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SUMMARY

Wire electro discharge machining (WEDM) is a specialized thermal machining process,
capable of accurately machining parts with varying hardness or complex shape. It is
now a widely accepted non-traditional material removal process which makes use of
electrical energy to transform into thermal energy. Micro WEDM (UWEDM) is
gaining popularity because of its low set-up cost, high accuracy, large design freedom
and ability to precision engineer in micro-dimensions. The process is capable of
producing small parts with good surface finish and allows parts to be manufactured
relatively easily, since it impart minimal stress to the work piece during the machining

process.

In this research a fully functional yfWEDM device was designed and developed
beginning from the early concept stage. The WEDM device was designed as an
interchangeable part of the already developed multi-process capable CNC machine to
enable wire cut EDM operation. Wire tension and speed control was also incorporated

in the device.

Pertinent parameters play a very vital role in WEDM and because of this the effect of
different parameters on the machining characteristics needs to be studied carefully.
The optimum selection of manufacturing conditions is very important in
manufacturing processes as these determine surface quality and dimensional precision
of the machined parts. Thus, it is necessary to know, in advance, properties relating to
surface quality and dimensional precision by means of experimental investigation by

taking into account machining characteristics such as gap width, surface roughness,



material removal rate, etc. Owing to the complexity concerning the sparking
phenomena and the complicated stochastic nature of the process, the detection of
optimal cutting parameters is still a great challenge. The selection of cutting
parameters for obtaining higher cutting efficiency or accuracy in WEDM s still not
fully solved, even with the most up-to-dated CNC WEDM machine, specially when it

comes to yWEDM.

In this work different major machining parameters were identified and elaborated
experiments were performed. Part of this research was focused on aspects related to
surface quality and dimensional precision, which are one of the most important

parameters from the point of view of selecting the optimum conditions of processes.

The identification of optimal parameter and the machining trends were one of the
prime objectives in the current work. After the detection and elaborate understanding
of the interaction among parameters, different kind of machining job was performed.
Primarily slots of different length were cut. Also different micro shapes and parts were
fabricated by WEDM. The gap width of the slots, surface profile and roughness,

machining time, material removal rate were observed.

The experimental results were interpreted from higher magnification microscopic
images and SEM observations. The gap widths were calculated, surface profile was
drawn and surface roughness was calculated. Through a series of rigorous experiments,
a set of optimum parameters have been achieved. Sample micro parts were also

manufactured using these parameters, and MRR and gap width was noted. The main

Xl



parameters affecting the characteristics were found to be voltage, current or energy,

spark on time and wire tension.

A summarized table for optimum parameter was also developed to facilitate the usage
of the WWEDM device to achieve desired machining characteristics. Optimal
parameter value range for voltage, resistance, spark on/off time, wire tension and
speed, EDM speed are compiled. Based on the experimental results and comparison
with previous research works it was found that the developed WWEDM device is
capable of obtaining reasonable machining characteristics. Few recommendations for

further improvements of the device are also put forward.
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Chapter 1 | Introduction

Chapter 1

INTRODUCTION

1.1 MOTIVATION

1.1.1 Machine Development

The development in the area of MEMS and other micro mechanical components, the
growing needs for micro-feature generation and applications of advanced, difficult-to-
machine materials have made the micro-wire EDM an important manufacturing
process to meet these demands. Fabrication trend is continuously driving towards
miniaturization. In present day the fields of MEMS, biomedical engineering and
microsurgery, communication technology all demand micro-parts with high precision
and accuracy. The drive for miniaturization will provide micro-systems that promise to
enhance health care, quality of life and economic growth in such applications as micro-
channels for lab-on-chips, shape memory alloy parts, fluidic graphite channels for fuel
cell applications, sub miniature actuators and sensors, and medical devices [Corbett et.
al, 2000; Madou, 1997; Weck et. al., 1997 and Lang, 1999]. Micro-EDM is considered
as one of the most promising methods in terms of size and precision. It has advantage
over other fabrication processes, such as LIGA (a photo-lithography method), laser,
ultrasonic, ion beam etc., because of its economical advantage. Micro-machining
techniques such as micro WEDM do not require very expensive setup such as required
in lithographic methods. The cutting force is comparatively low, which makes the

WEDM an important process to manufacture precise, intricate, and miniature features
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on mechanical components. Also the majority of other unconventional processes are

slow and limited in planar geometries.

The diverse application requires fabrication of such micro parts on exotic, newly
developed materials which are often difficult to machine with conventional machining
processes. Often these unconventional materials have very different characteristics,
which require special machining strategy such as laser beam machining, ultrasonic
machining, electro-discharge grinding (EDG) or electro-discharge machining (EDM)

etc.

Although these unconventional machining processes have been successfully applied in
many areas, the gap between conventional and unconventional machining processes
are getting more and more narrow. As the unconventional machining processes are
becoming more and more commonplace, they are no longer isolated from already
recognized prevalent processes such as turning, milling and drilling. Thus the
incorporation of both conventional and unconventional machining processes on a
single machine unit will really open up better potential. It allows to work on intricate,
challenging shapes and at the same time that requires both conventional and
unconventional machining at the same time. Multi-process micro machining is
becoming the trend of future fabrication technology. There is greater demand both
from the industry and research community to incorporate both conventional and non-

conventional micro-machining technologies in a single machine.

In order to address this issue an attempt was undertaken to develop a multi-process

capable machine at National University of Singapore (NUS). The objective set was
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such that the machine will be able to perform non-conventional machining such as
micro Wire Electro Discharge Machining (WEDM), Wire Electro Discharge Grinding
(WEDG), Electro Chemical Machining (ECM) and conventional machining operations

such as Turning, Milling and Drilling.

There are a number of commercial EDM and Wire EDM machines manufactured by
different companies, but in research arena independent efforts to develop micro EDM
and WEM machine are limited in number. In order to study the characteristics of micro
EDM phenomena, development of such machine is the most important first step. It is
thus, of considerable interest and importance to design and develop a Micro EDM

machine capable of multi-process operations and to study closely.

1.1.2 Parameter Study

In WEDM the machining characteristics are mostly influenced by the parameters
chosen. In WEDM the principal action that is responsible for material removal is
sparking. The EDM process is based on the thermo-electric energy created between a
workpiece and an electrode submerged in a dielectric fluid. The sparking process being
stochastic in nature is not definite and does not have a predictable nature. Even after
such a long time following the development of EDM technology, there is no concrete

explanation regarding the discharge process and how it affects the EDM operation.

Thus identifying the major parameters in the first place and then understanding the

behavior of individual parameters and also their interacting effect on the machining
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characteristics is important. Selection of proper cutting parameters is required to obtain

higher cutting efficiency and accuracy in WEDM.

The information to select proper WEDM process parameters for newly developed
materials or micro features is not readily available, specially when it comes to a newly
developed machine. Manufacturers of EDM machines usually provide a database of
suggested process parameters for commonly used work and electrode materials under
typical operating conditions. Such database cannot meet the growing new EDM
applications by new generations of machines and also for machining of miniature
features. Optimum utilization of the capability of the WEDM process requires the
selection of an appropriate set of machining parameters. The second part of this

research concentrates to seek the optimum parameters for YWWEDM.

1.2 SCOPE OF THE STUDY AND OBJECTIVES

The scope of this study can be briefly summarized as follow:

= In this study a primary objective is to design and develop a fully functional
UWWEDM device. The WEDM device will be designed as an interchangeable
part for the already developed multi-process capable CNC machine tool to
perform WEDM operation.

= The device will be calibrated and tested for its performance. The interactions of
different machining parameters are to be investigated and elaborate
experiments will be performed to understand their role on the machining
characteristics.

= Among the machining characteristics, sub-objectives will be to reduce the gap

width as low as possible, to achieve good surface roughness and also to check
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for faster machining rate. The machining effects were evaluated and compared
in terms of -
- Gap width
- Machining time, and
- Surface roughness
= The experimental results will be interpreted and the machining effects due to
the pertinent parameters are to be explained.
= Opportunity for improvement or further development of the device will also be

sought.

1.3 METHODOLOGY

There are two possible approaches for determining the relations between the prime
WEDM parameters and the major machining characteristics. The first approach
involves the development of an appropriate model of the process that correlates with
the major parameters. Thus the model can be used as an estimate for the electro-
discharge machining phenomena. But with WEDM being a stochastic process, such
models to completely account for the vaporization, ejection and resolidification are not
available. Various thermal models proposed for EDM [Pandit and Rajurkar, 1983;
Spur and Schonbeck, 1993; Snoyes and Dijck, 1997, Jennes and Snoeys, 1984] had
shown that the complexities due to the stochastic nature of the multiple discharges
render difficulties in analyzing the process theoretically [Liao, Y. S and Y. P. Yu,

2004].

Also modeling effort taken previously can not be directly applied to a newly developed

machine where the conditions are different. Because of differences in controller and
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behavior of discharge circuit of each machine has its own characteristics. Even if the
prime mechanisms are same, because of the power circuits and controllers two
machines can have unpredictable and very different results from the parameters. The
effect of the parameters on machining for this newly developed machine can not be
generalized accurately from earlier parameter studies done on other machines. This

gives rise to the need of the current work.

The second approach in determining the relations between the prime WEDM
parameters and the major machining characteristics is experimental. It is the direct
approach of measuring gap width (kerf), material removal rate and surface roughness
by varying the major parameters such as open gap voltage, pulse on time etc. The
method depends on actual data gathered from the experiments and analyzing the
results. This demand for the availability of expensive equipment and facilities, but
have more relevance since the experiments are conducted in real environment on the
exact machine under investigation. The experimental data later can be compiled in a
database to help the machinist for future parameter settings. For the current research

the second approach has been chosen.

1.4 ORGANIZATION OF THE DISSERTATION

There are ten chapters in this dissertation. In this chapter the background about the
motivation for WEDM machine development is discussed. Also the need and method
of parameter study is highlighted briefly. The scope and research objectives are also

summarized.
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Chapter 2 is divided into six sub-sections giving a comprehensive review of the
literature. The overview of the WEDM process is discussed in details. Also previous
work on WEDM machine development is presented. Parameter study and machining

characteristics are also reported.

Chapter 3 describes the design and development of the WEDM device. The factors
considered in the design of the device are discussed. Also the modification made

along the way and algorithm for the controller are also incorporated.

Chapter 4 presents the experimental details such as experimental setup, workpiece,

machining parameters and apparatus used for measurement.

Chapter 5 details the experimental analysis. The effects of major parameters such as
voltage, current, spark on time, wire tension, wire speed, EDM speed are presented in
graphical format in terms of machining time, gap width, material removal rate and
surface roughness. The trend of the parameters and their underlying behaviors are also
analyzed to understand the interaction of them and effects on machining

characteristics.

Chapter 6 contains the critical study of the WEDMed surfaces to understand the post-
process surface integrity that includes the nature of the debris, heat affected zone and

other surface features.

Chapter 7 presents WEDMed micro-parts and shapes that were cut to demonstrate the

ability of the WEDM machine and the application of the investigated optimal
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parameters. The manufactured WEDM shapes / parts include micro-channels, square

shaped micro gear, clock dial, curved path and complex shaped logo.

In Chapter 8, the study of wave forms from oscilloscope signal is presented. Also a
comparison has been made between RC circuit and transistor pulse circuit. The macro
scenario obtained from the oscilloscope signal gives an overall picture of the

conditions of the process in real time.

Chapter 9 puts forward the results of the optimum parameter study. The results are
compiled and the best range of values for obtaining faster material removal rate,
minimum gap width and minimum surface roughness are derived. Also in this chapter
the problems encountered during the research work are mentioned for successive

study.

Chapter 10 concludes the thesis with a summary of contributions and

recommendations for further development.



Chapter 2 | Literature Review

Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

Wire electrical discharge machining (WEDM) is one of the variants of EDM
technology that can be very well adapted for the micro-fabrication applications. The
advance of semiconductor, telecommunication and biotech industries in recent years
has called for the fabrication of miniature products with new and improved functions.
From application point of view, micro parts, such as the dies for making an IC lead
frame, find use in semiconductor industry and medical devices and microelectronic
medical implants in the biotech industry, which are all examples of the increasing

demand for products with larger aspect ratio and higher spatial resolution.

This chapter introduces an overview of the WEDM process and then focuses on the

WEDM machine development and finally the parameter study aspect.

2.2 HISTORICAL BACKGROUND OF EDM AND WEDM

The very phenomenon of removal of metal by electrical spark was first noticed around
the year 1700 by Benjamin Franklin. But the application of the principle took almost
two hundred and fifty years. In 1948 the Lazarenkos, a Russian husband and wife first
applied it to a machine for stock removal. They adapted the first servo-system to an
EDM machine, which offered some apparent degree of control that is required.
Initially EDM was used primarily to remove broken taps and drills from expensive

parts. These were quite crude in construction with hand-fed electrodes.
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WEDM was first introduced to the manufacturing industry in the late 1960s [Ho et. al.,
2004]. The WEDM technology over conventional EDM technology was the result of
an effort to replace the machined electrode which was often difficult to produce. The
major evolution of the machining process followed only when in the late 1970s

computer numerical control (CNC) system was incorporated into WEDM.

2.3 OVERVIEW OF THE WEDM PROCESS

2.3.1 Principles of WEDM

WEDM is a widely accepted non-tradition material removal process. The material
removal mechanism of WEDM is the same as that of electrical discharge machining. It
has been widely accepted that the metal removal mechanism in EDM is predominantly

a thermal effect in nature [Ho et. al., 2004].

The basic principle behind EDM process is a series of electric sparks between the
workpiece and wire electrode. The electrical discharging process generates a
tremendous amount of heat causing melting or even evaporation in the local surface
layers on both wire-electrode and workpiece sides. The heat also causes vaporization
of the dielectric fluid and induces high-pressure waves, which wash out the molten
and/or vaporized metal into pieces from the workpiece. Continuously injected
dielectric fluid then carries the droplets of metal away. WEDM is considered as a
unique adaptation of the conventional EDM process. However, WEDM utilizes a
continuously traveling wire electrode made of thin copper, brass or tungsten material,
which is capable of achieving very small corner radii. It is desirable that the wire

electrode and workpiece both be electrically conductive.

10
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2.3.2 Characteristics of the Process

WEDM is a specialized thermal machining process.

In terms of working principle, method of material removal etc. WEDM is very
similar to die sinking or conventional electro-discharge machining.

It makes use of electrical energy that generates a channel of plasma between the
cathode and anode and turns it into thermal energy.

The temperature involved is in the range of 8,000 to 12,000 °C or even as high as
20,000 °C initializing a substantial amount of heating and melting of material on
the surface of each pole.

Utilizes a traveling wire that advance very close to the desired machining surface.
Removes material by rapid, controlled, repetitive spark discharges.

Uses dielectric fluid, generally deionized water for WEDM to flush removed
particles, control discharge, and cool wire and workpiece

Performed on electrically conductive workpieces, but semiconductive or less
conductive material can also be used as workpiece with special arrangement

Can produce complex multi-dimensional shapes.

Relatively fast process.

2.3.3 Understanding the sparking phenomena in EDM and WEDM

In his paper Shumacher [2004] rightly chose his paper’s title, which summarizes the

current understading of sparking phenomena in Electro discharge machining. The title

of his paper was ‘After 60 years of EDM the discharge process remains still disputed.’

In 1943 Lazarenko proposed the basic mechanism of EDM and since then the very

nature of spark is yet not properly understood among scientific community. There are

differences in opinion regarding the spark ignition theories as well as in respect to

11
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metal removal procedure, such as thermal effects, thermal shocks, mechanical stress

etc.

To understand the sparking phenomena, its worth following the development sequence

of the sparks in electrical discharge.

1.

When the gap voltage is applied, an electric field or energy column is created. This
field gains highest strength once the electrode and surface are closest, in this case
the wire electrode and workpiece.

Generally the insulating liquid or dielectric fluid provides insulation against
premature discharging.

The electrical field eventually breaks down the insulating properties of the
dielectric fluid.

Once the resistivity of the fluid is lowest, a single spark is able to flow through the
ionized flux tube and strike the workpiece.

The voltage drops as the current is produced and the spark vaporizes anything in
contract, including the dielectric fluid, encasing the spark in a sheath of gasses
composed of hydrogen, carbon and various oxides. The area struck by the spark
will be vaporized and melted, resulted in a single crater.

Due to the heat of spark and because of produced contaminates from workpiece,
the alignment of the ionized particles in the dielectric fluid is disrupted and thus the
resistivity increase rapidly.

Voltage rises as resistivity increases and the current drop as dielectric can no
longer sustain a stable spark. At this point the current must be switched off, which

is done by Tog

12
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8. During the current off time, as heat source is eliminated the sheath of vapor that
was around the spark implodes. Its collapse creates a void or vaccum and draws in
fresh dielectric fluid to flush away debris and cool the area. Also the reionization
happens which provides favorable condition for the next spark.

9. Together with on and off time a single cycle of electrical discharge machining
occurs.

10. The whole process repeats itself successively for continuous electric discharge

machining.

2.3.4 Distinction between Spark and Arcing

The physicists are having difficulty to clearly define differences between sparks and
arcs. Generally sparks refer to so called desired condition which produce manageable,
precise and good quality surface. On the other hand, ‘Arcing’ characterizes
deteriorated machining, which results in discharge concentration, melting and
overheating at surface spots. It is the arcing condition, which is also sometime referred

to short circuit.

2.3.5 External forces and vibration
In WEDM device arrangement, wire electrode is supported by two guides and is
moving down the guide at a uniform velocity. During the electro discharge process,

there are several forces that are effective.

External forces involved in the process are:

1. An axial tension on the wire

13
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2. An electro-static force produced by the electric field between the workpiece
and the wire electrode
3. An electro-dynamic and explosion force caused by spark discharge and
4. The damping force caused by the dielectric medium
Guo et. al. observed that the electro-static force is uniform along the wire and has a

lesser effect on wire fluctuation [Z. N. Guo et. al. 2003].

2.3.6 Setup and Equipment

WEDM is a variation of the conventional die sinking EDM. Initially, this type of
equipment was used as a slicing machine for thin-walled structure. With the help of
computer numerical control, complex shapes can be cut without using special
electrodes. The narrow kerf and dimensional accuracy of the process make it possible

to provide close-fitting parts.

A typical wire EDM setup consists of:
= Controller circuit
* The main Wire EDM attachment
=  Workpiece holder and base

= Mechanism for the flow of dielectric fluid.

2.3.7 Typical Tools and Geometry Produced

Generally in WEDM a traveling copper, brass, tungsten or molybdenum wire from 30
micron to 100 micron in diameter is used for the electrode. Tension in the wire and
controlled positioning produce a very narrow kerf. This arrangement permits the

cutting of intricate openings and tight radius contours, both internally and externally,

14
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without a shaped tool. Because the wire is inexpensive and for the sake of geometric

accuracy, it is generally used once.

2.3.8 Tool Style

Electrode wire is available in many materials such copper, steel, brass, tungsten,
molybdenum etc. Also now a days in-order to combine different properties of
materials, coated wires as well as alloys are also used. The wire comes in several

diameters to suit a variety of needs.

Mechanical and chemical properties that are well sought of in choosing wire materials
are:

= Tensile strength

» Fracture resistance

= Conductivity

* Vaporization point

=  Hardness.

Brass, copper and tungsten are the most common electrode wires for cutting holes and
slots in nearly all metals. Copper-tungsten alloys, steel and molybdenum alloys are

also used for cutting a variety of materials, especially non-ferrous metals.

Table 2.1: Wire Electrode as tool in WEDM

Application based on electrode wire diameter

Wire Diameter (zm) Application

25-50 Intricate openings

70 - 100 Tight radius, slots and holes
100 — 300 Internal and external features

Application based on electrode material

15
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Wire Material Application

Brass All metals, holes

Copper All metals, holes

Tungsten All metals (specially refractory metals), small
slots or holes

Copper-Tungsten All metals, carbide slots, thin slots

Steel Nonferrous, holes

Molybdenum Refractory, holes

2.3.9 Advantage of WEDM over die sinking EDM
WEDM has a number of advantages over die sinking such as:
= More flexibility in terms of the shapes and surface to be generated
= Faster machining is possible
= Concern for electrode wear is eliminated
* No need to fabricate complex shape electrodes prior to actual machining.
= The shape to be generated can be controlled precisely using computer

numerical control.

2.3.10 Application of WEDM for micro-fabrication

Already there has been some research work demonstrating the feasibility of micro-
fabrication using WEDM technology. Luo et. al. [1992] have investigated the
machining performance of WEDM in the wafering of silicon. They suggested that
EDM cutting can be profitably applied as an alternative for some wafering tasks which
are performed by other methods such as inner diameter slicing or sawing. The
conventional inner diameter slicing equipment has its limitations because of its

mechanically abrasive nature.

The ability to machine low electrical conductive material can have very promising

implications on micro-fabrication. Previous research have shown that EDM can be
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successfully applied to machine ceramics, including single phases and composites of
ceramic-ceramic and ceramic-metal, if the electrical resistivity is below 100 Qcm

[Faulk, 1993; Konig and Panten, 1993].

Apart from machining on conductive materials, EDM of non-conductive materials
workpiece is also possible with an assisting electrode [Fukuzawa, 1995 and Mobhri,
1996]. The use for semiconductor wafer was something very foreign to it until it was
first reported by Masaki et. al [1990]. They reported that machining speed of silicon is
almost double of that of stainless steel. Importantly it was found that the wear of the

wire is very low for silicon.

Staufert et. al. [1993] fabricated a silicon spring/frame combination out of a silicon
wafer. Silicon wafer used was n-type (001) oriented, thickness of the element was 0.3
to 0.5 mm. Experimental investigation on the performance of the spring showed very
promising result. They exposed the spring to over three-millions working cycles and
found no detectable fatigue. Also the spring showed very good linearity. To restore the
crystalline structure of the silicon wafer, a thermal annealing step and an isotropic

etching process was done. The electrode used was copper wire.

Luo et . al. [1992] succeeded in slicing silicon wafers of 94 to 210 micron thickness
using an n-type silicon ingot. The resistivity was 7 to 15 ohm and the cutting speed
obtained was 170 mm”*/min. To reduce high contact resistance the ingot was nickel-
plated. The surface roughness, cutting efficiency and micro-structures under different
energy intensities are observed. But the effects of this procedure are not overall well

demonstrated. Peng and Liao [2003] studied WEDM strategy for slicing silicon ingots.
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They measured machining rate and surface roughness under various currents on time
and servo voltages in both water immersed and water flushing WEDM machines.

Stable machining rate of about 76mm?/min and R, value of 3.6 micron is reported.

Liao et. al. [2005] fabricated high aspect ratio microstructure arrays. They
implemented some unique techniques for controlling the vibration, removing debris,
application of proper tension etc. A microstructure with a volume of 1 mm’ and an
aspect ratio of 33 was successfully fabricated. Dimensional and geometric accuracy
was no greater than 0.6 um and 1 um respectively and a surface roughness of Ry =
0.44 pm was achieved. In another paper Liao et. al. [2005b] have demonstrated
successful micro-fabrication of micro outer and internal gear, micro rack, miniature
pagoda with intricate curves etc. Weng et. al. [2003] have employed WEDM to
fabricate micro-electrodes up to 20 um. In this case copper rod was the work-piece and

wire electrode was brass.

Uhlmann et. al. [20] have conducted research on micro-machining of cylindrical parts
by EDG. Techniques like electric discharge turning (EDT), electrical discharge
grinding (EDQG) and wire electrical grinding (WEDG) were used and compared with
respect to the influence by the machining effects developing at high peripheral speeds.
EDM is considered to fabricate micro-electrodes and micro-parts as well [Weng et. al,
2003]. The state of the art of different aspects in WEDM is well established in
scientific articles and journal publications. The contribution of the present paper is to

focus the challenges of WEDM in micro-fabrication.
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2.4 MACHINE DEVELOPMENT

Literature review reveals that machine development on uWEDM has not received
much attention in recent years, all though there are a lot of commercial EDM and Wire
EDM machines manufactured by different companies. Several EDM machine tools
builders such as Agie Charmilles Ltd of Switzerland, Fanuc Ltd. and Sodick Inc. of

Japan have developed commercial WEDM machine.

(a) (b)

Figure 2.1: Example of two commercial WEDM machine used in the industry
(a) ROBOFIL 6050TW, a wire cut EDM machine by Charmilles, www.charmilles.com
(b) FANUC ROBOCUT a-0iC,

Mu-Tian et. al. [2004] have developed a prototype WtWEDM machine using open
architecture CNC system and wire transport system. Tungsten wire of diameter 50
micron and 70 micron brass wire is used. In order to control the tension of the wire, the
transport system comprises of wire reel, electromagnetic brake, idle roller and DC
motor. It is acknowledged in the paper that due to various machining conditions and
the dynamic nature of the torque — it is difficult for a classical control strategy and
modern control technology based on a well-defined mathematical model to control the
wire transport system of WEDM. Thus, they have used fuzzy control strategy for

control purpose under the variations of the system parameters.
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The wire transport system utilized for tension control purpose in their paper is quite
complex compared to what has been implemented in the current work. A much easy to
use approach has been used in the WEDM device which has the added advantage of

less complex nature and easy to manipulate.

The power supply system used in their machine is composed of a low energy discharge
circuit and an iso-frequency pulse generator. Pulse states have been classified as open
circuit, normal discharge and abnormal discharge by means of the level of gap voltage
and discharge current. But the power supply has the drawback of excessive energy
storage into the inductive part. If this excessive energy remains in the discharging
circuit and not drained out, there is a possibility of instability to the discharging and
also could cause damage to the internal circuit of the power supply system. In their
experimental analysis, they found out that the capacitance of energy is the most

important factor that affects the peak current.

Yunn-Shiuan et. al. [2005] and also Y. S. Liao et. al. [2005] have developed precision
versatile CNC wire-EDM machine. The main features of the machines developed are
their ability to cut vertically, horizontally or even diagonally. Similar to the present

research, the modularized design of the system the machine can perform pEDM,

micro-high speed milling, tEDM milling etc.

They have used 20 micro-meter brass wires. For tension control purpose they have

used magnetic force method. For their system, the wire receiving spool is the driving

wheel, and the wire-giving pool is the passive wheel. The wire is led between two
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disks with small opening in between through which the wire is led. By applying
magnetic force the opening is controlled which leads to the control of the wire tension.
But one criticism of the system is that below certain values of the tension the thin
diameter wire start to show necking phenomena. Also they used a rubber holder in
contact with the wire which functions as a vibration absorber. There is also another
problem that arises from the magnetic force controlled tension mechanism. The
magnetic effect generates hystersis effect which causes unsteady movement in the
micro wire. For pulse generation, the resistance-capacitance (RC) circuit is employed

as the discharge mechanism.

2.5 PARAMETER STUDY

In Wire EDM there are a number of parameters that influence the machining
characteristics. Identifying the major parameters is the first step before proceeding to
finding the optimum parameter. Because of the nature of the process, the major
parameters for EDM and WEDM are similar. From literature concerning EDM and
WEDM the parameters which are identified as the major ones are:

1) On time (pulse on time, t,p)

2) Off time (pause off time, tof)

3) Duty Cycle

4) Voltage

5) Current

6) Wire Tension
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From the current WEDM device additional parameters are also under investigation.
Such parameters are wire speed, resistance, EDM speed (servo speed), open value and

short parameter. Brief descriptions of the major parameters in WEDM are given here:

On-Time: It is one of the most important parameter in EDM or WEDM. This is the
duration of time (us) the current is allowed to flow per cycle. Material removal rate is
directly proportional to the amount of energy applied during this on time. This energy
is really controlled by the peak current and the length of the on-time. The main EDM
operation is effectively done during this on-time. The spark gap is bridged, current is
generated and work is being done. With longer period of spark duration, the resulting
craters will be broader and deeper; therefore, the surface finish will be rougher. Shorter

spark duration helps to obtain fine surface finish.

Off-Time: This is the duration of time between the two successive sparks when the
discharge is turned off. Off time is the duration of rest pauses required for reionization
of the dielectric. This time also allows the molten material to solidify and to be washed
out of the arc gap. If the off-time is too short, it will cause sparks to be unstable, more
short circuiting will occur. When pulse off time is shorter, the number of discharges
within a given period becomes more. This results in higher machining speed, but

surface accuracy becomes poor because of a larger number of discharges.

Although larger off-time will slow down the process, it can provide stability required
to successfully EDM a given application. When the off time is insufficient as

compared to on time, it will cause erratic cycling and retraction of the advancing servo
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motors, slowing down the operation. Minimal off-time is a key to maintain optimum

machining speed.

Voltage

Toff

v

Time

Figure 2.2: Definition of spark cycle, T and spark on time, T,, in the EDM sparks
cycle: A typical waveform a voltage between the workpiece and wire electrode during

EDM. The spark on-time or pulse on-time, Ty, is the duration when actual sparking

occurs. Pulse off-time, T is when sparking is off. Total cycle, T consist of T, and

Tosr. As seen from the figure that the voltage drop suddenly when the spark occurs.
Duty Cycle: Duty cycle is the relationship of the on-time to the off-time. It is a
measure of efficiency and is calculated by dividing the on time by the total cycle time.
But often this parameter can give misleading indication. For example different values
of on time and off time combination may give the same duty cycle, yet the machining
characteristics can be quite different. A T,, value of 5 and Tog value of 10 will give the
same duty cycle of 0.333 such as T,, of 10 and Tog of 20. But second set of T,, and

Tosr Will certainly cause more erosion since the pulse on time is double than the first

set. As a result of this, duty cycle has not been used as a parameter in the current study.

Voltage: It is the voltage applied between the anode and cathode. The applied voltage
determines the total energy of the spark. If the voltage is high, the erosion rates
increase and thus higher machining rate is achieved. But at the same time, higher

voltage will also contribute to poor surface roughness. In order to achieve higher
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machining rate, higher voltage may again be the prime reason for wire breakage. For

micro wire EDM thus a very moderate value of voltage need to be employed.

Current: This is another very important parameter that determines almost all the
major machining characteristics such as machining rate, surface roughness, gap width
etc. During machining the current level fluctuates. The term ‘peak current’ is often
used to indicate the highest current during the machining. The higher the peak current
setting, the larger is the discharge energy. From experimental evidences of the
previous research it seems that sensitivity of the peak current setting on the cutting
performance is stronger than that of the pulse on time. When the peak current setting is

too high, wire breakage may occur frequently.

Wire Tension: Wire tension is an influential parameter, specially for micro Wire
EDM. The amount of wire tension affects the dynamic stability condition of the whole
process. The deflection of the wire happens due to different kind of forces working on
it, such as electromagnetism, flushing and pressure of the spark [Hewidy, M. S. et. al.,
2005]. If tension is less, there is a greater chance of wire bending and also inaccuracy
in machining. Because of continuous motion of the wire, if proper tension is not
maintained, there could be high vibration at the machining area. This can cause to
undesirable gap width, excessive short circuit and even wire breakage. Too high wire

tension again can cause the wire to break often.

Wire Speed: It is the velocity of the wire at which it moves across the workpiece
during machining. The effect of wire speed has been investigated in this research since

it is not given due consideration in the previous research works.
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EDM Speed: EDM speed is basically the speed at which the wire is fed during the
continuous machining condition. The speed is controlled by the servo motor. The
effect of EDM speed is also not studied in details in the previous research work,

although it can have significant influence on the machining conditions.

Resistance: In the currently developed machine, there is providence to vary the
resistance value. The change of resistance in effect changes the amount of current
applied for WEDM. The applied energy is thus a function of the resistance. In the

machine 4 different level of resistance are used, 6.8, 15, 33 and 100 ohm.

Short: The parameter ‘Short’ in the CNC program is a parameter to determine how
many continuous sparks will be considered as short circuit. It is primarily a control
parameter. The literature investigations show that the published work available do not
provide any specific information on the control parameter, short detection and its effect

on machining characteristics.

From the basic understanding of the spark phenomena in electro-discharge machining
it is conceptuable that short detection parameter has it’s implications for the machining
result. This is explained below:

» When short parameter is set to high value, there will be more continuous sparks
before the discharge circuit is turned off. Thus a large value is helpful to
machine faster.

» Because of less successive sparks, a smaller value is helpful for better
machining surface, So crater generated will be less intensive, which translates

to better surface.
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= But too large will mean faster machining but bad machining surface.

= Too smaller means better surface but too long machining time.

Open: It is another control parameter that determines how long the machining be
withdrawn once a short circuit or any other unfavorable machining condition occurs.
The open parameter consists of the amount of time a complete cycle takes that is the
sum of pulse on time and off time. If the value of open is 3 that imply that the time of
withdrawal would be 3 times 1 complete cycle (pulse on time + pulse off time). It is a
passive parameter like pulse off time, never the less whether the parameter have any

significant impact is under investigation.

2.6 MACHINING CHARACTERISTICS

Along with the parameters, major performance measures or machining characteristics

that are generally studied in the literature are:

1. Kerf or Gap width
2. Material removal rate or cutting speed

3. Surface roughness

In WEDM the problem of wire breakage is a major one. Hence focus has been given
on this issue as well. The phenomena relating to WEDM parameters are complex and
mostly stochastic in nature. Thus it puts forward challenges in the understanding of the
effects and interaction of the parameters. From the design, development and control up
to the actual machining, there are numerous challenges in micro WEDM. In order to

get desired micro-machining result all the matters need to be addressed properly. When
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it comes to actual micro-fabrication, there are certain challenges to be faced by any
researcher at the lab or machinist at the job floor. Thus the major concerns and area for

improvement in WEDM micro-fabrication can be categorized as follow:

1. Minimization of gap width
2. Ensuring better surface roughness

3. Improving material removal rate with reasonable surface characteristics

Research has been conducted to prove that point that better surface integrity can be
achieved by optimizing the EDM process parameters [Rajurkar and Royo 1989; Laio
and Woo, 1997; Ramulu et. al., 1997; Gatto and Iuliano, 1997]. To improve the EDM
surface integrity, the size of craters need to be small [Qu and Albert, 2002]. This

principally applies to die sinking EDM. But it is equally true for WEDM.

2.6.1 Kerf or Gap width
The kerf or gap width in WEDM consists of the diameter of the micro wire and two

lateral discharge gaps. It is illustrated in the figure 2.3.

In WEDM gap width is defined as the additional gap created on each side of the wire
after machining. It is measured by subtracting the wire diameter from the total gap
width cut and then dividing the result by two. The gap width is a very important
parameter when it comes to accurate machining. The machining path accuracy, the
level of sophistication achievable in miniaturization depends on the minimum gap
width possible. Thus for y(WEDM it is a major challenge to reduce the gap width as
much as possible. Studies on parameters are needed in detail for understanding the co-

relation with gap width and how it can be further improved. Y. S. Liao et. al [1993] in
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their paper found that the gap width and surface roughness are mainly influence by
pulse on time. But it was found out that only current on time, but also the applied
energy influence the gap width. Also from the finding of other research work involved
focused on the following parameters: Open circuit voltage, Peak current, Pulse

duration or pulse on time and Wire tension.

|

T 10 _Tr_fzifzfer' ........ T

width of the 70 micron
cut

l 10 micron Wire electrode l

!

Figure 2.3: Illustration of Gap width

90 micron

The dimensional accuracy of the kerf or gap width is very important in cutting micro
parts. For WEDM, it is of practical need that the EDMed groove width should be
predictable and under control. Depending on different machining condition, the groove
width may vary. The internal corner radius to be produced in WEDM operations is also
limited by the kerf. In order to have dimensional accuracy there is a need to know to
control this EDM gap width. The input parameters of WEDM, like pulse on/off time,

current intensity, open voltage, wire velocity affect the groove width.
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Figure 2.4: Principal of WEDM Gap control

The literature survey indicates that there are published works on the effect of
machining parameters on MRR, surface roughness, cutting speed, wire rupture etc. But
to the best of the knowledge of the author, there is very little research work on

studying the effect of machining parameters on kerf or gap width in WEDM.

Nihat Tosun et. al [2004] have studied on kerf and material removal rate based on
Taguchi Method. The experimental studies were conducted under varying pulse
duration, open circuit voltage, wire speed and dielectric flushing pressure. They used
commercial machine tool namely Sodick A320/EX21 EDM machine tool. CuZn37
Master brass wire with 250 micron wire diameter was used in the experiment. Thus the
work can not be termed as p(WEDM. The study was conduced on AISI 4140 steel.
Parameter levels were 100 and 270 volt, pulse durations 0.3, 0.6 and 0.9 micron

second, wire speeds 5, 8 and 12.5 m/min and flushing pressures was 6, 12 and 18
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kg/cm®. From their experimental results and statistical analysis they found that the
most effective parameters with respect to kerf are open circuit voltage and T,, (pulse
duration), whereas the effect of wire speed and dielectric flushing pressure on the kerf

was insignificant. In terms of % values the effect on kerf are as follows:

Table 2.2: Significance of Major Parameters

Parameter % effect
Open circuit voltage 63.44%
Pulse on time 28.7%
Dielectric flushing 1.87%
pressure

Wire speed 0.83%

The problem of their analysis is that the choice of voltage level. They selected two
levels of voltage, namely 100 and 270 which are quite far apart in terms of amplitude.
Thus it is obvious that the significance of difference will be quite high in the observed
machining characteristics. Instead of selecting such wide apart voltage values, it would
be better if they could select a voltage value of 100 and 150 or 200 maximum to realize
the effect in a more gradual fashion. Thus their analysis of open circuit voltage having
an effect of more than 60% is partially biased from the design of experimental point of

View.

In their paper Hwa Yan et. al. [2005] have machined Al,O; p/6061 Al composite
where pulse-on time, cutting speed, the width of slit and surface roughness were
studied. Also location of wire breakage and the reason of it were explored. They found
that the material removal rate, the surface roughness and width of the slit of cutting
significantly depend on volume fraction of reinforcement. In the experimental
investigation of gap width (width of slit) against pulse on time, it was found that the

increasing pulse on time contribute to higher width of slit. But the result is very much
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influenced by the amount of reinforced particle in the work material since they very
much influence the thermal conductivity and electrical conductivity of composite

material.

2.6.2 Material removal rate

Material removal rate in WEDM is defined as the amount of material that is removed
per unit time. Material removal rate is an indication of how fast the machining rate is.
Since machining rate is very much related to the economic aspect, often it is a high
preference objective to achieve. Thus a parameter that leads to higher material removal
rate is important for the production. At the same time higher machining productivity

must also be achieved with a desired accuracy and surface finish.

In their paper M. S. Hewidy et. al. [2005] have modeled the machining parameters of
WEDM. They have used ELEKTTA MAXICUT434 CNC WEDM machine utilizing
brass CuZn377 wire of diameter 250 micron and Inconel 601 workpiece. The effect of
peak current, duty factor and wire tension are studied on volumetric material removal
rate (VMRR). From experimental results the authors have found that that increase in
peak current leads to the increase of the volumetric metal removal rate. This increase
(in a range of 3 amp to 7 amp) is however diminishes after certain value (7 A). This
results have been attributed to the fact that increase in peak current leads to the
increase in the rate of the heat energy and hence in the rate of melting and evaporation.
However after certain value, because of arcing, it decreases discharge number and
machining efficiency, and subsequently VMRR. Also when flushing pressure

increases, the tendency of arcing decrease, and increases the material removal rate.
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VMRR generally increases with the increase of the duty factor (from 0.35 to 0.75) up
to certain value (0.5) and then decreases with a further increase in duty factor. In this
paper duty factor is defined as the ratio of pulse on time to total pulse on and off time.
At higher value of duty factor, same heating temperature is applied for longer time.
This causes an increase in the evaporation rate and gap bubbles number which while
exploding causes removal of bigger volume of molten metal. Increase of MRR is
continued with the increase of ejecting force until reaching a situation in which the
ejecting force will have no more increase in VMRR since the molten metal decreases.
From experimental graphs it is also clear that wear tension has almost no effect on
wear ratio. In the complete range of wire tension from 7 to 9 Newton, the VMRR

remain almost constant.

2.6.3 Surface Roughness

During each electrical discharge, intense heat is generated that causes local melting or
even evaporation of the workpiece material. With each discharge a crater is formed on
the workpiece. Some of the molten material is produced by the discharge is carried
away by the dielectric circulation and the remaining melt re-solidifies to form an

undulating terrain.

Ahmet Hascalyk and Ulas Caydas [2004] have studied surface roughness against open
circuit voltage and dielectric fluid pressure. It was found that surface roughness
increased when the pulse on time and open circuit voltage was increased. Because of
greater discharge energy, the surface roughness is affected by on-time and open
voltage. Again depending on the nature of the work material, the surface roughness

varies. Because of higher thermal conductivity in annealed workpiece roughness value
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is higher than quenched/tempered samples. In this case, rapid dissipation of the heat

through the sample happens instead of concentration on the surface.

When compared against different dielectric fluid pressure, surface roughness shows
slightly decreasing trend with increasing pressure. This result is explained by the
cooling effect and also increasing pressure helps the debris to be cleared out easily.
The cutting performance with increasing dielectric fluid pressure improves because the

particles in the machining gap are evacuated more efficiently.

B. Hwa Yan et. al. [2005] have examined the effect of pulse-on time on surface
roughness. It is found that the surface roughness increases with increasing pulse-on
time. As increasing pulse-on time generates high discharge energy, it widens and
deepens discharge craters of workpiece surface. Also more reinforced particle in the

workpiece contributes to poor surface integrity.

Y. S. Liao et. al. [2004] have found that the dominating factor affecting surface
roughness is pulse on time, since the surface roughness depends on the size of spark
crater. Most of the WEDM machine discharges current proportional to the current on
time. The higher pulse on time imparts higher discharge energy that causes violent
sparks and results in a deeper erosion crater on the surface. Accompanying the cooling
process after the spilling of molten metal, residues remain at the periphery of the crater

to form a rough surface.

M. S. Hewidy et. al. [2005] have studied surface roughness at different duty factors,

wire tension and flushing water pressure. From experimental results it is demonstrated
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that the surface roughness slightly increases with the increase of peak current value up
to a certain value and then vigorously increase with any increase of peak current. The
authors have explained the phenomena by the fact that increase in peak current causes
an increase in discharge heat energy at the point where the discharge take place. The
overheated pool of molten metals evaporates forming gap bubbles that explode when
the discharge ceases. This takes away molten metals away and forms crater on the
surface. Successive discharges thus resulted in worse surface roughness. From SEM
micrograph of WEDM surface at different peak current it is again demonstrated that
the depth of the crater depend on the discharge heat energy which again on the peak

current value.

The effect of duty factor on surface roughness demonstrated that with the increase with
duty factor roughness slightly decreases. This is because increases of duty factor imply
decrease in off time, which allow gas bubbles to decrease in number and to be smaller
as a result of applying the heat energy for a shorter time. When the discharge ceases,
these small gas bubbles will collapse containing lower pressure energy. The result is
decrease in surface roughness. Wire tension effect on surface roughness demonstrated
that with increasing tension, roughness decreased almost in a linear fashion. Since
increase of wire tension minimizes the wire bending which leads to a dynamic stability
condition and improves surface roughness. Surface roughness also decreased with
increasing flushing water pressure to a certain limit after which the adverse effects of

the force again produce worse roughness.

Y. S. Liao et. al. [1997] used SKDI11 alloy steel (anode) as material and 0.25 mm

diameter brass wire as electrode. Addition to pulse on time, table feed rate effect was
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also studied. From the analysis of the results, it was found that the surface roughness is
mainly influenced by the pulse-on time. A larger table feed and a smaller pulse-on time
is recommended by the authors for the reason that a longer pulse-on time will results in
higher value of surface roughness. However, for table feed rate doesn’t affect
roughness, even though it can not be increased without constraints because of the risk

of wire breakage.
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Chapter 3

DESIGN AND DEVELOPMENT

3.1 INTRODUCTION

One of the primal goals of this research work was to design and develop a WEDM
device which can be used interchangeably on the CNC machine. The initial
conceptualization of the device considered the existing setup of the CNC machine
developed earlier with a target to incorporate both conventional and unconventional

machining processes.

The design of the WEDM device was sent for manufacturing with subsequent
modifications and improvements were made during the work for it to be operational.
The CNC machine for which the device was designed to operate was part of a previous
research work where the addition of the WEDM device is part of a continuos

development effort.

3.2 DEVELOPMENT OF THE MICRO WEDM DEVICE

3.2.1 Identification of the need

For the WEDM device the prime requirements were:

a. The device has to be relatively compact so that it can be accommodated on the
existing setup of the CNC machine

b. The design needs to function for micro wires of various diameters

c. There needs to be control of wire tension and wire run speed, preferably from a

computer interface.

36



Chapter 3 | Design and Development

d. The device needs to have the provision to change the wire spool easily and
conveniently

e. The wire needs to be guided precisely

f. The wire should have minimum vibration

g. There should be some mechanism that can help to maintain constant tension

h. There needs to be supply and re-circulation facility of dielectric fluid

i. There needs to have filtration of the dielectric fluid

3.2.2 Design considerations
After conceptualizing the device, several factors were considered during the

development stage such as:

1. Since the space available on the CNC machine to mount the WEDM device is
limited so a vertical design was conceptualized. The device is to be mounted on the
XYZ stage of the CNC machine, vertically. The multi-purpose CNC machine has a
maximum travel range of 210 mm in X direction, 110 mm in Y direction and 110 mm

in Z direction.

2. There needs to be a mechanism through which the thin wire needs to be passed and
where the actual machining will be performed. Since the whole device needs to move
mostly in X and Y direction during machining, there needs to be room for this purpose.
The source roller to be fitted on the top of the device and the actual cutting mechanism
will happen at the bottom. In order to facilitate different diameter of micro wires,

bearings are used instead of closed grooves. The bearings are considered so that
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movement from the wire pool does not cause the wire to vibrate at the cutting area and

thus deteriorating cutting condition.

3. Tension control of the fine wire is a critical requirement. For precision machining
tension plays a pivotal role. Proper tension is again very much decisive in the case of
wire breakage. For the tension various options were considered. For example
electromagnetic brake is another option which has been used by Mu-Tian et. al. [2004]
But after giving due consideration to the fact that an electromagnetic brake would be
much more complex as a mechanism, it was ruled out. A simple yet novel mechanism

for tension control is sought for the WEDM device.

4. WEDM technology uses wire electrode, which is discarded after use. For this reason
another design consideration was to develop a mechanism which will enable removal
of the used wire conveniently. One approach for wire disposal is to let the wire fall into
a bucket or to collect it in a separate spool. Also the need for the ease of loading and
changing the wire electrode is another issue to be given due consideration. As a result
the source roller was designed to be placed on top of the device and the collector roller
at the bottom part. The collector roller was secured with the main body in such a way

that it could be taken out when it is full.

5. Wire transport is another feature that needs to be taken care of. From the wire source
roller the wire has to be transferred to the actual machining section and then needs to
be collected in the collector roller. To deal with problems such as vibration and wire

breakage, wire transport is very crucial. Since the source roller is quite big in length,
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the wire needs to shift its position while unwinding. To ensure that the wire runs

smoothly some mid rollers were considered in the design.

6. The speed of the wire needs to be controlled using an independent motor. For this
purpose a stepper motor is considered suitable because of the advantage that is gained

regarding the control issues.

7. Dielectric fluid needs to be provided at the machining areas. For this a separate
dielectric unit consisting of pump, filter, deionizer in case of water is needed.
Submerge cutting operation is very important when it comes to WEDM. Thus a
flushing device with filtering capability and a tank to accommodate the circulation of
the active dielectric fluid was a requirement. Also the tank needs to be designed in
such a way that corrosion can be avoided. When submerge operation is not required,
the dielectric fluid needs to be drained out at faster rate. Complete sealing was another

design consideration during the process.

8. The selection of material for the device was another important design consideration.
Since the WEDM often utilize deionized water was dielectric medium, so there is a
possibility of corrosion. To avoid corrosion materials such as acrylic, stainless steel,

aluminum etc. are utilized.

9. In the case of power supply, the existing CNC machine has limited range, which

hinders detail experimental studies. Thus an additional modification was sought to

have a wider range of variable voltage or supply current for the WEDM operation.
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3.2.3 Computer Aided Drawings of the WEDM Device
The drawings of the WEDM device were developed through the use of Solid works
2005 and can be found in Appendix A. A number of modifications and improvements

were made to the drawings before finally sending it for fabrication.

3.3 APPLIED SOLUTION FOR THE WEDM DEVICE

3.3.1 Features of the designed [

WEDM device

The x WEDM device is designed as a

vertically mounted on the CNC =
Wire 1
guides | @)

machine and it is interchangeable to

replace other devices such as die
sinking EDM or Turning device. The —
photograph and the CAD assembly and
the configuration of the xWEDM
device developed are shown in figures Pﬂ

z -4

3.1 and figure 3.2 respectively. - Workpiece
holder

Figure 3.1: Photograph of yWWEDM device

The major components of the device are as follows:
a. One source roller, which works as a supplier of wire electrode.
b. The left plate assembly that houses support bearing for the source roller as

well as for mid rollers.
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c. The right plate assembly houses the support bearing as well as the stepper
motor and its circuitry to drive the source roller. This motor is responsible

for controlling the tension on the wire.

tor
~roller w

Mounting Platef @ : Z axis plate

Figure 3.2: CAD drawing of the WEDM device

d. Mounting plate for housing the tension arm, rollers, circuitry for tension
control, collector roller and stepper motor

e. Mid rollers for facilitating the movement of the wire.

f. 4 separate bearing rollers placed between mid rollers and machining block
for guiding the wire.

g. Collector roller assembly is driven by a stepper motor. It is responsible to
collect the worn wire to be disposed later. The collector roller has the
facility to be taken out from the front portion to dispose of the wire. Also it

has a wire-clamping flexibility.
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h. Machining block for maneuvering the wire and facilitating the actual
WEDM operation

i. Z plate to facilitate the mounting of the device to the CNC machine

3.3.2 Tension control for the wire
Tension of the micro wire is controlled with the help of a specially designed tension
arm. The tension arm is coupled with bearing rollers. Thus when wire runs over it,
because of the pull of the wire, the tension arm moves. The location of the arm had to
be placed such that it would be able to create a constant tension throughout the wire
path. As such, it was placed at the start of the path of the wire, just after it comes out
from the wire spool. A spring mechanism together with a sensor circuit is used to
maintain a constant value of the tension. The tension arm is connected with spring. In
order to maintain the tension of the wire, a light sensitive sensor circuit was used.

‘- ‘ +5V

7Y |

Ground =

Capacitor 104 L Resistor 2.2 KQ

0.1 uF

CdS sensor

AN

ouT

N

MNE 555

Figure 3.3: Tension arm sensor circuit

The designed sensor circuit was comprised of a NE555 Timer, a Cadmium Sulphide
(CdS) Sensor, one resistor and one capacitor. The circuit diagram was designed and

produced on a piece of PCB Board, and later inserted into the WEDM machine.
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NE555 Timer

CdS Sensor

LED

Figure 3.4: Photograph of the sensor circuit

The tension arm determines the amount of light emitted from the LED going to the
CdS Sensor. With the use of a NE555 Timer, the amount of light falling onto the CdS
sensor is converted into pulses and fed into the WEDM control system. The system
then controls the wire feed motor speed accordingly driving the collector roller, hence
maintaining a constant amount of tension in the wire. A 15 pin connection was also
designed to connect the wire feed motor, wire collecting motor and the sensor circuit to
the computer, so as to control these functions directly through the computer.

Spring
Tension arm

LED

Figure 3.5: Photograph of the tension arm mechanism
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The working principle for maintaining a constant tension in the wire is outlined below:

a)

b)

d)

A tension level (corresponding to the sensitivity of the sensor) is first set
through the software.

Once “Wire Run’ is activated on the computer, the wire collecting motor
driving the collector roller is ON. The wire travels from the source roller along
the wire path to the wire collector roller.

The tension of the wire is increased until the tension causes the tension arm to
be pulled down; thus allowing more light to pass through the CdS (Cadmium
sulfide) from the LED. CdS is actually a light variable resistor that’s resistivity
decreases with increasing illumination or light, thus allowing more current to
flow.

Once the CdS receives enough light, the circuit turns on the wire feed motor,
allowing more wire to travel faster. This thus reduces the tension, and the
tension arm is retracted back allowing less light to pass the CdS.

Again when the CdS receives less light than its maximum amount, it turns off
the wire feed motor again, increasing the tension of the wire.

Steps c) to e) are repeated rapidly, thus maintaining the desired tension of the

wire.
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3.3.3 Micro Wire cutting mechanism

The WWEDM device uses a novel
cutting mechanism. One of the
advantages of the WEDM machine is
the ease of changing the supply of wire.
This is done by locating the wire spool
at the top of the machine and using its
own weight to secure itself over the
gears. If a different wire diameter is to
be used, the wire spool can be taken off
and changed with just a single screw.

The wire comes down from the source

Figure 3.6: CAD illustration of speed
control motor. A separate motor is used to
control the speed of the wire. Coupled
with gear and shaft this motor is connected
to the wire collection wire pool

roller and at first it comes over the two mid-rollers. These rollers help to support and

help move the wire across the width of the source roller. After moving over the mid-

rollers the wire continues to come down. Before

it reaches the machining block at the bottom, the
wire is passed over additional four rollers.
Finally the wire runs over the edge of the section
machining block. The machining block is

designed like a fork. The fork-like opening of the

vertical

horizontal
section

machining block (figure 3.7) is where WEDM

Figure 3.7: Fork-like structure

operation occurs. Special groove is cut on the of the machining block

machining block to define the path of the micro wire. One end of the power supply is

connected to the conductive machining block, which conduct the electricity supplied to
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the wire electrode. After the wire runs through the machining block it moves upward to
the collector roller. From time to time, worn wire is taken out and discarded. The

combined tension and wire run speed control is used for the cutting mechanism.

3.4 MODIFICATIONS AND IMPROVEMENT MADE TO THE

WIRE-EDM MACHINE SETUP

3.4.1 Sensor Circuit

One of the prime challenges to design the sensor circuit is to make it small. There was
size constraint in order to keep the device compact. The sensor circuit controls the
motor of the wire feeding mechanism and ensures that the required wire tension level

is always maintained.

A 15-pin circuit was designed and fabricated to link the 2 motors and the CdS sensor
of the WEDM machine to the machining computer, so that the control of the wire

tension and wire speed can be controlled directly from there.

3.4.2 WEDM Tank

For WEDM, submerge operation is very important. To facilitate submerged cutting
operations, a bigger and durable tank was designed and fabricated. Initially the tank
used for the WEDM operation was not capable of submerged operation and at the
same time was smaller in size. The tank was designed using SolidWorks, and is made
of acrylic. The new tank can also be used for other operations and devices such as the

WEDG. Detailed drawings of the Tank can be found in the appendix A of this report.
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The design considerations for the WEDM Tank are as follow:
1. To enable submerged cutting operations, and positioning of work piece holder
2. Tank must be completely sealed to prevent any dielectric from leaking out
3. Stopper design to allow fresh dielectric to flow out of the tank, maintaining a
desired level (for submerge operation) and to facilitate good flushing
conditions.

4. Compatible with other micro-machining operations, such as the EDG device

3.4.3 Curve program

The interface software developed does not support curved path for WEDM; only
straight line programming is supported. But in practical application, many components
require curve cutting. To overcome this limitation, a program was developed using C
programming. The co-ordinates obtained from the program can be saved in notepad
format, which can be easily pasted onto the WEDM machine platform. The program
creates a curve based the principle that a curve is due to very discrete changes in steps.
Therefore, arithmetic progression formula was used to generate the coordinates of the

machine path co-ordinates.
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35 ALGORITHM OF THE WEDM CONTROLLER AND

OPERATION
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Figure 3.8: Block diagram of the WEDM controller signal / data flow
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Figure 3.9: Algorithm for WEDM controller
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Program
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Figure 3.10: Algorithm for WEDM operation
(spark discharge and electrode movement)
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Chapter 4

EXPERIMENTAL SETUPS

4.1 INTRODUCTION

In this study, many experiments have been carried out to realize the behavior of the newly
developed WEDM device and also to investigate the optimal parameter. Different sets of
parameters were tested. The device was installed on the existing CNC machine. All the
experiments were conducted at MicroFabrication Lab, National University of Singapore.

Details of the experiments and the experiment methods are described in the chapter.

4.2 EXPERIMENTAL DETAILS

Investigation on the effect of the parameters of WEDM was done by cutting through
specimens of stainless steel sheets varying in thickness from 0.02 to 3 mm. Slots of about
0.5 up to 2 mm were cut and analyzed under different optical measuring instruments.
Mostly characteristics of the EDMed surface, roughness and the gap width were checked
during the experiments. Calculations such as material removal rate (MRR) and Spark

Energy were made after collecting the data.

Table 4.1: Experimental details at a glance

Specimen material SUS 304 Stainless Steel, Mild Steel, Tool Steel and Silicon

Thickness of material | 0.02 —3 mm

Type of wire electrode | Tungsten wire (Agie Charmilles)

Wire diameters 30, 50, 70 um
Dielectric fluid Deionised water, EDM oil, air
Cooling method Normal flushing, submerged flushing
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4.2.1 Experimental Setup

The main parts of the setup include the interfaced
PC, the attached WEDM device, workpiece
attachment mechanism, a set of discharge circuits
and controllers, WEDM Tank and the workpiece.
There is also control software capable of CNC
programming and ability to change the
parameters. Figure 4.1 shows the uWEDM
device. Different components and general
description of the experimental setup is given in

figure 4.2.

-

[] L1 |Serial interface >

Computer

m |

Figure 4.1: Photograph of the WEDM

device attached to the multi-purpose

machine tool

Controller

Motion Controller
+

Algorithm Control

~

Digital
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/
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i

work table

\ WEDM Device /

e \f @

EDM
Control Card

Figure 4.2: Flow chart of WEDM
device and interface
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4.2.2 CNC Machine Tool

The CNC machine is designed in a modular fashion. Thus different attachment for
4 WEDM, WEDG, ECM, Turning, Milling and drilling can be added to it as
interchangeable device. The xWEDM device is a vertically mounted on the CNC

machine.

Specifications of the Multi Process CNC machine tool are:
= Size: 560 mm (W) x 600 mm (D) x 660 mm (H)
=  Maximum travel range: 210 mm (X) x 110 mm (Y) x 110 mm (Z)
= Each axis has optical linear scale with the resolution of 0.1 um, and full closed

feedback control ensured accuracy of sub-micron.

4.2.3 Electrode Material

Previously in WEDM, copper and brass were the major materials used as wire electrode.
But with diverse applications of WEDM, other materials such as molybdenum or tungsten
are increasingly used. Also special coated wire materials such as coated copper core wire,

brass cored wire, silver coated brass wire are getting increasingly popular.

Table 4.2: Application based on electrode wire material

Wire material Application

Brass All metals, holes

Copper All metals, holes

Tungsten All metals (specially refractory metals),

small slots or holes

Copper-Tungsten | All metals, carbide slots, thin slots

Steel Nonferrous, holes

Molybdenum Refractory, holes

In the current work wire electrode of Tungsten material was used. 3 different diameter of

tungsten wire, such as 30, 50 and 70 um wire were utilized. Tungsten wire was selected
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because of its high tensile strength (which is the ability to resist stretching and breaking),

which is especially important since wires of very small diameter are to be used in micro

fabrication. It is also fairly conductive, and has good fracture resistance that translates into

better wire toughness.

Table 4.3: Properties of Tungsten

Property Unit Value
Density of solid kg/m® 19250
Young’s modulus Gpa 411

Bulk modulus Gpa 310
Brinell hardness MN/m? 2570
Electrical resistivity Ohm/m 5x10°
Thermal Conductivity W/cmK 1.74
Electrical Conductivity /cm ohm 0.189106

b A B I e e e M

Figure 4.3: Tungsten wire before

machining

Figure 4.4: Tungsten wire after machining.
The wear of the wire is clearly visible in
the photograph.

A point to take note is that the diameter of the tungsten wire used during the experiment

was found to be actually larger than the specified diameter. For example, by using

Keyence to measure the diameter of 30 and 70 um wires, a larger value was found in

some sections of a strand of wire. Therefore, a better gap width might actually be

achieved had the diameter of the wire were more consistent.
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Throughout the experimental phase of the research work, tungsten of various diameters
had been used. In order to obtain an accurate view of the results, the diameter of the wire
was check for accuracy using Keyence microscope. Under Keyence, the diameter of an
uncut strand of 30 um wire was found to be about 34 um, while the diameter for a used
wire was about 24.3 um after machining. The accuracy of the diameter of the tungsten
wires were also larger by 3 to 4 um, thus affecting the best gap width that can be obtained
in this work. Similar results were obtained using the 70 um wire, with the diameter of the

wire larger at 74 pm.

4.2.4 Workpiece Material

In this experiment SUS 304 grade stainless steel is used as it is the most versatile and
most widely used. Stainless steel has seen many applications in the manufacturing
industry, particularly in areas where corrosion and high-strength needs are required. Due
to its high hardenability, superior mechanical property and corrosion resistance
martensitic stainless steel is widely used for plastic molds, precision mechanical parts, and
surgical tools [Koenig, 1990]. It has excellent forming and welding characteristics. The
balanced austenitic structure of Grade 304 enables it to be severely deep drawn without
intermediate annealing, which has made this grade dominant in the manufacture of drawn
stainless parts. Typical applications include food processing equipment, chemical

containers, surgical tools or most applications that require good anti-corrosive properties.

Table 4.4: Properties of stainless steel 304

Tensile Yield Elongation Rockwell B Brinell Electrical
Strength Strength (% in 50mm) (HR B) max Hardness Resistivity
(MPa) min (MPa) min min (HB) max (nQ.m)
515 205 40% 92 201 720
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Table 4.5: Composition of stainless steel

C Mn Si P S Cr Ni N

0.08 2.0 0.75 0.045 0.030 20.0 10.5 0.10

Since the major focus in the research is to study the performance of the newly developed
WEDM machine apart from stainless steel, other grades of steel such as mild steel and
tool steel were also used. To investigate the machining performance on low conductive

material, silicon wafer was also used as workpiece material.

4.2.5 Dielectric

Dielectric is very important when it comes to WEDM and also for conventional die
sinking EDM. The dielectric used in the experiments were deionized water and EDM oil.
Two kinds of dielectric were used for comparison purpose. Also two mode of flushing
were used such as normal low pressure flushing and submerged flushing. At the same

time results were obtained by EDMing in air only.

4.3 MACHINING PARAMETERS

The machining was performed with various combinations of current, voltage, spark on
time, spark off time, open, short values to investigate the gap width, machining time and
surface roughness. At the same time the machining was conducted in air, deionized water
and oil. The various combinations of the cutting parameter values available during the

research are listed in table 3.5.

Table 4.6: Available Machining Parameters

Parameter Range

Voltage Initially fixed at 150 and 75 volt.
Later a variable transformer was added that allowed various
voltages ranged from 70 volt to 150 volt.

Resistance 4 level of resistances
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6.8 ohm, 15 ohm, 33 ohm and 100 ohm

Current on time 3 to 150 micro-second

Current off time 6 to 300 micro-second

Short 21050
Open 51050
Tension 1% to 50%
Speed 1% to 50%

4.4 MEASUREMENT APPARATUS

4.4.1 Gap Width

Gap width is observed under VHX Digital Microscope and STM6 measuring microscope.
Accurately measuring the gap width was difficult since the gap width was not uniform
from the bottom plane to top plane. Since at higher magnification, a little difference of
height could change the focus, at different height different gap width was visible. Thus an
average estimation was taken after calculating gap width from a number of places. To
minimize inaccuracy, gap width measurement was taken on both VHX digital microscope
(VH-Z450) which has magnification from 450 to 1000 times, and also on STM6 with
comparatively lower magnification. The VHX microscope has the ability to give 3D
surface profile as well, which was utilized to visualize the machined surface. It also had
the ability to capture the image directly to the computer and offer on-screen measurement
feature. The STM6 microscope was fitted with digital camera and also on-machine

measurement system.

For closer inspection of the surface for heat affected zone, understanding the nature of the
debris, amount of material transfer from wire electrode to the workpiece, EDX and SEM
were used. By using the SEM it was possible to observe the edges of machined surface at

a very high magnification.
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4.4.2 Study of vibration

Since the wire used in the experiment is 70 micron to 30 micron in diameter, the vibration
of the wire was not an easy phenomenon to detect with naked eye. Still the vibration, no
matter how much, has its effect on the accuracy on the machined surface, specially on the
geometry of the machining path. Thus to realize how much vibration is actually affecting

the cutting mechanism was important.

For this purpose a high-speed camera was employed. The camera used was The Photron
Ultima APX (figure 4.5). The APX provides full resolution images up to 2,000 fps, and
reduced resolution all the way up to a phenomenal 120,000 fps. The video was captured at
lower frame rate for substantial amount of time. Because of very small area and problem
with illumination, not very high frame rate could be used. Higher frame rate required very
high powered light which was difficult because of extreme heat generated. Such heat
affects the WEDM machining process. So mostly for a better image a frame rate of 125 or
200 frames per speed was chosen. It is relatively low but enough to observe the vibration

of wire at different tension.

Figure 4.5: High speed camera utilized in the research work for capturing the vibration of
the wire electrode
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Different parameters such as wire speed, wire tension and also machining parameters such
as spark on time, current etc. were varied during the capture of video. The videos are

stored in CD.

4.4.3 Study of spark

To monitor the overall sparking conditions, short circuiting and actual spark on/off time
an oscilloscope aided with electronic data recorder was used. The characteristics of the
spark signals provide a good indication about whether the machining is favorable or not.

This could aid to determine the optimal parameters for machining.

4.4.4 Surface roughness

For measurement of surface roughness, Stylus 120 Probe Tip by Taylor Hobson was used.
The instrument directly gives surface roughness (Ra) in terms of micron meter. The
device was able to calculate the roughness value automatically. The data obtained from
the physical scanning of the surface of interest, the interface computer software could plot

the roughness curve directly on screen. The roughness values were measured as RMS.
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Chapter 5

ANALYSIS OF EXPERIMENTAL RESULTS

5.1 INTRODUCTION

In this chapter the analysis of the experimental data are conducted. Different data
obtained from the WEDM parameter under study are analyzed by plotting the data.
Parameters that are studied are:

= Voltage

= Current

= Energy

= Spark on and off time

= EDM Speed

= Wire Speed

=  Wire Tension

= Dielectric fluid

5.2 EFFECT OF VOLTAGE ON MACHINING CHARACTERISTICS

For WEDM voltage is an important parameter which was studied in order to
investigate its effect on the machined surface. The voltage determines the discharge
energy that is available in the spark erosion process of removing the material. As the
voltage increase, more energy is available in the sparking and therefore more material
is removed during the machining process. At the same time the high spark energy also
results in a higher occurrence of molten material that may have other effect on the
machined surface. More molten material may introduce more gap width and higher

surface roughness.
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5.2.1 On Gap width

The effect of voltage on gap width is show in figure 5.1. The voltage was varied from
80 volt up to 150 volt. The trend of increasing gap width with increasing voltage is
visible from the data collected. Higher voltage in general increases the gap width and
also causes over-cut. The wire diameter used was of 70 micron meter. For such the
best gap width was obtained for minimum voltage of 80 volt and the gap width was

15.38 micron meter.

Higher open-circuit voltage generally increases the gap width and over-cut. Keeping
all other factors constant, an increase in the breakdown voltage will also result in
increased, energy per spark. Consequently, material removal rate increases, resulting
bigger and deeper crater on the surface; and hence, poor surface finish. As a general
observation with increasing voltage, machining rate increases and too high voltage
causes unfavorable concentration of discharge due to insufficient cooling of material.

So material removal rate will decrease, and wear will increase.

The selection of supply voltage is a compromise between several factors; for example,
machining speed, surface finish etc. For micro machining the voltage should be kept at
minimum to ensure the surface finish is good, but again the machining speed may not

be so satisfactory.

Table 5.1: Fixed parameters

Wire Voltage Tons Toft Res. EDM Short | Open
Speed, Volt LS 0 Speed
Tension uls
30%, 40% 80 30, 30 100 5 20 10
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25
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Gap width (um)

0 26 46 éo éo 160 120 1;10 160 | Figure 5.1: EffeCt_ of
voltage on gap width,
Resistance 100 ohm

Voltage (volt)

For further investigation on the gap width further experiments were conducted, with

reduced T, time but higher current (setting the resistance lower) and E value.

Comparing to figure 5.1 and figure 5.2 two different patterns was observed. In figure
4.1 the gap width increased almost constantly as the voltage increased. Whereas in
figure 4.2 it seems that the gap width initially was high, obtained optimum value at
certain range and then again increased. This later phenomena can be explained by the
fact that since less resistances are used, so the intensity of the sparks are higher when
voltage increase as compared to figure 4.1 where resistance was high (100 ohm). At
higher resistance, the intensity was low already, as a result the effect of increasing
voltage was gradual. At high intensity current (figure 5.2), the gap width are varied
and it seemed that 100 to 130 volt yields the best gap width (minimum). For example
at 120 volt a gap width of 2 micron meter was achieved which was a very significant
result.

Table 5.2: Fixed parameters

Wire Wire Ton, Toff Res. EDM Short | Open
Speed Tension LS 0 Speed

uls
30% 40% 15,12 33 10 5 5
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5.2.2 Machining time

Figure 5.2: Effect of voltage
on gap width on lower
resistance of 33 ohm

The effect on machining time is demonstrated in figure 5.3 and figure 5.4. As the

voltage level increase the machining time reduces. This is due to the increase of energy

available in the spark to accelerate the material removal. There are certain amounts of

fluctuation in the gathered data because of unpredictable nature of the spark, short

circuiting etc. Thus for material removal rate it can be easily concluded that for higher

machining rate, voltage should be selected as high as possible, provided that the wire

doesn’t break due to high energy.

Table 5.3: Fixed parameters

Wire Wire Ton, Toff Res. EDM Short Open
Speed Tension J7s 0 Speed, s
20% 40% 15, 30 33 20 5 5
19:12
16:48 -
14:24 * X .
’g 12:00 - \
E 936
g 7:12 A ‘\0’
" 4:48
2:24
0:00 : : : : ‘ ‘ ‘ Figure 5.3: Effect of voltage
0 20 40 60 80 100 120 140 160

Voltage (volt)

on machining time, Resistance
33 ohm, Ton 15 micro-sec
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Another set of experimental results at different resistance value and other fixed

parameter is presented. Here also it is verified that for higher machining time there is

no other choice but to select for maximum voltage allowable from the machine.

Table 5.4: Fixed parameters

Wire Wire Ton, Toff Res. EDM Short Open
Speed Tension LS 0 Speed
uls
30% 40% 15, 30 100 5 10 20
3:21:36
2:52:48 L4
g 2:24:00
g 1:55:12
E
£ 1:26:24 o\ o
£ os57:36 \
0:28:48 - \\
0:00:00 ‘ ‘ ‘ \ \ w w Figure 5.4: Effect of
20 40 60 80 100 120 140 160

votlage (volt)

voltage on time,

Resistance 100 ohm

Another set of data on machining time are also presented here. This experimental data

was obtained for another set of fixed parameters. The basic experimental findings are

similar and confirm the previous results that with increasing voltage the machining

time decreases almost linearly. Comparing between figure 5.4 and 5.5 it is evident that

a change in current due to resistance can reduce the machining time dramatically.

Table 5.5: Fixed parameters

Wire Wire Tons Toft Res. EDM Short Open
Speed Tension LS 0 Speed

uls
30% 40% 15, 12 33 10 5 5
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28:487

25:55+

23:02+

20:10¢

17:17+

14:241

11:31+

time (min:sec)

08:38
05:46
02:53
00:00+

voltage (volt)

70 80 80 90 100 110 120 130 140 150

5.2.3 Material Removal Rate

Figure 5.5: Voltage
against time at higher
current, Resistance 33
ohm

Machining time when incorporated with the amount of material removed, another term

Material Removal Rate (MRR) can be used. Although the main purpose of machining

time and material removal rate is similar; two terms can give two different results in

WEDM. Because of parameter effect, two experiments can have the same machining

time, but different material removal rate. For example, even if the machining time is

the same, because of more material removed — the MRR value becomes different. And

the amount of material removed depends on the energy intensity in the spark, thus

depends on parameter setting. MRR was studied against different voltage settings. It is

found from the experimental graph that material removal rate increases with voltage

and the trend is quite linear.

Table 5.6: Fixed Parameters

Wire Wire Ton, Toft Res. EDM Short Open
Speed Tension LS 0 Speed

/s
40% 40% 30, 30 33 10 12 8
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Figure 5.6: Effect of voltage

Voltage(V) on material removal rate

5.2.4 Surface Roughness

Surface roughness is an important indicator which translates how good the surface
finish is. The surface roughness measured for difference values of voltage indicate that
there is a particular area or region for which better surface roughness can be achieved.
From the experimental graph it seems that optimal value of voltage for surface
roughness was achieved in the range of 110 to 130. But this again depends on the wire

diameter and other factors.

Table 5.7: Fixed Parameters

Wire Wire Ton, Toft Res. EDM Short Open
Speed Tension LS 0 Speed
uls

40% 40% 30, 30 33 and 100 10 12 8

5
N e
e 35 ALY A
GE) 3 \ * /

Py v
S 25
27
: 1.5 A
x 14
0.5 - .
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ Figure 5.7: Surface
0 20 40 6 80 100 120 140 160 | roughness (Ra) against
Voltage (V) applied voltage, Resistance
33 ohm
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This graph was obtained at higher spark energy, since the resistance value was set at
33 ohm. Later in other experiments surface roughness at lower energy level was
obtained. It was found that the roughness improves by significant amount when spark
energy is lowered by setting the resistance at higher value (100 ohm). When the
resistance is reduce to 100 ohm, the surface best roughness obtained was below 0.5
micron. Here again the same trend as figure 5.7 was obtained. The surface roughness
initially was worse, then gradually decreased until in the range of 110 to 130, the best
roughness values were obtained. Then again the surface roughness value started to

climb upward with increasing voltage.

Table 5.8: Fixed Parameters

Wire Wire Ton, Toff Res. EDM Short Open
Speed Tension 7S 0 Speed, s

40% 40% 30, 30 100 10 12 8
2 0.9
S o8 -
E 07
6‘% 06 \ . * /o
g 05 N
£ 04
3 0.3
14
o 0.2
©
s 01 Figure 5.8: Surface

0 ‘ ‘ ‘ roughness (Ra) against
0 50 100 150 200 f
Voltage (volt) appl_led voltage,
Resistance 100 ohm

5.3 EFFECT OF CURRENT AND ENERGY

The current is an important parameter in WEDM. This determines the amount of
power used in discharge machining, measured in units of amperage. The maximum

amount of current is mainly governed by the surface area of the cut — the greater the
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amount of surface area, the more power or amperage that can be applied. Generally

higher current is used in roughing operations and in cavities with large surface areas.

5.3.1 Machining Time

Machining time is influenced by the amount of current or the applied energy. From
experimental graph it was observed that with decreasing current (increasing resistance),
the machining time increases almost proportionally. When the resistance was lowest

(6.8 ohm), corresponding current was highest (11.765 amp)

Table 5.9: Fixed Parameters

Wire Wire Tons Toft Voltage EDM Short Open
Speed Tension LS Volt Speed
s
40% 40% 30, 30 80 20 10 5
16000
- 14000
g 12000
f"i 10000
é 8000
£ 6000
'% 4000
g 2000
0
11.765 5.333 2.424 0.8 .
current (amp) Figure 5._9:_ Eff(_act of current
on machining time

5.3.2 Energy Aspect

In the current WEDM power supply, the amount of energy or current was regulated by
selecting different resistance and voltage. There were 4 fixed resistances on the
machine which by changing, for 1 particular set voltage, different current values were

obtained. The lower value of R leads to a higher discharge energy.
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The amount of energy impart on the workpiece during machining is very important. In
previous literature a concept of specific discharge energy has been discussed [Liao and
Yu, 2004]. But the idea is not clear and specific enough to be applied in case of

WEDM.

On repeated experiments it was observed that the machining time was not consistent
with current only. Careful observation revealed that the spark on time also influence
the result. For this reason the effect of the energy, consisting of voltage, current and
spark on time was incorporated in a different set of experiments to find out whether

current alone or energy have more consistent effect on the machining time.

Table 5.10: Fixed Parameters

Wire Wire Ton, Toft Voltage EDM Short Open
Speed Tension LS Volt Speed

uls

15% 25% 18, 36 150 10 10 30

0:11:31
0:10:05+
0:08:381
0:07:12+
0:05:46 1
0:04:19+
0:02:53
0:01:261
0:00:00-

time, hr:min:sec

Figure 5.10: Relation
15 2.272 4.545 5 10 with current and
current, amp machining time

In the above graph, the time taken with current 0.75 and 11.029 are too high when
compared to other values. So those values were left out from the graph. It is interesting
to note that although in literature it has been noted that current is one of the most

important factors for WEDM operation; we find here that the effect of voltage and
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spark on time is more profound than current alone. In this experiment, different

combination of Voltage and Resistance were tested. The WEDM machine initially had

two voltage settings, 150 and 75 volt along with four resistances, 6.8, 15, 33 and 100

ohm. Using these combinations of voltage and resistance we get 8 value of current.

As we can observe from the graph that the time taken to machine a particular amount

is mostly affected by the voltage. When the applied voltage is high (150 volt), the

machining time is consistently low when compared with low voltage (75 volt). The

explanation of the phenomena can be described with the energy equation.

Here, Energy = Joule or Watt.sec =V x I X Ty,
Where, I = current, V= voltage, Ton = current on time
By plotting the machining time against the energy applied, it is clear that the

machining time depends on the actual energy input.

Table 5.11: Fixed Parameters

Wire Wire Tons Toft Voltage EDM Short Open
Speed Tension LS Volt Speed

uls
15% 25% 18, 36 150 10 10 30

1:40:48

1:26:24+

1:12:00+

0:57:36+

0:43:12+

0:28:48+

Time taken (hr:min:sec)

0:14:24+

Figure 5.11: Plot of

0:00:00-+ machining time against

1.0125 3.0672 4.05 6.75 12.2715 27
Energy (mJ) Spark energy
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So to calculate the expected WEDM time, one must consider energy, rather than

current or voltage separately.

5.3.3 Energy and Gap width
The effect of current or energy on gap width is studied as well. From the figure 5.12 it
is clear that the middle range of the energy is favorable for better gap width result.

Energy range of 4 to 9 mJ seemed to provide minimum gap width on this occasion.

The reason why lesser energy still may not produce a very good gap width can be
explained from the fact that at very lower energy, the sparks produced doesn’t have
enough intensity to remove the debris properly. As a result often the debris are not
cleared from the gaps created and coagulate on the surface instead. This initiate
consecutive sparks at the same area which cause over cut and gap width increase even
though the spark energy is less. The reason for wider gap width at elevated energy
level very logical. When the spark energy is high, it causes to produce deeper cavity on

the surface. As a result the gap width value again increases.

Table 5.12: Fixed Parameters

Wire Wire Ton, Toft Wire Dia EDM Short Open
Speed Tension LS 4m Speed

uls
30% 40% 9,12 70 10 5 5

14

=
N

Gap width (um)
o S
/
.

2 Figure 5.12: Effect of Energy
on gap width

0 2 4 6 8 10 12 14
Energy (mJ)
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5.3.4 Effect on Surface Roughness

Surface finish or surface roughness is often an important parameter which is generally

influence by the current on time and peak current. The effect of current on the surface

roughness is demonstrated in the figure 5.13. It was observed that the surface

roughness value improved (decreased) with increasing resistance, therefore with

decreasing current. The results demonstrated that with increasing energy the surface

condition deteriorate and the Ra value increase. This is very reasonable because higher

energy cause deep crater on the surface. It was noted that for 70um wire diameter, it

broke with the lowest resistance setting. Thus only other 3 values of current from 3

other resistances were considered.

Table 5.13: Fixed Parameters

Wire Wire Tony Tog | Wire Dia | EDM | Voltage | Short | Open
Speed Tension 1S 4m Speed
s volt

40% 40% 30, 30 70 10 80 10 5

4-
E 35
g |
v 25
E
51.5—
3 0.5

0+

1.25 2.424 5.333 11.765

current (amp)

5.4 EFFECT OF SPARK ON AND OFF TIME

Figure 5.13: Effect of
current on surface roughness

The WEDM machine creates spark discharge by using a pulse generator and the

frequency of the spark discharges is dependant on the Ton/Tof Value. The spark on time
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and off time are very important in determining machining characteristics such as gap

width, material removal rate and surface roughness.

5.4.1 Effect of Spark on time (T,,) on machining time

The effect of spark on time on the machining time at elevated temperature is studied in
the following experimental findings. At elevated voltage (150 volt), the effect of To,
machining time is very unusual. Generally high T,, means more machining energy, so
it is expected that increasing Ton will have faster machining rate. But in this graph it is
seen that with increasing Ton, the machining time keep increasing. So, not necessarily
Ton improves machining time. At higher voltage such as 150 volt, the optimum value
of Ton most tentatively lies near or below 8.

The reason behind this trend is most probably because of:

= More short-circuit with increasing To, which causes the electrode to retract more

frequently. This process contributes to higher machining time.

Table 5.14: Fixed Parameters

Voltage Res. Tof Wire Speed EDM Short Open
Volt 0o s [Tension Speed
um/s
150 33 36 50%, 25% 10 10 20
7:12
6:57 -

Time (min:sec)
(2]
N
(o]

6:00

8 10 12 14

Ton (*3 usec)

Figure 5.14: Effect of spark
on time on machining time
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Additional experiments were conducted to study the effect of spark on time. The data

and experimental results are given below:

As it was observed from figure 5.15 that machining time decrease with increase with
Ton Up to certain limit. After which even increasing To, doesn’t have considerable

impact on machining time.

Table 5.15: Fixed Parameters

Voltage Res. Toit Wire Speed EDM Short Open
Volt Q 1S [Tension Speed
um/s
150 33 36 50%, 25% 10 10 20
0:57:36
0:50:24
o 0:43:12 4
E 0:36:00 -
% 0:28:48 -
< 0:21:36
g 0:14:24 \\N N * . . ,
0:07:12
0:00:00 ‘ ‘ ‘ ‘ ‘ Figure 5.15 Effect of
0 2 4 6 8 10 12 spark on time on
Ton (x3) micro-sec machining time

The reason behind it is because when T,, was increased the spark remained on for
longer time. Seemingly it may help to remove the material faster, but with increasing
Ton there is more chance for short circuit. As a result of this the electrode retracts more

from the surface and that slows down the machining.

This is the reason why increasing T,n, doesn’t continue to produce lesser machining

time as one might expect. Comparing to the experimental result of graph A it can be
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concluded that when T,, increase after certain value at the elevated voltage the effect is
quite negative. In this case To,value over 10 (time 3 micron sec) yields such negative

effect such as increasing machining time with increasing spark on time.

In picture 4.16 the machining time against duty factor is projected. Since the T was
constant, the figure 5.15 and figure 5.16 shows similar pattern. The duty factor only
shows significance when T, and Tos are both changed at the same time. In this case it
seems that a duty factor of 1 or near 1 gives the fastest machining time for this

particular experiment.

Table 5.16: Fixed Parameters

Voltage Res. Toit Wire Speed EDM Short Open
Volt 0o 1S [Tension Speed
um/s
150 33 36 15%, 20% 10 10 20

0:57:36

0:50:24
0:43:12

0:36:00 +

0:28:48
0:21:36
0:14:24 *

time, hr:min:sec

* * - * *
0:07:12 .
0:00:00 Figure 5.16: The effect of
0 05 1 15 2 | duty factor on machining
Duty factor (dimensionless) t|me

Experiments of T,, on less spark energy were conducted. To obtain lesser spark energy
higher resistance was selected. It was observed that when spark energy is less, smaller
spark on time leads to very high and often non-feasible machining time. From this

figure 5.17 it was again evident that increasing T,, doesn’t always yield to better
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machining time. For 150 volt, here the best timing was obtained at 6 (*3 ps). Here only

data with EDM speed = 5 um/s are used.

Table 5.17: Fixed Parameters

Voltage Res. Tof Wire Speed EDM Short Open
Volt Q LS /Tension Speed
um/s
150 33 36 15%, 20% 10 10 20
10
e 8
g 4
0:06:00 1:1&:00 2:24‘1:00 3:36:00 4:4;3:00 6:06:00

Machining time (h:m:s)

Figure 5.17: Machining time
against spark on time

Next set of experiments were conducted at lower voltage and lower resistance. A

voltage of 75 volt and 33 ohm resistance was selected. With Ty being constant (6*6

us) the variation of machining time with T,, was demonstrated here. Only data that

have T,=6 have been used to construct this graph (excluding 1* reading as the time is

too high which diminish the result of other values). From the figure 5.19 it was

observed that machining time initially decrease up to a certain value but after that

again increase. It is evident that the optimal value lies between the T,, values between

12 to 16.

Table 5.18: Fixed Parameters

Voltage Res. Toit Wire Speed EDM Short Open
Volt 0o 1S [Tension Speed
um/s
75 33 36 15%, 20% 10 16 8
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0:36:00

0:28:48

0:21:36

Time (min:sec)

0:07:12

0:00:00

N

0:14:24

'v

10

15 20

Ton (*3 micronsec)

25

Figure 5.18: Effect of T,y
against machining time

In the next set of experiments higher range of spark on time was used. Experiments

were conducted up to 105 micron second spark on time. At lower energy level with

parameter set at 75 volt and 33 ohm revealed that the effect of To, on time is varying.

From figure 5.18 it seems that particular values of T,, gives better machining time than

the rest. Ton values both below and above the range of 15(x3) to 25(x3) worsens the

machining time. Thus for other parameters remain unchanged the optimal value for T,

can be roughly considered at 25(x3) since it is the best timing we got from the

experiment.

Table 5.19: Fixed Parameters

Voltage Res. Toit Wire Speed EDM Short Open
Volt 0o s [Tension Speed
um/s
75 33 36 15%, 20% 20 16 8
3:50 .
3:21 - \J,J
g 2:52 *
é 2:24 -
.% 1:55
g 1:26
% 0:57 -
= 028 | Figure 5.19: Effect of spark
000 on time on machining time at

10 20
Ton (x3) miconsec

30

40

75 volt
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In the following experiment lower range values of spark on was used to observe the

machining time. It was seen that optimum machining time was obtained for Ton value

of 8(x3) to 12(x3) micron seconds.

Table 5.20: Fixed Parameters

Voltage Res. Toit Wire EDM Short Open
Volt 0 1S Speed/Tens |  Speed
ion um/s
75 33 36 15%, 20% 20 16 8
0:20:10
0:17:17 \
'S 0:14:24 \w/
E 0:11:31
£ 0:08:38 1
E 0.05:46 -
0:02:53
0:00:00 ‘ ‘ Figure 5.20: Effect of To,
0 5 10 15 | against machining time.
T on (x3) us

5.4.2 Material Removal Rate

The effect of spark on time on the material removal rate was studied. The experimental

data plotted on the graph showed a pattern where at lower spark on time the MRR was

low, then increased for some particular range and then again decreased. It was found

that for a range between 20 to 30 the material removal rate was higher.

Table 5.21: Fixed Parameters

Wire Wire Voltage Res. EDM Short Open
Speed Tension volt 0 Speed

um/s
30% 35% 95 33 20 10 5
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5.4.3 The Problem with Duty Cycle

Figure 5.21: Effect of
spark on time on
material removal rate

The same data from was plotted for machining time against duty cycle in figure 5.22.

The points are quite chaotic and not revealing any pattern. This is because duty cycle is

not a true representative of machining condition. The T, and T can be with very

different set of values even at the same duty cycle value. Although duty cycle is

sometime used in the literature to demonstrate parameter effect, but in this case it is

evident that it can be misleading.

Table 5.22: Fixed Parameters

Wire Wire Voltage Res. EDM Short Open
Speed Tension volt 0 um/s
30% 35% 95 33 20 10 5
0:36:00
. 0:28:48 A
§ .
E 0:21:36 ¢ .o R
é 0:14:24 A
E
~ 0:07:12
0:00:00 : : : : Figure 5.22: Duty
02 0.4 06 08 1| cycle and its effect
Duty Cycle on machining time
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5.4.4 Comparison of machining time with different set of parameter values

In order to observe the effect of Ton time on machining time, two set of parameter was
used. In WEDM how the other parameters can affect the machining condition was
realized from this experiment. Primarily the T,, and T.s was changed and the
machining time was obtained. It was found that the best machining time was obtained
between 20 to 30 T,n values. In both cases the machining time was higher in lower
spark on time, which is reasonable because with low spark on time the energy

imparted is quite low. In the middle range the timing is best.

O Sp 30%, Ten 50%
B Sp 45%, Ten 25%

Time (min:sec)

spasw, Ten2s% | Figure 5.23: Effect of
spark on time on
machining time with
Ton (x3) usec different set of wire
speed and tension

5.4.5 Effect of Spark on time (T,n) on gap width
The gap width is very much influenced by the spark on time. Thus the effect of spark

on time was studied carefully.

In the following experiment spark on time from 15 to 105 micron second was selected
and the corresponding gap width was measured. The plotted experimental value
showed that the gap width increases in a linear trend. It was also demonstrated that

minimum spark on time is more favorable for minimum gap width.
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Table 5.23: Fixed Parameters

Wire Wire Voltage Res. EDM Short Open
Speed Tension volt 0 um/s
30% 35% 95 33 20 10 5
30
*
25 —
S 20 > .
g 15 ¢ .
§ 10
5 -
0 : : : : : : : Figure 5.24: Effect of
0 5 10 15 20 25 30 35 40 | Spark on time on gap

T on (x3) usec

width

Another set of experimental results are presented in figure 5.25 for the study of gap

width. The experiment was conducted at 75 volt and 33 ohm resistance. The results are

average from successive experiments. As the spark on time is low, the discharge

energy on the surface is low, which create very shallow craters. As a result the gap

widths are less at lower value of spark on time. As the spark on time increase the gap

width keep increasing. At the maximum value of 30 the gap width again reduces which

is not really an indication of good gap width. At elevated spark on time the debris

generated are very big in size and because of less time for the debris to clear, the

removed part again coagulate back on the surface. This debris resoldified again on the

wall of the machined slot produce the result of seemingly less gap width. In reality this

is undesirable for the machining condition.

Table 5.24 Fixed Parameters

Wire Wire Voltage Res. EDM Short Open
Speed Tension volt 0 um/s
30% 50% 75 33 12 10 10
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Figure 5.25: Effect of spark
on time on gap width

Most of the experiments were conducted with a wire diameter of 70 micron. In the

later part of the research wire diameter of 30 micron was also utilized (figure 5.26).

The best gap width obtained was 7.23 micron at 30 micron sec spark on time. The

trend of the gap width was linear and increasing with spark on time. This was the most

consistent pattern for gap width against increasing spark on time.

Table 5.25: Fixed Parameters

Wire Wire Voltage Res. EDM Short Open
Speed Tension volt 0 um/s
30% 35% 90 100 5 10 5
12
10 . * ’/‘
Z *
5 6
H
g 4
O]
2
0 Figure 5.26: The effect of
0 20 40 60 80 100 120 Sp_ark on _tlme_on gap
Ton width (wire diameter 30
(us)

micron)
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5.4.6 The effect of T
The spark on time is attributed to the fact that it facilitates the recover of the dielectric
after each spark on time, it allows time for the debris to be removed by the flowing

dielectric fluid and also help stabilize the EDM condition.

The experimental data are plotted in figure 5.27. The trend of this graph is very
interesting. Although it is intuitive that with a constant T,, increasing T should
increase the machining time. But here the result is quite opposite. With T increasing,
the time to machine decreased. This peculiar trend can be attributed to that fact that
giving enough time (with increased T, there are more opportunity) to solidify the

debris and their removal. Thus better material removal condition is ensured.

Table 5.26: Fixed Parameters

Wire Wire Voltage Res. EDM Short Open
Speed Tension volt 0 um/s
50% 30% 75 33 12 10 10
0:17:17
0:14:24 W
’.ﬂi 0:11:31 o
? 0:08:38 -
.g 0:05:46
0:02:53
0:00:00 : ‘ ‘ Figure 5.27: Effect of
0 > 1o 15 2% | Tog on machining
Toff (*6 micronsec) .
time
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5.4.7 Effect of T, and T 0N the gap width

In the following set of experiments spark on time and off time were varied

successively. The data were plotted in the same graph (figure 5.28) to see the effect on

gap width. Interestingly increasing both T,, and Tos value cause the gap width to

increase as well. Also the machining time against T,, and T reveal that particular

values in the middle range provide the best machining time. This range observed from

10 to 30 seems good for both To, and T But the variation in machining time was not

so high, it fluctuated between certain time length such as 2 minute or even less. Thus it

can be concluded that spark on or off time doesn’t influence the machining time to

great extent.

Table 5.27: Fixed Parameters

Wire Wire Voltage Res. EDM Short Open
Speed Tension volt 0 um/s
30% 35% 90 100 12 10 10
12
10 4 - . .
| ] . *
% 8 — * ¢ * o Toff
g 6 s Ton
E_ —— Linear (Ton)
4] 4 —— Linear (Toff)
2 4
Figure 5.28:
0 ‘ ‘ ‘ | | | | Effect of Ton
0 5 10 15 20 25 30 35 40
§ o and Ty ON
on (x3), Toff (x6) usec gapwidth
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5.4.8 Influence of Spark on time on effective EDM speed

Figure 5.29:
Effect of Ton
and Tos ON
machining
time

Although on the machine setting, the EDM speed is set at a particular value. But

during machining, depending on the dynamic situation, the actual or effective EDM

speed is different. From the 4.30 As we can observe from the above graph, although

our machine setting EDM speed was 20 micron/sec, but for different values of Ty, the

effective EDM speed varied. Since a T, of 25 was found the best for machining time,

it is the same optimal value for effective EDM speed. From the graph X it was clear

that not necessarily a higher EDM speed ensure a higher cutting which also not much

influenced by spark on time.

Machined path: A total of 2 mm in length (combining both horizontal and vertical

direction) was cut.

Table 5.28: Fixed Parameters

Wire Wire Voltage Res. EDM Short Open
Speed Tension volt 0 um/s
30% 35% 75 33 20 10 10
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Ton vs. Effective EDM Speed
12
D
JJQJ"\ 10 - .\/——‘/_’\’\’
(8]
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3¢S 6]
]
2E 4
O~
2 2-
i 0
0 1 0 20 4 | Figure 5.30: Effect of
spark on time on
* i -
Ton (8 mieronsec) effective EDM speed.

5.4.9 Comparison of Effective EDM speed at different VVoltage setting

The effective EDM speed is an important concept to realize what the actual machining
speed against different voltage setting is. Experiments were conducted for this purpose.
For a lower current setting, (V=75 volt, 1=2.272) the optimal effective EDM speed was
found to be at a higher value of T,,, apparently at 25. But for a higher current setting,

(V=150 volt, 1=4.545) the optimal effective EDM speed was found to be at T,,=10.

The reason behind this different pattern could be because when current intensity is
already high, a higher T,, only contribute to short circuit, thus disturbs the machining
stability. Thus with higher T,, it takes more time to machine. For lower current

intensity, the optimal machining time is at a moderately high Top.

Table 5.29: Fixed Parameters

Wire Wire Voltage Res. EDM Short Open

Speed Tension volt 0 um/s

30% 35% 150 and 33 20 10 10
75
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5.5STUDY OF EDM SPEED

5.5.1 On Machining time

The Wire EDM speed denoted by E, is a parameter used in the WEDM which is
similar to the cutting feed rate of conventional machining. The feed rate controls the
speed at which the wire approaches the workpiece, and in case of conventional
machining this feed rate determines the cutting speed. However, in Wire EDM the
machining speed is mainly dependent on the spark intensity and frequency, not the
speed at which the wire approach towards ‘the surface to be machined’. Even if a
higher EDM speed is set, if there is not enough spark energy to erode the material, the
wire will try to move forward and only touch the workpiece causing short circuit. No

effective machining will occur. Thus selecting a proper value of E is very important.

If an EDM Speed, E set too low optimum cutting speed can not be achieved and

machining will take much longer time. Again too high E speed will again only create

unfavorable machining condition by frequent short circuiting, causing delay.
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Thus series of experiments were conducted to find optimum EDM speed. From the
study of EDM speed against time it was found that with higher EDM speed the
machining time reduces, but this is not true to the whole range. The experiments were
performed from a range of 2 um/s upto 60 um/s. It was found from the experimental
data when plotted in graph that between 12 to 30 um/s EDM speed provided the best

result in terms of machining speed.

Initially when the EDM speed was too low, such as 2 to 10, the machining time was
quite long. Suddenly at the value of 12 there is a sudden jump and reduction in the
machining. It could be because depending on other factors such as spark on/off time,
spark energy, wire diameter etc. there is a optimum combination near the value of 12
um/s where there seems to be a well reduction of machining time. Again toward the
other end of EDM speed such as 40 and 60 um/s, machining time again seems to
increase. This is because for particular energy intensity, if the EDM speed is too high
that only creates undesirable machining conditions such as frequent short circuit which
seems to the case here. When the short circuiting is frequent, obviously the wire is

retracted more and thus machining time again increase.

Two set of experiments were performed, such as for low voltage and after high voltage.
For low voltage, since the energy is less intensive than higher voltage; it seems the
effect of EDM speed is more clearly understood. But when more energy is applied by
selecting a higher voltage (such as 150 volt) the machining time is very much
influenced by the energy alone. Thus the subtle effect of EDM speed is overtaken, and

thus at higher speed more EDM speed gives faster machining time. Since the energy
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intensity is already high, more material is easily removed and a higher EDM speed

aids machining speed.

Table 5.30: Fixed Parameters

Wire Wire Ton, Toft Res. Voltage Short Open
Speed Tension LS Q Volt
20% 15% 24, 36 33 75 10 10
[ [ [
% \ \ \ ’
“© \ \ \ ’
8 % | | |
5% | | |
£ ! ! !
B 14
g \ \ \
2 v | | |
10 | | | Figure 5.32:
° \ \ \ \ — Effect of EDM
2L ‘ ‘ ‘ ‘ ‘ : speed on
00:00 07:12 14:24 21:3.‘6 - 36:00 43:12 50:24 maChlnlng tlme at
me, min:see lower voltage
Table 5.31: Fixed Parameters
Wire Wire Ton, Toff Res. Voltage Short Open
Speed Tension LS Q Volt
20% 15% 24, 36 33 150 10 10

EDM speed (um/s)

0:00:000:01:26 0:02:530:04:19 0:05:46 0:07:12 0:08:38 0:10:05

Machining Time (hr:min:sec)

Figure 5.33: Effect of
EDM speed on machining
time at higher voltage
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5.5.2 On Gap width

The experimental result of gap width against EDM speed is shown in figure 5.32. It is
apparent that with increasing the EDM speed, the gap width also increases. Generally
the EDM is not supposed to affect the gap width since EDM speed only signifies the
motion of the wire. Yet such values obtained from repeated experiments can be
explained by the fact that when EDM speed is higher, there is persistent short
circuiting. Every time there is a short circuit, the wire electrode retracts and again after
some delay proceeds with machining. Because of such repeated operation, at high
EDM speed, more machining is performed on the same area which leads to more
material removal. As a result the gap width becomes larger at higher EDM speed. It
seems from the graph that the lower values should be selected to obtain a lower and

better gap width.

Table 5.32: Fixed Parameters

Wire Wire Ton, Toff Res. Voltage Short Open
Speed Tension LS Q Volt
30% 30% 18, 36 33 150 10 30
80
70 A
60 —

a1
o
<

w
o

gap width (um)
N
o

N
o

=
o
I

o

0 5 10 15 20
EDM Speed (um/s)

Figure 5.34: EDM
speed vs. gap width
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5.5.3 Finding Effective EDM Speed

EDM speed is the speed of the advancement of the wire during machining. Although
EDM speed is suppose to determine the speed of the electrode advancement, the actual
EDM speed is different than the set EDM Speed. This is because when EDM is in
operation, because of the nature of spark the electrode may need to hold in the position
or retract or move forward. Based on the parameter settings thus even though the EDM
speed is set to some particular value, during machining it can not be exactly followed.
Thus experimental data was collected and later from calculation the effective speed

was found.

The effective EDM speed gives an indication about the actual speed that is being
obtained during the machining. Effective EDM speed is measured by dividing the
actual machined distance by the amount of machining time spent and is expressed by
pm/s unit. From such knowledge too high or too low setting of EDM speed can be
avoided and thus machining time can be saved. For example from the experiments it
was found that in case of 150 volt, EDM speed between 4 to 16 wm/s yielded effective
EDM Speed in the range of 1.023 to 1.86 wm/s only. So in this case it would not be
advisable to set an EDM speed too high because that will only create additional short

circuits.

It is again evident that a higher set EDM speed may very well yield low effective EDM
speed. For example here EDM speed as high as 60 wm/s yielded an effective EDM
speed of 1.52 wm/s only. From the plot it was observed that effective EDM speed was
optimum between a range of 25 to 40 wm/s. At low EDM and at high EDM speed set
at the machine, in both cases the effective speed was low compared to the middle

range.
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Table 5.33: Fixed Parameters

Wire Wire Ton, Toft Res. Voltage Short Open
Speed Tension LS Q Volt
30% 30% 18, 36 33 150 10 30
2
L T T~
@4, Pt e
E 1.4 /
312 *
b e//
£ 08
£ 06
04
0.2
0 ‘ ‘ : : : : Figure 5.35: Set EDM
0 10 20 30 40 50 60 70 | speed vs. Effective EDM
Set E (um/s) speed
5.6 STUDY OF WIRE SPEED

5.6.1 The effect of wire speed on machining characteristics

In the following experiment, the surface roughness was measured against the wire

speed. It was found from the plotted experimental data that the roughness decrease

with increasing wire speed. The reason behind these phenomena could be explained

from the fact that higher wire speed facilitate:

1. Better stability of the wire electrode

2. More uniform removal of debris, thus preventing the debris to coagulate on

back on the surface and causing rough surface roughness.

Table 5.34: Fixed Parameters

EDM Wire Ton, Toft Res. Voltage Short Open
Speed Tension LS Q Volt
20 um/s 40% 30, 30 33 100 10 5
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5.7 STUDY OF WIRE TENSION

Wire tension indicates the amount of tension force exerted on the electrode wire. This
tension force is imparted between the wire spool and the wire collector. The sensor
circuit in the WEDM device controls the tension of the traveling wire. Generally
increasing the tension is associated with the achievement of better surface finish due to

the reduction in vibration.

The effects of tension on gap width and machining time are observed during the
experiments. It was found that higher tension is favorable for both minimum gap width
and faster machining time. The experimental graph obtained by plotting the gap width
value against tension shows that gap width reduces with increasing wire tension and

this trend is almost linear.

The machining time is also affected by wire tension. Machining time for both lower
voltage (75 volt) and higher voltage (150 volt) was obtained at different tension values.
For both voltages it was found that with increasing tension value the time decrease in a

linear pattern.
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Table 5.35: Fixed parameters: Low pressure, deionized water, St. Steel, 2 mm thick

Voltage Wire Tons Toft Res. EDM Short Open
Volt Speed LS Qo Speed
s
150 25% 15, 30 33 20 5 5
60
50 1
8 40
E
< 30
E_ 20 ~
©
10
0
0 10 20 30 40 50 60| Figure 5.37: Effect of
tension (%) tension on gap width
Table 5.36: Fixed parameters
Voltage Wire Ton, Tost Res. EDM Short Open
Volt Speed 1S Qo Speed
75 and 25% 15, 30 33 20 u/s 5 5
150
16.00
14.00
12.00
10.00 g
é
£ [@75v0l
= B 150 volt
5 vt 20 Figure 5.38:
150 volt o 0 Effect of tension
Tension (%) on tlme
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5.8 THE COMBINED EFFECT OF WIRE SPEED AND

DIELECTRIC FLUID

The dielectric fluid plays a vital role in WEDM. It is an integral element to the process.
Dielectric fluid provides insulation against premature discharging, cools the machined
area and flushes away the chips. During the experiments mostly deionized water and
EDM oil was used as dielectric fluid. In the preliminary study the effect of deionized
water as dielectric fluid and air (no dielectric fluid) was compared on machining
characteristics. The results are studied at same wire run speed. For machining

characteristics comparison, gap width and machining time was selected.

In figure 5.39 gap width values are observed at deionized water (dielectric flow) and
air. It was found that at low wire run apparently speed better gap width was obtained
for air. But at higher wire run speed, the gap width result doesn’t vary that much. But
this apparent better gap width result doesn’t necessarily guarantee a better machining
condition. Because at low magnification although the gap width seems low, but when
observed more closely at SEM it was found that because of debris coagulated on the
surface, the gap width seems less (figure 5.41). the huge amount of debris make the

gap width look narrow, but in reality the actual machined gap width is much wider.

When deionized water is used, again at low wire speed the gap width reading gives
smaller value than higher wire run speed. This phenomenon can also be attributed to
the fact that debris deposited on the walls and debris did not remove properly. At
higher wire speed the result for both dielectric flow and air is the same, so it can be

concluded that air and deionized water doesn’t have much difference on the gap width.
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Figure 5.39: The
effect of dielectric
flow on gap width

The result of machining time for deionized water and air against different wire run

speed is shown in figure 5.40. It is very much clear that machining time for deionized

water is much superior to air. This is because, the sparking conditions are much better

at deionized water. When no dielectric fluid is used, there are a lot of premature

discharges which are not favorable to the machining. As a result the whole process is

delayed and machining time increase when air is used. The wire run speed does not

seem to have significant effect on machining time. For both deionized water and air

the machining time doesn’t vary much with wire run speed.

air
10%

0,
20% 30%

40%

wire run speed

dielectric flow

O dielectric flow
| air

machine time
(min:sec)

Figure 5.40: The
effect of
dielectric flow on

machining time
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Because of
debris, the gap
width is made
to seem less
than actual

The actual
machined edge

Figure 5.41: The coagulation of debris on the surface which sometime mislead the gap
width reading

5.9 STUDY OF THE WIRE BREAKAGE PHENOMENA

The occurrence of wire rupture generally leads to a significant increase of machining
time, a decrease of machining accuracy and the deterioration of machined surface. One
of the most important problems in WEDM s related to wire breakage [Saha et. al,
2004]. From their finite element modeling Saha et. al. suggested that non-uniform
heating is the most important variable affecting the temperature and thermal strains.
Rajurkar and Wang [1991a, 1992] found that wire breakage is closely related to the
sparking frequency. For yWEDM the problem is even more elevated since the wire
used is below 100 micron (even down to 20 micron) in diameter as oppose to 250

micron in conventional WEDM.

Saha et. al (2004) mentions two main causes for wire electrode breakage:
1. High tension resulting from the complex work-piece geometry
2. When the thermal load and the impact of the electrical discharge not only adversely

affect the wire tensile strength, but also erode the wire.
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cross-section

. of the wire
workpiece

Figure 5.42: The distribution of the discharge changes depending on the position of the
wire. When the wire is outside, the discharge point takes a line pattern. But once it is
cut inside the workpiece it changes to a two-dimensional discharge pattern.
Thus the thermal load characterized by the temperature reached by the wire after the
discharge along with the mechanical stresses of the wire material are the prime reason
for wire breakage .When the wire is below 100 micron as in micro WEDM and the

workpiece is of very thin as well, the wire breakage phenomena seems to be affected

by other factors.

From the experiments conducted in this research, it was observed that when micro
WEDM is done on much smaller level debris stuck inside the kerf is a major cause for

wire breakage. This is called adhesion problem in the literature [Liao et. al., 1997].

The wire being smaller in diameter is another major factor for wire breakage. Some
research [Watanabe et. al., 1990; Rajurkar et. al, 1991; Kinoshita et. al., 1982] related
to wire rupture has been reported. The results show that the problem is largely
associated with high density discharges being concentrated at some points on the wire.
In some cases, 80-500 or more continuous discharges appeared at some concentrated

points and wire breakage took place [Zhang et.al., 1992].
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Since in WEDM the wire is negative, the amount of wear is quite high. From the
observed wire diameter before and after experiment it was found that 28.5% for 30

micron wire diameter and 12% are contributed to the wear (figure 5.43 A, B, C, D).

5.43 C: Fresh wire diameter (74 um) Fig 5.43 D: Used wire diameter (65 pum)

Figure 4.3: Wire diameter before and after machining

During the initial part of the research wear breakage was a very frequently encountered
problem. To overcome the problem, the careful observation and selection of the

WEDM parameter played a pivotal role.

Before a variable transformer was fitted to the WEDM machine, only two level of
voltage could be used: 75 and 150 volt. Also there are 4 resistances which can be
changed to impart different level of current or energy. The 4 resistances are 6.8 ohm,

15 ohm, 33 ohm and 100 ohm. Since the machining was done with 70, 50 and 30
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micro diameter wire and on thin workpieces, the energy that is imparted, if too much

then it causes the wire to break.

The WEDM parameter settings that were found to be non-favorable and promote wear
breakage are: 150 volt with resistance below 33 ohm, such as 15 and 6.8 ohm. The
amount of energy caused by such a combination such as 150 volt and 15 ohm (10 amp
of current) and 150 volt and 6.8 (22.06 amp of current) — can not be sustained by wire

below 100 micron and they immediately break.

Thus to avoid wire breakage a safe strategy would be to select voltage of 150 volt and
resistance of 100 ohm. Even more safe is 75 volt and 100 ohm or 75 volt and 33 ohm.
Choosing 75 volt will ensure better machining surface characteristics and very low

possibility of wear breakage; but at the same time machining time will be very high.

Wire speed has some impact on wire breakage condition. If the workpiece is thicker
(for micro WEDM using wire below 100 micron in diameter, even a 3 mm or greater
thickness of workpiece may be considered thick), then there is greater risk that the wire
will wear out soon due to successive sparks. In such scenario if the wire speed is
increased fast enough so that the wire pass the machining area quite fast before it reach

the breakage wear — then the wear breakage can be avoided significantly.

In the research it was found that for workpiece with thickness of 2 mm or less, wire
speed of 30% (corresponding rpm value of 4.404) is enough to prevent wire breakage
provided that the WEDM electrical parameters are set to acceptable level as indicated

before. If the thickness of the workpiece is more than 3 mm then wire speed of 40% or

100



Chapter 5 | Analysis of Experimental Results

more is recommended. For intricate shapes and cuts, too high wire speed can again
cause wire breakage because of possibility that for very tiny fraction of time the wire
may get caught inside the gap width and before it can release, may get broken. Apart
from that a higher wire speed such as 35% to 45% can be selected without much
problem except that fact that higher wire speed means higher wire consumption. A
table with corresponding values of wire speed in % value and wire consumption rate is

given in Appendix C.
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Chapter 6

STUDY OF MACHINED SURFACES

6.1 INTRODUCTION

In this chapter critical study of the WEDMed surfaces were conduced. The effect on
the surface integrity is discussed. Since the machined surface is an important result due
to selecting WEDM parameters, thus the study is very important for identifying the

best parameters.

6.2 SURFACE INTEGRITY

By the term ‘surface integrity’ the state or quality of the surface is generally meant.
For micro level EDM or WEDM operation the important components that consist of
surface integrity are:

1. Surface roughness

2. The nature of debris left on the surface

3. Machined edges

4. Heat affected zone

The effect of different parameters on surface roughness was studied in the previous

chapter titled: Experimental Analysis.

While trying to have better surface roughness with accurate gap width, one component
of surface integrity is often neglected — which is the nature of debris. In yWWEDM, the

proper removal of debris is very important. When very thin slots of less than 100
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micron width are cut, the debris can not come out. And because of the failure of the
micro debris to clear and coagulation of debris on the surface contribute to very poor

surface.

For this reason the study to improve the nature of debris is important. And parameters

that contribute to improve surface integrity because of debris are analyzed.

v o

i ' Il il IJJ'-Yu E

Figure 6.1: A Figure 6.1: B
Figure 6.1: Figure A and B are an example of how the debris can affect machining. In
figure A the debris are not cleared and thus coagulated on the surface during cutting
the slow. Here the voltage was 75 volt and resistance 33 ohm. In figure B the condition
of debris are very much improved when the energy was reduced by selecting a
resistance of 100 ohm, while keeping the voltage same.

6.2.1 EDX Analysis
The two slots of figure 6.1 A and B were observed under EDX or Energy Dispersive
X-ray analysis. EDX technique is used for identifying the elemental composition of the

specimen, or an area of interest thereof. The EDX analysis system was an integrated

feature of the scanning electron microscope (SEM).

The output of an EDX analysis is a plot of how frequently an X-ray is received for
each energy level. An EDX spectrum normally displays peaks corresponding to the

energy levels for which the most X-rays had been received. Each of these peaks is
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unique to an atom, and therefore corresponds to a single element. The higher a peak in

a spectrum, the more concentrated the element is in the specimen.

Figure 6.2: EDX analysis of the slot
with a lot of debris coagulated on the
surface. It was observed that the
specimen contains traces of tungsten
from the electrode. This is because
during machining the electrode also
wears out and some of the material
from the electrode melts and migrate
on the workpiece.
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In the following figure 6.3 the EDX analysis of the slot in figure 6.1 B is presented.
Compared to figure 6.1 A the condition of debris is much better here. Interestingly the
EDX analysis shows that there are substantially lower traces of tungsten found. Since
the workpiece was stainless steel, so in both cases Fe, Cr was there as constituent of
stainless steel. Thus comparing between figure 6.2 and figure 6.3 it was clear that the
debris not only contributes to poor surface condition but also by bringing in
undesirable elements from the electrode, they can cause changes in properties of the

machined part.

104



Chapter 6 | Study of Machined Surfaces

Figure 6.3: EDX analysis of
the surface with better
condition as regard to debris
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In the following SEM figure the nature of the debris on the surface are demonstrated.
Here the edge of the WEDMed workpiece is shown. Since the voltage intensity was
high, so the particle of the molten materials re-solidified on the surface are quite large.
Also, the cutting condition was non-immersed, without any flushing. Thus the debris

were not properly removed as clear from the image.
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Figure 6.4: SEM close-up figures of EDM surfaces, surface edge and slot edge which
were machined at elevated spark energy. Example of rough cutting. Parameters to cut:
Material: Stainless Steel. 150 volt, 33 ohm, 4.545 amp, Ton= 24, To = 18, Short = 10,
Open = 30, Wire speed 20%, Tension 25%

Another image of EDX analysis of the WEDM surface is given in figure 6.5. It was

again demonstrated from the EDX image that the debris contain the electrode material,

in this case tungsten (W).

Figure 6.5: EDX image
of WEDMed surface
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6.3 OBSERVATION OF THE MACHINED SURFACE AT

DIFFERENT VOLTAGE LEVEL

The WDEMed surface was observed after machining at different voltage level. The
readings were taken by the Keyence Digital Microscope. The gap widths were
measured digitally. From the captured images it was observed that with increasing
voltage the edges became more jagged and rough. Thus the cut at lower voltage
yielded better edge than the higher voltage. So from the observation, the lowest voltage

should be selected.

Table 6.1: Fixed parameters

Wire Wire Ton, Toff Res. EDM Short Open
Speed Tension LS Q0 Speed

uls
30% 40% 15, 30 100 5 5 5

Wire Diameter used was 70 micron. Material Stainless Steel.

Few of the example of voltage effect on the width of cut is shows in figure 6.6A to

6.6D.

Figure 6.6 A: Voltage: 80 volt
Avg. Width of the cut: 100.76 um

Figure 6.6 B: Voltage: 90 volt

Avg. Width of the cut: 102.2475 um
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Figure 6.6 C: 130 volt Figure 6.6 D: Voltage 150 volt
Avg. Width of the cut: 108.2975 um Avg. Width of the cut: 110.62 um

6.4 OBSERVATION OF THE MACHINED SURFACE AT

DIFFERENT TENSION

The machined surface was observed under the Keyence Digital Microscope. The
surface profile was obtained and compared for different values of tension. As it was
observed that the condition of surface profile improved gradually as the tension

increased.

.....

Figure 6.7 A Figure 6.7 B

Figure 6.7: Example of surface profile measurement at tension of 30% and 40%. The
average surface height was 0.3 um and 0.215 pum respectively. Other fixed parameters
used were: voltage 75 volt, resistance 33 ohm, Ty, 18 ps and Tofe 48 ps.
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6.5 STUDY OF THE EFFECT OF WIRE TENSION ON WIDTH OF

CuT

The wire tension on the width of cut was studied by cutting vertical and horizontal slot
on the workpiece. For all the sections it is clear that there are some improvements in
the cut width with increasing tension. The linear trend of the minimizing of the width
of cut against the increasing tension is visible from the graph plotted in figure 6.9. This
trend can be explained because of the fact that when wire tension increase, there is less

wobbling of the wire and also less impact on the wire due to discharge.

Table 6.2: Parameters

Material:  stainless | Electrode: tungsten | Wire speed:15% | EDM speed:
steel, t=0.5mm wire, d=0.07 mm 10 micron/sec
Gap  voltage=150 | R=33 ohm, Ton=24 pus, Short=10,
volt 1=4.545 amp Tor=36 1S Open=30

Figure 6.8 A: Tension 15%

B

Figure 6.8 C: Tension 35% Figure 6.8 D: Tension 45%
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Figure 6.9: Width of cut with tension

6.6 OBSERVATION OF THE MACHINED SURFACE AT

DIFFERENT SPARK ON TIME

The surface was observed under Keyence digital microscope at different level of To,
and Tof values. Figure 6.10 A and B was observed when T, is 4 and T is 6. The
surface profile presented in Keyence shows that the average surface height is about

0.245 micron meter. Figure 11 is another machining example at different spark on time.

Figure 6.10 A:

Photograph of the

EDMed Surface

Parameter value T,, =4, Figure 6.10 B: Surface profile at To, 0f 12 and
Tor=6 (mag. 1000X) Tofr Of 36 ps.

110



Chapter 6 | Study of Machined Surfaces

Figure 6.11 A: The
closeup view of the
WEDMed surface

Figure 6.11 B: The surface profile of the surface machined at T, = 30 and Tofr = 36 us
The average surface height increased to 0.5005 micron which was due to the increased
spark energy from the increased Ton time.

6.7 HEAT AFFECTED ZONE

In WEDM, the machining is done by converting electrical energy into thermal energy
during the spark discharge. The thermal energy melts and vaporizes the workpiece
material during the process. Because of the high heat generated, the molten work and
electrode solidify on the work surface which creates a recast later and there is another
zone created under the recast layer which is known as the heat affected zone (HAZ).
The recast layer causes an uneven layer on the surface of the work piece, therefore
affecting its dimensional accuracy. The HAZ is the area whereby the properties of the
material decrease in strength and is more prone to fatigue failure and facilitates crack
propagation. Therefore, the HAZ is an undesirable result of wire-EDM and

experimental study is required to reduce it.
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o «— Recast Layer

}<—HAZ

Figure 6.12: Example of buildup of recast
. layer and HAZ on workpiece after WEDM
operation

6.7.1 Effect of dielectric on Heat Affected Zone

From experimental results it was found that dielectric plays an important role on the
creation of HAZ. When machining was done in submerged dielectric, the extent of
heat was reduced to greater extent as compared to low pressure flushing concentrating

on smaller area.

As seen in figure 6.13 A and 6.13 B, the machined part on left was machined in
submerged EDM oil whereas machined part on right is an example of machined
surface in low pressure flushing. It is obvious that the HAZ is quite large in the second
figure. As in low pressure flushing, the dielectric fluid is less compared to submerge

machining, thus the amount of heat removed is much less.

Heat Affected Zone
due to insufficient
cooling

Figure 6.13 A Figure 6.126 B
Figure 6.13: Photography of WEDMed surface showing heat affected zone
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6.7.2 Effect of parameter on Heat Affected Zone

Although dielectric fluid have the major influence on the formation of HAZ,
nevertheless the parameters are also important. The higher the spark energy, more heat
is generated and the effect of heat penetrates more into the work material. Since in
micro engineering, the workpiece dealt with are of smaller thickness and of less

volume; thus application of very high energy result in deeper heat affected zone.

6.7.3 Guideline for minimizing Heat Affected Zone

Deeper heat affected zones are not desirable since they reduce the strength of the
material which could lead to fatigue failure and facilitates crack propagation. The
application of the machined workpiece may be negatively affected because of such

phenomena.

Being a thermal machining process, there will always the inherent tendency of the
creation of HAZ in WEDM. This can not be completely eliminated but can be
minimized. In order to minimize the HAZ the following measures can be taken:

= Submerged dielectric should be used rather than flushing on limited area.

= Deionized water is better heat remover than EDM oil.

= The intensity of the spark should be reduced by using low voltage, reduced

spark on time and current.
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Chapter 7

FABRICATION OF SHAPES AND SAMPLE PARTS

7.1 INTRODUCTION

In the current research several micro shapes and parts were manufactured during the
parameter study. After finding the optimal combinations of the parameters and their
underlying behaviour, several objects were manufactured to demonstrate the ability of
the WEDM operations. Results from the study demonstrated that by enhanced
understanding of the interactions of the parameter, it is possible to generate more

precise and accurate surfaces and thereby enable better micro precision fabrication.

The samples were observed with a Scanning Electron Microscope (SEM). Applying the
optimum parameters the microstructures were manufactured with greater accuracy in

terms of gap width and surface roughness.

7.2 FABRICATION OF MICRO CHANNELS

A number of micro channels were cut on stainless steel. Parameters used for the

machining are:

Table 7.1: Fixed parameters for micro-channels

Wire Voltage Ton, Tog Res. EDM Short Open
Speed, Volt LS 0 Speed
Tension LS
30%, 35% 80 30, 30 100 5 20 10
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18k X358 SO8xm

18kV X188 188kmm

Figure 7.1: closeup SEM image of
a single slot

7.3 EFFECT OF DIELECTRIC

7.3.1 Comparison of machining parts machined in oil submerged and no-
submerged condition
High aspect ratio microstructures were fabricated using different parameters.

Submerge machining condition gave best result in terms of surface finish.

Different conditions of dielectric were used. The first one was done in low pressure
dielectric flow, no submersion. The second one was done in submerged condition. But
the electrical parameter being the same, the condition is more or less the same. When
electrical parameters were changed, primarily R was changed from 33 ohm to 100
ohm; consequently the current reduced from 2.727 to 0.9 ampere. This greatly
improved the surface condition as we can see in figure 7.2 B as compared to 7.2 A.

Almost no more debris were left on the surface in figure 7.2 B.
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Due to high current the gap width is also increased as the crater formed are large at
higher current. From the observed surface it could be derived that the current setting
should be reduced to as low as possible by applying a higher resistance value. In the

current machine the maximum resistance that can be selected is 100 ohm.

| = =

Figure 7.2 A Figure 7.2 B
Machining with no submerge condition Submerge in EDM ol

Figure 7.2: Machining with different dielectric condition

7.3.2 Cutting of slots
The following section provides the images captured from the Keyence digital
microscope of the WEDMed slots. The measurements were taken from the instrument

and also from the captured images the damage due to thermal effect is also visible.

In these experiments tungsten wire electrode of 30 um and 70 um were used.

Table 7.2: Fixed parameters for cutting slots

Wire Voltage Ton Top Res. EDM Short Open
Speed, Volt LS Q Speed
Tension LS
30%, 35% 90 15, 30 100 5 20 10
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7.3.2 Channels cut using 30 micron wire only

Figure 7.3: Example of slots cut by different diameter of
wire

Several micro channels were made using 30 micron tungsten wire. The long channel

like structures was cut to observe the accuracy for substantial distance of cut. The

sampled machined channels are given in figure 7.4 A and 7.4 B.

Table 7.3: Fixed Parameters for 30 micro wire cut

Voltage

Resistance

TO}’!

Tofy

Open

Tension

Speed

80 volt

100 ohm

30 us

30 us

10

30%

35%

Figure 7.4 A
Figure 7.4: Channel cut with 30 micron wire

Figure 7.4 B
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7.4 FABRICATION OF MICRO-PARTS: MICRO GEAR

A square micro gear was manufactured to
demonstrate the application of WEDM in the
real engineering application and micro
fabrication. The fabricated micro gear was
CNC programmed using only straight line

paths, since the interface software was not

developed for curved path. In figure 7.5 the

gear was machined on stainless steel.

Figure 7.5: Photograph of a
WEDMed micro gear of diameter
6 mm (material: stainless steel)
Magnification: 25X

7.5 FABRICATION OF MICRO-PARTS: CLOCK DIAL

Two micro parts were fabricated following the shape of clock dial with different set of
parameters. The results are presented in the following sections. From the figures 7.6,
7.7, 7.8 and 7.9 — it were evident that the first set of parameter, which had current of
2.72 ampere gives a very poor surface, compared to second set of parameter which use

0.9 ampere.
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Table 7.4: Fabrication of clock dial

Parameter set 1

Parameter set 2

Voltage 90 volt, Resistance 33 ohm,
Current 2.72 amp, Ton 10, Toss 5,
Short 20, Open 10

Speed 30%, Tension 35%

Wire 70 micron, oil submerged

Voltage 90 volt, Resistance 100 ohm,
Current 0.9 amp, Ton 5, Tosr 5,

Short 5, Open 5

Speed 30%, Tension 40%

Wire 70 micron, oil submerged

Figure 7.

6B

Table 7.5; Parameters used for the fabrication of the clock dial

Wire Volt. Res. Ton Ty Short | Open | EDM | Wire Wire
dia. (V) Q) (us) (us) (um/s) | speed | tension
(um)

30 90 100 30 30 20 10 3 30% 35%

Figure 7.7: High aspect ratio
second hand needle of 20 um
Magnification: 50X
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Figure 7.8: Measurement of actual dimensions after machining
Magnification 75X. Machine dimensions: 0.250mm, 0.860mm,
Actual dimensions: 0.196mm, 0.810mm
Average gap width = (250 — 196) — 30/2 = 12 um

Figure 7.9: The WEMed machined clock dial, for comparison photographed on finger
tips

7.6 FABRICATION OF MICRO-PARTS: MACHINING EXAMPLE

OF CURVED PATH

Example of an attempt taken to produce curved path after generating the co-ordinates
of successive straight path is given here. The curved path program was done
separately using C and afterward the generated co-ordinates are given as input to CNC

programming.
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Main [Arsu | T Enlarie MI
re  (Reswll | . . .
SIS 5 Figure 7.10: Demonstration of a curved cut using the
curve program. magnification 50X

o
U
£

7.7 FABRICATION OF MICRO-PARTS: MACHINING EXAMPLE

OF NUS LOGO

The National University logo is a Lion - was attempted to
be fabricated by WEDM. In order to fabricate the shape
of the lion, the machining path was first programmed

with the NC code.

Figure 7.11: A replica
of the NUS logo

7.8 CUTTING CHANNELS

Continuous channels were cut at higher voltage and relatively higher spark on time.

From the continuation of the channel it was found that the gap of the channel varied. It
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could be attributed due to the vibration of the wire. Also at the corner there was a

radius in the outer side but sharp edge was visible in the inner side.

Table 7.6: Parameters for cutting channel

Wire Voltage Ton, To Res. EDM Short Open
Speed, LS Q Speed
Tension Volt s
15%, 15% 150 24,18 100 10 10 30

Material: Stainless steel (finest tempered), Workpiece thickness 0.30 mm
Electrode: Tungsten wire, diameter 70 micron (0.07 mm)
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Chapter 8

STUDY OF WAVE FORMS

8.1 RC CIRCUIT AND PULSE GENERATING CIRCUIT

8.1.1 Pulse Generator

In the current WEDM machine, the discharge circuit is a transistor based pulse

generator. In EDM, two kinds of pulse generator are used: RC pulse generator and

transistor type pulse generator. The comparison between the two is given in the table

8.1.

Table 8.1: Comparison between RC and transistor pulse generator

RC Pulse Generator

Transistor Pulse Generator

The RC circuit comprises of a d.c. source, a
resistor and a capacitor.

The pulse generator circuit comprises of
a d.c. source, a resistor and a transistor.

Tool
electrode

Figure 8.1 A: RC pulse generator

T T Tool
R electrode

transistor

W/P

Figure 8.1 B: Transistor type pulse
generator

Generate small discharge energy by
minimizing the capacitance of the circuit.

The dc voltage source is fed via a
resistor and an electronic switch
(transistor)

Demerits are:

1. Extremely low MRR from its low
discharge freq. due to the capacitor
charging time required.

2. Uniform surface finish difficult to get
since discharge energy varies depending
on the electric charge stored in capacitor

3. Thermal damage occurs easily on the w/p.

Compared to RC pulse generator, it has

certain advantages:

1. High MRR since no need to charge
capacitor

2. Uniform surface finish can be
achieved since iso-duration discharge
pulse can be generated easily using
transistor type generator.

3. Pulse duration and discharge current
can arbitrarily be changed.
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The voltage/time characteristic for an RC circuit it given in figure 8.2.

Capacitor
Voltage

A
Capacitor
VO|tage,V .._._._._._._._._._,_'._'._. ....... __ _______ :_'._..,_._._._'._'.—_.., .................

Dielectric -z ey ____ e
breakdown
voltage, V.

v

Time
Figure 8.2: Variation of voltage with time using an RC circuit

The transistor based pulse generator differs from an RC circuit comprising only a d.c.
source which is fed via resistor and an electronic switch to the machining gap. The

voltage/time characteristics is very different than that of RC circuit (figure 8.3).

Voltage 4

80V [

1ps

20V |---

v

0
Time

lgnition ___1 i
delay Lo

Figure 8.3: Variation of voltage with time using a controlled pulse generator

From the comparison between the voltage/time characteristics of RC and pulse
generator it is concluded that duty cycle (ratio of “pulse on’ to ‘pulse off’ time) in
pulse generator can be much higher than RC circuit. As a result mental removal rate
can far exceed those of RC circuit where considerable machining time is lost during

capacitor charging.
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8.2 ANALYSIS OF THE OSCILLOSCOPE SIGNAL

To analyze overall WEDM conditions, the oscilloscope signal was studied. For this
purpose an oscilloscope with data recorder was utilized. The oscilloscope signal was

taken from the common ground and one of the voltage polarity on the WEDM device.

The oscilloscope signal was captured for broadly two purposes:
1. In order to understand the time response of the voltage
2. To get an overall picture of the sparking condition that incorporates the stability of

spark on and off time, hold condition and short circuiting conditions.

8.2.1 Time Response of Voltage

The time response of voltage during actual machining, short circuiting condition and
no machining has distinct feature. When the effective spark occurs, the voltage drops
dramatically. For short circuit no machining can occur and voltage remains to the
supply voltage. From the recorded oscilloscope picture it becomes clear how these

developments occurs during the actual process.

8.2.2. Overall picture of the sparking condition

The macro scenario obtained from the oscilloscope voltage signal gives an overall
picture of the electrical condition of the process in real time. The signals were recorded
at different current on time and off time combination and the differences were noted.
In the oscilloscope picture the top part of the pulse like train denotes continuous
sparks. This is the part of the discharges only when machining can occur. It was
observed that for some particular pair of current on and off time, the discharge

condition was better than others. In these experiments voltage of 80 and resistance of
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100 was used. In figure 8.4 the open or retract of the electrode is identified. This is the
part of the machining when no effective machining occurs. An example is given in
figure 8.5 when the sparks are interrupted due to mostly short circuit condition. Figure

8.6 was captured after reducing the short and open value both to 5. This is when the

machining condition seem to improve with less

il

I

Voltage

Time

Open

Freq(1) > 25Hz Pk-Pk(1): 133V AmpC1): BIV
RMS I + Width - Width I Average Ampitudel »

Figure 8.4: Parameter Used: Ty, 30us, Tofr 30us, Short 20, Open 10

Freq(1): 22Hz |

Pk-Pk(]1): 127V )
Amp(1): 81V |

PRIMNT_O3

Cancel
Print

Figure 8.5: Parameters used are To, 15us, Tofr 30 us, Short 20, Open 10
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Pk-Pk(13: 130V |
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PRIMNT _©O4

Freq( 1): No edges I
Short Pk-Pk(]1): 173V ]
Amp(13: 122V !

FRIMNT_OBS
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Figure 8.7: Parameter used are To, 30us, Tofr 180us, Short 5, Open 5

Freq(12): 3.03Hz Pk-Pk(1): 136V AmpC1l: 81V
= S"TDB I CIBH“ Frm]l.lem:yI Period Peak-Peak *

Figure 8.8: Ton 15us, Torr 12us, Short 5, Open 20
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Voltage

y

I Time'

tFreq(!):Hn edges Pk-Pk(12): 99V t.ﬁ.mp(]_): Era'
» i

~ Source Peak Peak I
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Figure 8.9: Example of voltage pattern in a single spark. The parameters used are:
Voltage 90 volt, Resistance 100 ohm, Ton 15 us, Tos 30 ps,

Freq( ] ): Z2.445kHz Pk—Pk(]1): 103V Amp(1): 78Y
— Smlrne I mﬂ'“ Frem.lem:yl Period I‘eﬂ:—l‘eﬂ:l *

Figure 8.10: The stochastic nature of the sparks having random pattern.

It was found that by increasing the machining off time the efficiency of the machining
spark reduced dramatically. A lot of idle and ineffective spark were introduced (figure
8.7).

A very good example of favorable sparking condition was observed in figure 8.8 with
negligible short in between the continuous sparks. The combination of parameters was

found to be favorable for very efficient machining.
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The sparks where analyzed more closely to understand the nature of each spark and
how does the voltage signal varies with time. Figure 8.9 and 8.10 demonstrate a single

spark and collective sparks respectively.
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Chapter 9

RESULTS

9.1 CHALLENGES TO FIND OPTIMUM PARAMETER

Based on the experimental analysis of the effects of different parameters it can be
concluded that the primary factors affecting gap width, material removal rate and
surface roughness are:

1. Voltage

2. Spark on time

3. Wire Tension

4. Energy (resistance value determines the current and therefore the energy)

5. EDM Speed

Other parameters such as wire run speed, control parameters such as Open and Short

detection were also studied. They also have their effects on the process.

A prime target of this research was to determine the optimum parameters. But this task
was not straight forward as WEDM is based on sparking phenomena and the nature of
the sparks makes the process stochastic. As a result it is almost impossible to come up

with some very hard and fast optimum parameter.

Also the objectives for optimal machining conditions are often in conflict. Generally in
WEDM operation the following objectives are sought:
1. Good surface finish in terms of surface roughness. The minimum the

roughness value, the better.
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2. Gap width as low as possible. This enables machining intricate parts.
3. Machining time as high as possible so that machining economy can be

maintained.

But unfortunately the machining time objectives have conflict with the first two
objectives. In order to achieve a high machining time, therefore a high material
removal rate — it means surface quality and gap width minimization have to be
sacrificed. For example if a machinist wants to achieve a very high machining rate, the
energy input to the machining process needs to be high. So he has to choose high
voltage, high current and high spark on time. All of these will contribute to a higher
machining speed but will obviously deteriorate other characteristics such as roughness,

gap width etc.

Again when a machinist wants to achieve very good surface finish (lowest surface
roughness value) he has to choose very less amount of energy input. Thus he has to
select very low voltage, low current and low spark on time. As a result the machining

time will be very long, though a fine surface finish can be achieved.

For such dilemma, finding the optimum parameter is a fine line of compromise
between the priorities. In this research work, major parameters were studied and their
degree of contribution to the machining characteristics was studied. The experimental
results obtained from this research can aid in taking decisions so that the compromise

is made in the light of sound knowledge.
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9.2 COMPILATIONS OF THE OPTIMUM PARAMETER RANGE

AND VALUES

From the experimental observations, followed by a thorough analysis of the key
parameters, the best conditions for MRR, gap width and surface roughness during

machining are described in the following section.

9.2.1 Optimize value/ value range for Material Removal Rate
Voltage is the primary factor in affecting the MRR; the larger the value, the higher the
MRR at the expense of poor finishing and dimensional inaccuracy. Voltage level is

limited by the wire diameter, as smaller wires break easily at higher voltage.

Table 9.1: Optimal range of voltage for fast machining results

Wire Diameter | Parameter Range
70 um 110-130 V
50 um 100-120 V
30 um 80-90 V

Resistance works as pivotal factor in determining the amount of energy in the spark,
which finally affects the MRR. The lower the value, the higher the MRR at the
expense of poor finishing and dimensional inaccuracy. R value is limited to 6.8, 15, 33
and 100 Q in this machine. However, only 33 Q and 100 Q settings can be used as the

wire breaks easily at 15 Q or 6.8 Q, even for 70 um wire.

Table 9.2: Optimal value of resistance for fast machining results

Wire Diameter | Parameter value
70 um
50 um 33 ohm
30 um
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Spark on and off time are also major factors in affecting the MRR; T, should have a
larger value so that the current on time is longer, while Tog should not have a very
large value to reduce the idle time when no machining occurs. However Togcannot be
0 or too small as time is needed for the cutting area to regenerate the ideal conditions
for sparking again. Increase in T, is limited by the wire diameter, as smaller wires

break easily at higher T,,,.

Table 9.3: Optimal value of Spark on and off time for fast machining results

Wire Diameter Parameter Range
70 pm Ton / Toffl 20-35/5
50 um Ton/ Tore: 15-20/5
30 um Ton/ Toge: 10-15/5

Both short and open are not very significant factor in affecting the MRR, yet they have
some implications. For smaller diameter wires short value should be higher to increase
the MRR, and the open value (dependant on the T,/ Tomr cycle) should be smaller to
increase MRR. By increasing the short detection parameter, frequent detection of short
can be avoided. Thus it helps faster machining. Again open value should be higher to
reduce idle time during the machining process. A short value of 20 and an open value

of 10 were found to be quite satisfactory in terms of machining result.

Wire speed is again not a significant factor in affecting the MRR. The speed of the
wire should not be too high to avoid the wastage of the wire. At very slow speeds the
wire tends to break more often, since the same region gets eroded more, reducing the

tensile strength of the wire. A wire speed of 30% (4.04 rpm) was found to be optimal.
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Wire tension is also not a significant factor in affecting the MRR. The tension of the
wire should not be too high to prevent the wire from breaking easily. However, low
wire tension might reduce the MRR due to more frequent short circuit as the wire may
vibrate easily at lower tension. The optimum wire tension was found to be around in

the range of 35% to 40%.

EDM speed is a less significant factor in affecting the MRR; controls the rate at which
the wire approaches the work piece, but will not the cut unless sufficient spark
discharge is produced, which is not dependant on the EDM speed. EDM speed

typically in the range of 5 to 12 um/s was found to yield better results.

Dielectric condition is a secondary factor for MRR. Submerged flushing with oil
reduces the MRR rate significantly, compared to normal flushing. Deionized water
removes debris from the cutting area better than oil, slightly increasing the MRR. For
faster machining rate deionized water with normal jet flushing is recommended. It was
observed that using EDM oil as dielectric gives better surface integrity (surface

roughness) as compared to deionized water.

It is obvious that larger wire diameter will contribute to higher machining rate. Thus
wire diameter is a primary factor for MRR; larger wire diameter can release a larger
discharging energy, hence enabling a larger spark to remove more material. The
highest wire diameter available was 70 um and is recommended for higher MRR. But

this again limits the accuracy.
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9.2.2 Optimize value/ value range for gap width

Voltage is the primary factor in affecting the gap width; the smaller the voltage, the
less energy available for sparking hence contributing to smaller gap width. However,
machining time is sacrificed for small gap width. The optimum range was obtained

around 70 to 80 volt.

Resistance is a primary factor in affecting the gap width; Resistance level set at 100Q
gives smaller gap width that is usually less than 10pm, depending on the diameter of

wire.

For gap width, spark on and off time are primary factor. A longer T,, time allows for
more sparking to occur, hence increasing the gap width. T time barely affects the gap
width, since no spark is created during Tos. The optimum value obtained are in the

range between 15 to 30 us

Wire speed is secondary factor in affecting the gap width; slow wire speed will cause
the same area of wire to experience more discharge energy (reducing the wire
diameter) hence reducing the consistent gap between the wire and the work piece. This
will cause uneven gap width along the machining path. However, high wire speed

increases the cost of manufacturing. A value of 35% seems to give consistent results.

Wire tension is one of the major factors in affecting the gap width; low tension value
of the wire will result in excessive sideway vibration of the wire, as was observed from
high speed camera; hence affecting the gap width. Wire should be taut to prevent wire

from vibrating. Tension value of 40% to 45% generates good gap width.
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EDM Speed is not a significant factor in affecting the gap width; the EDM speed does

not affect the discharging energy, hence having no effect on the gap width.

Dielectric fluid and flushing condition are primary factor in affecting the gap width;
submerged operation improves the surface integrity, reduces the HAZ and also helps
the cutting area to cool faster compared to flushing. However, water helps to clear the
debris faster than oil, and also absorbs the high temperature more easily compared to
oil. Oil and submerged flushing are preferred, since gap width and surface integrity is

an important aspect of good quality finishing.

Wire diameter is another major factor in affecting the gap width. Accuracy of the wire
diameter is important. A smaller wire diameter contributes to a smaller gap width.

Thus the lowest wire diameter gives the better gap width.

9.2.3 Optimize value/ value range for surface roughness
Voltage is the primary factor in affecting the surface roughness. A lower voltage level
is recommended. Thus from experimental results the voltage range from 90 to 130 volt

can be selected.

Surface roughness value improves with increasing resistance, and therefore with

decreasing current. The highest resistance available in the machine was used (100

ohm).
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Wire speed is a less important factor. From experimental results it was found that
increasing wire speed contributes to better surface roughness. A higher wire speed

such as 50% is recommended.
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9.3 SUMMARY OF: BEST RESULTS ACHIEVED

In the following tables 2.4, the best results obtained in terms of gap width, material removal rate and surface roughness are presented.

Table 9.4: Best Eesults achieved at a glance

Ohjective Valtage Reas. T Top Wire EDM Short Open Diglectric | Wire Dia. Result
mpaed, spreed condition
Tansian
WVoltage Chim LLs Yo LLfs Cyele time | Cycle time LLimy
Gap width 120 23 15,12 20,40 10 5 5 O, 50 2 Jm
subtnerge
Iaterial 150 33 30, 30 40, 40 10 12 ) “Water, 70 10747 66
Remowal Mormal Lméis
Eate flushing
surface a0 100 a0, 20 40, 40 10 12 & 01l, 50 045731
Eoughness ZSubmerge Ea, um

138



Chapter 9 | Results

For the sake of comparison of current research results, some of the results achieved by

other researches on WEDM are worth mentioning here. In the following table few such

works are presented.

Table 9.5: Summarization of literature results in terms of achievement in surface
finish, machining rate and kerf, wire diameter

Ref. Wire Work Surface | MRR | Kerf Parameters used
material material Finish, or mm
and um(Ra) | VMRR
diameter
Liao et 0.22 Ton 0.05 us, Toff 8,
al, 2004 100V, 100 Ohm, 4
mm/min (feed)
Hascaly 1.28-
k 2004 1.3
Hewidy | Brass Inconel 601 | 0.9-1.0 | 7.2 Ton 3.0 ps, Toff
et al,|CuZn37, |(Ni 61%, (mm’/ 1.0=5.0, I=3.0-7.0
2005 0.25 mm | Fel4%, Cr m) Best R, : 5 amp, Ton 3,
23%, Al1%) Toff 1, Wire Tension 9,
Water pressure 0.5
MPa
Best VMRR: 6 amp,
Ton 3, Toff 3, Wire
Tension 7, Water
pressure 0.5 MPa
Hwa Brass, 10 and 20% | 2.1 130 0.26
Yan et|0.25mm |vol ALO; (mm% |3
al., 2005 reinforced m)
6061 Al
alloy based
composite
and matrix
material
Huang et | Brass, SKD11 1.42 Ton 0.1 us, Toff 8, 95V
al., 1999 | 0.25 mm | alloy steel
Liao et | Brass, SKD11
al., 1997 | 0.25 mm | alloy steel
Gokler, | Brass, 1040 Steel, | 2.58 40V, 7amp, feed 1.232
2000 0.25 mm | Tool Steel horz mm/min
2.36
vert
Huang, Brass, SKDI11 2.483 32.50 0.39 |95V, Ton 0.7, Toff
2003 0.25 mm | alloy steel (mm’/ |0 20.8, F 2.5 mm/min
m)

139



Chapter 9 | Results

Tosun, Brass, AISI 4140 0.29 | 100V, Ton 0.3us, Toff
2004 0.25 mm | Steel 2 16us

Comparing with other results as presented in table 9.5 and the current research results
accomplishments as stated in table 9.4, it can be seen that this research have achieved
significant improvements. Compared to previously achieved minimum gap width of
6.5 um, in the current research best achieved gap with was 2 um. Also the best surface
roughness of Ra, 0.497 um is better than most of the previous results. Only in the case
of material removal rate in current research the rate is lower since the imparted energy

was considerably less.

9.4 PROBLEMS ENCOUNTERED

Some of the problems encountered during the work are mentioned in the following

sections.

9.4.1 Disadvantage of transistor based pulse generating circuit

Because of the inherent problem of pulse generating discharge circuit, it doesn’t
provide optimum result for low energy discharge. As Y. S. Liao [2004] mentioned in
his paper that pulse-generating system is not suitable for finishing process, since the
energy generated by the high-voltage sub-circuit is too high to achieve a desired fine

surface, no matter how short the pulse-on time is assigned.

9.4.2 Problems related to flushing
Currently the device uses dielectric at a low pressure drive by a nozzle and it is only
directed from the top. As a result the debris in the micro-gap are not properly removed,

which lead to short-circuiting, bad surface quality and wire breakage. Also the heat
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affected area is more on the bottom surface of the workpiece for the absent of the
dielectric fluid. Lack of dielectric pressure and inability to enclose the wire electrode

and workpiece is a major problem that requires careful attention.

9.4.3 Wire vibration

From the observation of the wire vibration with the help of high speed camera (figure
9.1), it was found that the maintaining of tension is not consistent. The vibration of the
wire during machining contributes partly to the uneven surface roughness and gap
width. At higher voltage and T,, values, it was observed a greater uneven distribution
of the surface during machining and these could partly be due to increased in the

frequency of vibration in the wire.

Photron  F& Lﬁh:“t""n

5U s U tps
i F, End

Figure 9.1: Captured still images from high speed camera video of WEDM

9.4.4 Wire transport method

The wire moves freely over the source rollers and open grooves, which with time wear
out and slowly change the wear transport path. This introduces the possibility of
machining path error. Also the guiding system is not able to maintain the wire position

with tight accuracy. This may contribute to over-cut or wider gap width.
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Chapter 10

CONCLUSIONS AND RECOMMENDATIONS

10.1 MAJOR CONTRIBUTIONS
In this research work, the major contributions can be divided into 4 parts:
= From conceptualization to design of a uyWEDM device
= Development of the ytWEDM device and integrating it with the multi-
process CNC machine
= Experimental investigation on the major parameters of yWEDM

= Finding optimal parameters to achieve desired machining characteristics

The main contributions of this study are summarized as follows:

10.1.1 From conceptualization to design of uyWEDM device
The WWEDM was first conceptualized from scratch. Once the requirement of the

device was realized, the concepts were followed by design. Different parts of the

device were designed keeping in mind the application, requirements and limitations.

10.1.2 Development of the uyWEDM device and integration with the CNC machine
After finishing the design on the paper and inside design software package the
fabrication phase of the work was conducted. The designed yWEDM device was

integrated with the CNC machine and initial calibration was done.
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10.1.3 Experimental investigation on the major parameters of yWEDM

In WEDM the machining characteristics are mostly influenced by the parameters
selected. Experimental investigation for the parameters such as voltage, current and
energy, spark on and off time, EDM speed, wire speed and tension, open and short

parameters, dielectric effect were taken into consideration.

10.1.4 Investigation for optimal parameter

After the primary and secondary parameters and their effect on the machining
characteristics were identified, efforts were undertaken to identify the range of optimal
parameter range. The inherent unpredictable nature of the sparking phenomena causes
the identification of optimal parameter more challenging. Thus it was recommended
that to achieve different objectives a fine line of compromise between the parameters is

necessary.

To identify the optimal parameters three main machining characteristics were
investigated which are gap width, machining time or material removal rate and surface
profile or roughness. Effects on machining characteristics were observed as each
parameter was tested in a series of controlled experiments. Micro parts of different

shapes were also manufactured to demonstrate the ability of the WEDM machine.

Finally the investigated optimum parameters are compiled in a compact table which
can be used as a guide for optimum machining combination for this particular
LWEDM device. Also the features in general of the interaction of different parameters

to machining characteristics can be applied to yWEDM process in general.
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10.2 RECOMMENDATIONS FOR FURTHER IMPROVEMENTS

During the research it was observed that the designed WEDM device can be further
modified to incorporate some other facilities and to improve machining accuracy. Due
to time constraints, all of these improvements could not be accommodated but these
recommendations can be used as a study guide to the next research in the forward

direction.

10.2.1 Possibility to switch from transistor based circuit to RC circuit

The current yWEDM machine uses a pulse generator to generate spark discharges and
experiments so far have been able to produce a minimum gap width of 2 um. But this
achievement is not consistent. Rather gap width mostly remains around 10 um or even

higher.

Making use of a Resistance-Capacitance (RC) circuit, it is possible to produce even
better surface finish and generate a smaller gap width. This is due to the ability of an
RC-circuit to produce smaller discharge energy, and hence create a smaller crater
during machining. Even modern EDM machine manufacturers now prefer RC circuits

for its better machining achievement than transistor based discharge circuit.

10.2.2 Flushing device for WEDM device

It is recommended that a compact flushing device be incorporated in the device
replacing the current low pressure nozzle drive flushing. Equal pressure from all side
on the wire needs to be maintained so that the machining path does not get changed
because of variable pressure from different sides. The attachment has to be carefully

designed so as to prevent any interference with the movement of the WEDM machine.
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10.2.3 Wire vibration

Reduction of the vibration can be done by taking a number of measures. The strategy
to control the tension of the wire can be re-evaluated. A preliminary study was done
and it was found that the placement of anti-vibration foam along the wire-path causes
the gap width to decrease, as opposed to not placing any foam along its path. However,
the position and material of these anti-vibration foams has to be further investigated, as

in some positions the foam actually causes the gap width to increase.

10.2.4 Wire transport mechanism

Instead of letting the wire move freely over grooves and rollers, closed wire guides can
be placed to ensure that the movement path of the wire is consistent. In die sinking
EDM long electrode are generally supported by closed electrode guides made of wear
resistant materials such as ceramic. Such guides can be incorporated in the device to

improve accuracy in the wire transport mechanism.
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