions. The tool servo system helps control 

the gap between the electrode and workpiece, ensuring uniform machining and improved 

surface quality. 

1.8.3.5 Electrode Wear: 

Like in traditional EDM, electrode wear is a critical issue in PMEDM. Minimizing electrode 

wear is essential to maintain dimensional accuracy and prolong tool life. Proper selection of 

electrode material and tool wear compensation strategies can help mitigate electrode wear. 

By optimizing the electrode-based parameters, PMEDM can achieve higher efficiency, 

precision, and surface quality in machining various materials, including titanium and its 

alloys. The selection of appropriate electrode materials, shapes, and sizes should be carefully 

considered based on the specific requirements of the machining operation. 
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1.8.4 Powder-Based Parameters 

In Powder Mixed Electric Discharge Machining (PMEDM), powder-based factors refer to 

the qualities and traits of the powder materials added to the dielectric fluid. Adding powders 

to PMEDM can change the way it is machined and the quality of the surface it makes. Let's 

look at some important factors for powder: 

1.8.4.1 Type of Powder: 

Various types of powders can be added to the dielectric fluid to enhance the PMEDM 

process. These powders can include graphite, aluminum, silicon carbide, chromium, silicon, 

tungsten, alumina, boron carbide, carbon nanotubes, and more. Each powder type offers 

unique properties, such as thermal conductivity, electrical conductivity, hardness, and 

particle size distribution, which can influence the machining performance. 

Graphite powder is commonly used due to its electrical conductivity and ability to reduce 

tool wear and improve surface finish. 

Aluminum powder enhances material removal rate and reduces surface roughness by 

promoting energy transfer during sparking. 

Silicon carbide powder improves the thermal conductivity of the dielectric fluid, leading to 

better flushing and reduced recast layer formation. 

1.8.4.2 Powder Size and Conductivity: 

The particle size of the added powder is an essential parameter that affects the machining 

efficiency and surface quality. Smaller powder particles can lead to a more uniform 

distribution in the dielectric fluid and result in improved machining characteristics. 

Additionally, the electrical conductivity of the powder impacts the sparking and energy 

transfer during machining. 

Smaller powder particles can enhance flushing efficiency and reduce the recast layer 

thickness, resulting in better surface finish. 

1.8.4.3 Powder Concentration and Density: 

The concentration of the added powder in the dielectric fluid is a crucial parameter that 

influences the machining process. The concentration should be optimized to achieve the 

desired material removal rate, surface finish, and electrode wear. 

An appropriate powder concentration can enhance material removal rate and surface finish 

while maintaining stable machining conditions. 
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Higher powder concentrations may lead to improved machining performance, but excessive 

concentrations can cause instability and arcing. 

By controlling the powder-based parameters in PMEDM, manufacturers can tailor the 

machining process to achieve specific machining objectives for different materials. 

Optimization of powder type, size, concentration, and conductivity can help improve 

material removal rates, surface quality, and overall process efficiency. 

1.9 EDM Surface Layers 

During Electric Discharge Machining (EDM), the surface of the workpiece undergoes 

various transformations, resulting in the formation of distinct layers. These layers can 

significantly impact the properties and characteristics of the machined surface. The main 

surface layers formed during EDM are as follows: 

 Spattered EDM Surface Layer: 

During the machining process, small molten metal droplets that are released from the 

workpiece and tool electrode cause splattering, which results in the formation of this 

layer. On the machined surface, these droplets harden, leaving a rough and irregular 

surface roughness. Microcracks and cavities in the spattered layer might compromise 

the surface's integrity. 

 Recast Layer: 

The recast layer is a thin and hardened layer of material that forms on the surface of 

the workpiece during EDM. It is created as a result of the re-solidification of molten 

metal from the workpiece and tool electrode. The recast layer typically exhibits a 

different microstructure and hardness compared to the base material. It is often brittle 

and may contain defects, such as micro-cracks and voids, which can influence the 

mechanical properties of the machined surface. 

 Heat-Affected Zone (HAZ): 

The area surrounding the recast layer that is significantly thermally influenced during 

EDM is known as the heat-affected zone. Despite not melting, the material in the 

HAZ experiences localised heating as a result of the tremendous heat produced 

during sparking. Without reaching its melting point, this might cause changes in the 

material's microstructure and hardness. The EDM settings and material qualities 

affect the depth and size of the HAZ. 
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A number of variables, such as EDM parameters (such as pulse length, current, voltage, and 

flushing), material properties, and the kind and state of the electrode utilised, affect the 

creation and attributes of these surface layers. The machined surface may experience both 

good and bad impacts from these layers. The recast layer can increase surface hardness and 

wear resistance, but it can also cause surface roughness and weaken fatigue resistance. The 

resulting machined component must thus have the appropriate surface quality and 

mechanical qualities, which requires optimizing EDM settings and utilizing the right 

electrode materials. 

 

 

FIGURE 1.5 Layers formed on EDMed Surface 

 

1.10. Research Objectives 

The objectives of the present study are as follows: 

● The following are the goals of the current study: 

● To investigate the suitability of the PMEDM technique for the machining of 

difficult-to-cut materials. 

● To determine if using deionized water, a low viscosity environmentally friendly 

die-electric fluid, in the EDM process is practical. 
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● To examine how Powder Particle Concentration and its makeup affect the efficiency 

of the process. To determine how Powder Mixed EDM affects Surface Integrity by 

analyzing the material (with an electron microscope). 

The achievement of these objectives can provide valuable information on the use of 

PMEDM for machining bio-compatible materials and contribute to the development of new 

machining techniques for medical applications. Moreover, the study can provide useful data 

on the effect of various process parameters on the microstructure and surface morphology 

of the machined parts, thus improving our understanding of the machining process. 

Ultimately, the findings of the study can help in optimizing the machining parameters and 

improving the quality and efficiency of the machining process. 

1.11 Research Questions 

Based on the research objectives outlined in the introduction, the following research 

questions can be formulated: 

1. How effective is the PMEDM process in machining bio-compatible materials, such 

as titanium alloys, compared to other machining techniques? 

2. What is the influence of various process parameters, such as current, pulse on time, 

powder concentration, and electrode material, on the machinability and surface 

characteristics of the machined parts? 

3. Can a mathematical model based on response surface methodology be developed to 

predict the material removal rate and surface roughness for different combinations 

of process parameters in the PMEDM process? 

4. How does the concentration of the conductive powder affect the material removal 

rate and surface roughness of the machined parts? 

5. What is the influence of different electrode materials, such as copper and graphite, 

on the machinability and surface characteristics of the machined parts? 

6. What is the microstructure and surface morphology of the machined parts produced 

by the PMEDM process, and how does it compare to those produced by other 

machining techniques? 

7. What is the mechanism of material removal in the PMEDM process, and how does 

it differ from other machining techniques? 
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Answering these research questions can provide a comprehensive understanding of the 

PMEDM process and its potential for machining bio-compatible materials. The findings can 

help in optimizing the process parameters and improving the quality and efficiency of the 

machining process. 

1.12 Organization of the study 

Chapter 1: Introduction 

Chapter 2: Literature Review 

Chapter 3: Methodology 

Chapter 4: Results and Discussion 

Chapter 5: Conclusion and Future Recommendation 
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2.1 Titanium Alloy Ti-6Al-4V 
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Titanium alloys tender variety of applications like biomedical, space, defense and 

automotive sectors as they have inimitable characteristics. These may include excellent 

mechanical properties and tribological properties [20]. Machinability is expressed as the 

exertion to machine material with the specified-set of Parameters – DOC, Spindle Cutting 

velocity and feed rate, the same is appraised in rapports of reactive forces, surface finish, 

tools life and cost of machining. It is observed that Ti–6Al–4V cataracts under the class of 

hard – to – cut alloys and have very poor machinability when manufactured by conformist 

machining practices [21]. In spite of the wide range of tools accessible for conformist 

machining and metal cutting, there is a gap to ascertain the right tool or process by which 

the anticipated machining characteristics can be accomplished. Also, the diverse cutting 

environments like dry-cutting, flood-cooling, MQL, use of solid lubricants and HPS are 

available and can be used for machining of these alloys. Different graded tool materials like 

PVD, CVD, Carbide inserts, Ceramic etc. have been proved to have advantage in machining, 

which conventionally are not suitable for Dry Machining [22]. Young’s Modulus is for these 

alloys is very low and it causes chatters and vibrations when machining is carried out. 

Moreover, heat concentration in the tool tip develops friction between tool and chip 

interface. This causes in a lower tool life and results in to poor surface integrity and finish. 

Cryogenic cooling of tool helps to overcome these issues and enhances the probability of 

proper machining of these alloys [23]. Beta (β) Titanium alloy - Ti555.3 has shown deprived 

machinability compared with Ti-6Al-4V alloys. At higher machining speed (90 m/mins), 

machining of beta alloy is much more difficult than Ti-6Al- 4V. A layer of titanium carbide 

(TiC) was formed on the tool surface when both alloys upon machining [24]. C. Veiga et al. 

[25] summarized machinability of Titanium alloy considering its properties. The parameters 

like temperature of cutting, formation of chips and the forces cutting as well as resisting the 

deformation have been considered while turning of Ti-6Al-4V. Rihoha Z. et al. [26] studied 

dry machining (turning) of Ti alloy Ti- 6Al-2Sn-4Zr6Mo using WC tool. They reported that 

due to low thermal conductivity of the alloy at higher values of cutting speed and DOC, the 

crater wear increases. The researches 
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also reported that due to stored elastic energy and low modulus of elasticity a rigid 

machining setup is mandatory to avoid the issues of chattering and vibrations. Alokesh 

Pramanik et al. [27] conducted a comprehensive research to link industrial performance 

(output-commercial) requirements with experimental (laboratory based) understandings 

emphasizing mechanism formation of chip. The researcher also reported that the cutting 

tools are cyclically loaded as the cutting forces varies due to formation of Sawtooth chips. 

Coromant S. reported that in most cases the chips generated by machining of titanium are 

segmental and thin [28]. The reasons for these institution of segmental chips are adiabatic 

shear band that is resulted by curbed shear deformation caused by straining, hardening and 

thermal unstiffening [29, 30] or enlargement of cracks from the outer chip surface [31, 32]. 

Fig. 2.1 describes the segmented chip formed during machining of Ti-6Al-4V [33]. Machado 

et al. [34] reported that under the action of all-pervading shearing serrated chips occurs, the 

mechanism is termed as ―Catastrophic Thermoplastic Shear - CTS‖. The rate of shearing 

occurring between the adjacent layers has value more than the work hardening rate. The CTS 

also occurs between the tool and formed chips. 
 

 

FIGURE 2.1 Segmented chip formed during machining of Ti-6Al-4V [33] 

Ashwin Polishetty et al. [35] studied turning of Ti-6Al-4V (Selective lased melted) for 

investigating the influence of feed rate and cutting speed on the resultants surface finish and 

cutting forces. They reported increase in the cutting forces and deterioration in surface finish 

at high speed and feed rates. The SLM Ti-6Al-4V having high hardness and 
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brittleness demands higher cutting forces to deform and results lower surface finish. Patil 

Amit S et al. [36] reviewed the challenges of machining Ti-6Al-4V and reported that coated 

carbide tools offered maximum MRR when used with high pressure through spindle 

lubrication system. They also reported that use rigid clamping reduces chatters and lower 

DOC, maximum spindle RPM delivers better surface finish. L. Turnad Ginta et al. [37] 

investigated end milling of preheated Ti-6Al-4V using WC insert. The machining was done 

at various preheating temperature and the results revealed that preheating of the workpiece 

reduces the requirement of cutting forces and amplitude of accelerated vibration improving 

the tool life by 3.25 times. They also reported that preheating lessens the strain hardening 

characteristics. Fig. 2.2 graphically represents comparison of preheating temperature with 

tool life and cutting force. 

 

 

 

 

FIGURE 2.2 Comparison of Preheating Temperature with Tool Life and Cutting 

Force[37] 

Che-Haron et al. [38] reported alteration in the surface microstructure while machining of 

Ti64 using 883 insert. The white layer surface microhardness found to have significant 

increase till a depth of 0.05mm (Fig. 2.3) because of change of microstructure and 

transformation of phase. 



24  

 

 

FIGURE 2.3 Subsurface microhardness – Dry machining of Ti64 [38] 

Nouari et al. [39] experimented with uncoated and coated (CVD) carbide tools for dry 

milling of titanium alloy. They reported mechanism of delamination of coated (CVD) tool. 

They also reported that the arc engagement of 15% maximum delivers reasonable tool life 

with higher rate of material removal at higher speeds. Nabhani [40] and Nazmi [41] 

experimented machining of titanium alloy Ti64 with various tools – coated carbide tool, 

polycrystalline diamond tool and polycrystalline cubicboron nitride. It was concluded that 

use of polycrystalline diamond tool delivers the best figures for tool life compared to the 

other tool materials considered for study. A comparison of tool life for various materials is 

shown in Fig. 2.4 
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FIGURE 2.4 Tool life comparison – Machining of titanium alloy [41] 

Sharif et al. [42] experimented face milling of Ti-6Al-4V using coated (PVD) Tin inserts to 

analyse the upshot of edge-geometry on failure characteristics of tool. They reported that 

under same machining conditions performance of sharp cutting edge tool is better compared 

to a tool having champhered edge due to unwarranted chipping of cutting edge and rake face. 

The comparison of cutting speed and tool life is shown in Fig. 2.5. 
 

 

FIGURE 2.5 Comparison of Tool life - Milling with Sharp and Chamfered tool [42] 

Zareena et al. [43] investigated the mechanism of tool wear using diamond (singlecrystal) 

tools for exactitude machining of commercial titanium alloys Ti–6Al-4V and CP–Ti. They 

conducted the experiments using Perfluoropolyether barrier and reported that the tool wear 

is most affected by high tool tip temperature, workpeice’s chemical affinity and formation 

of builtup edge. Machado A. et al. [44] experimented turning of Inconel-901 and Ti-6Al- 
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4V using single point cemented carbide inserts (grade K20) with a setup of high pressure jet 

of cutting fluid targeting tool tip. The results showed significant reduction in diffusion wear 

and improved flushing of machining zone with abridged occurrence of welding between 

chip and tool. 

2.2 Electric Discharge Machining 

In late 1940s the EDM process was discovered [45]. The EDM process manufactured parts 

are mostly used in spacecraft, automotive and surgical industries. The process physics 

eliminates generation of vibrations and mechanical stresses being a non-contact process [46]. 

Ramasawmy H. [47] has reported that EDM can efficiently machine any material that can 

conduct electricity, regardless of its hardness. Thermal and Electrical conductivity and 

melting point of material are the factors that affects the quality of EDMed workpeice [48, 

49]. Being a contactless process, the process is best used to machine materials that are very 

hard and thin and fragile [50 - 52]. In EDM process the material is removed by the incidence 

of consecutive distinct sparks. These sparks cause localized melting and evaporation of the 

materials from the electrodes [53, 54]. Some of the distinctive features of EDM process are 

– deformation free process, resultant surfaces are burr free and higher accuracy of machining 

3D intricate geometries [55, 56]. Rajurkar [57, 58] detailed advancements in EDM processes 

like use of powder additive dielectrics, vibration assisted machining and automation of the 

process. F. Han et al. [59] investigated EDM process with high frequency response using a 

Chapter 2 - Literature Review 34 transistor-type pulse generator for increasing rate of 

erosion. The results of the experiments concluded that almost 24 times higher MRR was 

achieved using the modified pulse generator compared to RC pulse generator. R. Casanueva 

et al. [60] designed DC-DC series parallel resonance converter to generate high frequency 

impulse for EDM operation. They reported that the EDMing characteristics were modified 

due to the effective resistance and capacitance of an electric circuit. M. Ghoreishi et al. [61] 

investigated influence excitation of pre-ignition spark voltage on MRR, TWR and Surface 

finish. The results of the experiments showed clearly that the pulse excitation contributed to 

enhancement of erosion of material and results in higher surface roughness. Y. Tsai et al. 

[62] and T. Muthuramalingam et al. [63] investigated effect of impulse current on EDM of 

WC – SKD steel using copper tool electrode. The results revealed that the current impulse 

alters the energy density and has the 
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most effect on rate of material removal and tool wear. S. M. Son et al. [64] experimented 

EDM for investigating effect of pulse condition on process performance. They concluded 

that surface finish, MRR and TWR are significantly affected by pulse duration. For precision 

manufacturing application EDMing with short pulse duration results in better efficiency. K. 

Liu et al. [65] experimented with various pulse (discharge) shapes for the investigation of 

EDM process characterization. The mechanism of material removal of Si3N4–TiN during 

EDM has been discussed. Several discharge-pulse forms like ISO and relaxation have been 

experimented. The experimental results revealed that use of uniform energy discharge 

results in to reasonable surface quality. V. Janardhan and G. Samuel [66] investigated EDM 

process to analyse the influence of process parameters on the MRR and surface finish. 

MATLAB was used to assimilated the spark gap data. They reported that reduction in the 

pulse-off time during the process results in to increase of rate of material erosion. S.H. Yeo 

et al. [67] anticipated a technique for pulse discerning that helps to monitor EDM process. 

The technique considered pulse current as the most influencing factor as it represents the 

plasma channel intensity better compared to voltage. They reported that possibility of arcing 

should be eliminated ideally to achieve good surface integrities. M. Gostimirovic et al. [68] 

used RC-pulse generators to investigate effect of process variables (electrical) for EDM of 

Mn-V steel using Gr electrode. The experimental results reported that rate of material 

removal is most affected by pulse duration and pulse current. B. Nowicki et al. [69] 

investigated the effect of pulse discharge on surface finish in terms of formation of bulk 

craters. The investigation results revealed a strong relation between spark discharge and 

machined surface in the context of crater volume. Higher discharge current results into 

deeper craters. B. Mohan et al. [70] experimentally investigated effect of discharge current, 

electrode material and its polarity on MRR, TWR and SR. The experimental results 

concluded that increasing the discharging current the rate of removal of material and tool 

wear increases. Puertas el. al. [71] investigated the effect of pulse ON/OFF time and pulse 

intensity on dimensional accuracy and surface quality of the EDMed part using a factorial 

design. Researchers concluded that Pulse current intensity has utmost effect on surface 

roughness, that is at higher pulse intensities along with higher pulse ON times, the resultant 

surface roughness values are high. 
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T. A. El-Taweel [72] experimented CK-45 steel EDM with a powder metallurgy 

manufactured electrode Al-Cu-Si-TiC. The author investigated TWR, MRR by varying 

flushing pressure, discharge current and TON. Response Surface Method was used to 

analyse the Reponses. The results revealed that flushing pressure does not have much 

influence on rate of material removal and tool wear. S. H. Tomadi et. al. [73] conducted 

EDM of W-C material using Cu-W electrode. The experiments were designed using taguchi 

full factorial method and rate of material removal and tool wear were investigated. Discharge 

current, Voltage (supply), TON, TOFF were selected as process parameters. The supply 

voltage has utmost effect on rate of material removal compared to discharge current and 

TOFF. Herpreet Singh et. al. [74] studied EDM of steel using cryogenic copper tool 

electrode. The intention of the cryogenic treatment is to improve MRR and lower TWR. The 

experimental results indicated increase in TWR when operated with longer pulse off times. 

The higher pulse on time resulted in reduced rate of tool wear when operated with 

cryogenically treated tool. Ali Ozgedik and Can Cogun [75] experimented EDM of 1040 

steel using copper electrode to analyse the effect of current, duration of pulse and flushing 

method on SR, rate of MR and TW. Several flushing conditions were experimented to 

analyse characteristic (geometric) of tool wear. Results of the experiments showed that the 

surface roughness, relative wear and tool wear increases with increase in discharge current. 

Injection and Suction flushing technique result in increased MRR. In static flushing 

condition the MRR founds to be low due to inefficient flushing of the inter electrodial gap. 

Hascalık and Caydas investigated EDM of Ti-6Al-4V using several electrode materials – 

Cu, Gr and Al. Surface integrity has been analysed through SEM, EDX and XRD analysis 

for several combination of pulse current and duration. The results showed an increase in tool 

wear, surface roughness and recast layer thickness hen operated with higher discharge 

current and duration. A hard thin layer of Ti24C15 (carbide) was also found on the surface 

when operated with copper electrode. The researchers also reported that use of Gr electrode 

results in higher MRR but the TWR and SR also increases [76]. 

J. Strasky et al. [77] investigated EDM of Ti-6Al-4V as a process of orthopaedic surface- 

treatment. In-vitro osteointegration, surface finish and modifications of surface chemical 

characteristics have been studied. They concluded that a carbon enriched layer is formed on 

the surface when EDM process is operated at high currents which helps improving 
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osteointegration. The experimental results also concluded that due to the formed 

microcracks, internal stresses (tensile) and the oxide layer (brittle), the fatigue strength 

deteriorates. Lin Gu et al. [78] investigated EDM (die-sink) of Ti-6Al-4V using bundled 

electrode. The experimental results of EDMing with bundled electrode were compared with 

the responses of conventional EDM. The comparison revealed that bundled electrode offers 

higher rate of MR and TW as it opens up the opportunity to operate at substantially high 

current discharges. Using a multihole inner flushing technique alongwith bundled electrode 

offers efficient flushing and hence opens up the spectrum for rough machining of large 

surface area. Ndaliman M. et al. [79] experimentally investigated EDM of Ti6Al4V alloy 

using electrode - Cu-TaC and dielectric – urea. The experimental results confirming 

formations of oxides (TiO), carbides (TiC) and nitrides (Ti2N and Ta2N) on the machined 

surface that alters the fatigue and wear resistant capacities of the alloy. D. Thesiya et al. 

[80] experimented Ti-6Al-4V EDM at high discharge currents using a taguchi method to 

analyse the effect on surface finish and thickness of recast layer. The experimental results 

revealed that the factors affecting the characteristics of recast layer are gap voltage 

and discharge current. Operating at lower values of discharge current and voltage results in 

thin recast layer and lesser surface finish when operated with copper tool. Y. C. Lin et al. 

[81] investigated Ti6Al4V machining characteristics using a hybrid EDM + USM 

process. Discharge current, TON and type of dielectric were selected as the parameters of 

study and performance was measured through MRR, TWR, REWR and surface 

finish. The experimental results showed an increase in MRR and reduction in recast layer 

thickness as the discharge efficacy improves due to the generated waveform during the 

hybrid process. Shabgard M. and Alenabi H. [82] investigated EDM of Ti alloy using 

vibration assisted tool. Pulse current, TON and frequency of vibration were considered 

process parameters and recast layer thickness was measured. Surface integrity was 

measured using SE micrography and XRD. In this research, an attempt was made to 

investigate the influence of copper tool vibration with ultrasonic frequency on output 

parameters in the electrical discharge machining of Ti–6Al–4V. The results of the 

experiments revealed that using vibrating (at ultrasonic frequency) tool the MRR 

increases and the crack density and TW reduces. Gaikwad S. et al. [83] investigated 

EDM of Ti-6Al-4V alloy using a core electrode. Grey Relational Analysis (GRA) 

method was adopted for optimizing the 
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responses – MRR, TWR and Ra. EDM was carried with electrodes having through holes 

(eccentric and central). The experimental results revealed that the electrical parameters pulse 

current and pulse on time has significant effect on EDM characteristics. GRA a multi 

objective optimization technique has been experimented to analyse effect of multiple 

parameters in the responses. Ghoreishi and Atkinson [84] experimented EDM with low/high 

frequency vibrating tool and rotary tool to considering the effect on TWR and MRR. The 

researchers concluded that for stated surface finish value the vibro-rotary motion improves 

the rate of material removal. G. S. Prihandana et al. [85] studied performance of EDM with 

a low frequency vibrated workpiece. The experimental set was designed with a vibrating 

work table to generate low frequency wave that practically improved the flushing efficiency. 

The researchers concluded MRR is majorly affected by frequency and amplitude of 

generated vibrations. Yoshida and Kunieda [86] studied the mechanism of electrode wear in 

dry electric discharge machining process. They reported that dry EDM results in to nearly 

trivial tool wear as the tool electrode surface is protected by the deposited workpeice molten 

material. 

2.3 Dielectric Fluids in Electric Discharge Machining 

For the environmental safely and promotion of better health alternate of kerosene is to be 

thought of as it decomposes in to CH4 and CO vapours that are harmful. Water (pure or 

additive mixed) serves as a good alternate of kerosene for EDMing operations [87]. Jeswani, 

M. [88] used distilled water and kerosene to investigate performance of EDM process. The 

experimental results concluded that at higher discharge energy rates the distilled water 

dielectric occasioned higher MR and lower TW compared to kerosene. The results also 

revealed that using distilled water dielectric results in reduction in accuracy of machining 

and better surface quality. Erden and Temel [89] experimented with brass electrode and 

deionized water dielectric for the performance characterization of EDM of steel. Brass 

electrode connected to negative polarity was used for the material erosion. The experimental 

results showed an increase in rate of material removal and reduction in rate of tool wear 

when operated with deionised water compared to hydrocarbon oil. Jilani and Pandey [90] 

performed EDM experiments with tap water, distilled water and 25-75 mixture of tap water 

and distilled water as dielectric using copper electrode. The experimental results revealed 

that the tap water dielectric used with a negatively charged copper 
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electrode results in best rate of machining with very trivial wear of tool electrode. They also 

concluded that at lower pulse rate (max. upto 50μs) compared to distilled water, tap water 

results in better surface qualities. Koenig and Joerres [91] investigated EDM operation using 

aqueous glycerine water solution as dielectric fluid. They reported that at high currents 

(discharge) and high duty cycle rates the aqueous glycerine water solution results in better 

performance compared to hydrocarbon fluids. An increase of approximately 40% was found 

when working with aqueous solution with a massive reduction in tool wear of approximately 

of 90%. Koenig and Siebers [92] explained the relationship between working medium – 

dielectric and process of material removal. Due to the higher thermal stability of water, EDM 

process can be done at higher discharge rates which intern results in improvement of rate of 

material removal. Specific boiling energy is the main significant difference amongst the 

hydrocarbon oil dielectrics and water based dielectrics. Low temperature boiling occurs in 

water based dielectrics as energy - specific boiling is eight times higher compared to 

hydrocarbon oils. Koenig et al [93] experimented EDM with water based dielectrics. The 

researchers concluded that for roughing and semi- finishing applications, glycerin-water 

solution dielectric results in improving the process capabilities with higher rate of removal 

of material. 

Masuzawa T. [94] and Tanaka K. et al. [95] reported that organic compounds having larger 

molecular weights results in to better rate of material removal.The researchers insisted 

increased use of inflammable water based organic solutions to improve the performance 

characteristics. The experimental results of EDMing using polyethylene glycol-water 

dielectric are quite comparable with commercial EDMoil. Zhang Y. et al. [96] experimented 

with oxygen-mixed water emulsion. The experimental results revealed that oil-water 

emulsion (mixed with oxygen) improved the rate of machining significantly and has reduced 

the tool wear rate. Also the produced recast layer was having a lesser thickness. Liu Y. et 

al. [97] investigated EDM using oil-water emulsion dielectric – an environment friendly 

dielectric. The experimental results revealed that the amount of water in the oil-water 

emulsion and pulse discharge has noteworthy effect on EDM performance. The results also 

revealed that increasing the emulsion temperature results in reduction in rate of removal of 

material. Tsunekawa Y. et al. [98] performed EDM experiments using Ti-Al (64% and 36% 

respectively) electrodes to analyse the modification of surface in 
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EDM process. The experiments were conducted with kerosene dielectric and negative 

polarity tool electrode. The surface analysis revealed presence of TiC dendritic hastens on 

the machined surface. The elongated pulse discharges resulted in larger sized crated with 

increased depth of alloying. The pressure used to form the electrode has insignificant effect 

on rate of material transfer. 

Kruth J. et al. [99] investigated the effect of type of dielectric fluid and material of electrode 

on metallographic phases and structure of formed recast layer during EDM process. The 

researchers concluded that dielectric - EDM oil promotes the formation of Fe3C hard layer 

on the machined surface while water when used as a dielectric resulted in surface 

decarbonisation. Chen S. et al. [100] investigated EDM of Ti6Al4V using distilled water and 

kerosene. The experimental results revealed that a hard layer of carbides forms on the 

machined surface while using kerosene as dielectric and a layer of oxides forms in case of 

water dielectric. Larger size debris are formed during EDMing titanium alloys using distilled 

water dielectric. In case of EDM with distilled water dielectric, the generated discharge 

impulse is small and stable Ekmekci B. et al. [101] conducted experiments with deionized 

water to analyse surface characteristics in EDM of mold-steel. The experimental results 

indicated that using deionized water dielectric reduces the microcracks intensity and results 

in reduction of austenitic phase. Sharma A. et al. [102] investigated feasibility analysis of 

micro EDM using CVD diamond electrode and different dielectrics – water and oil. The 

experimental results indicated an increase in MRR when operated with CVM diamond 

electrode (positive polarity) with kerosene. The results also revealed that use of copper 

electrode with CVD diamond workpeice results in admirable shape control and offers almost 

zero wear of tool. Leao and Pashby [103] presented a thorough literature review of use of 

several nonhydrocarbon dielectric fluids. They reported that looking to process 

improvements, the water based dielectric fluids have good capabilities to replace 

conventional hydrocarbon oils in die-sink EDM application. 

2.4 Powder Mixed Electro Discharge Machining 

The PMEDM process was invented in late 1970s. Erden and Bilgin [104] first experimented 

with Cu, Fe, C and AL powder mixed kerosene as dielectric for EDMing of steel. The 

researchers observed that powder addition to dielectric enhances the dielectric fluid 

breakdown characteristics and improves machining efficiency. They also reported that 
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excess concentration results in short-circuiting and hence reduces the stability of machining. 

In 1981, Jeswani M.L., et al. [105] investigated Gr powder (particle size 10 microns) mixed 

kerosene for EDM of mild steel using copper electrode. The researcher concluded 60% 

improvement of rate of removal of material when EDMing with Gr powder mixed kerosene 

(concentration 04 grms./ltrs.). The results also revealed improvement of rate of tool wear by 

15%. Narumiya H. et al. [106] experimented EDM with Al, Si and Gr powder mixed 

dielectric with varying concentration powder from 02 to 40 grms./ltrs. The experimental 

results revealed increase in inter-electrodial gap and thereby improving flushing efficiency. 

Low concentrations of Si and Gr powder resulted in enhanced surface quality. Mohri N. et 

al. [107] investigated effect of addition of Si powder (to dielectric) on surface quality of 

EDMed part. The experiments were conducted on a confined area of 500 cm2 . The 

investigation results revealed a development of high quality surface – mirror like having 

smaller craters and lesser cracks. 

Kobayashi K. et al. [108] experimented with Si, Al and Gr powder added dielectric for 

machining of tool steel SKD-61. The experimental results indicated an enhancement of 

surface finish when operated with powder added dielectric. The researchers also concluded 

that the surface quality of PMEDMed component is better with Al and Gr powder compared 

to Si powder. Singh and Yeh [109] investigated Al and Gr powder mixed EDM of Al-matrix 

composites. They designed a setup having a stirrer in an auxiliary machining tank. The 

results revealed that addition of Al powder in dielectric improved MRR and Gr powder 

addition resulted in improvement of surface finish. The researchers also stated that process 

efficiency has an effect of quality of dielectric – a fresh charge dielectric results in improving 

the EDM characteristics. Sanjeev K. and R. Singh [110] experimented with Mg powder 

added dielectric for investigating EDM of OHNS steel. The experimental results indicated 

improvement in machining surface quality. They also reported the issue of powder 

settlement in the corners of the tank due to which the process characteristics are slightly 

altered. A stirrer along with a dielectric recirculation system helps to resolve the issue. 

Uno Y. et al. [111] experimented EDM with Ni powder blended dielectric for analyzing the 

surface modification. The experimental results revealed that the surface quality resulted by 

PMEDM was better than the conventional EDM. The surface was having layer on hard TiC 
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which increases the wear resistant characteristics of EDMed part. Pecas and Henriques 

[112] used Si powder added dielectric for EDMing of tool steel AISI H13. Different values 

of pulse discharge were experimented to analyze the effect on EDMed part’s surface finish. 

The researchers reported that Si powder addition reduces the crater size and the recast layer 

thickness. Tzeng and Lee [113] experimented EDM with various powders – Al, Cr, SiC and 

Cu added dielectrics. The researchers developed a filtration device to retain the debris 

entering into the dielectric supply and circulation mechanism. The researchers concluded 

that powder particle’s properties that affects EDM characteristics are powder concentration, 

particle size, particle’s thermal and electrical conductivity. Wong Y. et al. 

[114] used different powders to analyze EDM’s capability to produce mirror like surface 

finish. The researchers concluded that addition of powder promises improvement in surface 

finish. Compared to several added powders the Al powder resulted in to better surface finish 

– near mirror like. Table 2.1 represents the powder characteristics and Table 2.2 suggests 

the value of spark gap distances for various powders. 

TABLE 2.1 Powder characteristics - PMEDM 

 

Material Mesh Size Particle Size (µm) % of Purity 

Silicon carbide 08 2.36 ± 0.08 - 

Crushed glass 10 2.0 ± 0.07 - 

Aluminum 325 45 ± 3 99.5% 

Silicon 325 45 ± 3 99.5% 

Graphite 400 38 ± 3 99% (Purum) 

 

Ming Q. et al. [115] experimented with inorganic-oxide powder added dielectric for EDM 

of high carbon steel. They reported that the conductive and lipophilic characteristics of the 

powder added dielectric results in improvement in surface quality and reduces the 
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amplitude of cracks. The concern they reported was settlement of powder particles at the 

tank bottom and corners. Cogun C. et al. [116] investigated EDM process performance using 

Gr and H3BO3 powder added kerosene as dielectric. The results indicated that addition of 

Gr powder results in 

improvement of surface characteristics. Okada A. et al. [117] investigated carbon powder 

mixed EDM using Cu electrode. The researcher concluded that the increasing powder 

concentration in dielectric and operating EDM at higher TON results in thicker and harder 

layer of solidifying materials. 

TABLE 2.2 Spark Gap distances for various powders – PMEDM 

 

Dielectric (Pure / Powder Mixed) Spark Gap Distance (µm) 

Aluminum 120 – 160 

Silicon Carbide 80 – 90 

Molybdenum sulphide 44 – 48 

Graphite 45 – 50 

Silicon 27 – 33 

Crushed glass 10 – 15 

Pure Dielectric 10 – 15 

 

Chow et al. [118] conducted experiments with SiC powder and Al powder added dielectric 

kerosene for Ti alloy micro-slit machining. The researchers concluded that addition of the 

powder increased the inter-electrodial gap and hence enhanced the rate of removal of 

material. Furutani K. et al. [119] experimented with Ti powder mixed kerosene as dielectric 

for EDMing carbon steel using a copper electrode. The researchers found a hard layer (1600 

HV) of TiC upon machining the steel. The analysis revealed that the carbon 
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deposition was because of the dielectric breakdown. Yan B. et al. [120] investigated 

performance of EDM using Al and Cr powder mixed kerosene as dielectric. The researchers 

reported that addition of powder expands the electrode gap that improves the spark stability 

and thereby improves the surface finish. They also reported that addition of powder increases 

the rate of MR and TW at higher values of discharge currents. The finer grain size of the 

powder particle eases the bridging and suspension resulting in to reasonable fine surface. 

Kozak J. [121] compared EDM with different dielectrics – kerosene and powder blended 

deionized water. The researcher reported that the tool wear rate was significantly reduced 

when powder mixed deionized water was used, which also offers a better option for 

dielectric selection considering environmental aspects. Klocke F. et al. [122] examined the 

effect of powder mixed dielectric on resolidified layer using discharge energies of the range 

– micro-Joule. HSFC technique was used to investigate the formed plasma channel when 

operated with Al powder mixed EDM. It was concluded that the EDM process performance 

is affected by the type of powder used and its concentration. Yan, B.H et al. 

[123] used urea mixed distilled water for EDMing of pure Ti metal. The experimental results 

reported a layer of TiN because of the migration of nitrogen to the machined surface from 

urea mixed water. The hard Tin layer improved the wear resistant capabilities. The 

researchers also reported that at higher discharge currents, the urea mixed dielectric resulted 

in to improved rate of MR and TW. Wu K. L. et al. [124] studied effect of Al powder and 

surfactant mixed dielectric on surface characteristics of EDM of SKD steel. The researchers 

reported that mixing of surfactant and powder into the dielectric improves the distribution 

of pulse discharge, which in-turn results in improvement of surface quality. Fig. 2.6 shows 

the effect of dielectric on resultant surface finish. 

Anil Kumar et al. [125] investigated influence of Al powder mixed dielectric EDM of 

Inconel 718 by varying the powder size and concentration. They reported that addition of Al 

powder in EDM dielectric improves the machining characteristics. They also reported that 

using fine grain powder with a concentration of 06 grms./ltrs. results in better rate of material 

removal and good surface finish. Gurule N. B. et al. [126] experimented rotary EDM of die 

steel using with Al powder mixed dielectric to improve the rate of material removal. 

Experiments were designed and analyzed using Taguchi method. The researchers 
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reported that most influencing parameters are pulse current, TON, rotational speed of tool 

and concentration of powder in dielectric. The results indicated that best surface finish is 

achieved at powder concentration 04 grms./ltrs. and tools spindle speed of 900 RPM. 

 

 

FIGURE 2.6 Effect of dielectric on Surface Finish 

K. H. Syed et al. [127] experimented with Al powder added distilled water for EDMing of 

diesteel W300 using Cu electrode. The researchers followed taguchi method to design and 

analyse the experiments in terms of SR, MRR and TWR by varying pulse current, TON, 

concentration of powder in dielectric and electrode polarity. The experimental results 

concluded that Al powder mixed distilled water dielectric offers increased MRR and results 

into a better surface finish having thin layer of resolidified materials. Kuang Yuan Kung et 

al. [128] experimented Al powder mixed commercial grade mineral oil EDM-44 for EDM 

of WC-Co workpeice using copper electrode. The researchers reported that the efficiency of 

machining increases using Al powder mixed dielectric due to the dispersed energy 

dispersion. The increase in powder concentration results in to increase in rate of material 

removed. The higher particles sized PMEDM results in enhanced rate of material removal 

from workpeice and tool electrodes. Paramjit Singh et al. [129] investigated Al powder 

mixed EDM of Hastelloy using Cu electode. The powder concentration and grain size of 

powder were varied to analyse its effect on SR, MRR, TWR and RR. The experimental study 

revealed that the rate of MR and TW are affected by particle size and concentration. 
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The addition of powder to dielectric increases rate of material removal and resultant surface 

finish. S. Sood et al. [130] investigated the effect of discharge current, TON/TOFF and Gr 

and Cu mixed kerosene dielectric on produced surface microhardness and toughness for 

PMEDM of die steel EN-31 using Cu electrode. The experimental results revealed that 

powder addition has improved the surface characteristics. S. Singh et al. [131] designed a 

PMEDM setup with a dedicated tank with a stirrer for storage and circulation of Al2O3 and 

TiC powder mixed dielectric for machining of D3 die steel. Several compositions of 

dielectrics, spark-gap period and tool lift time were the selected parameters to analyse the 

effect on rate of MR and TW. The results indicated a strong effect of powder type and 

concentration on the responses. G. Singh et al. [132] conducted experiments with Al powder 

added EDM oil 125 CC SAE 40 for PMEDMing of steel H13 using Cu electrode. The 

researcher reported that addition of powder particles in dielectric helps to improve surface 

finish. They also reported that EDMing with negatively polarity tool helps to decrease the 

rate of tool wear. Mathapathi U. et al. [133] investigated PMEDM of ASI D3/HCHCR steel 

using Cr and Gr powder mixed dielectric and Cu electrode. They concluded that in PMEDM 

process the rate of MR is higher and TW is lower compared to conventional die-sink EDM. 

Increasing the TOFF the rate of removal of material reduces. Kumar et al. [134] studied the 

effect of Al powder mixed dielectric for EDMing of Inconel 718 alloy using Cu electrode. 

OVAT technique is adopted to analyze the process performance with negative polarity tool. 

The results of the experiments revealed that using 325 mesh size Al powder mixed dielectric 

improves the surface roughness by 17% and the tool wear is reduced by 80%. Fig. 2.7 

represents the effect of power particle concentration on tool wear rate. 
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FIGURE 2.7 Effect of Powder Concentration Tool Wear [131] 

Bhattacharya A. et al. [135] studied PMEDM of several grades of steel - H11, EN31 and 

HCHCr for rough machining and finish machining. ANOVA analysis has been done to 

analyse the main and interaction effects of process parameters. The experimental results 

revealed that the best MRR value was found for EN31 whereas HCHCr demanded higher 

values of discharge current and TON. The addition of Gr powder enhanced the surface 

finish of PMEDMed part. For the same machining conditions H11 exhibits higher rate of 

removal of material compared to HCHCr. Tan P. C. and Yeo S. H. [136] experimented 

with nanopowder-mixed dielectric for the analysis of surface integrity in case of µEDM. 

They concluded that the plasma channel expands due to the addition of powder in to 

dielectric and results in to reduced fractional heatflux to workpiece. Fig. 2.8 represents the 

microphotograph of the resolidified layers formed on the workpeice surface at different 

concentration of powder. Goyal S. and Singh R. [137] investigated PMEDM of steel - AISI 

1045 using Gr powder added dielectric. During the experiments Voltage Gap, Pulse current 

and Duty cycle were kept constant and Gr powder size and its concentration were varied. 

The experimental results suggested that MRR and SR is influenced by grain size. 
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FIGURE 2.8 Recast Layers on µEDMed Surface [133] 

Kucukturk and Cogun [138] experimented EDM process to generate holes in ceramic – non 

conducting material using Gr powder mixed dielectric. To initiate sparking the ceramic 

workpieces were coated with conductive layer. The discharge process continues to erode the 

material because of formed thin layer of decomposed carbons of dielectric and suspended 

Gr powder. Jahan M. et al. [139] investigated micro PMEDM of Wc-Co alloy using nano 

powder of Gr, Al2O3 and Al. The experimental results indicated no significant effect of 

Al2O3. But the addition of Al and Gr powder to dielectric showed a noteworthy 

improvement in surface finish. Chen S. et al. [140] investigated surface modification of 

titanium using µ-current EDM using Ti powder added deionized water as dielectric. The 

experimental results indicated that at lower pulse currents and powder concentration of 06 

grms./ltrs. The surface finish achieved is commendable. They also concluded that addition 

of powder improves the surface wettability and reduces the formation of cracks. 

Tsai and Chang [141] investigated EDM with polyaniline powder (polymer) suspended 

dielectric for the effect on surface roughness. The researchers concluded that use of low 

concentration polyaniline powder results in better surface finish even than the Si powder 

suspended EDM. They found out that surface finish can be improved further using a 

conductive powder PANI-SALT. Jabbaripour B. et al. [142] experimented PMEDM of ϒ- 

TiAl (intermetallic) using Cr, Al, SiC, Gr and Fe powder added dielectric. The material 

erosion is more at higher currents as the thermal energy produced will be more. The results 

of the experiments concluded that Al powder results in the best surface quality amongst all 
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the selected powder for the experiments. They also reported that upto certain level of powder 

concentration the erosion rate increases and after that it reduces due to the instable 

discharges. Fig. 2.9 indicates effects of various powder used on surface finish resulted. 

 

 

FIGURE 2.9 Effect of Various Powders and their Concentration on SR – PMEDM 

[139] 

Ojha et al. [143] experimented with nickel powder mixed EDM of steel EN-19. Powder 

concentration, Electrode angle, pulse current and duty cycle were the considered process 

parameters. The results of the experiments were revealing that pulse current has the most 

significant effect of rate of material erosion. The rate of MR and TW increases with increase 

in powder concentration. Kolli and Kumar [144] investigated EDM of Titanium alloy using 

boron carbide powder mixed dielectric. Experiments were conducted with different levels 

of P.C and found that addition of B2C2 helps to improve the surface characteristics. 

Shabgard and Behnam [145] experimented CNT added dielectric for EDMing of Ti6Al4V 

using Cu electrode. The surface characteristics of CNT added PMEDM of Ti alloy was 

analyzed using SEM. The results revealed that the CNT addition to dielectric reduces the 

formation of cracks alongwith an improved stability of machining. The addition of CNT 

particles improves the surface finish as the spark energy distributes evenly. Ramesh S. et al. 

[146] used Al, Sic and Al2O3 powders for analyzing EDM performance characteristics 
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for machining of steel AISI P20. The experimental results revealed that Al powder mixed 

dielectric alongwith copper electrode offered highest rate of MR. The combination of 

tungsten tool electrode and Al2O3 powder blended dielectric offers lowest radial overcut 

and alongwith lower rate of tool wear. Sugunakar A. et al. [147] investigated PMEDM of 

super alloy RENE 80. Gr and Al powder were added to dielectric in different levels to 

analyse the surface integrity and characteristics of recast layer. The experimental results 

indicated reduction in the thickness of recast layer upon using powder mixed dielectric. 

S. K. Sahu et al. [148] investigated Gr powder mixed EDM of Inconel 718. The experimental 

results indicated that the rate of material removal increases with higher pulse currents. Amit 

Kumar et al. [149] used Al2O3 powder blended deionized water to analyse EDMing of 

Inconel alloy 825. The results of the experiments have shown that powder blending improves 

process performance compared to convention method. Divya Rana et al. 

[150] conducted EDM experiments with various powder added dielectrics. The researcher 

experimented with metal powder added dielectric and concluded that the addition of metal 

powder increases the inter electrodial gap and reduces the insulating capacity of dielectric. 

The stability of the spark and rate of erosion of material improves consequently. Gudur S. 

et al. [151] investigated PMEDM of SiC powder blended dielectric for EDMing of steel SS-

316L. Powder concentration, pulse intensity and pulse time has been studied to the 

performance analysis using RSM technique. The experimental results stated that the 

concentration of powder has significant effect on erosion rate of material. Kuriachen B. et 

al [152] experimentally investigated effect of SiC powder (Micro Sized) added dielectric for 

EDMing of Ti6Al4V using WC electrode. The effect of varying voltage and powder 

concentration were analyzed on rate of MR and TW. It was concluded that at moderate value 

of voltage and lower values of concentration of powder, the material erosion was found to 

be maximum. The rate of tool wear increases with current and voltage. Harmesh Kumar 

[153] reported the experimental investigation results using CNT powder for EDM of diesteel 

AISI D2. The surface characteristics were analyzed by varying pulse current, CNT 

concentration and duration of the pulse. The researcher reported that the duration of pulse is 

affecting the erosion rate and surface finish. They also concluded that rate of erosion is 

significantly affected by concentration of CNT in dielectric. Zakaria M. Z. et al. 

[154] investigated TaC powder mixed EDM with an objective to analyse the surface 
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properties of stainless steel workpeice. Different concentration of TaC powder in kerosene 

were experimented for analyzing the effect on surface hardness and property of corrosion 

resistance. They reported that addition of TaC powder in kerosene for EDMing of SS 

workpeice improves that corrosion reactance characteristics. 

Paul B. K. et al. [155] investigated Si powder added EDM of EN-31 steel using RSM 

technique. Powder concentration, pulse current and duty cycle were the considered 

parameters to analyse the effect on rate of material removal and surface finish. The results 

of the experiments revealed that the surface finish and MRR is most affected by 

concentration of dissolved powder and peak (discharge) current. Patel S. et al. [156] 

experimentally investigated PMEDM of Inconel alloy 718 using Al2O3 powder added 

dielectric and Cu-W electrode. The electrode was rotated at 300 RPTaguchi technique was 

employed to analyse the effect of parameters on SR, TWR and MRR. The researchers 

concluded that concentration of powder has insignificant effect on process performance. 

Khan A. A. et al. [157] reported PMEDM of SS AISI 304 using Cu electrode and Al2O3 

powder suspended dielectric. The rate of removal of material and quality of surface were 

investigated using ANOVA method. The results of the experiments showed considerable 

improvement in surface quality by addition of Al2O3 powder. They also reported that a little 

improvement was notice in the rate of material removal when powder was added. TON has 

significant effect on SR and MRR. 2.5 Modelling and M and Ip, TON, Gap voltage and P.C 

were considered as process parameters 

Taguchi technique was employed to analyse the effect of parameters on SR, TWR and MRR. 

The researchers concluded that concentration of powder has an insignificant effect on 

process performance. Khan A. A. et al. [157] reported PMEDM of SS AISI 304 using Cu 

electrode and Al2O3 powder suspended dielectric. The rate of removal of material and the 

quality of the surface were investigated using ANOVA method. The results of the 

experiments showed considerable improvement in surface quality by addition of Al2O3 

powder. They also reported that a little improvement was notice in the rate of material 

removal when powder was added. TON has significant effect on SR and MRR. 

2.5 Modeling and Optimization of EDM and PMEDM Process 

Kansal H. K. et al. [158] developed a model for PMEDM process to demonstrate the 

temperature dispersals, material flow and residual stress distribution over workpeice. The 
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model was also capable to identify surface cracks on PMEDMed workpeice. The developed 

model was used to predict temperature distribution and compute the stresses generated while 

machining. Sethuramalingam and Vinayagam [159] experimented with SWCNT mixed 

kerosene for diesinking of AISI D2 steel for the development of higher surface finish. The 

surface roughness was modelled considering adaptive neuro-fuzzy interface approach. The 

developed model was used to predict responses like rate of material removal and surface 

roughness. Cogun and Savsar [160] investigated EDM for discharge pulse time holdup 

period using a γ distribution function. The γ variable model were developed for several 

machining conditions with changes in shape factor and scale factor. Trial for all the model 

were taken using error criteria. 

Salah N. B. et al. [161] studied EDM process for the development of numerical model for 

temperature distribution during EDM process of steel AISI 316L. The model was used to 

infer the rate of material erosion and surface roughness. The Chapter 2 - Literature Review 

54 modelled values were compared with experimental results for the validation of the model. 

Bhattacharyya B. [162] studied EDM of Inconel 625 for analyzing the effect of lattice strain 

and size of crystallite. The researcher reported that technique of williamson- Hall plot helps 

to segregate impact of lattice strain and crystallite size. The researcher reported that lattice 

strain and crystallite size have substantial influence on material microstructure. Jahan M. P. 

et al. [163] investigated µEDM of WC using Cr, Al and Al2O3 nano-powder mixed 

dielectric for improvement of surface quality. The researchers reported theoretical model to 

explain the mechanism of material removal using breakdown characteristics. Experiments 

were conducted to analyse the effect of powder addition on surface roughness and material 

removal rate. The results concluded that the addition of powder increases the sparkgap and 

helps enhancing surface finish 

Prabhu S. et al. [164] experimented CNT powder mixed EDM of steel AISI D2 using ANFIS 

technique for development of surface roughness model. 1st order sugeno fuzzy interference 

model was used for prediction of Reponses. The model predicted values were compared 

with experimented values to find out error of prediction. R2 value was used to indicate that 

the predicted value that is very nearer to the experimental data. Pradhan M. K. 

[165] investigated surface quality of EDMed part surface using tool steel AISI D2 and Cu 

electrode. Surface topography, thickness of resolified layer alongwith rate of TW and MR 
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were investigated. The researcher reported that pulse current and discharge time are the most 

swaying factors. Fuzzy based ANN model was developed for predicting responses – rate of 

material removal and tool wear. Reddy V. et al. [166] modelled EDM process parameters 

for optimizing rate of material erosion for steel EN-31 using RSM. Behrens A. 

[167] investigated EDM process using a neurofuzzy based controller to control the inter 

electrodial gap to improve process capabilities. The results of the experiments have revealed 

that the controller helps to improve the surface finish and thereby enhances the process 

capabilities. 

Popa M. S. et al. [168] experimented with various process parameters to improve the EDM 

process quality. The researchers formed an equation for discharge energy that models depth 

of generated crated in EDM. The results of the experiments were used to check the validity 

of the generated model and it was concluded that discharge current has the most influence 

of depth of crater generated. Fenggou C. et al. [169] experimented EDM to generate a model 

that predicts the performance of diesink EDM process using ANN. The results revealed that 

discharge current is the most influencing parameter and hence ANN model was developed 

to analyse-predict the current rating that optimizes the EDM process characteristics. Caydas 

and Hascalik [170] investigated WEDM process and developed a model to predict surface 

roughness. Gap voltage, duration of pulse and rate of wire feed was the parameters of 

selection to model the WEDM process that improves the process efficiency. 

Muthukumara V. [171] experimented EDM of Inconel 800 using RSM and developed a 

mathematical model to predict radial overcut. The experiments were conducted to determine 

significant parameters using ANOVA analysis with a significance level of 5%. It was found 

that the generated models predicted the response with determination coefficient of 0.97 for 

radial overcut. Singh H. et al. [172] investigated powder mixed EDM and developed an FE 

model to predict the distribution of temperature that affects the size of crater produced on 

EDMed surface. The model was tested to predict rate of material removal using theory of 

single crater and multiple crates. Assarzadeh and Ghoreishi [173] analysed Al2O3 powder 

added EDM using a dual response surface (desirability) technique for machining of steel 

CK-45. PMEDM was experimented with several powder concentrations and the developed 

model technique was used to compare predicted and 
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experimental results. The test results showed that the developed model predicts the responses 

with and error of maximum 11%. Abdolahi A. et al [174] generated a model that predicts 

the responses that confers efficient machining of using function of Non- dimensional process 

evaluation. 

Bhosle R. B. et al. [175] investigated µEDD of Inconel 600 using GRA for process 

optimization and W-C tool. ANOVA analysis was done to identify significant parameters 

that affects process response. The results of the experiments concluded that the most 

affecting parameters are voltage, capacitance and feedrate. Dhupal D. et al. [176] developed 

a regression (quadratic) model using MOPSO technique for optimizing EDM process. The 

developed algorithm helps to analyse the process model for EDM process optimization. 

Nagaraju N. et al. [177] optimized EDM process using the parameters – gap voltage, TON, 

inter-electrodial gap width and the responses – rate of material removal and SR. Fuzzy based 

multi-response optimization (MPCI) was experimented converting the multiple responses in 

to an index that categorizes multiple responses to enhance the performance of EDM process. 

Shao and Rajurkar [178] modelled µEDM for simulation of process of crater formation 

considering thermal aspect of machining. The model helps to represent of the actual 

machining conditions like distribution of heat flux, expansion of plasma channel and other 

temperature reliant properties. The generated model alongwith the experimental response – 

dimensions of crater are the representative of fraction energy distribution. Parsana S. et al. 

[179] investigated EDMing of Mg-REZn-Zr alloy using a multi objective optimization 

technique - passing vehicle search (PVS). RSM – BBD was used to generate model the 

responses – rate of MR, TW and hole roundness. The model was developed using the 

experimental responses. The researchers also concluded that pulse current and pulse time 

are most governing parameters. 

Prakash C. et al. [180] investigated EDM with HA powder mixed dielectric to machine 

biodegradable alloy Mg–Zn–Mn. MO-PSO method was used to optimize the process 

parameters and identify the best concentration level of powder – HA, pulse current and TON. 

Ramanan and Dhas [181] conducted WEDM of AA7075- PAC composite. The process was 

optimized using GRA – fuzzy techniques for rate of material removal and tool wear 

respectively. The experimental results were used to model the fuzzy model. The method was 

used to predict the optimal value of material erosion rate and surface finish. 
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Aharwal K. et al. [182] conducted EDM of Al-SiC workpiece using Cu electrode with an 

objective to optimize material removal rate and surface finish. Voltage, TON, TOFF and 

duty factor were the considered parameter for process optimization. Sengottuvel. Pa et al. 

[183] optimized EDM process characteristics for multi-objective optimization of Inconel 

718 using fuzzy approach. 

Cu was selected as tool material with various geometries – circle, triangle, rectangle and 

square. The experimental results concluded that higher flushing equipped with high current 

offer improved process and the geometry of tool does not have significant effect on 

responses. to model the fuzzy model. The method was used to predict the optimal value of 

material erosion rate and surface finish. Aharwal K. et al. [182] conducted EDM of Al-SiC 

workpiece using Cu electrode with an objective to optimize material removal rate and 

surface finish. Voltage, TON, TOFF and duty factor were the considered parameter for 

process optimization. Sengottuvel. Pa et al. [183] optimized EDM process characteristics for 

multi-objective optimization of Inconel 718 using fuzzy approach. Cu was selected as tool 

material with various geometries – circle, triangle, rectangle and square. The experimental 

results concluded that higher flushing equipped with high current offer improved process 

and the geometry of tool does not have significant effect on responses. 

Dewangan S. et al. [184] optimized the surface characteristics of EDM process using grey- 

fuzzy logic approach. The technique was implemented to improve surface quality of 

EDMing of tool steel AISI P20. A fuzzy grey relational grade was generated to optimize the 

process parameters. The ANOVA analysis results concluded that input current was the most 

significant parameters that affects the performance characteristics. Tripathy S. et al. 

[185] investigated hybrid EDM process wherein Taguchi-TOPSIS-GRA method was used 

to optimize EDMing of die-steel H11 using Cu electrode. Ip, TON, TOFF, duty cycle and 

gap voltage were selected as the parameters of study and rate of tool wear, material erosion 

and surface finish were the selected responses. Results of ANOVA tests were used to 

identify the significant parameters with a confidence level of 95%. 

A model was generated to predict the responses using GRA and TOPSIS methods. 

Manohara M. et al. [186] used Taguchi-Grey method for optimization of EDM of Inconel 

718 alloy. The optimization of the parameters was done to improve the responses – MRR 

and TWR. The parameters selected were pulse current, TON, TOFF and Gap (spark). 
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Tantra N. et al. [187] developed a theoretical model to predict EDM tool wear 

characteristics. The generated model was used to predict the parameters that results 

in the lowest wear and improves the process efficiency for the process of making holes in 

blades of turbines. The developed model was compared with Heuvelman model and the 

researcher concluded that the generated model was not having any direct relation with it. 

Huu and Nguyen [188] experimented Ti powder mixed PMEDM of die steel with an intent 

to optimize productivity, cost and quality of PMEDM process. Effect of TON, TOFF and 

pulse current were analyzed for the responses surface finish and rate of tool wear and 

material removal. Multi-objective optimization was done to set optimum levels of 

parameters that results in fine surface quality at reasonable cost. The developed models could 

be used to analyse the machine limits that yields maximum productivity. Niamat and Misbah 

[189] conducted experiments with Ti powder mixed dielectric for accomplishing 

multiobjective optimization of PMEDM process using Gr electrode. The method used to 

optimize was Taguchi-AHP-Deng and the responses selected were rate of material removal, 

tool wear, surface hardness and thickness of resolidified layer. The experimental results 

concluded that Gr electrode with positive polarity results in process improvement. The 

researchers also concluded that addition of Ti powder in dielectric reduces the thickness of 

resolidified material. The reported results also confirmed that Deng’s method also helps in 

multi-response optimization. 

2.6 Research Gap 

While there has been extensive research on electrical discharge machining (EDM) of 

titanium alloys like Ti-6Al-4V, several key gaps remain in the literature that warrant further 

investigation: 

Limited studies on powder-mixed EDM of Ti-6Al-4V: Most previous research on EDM of 

Ti-6Al-4V has focused on conventional EDM without powder additives in the dielectric 

fluid. There is a lack of comprehensive studies examining the effects of different powder 

types, concentrations, and particle sizes specifically for powder-mixed EDM of Ti-6Al-4V. 

A systematic evaluation of how various powder additives impact the machining performance 

and surface integrity is needed. 

 Insufficient understanding of powder mechanisms: The fundamental mechanisms 

by which powder particles enhance the EDM process for titanium 
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alloys are not fully understood. More in-depth analysis is required to elucidate how 

different powder materials interact with the plasma channel, affect debris removal, 

and influence the formation of the recast layer during machining of Ti-6Al-4V. 

Advanced characterization of the powder effects at the microscale could provide 

valuable insights. 

 Limited optimization of powder-mixed EDM parameters: While some studies 

have examined the effects of individual EDM parameters, there is a lack of 

comprehensive multi-parameter optimization specifically for powder-mixed EDM of 

Ti-6Al-4V. Systematic optimization of powder concentration, particle size, and 

EDM electrical parameters in combination is needed to determine ideal operating 

conditions. 

 Inadequate surface integrity analysis: Most previous research has focused 

primarily on material removal rate and surface roughness as the key outputs. A more 

thorough examination of surface integrity aspects like recast layer thickness, heat 

affected zone, surface crack formation, and microhardness changes is needed, 

especially for powder-mixed EDM of Ti-6Al-4V. The effects of different powder 

additives on these surface integrity characteristics have not been adequately 

explored. 

 Lack of predictive modeling: There is a lack of comprehensive predictive models 

for powder-mixed EDM of titanium alloys that can accurately estimate machining 

performance and surface quality based on input parameters. Development of physics-

based or data-driven models that can predict outputs like material removal rate, tool 

wear, surface roughness, and recast layer thickness would be highly valuable for 

process planning and optimization. 

 Limited studies on alternative dielectric fluids: Most EDM research on Ti-6Al- 

4V has utilized hydrocarbon-based dielectric oils. There is a need to explore more 

environmentally-friendly alternatives like deionized water or water-based dielectrics 

for powder-mixed EDM of titanium alloys. The impacts of different dielectric fluids 

in combination with powder additives have not been adequately investigated. 
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 Insufficient analysis of electrode materials: The effects of different electrode 

materials in combination with powder additives for machining Ti-6Al-4V have not 

been thoroughly examined. Systematic evaluation of how electrode material choice 

impacts machining performance and surface quality in powder-mixed EDM is 

lacking. 

 Lack of micro-EDM studies: While some research has examined conventional 

EDM of Ti-6Al-4V, there is very limited work on micro-EDM of this alloy, 

especially with powder additives. The unique challenges and opportunities of using 

powder-mixed dielectrics for micro-scale machining of titanium alloys need further 

exploration. 

 Inadequate comparison to other processes: There is insufficient comparative 

analysis between powder-mixed EDM and other advanced machining processes for 

titanium alloys like laser machining, electrochemical machining, or ultrasonic 

machining. A thorough comparison of capabilities, limitations, and resulting surface 

integrity between different processes would be valuable. 

 Limited studies on complex geometries: Most EDM research on Ti-6Al-4V has 

focused on simple geometries like flat surfaces or drilled holes. There is a lack of 

studies examining the machining of complex 3D geometries in titanium alloys using 

powder-mixed EDM. The unique challenges of flushing, debris removal, and 

dimensional accuracy for intricate shapes need further investigation. 

 Insufficient analysis of powder circulation and filtration: The practical aspects of 

powder circulation, settling, filtration, and reuse in an industrial EDM setup have not 

been adequately addressed for titanium alloy machining. Optimizing the powder 

handling system for long-term stable operation requires further study. 

 Lack of sustainability analysis: There is very limited work examining the overall 

sustainability and environmental impact of powder-mixed EDM for titanium alloys 

compared to conventional EDM or other processes. A holistic life cycle assessment 

considering factors like energy consumption, waste generation, and environmental 

effects of different powder additives is lacking. 

 Inadequate investigation of hybrid processes: The combination of powder-mixed 

EDM with other assistive techniques like ultrasonic vibration, magnetic field 
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application, or cryogenic cooling has not been thoroughly explored for machining of 

Ti-6Al-4V. Such hybrid approaches may offer unique capabilities that warrant 

further research. 

 Limited studies on economics and industrial viability: While much research has 

focused on the technical aspects, there is insufficient analysis of the economic 

viability and practical implementation challenges for industrial-scale powder-mixed 

EDM of titanium alloys. Cost-benefit analysis and identification of key barriers to 

adoption in production environments is needed. 

Addressing these research gaps through systematic experimental studies, advanced 

modeling and simulation, and holistic analysis of technical and practical aspects would 

significantly advance the field of powder-mixed EDM for titanium alloys. This could enable 

more effective and efficient machining of Ti-6Al-4V and similar difficult-to-cut materials 

for critical aerospace, biomedical, and other advanced applications. 

2.7 Methodology of Present Research 

The research objectives have been achieved by developing the detailed research framework. 

This research work is mainly concerned with process parameter optimization and 

experimental investigation of surface characteristics for PMEDM of Ti6Al4V. The 

methodology adopted (Fig. 2.10) to address the objectives is as follows; 
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FIGURE 2.10 Flow Diagram of Present Research 
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3.1 Introduction 

CHAPTER-3 

METHODOLOGY AND 

EXPERIMENTATIONS 

The goal of the current research is to examine the viability of using deionized water as a 

dielectric medium and to examine the impact of discharge current, pulse-ON-time, pulse- 

OFF-time, and powder consternation on the rate of material removal, the rate of tool wear, 

and the integrity of the surface for PMEDM of titanium alloy Ti6Al4V using Al2O3 and 

SiC powder mixed with deionized water dielectric and copper electrode. This chapter 

discusses about selection of materials for experimentation, design of experiments, 

experimental setup and measurement of responses in detail. 

3.2 EDM Machine Setup 

In the present research, experiments are performed on Die-sink EDM machine (Joemars AZ 

Series, Model : JM 320) with servo controlled fuzzy equipped head (Joemars AZ 50) and 

dielectric storage tank (Joemars D 320). Electrolyte copper was considered as tool material 

having size 08 mm diameter and positive polarity. The EDM machine is equipped with a 

fuzzy based servo controller for experimenting EDMing with various parameters at different 

levels. Technical specification of EDM are given in Table 3.1 

Table 3.1 Technical Specifications of EDM Machine (Joemars AZ Series - JM 320) 

 

Specifications Details 

Work Table Size 600 mm x 300 mm 

X, Y Travel 300 mm x 200 mm 

Ram Servo Travel 200 mm 

Max. Electrode Weight 60 Kg 

Max. Workpiece Weight 550 Kg 

Work Tank 800 mm x 500 mm x 300 mm 
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Machine Unit Weight 1000 Kg 

Outside Dimensions 1530 mm x 1590 mm x 1955 mm 

Controller (Joemars AZ 50) (Fuzzy Equipped) 

Max. Machining Current 50 Amps 

Total Power Input 4.5 KVA 

Max. MRR 390 (mm³/min) 

Best Surface Finish 0.25 µm (Ra) 

Net Weight 180 Kg 

Outside Dimensions (Dielectric Tank - Joemars D 320) 580 mm x 500 mm x 1720 mm 

Dielectric Tank Capacity 240 Ltrs. 

Recirculation Pump 0.5 HP 

Filtering Method Filtering Paper Method 

 

 

3.2.1 Development of PMEDM Setup 

The working tank of EDM machine (Joemars AZ Series, Model : JM 320) has capacity of 

240 Ltrs. In the current research the objective is to analyze effect of powder added dielectric 

on performance characteristics of PMEDM process. Keeping the objective in mind, fine 

power was to be added to the dielectric in different concentrations. For each set of 

experiments fresh charge of powder mixed dielectric have to be used. The process of 

changing the powder mixed dielectric and cleaning the tank and the dielectric circulation 

system from powder particles was very difficult and even not economically justifiable. So, 
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considering the economy of machining and to reduce the waste of dielectric (powder mixed) 

an auxiliary machining setup was designed having a secondary machining tank, dielectric 

storage tank and dielectric pumping and circulation system. Fig. 3.1 shows the developed 

experimental PMEDM setup. 

The designed setup has a secondary machining tank. The tank was placed on machine table 

in the main machining tank. Fig. 3.2 shows the secondary machining tank. A fixture 

assembly was placed in the secondary machining tank to hold the workpeice during the 

experiments. The tank was filled with the dielectric (powder mixed) till the workpeice and 

tool (partly) submerges in to the fluid fully – principle of Die-sink EDM. A dielectric storage 

tank having a capacity of 10 ltrs. was designed and fabricated to handle sufficient quantity 

of powder mixed fluid (Fig. 3.3). A dielectric pumping and recirculation system was 

fabricated with a nozzle considering side flushing technique. In order to prevent powder 

particles from congregating and settling in the tank's bottom and corners, a motorized stirrer 

mechanism was also included. 

 

 

FIGURE 3.1 Experimental Setup of PMEDM 
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FIGURE 3.2 Secondary Machining Tank 
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FIGURE 3.3 Dielectric Storage tank with recirculation mechanism 

 

3.3 Selection of Materials 

3.3.1 Workpeice Material 

Titanium Alloy Grade 05 – Ti-6Al-4V is selected as the workpeice material in the present 

investigation. The alloys exhibit an exceptional strength to weight ratio, commendable creep 

and corrosion resistance, and deserving biocompatibility. The alloy is used for the 

applications that demands high fatigue-strength and high temperature-high strength. The 

chemical compositional analysis is given in Table 3.2. The alloy possesses low thermal 

conductivity, chemical affinity, low modulus of elasticity and work hardenability. Owing to 
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these properties conventional machining of these alloy is challenging. Thin plates of 

annealed Ti-6Al-4V with dimensions 100mm x 50mm x 2.5mm have been used for the 

experiments. The properties of Ti-6Al-4V alloy are presented in Table 3.3. 

Table 3.2 Chemical Composition of Titanium Alloy Ti-6Al-4V 

 

Element % Weight 

Titanium 89.36 

Aluminium 5.98 

Vanadium 3.99 

Oxygen 0.20 

Carbon 0.08 

Nitrogen 0.5 

Hydrogen 0.015 

 

3.3.2 Tool Material 

An Electrolytic copper (99.9%) tool (size – 08 mm diameter and 50 mm length) was used as 

the tool electrode material. Diepolishing (with emery paper) on the order of 0.1 to 0.15 

microns was used to complete the tool's face. The electrode was mounted the three jaw chuck 

(of the machine spindle – Fig. 3.2) and was tightened adequately. To ensure the 

perpendicularity of the electrode with reference to the workpeice, the ―carbon paper 

method‖ was practiced. In the method a carbon paper is kept between the electrode and the 

workpeice and the electrode is pressed against the workpeice. This gives an impression of 

the tool in form of carbon imprint. Depending upon the imprint results the corresponding 

reorientation of the tool is to be done using the adjustment screws of the spindle head. The 

procedure is to be practiced till a full circle imprint is achieved. 
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Table 3.3 Properties of Ti-6Al-4V 
 

Property Value 

Density 4.42 g/cm³ 

Young’s Modulus 110 GPa 

Poisson’s Ratio 0.31 

Thermal Conductivity 7.2 W/m·K 

Volume Electrical Resistivity 170 ohm·cm 

Melting Temperature 1649 °C ± 15°C 

Specific Heat 560 J/kg·°C 

 

3.3.3 Dielectric Fluid: 

Deionized water is selected as dielectric fluid for the present research experiments. The 

deionized water is an environmental friendly alternate to the hydrocarbon based fluids/oils 

(example: kerosene, EDM oils) The literature analysis led to the conclusion that the erosion 

process therein possessed stronger thermal stability and, as a result, substantially higher 

power inputs could be employed to enhance MRR. Additionally, it is found that using 

deionized water as the dielectric minimizes the rate of tool wear. Whereas these 

hydrocarbons based oils decomposes in time and releases harmful vapors of CH4 and CO. 

The literature analysis led to the conclusion that the erosion process therein possessed 

stronger thermal stability and, as a result, substantially higher power inputs could be 

employed to enhance MRR. Additionally, it is found that using deionized water as the 

dielectric minimizes the rate of tool wear. Table 3.4 shows the values of typical properties 

of deionized water. 
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Table 3.4 Properties of Deionized Water 

 

Property Value 

Breakdown Strength 65 – 70 kV/mm 

Specific Heat 4200 J/kg·K 

Thermal Conductivity 0.62 W/m·K 

 

3.3.4 Powder Material 

Aluminium Oxide (Al2O3) and Silicon Carbide (SiC) powders having noteworthy 

characteristics (thermos-physical) have been mixed with deionized water for the current 

research .Table 3.5 lists these powders' characteristics. 

Table 3.5 Properties of Powder Materials 
 

Properties Aluminium Oxide (Al2O3) Silicon Carbide (SiC) 

Electrical resistivity (μΩ-cm) 1 × 10^8 1 × 10^9 

Thermal conductivity (W cm⁻¹°C⁻¹) 0.35 1.0–5.0 

Specific heat (J/kg-K) 990 460.54 

Melting temperature (ºC) 2054 2987 

Density (g/cm²) 3.89 3.21 

Heat of fusion (kJ/kg) 620 360 
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3.4 Process Parameters 

A comprehensive literature survey for EDM and PMEDM process has been presented in 

Chapter 02. The parameters chosen for the current study project are Pulse Current (Ip), Pulse 

ON Time (TON), Pulse OFF Time (TOFF), and Powder Concentration in light of the results 

of the literature review. Surface Roughness (Ra), Tool Wear Rate (TWR), and Material 

Removal Rate (MRR) have all been studied in relation to the responses. 

3.4.1 Selection of range of parameters 

Pilot experiments were carried out to investigate the impact of the chosen process 

parameters on the PMEDM process responses. The outcomes of the pilot studies made it 

easier to define the set of parameters for the experiment. The process parameters MRR, 

TWR, and Ra for various combinations of the Ip, TON, TOFF, Gap voltage, and powder 

concentration in the dielectric were examined during the pilot tests. Table 3.6 displays the 

process parameters and their corresponding range-levels. 

Table 3.6 Process Parameters and Their Levels 

 

Parameters Levels 

Pulse Current (Amps) 6, 9, 13 

Pulse ON Time (μSec) 5, 10, 15 

Pulse OFF Time (μSec) 72, 82, 96 

Powder Concentration (grms./ltrs.) 0.00, 0.25, 0.50 

 

3.5 Design of Experiments 

Design of experiments (DOE) is a technique for determining the interrelationships between 

the variables influencing the performance characteristics of the process. In essence, the 

information aids in the process parameter optimization that results in improved performance 

characteristics. The experiments in the current study were designed using the Response 

Surface Methodology (RSM)-Central Composite Design (CCD) technique.. 
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3.5.1 Response Surface Method-Central Composite Design 

A statistical-mathematical method known as the Response Surface Methodology (RSM)- 

Central Composite Design (CCD) is used to model and evaluate the relationship between 

process parameters and process responses [190, 191]. The RSM-CCD aids in determining 

the number of experiments needed for process analysis and improvement. The method aids 

in understanding how the chosen parameters interact with answers. The produced response 

surface empirical model explains the impact of the parameters of the sovereign process. 

RSM-CCD is a model that is often used to plan experiments, develop models, assess the 

impact of parameters on responses, and optimize parameters to improve process responses 

with the fewest possible experiments [192–194]. The technique is frequently used to issues 

with process characterization and/or optimization. The traditional Response Surface 

Methodology Approach is shown in Fig. 3.4. 
 

 

FIGURE 3.4 Set of Procedure for Response Surface Methodology 
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3.6 Measurement of Responses 

The impact of adding powder to the dielectric, varying the powder concentration, and other 

process variables have all been examined in the current study effort. EDM and/or PMEDM 

process performance is characterized by the rate of material removal and tool wear. The 

surface finish or roughness of the process identifies its dimensional accuracy. The current 

experimental investigation's goals are to determine whether employing deionized water as a 

dielectric medium is feasible and to examine the impact of powder (in various 

concentrations) and other process factors on the integrity of the surface and the rate of MR 

and TWR. The methodology experimented for the characterizing performance analysis is 

deliberated underneath. 

3.6.1 Material Removal Rate 

For any machining process the rate of removal of material is of prime importance as it 

directly affects the productivity. In the present research, after every successful set of 

operation (machining), the workpeice was unclamped and weighed to know the weight loss 

- intern the amount of material removed. An electronic precision weighing scale (A&D HR-

200 having least count 0.1µgrams.) was used to measure the weight of the workpeice before 

and after the machining. The weighing scale is shown in Fig. 3.5. Duration (time) for each 

successful experiment was recorded using a stopwatch (digital). The rate of removal of 

material was calculated using the value of weight loss – measured after every experiment. 

Eqn. 3.4 was used to calculate the MRR considering the volumetric loss of workpeice 

material (mm3 /min). 



64  

 

 

FIGURE 3.5 Precision Weighing Scale - A&D HR-200 

 

3.6.2 Tool Wear Rate 

For any production system the objective is to improve the MRR with the minimum possible 

tool wear. Lower electrical resistance and higher melting point are the typical characteristics 

of tool material. The tool is weighed after every successful machining operation and the 

value of difference in the weight of the tool is used to calculate TWR. 

 

 

FIGURE 3.6 Surface Roughness Tester – SJ 201 
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3.7 Surface Characterization 

3.7.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscope (SEM) is the most adaptable methods for analyzing (imaging) 

chemical composition, microstructure and the surface morphology of materials. The SEM 

results reveal the composition, topography (surface) and material’s crystallographic details 

[195]. In the SEM, an electron pillar is created in high vacuum by electron weapon, and this 

bar is then quickened towards the example with the assistance of positive electric field, and 

afterward centered around to the example with the assistance of attractive focal points. This 

engaged electron shaft communicates with the example surface, and the cooperation is 

changed in to a picture of the example. The goal of the SEM picture differs relying on the 

capacity of the electron spot delivered by the attractive focal points. The electron bar 

communicates with certain volume of the example which is under scrutiny, and the 

profundity of this connection is an element of the organization of the example, vitality and 

edge of the occurrence electron bar [196]. 

3.7.2 Energy Dispersive Spectroscopy (EDAX) 

Energy Dispersive X-ray Analysis (EDAX) is used for observing the compositional analysis. 

The X-beam signals delivered because of the association of the electron shaft with the 

example during the SEM investigation are utilized for the Vitality Dispersive X-beam 

spectroscopic (EDX) considers, which is commonly called miniature examination. The 

barrage of the essential electrons on the example surface offers ascend to the launch of the 

inward shell electrons of the example, and the change of the external electrons to top off the 

opening in the internal shell causes the creation of x-beams: the fingerprints of the 

components present in the example. The EDX spectrometer gathers these x-beams and the 

natural examination is conceivable utilizing the x-beam top force and position data with the 

assistance of the product related with the framework [197]. In the present research surface 

morphology analysis is done using SEM (Make : Philips, Netherlands, Model : ESEM 

EDAX XL-30) at Sophisticated Instrumentation Centre for Applied Research and Testing – 

SICART, V. V. Nagar, Gujarat. Fig 3.7 shows the SEM setup. 
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FIGURE 3.7 SEM Machine - ESEM EDAX XL-30 
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4.1 Introduction 

CHAPTER-4 

RESULTS AND 

DISCUSSIONS 

The effects of the process variables pulse current (Ip), pulse ON time (TON), pulse OFF 

time (TOFF), and powder concentration in the dielectric on the responses material removal 

rate (MRR), tool wear rate (TWR), and surface roughness (Ra) have been discussed for 

PMEDM of Ti6Al4V using Al2O3 and SiC mixed Deionized water as the dielectric fluid. 

The Response Surface Method-Central Composite Design methodology was used to develop 

the tests. In order to prevent any systematic mistake from seeping into the system, a total of 

30 experimental runs have been completed in triplicate. Table 4.1 lists the experimental 

findings, including the measured response values for MRR, TWR, and Ra. 

4.2 ANOVA (Analysis of Variance) Analysis 

ANOVA is a common statistical method for interpreting experimental data. ANOVA aids 

in identifying the significance of a process parameter's impact on performance metrics. This 

makes it possible to learn how much of an impact each regulated parameter has on the 

desired quality attribute. By examining the main outcomes of each of the aspects, it is 

possible to identify the pattern illustrating the influence of various components on the 

process. The ANOVA based on the raw data identifies the variables that affect the average 

response as opposed to decreasing variation [198]. The MINITAB 16 program was used to 

examine the relative importance of the factors in relation to the output responses in order to 

determine the optimum parameter combinations from the ANOVA analysis. The following 

steps are included in the ANOVA analysis: (Eqn. 4.1 to 4.10); 

Total of Results (T) = ∑𝑛 𝑅 
j=1 𝑌𝑖j (4.1) 

Where Yij represents the value of the characteristics in the ith trial jth repetition 

Correction Factor (C.F) = 𝑇2/N

 (4.2) 

Where N is the total number of Experiments. 

Total sum of squares (SST) = ∑𝑛 𝑅 
j=1 𝑌𝑖j – C.F (4.3) 

The degree of variance in the response is measured by the sequential Sum of squares for 

each term in the model. 

𝑖=1 ∑ 

𝑖=1 ∑ 
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Sum of Squares of Parameter 
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(SSA) = [ A (1)2/NA1 + A (2)2/NA2 + …+ A (𝑁)2/NAN ] – C.F (4.4) 

Where NA1, NA2 and NAn are the number of experiments with parameter A at respective levels 

1,2…, n. The sums of squares for all the factors are calculated similarly. 

Error sum of squares (SSe) = (SST) = (SSA) (4.5) 

The degree of freedom describes how much information can be extracted from a given 

collection of data and be uniquely identifiable. The DOF of a factor is one less than the levels 

of data for that factor. The degree of freedom quantifies the amount of independent 

information required to calculate each squared sum. 

Degrees of Freedom (DOF) = (Total No. of Trial) – 1  

(4.6) DOF of each Parameters = (Number of levels of each parameter –1)  

(4.7) Variance due to Parameter (VA) = SSA / fA (4.8) 

Perecentage contribution of parameter A towards mean of the response 

(PA) = [SSA/SST] X 100 (4.9) 

The variance ratio (F-ratio) compares the variation brought on by an error term to the 

variance brought on by the impact of a factor. This ratio is used to determine the significance 

of the component under investigation in proportion to the variance of all the elements 

contained in the error term. The F value from the study is compared to a value from a 

standard F-table for a certain degree of significance. When the computed F value is less than 

the value obtained from the F tables at the selected level of significance, the factor does not 

contribute to the sum of squares within the confidence level. 

FA = VA/VE (4.10) 

An analysis of variance (ANOVA) assists in formally evaluating the relevance of the key 

components and their interactions by comparing the mean square against an estimate of the 

experimental errors at specific confidence levels. Analyzing the ANOVA table for a 

particular investigation enables one to decide which components require control and which 

do not. Analysis of variance (ANOVA) was used in the current study to assess the model's 

significance and lack of fit. If the probability (P) value in this case is less than 0.05, it is 

statistically significant at a 95% confidence level. 
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4.2.1 Analysis of Material Removal Rate (MRR) 

ANOVA was used to examine the MRR findings and find the important variables 

influencing the performance metrics. The ANOVA table for the mean MRR with a 95% 

confidence interval is shown in Table 4.2. The basic idea behind the F-test is that a process 

parameter's (input) bigger F value indicates a stronger impact on the response parameter. 

Each factor's variance data has been F-tested to determine its significance. The probability 

(P) value used in the current study is less than 0.05, which denotes that all parameters with 

P values below 0.05 are significant parameters. Input Current (F value: 12.97), Pulse ON 

Time (F value: 23.38), and Powder Concentration (F value: 2.19) were shown to be 

significant under the experimental circumstances. MRR is not significantly affected by pulse 

OFF time. Pulse ON Time, input current, and powder concentration are shown to have the 

greatest effects on MRR. 

TABLE 4.1 Analysis of Variance (General Linear Model) for MRR 
 

Source DOF Seq SS Adj SS Adj MS F P 

Ip 2 8.5652 8.6841 4.3420 12.97 0.000 

TON 2 16.1218 15.6473 7.8236 23.38 0.000 

TOFF 2 0.2035 0.4142 0.2071 0.62 0.548 

P.C. 2 3.4725 3.4725 1.7363 5.19 0.015 

Error 21 7.0278 7.0278 0.3347   

Total 29 35.3909     

S    0.578497   

R^2    80.14%   

R^2 (Adj.)    72.58%   

 

Different residual plots for the ANOVA of Material Removal Rate are shown in Fig. 4.1. 

The Normal Probability curve for residuals is shown in Fig. 4.1 (a). The shown residual 
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values show that the error terms have a normal distribution. Residuals versus fits plot is 

shown in Fig. 4.1 (b). The residuals' assumption of random distribution and constant 

variance is confirmed by the figure. The distribution of the residuals for all experimental 

observations may be seen in the residuals histogram. The residuals' histogram, shown in Fig. 

4.1(c), indicates that the residuals (and consequently the error terms) are regularly 

distributed. A plot of residuals vs order of data collection is shown in Fig. 4.1 (d). The 

premise that the residuals are independent of one another is verified using the figure. The 

residuals are dispersed randomly around the middle line and the plot displays no discernible 

pattern. Fig. 4.2 presents the MRR principal effect plot. The graph shows that as the pulse 

current, pulse ON time, and powder concentration rise, so does the MRR. While a longer 

pulse OFF time causes the MRR to decrease. 
 

 

FIGURE 4.1 (a) Normal Probability Plot for Residuals – MRR 
 

FIGURE 4.1 (b) Residuals Vs Fitted Values – MRR 
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FIGURE 4.1 (c) Histogram of Residuals – MRR 
 

 

 

FIGURE 4.1 (d) Residuals Vs Order of Data - MRR 
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FIGURE 4.2 Main Effect Plots – MRR 

 

4.2.2 Tool Wear Rate (TWR) Analysis 

The TWR findings were analyzed using ANOVA to pinpoint the crucial elements 

influencing the procedure' effectiveness. The ANOVA table with the 95% confidence 

interval for the mean TWR is shown in Table 4.3. Under the experimental conditions, it was 

determined that Input Current (F value: 27.42), Pulse ON Time (F value: 6.83), and Powder 

Concentration (F value: 7.23) were significant. It has been discovered that TWR is 

significantly influenced by Pulse ON Time, Powder Concentration, and Input Current. 

TABLE 4.2 Analysis of Variance (General Linear Model) for TWR 
 

Source DOF Seq SS Adj SS Adj MS F P 

Ip 2 0.267188 0.229122 0.114561 27.42 0.000 

TON 2 0.043631 0.057092 0.028546 6.83 0.005 

TOFF 2 0.000097 0.004187 0.002094 0.50 0.613 

P.C. 2 0.060423 0.060423 0.030212 7.23 0.004 

Error 21 0.087728 0.087728 0.004178   

Total 29 0.459067     
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S    0.0646336   

R^2    80.89%   

R^2 (Adj.)    73.61%   

 

 

In Fig. 4.3, various residual plots for an ANOVA of tool wear rate are displayed. The Normal 

Probability curve for residuals is shown in Fig. 4.3 (a). The shown residual values show that 

the error terms have a normal distribution. Residuals versus fits plot is shown in Fig. 4.3 (b). 

The residuals' assumption of random distribution and constant variance is confirmed by the 

figure. The distribution of the residuals for all experimental observations may be seen in the 

residuals histogram. The residuals' histogram, shown in Fig. 4.3(c), indicates that the 

residuals (and consequently the error terms) are regularly distributed. A plot of residuals vs 

sequence of data collection is shown in Fig. 4.3 (d). The residuals are dispersed randomly 

around the middle line and the plot displays no discernible pattern. Fig. 

4.4 presents the TWR principal effect graphic. The graph demonstrates that when the pulse 

current and pulse ON time increases, the TWR also rises. 
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FIGURE 4.3 (a) Normal Probability Plot for Residuals – TWR 

 

 

FIGURE 4.3 (b) Residuals Vs Fitted Values – TWR 
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FIGURE 4.3 (c) Histogram of Residuals – TWR 

 

 

FIGURE 4.3 (d) Residuals Vs Order of Data – TWR 
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FIGURE 4.4 Main Effect Plots – TWR 

 

4.2.3 Analysis of Surface Roughness (SR) 

ANOVA was used to examine the findings for SR and find the important variables 

influencing the performance metrics. The ANOVA table for the mean SR with a 95% 

confidence interval is shown in Table 4.4. Input Current (F value: 18.45), Pulse ON Time 

(F value: 7.17) and Pulse OFF Time (F value: 10.44) were shown to be significant under the 

experimental circumstances. It has been shown that Input Current, Pulse OFF Time, and 

Pulse ON Time all have the greatest impact on SR. Additionally, it has been found that 

Powder Concentration has little impact on SR. Different residual plots for the ANOVA of 

Surface Roughness are shown in Fig. 4.5. The Normal Probability curve for residuals is 

shown in Fig. 4.5 (a). The shown residual values show that the error terms have a normal 

distribution. Residuals versus fits plot is shown in Fig. 4.5(b). The residuals' assumption of 

random distribution and constant variance is confirmed by the figure. The distribution of the 

residuals for all experimental observations may be seen in the residuals histogram. The 

residuals' histogram, shown in Fig. 4.5(c), indicates that the residuals (and consequently the 

error terms) are regularly distributed. The plot of residuals vs order of data collection is 

shown in Figure 4.5(d). The residuals are dispersed randomly around the middle line and the 

plot displays no discernible pattern. The primary effect plot for TWR is displayed in Fig. 

4.6. The graph shows that the SR rises as the pulse current and pulse ON time increase. 
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TABLE 4.3 Analysis of Variance (General Linear Model) for SR 

 

Source DOF Seq SS Adj SS Adj MS F P 

Ip 2 6.1174 7.2141 3.6070 18.45 0.000 

TON 2 3.3678 2.8057 1.4029 7.17 0.004 

TOFF 2 4.1576 4.0831 2.0416 10.44 0.001 

P.C. 2 0.3017 0.3017 0.1508 0.77 0.475 

Error 21 4.1065 4.1065 0.1955   

Total 29 18.0510     

S    0.442207   

R^2    77.25%   

R^2 (Adj.)    68.58%   
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FIGURE 4.5 (a) Normal Probability Plot for Residuals – SR 

 

 

FIGURE 4.5 (b) Residuals Vs Fitted Values – SR 
 

 

 

FIGURE 4.5 (c) Histogram of Residuals – SR 
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FIGURE 4.5 (d) Residuals Vs Order of Data – SR 
 

 

 

 

FIGURE 4.6 Main Effect Plots – SR 

 

4.3 Regression Modeling and RSM Analysis 

In the current study, RSM analysis is employed to determine how the process parameters 

and responses relate to one another. Design Expert 12 is used to do the analysis. The 

experiment's independent variables are assumed by the design to be continuous and subject 
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𝑖=1 

to testing with low margins of error. The experimental design had to be optimized for the 

response variables (Y). To accurately represent the real correlation between independent 

variables and response surfaces, an appropriate approximation must be found. 

Randomization was used during the experimental run to reduce error and the impact of 

uncontrollable factors. The answer was used to create an empirical model that, using a 

second-degree polynomial equation, Eqn (4.11) corresponds to the experimental variables. 

Y = β0 + ∑𝑛 𝛽𝑖𝑋𝑖 + ∑𝑛 𝛽𝑖𝑖𝑋𝑖2 + 𝑛 
𝑖=1 𝛽𝑖j𝑋𝑖𝑋j ± 𝜉 (4.11) 

Y is the predicted response, 0 is the constant coefficient, i is the linear coefficients, ii is the 

quadratic coefficients, ij is the interaction coefficients, and n is the number of factors 

examined and optimized in the experiments. Xi and Xj are the coded values of the variable 

parameters for the leaching process, and is the random error. As was discussed earlier for 

the screening stage, an ANOVA analysis is used to determine the significance of the 

coefficients. The fitted model should accurately reflect the data connection inside the 

experimental region in order to provide a precise forecast. To assess the relevance of the 

second order model while fitting linear models, an ANOVA test should be used. The latter 

may be deemed sufficient if the regression is significant and a non-significant lack of fit is 

discovered for the selected confidence level (=0.05).A substantial model does not, however, 

imply that the data's volatility is well explained. Additionally, it is necessary to analyze the 

residual plots and evaluate the coefficient of determination (R2) and adjusted coefficient of 

determination (Adj R2), which show the proportion of variance that is explained by the 

model. One of the fundamental presumptions for the validity of ANOVA is that the residuals 

follow a normal distribution, which is shown by the normal probability plot. The plot of 

residuals vs the ascending projected response values may be used to assess the homogeneity 

of the variance, which is another ANOVA assumption. The outcome of the optimization of 

two elements can be seen as a solid surface in three dimensions. When there are more than 

two components, the graphical representation is generated for two of them while keeping 

the values of the additional elements constant. Another choice is to show the response 

surface using a contour plot, which consists of lines of constant response that correspond to 

a certain height of the response surface. 

Using Design Expert 12,Regression analysis was done on the RSM-CCD runs' experimental 

results. A sequential sum of squares test based on an analysis of variance was 

𝑖=1 ∑ 



82  

carried out before selecting the best model to be fitted. Linear, two-factor interaction, and 

quadratic models were examined to see if adding more terms enhanced the fitting as shown 

by the F value in the Fischer's F test. The F values may be converted into p values using the 

F probability distribution curve. To assess the model's relevance, one might compare the F 

value to a threshold F value or the accompanying p value to a threshold p value. The 

significance level that was chosen, in this case 5%, will determine the threshold p value. The 

model was not aliased, and the highest order polynomial for which the new terms were 

significant was chosen. The two factor interaction model was selected for fitting based on 

the test outcome. For MRR, TWR, and SR, models were created with notable factor effects. 

4.3.1 Analysis of Material Removal Rate (MRR) : Analysis of Variance (ANOVA) is 

used to examine the response data for MRR and to verify the sufficiency of the created model 

using a regression model significance test. Using Design Expert 12, regression analysis was 

performed on the experimental findings from the RSM-CCD runs. For MRR, a quadratic 

model was chosen to account for the curvature impact. Table 4.5 displays the ANOVA and 

regression statistics for the entire two factor interaction model as well as the findings of the 

quadratic model for MRR. The combined R2 and corrected R2 score is over 90%. This 

shows that the regression model does a great job of explaining the relationship between the 

independent variables (factors) and the response (MRR). A model is considered statistically 

significant when the related p-value is less than 0.05 (i.e., = 0.05, or 95% confidence). Other 

important variables are Pulse ON Time (F value: 146.68), Powder Concentration (F value: 

20.22), the interaction between Pulse Current and Pulse ON Time, Pulse Current and Powder 

Concentration, and the Second order term of Pulse Current. 

TABLE 4.4 Response Surface Analysis for MRR 

 

 

Source 

Sum of 

Squares 

 

DOF 

 

Mean Square 

 

F Value 

 

P Value 

 

Significance 

Model 33.8 14 2.41 22.79 0.0001 Significant 

Ip 8.41 1 8.41 79.42 0.0001 Significant 

TON 15.54 1 15.54 146.68 0.0001 Significant 
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TOFF 0.1841 1 0.1841 1.74 0.2072  

P.C. 2.14 1 2.14 20.22 0.0004 Significant 

Ip * TON 1.13 1 1.13 10.63 0.0053 Significant 

Ip * TOFF 0.0641 1 0.0641 0.605 0.4488  

Ip * P.C. 3.48 1 3.48 32.89 0.0001 Significant 

TON * 

TOFF 

 

0.4102 
 

1 
 

0.4102 
 

3.87 
 

0.0679 

 

TON * P.C. 0.0004 1 0.0004 0.004 0.9504  

TOFF * 

P.C. 

 

0.3515 
 

1 
 

0.3515 
 

3.32 
 

0.0885 

 

Ip^2 0.4883 1 0.4883 4.61 0.0486 Significant 

TON^2 0.1391 1 0.1391 1.31 0.2698  

TOFF^2 0.1989 1 0.1989 1.88 0.1908  

P.C^2 1.45 1 1.45 13.7 0.0021 Significant 

Residuals 1.59 15 0.1059    

Lack of Fit 1.59 10 0.1588 1155.21 0.0001 Significant 

Pure Error 0.0007 5 0.0001 
   

Total 35.39 29     
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Std. Dev. 0.3255      

R^2 95.51%      

R^2 (Adj.) 91.32%      

 

 

TABLE 4.5 Estimated Regression Co-efficient for MRR 

 

Source Coefficient Estimate Coefficient Terms of Actual Factors 

Constant 1.48 -14.76927 

Ip 0.6838 0.47291 

TON 0.9294 0.081528 

TOFF -0.1012 0.324741 

P.C. 0.3451 -13.7714 

Ip * TON 0.2649 0.01514 

Ip * TOFF 0.0631 0.001503 

Ip * P.C. 0.4662 0.532743 

TON * TOFF -0.1599 -0.002665 

TON * P.C. -0.0051 -0.004115 

TOFF * P.C. 0.148 0.049328 

Ip^2 -0.4438 -0.03623 
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TON^2 0.2317 0.009269 

TOFF^2 -0.2855 -0.001983 

P.C^2 0.7485 11.97642 

 

 

The estimated regression coefficients for the factors, interaction with other factor and 

second order factors are shown in Table 4.5. The RSM-based mathematical models for 

MRR is represented in Eqn. 4.12 as; 

MRR = (-14.7693)+(0.4729 * Peak Current) + (0.0815 * TON) + (0.3247 * TOFF) - 

(13.7714 * Powder Concentration) - (0.0362 * Peak Current * Peak Current)+(0.0093 * TON 

* TON)-(0.002 * TOFF * TOFF)+(11.9764 * Powder Concentration * Powder 

Concentration) + (0.0151 * Peak Current * TON) + (0.0015 * Peak Current * TOFF) + 

(0.5327 * Peak Current * Powder Concentration) - (0.0027 * TON * TOFF) - (0.0041 * TON 

* Powder Concentration) + (0.0493 * TOFF * Powder Concentration) 
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FIGURE 4.7 (a) Normal Probability Plot for Residuals – MRR 
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FIGURE 4.7 (b) Residuals Vs Fitted Values – MRR 
 

 

FIGURE 4.7 (c) Residuals Vs Run Order of Data - MRR 
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FIGURE 4.8 Experimental Value Vs Predicted Value – MRR 

The ANOVA table (Table 4.5) clearly shows how Ip - TON and Ip - PC have an interaction 

effect on MRR. Figure 4.9 displays the interaction plot for Pulse (Peak) Current and Pulse 

ON Time with MRR. Figure 4.10 displays the interaction plot for Pulse ON Time and 

Powder Concentration with MRR. Peak (pulse) Current increased due to an increase in 

discharge energy, which led to an increase in MRR. Low pulse ON times resulted in a 

workpiece's heating period being so brief that just a tiny portion of the material melted, 

giving the MRR a lower value. As more peak current density and appropriate discharge 

energy were achieved with a longer pulse signal (bigger Pulse ON Time), the MRR 

increases. As operating with high pulse current and longer pulse ON times the energy 

intensity going into the workpeice increases and hence results in higher melting of material 

and thereby increases the rate of removal of material. It can also be seen from Fig. 4.10 that 

increase in the powder concentration along with Pulse ON Time improves MRR as high 

density, widens the plasma channel and covers a larger area. 
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FIGURE 4.9 Interaction Plot Ip, TON vs MRR 
 

 

 

 

 

FIGURE 4.10 Interaction Plot TON, Powder Concentration vs MRR 
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4.3.2 Analysis of Tool Wear Rate (TWR) 

The results of the entire two component interaction model, which used the quadratic model 

for MRR, are shown in Table 4.7 as ANOVA and regression statistics. According to the 

value of R2, which is 88.21%, the regression model best explains the association between 

the independent variables (factors) and the response (TWR). A model is considered 

statistically significant when the related p-value is less than 0.05 (i.e., = 0.05, or 95% 

confidence). 

TABLE 4.6 Response Surface Analysis for TWR 
 

Source Sum of Squares DOF Mean Square F Value P Value 

Model 0.4049 14 0.0289 8.01 0.0001 

Ip 0.2181 1 0.2181 60.44 0.0001 

TON 0.0383 1 0.0383 10.62 0.0053 

TOFF 0 1 0 0.0133 0.9096 

P.C. 0.0025 1 0.0025 0.7001 0.4159 

Ip * TON 0.0061 1 0.0061 1.69 0.2137 

Ip * TOFF 0 1 0 0.0037 0.9522 

Ip * P.C. 0.0227 1 0.0227 6.28 0.0242 

TON * TOFF 0.0037 1 0.0037 1.04 0.3251 

TON * P.C. 0 1 0 0.0134 0.9094 

TOFF * P.C. 0.0011 1 0.0011 0.3054 0.5886 

Ip^2 0.0063 1 0.0063 1.75 0.2059 

TON^2 0.0188 1 0.0188 5.21 0.0375 

TOFF^2 0.0041 1 0.0041 1.13 0.3055 

Source Sum of Squares DOF Mean Square F Value P Value 
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Model 0.4049 14 0.0289 8.01 0.0001 

Ip 0.2181 1 0.2181 60.44 0.0001 

P.C^2 0.0577 1 0.0577 15.99 0.0012 

Residuals 0.0541 15 0.0036   

Lack of Fit 0.0524 10 0.0052 15.1 0.0039 

Pure Error 0.0017 5 0.0003   

Total 0.4591 29    

Std. Dev. = 0.0601 R^2 = 88.21%  R^2 (Adj.) = 77.20%  

 

 

 

TABLE 4.7 Estimated Regression Co-efficient for TWR 
 

Source Coefficient Estimate Coefficient Terms of Actual Factors 

Constant 0.2342 -2.00304 

Ip 0.1101 -0.070491 

TON 0.0462 0.088499 

TOFF -0.0016 0.050503 

P.C. -0.0119 -1.40341 

Ip * TON 0.0195 0.001113 

Ip * TOFF 0.0009 0.000022 

Ip * P.C. 0.0376 0.042959 

TON * TOFF -0.0153 -0.000254 

TON * P.C. -0.0017 -0.00139 

TOFF * P.C. -0.0083 -0.002762 
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Ip^2 0.0505 0.004119 

TON^2 -0.0852 -0.003407 

TOFF^2 -0.0408 -0.000283 

P.C^2 0.1492 2.38766 

 

The regression coefficients (estimated) for the factors, interaction with other factor and 

second order factors are shown in Table 4.8. The generated mathematical models (RSM- 

based) for TWR is represented in Eqn. 4.13 as; 

TWR = (-2.003) - (0.0705 * Peak Current) + (0.0885 * TON) + (0.0505 * TOFF) - (1.4034 

* Powder Concentration) + (0.0041 * Peak Current * Peak Current) - (0.0034 * TON * TON) 

- (0.0003 * TOFF * TOFF) + (2.3877 * Powder Concentration * Powder Concentration) + 

(0.0011 * Peak Current * TON) + (0.043 * Peak Current * Powder Concentration) - (0.0003 

* TON * TOFF) - (0.0014 * TON * Powder Concentration) - (0.0002 * TOFF * Powder 

Concentration) 

Fig. 4.11 (a) and Fig. 4.11 (b)depicts the residuals' normal probability plot and the residuals' 

graph against the fitted value, respectively. It is shown that the errors have a normal 

distribution and that the regression model accurately predicts the values that were observed. 

A graph of residuals vs order of data collection is shown in Fig. 4.11 (c). According to the 

figure, the residuals are distributed at random around the center line. The experimental value 

versus predicted value graph for MRR is shown in Figure 4.12. The data values are evenly 

distributed around the mean, which reflects the model's effective prediction skills. 
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FIGURE 4.11 (a) Normal Probability Plot for Residuals – TWR 
 

 

 

 

FIGURE 4.11 (b) Residuals Vs Fitted Values – TWR 
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FIGURE 4.11 (c) Residuals Vs Run Order of Data – TWR 
 

 

 

 

FIGURE 4.12 Experimental Value Vs Predicted Value – TWR 

Fig. 4.13 represents an interaction plot of Pulse (Peak) Current and Powder Concentration 

with TWR. It can be seen that for a moderate value of Powder Concentration (0.25 
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grams./ltrs.) the tool wear is minimum. With an increase in Peak Current value, the TWR 

rises. Additionally, Table 4.7 demonstrates the importance of the relationship between Peak 

Current (Ip) and Powder Concentration (P.C). 

 

 

 

 

FIGURE 4.13 Interaction Plot Ip, Powder Concentration Vs TWR 

 

4.3.3 Analysis of Surface Roughness (SR) 

Table 4.9 displays the ANOVA and regression data for the whole two factor interaction 

model (quadratic) for SR. The R2 result is 85.01%,demonstrating that the regression model 

does a good job of explaining how the independent components relate to SR. A model is 

considered statistically significant when the related p-value is less than 0.05 (i.e., = 0.05, or 

95% confidence). The expression "lack of fit" is meaningless because it is desired. 
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TABLE 4.8 Response Surface Analysis for SR 

 

 

Source 

Sum of 

Squares 

 

DOF 

 

Mean Square 

 

F Value 

 

P Value 

 

Significant 

Model 15.35 14 1.1 6.08 0.0006 Yes 

Ip 5.48 1 5.48 30.4 0.0001 Yes 

TON 2.54 1 2.54 14.1 0.0019 Yes 

TOFF 4.05 1 4.05 22.45 0.0003 Yes 

P.C. 0.1776 1 0.1776 0.9845 0.3368 No 

Ip * TON 0.6555 1 0.6555 3.63 0.076 No 

Ip * TOFF 0.1608 1 0.1608 0.8915 0.36 No 

Ip * P.C. 0.1494 1 0.1494 0.8281 0.3772 No 

TON * TOFF 0.0133 1 0.0133 0.0738 0.7896 No 

TON * P.C. 0.1156 1 0.1156 0.6408 0.4359 No 

TOFF * P.C. 0.3067 1 0.3067 1.7 0.2119 No 

Ip^2 2.04 1 2.04 11.31 0.0043 Yes 

TON^2 0.313 1 0.313 1.74 0.2075 No 

TOFF^2 0.1357 1 0.1357 0.752 0.3995 No 

P.C^2 0.1284 1 0.1284 0.7117 0.4121 No 
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Residuals 2.71 15 0.1804    

Lack of Fit 2.36 10 0.236 3.41 0.094 No 

Pure Error 0.3459 5 0.0692    

Total 18.05 29     

Std. Dev. = 0.4247  R2 = 85.01%    

R2 (Adj.) = 71.02%      

 

 

TABLE 4.9 Estimated Regression Co-efficient for SR 

 

Source Coefficient Estimate 

Constant 3.82 

Ip 0.552 

TON 0.376 

TOFF -0.4744 

P.C. -0.0994 

Ip * TON 0.2022 

Ip * TOFF -0.1 

Ip * P.C. 0.0965 

TON * TOFF 0.0288 
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TON * P.C. -0.085 

TOFF * P.C. -0.1382 

Ip^2 -0.9072 

TON^2 0.3476 

TOFF^2 0.2358 

P.C^2 0.2226 

 

 

The regression coefficients (estimated) for the factors, interaction with other factor and 

second order factors are shown in Table 4.10. Eqn. 4.14 represents the generated 

mathematical model (RSM-based) for SR; 

SR = (10.1964) + (1.6216 * Peak Current) - (0.336 * TON) - (0.2853 * TOFF) + (1.3244 * 

Powder Concentration) - (0.0741 * Peak Current * Peak Current) + (0.0139 * TON * TON) 

+ (0.0016 * TOFF * TOFF) + (3.5616 * Powder Concentration * Powder Concentration) + 

(0.0116 * Peak Current * TON) - (0.0024 * Peak Current * TOFF) + (0.1103 * Peak Current 

* Powder Concentration) + (0.0005 * TON * TOFF) - (0.068 * TON * Powder 

Concentration) - (0.0461 * TOFF * Powder Concentration) 

Fig. 4.14 (a)Fig. 4.14 (a) depicts the residual vs fitted value graph, whereas Fig. 4.14 (b) 

displays the normal probability plot. The plots show whether or not the residuals have a 

normal distribution. If they do, the bulk of the dots will follow a straight line, with some 

minor dispersion even for normal data. The residuals are shown to typically follow a straight 

line in the figure, indicating that the mistakes are distributed regularly. Fig. 4.14 (c) 

represents a graph of Residuals versus order of data collected. The represents that the 
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residuals are falling randomly around the center line. Fig. 4.15 represents the Experimental 

Value Vs Predicted Value graph for MRR. The graph represents a comparison between 

predicted and experimented values 

 

FIGURE 4.14 (a) Normal Probability Plot for Residuals – SR 

 

 

FIGURE 4.14 (b) Residuals Vs Fitted Values – SR 
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FIGURE 4.14 (c) Residuals Vs Run Order of Data – SR 
 

 

FIGURE 4.15 Experimental Value Vs Predicted Value – SR 
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4.4 Multi-Objective Analysis Using GRA: When the process is being optimized for 

several purposes, single objective optimization may not always be enough to produce the 

optimal combination of machining parameters. The best combination of parameters for one 

particular reaction may not be complementary to other answers. Therefore, multi-objective 

optimization is necessary. One of the most potent and useful soft-tools for analyzing 

numerous processes with multiple performance parameters is the gray relational analysis 

(GRA). Grey Relational Technique, a multi objective optimization method, provides a 

sequential strategy for incomplete, undecided, and ambiguous systems. Typically, GRA is 

used to resolve challenging issues when the targeted performance indicators are 

interconnected. The multi-objective issue has been reduced to a single objective 

optimization for the purposes of gray relational analysis. The GRA is a substitute for 

conventional statistical approaches that may be used to optimize a variety of quality 

attributes while dealing with limited sample sizes and uncertainty situations. The creation 

of Grey Relational is the first step in the GRA process. The experimentally determined 

response values are normalized in this phase to lie between 0 and 1. The Grey relational co- 

efficient (GRC) is then calculated. The process performance characteristics are calculated 

using the GRG - Grey relational grade, which reduces the multi-objective optimization 

problem to a single-objective optimization problem. The set of parameters with the highest 

GRG value is thought to be the best set. The association between sequences and the degree 

of total data value variance (among the sequences) may be easily determined using GRA. 

The stepwise procedure for the calculation of GRA is as follows; 

● Averaging across all performance facets of experimental findings. 

● Calculation of grey relational coefficient (GRC). 

● Grey relational grade (GRG) calculation employing performance characteristic 

weighted factor. 

● Analysis of experimental results using GRG. 

● choosing the best process parameter values. 

4.4.1 Normalization of experimental results 

If the response optimization goals change (maximization for some replies and minimization 

for others), the analysis of the experimental outcomes will not fit. As a result, it is important 

to use a method akin to normalization to arrange performances for each distinct 
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choice into a comparative series. Grey Relational Generation is the name given to it. All 

responses should employ either the "Larger-the-better (LBT)" or "Smaller-the-better (SBT)" 

condition depending on the objective function. SBT criteria for surface roughness and tool 

wear rate and LBT criteria for material removal rate were both applied in the current 

investigation. For gray relational generation, the normalized values of MRR, TWR, and SR 

are acquired and shown in Table 4.11.Normalization equation (Eqn. 4.15) for LBT is; 

Yi(k) = 
[𝑋𝑖(𝑘)−𝑚𝑖𝑛 𝑋𝑖(𝑘)] 

 
 

𝑚𝑎𝑥 𝑋𝑖 (𝑘)−𝑚𝑖𝑛 𝑋𝑖(𝑘) 
(4.15) 

For SBT, Normalization equation (Eqn. 4.16) is; 

[𝑚𝑎𝑥𝑋𝑖(𝑘)− 𝑋𝑖(𝑘)] 
Yi(k) = 

𝑚𝑎𝑥 𝑋𝑖 (𝑘)−𝑚𝑖𝑛 𝑋𝑖(𝑘) 

 
(4.16) 

 

 

Wherein, Yi(k) - ith response value (normalized) and Xi(k) – observed value of ith run for 

kth response. 

 

TABLE 4.10 Normalized Data MRR, TWR, SR 
 

Sr. No. MRR (mm³/min) TWR (mm³/min) Ra 

1 0.1186 0.9684 0.5125 

2 0.0548 0.8785 1.0000 

3 0.0000 1.0000 0.6518 

4 0.0050 0.7993 0.9220 

5 0.3542 0.4713 0.2591 

6 0.1043 0.6705 0.5682 

7 0.4324 0.3744 0.7354 

8 0.3234 0.7589 0.5933 

9 0.0530 0.4972 0.6685 
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10 0.0582 0.3681 0.5961 

11 0.4687 0.2670 0.7131 

12 1.0000 0.0000 0.0390 

13 0.0360 0.7536 0.8329 

14 0.6560 0.6852 0.3900 

15 0.9665 0.2824 0.5097 

16 0.2076 0.8480 0.6435 

17 0.2076 0.8654 0.5487 

18 0.2076 0.8480 0.5125 

19 0.3053 0.6029 0.4986 

20 0.2195 0.8604 0.5125 

21 0.2107 0.7890 0.4958 

22 0.2145 0.8077 0.5877 

23 0.2107 0.7656 0.4345 

24 0.4125 0.3896 0.3203 

25 0.5364 0.6208 0.6295 

26 0.6066 0.2769 0.6518 

27 0.6539 0.2771 0.0000 

28 0.2498 0.9796 0.8217 

29 0.2537 0.5911 0.6713 

30 0.4892 0.2133 0.3928 

 

4.4.2 Grey Relational Coefficient calculation (GRC) 
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The preprocessed order of response characteristics are used to determine the GRC once the 

data has been processed. GRC (i(k)) is determined using a formula.(Eqn. 4.17) ; 

ξi (k) = 
𝛥 min + £ 𝑖 𝛥 𝑚𝑎𝑥 

𝛥𝑖 (𝑘)+ £𝑖 𝛥𝑚𝑎𝑥 
(4.17) 

Where, to compress or enlarge the GRC range, there is a distinguishing factor, whose value 

ranges from 0 to 1. The value of used in this study is 0.5. The global maximum and 

minimum values of the kth response's normalized values are max and min, respectively. 

The values of the estimated Grey-Relational Coefficient are shown in Table 4.12. 

TABLE 4.11 Grey Relational Coefficient 
 

Sr. 

No. 

Reference 

Sequence 

Weighted Grey- 

Relational Coefficient 

MRR 

(mm³/min) 

TWR 

(mm³/min) 

 

Ra 

1 0.8814 0.0316 0.4875 0.3619 0.9406 

2 0.9452 0.1215 0.0000 0.3460 0.8045 

3 1.0000 0.0000 0.3482 0.3333 1.0000 

4 0.9950 0.2007 0.0780 0.3345 0.7136 

5 0.6458 0.5287 0.7409 0.4364 0.4860 

6 0.8957 0.3295 0.4318 0.3583 0.6027 

7 0.5676 0.6256 0.2646 0.4683 0.4442 

8 0.6766 0.2411 0.4067 0.4249 0.6747 

9 0.9470 0.5028 0.3315 0.3455 0.4986 

10 0.9418 0.6319 0.4039 0.3468 0.4417 

11 0.5313 0.7330 0.2869 0.4848 0.4055 

12 0.0000 1.0000 0.9610 1.0000 0.3333 

13 0.9640 0.2464 0.1671 0.3415 0.6699 

14 0.3440 0.3148 0.6100 0.5924 0.6136 
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15 0.0335 0.7176 0.4903 0.9372 0.4106 

16 0.7924 0.1520 0.3565 0.3869 0.7668 

17 0.7924 0.1346 0.4513 0.3869 0.7880 

18 0.7924 0.1520 0.4875 0.3869 0.7668 

19 0.6947 0.3971 0.5014 0.4185 0.5573 

20 0.7805 0.1396 0.4875 0.3905 0.7817 

21 0.7893 0.2110 0.5042 0.3878 0.7032 

22 0.7855 0.1923 0.4123 0.3889 0.7223 

23 0.7893 0.2344 0.5655 0.3878 0.6809 

24 0.5875 0.6104 0.6797 0.4598 0.4503 

25 0.4636 0.3792 0.3705 0.5189 0.5687 

26 0.3934 0.7231 0.3482 0.5597 0.4088 

27 0.3461 0.7229 1.0000 0.5910 0.4089 

28 0.7502 0.0204 0.1783 0.3999 0.9608 

29 0.7463 0.4089 0.3287 0.4012 0.5501 

30 0.5108 0.7867 0.6072 0.4946 0.3886 
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𝑖=1 

4.4.3 Grey Relation Grade calculation (GRG) 

GRG stands for the correlation strength between the reference sequence and the 

comparability sequence. GRG is a performance metric for problems with multi-response 

optimization. It is the weighted total of every GRC. The comparative sequences' 

performance for each response is all inferior to that of the reference sequence. As a result, 

the comparability sequence for an alternative is most comparable to the reference sequence 

if it receives the highest GRG with the reference sequence, making that alternative the best 

choice. In Table 4.13, the Grey Relational Grade is calculated and shown. Using a formula, 

GRG is computed.(Eqn. 4.18) ; 

γ = (1/n) ∑𝑛 𝜉 𝑖 (𝑘) (4.18) 

The greatest GRG is seen in experimental run #02 (GRG Value: 0.8105), as can be shown. 

Pulse Current (Ip) - 06 Amps, Pulse ON Time (TON) - 05 Sec, Pulse OFF Time (TOFF) - 

96 Sec, and Powder Concentration (P.C) - 0.5 grms/ltrs are the appropriate values for 

Experimental Run #2. 

TABLE 4.12 Grey Relational Grade 
 

Sr. No. Grey-Relational Grade Rank 

1 0.6077 6 

2 0.8105 1 

3 0.6614 4 

4 0.7135 3 

5 0.4345 29 

6 0.5208 21 

7 0.5539 15 

8 0.5631 11 

9 0.5194 22 

Sr. No. Grey-Relational Grade Rank 
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10 0.4785 25 

11 0.5363 18 

12 0.4711 26 

13 0.6440 15 

14 0.5278 20 

15 0.5631 12 

16 0.5993 7 

17 0.5766 8 

18 0.5606 14 

19 0.5006 24 

20 0.5658 10 

21 0.5375 17 

22 0.5685 9 

23 0.5165 23 

24 0.4390 28 

25 0.5616 13 

26 0.5293 19 

27 0.4075 30 

28 0.7368 2 

29 0.5469 16 

Sr. No. Grey-Relational Grade Rank 

30 0.4413 27 
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4.4.4 Analysis and Optimization of GRG 

It is possible to differentiate between the effects of each parameter at different levels in the 

case of an orthogonal experimental design. It is feasible to determine the mean GRG for 

each level of input parameter by extrapolating the average GRG for a certain level setting 

from the observed experimental data. For all levels, the mean GRG may be determined in a 

similar manner. Average GRG is shown by factor level in Table 4.14. From this table, it can 

be deduced that the "*" indicates the ideal parameter values. Higher grey relational grades 

from each level of component in this table show the optimal level because higher grey 

relational grades are taken into account after taking the maxim "higher-the-better" into 

consideration. It is determined that Pulse Current - 06 Amps, Pulse ON Time - 05 Sec, Pulse 

OFF Time - 96 Sec, and Powder Concentration - 0.5 grms./ltrs. are the ideal parameter 

settings. One interpretation of it is Table 4.14 shows that when many responses are taken 

into account concurrently, the pulse current (Ip) has the most dominant influence. Fig. 4.16 

represents the Main Effect Plot of Grey Relational Grade. It can be stated using the plot that 

Ip and P.C has higher significance on responses when multi variable optimization is 

required. 

TABLE 4.13 Response Table for Grey Relational Grade 
 

 

Process Parameters 
Average grey relational grade by factor 

level 

 

Mean Effect 

 

Pulse Current (Ip) 
Level 1: 0.6399 Level 2: 0.5329 Level 3: 

0.4895 

 

0.1503 

 

Pulse ON Time (TON) 
Level 1: 0.5889 Level 2: 0.5393 Level 3: 

0.5355 

 

0.0534 

Pulse OFF Time (TOFF) Level 1: 0.5183 Level 2: 0.5491 Level 3: 0.0802 

 0.5984  

 

Powder Concentration (PC) 
Level 1: 0.5143 Level 2: 0.5631 Level 3: 

0.5915 

 

0.0773 
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FIGURE 4.16 Main Effect Plot – Grey Relational Grade 

An ANOVA was conducted for the Grey Relational Grade at a 95% confidence level to 

examine the significance and percentage impact of each component on the numerous 

response characteristics. The ANOVA table for GRGs is shown in Table 4.15. The table 

shows that the most important parameter for multi response optimization is pulse current 

(Ip) (F value - 23), which is followed by powder concentration (P.C) (F value - 7.54), pulse 

OFF time (TOFF) (F value - 6.21), and pulse on time (TON) (F value - 3.13). The 

proportional contribution of each element to GRA is shown in Fig. 4.17. 

 

TABLE 4.15 ANOVA Table for Grey Relational Grade 
 

 

 

Process Parameters 

 

DOF 

 

SS 

 

MS 

 

F 
% 

CONTRIBUTION 

Pulse Current (Ip) 2 0.104749 0.053932 23.00 44.98 

Pulse ON Time (TON) 2 0.012857 0.007328 3.13 5.52 

Pulse OFF Time (TOFF) 2 0.030723 0.014555 6.21 13.19 

Powder Concentration 

(PC) 

 

2 
 

0.035336 
 

0.017668 
 

7.54 
 

15.17 

Error 21 0.049232 0.002344 21.14 - 
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Total 29 0.232898 100 - - 

 

 

 

 

 

 

 

FIGURE 4.17 % Contribution – Process Parameters – GRA 
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.5 Surface Characterization 

In the present research, Surface modifications due to the effect of process parameters and 

the addition of power additives in the dielectric fluid have been investigated. The EDM 

process surface characteristics gets altered due to formation of surface cracks, resolidified 

layers, deposition of debris, etc. The generated sparks vaporize the dielectric fluid quickly 

and generates pressure impulse around tool. These pressure impulse and the generated high 

thermal stresses produces the craters and micro-cracks on the EDMed surface. The 

haphazard erosion of the surface sources poor surface finish due to frequent cracking. The 

surface micrographs of the machined samples were analyzed using SEM. The SEM 

micrographs were analyzed for machining without addition of powder particles and also for 

powder mixed EDM using Al2O3 and SiC powders. While machining with pure dielectric 

(without addition of powder particles), most cracks, pores and surface pits were found to 

befall with a non-uniform surfaces having higher Surface Roughness 

 
 

 

FIGURE 4.18 EDMed surface SEM micrograph in (a) 

(Ip = 06 Amps, TON = 05 sec, TOFF = 96 sec). 

Surface micrographs shows formation of uneven surface patterns and thick cracks which 

may be due to the higher value of pulse current and Pulse ON Time that leads to upsurge 

heat concentration and thus making the surfaces prone to cracking.The photo-micrograph of 

surfaces that were machined without the addition of powder particles to deionized water 
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(dielectric) is shown in Figure 4.18 (a). It was discovered that the surface characteristics 

improve as the surface roughness decreases during machining when Al2O3 and SiC powder 

mixed with dielectric fluid is used, as opposed to machining done without powder 

particles.Fewer and smaller cracks were formed compared to that observed while EDMing 

without powder particles. It was also observed that EDMing with powder added dielectric 

resulted in to almost no ridges and very low density of craters 

 

 

FIGURE 4.18 (b) SEM micrograph of the PMEDMed surface 

(Ip = 06 Amps, TON = 05 μsec, TOFF = 96 μsec and P.C. = 0.5 grms./ltrs.) 

Figure. 4.18 (b) show SEM micrograph of surfaces machined with Al2O3 and SiC powders 

mixed dielectric at the optimum set of process parameters obtained using GRA. 
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FIGURE 4.19 EDAX Spectrograph of the PMEDMed surface 

 

(Ip = 06 Amps, TON = 05 μsec, TOFF = 96 μsec and P.C. = 0.5 g/ltrs) 

Energy Dispersive Spectroscopy (EDS) is a quantitative and qualitative analytical technique 

used for elemental analysis - surfaces characterization. Figure. 4.19 shows EDAX spectra 

of PMEDMed surface at the optimum set of process parameters which represents the 

elemental qualitative analysis. 

4.6 Confirmation test: Confirmation testing is the experiment's last phase. Confirmation 

runs are performed in order to verify the results of the analytical phases. Additionally, 

confirmation tests must be run to determine whether or not the anticipated parameter 

combination for the software's best outcomes is appropriate. The confirmatory trials were 

conducted at the ideal level proposed by Grey Relational Analysis, which was at a pulse 

current (Ip) of 06 amps, a pulse on time (TON) of 05 sec, a pulse off time (TOFF) of 96 sec, 

and a powder concentration (PC) of 0.5 grams per liter. 
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TABLE 4.15 Comparison of Results of GRA and Confirmatory Experiment 
 

 

Response 
Optimized Responses 

(Using GRA) 

Responses of the Confirmatory 

Experiments 

Material Removal Rate 

(mm³/min) 

 

0.4678 
 

0.4680 

Tool Wear Rate 

(mm³/min) 

 

0.1501 
 

0.1503 

Surface Roughness (Ra) 2.16 2.15 

 

Table 4.15 compares the input parameters with the calculated parameters under ideal 

circumstances, showing a fair degree of agreement. 
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CHAPTER-5 

CONCLUSIONS AND FUTURE SCOPE 

Powder Mixed EDM of Titanium Alloy - Ti-6Al-4V with Al2O3 and SiC Powder Mixed 

Deionized Water as the dielectric fluid is investigated in this study to determine the impact 

of various process parameters on Material Removal Rate (MRR), Tool Wear Rate (TWR), 

and Surface Roughness (SR). The Central Composite Design-Response Surface Method was 

used to plan the experiments. The relevance and importance of the parameters, as well as the 

impact and interaction effects of the parameters, have been determined by ANOVA analysis 

of the experimental results. Regression models have been created to predict the performance 

characteristics. The PMEDM process responses were analyzed for the simultaneous 

influence of many process parameters using Grey Relational Analysis (Multi- objective 

optimization), and the optimal set of process (input) parameters were identified. Samples 

(machined with the best possible settings) were analyzed for surface integrity and surface 

change by scanning electron microscopy. Machining using a dielectric composed of Al2O3 

and SiC Powder showed considerable improvements in performance parameters during the 

experiments. The powder substance (combined with dielectric) and its concentration 

determine the enhancement of the properties. The primary takeaways from this study may 

be summed up as follows: 

5.1 Conclusion 

5.1.1 Effect of Selected Process Parameters on MRR 

●  According to the analysis of variance performed on MRR, the variables with the 

greatest impact on the removal rate are the pulse ON time (TON) and the pulse 

current (Ip). When both the pulse current and the pulse ON time are increased, the 

MRR rises. When the pulse current (Ip) is 13 Amps and the pulse on time (TON) is 

15 Sec, the maximum achievable MRR is achieved. 

●  As the input current rises, so does the energy of the pulse discharge. The greater 

energy discharge pulse will enhance the intensity of the plasma channel resulting in 

to bigger and deeper craters and consequently raises MRR. 

●  By prolonging the period of time during which heat flux is generated, as the Pulse 

ON Time is increased, the Material Removal Rate is also increased. 
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●  When powder particles are added to dielectric, the MR rate rises. The MRR 

improves because the extra particles act as a "bridging effect" between the electrodes, 

allowing the discharge to spread out into many, smaller increments. EDMing may 

be performed with greater discharge currents because powder increases the inter-

electrodial gap.Powder concentration of 0.5 grams./ltrs. yields the highest MRR. 

●  It is also shown that the interaction between the pulse current and the powder 

concentration has a major impact. 

5.1.2 The Outcome of Changing a Few Process Variables on TWR 

●  According to the analysis of variance, Tool Wear Rate is largely affected by the 

Pulse Current (Ip) and the Pulse ON Time (TON). 

●  Pulse current has a direct correlation to the rate of tool wear since an increase in 

current means an increase in discharge energy input. At the moment when the Input 

current develops, a higher heat vitality is exposed to both workpiece and tool. 

Because of this effect, more thermal energy is generated at the interface between the 

work piece and the tool electrode, which causes more melting and evaporation of the 

tool and hence more TWR. 

●  With increased Pulse ON Time the quantity of positively charged particles 

impacting the negatively charged instrument is more. As a result, the TWR rises as 

a greater quantity of tool electrode melts. The best TWR was achieved with a pulse 

current of 13 A and a on time of 15 microseconds. 

●  Pulse (Peak) Current and Powder Concentration interact with TWR in a way that 

suggests the optimal Powder Concentration is 0.25 grams./ltrs., resulting in minimal 

tool wear. 

5.1.3 Effect of Selected Process Parameters on SR 

● The larger and more hotter the pool of molten material became, the greater the 

observed resulting Surface Roughness (Ra) value was. At this high temperatures 

production and burst of gas bubbles happens leading into deeper craters. Surface 

quality is improved with low Ip values (0.6 amps) and short ON times (0.5 

microseconds). 
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● The powder reduces the insulating properties of the dielectric, which in turn widens 

the spark gap between the electrodes. By widening the spark gap, debris may be more 

easily flushed out, leading to greater process stability. Better surface polish after 

thorough cleansing. Powder Concentration level of 0.5 grams./ltrs. produces the 

finest surface finish. 

● The powder reduces the insulating properties of the dielectric, which in turn widens 

the spark gap between the electrodes. By widening the spark gap, debris may be more 

easily flushed out, leading to greater process stability. Better surface polish after 

thorough cleansing. Powder Concentration level of 0.5 grams./ltrs. produces the 

finest surface finish. 

 

5.1.4 Multi-Objective Analysis 

● Grey Relational Analysis interpretation indicates that the maximum Grey Relational 

Grade (GRG) value is found for experiment # 2. The corresponding GRG value for 

experiment # 2 is 0.8105 and the parameter levels are Pulse Current (Ip) – 06 Amps., 

Pulse ON Time (TON) – 05 µSec, Pulse OFF Time (TOFF) – 96 µSec, Powder 

Concentration (P.C) – 0.5 grms./ltrs. These are the optimum set of parameters values 

that maximizes rate of material removal and surface finish with lower rate of tool 

wear simultaneously. 

● According to GRG's response analysis, Pulse Current (Ip) has the greatest average 

impact. This suggests that, of all the factors thought about for multi response 

optimization, Pulse Current is seen as the most dominant. Pulse Current and Powder 

Concentration are shown to have approximately a 45% and 15% impact contribution, 

respectively, in the GRG main effects plot. 

5.1.5 Surface Characterization 

● EDMing with dielectric (without the inclusion of powder particles) leads to degraded 

surface characteristics with a high concentration of cracks and voids, as seen by 

scanning electron microscopy. The surface quality suffers as a result of these 

irregularities. 

● According to the scanning electron microscopy (SEM) data, the surface polish is 

greatly enhanced by PMEDMing with the following parameters: Input Current (Ip) 
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- 06 Amps; Pulse ON Time (TON) - 05 sec; Pulse OFF Time (TOFF) - 96 sec; 

Powder concentration - 0.50 g/ltrs. Powder mixing increases discharge energy 

dispersion, leading to less surface cracking and shallower craters. 

 

5.2 Future Scope of Work 

The present research presents a systematic investigation of PMEDM in the Titanium Alloy 

Ti-6Al-4V. These is still a scope for more investigation. Here are some ideas that might be 

useful going forward: 

● With the hope of discovering if PMEDMing Nanocomposites is ever possible. 

● The purpose of this study is to determine the average size of the debris generated by 

the PMEDM process and to develop a filtering mechanism to effectively separate the 

debris from the powder particles. 

● Aiming for the best possible dielectric storage tank dimensions for the PMEDM 

procedure. 

● With the use of numerical modeling and simulation, we may learn the effect that 

adjusting various process parameters has on PMEDM's behavior. 

●  To further understand the cost effectiveness and sustainability of the PMEDM 

process, researchers should conduct a comprehensive Life-Cycle study. 
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