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Abstract

Ti-6Al-4V alloy have excellent mechanical, thermal and chemical properties, hence they

are widely applicable on various fields. However, machining of Ti-6Al-4V alloy is chal-

lenging task due to its higher hardness and low thermal conductivity. The machinability of

Ti-6Al-4V alloy is limited by low tool life and poor surface roughness cost during tradi-

tional machining and by low mateial removal rate (MRR) and low specific energy during

non-traditional machining. Thus, a exclusive approach required to be devised which can

enhance the machinability of Ti-6Al-4V alloy during traditional and non traditional ma-

chining processes. It is noted from the literature that modification in microstructure can

enhance machinability during high speed milling and modification in servo mechanism of

gap control can enhance machinability during electrical discharge machine (EDM) system.

It is estimated that this study will reduce the production cost of machining Ti-6Al-4V alloy

with good surface finish and high MRR.

A maglev EDM system is introduced with modified servo mechanism to control inter elec-

trode gap with high duty cycle. The detailed experimental study is carried out for its

feasibility analysis and comparative analysis with conventional EDM system. It has been

detected that maglev EDM reduced the specific energy consumption and surface rough-

ness than conventional EDM systems. In addition, cryogenic quenching has been explored

xi



which has enhanced the the α phases and reduced the α-β grain boundaries in Ti-6Al-4V

alloy. The high-speed up-milling has been performed on cryogenic quenched and untreated

Ti-6Al-4V alloy. It has been detected that cryogenic quenched samples enhanced the plas-

tic deformability of Ti-6Al-4V alloy. Tool wear, chip thickness and surface roughness has

showed better results for cryogenic quenched samples. Evaluation of maglev EDM and

high speed milling has shown that maglev EDM can be opted for small size batch pro-

duction and high speed milling is necessary for large size production since MRR during

maglev EDM is lower than milling.

xii
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1
Introduction

This chapter provides a brief introduction about the basics of issues in machinability of

titanium alloy; need and scope for improvement of it; aim and organization of the thesis.

1.1 Background

Methods by which titanium is transformed from mineral ore to usable parts has a great in-

terest in fabricating new stronger products as well as to optimize available manufacturing

processes. These methods develop microstructure of titanium components in three phases

viz. alpha (α), alpha + beta (α +β ) and beta(β ). Microstructure plays a significant role in

1



2 Chapter 1. Introduction

developing higher strength to weight ratio, thermal stability and other essential mechanical

properties required on different industries. Ti-6Al-4V alloys are broadly used in different

forms such as sheet, billet, wire, strip and plate. Ti-6Al-4V alloys are used in aerospace,

medical, marine and automobile industries since it has excellent properties such as high

temperature stability, lightweight, high strength, high wear resistance, biocompatible and

anticorrosive [1, 2]. Figure 1.2 shows the comparison of different structural material for

Figure 1.1: Specific strength vs higher temperature of different structural materials
[3]

specific strength at higher temperature [3]. The higher specific strength at higher tem-

perature of Ti-6Al-4V alloy is preferable mechanical property due to which this alloy has

vast application in different fields. From this specific strength illustration it can be ob-

served that only carbon fiber reinforced plastics have higher strength than titanium alloys

at 3000C, while at higher temperatures titanium alloys have high specific strength than

any other material. Hence, titanium alloys mainly Ti-6Al-4V is applied for various tem-

perature range with good specific strength. To produce different shapes turning, drilling

and milling are commonly used machining technology. During machining of a Ti-6Al-4V

alloy machinability is key factor to develop final product. Since machining quality with
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low production cost is dependent upon machining capability. Machinability of a material

is termed as an ability of a material to be machined easily at low cost with good surface

finish and high MRR [4]. Therefore, it is essential to improve machinability of Ti-6Al-4V

alloy to produce final product of alloy with less production cost and higher surface finish.

By improving machining efficiency, it is possible to enhance the machinability of Ti-6Al-

4V alloy. There are various machining processes such as conventional and non-traditional

machining method. In conventional machining methods tool and workpiece are in direct

contact with each other, while in non traditional machining method tool and workpiece

don′t have direct contact with each other.

In conventional machining processes, a harder tool than the workpiece material is em-

ployed to remove the material through higher cutting forces. For example; milling, turn-

ing, shaping, boring, slotting, broaching etc. are such type of processes. In these processes

higher cutting forces reduces the tool life and accuracy of machined part. Subsequently,

to improve the machinability of Ti-6Al-4V alloy in conventional machining methods, it

is essential to increase the tool life with good surface finish on workpiece. To improve

the machinability during conventional machining process different techniques shown on

Fig. 1.2 can be applied. These methods are further explained in detail in chapter 2. The

development and machining cost of conventional machines are high which ultimately de-

creases the machinability of Ti-6Al-4V alloy. In current study high speed milling is applied

as conventional machining method. Therefore, it is essential to introduce a method to im-

prove the machinability of Ti-6Al-4V alloy during high speed milling without increasing

the development and machining cost of it.

The primary principle of non-traditional machining methods are the application of less

sharp and soft tool to remove the material by mechanical, thermal, chemical and electrical

process. Mostly during unconventional machining method, tool and workpiece do not have

direct contact with each other, therefore tool life is higher during such type of machining
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processes. There are several type of unconventional machining methods applied for ma-

chining; such as Ultrasonic machining (USM), Abrasive Jet machining (AJM), Electric

discharge Machining (EDM), Electron Beam Machining (EBM), Laser Beam Machining

(LBM), and Plasma Arc Machining (PAM), etc. Among the various available unconven-

tional methods the EDM is highly adopted machining method to cut the hard materials,

since it can remove any electrical conductive material irrespective of their hardness with

high accuracy and better productivity. This process has limitation of low energy efficiency

and low material removal rate with high initial machine establishment cost; therefore,

machinability of Ti-6Al-4V alloy can be improved during EDM process by reduction in

these drawbacks of EDM process.

1.2 Brief history of machinability improvement of Ti-6Al-

4V alloy

In the past years researchers applied different methods to improve the machinability of

titanium alloys. Ezugwu and Wang [5] studied the machinability during cutting of Ti-

6Al-4V alloy and discussed excellent machining capability of tungsten carbide tool. In

their study some advanced machining method such as rotary cutting and ledge tools were

discussed. In previous studies high cutting temperature, high cutting pressure and chat-

ter discussed as the key factors which decreased the machinability of Ti-6Al-4V alloy. It

was observed that special machining technique by modified ledge tool and rotary tool has

increased productivity and tool life significantly. Although, both tools have limited appli-

cation since it was difficult to make complex shape by both modified tools. It was proposed

by their study that chemical reactive cutting fluid should be applied to reduce the thermal

and mechanical loads during machining. They concluded that more special technique with

non-traditional machining method should be developed to improve the machinability of ti-
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tanium alloys. Veiga et al. [6] reviewed the machinability of titanium alloys on the basis of

process output parameters; build up edge formation, chip morphology, cutting techniques

and cutting temperature. They observed that high chemical reactivity and low thermal con-

ductivity influenced the machinability maximum during conventional machining process.

They studied about various techniques applied to improve the machinability such as dry

electrostatic cooling, flood cooling, minimum quantity lubrication (MQL), water vapour,

high pressure coolant, cryogenic cooling, cold air, solid lubricant, hot machining, rotary

tooling, chip breaker and ramping. It detected that majority of researchers had attempted

to apply the cutting fluid between tool-chip interface to reduce the cutting temperature and

friction, by which tool life and surface integrity could be enhanced [7, 8]. Although it is

impossible to penetrate the tool-chip interface, studies for tool wear reduction can be ex-

plored using high pressure lubrication and cryogenic cooling. Cryogenic cooling is being

used by various researchers to extend tool life by lowering cutting temperatures. Cryogenic

cooling was found to significantly reduce cutting temperature at medium cutting speeds of

60-90 m/min, while it had little effect on tool life at speeds greater than 90 m/min. [9, 10].

Improper cryogenic penetration in the chip-tool interface was identified as the cause of low

tool life during cryogenic cooling. As a result, research into cryogenic cooling is needed to

determine the true effect of cryogenic cooling at high cutting speeds. Dandekar et al. [11]

applied Laser-assisted machining (LAM) and hybrid machining to improve the machin-

ability of Ti-6Al-4V alloy. In their research work, the CO2 laser placed on the CNC turret

lathe and cutting tool was cooled by liquid nitrogen. They reduced specific energy con-

sumption by 20% and surface roughness by 30% . It was observed that hybrid machining

had improved the MRR, tool life and effectively saved cost. Muthukrishnan and Davim

[12] studied the machinability of Ti-6Al-4V alloy using coolant and reported higher tool

flank wear during wet machining than dry machining. Hence, it can be concluded that wet

machining is not good option to improve the machinability of Ti-6Al-4V alloy. Armendia
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et al. [13] studied the influence of heat treatment on machinability of titanium alloys. In

their research work, three type of annealing process ( mill annealed, β annealed and duplex

annealed) with air cooling was applied on Ti-6Al-4V, Ti54M and Ti6246 alloy. It was ob-

served that β annealed method modified the microstructure higher than other method while

it had increased the flank tool wear and decreased the machinability. Hence, it can be con-

cluded that annealing with air cooling is not good option to enhance the machinability of

titanium alloys. Rathod et al. [14] evaluated novel surface textured tool to enhance the

machinability of Ti-6Al-4V alloy. They had developed three different shapes on rake face

of cemented carbide tool and then these tools were coated with Zr/WS2 solid lubricant.

It was detected from the study that square texture has more significance than circular and

linear texture in the reduction of friction between tool-chip interface and cutting forces.

Subsequently, improvement in machinability of Ti-6Al-4V alloy was observed with the

drawback of higher tool cost since texturing and coating has increased the cost. Lou and

Wu [15] applied the electropulsing treatment (EPT) in ultra precision machining to improve

the machinability of Ti-6Al-4V alloy.In this method, conventional thermal treatment was

replaced by EPT to modify the microstructure of the material and enhance the mechanical

properties of it. The EPT process was conducted for 15 min in each sample and with 6000C

temperature. This method has enhanced the plasticity, lowered the yield stress and lowered

the hardness of Ti-6Al-4V alloy, Subsequently; EPT has decreased the cutting forces and

surface roughness compared to the untreated sample. By this method, it can be concluded

that heat treatment at lower temperatures could increase the plastic deformability of Ti-6Al-

4V alloy. Recently, Pimenov et al. [16] studied the effect of cooling lubrication technique

on machinability of titanium alloys. They have found that dry machining with coated tool

was essential for sustainable machining with good machinability since now a days sustain-

ability is big criteria to be included during machining. MQL systems have shown good

results in term of machinability, although the economic criteria should be studied to see



1.3. Need and scope of work 7

whether these systems are cost effective or not.

1.3 Need and scope of work

In recent years demand of titanium and its alloys as a workpiece material is increased in

various industries such as aviation, marine, bio application, automobile etc. Excellent me-

chanical, chemical and thermal properties have promoted the applicability of these alloys.

Titanium alloys have diversified range of properties since their microstructure consist of

various range of phases such as α , α+β and β . The α phase is consist of HCP crys-

tal structure while β phase consist of BCC crystal structure. By varying the % of these

phases creep resistance, hardness, specific density, plastic deformability, age hardnability,

modulus of elasticity, melting point temperature, yield strength, toughness, ductility, heat

resistance, high temperature strength and machinability of Ti-6Al-4V alloys can be mod-

ified as per the requirement. Because titanium alloys have a greater machining cost, the

product cost of a titanium alloy component is also higher, making industrial applications

difficult to implement.

1.4 Problem definition

Ti-6Al-4V alloys are difficult to machine since they have high strength, high hardness,

chatter, high melting point temperature and low thermal conductivity. Therefore, various

researchers have conducted studies to achieve improvement in machinability of titanium

alloys[17, 18]. To improve its machinability various methods have been applied and ana-

lyzed. The improvement in machinability of titanium alloy can be achieved by decreasing

tool wear, cutting force, surface roughness, production cost, maintenance cost, machining

energy; and by increasing material removal rate. Variation in chip thickness, high heat

stress, high pressure load, springback, and residual stresses are the main mechanisms that
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cause problems while machining of titanium alloys. During machining, this mechanism

causes excessive tool wear and a poor surface finish. For machining titanium alloys carbide,

binderless CBN, natural diamond and sintered diamond cutting tools have been proven to

be appropriate. Application of high pressure coolant and cryogenic cooling are in trend,

although these methods are not improving machinability impressively[19] . Therefore, it

is necessary to attain improvement in machinability by modifying and developing differ-

ent techniques such as heat treatment processes [20], cryogenic machining [21], hybrid

machining process [22], additive manufacturing [23] and novel manufacturing processes

[24]. The Fig. 1.2 shows the schematic representation of methods which can be applied to

improve the machinability of titanium alloy.

Figure 1.2: Schematic representation of methods to achieve improvement in machinability
of titanium alloys

1.5 Aim and novelty of present work

Aim of the present work is to develop a method to modify microstructure or to develop a

machining process to improve machinability of Ti-6Al-4V alloy. This can be achieved by
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following objectives:

• Develop a novel EDM process since machining capacity would not affected by high

hardness and yield strength of material.

• Conduct evaluation of novel EDM process by conventional EDM process.

• Modification of microstructure by furnace heat treatment and different quenching

medium.

• Experimental study by high speed milling of modified microstructure.

• Characterization of experimental values on the basis of output parameters such as

chip thickness, burr formation, tool wear and surface roughness.

• Evaluation of EDM and high speed milling processes to identify the better machining

process for high machinability of Ti-6Al-4V alloy.

To complete the above mentioned objectives, task required to be done are shown below in

Fig. 1.3
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Figure 1.3: Flowchart of tasks

1.6 Organization of presented report

The thesis comprise of six chapters and brief description of each chapters are given below:

Chapter 1 deals with the brief introduction about the need and motivation of the present

study. In this chapter problem is defined with aim of the present study. Chapter 2 is pro-

viding literature survey of the methods applied by researchers for the effortless machining

of the titanium alloys. Research gap and research methodology obtained from the previous

studies are shown on it. Chapter 3 focuses on development of maglev EDM and evaluation

of it with conventional EDM by output parameters such as material removal rate, surface

roughness and specific energy. Chapter 4 focuses on the modification in microstructure of

Ti-6Al-4V alloy achieved by heat treatment and quenching. It shows characterization of

microstructure by optical microscope images, EBSD analysis and XRD analysis. Effect of

microstructure on microhardness and % area of grain boundaries. Chapter 5 reveals the

effect of heat treated and cryogenic quenched specimen during high-speed up-milling pro-

cess. Analysis of machining is achieved by characterization of output parameters tool wear,
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burr formation, chip thickness and surface morphology. Chapter 6 focuses on evaluation

of the developed EDM and high speed milling process , to identify the better machining

method. Chapter 7 presents key concluding remarks about the studies conducted on Ti-

6Al-4V alloy and scope of future work.





2
Literature Review

The different aspects of metallic bioimplants, limitations, desired surface properties, the

need for surface modifications have been discussed in chapter 1. The present work is

aimed at creating surface textures via mechanical micromachining technique i.e., micro-

milling in Ti-6Al-4V alloy and their functional characterization for bio applications. The

literature review presents the prior work done in the relevant areas, namely, limitations

and challenges of existing surface modification techniques, mechanical micromachining

techniques for the creation of controlled engineered surfaces. Furthermore, recent past

work has been done in the fields of surface texturing, improvement in biocompatibility,

13
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and surface properties. The research gap and objectives of the present work have been

included in this chapter.

2.1 Introduction

In this chapter the state of art is the prediction of critical process to achieve higher machin-

ability with good mechanical properties in the scenario of industrial application. In the

following sections methods to improve machinability are briefly explained such as mod-

ification in composition, modification in microstructure and some advanced machining

processes.

2.2 Effect of composition on different Titanium alloys machin-

ability

For enhancement in machinability of titanium alloy it is essential to obtain optimum com-

position during the alloying of pure titanium. Since, some elements enhances α phase

and other enhances β phase in titanium alloy. In titanium alloys composition, elements

which enhances the β transus temperature by stabilizing the α phase at higher temperature

are known as α stabilizer, while; elements which decreases the β transus temperature by

stabilizing the β phase at lower temperature are known as β stabilizer. Some example of

α stabilizers are aluminum (Al), oxygen (O),carbon (C) and nitrogen (N); meanwhile, β

stabilizers are molybdenum (Mo),niobium (Nb),vanadium (V),copper (Cu) and silicon (Si)

[5]. Generally, it is observed that both α and β phases are less resistant to crack propa-

gation and dislocation in comparison to α-β interfaces or grain boundaries. Therefore in

titanium alloys, it is recommended to create α-β interfaces for aiming at better fracture

resistance and strength, although it will decrease the machinability of titanium alloy [25].
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In general, pure titanium alloy contains titanium from 99.9 to 99.99 of wt. %; while C, N,

O, iron (Fe) and some other elements are present as impurity. The microstructure of pure

titanium is polycrystalline α phase in which by increase in contaminants such as C, N and

O improvement in hardness, yield strength, ultimate strength and α to β transformation

is found [26]. Ouchi et al.[27] found improvement in the proof strength by 0.2% (19 to

55 MPa) with the doping of 0.02–0.03 wt.% of O, N or C to high purity titanium. N has

higher while C has a lower effect on the increment of strength among these three elements.

Commercially pure (CP) titanium is found in four different grades in α phase according to

their composition from 99.495 to 98.955 wt. % and variation of composition presence due

to Fe, O and N elements[3]. Simbi et al.[28] found that when interstitial component O and

Fe increased 0.40 and 0.2 wt. % respectively on CP then it enhances proof stress, tensile

strength and hardness. Wasz et al.[29] found that interstitial O improved room temperature

strength, decreased the ductility and impact resistance while hydrogen (H) had affected tita-

nium at very low or high strain rates. Near α titanium alloys contain solutes which stabilize

α phase and a small amount of β phase elements (1 to 2%). The β transus temperature of

these alloys is high; therefore, they can be applied at high temperature[30]. Gollapudi et

al.[31] performed an experiment on Ti-3Al-2.5V at high temperature and low-stress condi-

tion creep is managed by an increment of dislocation along slip band boundaries, while at

high stress and low-temperature condition grain boundary sliding mechanism of deforma-

tion and power-law creep regimes occurred. Tan et al.[32] did high-temperature experiment

with varying strain rates on Ti-5Al-2.5Sn and concluded that optimum deformation occurs

at 8000C at 0.0001/s strain rate. They concluded that high strain rates play a significant

role in dynamic recrystallization while temperature affects only up to recrystallization tem-

perature. By doing Synchrotron X-ray diffraction on Ti–6Al–2Sn–4Zr–2Mo–0.08Si (near

α alloy) and Ti–6Al–4V (α+β phase alloy) Malinov et al.[33] found less amount of O

content in near α alloy than α+β alloy sample, which was the adequate cause behind the
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existence of small amounts of β phase in it. Ti 17 termed as β rich titanium alloy since

the presence of beta stabilizer content Mo and chromium (Cr) up to 8 % of wt. with bet-

ter control of forging or heat treatment process. Ti 17 could be formed as a β or α+β

region by minimizing the “β flecks” which is formed by the enormous separation of β

stabilizer[30]. Lee et al. [34] modified microstructure of Ti-15Mo-5Zr-3Al alloy by heat

treatment process and found that Al addition in Ti-15Mo-5Zr alloy changes microstruc-

ture and yield stress drastically for the same time period. It was concluded that a small

amount of Al resists twinning which plays a significant role in the deformation of β -Ti

alloys. It is easier to increase the strength of β -Ti alloys by inducing metastable phases or

lattice defects into the β matrix[35]. Some elements like boron (B) and carbon (C) also

modifies the microstructure and mechanical properties of β -Ti alloys. Hotta et al [36] ob-

served that in many titanium α+β alloys such as SP700; small amount of Yttrium (Y) is

used as an additive due to their capability of β grain refinement and creating hindrance in

grain growth. Resultantly, SP700 has better superplastic formability, mechanical proper-

ties and heat treatability than TI-6Al-4V as a result of the fine microstructure of it. They

refine β grain size as well as the size of aged α and also create boride and carbide with

titanium, hence hardness and tensile strength of β Ti alloy increased. However, there is

reduction in ductility occurred since the presence of hard carbide and boride. Meanwhile,

aging also increases the hardness and strength with some decrement in ductility of alloy,

since the presence of α precipitates [37, 38]. As a result of the above detailed composition

description, the following relationships can be established between pure α , near α ,α +β ,

metastable β , and β phase titanium alloy; which is shown in table 2.1 :

As it can be observed from table 2.1, the machinability, creep resistance property, mod-

ulus of elasticity, ductility, heat resistance and strength at high temperature of titanium

alloys are decreased as approached towards β phase alloy. While hardness, specific den-

sity, plastic deformability, age hardnenability, strength at room temperature and toughness
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Table 2.1: Types of titanium alloys and change in its properties as β phase is stabilized in
it

Property
From α → near α → α+β →

metastable β → β phase alloy increas-
ing or decreasing

Machinability Decreasing
Creep resistance Decreasing
Hardness Increasing
Specific density Increasing
Plastic formability Increasing
Age hardenability Increasing
Modulus of elasticity Decreasing
Strength at room tem-
perature

Increasing

Toughness at room
temperature

Increasing

Ductility Decreasing
Heat resistance Decreasing
High-temperature
strength

Decreasing

at room temperature has increased when moving toward β phase alloy from pure α phase

titanium. Hence, to improve the machinability of titanium alloy by modification in compo-

sition can be achieved by compromising with some properties of titanium alloy. Therefore,

it is necessary to develop or find composition in which without deteriorating required me-

chanical or thermal property, the machinability of titanium alloy could be increased.

2.3 Microstructure of titanium alloy and its effect on machin-

ability

The microstructure of titanium alloys varies from α phase to β phase alloys, and machin-

ability varies according to phase, as do the shape and size of grains. Features of titanium

and its alloys are dependent on their composition and microstructure. Titanium alloys have
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two crystal structure viz. hexagonal close-packed (HCP) and body-centered cubic (BCC),

and these two structures are divided into phases by β transus temperature (8820C) of tita-

nium. At 8820C; α phase from HCP metallic structure converted into β phase with BCC by

allotropic transformation and this transformation can take place up to melting point temper-

ature of titanium (16680C). BCC structure has a higher plastic deformability in comparison

to HCP structure since closed packing density of HCP is higher and number of slip system

are less than BCC. Although, ductility of α phase alloy is higher than β phase alloy[3].

Figure 2.1 shows the difference between α and β phase of titanium alloy.

Figure 2.1: (a) α Phase with HCP crystal structure (b) β phase with BCC crystal structure
[3]

Lutjering [39] obtained fully lamellar and bi-modal structure for Ti-6Al-4V; and found

α colony size and β grain size is larger for fully laminar structure than bi-modal structure.

Additionally, he has found relationship between mechanical properties and α colony size

or β grain size. It was observed that α colony size or β grain size is in inverse relation-

ship with yield stress, ductility, crack nucleation resistance and the resistance towards mi-

crocracks development, while in direct relationship with resistance towards macrocracks
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development and fracture toughness. Poondla et al. [40] compared microhardness and

macrohardness of CP grade 2 and Ti-6Al-4V. They observed that large volume of β phase

enhances the microhardness higher than macrohardness on Ti-6Al-4V, while; presence of

large volume of α phase enhances the macrohardness higher than microhardness. Yash-

want and Harold [41] performed an experiment on Ti-6AI-2Sn-4Zr-6Mo which is α+β

phase titanium alloy. They concluded that at low strain condition crack initiation takes

place at α-β interfaces of equiaxed (α ′), Widmanstatten + grain boundary α(Wα +GBα)

and in the aged β matrix. As a result of bigger β grain size; longer Wα and GBα par-

ticles grow, these longer particles give an elongated path to initialize crack growth hence

longer surface cracks induced. Johnson et al.[42] compared two microstructure of Ti-6Al-

4V viz. Widmanstatten and equiaxed by varying strain rates and had found that failure was

higher in equiaxed microstructure than Widmanstatten microstructure. It was observed

that by application of tailored bimodal microstructure; tensile strength, creep performance

and fatigue resistance at 6000C of near alpha titanium alloy IMI834 improved [43]. The

minimum temperature at which dynamic transformation of CP grade 2 from α to β phase

takes place is 7650C and increase in the volume fraction of β phase takes place up to the

melting point temperature of CP 2 titanium [44]. In α phase titanium alloy β phase is in

a very small amount; therefore, Harper–Dorn creep has been claimed to control the creep

behavior of α-Ti alloys at high temperature and low stresses condition[45]. Ti-10V-2Fe-

3AI is metastable β alloy and Terlinde et al.[46] studied its microstructure. They have

concluded that yield stress and microstructure had a direct impact on ductility, and if yield

stress increased during static microstructure, then a decrement in ductility occurred. In

this study it was observed that α film in microstructure grain boundary plays a significant

role in fracture and low ductility since the plastic strain is formed in a small volume of

film. Froes et al. [47] conducted an experiment on Ti-11.5Mo-6Zr-4.5Sn and concluded

that if aging was done on alloy at 4800C then athermal omega (ω) phase formed uniformly
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in the matrix which was inversely proposal to the presence of O element on the β alloy.

Moreover, quenched hardness was higher in the presence of small amount of O element,

therefore, it can be concluded that ω phase increases quenched hardness of the material.

Ti-555 alloy had a very fine nodular structure with a harder β grain size of about 1µm,

therefore, machining of it became a difficult task to do [48]. Higher specific cutting force

and specific feed force occurred in Ti-555 than Ti-6Al-4V since the high microhardness of

Ti-555 [49].

Titanium alloys are widely used on different industries although production cost of the

component from these alloys is higher since low machinability. Therefore, it is crucial to

decrease production cost by increasing their machinability with improvement in desired

properties according to specific industries. Machinability is dependent on tool life, the

microstructure of titanium alloy and surface finish of workpiece since if the tool can do

machining of workpiece easily with good surface finish then production cost will be min-

imum. By modification in the microstructure of titanium alloy low in cutting forces, low

tool wear rate and low surface roughness can be achieved; or in other words, machinabil-

ity can be increased.. Hence, here state of art is the optimization of the microstructure of

titanium alloy and tool life to obtain minimum production cost.

2.3.1 Heat treatment process

Heat treatment is a cyclic heating and cooling process to modify material physical, mi-

crostructural and mechanical properties without changing the shape of the material. Through

the heat treatment process, it is possible to achieve the desired microstructure, which has

changed since other processes such as cold rolling, cryogenic treatment, surface modifica-

tion, etc. Matsumoto et al.[50] applied cold working on β phase Ti-Nb-Sn alloys and had

found Stress-induced martensite (α ′′) then tempered it at 2500C to reverse it as β grains and

fine α precipitation with high-density dislocations from α ′′. They have found an increment
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in Young’s modulus, tensile strength, and large elastic strain, which was reduced since the

cold working of the alloy. Venkatesh et al. [20] found that water quenching with ageing

increased internal hardness, yield strength, and ultimate strength, but decreased ductility

compared to air cooling with ageing. Zhan et al.[51] did an heat treatment experiment

on Ti-Si alloy and found that Ti-8Si and Ti-13.67Si hardness were increased with high-

temperature heat treatment, while T-23Si performed exactly opposite to it. It was caused

by inertial actions of pro-eutectic Ti5Si3 particles of the Ti-23Si. It was seen by Zhu et

al.[52] during heat treatment of TA15 that the cooling rate after heat treatment was directly

related to the final microstructure of Titanium alloy. During lower cooling rate; increment

in volume fraction and size of α phase with uniformity was occurred since growth time

was higher to develop α phase. Chun et al.[53] developed two types of the microstructure

of commercial alloy Ti-6Al-4V viz. Ti64-1 by heating at 8000C to 1hr then air cooling and

Ti64-2 by heating at 9500C to 1hr then air cooling. In Ti64-1 lamellar α+β is present 15%

of volume and in Ti64-2 58% volume, resultantly; Ti64-2 have more hardness than Ti64-1.

Near α titanium alloy TA-15 can be modified in tri-modal structure by heating at near β

temperature and cooling it suddenly by water quenching to convert it into primary equiaxed

αp and secondary lamellar αs grain with small amount of β matrix. By controlling the

amount of αp and αs, it is possible to modify its strength since αp helps to enhance plastic-

ity whileαs enhance impact toughness and high-temperature strength[54, 55]. Therefore, it

is possible to control plasticity to obtain good machinability and high-temperature strength

with impact toughness by tri-modal microstructure approach. Lopes et al.[56] did an exper-

iment on β phase Ti-Nb alloy and concluded that it is possible by heat treatment to enhance

the mechanical strength with the compromise of increase in elastic modulus. Therefore, by

applying annealing process with higher cooling rate it is possible to enhance the ductility

and machinability of titanium alloys.
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2.3.2 Cryogenic treatment and cryogenic quenching

Cryogenic treatment is a process to put workpiece inside the cryogenic liquid to cool down

at cryogenic temperature and put it for some time to modify the microstructure of it. In

this method material is cooled to cryogenic temperature; thus desired mechanical proper-

ties such as increment in hardness, tensile strength and wear resistance property can be

obtained. Cryogenic treatment transformed the β metastable phase into α phase and β

phase, therefore; decreases the amount of β phase. Resultantly, enhancement in plastic-

ity is observed while no effect on microhardness of Ti-6Al-4V alloy was occurred. It is

achieved by enhancement in the density of dislocations and twins; which increased the

plasticity of Ti-6Al-4V alloy[57]. Recently Gu et al. [58] studied the effect of deep cryo-

genic treatment (DCT) on change in the microstructure of metastable β titanium alloy

Ti-15Mo-3Al-2.7 Nb-0.2Si (TB8). They merged the specimen for DCT (at -1960C for 24

Hr and cooling rate of 200C/min), solution heat treatment (specimen put at 8000C for 2Hr)

and aging (specimen put at 5800C for 8Hr with air cooling). They compared microstructure

of five types of treatment viz. raw (R) untreated annealed, raw DCT (RD) treated annealed,

solution and aging (SA) treated annealed, solution +DCT +aging (SDA) treated annealed

and solution + aging + DCT (SAD) treated annealed Ti-alloy. They concluded that RD

and SAD not influencing the microhardness and tensile properties of this alloy while SDA

improved microhardness about 15% and tensile strength 5% in comparison to commonly

used strengthening process SA. It happened since DCT after solution heat treatment had

offered enhancement in the formation of needles like α phase with refinement and volume

fraction of α phase increased from 23% to 27%. In another study it was observed that to

get the desired effect on microstructure soaking time should be longer, since atoms move-

ment at -1920C is very slow. Cryogenic treatment modifies the worn surfaces flatter and

reduces the amount of plastic deformation, hence increment in wear resistance and the low

friction coefficient properties were found[59]. Another study conducted to see the effect of
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deep and shallow cryogenic treatment on Ti-6Al-4V alloy. It was observed that [60] lower

cryogenic temperature had higher impact in modification of mechanical properties than

higher cryogenic temperature and detected β to α transformation during DCT process.

Molinari et al.[61] studied the effect of DCT on tool wear resistance property and they

achieved improved tool life by it. They had achieved improvement in tool life since DCT

process had increased hardness and toughness of the tool. Lal et al.[62] did DCT process

on coated and uncoated tool with two different cryogenic temperature and treatment time.

They detected that cryogenic treatment not affected the coated tool pretty much since coat-

ing material and the substrate shrinked irregularly, which leaded to incipient cracks at the

interface. Additionally, they had observed that soaking time influenced too much in incre-

ment of tool wear resistance property and achieved greater wear resistance for 24 Hr DCT

process rather than 6 Hr DCT process. Cryogenic quenching is termed as a process of rapid

cooling of workpiece material inside cryogenic liquid upto cryogenic temperature and then

quickly remove from cryogenic liquid to warm up to a room temperature. Han et al. [63]

studied the effect of cryogenic quenching on friction stir welded 6061-T6 aluminum joint.

They achieved highest yield strength and microhardness for solution treated+ cryogenic

quenched and then tempered sample than other samples. Grahol et al.[64] conducted cryo-

genic quenching on laser cladded sample to modify the microstructure of coating into fine

grains and to enhance the hardness of coating. The cryogenic quenching sprayed in the

coating and it enhanced the cooling rate of the deposited material, hence achieved required

microhardness on it. Cryogenic treatment and cryogenic quenching processes are looking

similar to each other but there is a difference between both processes and that difference is

time of sinking the workpiece inside the cryogenic liquid. Cryogenic quenching is similar

to water or air quenching process in which researcher put the specimen to do the rapid

cooling and stabilizing the formed microstructure as it is in the heat treated form. Hence,

by applying the cryogenic quenching the cooling rate after the heat treatment can be en-
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hanced at maximum value and desired properties can be obtained by it. To enhance the

machinability and ductility of titanium alloy cryogenic quenching after the annealing pro-

cess can be applied, since annealing process enhances the α phase and by higher cooling

rate of cryogenics those α phases could be stabilized.

2.3.3 Additive manufacturing

Additive manufacturing are rapid prototyping or 3D printing processes and these methods

have huge demands now a days since its characteristics such as modified lattice structure,

can build complex shape and desired mechanical properties. Now a days production of

titanium alloys through additive manufacturing is in trend. The directed energy deposi-

tion (DED), selective laser melting (SLM) and electron beam melting(EBM) are common

methods to produce titanium alloys. The product developed from EBM methods have

strength comparable to conventionally developed product while product developed from

SLM and DED methods had strength 25% more than conventionally developed product

[65]. In this method requirement of post process machining and material loss is very less

since 3D shapes are made directly layer by layer with computer added design data. There

are different kinds of additive manufacturing processes which are shown on Fig. 2.2 [66].

These methods have high demand in various field such as electronic, bioimplant, marine,

consumer, food industries etc [67, 68]. Singh et al. [69] manufactured Ti-6Al-4V alloy by

metal fused filament fabrication and had observed factors affecting its properties. They had

formed highly accurate and fine surface with this process. By increment of O % from 0.16

wt% to 0.30 wt%, the ultimate tensile strength of Ti-6Al-4V alloy had been increased from

500 MPa to 960 MPa. Carroll et al. [70] fabricated Ti-6Al-4V alloy by directed energy

deposited additive manufacturing process. It was concluded that high ductility could be

achieved by minimizing fused porosity. Therefore, by modification in any composition,

desired machinability with strength could be developed by additive manufacturing process
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Figure 2.2: Different kind of additive manufacturing processes
[66]

and less material will be waste since less post processing is required in it.
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2.4 Advanced machining processes to enhance machin-

ability of titanium alloys

There are some major issues during the machining of titanium alloys such as higher cutting

pressure,higher tool wear rate, higher chatter, higher melting point temperature, higher

chemical reactivity, higher machining cost and lower thermal conductivity. Therefore, it

is crucial to reduce these effects by some advanced machining processes. Following are

some methods to achieve this task:

2.4.1 Cryogenic machining

Cryogenic machining has dominance over other conventional machining processes and

used as a sustainable manufacturing process, due to its characteristics such as minimum

heat generation, eco- friendly, no chemical dissociation, low production cost, and highly

productive etc. In Fig. 2.3 relationship between conventional emulsions cooling with cryo-

genic machining has shown in terms of production cost and productivity for AISI304 mate-

rial. As compared to conventional machining, cryogenic machining yields the dual benefit

of low production cost and high productivity. Therefore, cryogenic condition plays an

important role for sustainable machining purposes. Consequently, cryogenic machining

has been more focused in research and industrial application in the recent past[71]. Cryo-

genic machining can be done by three methods viz. indirect cooling, direct jet cooling

and cryogenic minimum quantity lubrication (CMQL). Theses approaches have different

effect during machining of titanium alloy. Therefore these methods are briefly explained

in following sections:



2.4. Advanced machining processes to enhance machinability of titanium alloys 27

Figure 2.3: Economical evaluation between cryogenic and emulsion cooling
[71]

2.4.1.1 Indirect cryogenic cooling

This cooling process is known as conductive remote cooling and cryogenic tool back cool-

ing. In this method cutting point cooled by heat conduction of cryogenic material situated

at tool holder or tool face. This approach of cryogenic cooling is impressive if contact area

of cryogenic coolant with tool surface is more. Figure 2.4 illustrates the schematic of ex-

perimental system for indirect cryogenic cooling. Here, LIN (Liquid nitrogen) provided on

an enclosure bounded by tool and shim to cool the tool rear part. Here, LIN is not in con-

tact with the workpiece hence; no effective modification in properties of the sample[72].

However, this method of cooling has some limitations like low thermal conductivity of the

tool material and thick section should be high and necessity of proper tool thickness for

heat conduction of cryogenic coolant.
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Figure 2.4: Illustration of experimental system for indirect cryogenic cooling
[72]

2.4.1.2 Cryogenic Jet machining

This machining is known as jet machining because cryogenic coolant is supplied to the

tool-chip interface through micro-nozzles. In this method cryogenic coolant is provided

on tool cutting tip with the help of nozzles. Hong et al.[73] applied two nozzles primary

and secondary as shown in Fig. 2.5. Primary nozzle was inserted between tool surface and

chip breaker; while secondary nozzle placed to freeze flank surface close to cutting tip for

more decrement of flank surface wear. They had used LIN delivery nozzle system, with

a chipbreaker and LIN is inserted into chipbreaker and rake surface of tool. Chips were

uplifted with the help of chipbreaker, hence LIN extended upto chip- tool boundary. Hong

and Broomer[71] used three nozzles in a design for spraying LIN into chip-tool bound-

ary. LIN is focused on three directions through flank nozzle on cutting edge, through Z-

direction nozzle on parallel to the spindle axis and through X- direction nozzle on perpen-

dicular to the spindle axis. In design of Venugopal et al.[9] , nozzle placed on tool post for

injecting LIN jet on flank and rake face of tool. In their analysis, tool wear at 70 m/min
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Figure 2.5: Cryogenic jet cooling with two nozzles
[73]

was decreased while no significant reduction during cutting speeds of 100 and 117 m/min

was observed. This condition was discovered since the LIN had not properly invaded the

tool-chip interface. In another design, Dhar et al.[74] focused LIN jet on flank and rake

face, alongside to principal and secondary cutting edges. They had observed similar condi-

tion since cryogenic jet cooling had enhanced tool life during lower feed and lower cutting

velocity. Additionally, cryogenic jet cooling has distinct advantage such as minimal waste

due to coolant applied directly to tool location, where the object is parted off and high tem-

perature produced. Cryogenic material injection should have to be in the region where heat

developed during machining progress, therefore over cooling of workpiece sample can be

avoided with efficient machining condition[73].

2.4.1.3 Cryogenic minimum quantity lubrication

In cryogenic minimum quantity lubrication is termed as a method to apply cryogenic liq-

uid with minimum quantity lubrication system, to enhance the machining efficiency. In an

experiment Zou et al.[75] approached to new method namely cryogenic minimum quan-

tity lubrication (CMQL) and studied on ease of machining by combination of cryogenic
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machining and MQL. In this experimental work they combined compressed gas, micro

lubrication oil and vaporized to create a cryogenic gas liquid mixture and this mixture is

supplied to cutting region with some velocity and pressure by nozzle. These minute oil

droplets are penetrated inside the cutting region effectively for better cooling and lubrica-

tion. Using this experimental setup they induced cooling temperature -300C, flow rate 40

ml/h and air pressure 60 bar. Maximum temperature of diamond tool measured by infrared

thermal imager and compared for effect of cooling and lubrication. CMQL has given en-

hanced output for machinability through diamond tool than flood oil cooling, cryogenic

machining, and MQL. In other words, CMQL can be defined as direct cooling produced

through cryogenic gas and minute lubrication oil which consist of indirect cooling activity

and direct lubrication activity of minute lubrication oil. For cutting oil carbon nanofluid

showed enhanced tool life and better surface finish than PEG (polyethylene glycol), syn-

thetic ester oil and emulsion cooling. This method was costly and required complex ar-

rangement to do machining, therefore, in industrial application this method required to be

modified for simple application of it.

Cryogenic machining is emerging as a cost-effective, eco- friendly and advance sus-

tainable manufacturing process for difficult to cut materials. Cryogenic materials fulfill the

need of coolant as well as lubricant with enhancement in various desirable characteristics

of the sample. Therefore, researchers and scientist are more focused specifically on de-

veloping method for machining superalloys used in aerospace industries, nano-crystalline

surface regeneration and inducing desired properties to any material. LIN is the material

used in most of the machining cases as cryogenic fluid and during machining process, it

cools tool as well as workpiece. Cooling of the tool makes it harder by altering its mi-

crostructure and reduces wear. It is reported that the maximum tool life is achieved by

putting cryogenic fluid through the rake face and flank face together. Workpiece cooling

may not be useful at all the time because it makes the workpiece harder and therefore in-
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creases the cutting forces. Most of the analysis is done on turning and orthogonal process;

however, few are done in other operations like milling/micro milling. In a milling opera-

tion, the tool comes in contact with the workpiece for half of the time in its rotation and

half of the time it rotates freely without contacting the workpiece. Therefore, the cryogenic

fluid was provided to the back of the milling tool which reduces the workpiece precooling

and showed efficient cooling to the tool. Further, research work can be focused on min-

imizing the force required to cut the sample. Until now cryogenic material in common

cases enhances force required to cut the material therefore energy consumption increased

for machining. Hence machining by CMQL process needs improvement for reducing force

required and make cryogenic machining more economical from perspective of energy con-

sumption. The major issue with the cryogenic material is its handling. A better controlled

flow of cryogenic fluid can reduce the volume of the excessive liquid so that, increase in

the cutting force can be controlled. It can be concluded that cryogenic cooling is a sustain-

able substitute of conventional wet cooling and have potential to significantly enhance the

machinability of difficult-to-machine materials.

2.4.2 Ultrasonic assisted machining

Ultrasonic assisted machining is a machining approach in which conventional machining

combined with ultrasonic vibration of the tool. To conduct ultrasonic assisted machining

ultrasonic transducer is attached to the conventional machine and it is called as ultrasonic

assisted drilling (UAD), ultrasonic assisted turning (UAT) or ultrasonic assisted milling

(UAM). Figure 2.6 shows the schematic diagram of apparatus which is applied by Muham-

mad et al.[76] to conduct UAT by converting conventional lathe machine into UAT setup

by attaching transducer, transformer, frequency generator, and sine-square oscillator. They

had concluded that UAT produces shorter chips, improved surface finish and required low

forces to machine in comparison of conventional turning hence machinability increased by
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UAT. In an experiment of Ti-6Al-4V at UAM, it is seen that with an increase in vibration

amplitude to optimum value decrement in cutting forces Fx and Fy occurred in comparison

to conventional milling . Burr formation, surface defects like tool path spots and size of

chips also decreased during UAM in comparison to conventional milling which helped to

enhance the machinability of Ti-6Al-4V. Jamshidi and Nategh[77] conducted an experi-

ment to compare the coefficient of friction between UAT and conventional turning. They

had detected that friction of UAT is higher in comparison to conventional turning upto the

cutting velocity of 33.435 m/min. Further, the friction reduced during UAT as compared

to conventional turning at higher cutting velocities. Pujana et al.[78] studied UAD on Ti-

6Al-4V and concluded that feed force decreased and temperature increased during UAD in

comparison to conventional drilling, therefore, the optimum value of vibration amplitude

needs to be taken. Hence, by applying ultrasonic assisted machining capability of con-

Figure 2.6: Schematic representation of UAT
[76]

ventional machines can be increased compromising with some output parameters. Hence,

these methods could be recommended to enhance the machinability of titanium alloys for

some specific applications.
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2.4.3 Laser machining

The laser can be used in different machining applications as assistance to machining or by

directly applying on the workpiece. Laser asssisted machining (LAM) is done with the help

of laser power dedicated to a point which is going to be machined by the tool. By doing so

workpiece material becomes low in strength and machining is done easily with less amount

of force and tool wear. Rashid et al.[79] investigated about tool wear and tool life during

LAM of Ti-6Cr-5Mo-5V-4Al, β titanium alloy and had found that LAM has a significant

effect if it was applied in a range of laser power 1200-1600 W and cutting speed of 25-125

m/min. In this range of laser power and cutting speed LAM decreased the cutting forces. In

another study comparison between conventional machining with LAM was done and found

that LAM decreased the maximum cutting force by 15% in the same feed rate. They had

investigated about temperature and found 1050-12500C is optimum temperature range to

reduce cutting force[80]. During LAM of Ti-10V-2Fe-3Al at 56 m/min with 1600 W laser

power feed force fluctuation was found which could be resulted in tool failure since high

chatter, therefore researcher had concluded optimum laser power range 800-1200 W and

cutting speed range 55-140 m/min during machining of β phase alloy[81]. In the Fig. 2.7

schematic diagram of LAM is shown in which a laser beam is followed by tool path and

machining is performed by preheating of the workpiece with the help of laser spot. Ding et

al.[82] investigated LAM during micro-milling and had achieved a reduction in tool wear

rate and BUE on micro-milling during machining of Ti-6Al-4V. Ayed et al.[83] developed a

heating model on the basis of its laser power and distance of the laser axis with tool face can

be optimized. They had found variation in chip geometry and reduced cutting force during

their experiment. Gao et al.[84] investigated nearα alloy BTi-6431S and concluded that

LAM had less effect on it than Ti-6Al-4V alloy. Moreover, LAM has no significant effect

on the improvement of tool life on machining BTi-6431S. In LAM key limitation is failure

of tool during machining and it was occurred in studies since high temperature and notch



34 Chapter 2. Literature Review

wear which should be minimized[85]. Surface treatment can be done by laser processing

Figure 2.7: Schematic representation of LAM process

on upper surface of workpiece. To do so, firstly surface area should be cleaned by acetone

then the laser beam is positioned towards the required area. During the melting of surface

area, an inert gas is continuously flown on the surface to protect it from oxidation. This

method was used by Badekas et al.[86] on pure titanium and they had found that the surface

layer is harder than a deeper layer of pure titanium with higher anti-corrosive property than

received pure titanium. This study was confirmed by Sun et al.[87] in which they had

concluded that by virtue of rapid solidification, modification in microstructure takes place;

as a result improvement in corrosion resistance property occurred. Therefore, to enhance

anticorrosive property surface melting by laser method can be used.

2.4.4 EDM system

EDM systems work on the principle of erosion of workpiece material by electrical dis-

charge or sparks. In this process machine consist of anode as workpiece material and cath-

ode as tool material and electrons travels from tool to workpiece. This movement of elec-

trons generates high energy plasma inside the dielectric medium and removed the work-

piece by evaporation to form a desired shape. Various types of EDM techniques are avail-
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able currently viz. die-sink EDM [88], dry EDM[89], wire EDM[90], wire electrical dis-

charge grinding (WEDG)[91], micro EDM[92] and electrical arc machining (EAM)[93].

In wire EDM a thin wire of brass for the cathode electrode is applied to produce erosion

on workpiece material and it removes the material in the required form while in die sinker

EDM workpiece electrode are sink inside the insulating fluid which is called dielectric[94].

The schematic representation of die-sink EDM is shown in Fig. 2.8 which consist of pulse

power supply, generator, digital oscilloscope, data recorder, EDM servo system, dielectric

medium, tool electrode, workpiece electrode, filter, and the pump. Dielectric medium is

continuously cleaned by the filter and supplied inside the tank by a pump. There should be

a significant gap between both electrodes to maintain continuous machining of the work-

piece to avoid short circuit which leads to stop the machining operation. Therefore, contin-

uous machining process is achieved by providing a servo mechanism system which helps

to maintain a significant gap to produce discharge. Pulse power supply and generator are

provided to transfer electrical current to the tool and the digital oscilloscope is used to

monitor the current and voltage of tool electrode. Strasky et al.[95] studied microstructure

and fatigue performance after EDM of Ti-6Al-4V. They had concluded that three types of

microstructure viz. coarse lamellar, bimodal and equiaxed existed in Ti-6Al-4V after EDM

and EDM processed specimen showed less fatigue strength in comparison to electro polish

specimen. They had attributed pre-existed surface brittleness, microcracks, and residual

stress as the reason of less fatigue strength. During EDM of nickel-titanium alloy, Theisen

and Schuermann[96] found cracks, precipitates and melting zone on the surface, which

they had removed by polishing. In another study, high material removal rate (MRR), sur-

face finish, debris size, and stable impulsive force is occurred by application of distilled

water as a dielectric fluid in place of kerosene[97]. Moreover, it is observed that conven-

tional EDM process reduces surface finish and fatigue strength, therefore post-processing

by electro chemical polishing or bead blasting become essential to do. Since it becomes es-
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Figure 2.8: Schematic representation of Die-sink EDM machine

sential to do post-processing of material after machining thus decrements in the production

rate and high machining cost is occurred by EDM [98]. EDM machine has key character-

istic that it can machine any material irrespective of its strength or hardness. The limitation

of EDM machine is its dependability on workpiece material should be electrically conduc-

tive to be machined. Although researchers have managed to overcome this problem by

applying conductive layer on non conductive workpiece material[99]. EDM process has

another limitation of low MRR, which emits EDM process to apply on industrial scale for

mass production.

In EDM, sparks are produced at the interacting faces of the electrodes (workpiece and tool)

by the influence of the high temperature plasma channel, while the electrode faces are sub-

merged inside a dielectric media. Under the influence of the applied voltage, the dielectric

fluid breaks down and loses its insulating property at a certain voltage, allowing the pas-

sage of discharge current by forming a conductive plasma between the electrodes. The

complete operation is carried out, when the electrodes are placed by maintaining a certain
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gap (discharge gap) inside the dielectric fluid. The machining gap between the electrodes

is attained by the assistance of a servo-controlled motor. Material is removed from both

the tool and workpiece surface through melting and vaporization. In EDM, the non-contact

behavior helps in avoiding the generation of any mechanical stresses and vibrations dur-

ing the operation. The discharge action in EDM occurs at a very minimal gap (micro to

nanoscale) where the generation and transmission of thermal energy occurs between the

electrode surfaces. The gap monitoring system is highly essential to execute the machining

operation. Mostly, the servo-gap control mechanism helps in achieving the desired dis-

charge gap in EDM for carrying out the operation. It also provides a reasonable amount

of assistance to avoid arcing and short-circuiting phenomena during the machining action.

Generally, the servo-control system is designed by the help of lead screw, belt-drive and

gear-based arrangements which results in motion inertia, backlash and wind-up setbacks.

Such concerns affect the machine productivity, stability and repeatability of product accu-

racy. Issues such as transmission and response delay in the servo-control system highly

affect the machining efficiency.

To improve the efficiency of EDM operation several research have been reported imple-

menting diversified approaches such as hybridized techniques, adaptive gap monitoring

mechanism, improved flushing mechanism, etc. Beravala et al. [100] studied the effect

of variable machining parameters in magnetic field-assisted EDM during the machining of

SAE 304 steel. They reported the effects on response measures with an air assisted flush-

ing system. The combined effect of magnetic field and air pressure helped in enhancing

the MRR by 10-18%. Tong et al. [101] performed an experimental investigation on vari-

able parametric combinations in a vibration-assisted EDM. They have studied the effect

of parametric variations on micro-structure of steel plate, while non-circular impressions

are generated using a tungsten electrode. The machining efficiency was enhanced by 18%

and around 10µm of better dimensional accuracy was achieved. Kim et al. [102] inves-
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tigated the feasibility of implementing nano-pulsed laser combined with the micro-EDM

operation. They observed that pre-processing of workpiece with the laser operation and the

followed by the micro-EDM operation helped in improving the machining rate in compar-

ison to the conventional EDM. Though the reported literature established an improvement

in machining rate through hybridization techniques, but it lacked any improvement regard-

ing the gap control mechanism. Das et al.[103] had implemented a fiber Bragg grating

(FBG) sensor to detect the machining gap in EDM. They investigated the deflections gen-

erated on a cantilever structure carrying the sensor and acquired the strain variations. They

had observed a variation range of 1.1-18.6 µm in the machining gap using this technique.

Fujiki et al.[104] demonstrated a gap control mechanism for five-axis milling EDM sys-

tem along the direction of the tool orientation. They had solved the unidirectional tool

retraction in the direction of machining trajectory. The implemented gap control strategy

improved the MRR by 30% through discharge gap enlargement to achieve faster gap volt-

age. These implemented advancements had complicated the circuits to modify the gap

control and monitoring through sensors, but the major issue of arcing and short-circuiting

was still not introduced. Bamberg et al. [105] implemented an orbital trajectory to the

tool by using a specialized machining head in micro-EDM. They had controlled the orbit

radius to control the diameter of the resulting micro-hole through a 2-axis flexural ma-

chining head. The orbital motion had helped in enhancement of the flushing action and

improvement of the machining efficiency. Kumar et al.[106] enhanced the EDM efficiency

by implementing improvised tool for improved flushing in high-aspect ratio (AR) holes.

They had eliminated the arcing and short-circuiting phenomena during EDM operation by

avoiding the accumulation of debris at the machining zone. They had noticed a 300% in-

crease in the AR of the drilled hole using the improvised tool in comparison with solid

tool. Diversified approaches as discussed above have been implemented to improve the

machining efficiency without addressing any improvement method to control the electrode
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gap during EDM operation to avoid arcing and short-circuiting. A breakthrough research

on the gap control was reported by Zhang and their co-researchers [107, 108] implemented

5-DOF controlled actuator attachment to a conventional EDM setup. They had attained

gap control along the vertical and radial directions using a 2 mm positioning stroke ac-

tuator which was having a submicron and micro-radian positioning resolution. They had

observed a 21.8% improvement of machining rate for obtaining 1mm diameter holes as

compared to traditional EDM. Several attempts have been reported to enhance the MRR

in EDM process by considering different key factors. The optimized outcomes acquired

on implementing variable machining parameters show the improvement in MRR and their

effect with individual attributes.

Pradhan et al.[109] investigated the effect of variable parametric combinations to achieve

desired optimized responses by implementing Taguchi approach and statistical analysis in

micro-EDM of Ti-6Al-4V alloy. They had considered the ANOVA and S/N ratio results to

obtain the optimal machining conditions for higher MRR, lower TWR and overcut. They

had detected a highest MRR of 69.5 µg/min at gap voltage (100 V), peak current (1A)

and duty factor (60%). Kao et al.[110] optimized the process parameters of EDM using a

combined approach of Taguchi and grey relation analysis to improve MRR, electrode wear

ratio and surface roughness of Ti-6Al-4V. They had observed an increase of 12% in MRR

and decrease of 19% in surface roughness at optimal settings. They had achieved a highest

MRR of 3.2 mg/min at discharge current (5A), open voltage (200 V) and duty factor (70%).

Mishra et al.[111] investigated the impact of different tool electrode materials on the EDM

efficiency of Ti-6Al-4V. They considered both normal and cryogenic-treated tools of cop-

per as well as tungsten material to study the impact on machining rate and surface topology.

They had observed a highest MRR of 23.3 mg/min at peak current (10A), gap voltage (25

V) and duty factor (85%) for copper electrode. Kumar et al.[112] studied the effect of

variable discharge current and pulse duration on the machining rate, tool erosion rate and
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surface morphology of Ti-6Al-4V. The white layer thickness and the residual stress gener-

ated on the machined surface resulting in crack formation has been investigated at different

parametric combinations. The results showed a highest MRR of 12 mg/min at peak current

(10 A), gap voltage (30 V) and duty factor (85%). The above discussed literature provides

a brief idea about the variation of machining rate at variable process parameters in EDM,

thus imposing a basic relation of generated discharge energy with MRR. The set machining

conditions during the EDM operation are the limits for the desired process while the actual

discharge attributes can be observed and acquired from the real-time voltage-current wave-

forms. To generate better knowledge about the pulse variation during the EDM discharge,

the actual energy utilized during each pulse cycle can be obtained from the V-I characteris-

tics curve. The MRR of EDM process is dependent upon thermal conductivity λ , melting

point temperature θ and electrical resistivity ρ and it termed as λ .θ .ρ theory[113]. Ac-

cording to this theory if the workpiece material have value of multiplication of λ .θ .ρ is

lower than it will be easily machinable. Titanium alloy has lower thermal conductivity

which in case of EDM process make it easier to be machined. Chen et al. [90] had de-

veloped electromagnetic controlled horizontal controlled mechanism and controlled stable

precise tension in wire of EDM setup. They had observed better MRR for low thermal

conductive material. Hence, EDM process is better option to machine titanium alloy if

somehow MRR during machining of titanium alloy could be increased.

2.4.5 Hybrid Machining

In hybrid machining process combination of two or more machining processes are applied

to acquire the worthy outcome of all processes and to minimize the adverse effect of each

process. Lin et al.[97] performed EDM with ultrasonic machining and they had detected

higher MRR with an excellent surface finish during hybrid machining in comparison to

conventional EDM. In another study combination of high-speed EDM with arc machining
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of Ti-6Al-4V applied, in which MRR was observed twice than conventional EDM and it’s

increasing with inner flushing pressure. The MRR, surface roughness and electrode wear

are enhanced by an increment in every process parameter[114]. Li et al.[115] improved

grindability of Ti-6Al-4V by combining ultrasonic vibration and plasma electrolytic oxi-

dation. By this hybrid method minimum value of normal force, tangential force, workpiece

surface roughness and surface hardness occurred since ultrasonic vibration had supported

plasma oxidation. Madarkar et al.[116] accomplished hybrid grinding of Ti-6Al-4V by

combining MQL machining with ultrasonic vibration (UMQL). During UMQL machin-

ing reduction in tangential force up to 38 % and in normal force up to 32 % in com-

parison to conventional MQL was achieved. While the surface finish was lower during

UMQL machining since decrement in grit sharpness was observed. Therefore, UMQL is

not recommended if the surface finish is an important factor to the final product. Taylor

et al.[117] conducted hybrid machining on Ni-Ti alloy by combining laser machining with

micro-EDM to produce a micro hole with good surface finish and higher MRR. Firstly,

most of the workpiece material was removed by laser machining with high MRR then

final finish is done by micro-EDM. Subsequently, the final product had a higher surface

finish than laser machining and higher MRR than micro-EDM. In an analysis, hybrid ma-

chining was done by combining laser machining with a continuous supply of LIN to cool

workpiece. It was detected that hybrid machining enhanced the tool life two times than

conventional machining process, along with decrement in production cost and high MRR

was occurred[11]. Recently, Kou et al.[22] conducted high-speed electric arc milling (H-

SEAM) by breaking arc through the hydrodynamic-mechanical coupling. They had broken

arc by this coupling and developed high blasting forces with the intense shock wave, hence

obtained MRR about 780 mm3/min which was five times of conventional arc breaking by

mechanical or hydrodynamic method individually. Additionally, they had observed higher

dimensional accuracy, higher surface finish, thinner recast layer and lesser heat affected
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area than mechanical or hydrodynamic arc breaking system. Jamil et al.[118] reported the

influence of hybrid cooling which consists of Al2O3 and multi-wire carbon nanotube flu-

ids (MWCNT) and compared it with cryogenic CO2 cooling on machining of Ti-6Al-4V.

They had detected reduction in cutting force, decrement in surface roughness and higher

tool life during hybrid cooling than cryogenic cooling. In addition to these advantages, hy-

brid cooling has some significant disadvantages, such as greater manufacturing costs and

risks to human health, subsequently; it is necessary to search for the alternative machining

methods.
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Introduction to maglev EDM experimental

setup and evaluation of it through a

comparative study with conventional EDM

on Ti-6Al-4V alloy

This chapter introduces a revolutionary maglev EDM experimental setup that has never

been used before in the EDM procedure. The discharge characteristics in EDM process
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generates a distinct idea about the stability and efficiency of the operation. The current

research aim to analyze the newly developed Maglev EDM operation on Ti-6Al-4V alloy

with a comparative assessment with the conventional EDM. The study incorporates experi-

mental results from both systems at variable parameters based on discharge voltage-current

(V-I) characteristics, machining rate, specific energy, and surface morphology. The current

study presents evidence for the eradication of major setbacks caused in conventional EDM

such as frequent arcing, short-circuiting and variable ignition delay by implementing Ma-

glev EDM. The maximum MRR achieved in Maglev EDM at discharge voltage (20V) and

discharge current (0.5A) shows better energy consumption, as compared by the evaluated

specific energy of conventional EDM. The surface morphology produced through 3-D sur-

face profile defines the introduced Maglev EDM to produce work surface similar to the

conventional EDM.

3.1 Introduction

In a recent survey, the growth in the demand of biomaterials has been forecasted within

the year 2020-2026, as an effect of the COVID pandemic. These biomaterials include

polymers, ceramics, metals and its alloys which are frequently used to develop biomedi-

cal implants. These bio-implants help in increasing the chances of survival and provides

comfort living to physically impaired patients. Such medical devices can help to provide

organ support, body function monitoring, and localized medication transfer tools.. Among

the specified variety of materials, the clinical grade titanium and its alloys, have acted as

an outstanding choice for biomedical applications due to its exceptional properties such

as excellent biocompatibility, high strength-to-weight ratio, superior hardness, high ther-

mal resistance, superior wear and corrosion resistance. Ti-6Al-4V alloy is the most widely

used biomaterial for bio-implants such as artificial joints, bone covers, dental attachments
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and pacemakers. To fabricate such products using conventional machining approaches is

highly difficult and require harder tools which are highly expensive. The EDM process is

suitable as an advanced manufacturing method to overcome such setbacks for machining

electro-conductive materials. In recent years, the EDM technology has been developed to

fabricate products on macro, micro and nano domains. Exploring such diversified tech-

nique for biomedical applications has opened the market for variety of complex shaped

products and devices with biocompatible properties.

A recently developed Maglev EDM [119] is used in this study to determine the machin-

ability of Ti-6Al-4V alloy at variable process parameters. A comparison with conventional

EDM is presented, taking into account the specific energy, machining rate, and surface

characteristics of the machined workpiece. The Maglev EDM works on the principle of

magnetic levitation to control the discharge gap between the electrodes. A specific arrange-

ment of electromagnet and permanent magnets are implemented to generate two repulsive

forces for stable positioning of tool during discharge. The current system eliminates the

occurrence of arcing and short-circuiting during the machining operation with better tool

positioning and continuous stable discharge. To date, no study has investigated such an

approach for overcoming the aforementioned setbacks during the EDM operation. The V-I

curves acquired during machining in Maglev and conventional EDM is compared to deter-

mine the stability and efficiency of the novel system. Further, the specific energy of both

systems are compared to understand the utilization of discharge energy for unit removal of

material. The surface morphology and characteristics of machined workpiece is compared

and analyzed using a 3D-surface profilometer.
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3.2 Materials and Methods

In the current research work, experiments conducted using a self-developed Maglev EDM

setup which is shown on Fig. 3.1. Additionally, machining was performed on commercial

die-sinking EDM (Make: Sparkonix, Model: ZNC/ENC35), which is shown in Fig. 3.2.

The Maglev EDM utilized the combination of an electromagnet and two permanent mag-

nets for tool positioning and gap control between the electrodes. The working principle

implemented the balance of dual repulsive forces to maintain proper discharge gap [119].

Figure 3.1 shows the Maglev EDM setup used in machining of Ti-6Al-4V alloy. Table

3.1 shows the experimental parameters and materials selected for EDM machining. For

Maglev EDM, a Ti-6Al-4V plate (thickness = 2 mm) was considered as the workpiece ma-

terial. A cylindrical copper rod (diameter = 3 mm) was used as the tool electrode. A pure

DC power supply is used to operate the Maglev EDM. The selected set of parametric varia-

tions for the Maglev EDM was discharge voltage (30 V) and discharge current (0.25A and

0.55 A) with a duty factor of 95 %. The experiments were performed using commercial hy-

drocarbon oil as dielectric medium. For conventional EDM, a Ti-6Al-4V plate (thickness

= 5 mm) was used as the workpiece. A rectangular cross-section copper rod (12 mm×5

mm) was selected as the tool. A complicated circuit arrangement used to generate pulsed

DC for the machining process. The selected set of parametric variations for conventional

EDM were discharge voltage (12 V and 50 V) and discharge current (1.2A and 2A) with

a duty factor of 85%. The experiments were performed using a commercial hydrocarbon

oil as dielectric medium. Therefore, workpiece, tool and dielectric medium was constant

for both EDM machine, while parametric values were different due to some limitation of

maglev EDM machine.

During the current study, all the experiments performed on the respective EDM setups

was repeated thrice. The machining time (Mt) for each experimental run was 10 mins for

both the EDM setups. The initial weight (W1) prior to machining and the final weight (W2)
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Figure 3.1: (a) Machining setup and (b) plasma formation in Maglev EDM
[119]

Figure 3.2: (a) Machining setup and (b) plasma formation in Conventional EDM

of the workpiece after machining was acquired using a precision balance of (Make: Mettler

Toledo). The MRR (mg/min) achieved after each experimental run was evaluated by using

equation (3.1).
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MRR = (W1 −W2)/Mt (3.1)

A digital storage oscilloscope (DSO) (Make: Tektronix) was implemented on both

the EDM setups for observing and acquiring the real-time discharge attributes during the

machining operation. The V-I characteristic waveform was acquired at a regular interval

of 2 mins during each experimental run. Later, a 3D-optical profilometer (Make: Zygo

new view 9000) was used to observe the surface roughness parameters of the machined

workpiece.

Table 3.1: Process parameter for EDM of Ti-6Al-4V alloy

Maglev EDM Conventional EDM
(a) Selected materials

Workpiece
Ti-6Al-4V plate

(thickness = 2 mm)

Ti-6Al-4V plate

(thickness = 5 mm)

Tool
Copper rod

(circular φ = 3 mm)
Copper rod (rectangular φ = 12 mm × 5 mm)

Dielectric Hydrocarbon oil Hydrocarbon oil
Polarity Straight Straight

(b) Parametric conditions

Peak Current (A) 1.2 2 6 6
Discharge current (A) 0.25 0.55 2 1.2
Discharge voltage (V) 30 30 12 50
Duty factor (%) 95 85
Machining time (min) 10 10

3.3 Results and Discussions

The current investigation is focused on providing a comparative analysis of the machin-

ing efficiency, process stability and surface integrity achieved during the machining of
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Ti-6Al-4V alloy using both Maglev and conventional EDM. The achieved outcomes were

compared on the basis of acquired V-I characteristic curves,specific energy, machining rate

at variable parameters, and surface morphology.

3.3.1 V-I waveform analysis of conventional and Maglev EDM

Pulse discrimination for determining the real-time discharge voltage, current and pulse

duration is considered to be a crucial aspect in monitoring and controlling the spark gap

during EDM operation. Analyzing the pulse signals is necessary to understand the happen-

ings at the narrow discharge gap and develop better control over machining parameters for

the desired outcome. In the current investigation, the current and voltage pulse waves were

observed and acquired using a differential type current (Hantek, 65A, AC/DC) and a volt-

age probe (TPP0201, Tektronix) in a digital storage oscilloscope (Tektronix, TDS2012C,

2-channel, 100MHz bandwidth). On observing the pulse waves, it is obvious that initially

on applying suitable potential, the dielectric breaks down to form a high strength plasma

channel followed by the electric discharge at the end of each pulse cycle. In conventional

EDM, the presence of spark delay was quite evident and the variation in ignition delay du-

ration was very frequent. The irregular discharges were occurred due to clustering of debris

particles at the discharge gap and lack of proper control for tool positioning was very com-

mon. The accumulation of debris at the machining surface was shortened the discharge gap,

leading to flow of current through a low strength plasma channel (or) causing contact of

electrodes. The detection of such accumulated debris led to transmitting a signal for retrac-

tion of the tool, the transmission and reaction delay of servo-control system which further

led to the arcing and short-circuiting phenomena. Figure 3.3 shows the V-I curves obtained

in conventional EDM for discharge voltage (12 V) and discharge current (2 A) and figure

for discharge voltage (50 V) and discharge current (1.2 A) during machining of Ti-6Al-4V.

The inconsistent (or) unstable discharge duration was occurred mostly due to variable ig-
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nition delay time and arcing phenomena. The pulse waveform observed during the Maglev

Figure 3.3: V-I characteristics pulse waves obtained at (a) discharge voltage = 12V and
discharge current = 2 A and (b) discharge voltage= 50 V and discharge current = 1.2 A in

conventional EDM

EDM operation depicted the absence of inconsistent and irregular pulse cycles. The pulse

trains obtained throughout the operation show uniform behavior with minimal fluctuation

during the electric discharge. During each pulse cycle, it was observed that the ignition

delay was negligible, which allowed better utilization of discharge energy throughout the

pulse duration. In comparison to conventional EDM, rhythmic and consistent discharge

were produced during the Maglev EDM operation. It was observed that stable pulse cycles

with better repeatability generated in the new Maglev system. It helped in attaining higher

efficiency and better utilization of generated discharge energy. Figure 3.4 shows the V-I

curves obtained in Maglev EDM for discharge voltage (30 V) and discharge current (0.25

A) and figure for discharge voltage (30 V) and discharge current (0.55 A) during machining

of Ti-6Al-4V. It was confirmed by obtained waveform that stable and continuous discharge

cycles occurred during the machining operation. The study of Maglev EDM pulse waves

showed the lack of ignition delay resulting in complete utilization of pulse duration for

better efficiency. The absence of frequent arcing and short-circuiting confirmed better tool

positioning control in comparison to conventional EDM .
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Figure 3.4: V-I characteristics pulse waves obtained at (a) discharge voltage = 30 V and
discharge current = 0.25 A and (b) discharge voltage = 30 V and discharge current = 0.55

A in Maglev EDM

3.3.1.1 Real-time utilized discharge power (UDP)

The input parameters designated for each experimental run provided the limiting settings

for the operation. The actual discharge attributes were extracted by using the real-time V-I

pulse signals acquired by a cathode ray oscilloscope (CRO). For conventional EDM, the

discharge voltage and current were generated at a sample span varying from (1µs to 4µs)

for a record length of 2500 ms. For Maglev EDM, the values were acquired at a sample

span varying from (0.1ms to 0.4ms) for the same record length of 2500 ms. The actual

discharge current and voltage from the V-I data sheets acquired with the CRO were used to

calculate the average UDP for the machining operation in both systems.

In conventional EDM, at discharge voltage (12 V) and discharge current (2 A) the achieved

average UDP was approximately 7 W and at discharge voltage (50 V) and discharge current

(1.2 A) the achieved average UDP was approximately 32 W. The vast difference in the input

and utilized power occurs due to the large ignition delays and long idle time observed

during each discharge pulse. In Maglev EDM, at discharge voltage (30 V) and discharge

current (0.25 A) the attained UDP was approximately 7 W, while at the same discharge
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voltage (30 V) and discharge current (0.55 A) the attained UDP was approximately 15W.

It was observed that minimal variation of input and utilized power occurred in Maglev

EDM, due to consistent and rhythmic discharge pulses had negligible ignition delay and

small idle time with no irregular discharge pulse.

3.3.2 Variation of MRR in conventional and Maglev EDM

Figure 3.5 shows the MRR results obtained during Maglev and conventional EDM process

for different discharge voltage and discharge current values. In the present research, a com-

parative analysis based on the machining efficiency of newly developed Maglev EDM and

conventional EDM is presented using variable process parameters. The current investiga-

tion is carried out by examining the evaluated MRR of Ti-6Al-4V alloy on both the setups

and observing the impact of different discharge attributes on the performance measure. For

any machining operation, the MRR defines the productivity of the process for large scale

industrial application. The current study for Maglev EDM implements a variation in UDP

i.e., 7W and 15W to determine the machining rate. The resulting average MRR shows

a significant increase from 0.2425 mg/min to 1.022 mg/min, as the discharge power was

increased. The plasma channel generated at the machining gap was completely dependent

on the discharge power produced. As the discharge power was increased, the strength of

the plasma channel also increased and higher thermal energy produced, which led to better

material removal. For conventional EDM, the variation in UDP were 7W and 32W. The

acquired average MRR increases from 2.99 mg/min to 5.055 mg/min with increase in dis-

charge power. The above discussed phenomena also occurs in case of conventional EDM.

On comparing the achieved MRR with increase in discharge power for both the setups,

the increase in MRR for Maglev EDM is vast in comparison to the conventional EDM. In

case of Maglev EDM, the discharge energy utilization is much higher due to better gap

control and lack of irregular discharges. The efficiency of the Maglev EDM is better than



3.3. Results and Discussions 53

the conventional EDM due to negligible ignition delay, arcing and short-circuiting.

Figure 3.5: MRR for conventional and Maglev EDM during different discharge conditions

3.3.3 Comparative analysis of specific energy

The present research provides a comparative analysis of the machining efficiency of Ma-

glev and conventional EDM based on the utilization of discharge energy. Specific energy

of a machining process generates a basic idea of the operation in terms of energy and ma-

chining rate. Specific energy is termed as the amount of energy consumed to remove a

unit mass/volume of material from the workpiece. In EDM, proper control over the dis-

charge gap is very crucial for better utilization of discharge energy generated during each

pulse. The present study determined the actual discharge current and voltage from the

real-time V-I waveforms to evaluate the actual discharge power during each pulse for both

conventional and Maglev EDM. The formula for evaluating the specific energy (SE) for

unit material removal is given in equation 3.2as follows:

SE =UDP×60÷MRR×1000 (3.2)
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Where, SE is specific energy is J/µg Utilized discharge power (UDP) is in Joule/sec and

MRR is in mg/min and DP can be calculated by:

UDP =Vd × Id ×DF (3.3)

Here, Vd is the Real time discharge voltage occurred from V-I Data sheet , Id is the real

time discharge current occurred from V-I Data sheet and DF is the duty factor.

Figure 3.6 shows the specific energy in J/µg for conventional and Maglev EDM during

different discharge conditions. The achieved MRR in Maglev EDM at 7 W UDP was

found to vary from 0.241 to 0.244 mg/min and at 15 W UDP, it varied from 0.980 to 1.064

mg/min. The evaluated specific energy of Maglev EDM for low discharge power of 7 W

varies from 1.66 to 1.6805 J/µg whereas, for high discharge power of 15 W, it varies from

0.8374 to 0.9092 J/µg. The huge fall in specific energy was observed with increase in

discharge power for Maglev EDM indicated better utilization of discharge energy at higher

discharge conditions. An enormous improvement in machining efficiency was observed as

the discharge power increased, due to high discharge frequency, negligible ignition delay

and lack of arcing/short-circuit pulses. For conventional EDM, the achieved MRR at 7

W UDP was found to vary from 2.78 to 3.2 mg/min and at 32W UDP, it varied from 4.9

to 5.21 mg/min. The evaluated specific energy of conventional EDM for low discharge

power of 7W, was varied from 0.1331 to 0.1532 J/µg whereas, for high discharge power

of 32 W, it varied from 0.3685 to 0.3918 J/µg. In conventional EDM, as the discharge

power increased, it was observed that a modest increase in specific energy occurred. With

increase in discharge power the amount of irregular pulses were increased and the conven-

tional servo mechanism lacked in proper monitoring of spark gap. The frequency of arcing

and short-circuiting was increased at higher discharge power led to higher specific energy.
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Figure 3.6: Specific energy for conventional and Maglev EDM during different discharge
conditions

3.3.4 Analysis of surface topography in conventional and Maglev EDM

In EDM, rapid fluctuation in temperature and pressure due to plasma generation and ter-

mination resulted in formation of semi-circular craters and various surface anomalies. The

minute cavities (or) craters were formed on the work surface at the point of spark con-

tact due to material erosion which added the irregularities on the machined surface. The

non-uniform resettling of molten matter on the machined work surface formed thick recast

layer, micro-surface cracks and micro-pores. The present research analyzed the irregular-

ities of the machined surface formed during Maglev and conventional EDM operation to

determine the average surface roughness (Ra), ten-point height (Rz) and RMS (Rq) using

an optical profilometer (Make: Zygo, Model: New view 9000). Each machined work sur-

face acquired at variable process parameters from both the EDM setups were examined

thrice with a sampling length of 1.5 mm for ‘Ra’ within a range of 2-10 µm, as per the ISO

(4288-1997) standards.

Figure 3.7 shows the roughness parameter obtained from 3D optical profilometer for ma-

chined surface. During Maglev EDM operation, the average surface roughness acquired
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at 7 W UDP was 4.877 µm and at 15W UDP was 5.882 µm.With increase in discharge

power, the depth and width of craters formed during each spark occurrence also increased.

Higher depth and wider craters were resulted in higher surface roughness. Similarly, dur-

ing conventional EDM operation, the average surface roughness acquired at 7 W UDP was

6.273 µm and at 32 W UDP was 8.124 µm. These Ra values gave general description

of height variation while it was not sensitive for small changes in profile, the Rq value

gave standard deviation of the distribution of surface heights and the Rz value gave more

sensitive results than Ra value for high peaks or deep valleys [120]. From Fig. 3.7 it was

observed that machined surface from maglev EDM has more uniform surface profile than

machined surface of conventional EDM system.

Figure 3.7: Roughness parameters obtained in conventional and Maglev EDM during
different discharge conditions
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3.4 Conclusion

In present work, the maglev EDM setup has been evaluated with conventional EDM setup

on the basis of variation in discharge voltage, discharge current and tool electrode material

during machining of Ti-6Al-4V alloy. This study can be concluded as follows:

• Better and stable discharge waveform is observed for maglev EDM than conventional

EDM. Pulse off time was less during maglev EDM than conventional EDM which

enhances the duty factor without short circuiting. Hence, for maglev EDM higher

UDP than conventional EDM iss observed.

• Although the peak current and open circuit voltage used in maglev EDM were lesser

than those used in conventional EDM, the MRR in both machining processes was

comparable.

• The surface finish of the maglev EDM process was superior to that of the conven-

tional EDM procedure. Furthermore, the ten-point height (Rz) value revealed uni-

form crater creation, indicating that the maglev EDM procedure had improved the

surface formation.

• With increase in UDP decrease in specific energy is detected during maglev EDM

while contrary effect observed in conventional EDM. Hence, it can be concluded

that at higher discharge power in maglev EDM the greater gap control, reduced igni-

tion delay, and the absence of arcing/short-circuit pulses have enhanced machining

efficiency.





4
Effect of cryogenic quenching on

Ti-6Al-4V alloy

The state of the art of the current chapter is to investigate the effect of cryogenic quenching

on mechanical properties of Ti-6Al-4V such as microhardness and microstructure. Cooling

rate plays significant role in the reformation of grains and grains boundaries. Three type

of quenching viz. water, cryogenic and air were used in combination with annealing and

solution treated samples. It is found that the application of the cryogenic quenching with

annealing process achieved minimum microhardness with lowest percentage area of grain

59
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boundaries. However, the solution treated with cryogenic quenching (STC) sample showed

maximum microhardness. This increment in the microhardness is due to the increased

bimodal α , β grains and α-β interfaces in the STC samples. Therefore, the results of the

current chapter showed that the mechanical properties of Ti-6Al-4V can be improved with

the help of proper selection of heat treatment and quenching medium. Further, the analysis

of microstructure is conducted by optical microscope, Electron Backscatter Diffraction

(EBSD) and X-ray diffraction (XRD) results of specimens. The effect of modification is

observed by change in % area of grain boundaries and microhardness of specimens.

4.1 Introduction

Titanium alloy Ti-6Al-4V is commercial material used in aerospace, biomedical and ma-

rine industries. This alloy comes in to difficult-to-machine metal due to poor thermal con-

ductivity, higher hardness and chatter [121, 19]. Heat treatment and quenching process can

alter the grain size, grain boundaries and phases; which modifies the microstructure, me-

chanical properties and machinability of the Ti-6Al-4V [39]. Nursyifaulkhair et al. [122]

showed that optimum value of cooling rate was 4344 K/sec; which led to higher amount

of fine lamellar with metastable β microstructure and enhanced mechanical properties of

Ti-6Al-4V. Earlier various researcher modified the microstructure to achieve desirable me-

chanical property of Ti-6Al-4V alloy. Chong et al. [123] obtained desirable high tensile

strength and ductility in Ti-6Al-4V alloy by β -transus process with intercritical annealing.

In their study, they inter-critically annealed in α+β region and cooled at high speed to

obtain the primary α lamellae and transformed β . Resultantly, bi-lamellar microstructure

which enhanced tensile strength with ductility. In another study, effect of cooling rate on

near α phase titanium alloy was studied by Gao et al. [124]. They observed increased

α colony by decreasing cooling rate. Hence, it was observed that cooling rate signifi-
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cantly influenced the formation of α phase. In present work, heat treatment was performed

on Ti-6Al-4V followed by three different quenching processes to form inter-granular and

inter-phase grains with grain boundaries. Their response was observed on microhardness

and microstructure that will further useful in the formation of best microstructure for better

machinability of Ti-6Al-4V.

4.2 Material and experimental procedure

Figure 4.1 shows heat treatment procedure followed for different quenching conditions. A

total of seven samples were chosen for the experiment, three of which were heat treated

at an annealing temperature of 7500C, three at a solution treatment temperature of 9200C,

and one untreated. Three different quenching medium was performed on annealed and

solution treated samples with water (WQ), air (AQ) and Liquid nitrogen (CQ) and these

processes were as follows: annealing +water quenching process (AW), annealing +cryo-

genic quenching process (AC), annealing+air quenching process (AA), solution treatment

+ water quenching process (STW), solution treatment +cryogenic quenching process (STC)

and solution treatment + air quenching process (STA) respectively. Heating rate for each

sample was 50C/min and cooling rate was dependent on the quenching process. AA and

STA process was done by putting the sample outside the furnace in the environment until

it cooled down to room temperature, while quenching process on other sample was con-

ducted by dipping it inside the water and liquid nitrogen. During cryogenic quenching

samples were cooled down to cryogenic temperature and after 5 min they removed from

it; to attain room temperature on samples. Tempering was done on each sample for 1 hr at

1600C to stabilize and detach α phase from α ′+ β phase. Further all 6 samples with an un-

treated sample (UT) were polished to enhance material upper layer surface finish to found

its microstructure. Polishing was started on the sample with 500 grit size SiC followed by
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grit size 1500 and 2200 under running water. Mirror surface finish was generated with the

help of diamond polishing with 3 and 0.5 mm particle size diamond paste on velvet cloth

under aerosol spray. At the end etching was performed on samples by Kroll’s reagent (97

ml distilled water + 2 ml HNO3 + 1 ml HF) for 15 seconds to observe the microstructure

of samples. In Fig. 4.2 the generalized phase diagram of Ti-6Al-4V alloy is shown. The α ′

phase is acicular martensite and α ′′ phase is orthorhombic martensite and they are present

in Ti-6Al-4V alloy on the basis of solute ( % of vanadium) presence. The orthorhombic

α ′′ phase is an intermediate stage between the formation from BCC to HCP [125, 126]. It

is observed on studies that in titanium alloys martensite α ′ and α ′′ phases are softer than

β phase [127].
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Figure 4.1: Heat treatment processes followed during (a) AW (b) AC (c) AA (d) STW (e)
STC (f) STA
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Figure 4.2: Generalised Ti-6Al-4V alloy phase diagram with effect of change in vanadium
%

[125]



4.3. Result and discussion 65

4.3 Result and discussion

4.3.1 Assesment of evolution of microstructure by optical microscope

Annealing process was done below the β transus temperature range, through which vol-

ume fraction of α phase particles can be increased. During annealing process shapes of α

phase was relied on temperature range from lower, medium and upper α+ β field [128].

Zhong et al. [129] have shown that β phases were increased at 9000C by increasing rep-

etition of heat treatment and generation of phases were dependent on both type of grain

development process viz. nucleation and growth. Annealing was done at 7500C to en-

hance α phase and solution treatment was done at 9200C to enhance bimodal α and β

phase inside the Ti-6Al-4V alloy and their influence on microstructure of samples were

observed. Similar phenomenon was observed by Gornakova, et al. [130] during annealing

process of Ti-6Al-4V and they have observed increment in equiaxed α in it. Figure 4.3

Figure 4.3: Microstructure obtained through different heat treatment and quenching
processes (a) UT (b) AW (c) AC (d) AA (e) STW (f) STC (g) STA

shows the different microstructure obtained through different processes. Different sizes

of microstructure with α , β and α ′′ + β grains were formed according to treatment and
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quenching processes. These α ′′ + β grains were diffused into metastable β , orthorhombic

α ′′ and α ′ + β grains; dependent on the cooling rate. During the quenching process control

of these grains and grain boundaries were done by quenching medium. While during so-

lution heat treatment samples were heated near the region of β transus temperature at 920

°C; therefore bimodal α , metastable β and α ′ + β grains were formed. By quenching pro-

cess these grains were reformed and stabilized, resultantly increment in the % area of grain

boundaries of Ti-6Al-4V alloy were obtained for solution heat treatment; while decrements

in it for annealing process is occurred. By graphical method it was observed that during

AC equally distributed fine orthorhombic α ′′ grains were formed in comparison of other

treatments on microstructure. While unequally distributed courser bimodal α and β grains

were obtained in STC process. In studies it was seen that during diffusion of grains, grain

boundary ’wetting’ was a key factor to form grain boundaries and promoting modification

in mechanical properties [131, 132]. Figure 4.4 has showed that ′wetting′ phenomenon

Figure 4.4: Percentage area of grain boundaries vs. Treatments

was dominant during solution treatment process than annealing process therefore % area
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of grain boundary was higher in it. These grain boundaries were measured with the combi-

nation of graphical and line intercept method [133]. It can be seen from graph that AC has

smaller % area of grain boundaries and STC has highest % area of grain boundaries in com-

parison to other treatment processes. Moreover, orthorhombic α grains are more ductile

than lamellar and bimodal α grains therefore it can be found from this microstructure that

AC has highest ductility than other processes. More ductility means more machinability

hence through AC process highest machinability can be achieved.

4.3.2 Assesment of microstructure by EBSD and XRD analysis

Figure 4.5: EBSD IPF maps achieved from different quenching after annealing and
solution heat treatment processes (a) UT (b) AW(c) STW (d) AC (e) STC (f)AA (g)STA

(h) IPF map with misorientation grain boundary
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In Fig. 4.5 inverse pole figure (IPF) EBSD map concerning with the z-direction of dif-

ferent quenching medium after annealing and solution heat treatment processes samples

are shown. The phase map of UT, AC, STC, AA, STA, AW and STW samples are ana-

lyzed and characterized using electron Backscatter diffraction (EBSD) on Zeiss supra 55

at IIT (ISM) Dhanbad. It can be observed from Fig. 4.5 that grain size was increased by

annealing process and decreased by solution heat treatment process. In annealing process

heating was done at 7500C which is below the recrystallization temperature of Ti-6Al-4V

alloy, hence transformation of grains from HCP to orthorhombic α crystal structure with

decrement in BCC crystal structure is observed. While in solution heat treatment process

Ti-6Al-4V alloy was heated above the recrystallization temperature 9200C, hence compo-

nent of β phase increased and enters between the α - α boundaries to increase the α -

β grain boundaries. Quenching is the process of rapid cooling of sample to prevent the

precipitation of dissolved components during heat treatment. Since cryogenic quenching

has highest cooling rate as compared to water and air, microstructure of samples quenched

with cryogenic stables the grains quickly on the phase which occurred by grain growth

process. By observing the IPF EBSD results of UT sample it can be concluded that basal

plane (0001) is shown for α phase while plane (0110) is shown for β phase. In Fig 4.5(h)

misorientation angle of grain boundaries are shown, from which bold lines can be observed

for high angle grain boundary (HAGB) while thin lines are observed for low angle grain

boundary (LAGB). There were only orthorhombic α grains formed and there is no pres-

ence of transformed β phase observed in AC sample. The clear HAGBs with stable β

phase is observed in STC sample while LAGBs with highest α is observed in AC sample.

In AC sample minimum α-β grain boundaries were formed since the absence of β grains.

The LAGBs had less stored energy than HAGBs, therefore plastic deformation could takes

place effortlessly in AC than other samples. The XRD analysis is shown on Fig. 4.6 from

which it can be observed that 7 peaks are observed. Peaks are showing the α and β phases
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Figure 4.6: XRD analysis results obtained for different quenching after annealing and
solution heat treatment processes

in XRD plots, (200) is visible in the STC, STW and STA sample while other peaks are

visible in every samples. The noticeable change in peaks is observed in every plane’s peak

intensities. This (200) peak is indicating that the formation of the transformed β phase was

taken place on it since the solution treatment is done at a higher temperature 9200C. The

(110) β phase peak is maximum in the UT sample and negligible in the AC sample which

showed that percentage of β phase is minimum during the AC process. In XRD analysis

it is observed that (101) lamellar α phase peak decreased and (110) orhtorhombic α phase

peak increased in the AC sample than UT and STC process sample. The XRD analysis

confirmed the EBSD analysis results, hence AC sample has highest plastic deformability

and lowest grain boundary strength than other samples.
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4.3.3 Effect of heat treatment on microhardness

Figure 4.7 shows the microhardness of Ti-6Al-4V alloy for different heat treatment and

quenching processes. Microhardness test was conducted on Vickers’s microhardness tester

machine with 0.5 Kg load and 10 sec dwell time with 5 repetition for every sample. Re-

sults revealed maximum value for UT sample while minimum value during AC process of

microhardness. These results showed correlation of % area of grain boundaries with mi-

crohardness. It is observed that annealing formed α and α ′′ grains while solution treatment

forms bimodal α , β and α + β ′ grains, therefore; microhardness was increased in later pro-

cess. Microhardness value during solution heat treatment method were reaching more near

to UT sample than annealing, since the presence of harder lamellar α and metastable β

grains. These grains increase the amount of α-β interfaces in grain boundaries which were

harder than grains, hence it supported to enhance microhardness. Machinability of material

depended inversely on microhardness, hence; AC has highest machinability in comparison

to other processes as per the microhardness results.
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Figure 4.7: Microhardness (HV) vs. Treatment processes

4.4 Summary

By the assessment of above mentioned results, following conclusion have been obtained

from the presented work :

• From EBSD and XRD results it can be concluded that AC sample has highest amount

of α phase grain, minimum β phase grain and higher LAGBs, which contributed in

lowest α- β grain boundaries therefore microhardness minimum in it.

• Percentage of grain boundaries and type of grain boundaries have correlation with

microhardness.

• Microstructure and microhardness results show that the machinability of Ti-6Al-4V

alloy is higher for annealed and cryogenic quenched sample. This is due to very high

cooling rate in cryogenic quenching
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Assessment of cryogenic quenching by

tool wear, surface morphology and chip

formation in high-speed up-milling of

Ti-6Al-4V alloy

The purpose of this chapter is to look into the effect of cryogenic quenching after anneal-

ing and the solution heat treatment process on Ti-6Al-4V alloy. To assess the effect of

73
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processes on Ti-6Al-4V alloy, high-speed up-milling of heat treated and untreated samples

with same machining parameters are accomplished. The low microhardness and low yield

strength of AC sample is observed as dominating factors during the analysis of chip forma-

tion, tool wear and burr formation. In this study low tool wear with a high surface finish is

achieved in dry high-speed up-milling condition by AC process on Ti-6Al-4V alloy.

5.1 Introduction

Ti-6Al-4V alloy has vast application in the field of bio-implants, aerospace, marine, and

nuclear energy plants since it has excellent mechanical properties such as high corrosion

resistance, wear resistance, and strength to weight ratio. Although it has low machinability

characteristics since the presence of higher cutting temperature, chatter and low thermal

conductivity, which caused excessive temperature, high tool wear, and high cutting forces

during machining [134]. The low machinability of Ti-6Al-4V alloy is a critical issue and

to overcome this problem high- speed milling (HSM) is an exceptional substitute to con-

ventional milling. To achieve better machining performance such as high productivity,

high surface finish, micro-scale manufacturing, high dimensional accuracy, and great tool

life; HSM is an excellent process to be applied[135]. High-speed cutting range to ma-

chine titanium alloys varies from 100 m/min to 1000 m/min [136]. This is seemed to be

a common problem since at such a high-speed range tool wear occurred frequently; which

increased the machining cost of hard-to-cut materials. During the HSM process, tungsten

carbide tools (WC) are favorable cutting inserts to achieve greater tool wear resistance

even at higher cutting forces and temperatures, particularly in the milling of hard-to-cut

materials[137]. In a study Srinivasan et al. [138]compared diamond coated tool with un-

coated WC tool during high speed milling of Ti-6Al-4V alloy. They observed better tool

life and surface finish in low tool cost than polycrystalline diamond (PCD) tool. However,
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the HSM process through PCD and Carbon boron nitride (CBN) tools are expensive sub-

stitutes to WC tools with superior machining properties. If the machining is achieved by

PCD or CBN tools, the machining cost will be higher[139]. Hence, the WC tool played a

major role to achieve an economical high production rate at reduced tool cost.

In HSM process tool wear is defined as the loss of tool material to machine the work-

piece material. In the HSM operation of Ti-6Al-4V alloy with 100 m/min cutting speed

and uncoated WC tool, it is observed that adhesion and abrasion are the key culprits of

flank wear [140]. In another tool wear analysis of HSM, it is observed that flank wear im-

pacts severely to the dimensional precision and surface topography of machined parts than

crater wear. In an experiment maximum flank wear is established as the reference to the

tool failure since the tool life has a direct relation with flank wear magnitude and it origi-

nated earlier than crater wear. During the study, they found flank wear is non-uniform and

flank wear increases linearly with time. Additionally, it is witnessed that surface roughness

intensifies with tool wear, and tool wear is the main cause affecting the severity of surface

roughness and topography [141]. It was observed by Li et al [142] that an increment in tool

wear enhances the cutting force and cutting temperature, and both of them altogether de-

grade the cutting condition; hence accelerating the tool wear and reducing the tool life. In

another study, Liang and Liu observed [143] that surface roughness varied with deviation

in tool wear from 0-0.3 mm and up to 0.2 mm surface roughness increased while beyond

that it was decreased. Moreover, they concluded that with increment in tool wear, friction

coefficient increased and it formed poor cutting condition. Dadgari et al. [144] observed

that a low feed rate with high cutting speed improves the tool life of a 1 mm diameter

tool. Additionally, they have detected that after the initial rapid tool wear, non-uniform

flank wear was the leading wear mode. Wang et al. [145] measured the tool-chip inter-

face and Ti-6Al-4V alloy temperature with variable feed rates (1, 2, and 3 µm/flute) with

a 777 µm diameter tool and a constant cutting speed of 60.3 m/min. They observed that
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with an increase in feed rate the temperature between tool-chip interfaces was increased,

which increased the adhesive wear, build-up edge (BUE) formation, and burr formation.

Amin et al. [146] performed machining by 32 mm diameter carbide end mill tool and the

cutting speed range during machining was 40-160 m/min. They investigated the effect of

chatter amplitude on tool wear and observed the highest tool wear during the speed of 160

m/min since the chatter amplitude was highest at that speed. Furthermore, they observed

a sharp exponential curve during the cutting speed of 160 m/min than other lower cut-

ting speeds. Lee et al. [147] analyzed cryogenic end milling with 3 mm end milling on

Ti-6Al-4V alloy and observed that tool wear increased with an increase in cutting speed.

Additionally, they observed that BUE formation was directly related to cutting tempera-

ture between the tool-chip interfaces. Moreover, various researchers observed high cutting

temperatures (reaches up to 8500C) between tool-chip interface during dry HSM of tita-

nium alloys since the high friction between tool-chip interface and titanium alloys have a

chemical affinity with almost every cutting tool. As a result; all of these factors propa-

gated the burr formation, BUE, rapid tool wear, and plastic deformation of cutting tool and

eventually trigger the catastrophic failure of the inserts during HSM of Ti-6Al-4V alloy

[146, 148, 149, 143]. Roushan et al. [150] studied the tool wear during milling with 50

m/min cutting speed from 500 µm uncoated WC micro tool and observed that to machine

the 450 mm total length of cut 25% tool diameter was reduced. Sun et al. [151] studied

dry high-speed machining at 150 m/min and 220 m/min. They detected flank wear during

220 m/min was higher and more exponential than 150 m/min since the plastic deformation

was higher during the dry condition. Rao et al.[152] conducted dry HSM process with

uncoated carbide tool to machine 55 mm length of cut on Ti-6Al-4V alloy. It was noticed

that friction enhanced the cutting temperature and flank wear during HSM process. They

detected maximum wear for cutting speed of 121.9 m/min and depth of cut 0.762 mm. In

another study it was observed that during high speed face milling of Ti-6Al-4V alloy the
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tool cutting edge damaged. It was caused by the excessive pressure and cutting temper-

ature between tool-chip interface[153]. Hence, by these above mentioned key findings,

it can be concluded that during dry HSM cutting temperature, friction between tool-chip

interface and chatter amplitude are the key factor to influence the tool wear and decide

the higher cutting speed. A different approach to the traditional problem was given by

shukla et al. [154], in which they reduced the microhardness and % grain boundary of

Ti-6Al-4V alloy by quenching after the annealing process. Recently, Han et al. [63] ap-

plied cryogenic quenching after the solution treatment on friction stirr weld of 6061-T6

aluminum alloy. They compared STC sample with STW sample and observed that yield

strength of cryogenic quenched sample were higher than water quenched sample. Such

result was observed since the cryogenic quenching had a higher degree of saturated solid

solution than water quenching. Singla et al. [155] applied cryogenic quenching after the

solution treatment and β annealing of Ti-6Al-4V ELI alloy. They observed that β phase

percentage was increased in both sample as both treatment process was done above the β

transus temperature. As a result, they had observed increment in yield and ultimate tensile

strength in Ti-6Al-4V ELI alloy. There were various studies have been conducted to see

the effect of cryogenic cooling and cryogenic treatment on machining of Ti-6Al-4V alloy,

although literature related to see the effect of cryogenic quenching on machining ability

of Ti-6Al-4V alloy are limited. Therefore, The state of art in the current research work is

to witness the effect of cryogenic quenching (with annealing and solution heat treatment)

on tool wear and Ti-6Al-4V alloy surface quality parameters (such as surface roughness,

burr formation, chip formation and BUE formation) during dry HSM process with constant

cutting parameters. Dry condition applied in current work, since it is sustainable and eco-

nomical manufacturing technique. Tool wear and tool life studies have the aim to conclude

the machining ability of a tool material before it perishes, while workpiece surface quality

parameters are showing the precision and accuracy of machined product by HSM process.
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As per the studies, together these output parameters are influencing the machinability of

Ti-6Al-4V alloy, which is a severe concern during its machining. There are fewer previous

research using cryogenic quenching approach is reported during HSM process to measure

the tool wear, chip formation, and surface morphology. This research constitutes a rela-

tively new area which has emerged from application of cryogenic materials to modify the

microstructure and improve the machinability during machining process.

5.2 Experimental materials and method

Recently, many researchers investigated the effect of cryogenic treatment on tool wear.

They achieved higher hardness and wear resistant properties in cryogenic treated tools

than untreated WC tools. These approaches were influential in the field of cryogenic treat-

ment of cutting tool for increased tool life up-to some extent, while no effect on finishing

of workpiece materials was shown [156, 134]. One of the major topics to be investigated in

this field is effect of cryogenic quenching on machinability of workpiece material. There

was no literature found related to see the effect of cryogenic quenching on tool wear and

machined surface during the HSM process. In present work three type of specimen are

used viz. UT, AC, and STC. Methods were based on previous experiments conducted by

shukla et al. [154] to modify the microstructure of Ti-6Al-4V alloy. In Chapter 4, Fig. 4.1

heat treatment process applied to obtain two different cryogenic quenched specimens were

shown. Afterward, each specimens viz. UT, AC, and STC were mirror finished by pol-

ishing and etched with Kroll’s reagent to understand their microstructure. Reduction in

microhardness of Ti-6Al-4V alloy was achieved by AC process, which directly influenced

the plastic deformation during machining [154].

In the present work, the HSM process was done by the uncoated WC end milling tool of

3 mm diameter with tool edge radius (ter) 5µm. The uncoated WC tool was used in fi-
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nal experiment since the tool flank wear clearly and quickly visible on it than coated tool

during the pre-experimental examination on UT sample.The machining on UT, AC, and

STC specimens were repeated twice at the high-speed micro milling machine center V-60

at IIT Dhanbad. It was observed on studies that machine tool dynamic was affected by

combination of cutting speed and axial depth of cut, hence chatter also varied according

to them [157]. Arnab et al. [158] conducted study on V-60 machine to observe the high-

est amplitude peak at which chatter could occurred for constant depth of cut and spindle

working frequency from 150 to 1000 Hz. They observed highest vibration amplitude at

235 Hz spindle frequency. Therefore, current HSM process is conducted at a cutting speed

of 188.4 m/min ( at 333.33 Hz spindle frequency) to avoid the effect of chatter (high vi-

bration amplitude at 235 Hz). Since as per analysis beyond 235 Hz spindle frequency

vibration amplitude on V-60 machine was decreased [158]. Other experimental parame-

ters are shown below in table 5.1. The cutting speed applied during this research is higher

than the recommended cutting speed by the tool supplier (40 m/min) for this uncoated WC

tool. To assess the tool flank wear, the cutting tool was detached after machining fixed

dimensions such as cutting lengths 20, 10, 10, and 5 mm. The selection purpose of the dry

HSM process in the present research work is to examine the effectiveness of the cryogenic

quenching on the evolution of tool wear and machined surface quality parameters (surface

roughness, chip morphology, and burr formation).

Table 5.1: Experimental plan

Cutting speed
(Vc)(m/min)

Radial depth of cut
(ar)(mm)

Axial depth of cut
(ap) (µm)

Feed rate (f)
(µm/tooth/rev)

188.4 1.5 150 5
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5.3 Result and discussion

5.3.1 Characterization of surface texture by EBSD and XRD

The microstructure of UT, AC, and STC samples were analyzed and characterized us-

ing electron backscatter diffraction (EBSD) on Zeiss supra 55 and high-resolution X-ray

diffraction (HRXRD) on Rigaku smart lab at the central research facility, IIT (ISM) Dhan-

bad. The Inverse pole figure (IPF) EBSD map concerning the z-direction of the UT, AC,

and STC process samples are shown in Fig. ??. By increasing the temperature in Ti-6Al-

4V alloy, the volume fraction of β phase was enhanced. During temperature increment, the

concentration of vanadium (β stabilizer) was reduced, therefore the α ′ phase could be de-

veloped in Ti-6Al-4V alloy if the cooling rate (cryogenic quenching) was appropriate high

[159]. It could be seen that in the AC process the grain size becomes larger than STC and

UT process samples. As it is seen from Fig. 4.5 that in UT sample red color shown grains

with the surface normal to (0001) basal plane while the blue color corresponds to grains

with the surface normal 1100. By the AC process modification of the primary α phase to

the secondary orthorhombic α ′′ phase was achieved, with decrements in β phase. There-

fore, an increment in the formation of α|α ′′ grain boundaries was attained with a reduction

in α|β grain boundaries. Subsequently, an increment in the formation of α|α ′ grain bound-

aries was attained with a reduction in α|β grain boundaries. In the STC process sample,

a minute enhancement in grain size than the UT sample was seen, while modification in

grain texture from α to secondary α ′′ and modified β phase was appeared.

In Fig. 4.6 XRD pattern during three different conditions of treatment viz. UT, AC and

STC are shown. Peaks are showing the α and β phases in XRD plots. The number of

peaks of the α and β phases was 7 acquired from the XRD plots and among them, (200)

was only visible in the STC sample while other peaks were visible in three samples. The
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noticeable change in peaks is observed in every plane′s peak intensities. This (200) peak

is indicating that the formation of the transformed β phase has taken place on it since the

solution treatment was done at a higher temperature 9200C. The (110) β phase peak was

maximum in the UT sample and minimum in the AC sample which shows that percentage

of β was minimum during the AC process. In XRD analysis it was observed that (1011)

α lamellar phase peak decreased and (1012) α ′′ orthorhombic phase peak maximized in

the AC sample than UT and STC process sample. Based on effective slip length; lamellar

structure has lower ductility than orthorhombic grains, since β phase was less present in AC

sample which reduced the α-β grain boundaries. The α-α grain boundaries were easily

deformable than α-β . Therefore, by the results of XRD and EBSD, it can be concluded that

α ′′ phase was increased with grain size on AC sample, while STC sample was α ′ phase and

transformed β phase with minute change in the grain size than UT sample. Furthermore,

α|β boundaries work as an active hindrance to slip transmission than α|α ′ boundaries.

Therefore, the present study confirmed the findings about the low microhardness of the AC

processed sample than other samples [160, 161, 162].

5.3.2 Plastic deformation mechanism

In HSM process development of tool wear, chips formation and workpiece surface mor-

phology is rely on the plastic deformation mechanism of Ti-6Al-4V alloy. Grain size and

microhardness influence the deformation mechanism during machining of Ti-6Al-4V al-

loy since they impact the yield strength of the material. By the Hall-Petch equation yield

strength of the Ti-6Al-4V alloy is indirectly proportional to the square root of grain size

and microhardness (Hv = 3∗yieldstrength) is directly proportional to yield strength [163].

AC process sample (3188 MPa) has minimum microhardness than STC (3335 MPa) and

UT sample (3385 MPa) [154]. Therefore, according to grain size and micro-hardness, AC

sample has lowest yield strength than other two samples. It is important to highlight the
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fact that the AC sample has the lowest yield strength and it has good plastic deformation

properties than the other two samples. Plastic deformation mechanism during machining

of Ti-6Al-4V alloy was dependent upon the deformation mode of microstructure and the

key phenomenon of deformation mechanism in Ti-6Al-4V alloys were dislocation slips

and twinning. Hence, dislocation slip is taking place in each sample and according to it

plastic deformation readily occurred in the sample with a larger grain size [163, 161]. It

was observed by Hua et al. [164] that lower hardness resulted in lower strength of Ti-

6Al-4V alloy, higher amount of deformation without wear was occurred. From the above

description, it can be concluded that AC processed sample has higher plastic deformation

ability than STC and UT processed samples.

5.3.3 Mechanism of chip formation and assessment of chip thickness

The HSM process was achieved by tool passing through the engagement point, disengage-

ment point, and center point across the tool rotation. Figure 5.1 shows the placement of

tool and workpiece with tool path direction and tool rotation angle during high-speed up-

milling. In this illustration first tooth path is shown with a continuous curve while the sec-

ond tooth path is shown with a dashed curve and chip thickness is continuously changing

with tool rotation. The HSM process was achieved by the tool passing through the engage-

ment point, disengagement point, and center point across the tool rotation. The machining

mechanisms were extremely influenced by the minimum chip thickness effect [165]. In

equation (5.1) the relationship between uncut chip thickness (tc), feed per tooth per revolu-

tion ( fr), and angle between feed direction with tooth revolution (φ) are shown. Maximum

and minimum uncut chip thickness was occurred by tooth revolution and ploughing was

dependent upon ratio of ter/ fr. Therefore, during the material removal if the ter was con-

stant throughout the experiment and uncut chip thickness low then ploughing was the key

cause of plastic deformation, while if uncut chip thickness is higher then shearing is the
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main cause of plastic deformation [166]. In present work initially ter was 3µm and uncut

chip thickness is above the 3µm at φ among the range of 370 to 900. Therefore, upto

machining time 6 sec and tool revolution 370 ploughing was taken place and beyond that

shearing was dominant for machining. After initial machining of 6 sec tool tip was broken

and ter become larger which enhanced the ploughing phenomenon in current machining

work. Additionally, tool-tip was broken according to hardness of sample which was least

of AC sample and highest of UT sample therefore ploughing effect influencing lesser in

AC sample. Initially microhardness and yield strength of AC sample was lesser therefore

friction between tool-chip interface was minimum. Subsequently; least cutting tempera-

ture and chip thickness should be occurred for machining AC sample, which can be seen

from Fig 5.3.

tc = fr sinφ (5.1)

Figure 5.2 is taken on a 3D optical profilometer Zygo model newview 9000 with white

light scanning (non-contact) at IIT Dhanbad. It depicted the chip formed during the HSM

process in AC, STC, and UT samples after the 6, 9, 12, and 13.5 seconds. During the

HSM process, intense deformation was taken place on localized primary shear zone at

higher strains and strain rates, and this type of deformation created an adiabatic shear band.

Generally, as a result of adiabatic shear bands, the semi-continuous (segmented) chips were

formed during high-speed machining of titanium alloy [167, 168]. Additionally, it was

proposed in the thermoplastic model used by Komanduri and Hou [169] that adiabatic shear

bands were developed within the primary shear zone since the increase in temperature.

The higher temperature developed extreme softening within the shear bands which led to

crack initiation in the chips. While a crack began in a specific shear band, stresses were

released and extreme shear-localization led to develop crack propagation at some interval

of distance as shown in segmented chips on Fig. 5.2 in UT, STC and AC samples. The
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Figure 5.1: Tool path direction and rotation angle in high-speed up-milling process

primary fundamental cause of the segmented chip during the HSM process is that the crack

propagates in a primary shear plane, while tool has already travelled forward due to the

high cutting speed. Therefore, shear stress reached a value to initiate crack formation in

an uncut chip at some distance although it was not sufficient to plastically deform the chip

material. It is observed from Fig. 5.2 that segmented chips were formed in all the samples.

Chip thickness of UT, AC and STC sample was measured by 3D optical profilometer

Zygo model newview 9000 with white light scanning (non-contact) and the result of chip

thickness variation during the different cutting times are shown in Fig. 5.3. It is visible in

the illustration that machined chip thickness was increased with AC, STC, and UT samples

respectively. The microhardness of AC, STC, and UT samples were varied from low to

high, which was found on chapter 4 in section 4.3.3. Lower hardness for AC sample was

led to lower forces which would also led to lower cutting temperature and chip thickness



5.3. Result and discussion 85

Figure 5.2: Chip formed on AC, STC and UT sample in high-speed up-milling process

during machining. As the hard asperities increased between interface, friction and cutting

temperature enhanced, which ultimately increased the chip thickness more in case of STC

and UT samples.

5.3.4 Assessment of Tool morphology and tool wear

In preliminary experiments it was estimated that wear on the flank face was the dominant

factor during machining from the WC tool and average flank wear (V Bavg) of 0.3 mm

was taken as criteria of flank tool wear. Additionally, it was found that after machining

of UT sample with cutting parameters mentioned in table 5.1 for 13.5 seconds, the V Bavg

traversed to its wear criteria of 0.3 mm. Therefore, WC tool flank face morphology took

from optical microscope model Olympus BX 52 of the fresh tooth and worn tooth during
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Figure 5.3: Chip thickness of AC, STC, and UT samples during different machining time

machining of AC, STC and UT sample are shown in Fig. 5.5. Initially, the physical abra-

sion between two moving surfaces (tool and workpiece) was taken place during the HSM

process. During the abrasion process, the hard particles of Ti-6Al-4V alloy, which was

harder in STC and UT than AC sample rubbed the WC tool particles. From Fig. 5.5, it

can be observed that the tool tip is broken with a worn or rubbed face during machining

of each sample. Since the cutting speed was higher during HSM process therefore, fric-

tion between both surfaces produced a higher temperature. Previously many researchers

reported higher cutting temperature (up to 8500C) between tool-workpiece interface during

dry HSM process of Ti-6Al-4V alloy [146, 148, 143]. Hence, higher cutting temperature

was contributed to the diffusion of tool and workpiece material elements into each other

surface. Subsequently, arised the adhesive and diffusion wear on WC tool [140]. It can

be observed from Fig. 5.5 that abrasion marks were present on the adhesive layer and not

on the tool flank face. This indicated an adhesive layer that was formed on the flank face

acted as a protective layer against the abrasion. In addition to this, under high machin-

ing temperature more adhesive layer was formed at the flank face. Therefore, flank wear
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caused by abrasion was not as significant as adhesive wear when machining Ti-6Al-4V

with a WC tool during the dry condition. The adhesive wear can be observed in the form

of adhered Ti-6Al-4V alloy in the tool flank face from Fig. 5.5. In Fig. 5.5 it is illustrated

that flank face worn out during machining which denoted that diffusion wear with adhesive

wear dominated the tool wear during current work. The low microhardness of AC sample

helped to develop more BUE formation in it which can be observed in Fig. 5.5. In AC

sample BUE was visible while in STC and UT samples it was less which caused by less

microhardness and high ductility of AC sample than other two samples.

In Fig. 5.4 V Bavg with respect to time during high-speed up-milling of AC, STC and UT

Figure 5.4: Tool wear during different machining time of AC, STC and UT sample

are shown. The results of V Bavg shown that cryogenic quenching after the annealing pro-

cess has significantly affected the tool wear. The results shown that tool wear was taken

place in three stages viz. initial wear stage, uniform wear stage and rapid wear stage and
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tool wear shown exponential growth after the uniform wear stage. The higher cutting tem-

perature during dry high-speed up-milling process caused very low machining time. Tool

wear increased rapidly in machining STC and UT samples in comparison to machining

of AC sample. The minimum V Bavg of the AC sample can be attributed to its low mi-

crohardness and low volume of β phase. Initially tool tip break according to values of

yield strength, and microhardness of UT, STC and AC sample respectively and as tool

tip was broken it accelerated the tool wear mechanism by increasing ter and more uneven

hard asperities occurred between tool-chip interface. The highest tool wear was occurred

in the UT sample since hard asperities of it raised high cutting force and higher cutting

temperature which resulted in quick tool tip breakage.

5.3.5 Surface characterization

Figure 5.6 shows the average surface roughness of area (Sa) and root mean square rough-

ness of area (Sq) occurred during AC, STC and UT samples. Surface roughness was mea-

sured to see the effect of different heat treatments and quenching processes on the surface

roughness of Ti-6Al-4V alloy. These values were obtained as per the ISO 4288-1997 stan-

dards by the non-contact type optical profilometer Zygo new view 9000 and. To measure

the surface roughness between 0.1 to 2 µm the sampling length should be between 0.8 mm,

hence area to calculate the Sa and Sq was taken 0.8× 0.8 mm2. Sa values were denoted the

average entire deviation of the surface abnormalities while Sq denoted the standard de-

viation of distribution of surface elevations. The Sq values were more sensitive to large

deviation from the mean line of surface profile, although in current work there was not

much variation observed between both parameters, which represents the surface profile

during high-speed up-milling has not witnessed severe spots or asperities in the machined

surface. The high-speed up-milling procedure shown in Fig. 5.1 determines the surface

morphology after the HSM process. During the HSM process, surface finish was depen-
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dent upon the abrasion and adhesion of workpiece material [170]. It was observed that in

the primary stages of machining, surface roughness decreased with an increase in machin-

ing time and after some time it started to increase with an increment in machining time.

At the start ter was less since the tool tip was not broken and a shearing mechanism was

taking place. As machining advances the ter increases since the tool tip is broken and ad-

hesive wear increases. Aramcharoen and Mativenga [171] stated that the minimum surface

roughness was observed for the (ter/ fr) ratio equal to 1 beyond that ploughing mechanism

was increased which ultimately increased the surface roughness of the machined surface

[170]. From Fig. 5.6 it can be concluded that the AC sample has achieved a minimum

Sa and Sq than the other two samples since tool wear and coefficient of friction between

tool-chip interface was least during machining of the AC sample.

5.3.6 Characterization of burr formation

The burrs could occurred in eight edges of the workpiece during face milling although

these burr locations are not much significant always. In current work, top burr was signifi-

cant therefore it was measured and analyzed for high-speed up-milling [172]. Assessment

of burr formation was achieved by calculating burr volume in AC, STC, and UT samples

during different machining times. Figure 5.7 shows the burr formed by up-milling process.

The burr volume was obtained from no contact profilometer Zygo newview 9000 and an-

alyzed by Zygo′s Mx™ software, which is shown in Fig. 5.8.To obtain the burr volume

from a non-contact optical profilometer, the total area of machined slot was scanned by the

stitching method as shown in Fig. 5.7.

Subsequently, volume up and volume down output results were added to obtain the el-

evated volume on the machined area, which was the top burr formed during slot up-milling

in the current work as shown in Fig. 5.7. To find the top burr volume, the unmachined area

was set as a reference plane by using the fit mask option on the software. Hence, the soft-
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ware shown top burr volume as volume up value and volume down were shown the volume

of the unmachined area as well as machined area. It can be observed from Fig. 5.8 that

burr volume was achieved minimum during machining of UT sample while maximum in

AC sample. This increase in burr volume was obtained since the temperature of workpiece

increased during dry high-speed up-milling. Since the AC sample had more ductility due

to the presence of less β phase and lamellar α phase microstructure, it formed more top

burr on its surface [173]. The effect of ter was observed in previous studies, according to

which increment in ter increased the tool roundness, as well as burr formation in workpiece

material [172]. Subsequently, the increment of burr volume in AC, STC and UT samples

can be attributed to the increment in ter with temperature of the tool. In the studies, it

was observed that to improve the surface finish of a machined material one should have to

compromise with burr formation since both of them are contradictory to each other [149].

The results showed that cryogenic quenching with annealing process not decreased the burr

formation.
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Figure 5.5: Tool morphology of fresh tooth and worn tooth after machining 13.5 sec of
AC, STC and UT sample
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Figure 5.6: Surface roughness area (Sa) and square root mean roughness area (Sq) of AC,
STC and UT samples after machining

Figure 5.7: Morphology of burr formation in slot up-milling process
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Figure 5.8: Top burr volume formed in AC, STC and UT sample
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5.4 Conclusion

To our knowledge, this is the first report conducted to establish how the heat treatment

with cryogenic quenching affects the machining output parameters such as chip formation,

surface roughness, burr formation, and tool wear during the high-speed up-milling process

of Ti6Al-4V alloy. Therefore initially, AC and STC process has conducted and compared

their microstructure by EBSD and XRD result with the UT sample. The analysis of high-

speed up-milling machining result leads to the following conclusions:

• The chip thickness,tool wear and surface roughness observed during high-speed up-

milling of AC sample possessed the least value since it had good plastic deformabil-

ity and low microhardness. Moreover, chip thickness has increased with machining

time since cutting temperature enhanced due to low thermal conductivity of Ti-6Al-

4V alloy.

• A low yield strength and microhardness of AC material has affected the burr forma-

tion. Subsequently, Burr formation has increased slightly during machining of AC

sample than STC and UT sample.

Future research should consider the potential effects of cryogenic quenching on burr

formation more carefully, to reduce it. Furthermore, an optimization technique with lu-

brication could be introduced in the future work to optimize the result of burr formation

with surface finish and tool life. By these concluding statements it can be observed that

by the AC process, the machinability of Ti-6Al-4V alloy can be increased in terms of chip

formation, tool life and surface finish of Ti-6Al-4V alloy.



6
Evaluation of machinability improvement

by Maglev EDM and high speed milling

process

The aim of the chapter is to evaluate the both proposed method of improvement in machin-

ability of Ti-6Al-4V alloy viz. maglev EDM and high speed milling. The maglev EDM

is unconventional machining process while high speed milling is conventional machining

process of material removal.
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6.1 Introduction

Ti-6Al-4V is an electrically conductive material therefore it can be machined by uncon-

ventional EDM process. High speed milling on Ti-6Al-4V alloy is difficult to perform

since the low thermal conductivity and high hardness enhances the cutting temperature

and cutting forces. Klocke et al. [174] compared the milling, sinking-EDM, Wire-EDM

and ECM during machining of Ti-6Al-4V alloy and Inconel 718. In the study comparison

was conducted on the basis of material removal rate and roughing cost. They concluded

that for Ti-6Al-4V alloy milling and ECM were cost effective while for Inconel 718 sink-

ing EDM and ECM was better alternative for cost effective production. Vanderauwera et

al.[175] compared the micro-milling and micro-EDM process during machining of rect-

angular shaped geometries. The assessment was achieved on the performance of output

parameters such as energy consumption, surface roughness, machining time, dimensional

and geometrical accuracy. It was observed from the study that surface finish, depth ac-

curacy and flatness was better in micro-milling than micro-EDM while quality of cavity

edges was better in case of micro-EDM. They concluded that for higher aspect ratio of

length to depth micro-EDM can be applied for initial machining while micro-milling for

finishing operation. Therefore, it could be concluded from the studies that EDM is better

in machining sharp inside corners, deep areas of the mold, very complex geometry, rib

machining and hard materials. The milling process can be applied for mirror finish, large

batch production and high precision.

6.2 Technological assessment

For the two studied technology maglev EDM and high speed milling the MRR and spe-

cific energy are presented in this section to compare them. These results are based on the

experimental results of previously presented chapters.
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6.2.1 Material removed by a tool

Currently comparison of maglev EDM and high speed milling is achieved on the basis of

MRR during machining of Ti-6Al-4V alloy. In the study high speed milling was conducted

by 3 mm diameter end milling tool with 5 µm tool edge radius, 150 helix angle and un-

coated carbide material. The process parameter selected for high speed milling were given

on table 5.1. In maglev EDM 3 mm diameter and 20 mm length of copper material tool

were applied, which is very soft in comparison to carbide material. During the high speed

milling cavity with large hole or texture could not be achieved since depth of cut is limited

by tool shank length. To calculate the MRR during high speed milling following formula

is applied -

Mm = doc×W ×F ×σ (6.1)

Where, Mm is MRR in mg/min, doc is depth of cut in mm, W is width of cut in mm, F

is feed rate in mm/min during high-speed up-milling and σ is density of Ti-6Al-4V alloy

in mg/mm3. MRR is higher by applying such kind of high feed rate and depth of cut,

although; this is obtained by compensation in reduced tool life. In the presented work

MRR during high- speed up-milling process was same for untreated and treated samples

since the value of depth of cut, width and feed rate.

The MRR during maglev EDM was calculated by formula given on eq. (3.1). The MRR

obtained by maglev EDM is very low in comparison to high-speed up-milling process since

the non-traditional machining has low MRR during most of the time. While tool life during

maglev EDM is very high in comparison to high-speed up-milling process since for the

simple cavity shape formation only circularity should be maintained after each machining.

To make the good circular cavity each time during EDM machining, tool flatness was

observed and polished after each experiment with 2000 number grit size paper. Polishing

of tool surface and tool wear rate (70-80µg/min) during maglev EDM has decreased the
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electrode length after each experiment, hence tool life during maglev EDM is calculated

by multiplying number of experiments performed with 10 min machining time. By results

of MRR and tool life the material removed by single tool is measured for high-speed up-

milling and maglev EDM processes by following formula-

Mr = MRR×T (6.2)

Where, Mr is total material removed in mg by single tool, MRR is in mg/min and T is tool

life in min for high-speed up-milling and maglev EDM processes. By eq.(6.2) the material

removed by a single tool during high-speed up-milling and maglev EDM process is ob-

tained which is shown on Fig. 6.1. It can be observed from the Fig. 6.1 that tool efficiently

used in maglev EDM process than high-speed up-milling process. The tool efficiency dur-

ing maglev EDM process is 57.14% higher than high-speed up-milling process in terms of

material removed by single tool.

Figure 6.1: Material removed by single tool in high-speed up-milling and maglev EDM
process
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6.2.2 Specific energy consumption during machining process

For the comparison of high-speed up-milling and maglev EDM process the specific energy

is applied. Specific energy consumed during maglev EDM system was given on section

3.3.3. The calculation and analysis of specific energy for maglev EDM was given on

section 3.3.3. The maglev EDM with best specific energy consumption is taken here for

the comparison purpose and it can be seen on Fig. 6.2 Specific energy consumption for

high-speed up-milling process is calculated from the following formula-

SEm = P×60÷Mm ×1000 (6.3)

Where, SEm is specific energy of high speed milling in J/µg, P is spindle motor power in

J/sec and Mm is MRR in mg/min during high-speed up-milling process. From the above

mentioned eq.(6.3) the specific energy consumption to remove a unit mass of material is

calculated and shown on Fig. 6.2. It is observed from the specific energy graph that high-

speed up-milling is produced better result in terms of specific energy consumption. The

high-speed up-milling has consumed 40 % less energy to remove a unit mass of material,

which showed that it is a better method in terms of energy efficiency.
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Figure 6.2: Specific energy consumption in high-speed up-milling and maglev EDM
process

6.3 Economical assessment

Technological assessment has shown that both machining processes are better in one out-

put parameter, hence it is necessary to evaluate both machining processes on the basis of

economic analysis. Unattended machining capability of maglev EDM has key advantage

over high speed milling in terms of wages cost, since one employee can operate more than

one maglev EDM machine meanwhile one employee can operate only single high speed

milling system. In the present study economical analysis is achieved by evaluation of man-

ufacturing cost, tool cost and energy cost during high speed milling and maglev EDM

system.

6.3.1 Manufacturing cost

Manufacturing cost assessment is conducted by calculating the initial machine tool devel-

opment cost. In case of high speed milling the machine tool is developed by assembly

of different component to reduce the manufacturing cost of it. The developed high speed
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machine tool system is shown on Fig. 6.3. This experimental setup is consist of stages,

spindle, granite frame, tool holder, workpiece fixture, spindle controller, stage controller

etc. The overall cost of the machine tool system is addition of individual cost of each parts,

resultantly, overall high speed milling machine tool cost was approximately 30 Lakh INR.

The maglev EDM setup is shown on Fig. 3.1in which key component of maglev EDM sys-

tem can be observed such as DC power supply, manual linear stages, digital oscilloscope,

electric magnet and permanent magnets. The overall development cost of maglev EDM

setup was approximate 1.5 Lakh INR. The development cost of maglev EDM is very low

as compared to high speed milling system, since charges of maglev EDM key component

are lower than milling components. Maintenance cost is very less in case of maglev EDM

than high speed milling, since the each component of high speed milling system is costlier

and it required continuous maintenance by a skilled worker.

Figure 6.3: High-speed milling system
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6.3.2 Tool cost

Tool cost is dependent on the material removed by single tool and the cost of single tool.

The analysis of material removed by single tool is given in section 6.2.1 and according to

it high speed milling removes less material than maglev EDM by single tool. In current

study copper tool rod was applied as tool electrode which has very low cost approximately

10-20 INR for a single rod. Meanwhile during high speed milling uncoated carbide tool

was applied, which has tool cost of approximately 1450 INR. Therefore, to remove 1 gm of

Figure 6.4: Tool cost endured to remove 1 gm of Ti-6Al-4V alloy in maglev EDM and
high speed milling

material tool cost for high speed milling and maglev EDM can be calculated by following

formula-

Ct = (1000÷Mr)×Cs (6.4)

Where, Ct is Overall tool cost to remove 1 gm of Ti-6Al-4V alloy Mr is total material

removed in mg by single tool, Cs is single tool cost. Figure 6.4 shows the tool cost endured

to remove 1 gm of Ti-6Al-4V alloy.

The higher tool cost is occurred in high speed milling process since the single tool cost
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of high speed milling tool is very high in comparison to tool cost of EDM tool. Addition-

ally, tool life was less in high speed milling since high feed rate and cutting speed applied

during it. The high feed rate is giving the higher MRR during high speed milling therefore

it is not the key factor to increase the tool cost to remove the 1 gm of Ti-6Al-4V alloy.

6.4 Summary

In the present study the machinability during manufacturing technologies maglev EDM

and high speed milling were compared on the basis of technological and economical anal-

ysis. In case of technological assessment two factor viz. MRR by single tool and specific

energy to remove a unit mass of material is evaluated. The idea was to evaluate the machin-

ability of Ti-6Al-4V alloy during both type of machining and to conclude which machining

process is better at specific condition. The following conclusions have been made from the

current study :

• In the study it was found that by a single tool MRR during maglev EDM was higher

than high speed milling since the EDM tool can be applied after polishing it while in

case of end milling cutter it was not possible.

• Specific energy consumed to remove a unit mass of material result showed that high

speed milling process was better since it remove the material by shearing action of

the tool. Meanwhile, in maglev EDM system high energy was consumed since it

required to melt down and vaporize the Ti-6Al-4V alloy.

• Manufacturing cost for maglev EDM was less than high speed milling since the

development cost, maintenance cost and wages cost in case of maglev EDM was

very low.

• Tool cost to remove 1 gm of Ti-6Al-4V alloy was less in case of maglev EDM than
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high speed milling since the single end milling cutter price is very high in comparison

to EDM tool. Additionally; end milling cutter is not usable once it has wear out,

while EDM tool can be applied again by maintaining and polishing the tool surface

to its initial form.

• By the above mentioned points it can be summarized that maglev EDM provide ex-

cellent machinability of Ti-6Al-4V alloy in terms of cost effective manufacturing

technology where small batch size production is produced, since it has very low

MRR. Meanwhile high speed milling technology is better in case of large batch pro-

duction required in less time since it has higher MRR.

The present study conclude that machinability of Ti-6Al-4V alloy is higher in terms of cost

effectiveness during maglev EDM process, while machinability of it higher during high

speed milling in terms of high MRR with high machining cost.
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Conclusion and Future Scope

The present thesis work investigates about the machinability of Ti-6Al-4V alloy using ma-

glev EDM and HSM system. In this regard, the development of maglev EDM system and

modification of microstructure of Ti-6Al-4V alloy has been conducted. The influence of

microstructure modification on machinability of Ti-6Al-4V alloy is achieved by tool wear,

chip formation, burr formation and surface roughness during high-speed up-milling pro-

cess.
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7.1 The key conclusion of the thesis

On the basis of theoretical and experimental analysis key conclusion of the thesis are as

follows:

7.1.1 Evaluation of maglev EDM for machinability of Ti-6Al-4V alloy

• Evaluation of maglev EDM system is achieved by comparing it with conventional

EDM system. In this analysis stable discharge waveform enhanced the duty factor

without short circuiting in maglev EDM system. Duty factor achieved in maglev

EDM is 95% with stable discharge which is not obtained in conventional EDM with

stability.

• Specific energy during 20 V maglev EDM process is 69.75% and 48.035% less than

50 V and 12 V conventional EDM process respectively.

• The Rz value achieved at 20 V discharge voltage in maglev EDM system indicated

that crater formation was uniform in comparison to conventional EDM process since

20 V maglev EDM has 23.88% and 32.54% lesser Rz value than 12 V and 50 V

conventional EDM process respectively.

• The average surface roughness in 20 V maglev EDM process was 9% and 22% lesser

than 12 V and 50 V conventional EDM process respectively.

• Therefore, by development of novel technology maglev EDM system machinability

of Ti-6Al-4V alloy was increased in terms of specific energy and better surface finish.

7.1.2 Assessment of modified microstructure of Ti-6Al-4V alloy

• Vicker’s microhardness analysis revealed minimum hardness in case of CA samples,

i.e. 7.5% less than untreated sample.
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• The EBSD and XRD results of different samples revealed that CA sample possessed

minimum lamellar α and β phase while UT sample possessed maximum lamellar

α and β phase. By this observation it has been concluded that CA possessed the

highest plastic deformability.

• LAGB’s were minimum in CA sample and these boundaries easily plastic deformable

therefore CA has highest plastic deformability than other samples.

7.1.3 Assessment of high-speed up-milling for machinability of Ti-

6Al-4V alloy

• By high-speed up-milling process of CA sample chip thickness was observed to be

less than CST and UT sample. Chip thickness during CA sample was less than CST

sample about 17-32% and for UT sample 24-42%. Hence, the results confirmed that

CA sample can be easily plastically deformed as compared to UT and CST samples.

• Tool wear during machining of CA sample was less than CST sample by 12-15%

and than UT sample by 14-24%.

• Average area surface roughness was observed lesser in CA sample than CST and UT

sample about 16-36% and 35-42% respectively.

7.1.4 Comparison of maglev EDM and high speed milling for machin-

ability during machining of Ti-6Al-4V alloy

• According to the study, the results of the high-speed up-milling process was better

in terms of specific energy consumption, MRR, and surface finish as compared to

maglev EDM process. Burr formation and the challenge of creating a high cavity or

depth were the limitations of high speed milling process.
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• Low thermal conductivity of Ti-6Al-4V alloy had created hurdle during high speed

milling while it was beneficial during maglev EDM process. Studies revealed that

low thermal conductivity of Ti-6Al-4V alloy decreased heat transfer and enhanced

the heat of the workpiece material, which ultimately helped to increase the MRR

during it.

• Devlopment cost of maglev EDM was 93.3% less than high speed milling system,

which had influenced the cost effectiveness during machining of Ti-6Al-4V alloy.

• Tool cost to remove 1 gm of Ti-6Al-4V alloy was 53.7% less in case of maglev EDM

than high speed milling, which enhanced the production cost by milling process.

Therefore, maglev EDM is applicable where less cost production required.

• High speed milling is applicable for large scale production while maglev EDM is

applicable for small batch production.

• Therefore, it was concluded that machinability in terms of MRR, surface finish and

specific energy consumption is higher in case of high speed milling process while

machinability in terms of economical production was higher in case of maglev EDM

process.

7.2 Contribution

The key contribution from the presented thesis work are as follows:

• Development of maglev EDM which is cost effective better substitute to conventional

EDM systems.

• Development of high speed machine tool for the fabrication of 3D micro features

irrespective of material hardness or toughness.
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• Introduced cryogenic quenching during heat treatment process of Ti-6Al-4V alloy,

which was not applied in previous studies of heat treatment processes.

7.3 Future Work

The following work can be explored for the further research on this topic:

• Measurement of cutting force during high speed milling of cryogenic quenched sam-

ple can be conducted.

• Development of modified microstructure by NEPER software can be done. Then

modified microstructure can imported in ABAQUS for simulation of heat treatment

with cryogenic quenching by applying subroutine UMAT, USDFILD and HETVAL.

• Simulation of high-speed up-milling process of annealed cryogenic quenched sample

and untreated could be done.

• Modification of maglev EDM can be done to achieve more MRR with less surface

roughness.

• Development of hybrid machining process by combination of high speed milling and

maglev EDM can be done.

• Simulation of maglev EDM process could be done on ABAQUS by applying sub-

routine DFLUX and USDFIELD.
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[95] J. Stráskỳ, M. Janeček, P. Harcuba, M. Bukovina, L. Wagner, The effect of mi-

crostructure on fatigue performance of ti–6al–4v alloy after edm surface treatment

for application in orthopaedics, Journal of the mechanical behavior of biomedical

materials 4 (2011) 1955–1962.

[96] W. Theisen, A. Schuermann, Electro discharge machining of nickel–titanium shape

memory alloys, Materials Science and Engineering: A 378 (2004) 200–204.

[97] Y. C. Lin, B. H. Yan, Y. S. Chang, Machining characteristics of titanium alloy

(ti–6al–4v) using a combination process of edm with usm, Journal of Materials

Processing Technology 104 (2000) 171–177.



References 123

[98] T. M. Mower, Degradation of titanium 6al–4v fatigue strength due to electrical

discharge machining, International Journal of Fatigue 64 (2014) 84–96.

[99] G. Kucukturk, C. Cogun, A new method for machining of electrically nonconductive

workpieces using electric discharge machining technique, Machining Science and

Technology 14 (2010) 189–207.

[100] H. Beravala, P. M. Pandey, Experimental investigations to evaluate the effect of mag-

netic field on the performance of air and argon gas assisted edm processes, Journal

of Manufacturing Processes 34 (2018) 356–373.

[101] H. Tong, Y. Li, Y. Wang, Experimental research on vibration assisted edm of micro-

structures with non-circular cross-section, Journal of materials processing technol-

ogy 208 (2008) 289–298.

[102] S. Kim, B. H. Kim, H. S. Shin, C. N. Chu, et al., Hybrid micromachining using a

nanosecond pulsed laser and micro edm, Journal of micromechanics and microengi-

neering 20 (2009) 015037.

[103] A. Das, S. Ambastha, S. Halder, S. Samanta, et al., A novel methodology for spark

gap monitoring in micro-edm using optical fiber bragg grating, IEEE Transactions

on Instrumentation and Measurement 69 (2019) 4387–4394.

[104] M. Fujiki, G.-Y. Kim, J. Ni, A. J. Shih, Gap control for near-dry edm milling with

lead angle, International Journal of Machine Tools and Manufacture 51 (2011) 77–

83.

[105] E. Bamberg, S. Heamawatanachai, Orbital electrode actuation to improve efficiency

of drilling micro-holes by micro-edm, Journal of materials processing technology

209 (2009) 1826–1834.



124 References

[106] R. Kumar, I. Singh, Productivity improvement of micro edm process by improvised

tool, Precision Engineering 51 (2018) 529–535.

[107] X. Zhang, T. Shinshi, G. Kajiwara, A. Shimokohbe, Y. Imai, H. Miyake, T. Nak-

agawa, A 5-dof controlled maglev local actuator and its application to electrical

discharge machining, Precision Engineering 32 (2008) 289–300.

[108] D. He, H. Morita, X. Zhang, T. Shinshi, T. Nakagawa, T. Sato, H. Miyake, Devel-

opment of a novel 5-dof controlled maglev local actuator for high-speed electrical

discharge machining, Precision Engineering 34 (2010) 453–460.

[109] B. Pradhan, M. Masanta, B. Sarkar, B. Bhattacharyya, Investigation of electro-

discharge micro-machining of titanium super alloy, The International Journal of

Advanced Manufacturing Technology 41 (2009) 1094–1106.

[110] J. Kao, C. Tsao, S. Wang, C. Hsu, Optimization of the edm parameters on ma-

chining ti–6al–4v with multiple quality characteristics, The International Journal of

Advanced Manufacturing Technology 47 (2010) 395–402.

[111] D. K. Mishra, S. Datta, M. Masanta, et al., Effects of tool electrode on edm perfor-

mance of ti-6al-4v, Silicon 10 (2018) 2263–2277.

[112] M. Kumar, S. Datta, R. Kumar, Electro-discharge machining performance of ti–6al–

4v alloy: studies on parametric effect and phenomenon of electrode wear, Arabian

Journal for Science and Engineering 44 (2019) 1553–1568.

[113] M. Mahardika, T. Tsujimoto, K. Mitsui, A new approach on the determination of

ease of machining by edm processes, International Journal of Machine Tools and

Manufacture 48 (2008) 746–760.



References 125

[114] F. Wang, Y. Liu, Y. Zhang, Z. Tang, R. Ji, C. Zheng, Compound machining of tita-

nium alloy by super high speed edm milling and arc machining, Journal of Materials

Processing Technology 214 (2014) 531–538.

[115] S. Li, Y. Wu, K. Yamamura, M. Nomura, T. Fujii, Improving the grindability of

titanium alloy ti–6al–4v with the assistance of ultrasonic vibration and plasma elec-

trolytic oxidation, CIRP Annals 66 (2017) 345–348.

[116] R. Madarkar, S. Agarwal, P. Attar, S. Ghosh, P. Rao, Application of ultrasonic vibra-

tion assisted mql in grinding of ti–6al–4v, Materials and Manufacturing Processes

33 (2018) 1445–1452.

[117] A. Al-Ahmari, M. S. Rasheed, M. K. Mohammed, T. Saleh, A hybrid machining

process combining micro-edm and laser beam machining of nickel–titanium-based

shape memory alloy, Materials and Manufacturing Processes 31 (2016) 447–455.

[118] M. Jamil, A. M. Khan, H. Hegab, L. Gong, M. Mia, M. K. Gupta, N. He, Effects of

hybrid al2o3-cnt nanofluids and cryogenic cooling on machining of ti–6al–4v, The

International Journal of Advanced Manufacturing Technology 102 (2019) 3895–

3909.

[119] M. S. Sisodiya, S. Shukla, V. Bajpai, Feasibility analysis of novel maglev edm by

comparing with conventional micro edm, Scientific Reports 12 (2022) 1–13.

[120] E. Gadelmawla, M. M. Koura, T. M. Maksoud, I. M. Elewa, H. Soliman, Roughness

parameters, Journal of materials processing Technology 123 (2002) 133–145.

[121] S. Joshi, P. Pawar, A. Tewari, S. S. Joshi, Influence of β phase fraction on deforma-

tion of grains in and around shear bands in machining of titanium alloys, Materials

Science and Engineering: A 618 (2014) 71–85.



126 References

[122] D. Nursyifaulkhair, N. Park, E. R. Baek, S. Kim, Influence of cooling rate on volume

fraction of α massive phase in a ti-6al-4v alloy fabricated using directed energy

deposition, Materials Letters 257 (2019) 126671.

[123] Y. Chong, T. Bhattacharjee, J. Yi, S. Zhao, N. Tsuji, Achieving bi-lamellar mi-

crostructure with both high tensile strength and large ductility in ti–6al–4v alloy by

novel thermomechanical processing, Materialia 8 (2019) 100479.

[124] X. Gao, W. Zeng, S. Zhang, Q. Wang, A study of epitaxial growth behaviors of

equiaxed alpha phase at different cooling rates in near alpha titanium alloy, Acta

Materialia 122 (2017) 298–309.

[125] N. Kazantseva, P. Krakhmalev, M. Thuvander, I. Yadroitsev, N. Vinogradova,

I. Ezhov, Martensitic transformations in ti-6al-4v (eli) alloy manufactured by 3d

printing, Materials Characterization 146 (2018) 101–112.

[126] S. F. Jawed, C. D. Rabadia, M. A. Khan, S. J. Khan, Effect of alloying elements on

the compressive mechanical properties of biomedical titanium alloys: A systematic

review, ACS omega (2022).

[127] J. Yan, TRIP titanium alloy design, Ph.D. thesis, Northwestern University, 2014.

[128] Y. Lu, H. Tang, Y. Fang, D. Liu, H. Wang, Microstructure evolution of sub-critical

annealed laser deposited ti–6al–4v alloy, Materials & Design 37 (2012) 56–63.

[129] H. Zhong, M. Qian, W. Hou, X. Zhang, J. Gu, The β phase evolution in ti-6al-4v ad-

ditively manufactured by laser metal deposition due to cyclic phase transformations,

Materials Letters 216 (2018) 50–53.

[130] A. S. Gornakova, B. B. Straumal, S. I. Prokofiev, Coarsening of (αti)+(β ti) mi-

crostructure in the ti–al–v alloy at constant temperature, Advanced Engineering

Materials 20 (2018) 1800510.



References 127

[131] G. López, E. Mittemeijer, B. Straumal, Grain boundary wetting by a solid phase;

microstructural development in a zn–5 wt% al alloy, Acta materialia 52 (2004)

4537–4545.

[132] S. Zherebtsov, E. Kudryavtsev, G. Salishchev, B. Straumal, S. Semiatin, Microstruc-

ture evolution and mechanical behavior of ultrafine ti6al4v during low-temperature

superplastic deformation, Acta Materialia 121 (2016) 152–163.

[133] F. Hu, P. Hodgson, K. Wu, Acceleration of the super bainite transformation through

a coarse austenite grain size, Materials letters 122 (2014) 240–243.

[134] V. Sivalingam, J. Sun, B. Yang, K. Liu, R. Raju, Machining performance and tool

wear analysis on cryogenic treated insert during end milling of ti-6al-4v alloy, Jour-

nal of Manufacturing Processes 36 (2018) 188–196.

[135] K. A. Al-Ghamdi, A. Iqbal, A sustainability comparison between conventional and

high-speed machining, Journal of Cleaner Production 108 (2015) 192–206.

[136] A. Jain, V. Bajpai, Introduction to high-speed machining (hsm), in: High Speed

Machining, Elsevier, 2020, pp. 1–25.

[137] S. S. Gill, J. Singh, H. Singh, R. Singh, Metallurgical and mechanical characteris-

tics of cryogenically treated tungsten carbide (wc–co), The International Journal of

Advanced Manufacturing Technology 58 (2012) 119–131.

[138] B. Srinivasan, M. R. Rao, B. C. Rao, On the development of a dual-layered diamond-

coated tool for the effective machining of titanium ti-6al-4v alloy, Journal of Physics

D: Applied Physics 50 (2016) 015302.

[139] Z. Wang, M. Rahman, Y. Wong, Tool wear characteristics of binderless cbn tools

used in high-speed milling of titanium alloys, Wear 258 (2005) 752–758.



128 References

[140] S. Zhang, J. Li, J. Sun, F. Jiang, Tool wear and cutting forces variation in high-speed

end-milling ti-6al-4v alloy, The International Journal of Advanced Manufacturing

Technology 46 (2010) 69–78.

[141] S. Zhang, J.-f. Li, Tool wear criterion, tool life, and surface roughness during high-

speed end milling ti-6al-4v alloy, Journal of Zhejiang University-SCIENCE A 11

(2010) 587–595.

[142] A. Li, J. Zhao, H. Luo, Z. Pei, Z. Wang, Progressive tool failure in high-speed dry

milling of ti-6al-4v alloy with coated carbide tools, The International Journal of

Advanced Manufacturing Technology 58 (2012) 465–478.

[143] X. Liang, Z. Liu, Tool wear behaviors and corresponding machined surface topog-

raphy during high-speed machining of ti-6al-4v with fine grain tools, Tribology

International 121 (2018) 321–332.

[144] A. Dadgari, D. Huo, D. Swailes, Investigation on tool wear and tool life prediction

in micro-milling of ti-6al-4v, Nanotechnology and Precision Engineering 1 (2018)

218–225.

[145] Y. Wang, B. Zou, C. Huang, Tool wear mechanisms and micro-channels quality

in micro-machining of ti-6al-4v alloy using the ti (c7n3)-based cermet micro-mills,

Tribology International 134 (2019) 60–76.

[146] A. N. Amin, A. F. Ismail, M. N. Khairusshima, Effectiveness of uncoated wc–co

and pcd inserts in end milling of titanium alloy—ti–6al–4v, Journal of materials

processing technology 192 (2007) 147–158.

[147] I. Lee, V. Bajpai, S. Moon, J. Byun, Y. Lee, H. W. Park, Tool life improvement in

cryogenic cooled milling of the preheated ti–6al–4v, The International Journal of

Advanced Manufacturing Technology 79 (2015) 665–673.



References 129

[148] M. Jamil, N. He, X. Huang, W. Zhao, A. M. Khan, A. Iqbal, Thermophysical, tri-

bological, and machinability characteristics of newly developed sustainable hybrid

lubri-coolants for milling ti-6al-4v, Journal of Manufacturing Processes 73 (2022)

572–594.

[149] T. Özel, T. Thepsonthi, D. Ulutan, B. Kaftanoğlu, Experiments and finite ele-
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