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ABSTRACT

The development of micro engineering is highly dependent on the machining processes
that support it. Micro Electrical Discharge Machining (LEDM) is one of the key
enabling technologies for the fabrication of micro tools and micro components. The
capabilities of this machining technology have to be studied to determine the process

capabilities and constraints.

The present work investigates factors that influence the process of pEDM and the
components that can be produced by applying this technology. Chapter 2 reviéws the
current state of the art in this field. In addition, different aspects related to the process
capabilities are discussed, especially, the factors that affect the quality of electrodes
produced on-the-machine, surface roughness optimisation/prediction and the effect of

material micro structure on resultant surface integrity.

In Chapter 3 factors affecting the quality of electrodes produced on the machine through
the process of Wire Electro-Discharge Grinding (WEDG) are investigated. The effects
that electrode material, machining strategy and machine accuracy have on the electrode

re-generation are studied.

Then, in Chapter 4, the effects of process parameters on the resulting surface finish after
performing WEDG are investigated in order to identify an optimum processing window.

In addition, a method for predicting the resulting surface finish is proposed.

In Chapter 5 a comparative study is carried out to investigate the effects of material
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microstructure refinement on the resulting surface integrity of samples machined by
Micro Wire Electrical Discharge Machining (WWEDM). In particular, the process-
material interactions on the resulting micro hardness, phase content changes, Heat
Affected Zone (HAZ), surface roughness, micro cracks, recast layers formation,
Material Removal Rate (MRR) and element spectrum after both rough and finishing

pWEDM cuts are studied.

Finally, in Chapter 6 the main contributions to knowledge as a result of the carried out

research are presented. They can be summarised as follows:

e The choice of electrode material used when applying the process of WEDG has
a significant effect on achievable aspect ratio and surface roughness.

e The application of specially developed dressing strategies has a major impact on
the quality of the electrode.

¢ Due to the inherent process errors related to machine accuracy and repeatability
of the WEDG process, specialised “adaptive control” systems need to be
developed and implemented to increase the process accuracy.

e Technological parameters that are optimised for conventional uyWEDM are not
directly applicable for use with the WEDG process as they do not provide
comparable results in respect to surface finish.

e The application of inductive learning algorithms is a simple and cost-effective
method for identifying patterns in the process behaviour and thus to create
models for on-the-machine prediction of the surface roughness.

e Material microstructure refinement does not only provide superior mechanical

properties to workpiece materials but also leads to favourable machining
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“footprints” during ptWEDM machining and a lower surface roughness.
Surface contamination due to the alloying of the tool electrode with the
workpiece material is always present regardless of material microstructure, and

thus can limit the application areas of this technology.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

It has been recognised for several years that Microsystems-based products will be an
important part of Europe’s industrial manufacturing future, exploring the possibilities
for functionality, mobility and intelligence in devices that a new generation of materials
and processes will offer (Matthews and Dimov, 2008). During 2007 the market sales in
the Micro Electro Mechanical Systems (MEMS) industry reached $6.9 billion showing
a growth in the market of 11% (Eloy, 2008). Indeed, by 2012 the predicted sales in the
MEMS industry is expected to reach $12 billion (Eloy, 2008). To support this growth
multi functional, multi-material products, must advance from the laboratory to low-cost

volume manufacture.

Europe has an excellent research competence and the required system knowledge to
capture a good proportion of the new expanding Micro and Nano Manufacturing
Technologies (MNMT) market. However to explore this opportunity, there is a need for
more applied Research and Development (R & D) and faster transfer from R & D
results and innovation into the market (Ratchev and Turitto, 2008). There is a clear
trend for both research institutions and companies to dedicate significant resources to
developing the operational capabilities for a range of Micro-System Technology (MST)

based products.



With consumer awareness of the new high resource and knowledge-intensive
capabilities for micro and nano manufacturing, micro product development offers great
economic potential. However, to capitalise on and develop this potential, it is
paramount that production platforms underpinning the design and serial manufacture of
MST-based products are createﬂ and characterised to reduce uncertainties associated
with the “translation” of micro-engineering ideas into commercial opportunities.
Downscaling of traditional manufacturing processes to deliver MST based products is
one way for broadening the functionality for existing manufacturing processes, and at

the same time to develop new capabilities.

With the decrease of size, cost reductions can be achieved through the use of less
material, energy, storage space, and transport. There are also environmental incentives
with the potential for reduction in carbon emissions. However, there are many
challenges associated with such downscaling. One of them is the length scale
integration. To resolve this problem new technologies need to be developed that

converge new and existing technologies to create new hybrid machining platforms.

An important area of development in micro engineering is the creation of the necessary
capabilities for micro tooling and master making that can underpin cost effective mass
production of micro components employing high throughput replication technologies,
e.g. micro-injection moulding and thermal imprinting. Especially, the micro tool-
making industry can benefit from the existing trend for technology convergence and the
opportunities that the development of hybrid micro manufacturing processes offers. To

meet the growing demands for micro manufacturing it is necessary to understand and
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characterise the capabilities and limitations of available micro machining technologies.

Micro Electrical Discharge Machining (hEDM) is a complex process with many factors
affecting its capabilities; these constraints have to be investigated systematically in
order to establish it as a viable platform for machining miniaturised components and
tools. In particular, this necessit;ates significant advances in our knowledge in the areas
of micro machining, micro tooling and micro fabrication. The process designers have to
be equipped with this knowledge in order to reduce uncertainties at the product
development stage when it is required to select the most appropriate production route
for a given product by “mapping” product technical requirements with capabilities of

the available micro machining techniques.

The engineering challenges tackled in this research are centred on broadening our
understanding of pEDM technology and also in developing it further to address specific
requirements for producing functional micro features in existing and new emerging
products. This PhD research investigates the current limitations of this technology, and
thus to reduce the machining uncertainties when applying it for the manufacture of

miniaturised products and micro tools.

In this research empirical knowledge is used to improve the process design, by
quantifying the technical requirements and limitations of the technology, and
developing new processing solutions. In particular, the aim is to characterise this
developing manufacturing platform for the production of micro components and
tooling such as micro measurement probes, micro punch and micro replication tooling

masters.



In order to keep the investigation focused the research of the pEDM process is
extensively supported by a state-of-the-art survey of latest research and developments

in the field.

1.2 Research Objectives

The overall aim of this research was to investigate the manufacture of components and
characterise process/material interactions of pEDM when used in combination with p
die-sink EDM and pWEDM from a range of both traditional and novel materials. To
carry out the empirical part of this research test parts were designed and then machined
through the development of different methods of hkEDM to investigate:
e Factors affecting the quality of electrodes produced on the machine through the
process of wire electro discharge grinding;
e Surface finish optimisation and prediction for the process of wire electro
discharge grinding;
e The effect of material micro structure on the surface integrity of components

produced through the process of yWWEDM.

After identifying the fundamental issues related to each of the above, a selection of
process conditions were used to evaluate the pEDM process and characterise their
impact on component quality, surface finish optimisation and surface integrity. Further
to this, methods were developed to improve the accuracy and quality of components as
well as proposing an inductive learning algorithm to generate a rule set for assessing

the resulting surface roughness after WEDG machining. To achieve the overall aims of
4



the research the following objectives were set:

To investigate the factors that affect the quality of electrodes produced on-the-
machine. With a focus on the affect of the electrode material, machining
strategy and machine accuracy on the electrode re-generation process, when the
WEDG process is used in combination with pEDM.

To perform a comprehensive analysis of the process capability of the WEDG
system when used in combination with the pyWEDM. To assess the effects of
spindle speed, flushing pressure, discharge interval, open circuit voltage and
pulse ON time on the resulting surface finish after performing the main cut in
WEDG. In addition, to develop a method for predicting the resulting surface
finish through the use of an inductive learning technique for data processing.

To investigate and characterise the effects of material microstructure on the
resulting surface integrity of samples machined by py(WEDM. In particular, the
process-material effects on the resulting micro hardness, phase content changes,
Heat Affected Zone (HAZ), surface roughness, micro cracks, recast layers
formation, material removal rate (MRR) and element spectrum after both rough

and finishing ytWEDM cuts.



1.3 Thesis Organisation

The research is presented in six chapters, of which Chapters 3 to 5 encompass the main
investigations, and Chapters 2 and 6 are a literature review and a summary of the main

contributions of this work, respectively.

Chapter 2, includes three sections. In the first section the available micro machining
processes are introduced. Then, the state-of-the-art, main characteristics and
fundamental principles of the pEDM process are presented and critically analysed. The
third section describes the specific focus of this research including the main concepts

identified and how they are investigated.

Chapter 3 establishes an understanding of the factors that affect the quality of
electrodes produced on-the-machine when the process of WEDG is used in
combination with the pEDM process. In particular, the focus is on the effects that
electrode material, machining strategy and machine accuracy have on the electrode re-
generation process. The chapter starts with a discussion of the factors affecting the
quality of on-the-machine dressed electrodes. Then, the research methods adopted to
investigate experimentally the factors that affect the quality of the dressed electrodes
are discussed. Finally, the empirical results are analysed and conclusions are made
about the affects that electrode material, machining strategy and machine accuracy
have on the quality of electrodes produced on-the-machine, and a solution is proposed

to improve the accuracy of the process.

Chapter 4 investigates the technological capabilities of a hybrid micro machining
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process for performing WEDG. In particular, pPWEDM is employed in combination
with a rotating submergible spindle. Initially, the chapter proposes a machining strategy
for workpiece preparation. Then, a Taguchi design of experiment method is applied to
identify and optimise the most statistically significant main cut parameters on the
achievable surface roughness. Following this, a simple and cost-effective method for
on-the machine prediction of surface roughness is presented. The chapter concludes by
analysing the capability of WEDG to produce a level of surface finish comparable to

that achievable with yWEDM.

Chapter 5 investigates the machining response of metallurgically and mechanically
modified materials when they are processed by p(WEDM. The chapter commences, by
introducing the research methods adopted to investigate experimentally the effects of
the material microstructure on resulting surface integrity of A1S000 series aluminium
alloys after py(WEDM processing. In particular, the process-material effects on the
resulting micro hardness, phase content changes, heat affected zone, surface roughness,
micro cracks, recast layer, material removal rate and element spectrum after both rough
machining and finishing. The chapter concludes by analysing the empirical results and

commenting on the surface integrity and machining response of each test piece.

In Chapter 6 the main contributions of the research are summarised. Some possible

directions for further investigations are also suggested.



CHAPTER 2

LITERATURE REVIEW

Overview

In this chapter an overview of the available micro machining processes is provided. In
the second section the chapter continues with a description of the state of the art, where
the main characteristics and fundamental principles of the pEDM process are presented
and critically analysed. The third section concludes the chapter with a summary of the

open research issues that constitute the core of this work.

21 Micro Manufacturing

Evidence of product miniaturisation can be seen as far back as the 1960’s. The first
experiments on the miniaturisation of a hole drilling by EDM were performed at
‘Philips Research Lab’ in the Netherlands in the mid 1960’s (Osenbruggen et al.,
1965). However, in recent years there has been an increase in the interest in micro
manufacturing research and development activities (Ehmann, 2007). In 2006 under the
U.S. National Science Foundation (NSF) the World Technology Evaluation Centre
(WTEC) initiated an international technology assessment study focused on the
emerging global trend towards the miniaturisation of manufacturing equipment, and
systems for micro scale components and products. Some of the outcomes of the report

were that micro manufacturing is an important technology because:



e It is an enabling technology for the widespread exploitation of nano science and
nano technology developments — it bridges the gap between nano and macro
worlds.

e It is a disruptive technology that will completely change our thinking as to how,
when and where products will be manufactured e.g. onsite, on demand in the
hospital operating room or on board a warship.

e It is a transforming technology that will redistribute manufacturing capability
from the hands of a few to the hands of many — micro machining becomes a
cottage industry.

e It is a strategic technology that will enhance competitiveness, reduce capital
investment, reduce space and energy costs, increase portability and increase

productivity.

The opportunities associated with micro manufacturing were identified in the following

three categories:

e Scientific challenges and needs.
e Technological challenges and needs.

e Environmental and social challenges and needs.

Whilst the late 20 century has seen a silicon based micro electronics revolution, the
21% century looks forward to the broader use of Micro and Nano-Technology (MNT) in
many products (Dimov, 2005). It was recognised that applications of MNT into product
platforms such as micro fluidics, micro-optics and micro sensors, require each

constituent part of such miniaturised devices to be manufactured cost effectively in
9



high volumes in a range of materials. Business needs are the driving force behind the
development of such novel product platforms. To create the necessary pre-requisites,
manufacturing capabilities have to be created that are well characterised to minimise

the risks associated with the development of MNT enabled products.

To address these technology and application challenges, and at the same time to
capitalise on the opportunities that they represent for European industry a network of
excellence in Multi-Material Micro Manufacture (4M) was established as an instrument
for integration of European research. The 4M community proposed a classification of
available micro manufacturing technologies (Figure 2.1) and also most significant
market sectors that these technologies underpin. Especially, these sectors are:
medical/surgical, automotive and transport, biotechnology, consumer products,
information and communication, energy/chemical, scientific/academic community, and
pharmaceutical (Dimov et al., 2006). In order for these industry sectors to capitalise on
existing and emerging market opportunities the requirement for low cost / volume

production is paramount.

10
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2.2 Micro Machining

To create the necessary micro tool-making capabilities for cost effective manufacture it
is necessary to study the capabilities of available micro machining technologies. The
diversity of existing machining processes is large, and the use of available equipment
for producing micro features/structures represents many challenges. The technologies
that can be used for micro tool-making can be categorised into two main types,
mechanical and energy assisted processes (Dimov et al., 2006). Some of these
processes are downscaled versions of existing conventional macro manufacturing
technologies, while others are novel methods that apply various physical and chemical
effects (Uhlmann et al., 2005; Asad et al., 2007; Amer et al., 2002; Brecher et al,,

2010).

2.2.1 Micro milling

Micro milling originates from the watch making industry for manufacturing small
parts. With new achievements in computer numerical control (CNC) control systems,
powder metallurgy for sintering small super hard cutters and new spindles capable of
over 100 000 rev/min (Weule et al., 2001), micro milling has become an important
technology for producing micro moulds and dies (Schaller et al., 1999; Rahnama et al.,
2009; Uhlmann et al 2005). With controlled and dedicated tool paths, the tool in
interaction with the workpiece removes the unwanted material. Mechanically this is
only possible when the tool material is sufficiently harder than the material being cut.
Dimov et al., (2004) found that the step over movements, the depth of cut, feed-rates

per tooth, cutting speeds, cutting tool wear, and the use of cutting fluid/air/oil mist are
12



important for their influence on the cutting behaviour. Popov et al., (2006) also found
that interfacial interaction between the cutter and the workpiece material was very
important, in particular it was found that the microstructure of the workpiece can play a
fundamental role in the cutting process. For tool life expectancy, mechanical loading
and thermal diffusion between the materials should be at a minimum. Tool fabrication
is another important issue, especially to have a proper cutting it is necessary the depth
of cut to be set by taking into account the tool edge radius. Currently sintered carbide
end mill tools and drills of 100um are commercially available. These tools have the
capability to machine plastics, metal and composite materials but hard or very brittle
materials are difficult to machine. Unpredictable tool life and premature tool failure are
major problems in micro-machining, and there are on going research efforts to develop
new systems for detecting tool breakage during micro-milling and drilling (Gandarias
et al., 2006; Newby et al., 2007). Another important pre-requisite for performing micro
cutting is the availability of ultra precision milling and turning machines. There are a
number of such machines on the market that have advanced CNC controllers for the
machining of micro 3D structures with high aspect ratio and high geometrical
complexity. However, to achieve the necessary accuracy and repeatability in machining
parts at micro scale the cutting process should take place in temperature controlled
environment. For example, every 0.1°C change of the spindle temperature can lead to
an additional 1pm (or more) enlargement error. There are also other sources of errors
such as the potential for dust on the tool holder, and chips of cut material (up to 25 pm
size) present on the tool during calibration and measurement. Setups and tool
changeovers also require a controlled procedure that includes a 15 minute temperate
run-in of the machine spindle. With such influences known and controlled to a

minimum, the machine is adept to producing tool inserts for moulding purposes.
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2.2.2 Micro electrical discharge machining

Micro electrical discharge machining (LEDM) is one technology widely used for the
manufacture of microstructures and tooling inserts for micro-injection moulding. With
the workpiece and electrode submerged in a dielectric fluid, material is removed by
melting and vaporization by high frequency electrical sparks generated by high voltage
pulses between the cathode tool and a workpiece anode (Madou, 2001). After the initial
pioneering research work interest in Micro-EDM was fading until, in the late 1980’s,
the Japanese rediscovered this technique again (Masuzawa et al., 1985). Due to the
flexibility of the EDM process and its capability to produce complex 3D structures,
currently the technology is employed in a number of applications including fabrication
of micro parts for watches, keyhole surgery, housings for micro-engines, tooling inserts
for fabrication of micro-filters and micro fluidics devices (Rees et al., 2007). Typical
HEDM technologies include pyWEDM, pdie-sinking, pEDM Drilling, pEDM milling
and Wire Electrode Discharge Grinding (WEDG). A detailed description of the

fundamentals of EDM can be seen in section 2.3.1

2.2.3 Laser milling

Laser machining has been applied to various industrial applications (Meijer et al., 2002;
Campanelli et al., 2007). Due to the absence of an electrode or cutting tool during
machining it is an ideal candidate for performing micro machining. Commercially
available laser systems compete successfully with conventional manufacturing methods

in a number of applications where the latter methods have reached the limits of their
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capabilities. Lasers can also be easily integrated into CNC machines and thus turning
them into flexible and efficient material removal machines. Especially, the laser milling
process allows complex parts and tooling inserts to be fabricated directly from
computer aided design (CAD) data in a wide range of advanced engineering materials
such as ceramics, hardened steel, titanium and nickel alloys (Pham et al., 2001). The
type of laser source chosen to carry out such machining depends on the workpiece
material, and especially on the specific laser-material interactions. There are already
many different laser sources on the market, with different wavelengths and pulse
durations, suitable for integration into machine tools for many 2.5D laser machining
applications (Gower, 2000; Dobrev et al., 2005, Petkov et al., 2008; Pham et al., 2002;

Pham et al., 2005, Karnakis et al., 2006 ; Knowles et al., 2006; Knowles et al., 2007).

2.2.4 Ion Beam Machining (IBM)

Ion beam machining is considered a non-conventional method of machining. In IBM a
stream of charged atoms (ions) of an inert gas, such as argon, is accelerated in a
vacuum by high energies and directed toward a solid workpiece. The beam removes
atoms from the workpiece by transferring energy and momentum to atoms on the
surface of the object, when an atom strikes a cluster of atoms on the workpiece, it
dislodges between 1 and 10 atoms from the workpiece. Focussed ion beam (FIB)
systems are designed to structure nano and micro features in silicon or non-silicon
materials by either 3D spattering or deposition (Ochiai et al., 1999; Lalev et al., 2008;
Loeschner et al., 2003; Platzgummer et al., 2006). Ions extracted from a plasma source,
normally liquid gallium, are accelerated and then by “bombarding” the workpiece to

sputter surface atoms. If organic gases are also applied in the vicinity of the surface, the
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resulting collisions can give rise to the deposition of neutral species (Pt, W, C, Au, etc)
on the surface. FIB systems can also be operated in two modes; direct writing and
projection mode where the latter is considered to be much faster than the former by
utilising a programmable aperture to structure a uniform broad beam (Loeschner et al.,

2003; Platzgummer et al., 2006).

2.3 Micro Electrical discharge machining

Many micro fabrication techniques such as lithography, etching, laser milling and
micro milling are suitable to produce micro components and micro tooling masters
(Rajurkar and Yu, 2000). However, these processes in general lack the ability of
machining three-dimensional shapes, or are limited in the surface finish achievable.

nEDM is one process that represents a viable alternative.

Micro EDM was initially used for the purpose of producing small holes in metal sheets.
The holes were in the range of diameters larger than 200pm. The electrodes that were
used came in the form of tubular rods and dielectric fluid was pumped through to
enhance the flushing within the working gap (Meeusen, 2003). In 1985, Masuzawa et
al. introduced a technique of on-the-machine electrode generation through a device,
which was baptised WEDG (Masuzawa et al., 1985). The device was developed with a
view to create very thin electrodes. The thin electrodes could then be used as micropins
or as tool electrodes to produce micro holes. The WEDG technique developed quickly,
resulting in cylindrical tool electrodes with a diameter less than 3um being achieved.
The result of the development of electrode dressing, has now made electrical discharge

machining one of the most extensively used non-conventional material removal
16



processes. Its unique feature of using thermal energy to machine electrically conductive
parts regardless of hardness has been its distinctive advantage in the manufacture of
mould, die, automotive, aerospace and surgical components (Valentincic et al., 2006;
Heeren et al., 1997; Ho and Newman, 2003). The electrode generation and re-
generation is considered a key enabling technology for stimulating the revival of the
LEDM process, as it does not only allow the process scale down but it also represents a

method for minimising the effects of electrode wear.

2.3.1 The electrical discharge machining process

The Electrical Discharge Machining process is an electro-thermal machining
technology which removes workpiece material by the erosive action of electrical
discharges. The discharges are created between a tool electrode and a workpiece
electrode. Both the electrode and the workpiece are immersed in a dielectric fluid and
separated by a small working gap. When a voltage is applied between the electrode and
the workpiece, the corresponding electric field in the working gap exceeds the
dielectric breakdown level, a discharge is then created. The applied voltage is generally
pulsed at a predefined frequency, creating successive discharges. Each discharge melts
and evaporates a small amount of material on both tool and workpiece electrodes
(Toren et al., 1975; Abbas et al., 2007). The evaporated material and a portion of the
melted material are removed by the dielectric fluid. The remaining material re-
solidifies and creates a crater like surface on both the electrode and workpiece. By
applying a large number of sparks, large material volumes can be achieved. The

material removal on the tool electrode can be kept an order of magnitude lower than the
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material removal on the workpiece by an appropriate selection of electrode materials

and by appropriate machine parameter settings.

Figure 2.2, 2.3 and 2.4 illustrate the three main phases of a discharge. The first ignition
phase (Figure 2.2) is the preparation phase of the discharge channel which is initiated at
the moment the generator applies the necessary voltage between the workpiece and
electrode. When a critical electric field is exceeded between a spot on the tool and a
spot on the workpiece, conduction paths grow at microsecond speeds through the
dielectric fluid, in the form of branch trees, called streamers. These streamers are
precursors of the effective dielectric breakdown. In a second melting phase (Figure 2.3)
the electrode and the workpiece are locally melted by the discharging spark. The
discharge consists of a plasma channel surrounded by a gaseous mantle. The plasma
channel, consisting of free electrons and positively charged ions, is characterised by
high pressure and high temperature. The free electrons accelerate towards the anode
and heat up the anode during the impact, while the ions strike and heat up the cathode.
On both the electrode and workpiece, material is melted and evaporated by the high
power concentration of the plasma channel. It is found that the diameter of the plasma
channel at the cathode side remains constant, while the plasma channel enlarges at the
anode side. This means that the current density at the cathode side remains constant,
while the current density at the anode side decreases. While the generator cuts the
electric current at the end of the discharge pulse, the plasma channel disappears and the
corresponding pressure drop causes a sudden and intense boiling locally on the
workpiece and electrode surfaces. During the third ejection phase (Figure 2.4) the
proportion of the melted electrode material is ejected into the surrounding dielectric

fluid. With this action the cycle of a single discharge is finished. When the dielectric
18



fluid is sufficiently deionised, another pulse can be applied in order to produce the next
discharge (Meeusen, 2003; Kunieda et al., 2005; Rajurkar et al., 2006; Yeo et al.,

2008;).
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2.3.2 Electrode Wear

The electrode wear becomes an important issue when employing pEDM as the
volumetric wear, defined as the ratio between electrode and workpiece wear, is
relatively high and cannot be considered negligible (Yu et al.,, 1998a; Bigot et al.,
2005). The volumetric wear modifies the process as the sparking area will change as

the electrode wears, which will affect the accuracy and quality of the machined part.

Several techniques have been applied to minimise the effects of electrode wear. In
micro EDM drilling, the electrode wears when producing blind holes. As a result, when
eroding material down to a fixed depth, the real depth of the hole will be significantly
smaller. One solution is to repeat the process a number of times with new or re-
generated microelectrodes until the required depth is obtained. This is called a multiple
electrode strategy (Meeusen, 2003). The main drawback is that it can be time

consuming and difficult to predict the number of electrodes required.

The problems associated with the electrode wear become more difficult to address
when machining complex 3D micro cavities. Either wear is too severe to allow the use
of complex-shape electrodes in a classical die-sinking process, or electrode geometry is
difficult to produce. Thus, for the production of micro 3D cavities, the use of micro
EDM milling with simple shape-electrodes was proposed as an alternative machining
strategy. In this case, a basic method called the Uniform Wear Method (UWM) can be
applied (Yu et al., 1998a; Yu et al., 1998b). A layer-by-layer machining strategy is
applied that based on estimation of the wear ratio compensates the wear during the

machining of each layer by a constant electrode feeding in the Z-axis. For this
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technique very accurate estimation of wear is required, because any error in the

estimation would have a cumulative effect through the layers.

Many researchers have focused on the difficult problem of wear estimation (Yu et al.,
2003; Mohri et al., 1995; Narasimhan., 2005) but the accuracy of the proposed models
still needs to be verified and improved for use in micro EDM milling (Bissacco et al.,
2010). As the sparking conditions in phEDM can be application/material dependant and
generally do not remain constant, the adoption of machining strategies to counter act
electrode wear completely is difficult to implement in practise. The main drawback in
applying the previously presented wear compensation methods is that they rely highly
on the accuracy of the wear estimation models they employ. Thus, with these methods

the under or over-estimating the degree of wear would result in machining inaccuracies.

With improvements in wear estimation models, further developments in compensation
methods should be expected. Therefore, until such a time the generation and re-
generation of electrode on-the-machine remains a key enabling technology for the

successful use of uEDM.

2.3.3 Electro-Discharge Grinding

As stated previously, during the pEDM process the volumetric wear, the ratio between
electrode and workpiece wear, is relatively high and cannot be considered negligible
(Yu, et al,, 1998a; Bigot et al., 2005). Thus, to manufacture microstructures there is
often a need to compensate the wear by replicating electrodes or to apply specialist

machining techniques. To support this requirement, techniques for on-the-machine

24



electrode generation were developed (Masuzawa et al., 1985).

The phenomenon of electrode dressing draws away from conventional EDM process
whereby the user would strive to protect the electrode, by holding wear to a minimum.
To achieve electrode dressing the operator intentionally ‘wears out’ the electrode. To
wear out the electrode, adjustments are made to the EDM control settings to provide the
highest wear conditions possible. The conditions for creating the highest wear
conditions for hLEDM are negative polarity, excessive amperage, high frequencies and

high capacitance (Guitrau, 1997).

Several researchers have developed techniques for generating electrodes. Generally, for
the purposes of hEDM electrodes are formed through one or a combination (Wong et
al., 2003; Ho and Newman, 2003; Masuzawa et al., 1985; Mohri et al., 2003) of the

following processes:

e Sacrificial block dressing or sometimes referred to as reverse EDM
e Wire electro-discharge grinding (WEDG)

e Rotating sacrificial disk

2.3.4 Sacrificial Block

During ‘Sacrificial block dressing or sometimes referred to as reverse EDM’ (Figure
2.5) a sacrificial conductive block is used to intentionally wear the electrode out. Both
the electrode and block are immersed in a dielectric fluid. The electrode is then rotated

at approximately 500 RPM. The machine CNC control then brings the electrode into
25



contact with the electrode block, creating a discharge which in-turn, allows dressing to
occur. In essence what the user is actually doing is transforming the sacrificial
conductive block into the electrode and transforming the electrode into the workpiece.
To intentionally wear out the electrode, adjustments are made to the EDM control
settings to provide the highest wear conditions possible (Guitrau, 1997). Another
iteration of this process was investigated by (Yamazaki et al., 2004) whereby the
electrodes were dressed through self-drilled holes. With this method, a rod electrode
with negative polarity is rotated and fed into a plate electrode to make a hole. After the
rod returns to its initial position, the axis of the rod electrode is off-centred from the
centre of the hole at a certain distance. The polarity of the rod electrode is then
reversed, and the rod electrode is either, with or without rotation fed into the plate
electrode. A straight rod electrode can be achieved with this process if the outlet hole

does not wear (Yamazaki et al., 2004).

2.3.5 Wire electro-discharge grinding (WEDG)

During WEDG a continuously running wire moving at a speed of approximately 3 —
S5mm/s is used to intentionally wear the electrode out (Lim et al., 2003). Both the
electrode and running wire are immersed in a dielectric fluid. Figure 2.6 illustrates a
typical set-up. The electrode is then rotated at approximately 500 RPM. The machine
CNC control then brings the electrode into contact with the running wire, this then

creates a discharge which in-turn, allows dressing to occur.
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2.3.6 Rotating sacrificial disk

During ‘Rotating sacrificial disk dressing’ a continuously rotating cylindrical, (60mm
by 0.5mm thick) sacrificial disk (Lim et al., 2003), is used to intentionally wear the
electrode out. Both the electrode and sacrificial disk are immersed in a dielectric fluid.
Figure 2.7 illustrates a typical Vset—up. The electrode is then rotated at approximately
500 RPM, whilst the sacrificial disk is rotated at about 90 RPM. The machine CNC
control then brings the electrode into contact with the rotating disk, this then creates a

discharge which in-turn, allows dressing to occur.
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Figure 2.7 Dressing electrodes through rotating sacrificial disk (Lim et al., 2003)
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2.3.7 Micro-EDM generators

Historically, hEDM experiments were executed using sinking-EDM techniques and
equipment. However, progressively the equipment and techniques have evolved and in
addition to micro die-sink machines, ytWEDM and WEDG processes now fall into the
category of pnEDM application. For pnEDM application generators with minimised

discharge energy of 1uJ have been developed (Masuzawa, 2000).

In conventional EDM, two types of pulse generators are generally used; Relaxation
circuit (RC) pulse generators and transistor type pulse generators, shown in Figures 2.8
and 2.9 respectively (Han et al., 2004). The fabrication of parts smaller than several
micro metres requires minimisation of the pulse energy (<1uJ) supplied into the gap
between the workpiece and electrode (Masuzawa, 2000). This means that finish
machining by micro EDM requires pulse durations of several nano second durations
(Juhr et al., 2004). Since the RC pulse generator can generate such smaller discharge
energies simply by minimising the capacitance in the circuit it is widely employed in
HEDM. Smaller discharge energies generally result in better quality surface finish
obtainable with this type of generator (Jahan et al., 2009). However, machining using

the RC pulse generator is known to have the following demerits:

e extremely low removal rate from its low discharge frequency due to the time
needed to charge the capacitor,

e uniform surface finish is difficult to obtain because the discharge energy varies
depending on the electrical charge stored in the capacitor before dielectric

breakdown,
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e thermal damage occurs easily on the workpiece if the dielectric strength is not
recovered after the previous discharge as current will continue to flow through

the same plasma channel in the gap without charging the capacitor.

The transistor type pulse generator on the other hand widely used in conventional EDM
has some advantages. Comparéd with the RC pulse generator, it provides a higher
removal rate due to its high discharge frequency because there is no need to charge a
capacitor. Moreover, the pulse duration and discharge current can arbitrarily be
changed depending on the machining characteristics required. This indicates that the
application of the transistor type pulse generator to micro-EDM can provide dramatic
improvements in the removal rate due to the increase in the discharge frequency by

more than several dozen times.
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Figure 2.8. Transistor type pulse generator
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2.4 Hybrid EDM Processing

nEDM is flexible technology widely used for the manufacture of complex 3-D
microstructures, and tooling inserts for micro-injection moulding and hot embossing.
Originally pEDM was applied predominantly for producing small holes in metal foils.
Due to the flexibility of the EDM process and its capability to produce complex 3D
structures, the technology is currently employed in a number of applications. To
broaden the application area of this technology WEDM can be combined with other
technologies as it is the case with WEDG, and it is considered a hybrid machining

process (Ho et al., 2004).

24.1 WEDG in combination with p-die sinking

To broaden the application of pEDM, electrodes can be manufactured on-the-machine
when the WEDG process is used in combination with the p-die sinking process. This
method of electrode generation and re-generation is considered a key enabling
technology for improving the performance of the pEDM process (Masuzawa, 2001).
However, several factors that affect the quality of the dressed electrodes need to be

investigated, namely:

e Electrode material;
e Machining strategy;
e Machine accuracy.

The electrodes that are commonly used for machining during the hEDM process are
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manufactured from tungsten (W) or cemented tungsten carbide (WC) (Kawakami and
Kunieda, 2005). The effect that the material microstructure has on the achievable
minimum fracture sizes in EDM has been studied (Kawakami and Kunieda, 2005). The
relationship between surface roughness and fracture strength of electrodes has also
been investigated (Huang et al., 2004). However, the effects that the material has on the
quality of electrodes produced by applying the WEDG process has not been

investigated.

Generally, when machining strategies are studied in pEDM, the main focus of such
investigations is on the technological parameters and their optimisation. For example,
Kawakami and Kunieda (2005) studied the influence of open voltage, capacitance and
polarity on the process performance. Lim et al. (2003) investigated the characteristics
of the dressing process, however the effects that depth of cut and the number of passes

have on the quality of the machined electrodes have not been analysed.

Pham et al. (2004) investigated the accumulation of errors in the phEDM drilling
process and also factors affecting the accuracy of the machined holes. Although the
accuracy of the electrode dressing technique was considered, the effects of electrode
material and machining strategies on the electrode quality were not studied. In addition,
it is important to investigate the dressing process independently from the machine on

which it is implemented.

To develop the process of WEDG further there is a requirement to investigate the
effects of electrode material, machining strategy, and machine accuracy on process

repeatability, achievable aspect ratios, electrode surface quality, and process accuracy.
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In addition, a method for improving the accuracy of the dressing process would be

advantageous.

2.4.2 WEDG in combination with pk(WEDM

In the field of micro machining, the surface finish achievable by applying a given
technology is an important factor determining its processing capabilities, and also an
important criterion for performing a process optimisation. To extend the capabilities of
existing micro technologies, a number of non conventional and also “hybrid”
machining processes were proposed that combine the capabilities of different
complementary techniques. WEDG is a typical example of such a process (Masuzawa

et al., 1985; Yu et al., 1998b).

Although many groups investigated the WEDG process (Masuzawa et al., 1985; Yu et
al., 1998b; Masuzawa et al., 2005), the research was mainly focused on removing a
relatively small volume of material in order to produce electrodes for performing
drilling and milling operations on die-sinking pEDM machines. In particular, typical
electrodes would be dressed from 150pm down to Sum in diameter (Masuzawa et al.,
2005). The work by Rees et al. (2007) investigated the effect that the machining
strategy has on the quality of electrodes produced through the process of WEDG.
However, these machining strategies are not directly applicable when combining
WEDG with yWEDM as the volume of material to be removed is generally much
higher. Therefore, it is required to develop dedicated machining strategies, and thus to

adapt the WEDG process to specific processing conditions during tWEDM.
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Piltz and Uhlmann, (2006) investigated the effect of three different approaches for
producing cylindrical components by employing die-sinking pEDM and pyWEDM. In
particular, the process behaviour in terms of pulse stability, hydrodynamic behaviour of
dielectrics, machine dependent gaps and feed controls were investigated. However, this
research did not study the effects of these process characteristics on the resulting
surface finish, and also the optimisation issues associated with pyWEDM (Piltz and

Uhlmann, 2006).

Another implementation of the WEDG process for the machining of free form
cylindrical parts was investigated by Qu et al. (2002a; 2002b). The objective of this
research was to extend the capabilities of the conventional WEDM technology by
introducing an additional rotary axis to the machine set-up. In particular, the effects of
pulse on-time, part rotational speed and wire feed rate on surface integrity and
roundness of produced parts were analysed. However, the process was studied in the
context of machining macro-components and thus, its findings were not directly

applicable to cylindrical WEDM at micro scale.

In a study conducted by Juhr et al. (2004), the importance of selecting correct process
parameters for performing the main cut during WEDM was highlighted. The research
concluded that the material properties and surface finish resulting after the main cut
could be improved only marginally by performing follow up cuts. Therefore, when
machining micro components employing the WEDG process, special attention should
be paid to the surface quality obtained after the main cut because it determines to a
larger extent the achievable final surface roughness.
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The exact mechanism of WEDG is not reported clearly in the literature. The conducted
review of the research concerning the production of cylindrical components by EDM
revealed that the focus was mostly on macro-size components, and the process effects
on material removal rates (MRR) opposed to surface roughness were investigated by
applying statistical methods and mathematical models (Mohammadi et al., 2008;

Haddad et al., 2008; Matoorian et al., 2008).

The process information obtained by using a data acquisition system provides an
insight into the EDM process and its “footprint”. Once gathered and interpreted this
process data can be used to develop predictive models and judge about the process
performance. The acquired data once pre-processed can be used to generate a predictive
model for estimating the resulting surface roughness, and thus potentially to minimise
the necessary and time consuming optimisation tasks and find the causal relationship

between the process footprint and surface quality.

Many machine learning techniques are available for the creation of such predictive
models. However, few attempts have been made to employ such techniques in the field
of EDM. One such study was described by Tsai et al. (2001) where satisfactory results
were reported in applying neural networks to estimate the surface finish of parts
produced by EDM. In particular, their research compared the capabilities of various
neural networks for creating models for predicting the resulting surface finish as a

function of the work material and electrode polarity.

However, the drawback of applying neural networks is that the created models

represent a “blackbox” and are therefore almost impossible to interpret by human

39



experts. It would be beneficial for machine operators to be able not only to estimate the
resulting surface roughness but also to understand the logic of the underlying model,
and thus to allow them to comprehend the causal relations between process parameters

and the resulting process performance.

2.4.3 Surface Integrity

Characterising the resulting surface integrity after machining with various micro
manufacturing technologies is becoming a very important factor in broadening their
application areas, and especially in satisfying the constantly growing requirements for
miniaturisation, function integration, longevity and reliability of existing and emerging
MST based products. Particularly, it is very important to study the influence of
materials’ microstructure and processing conditions on the mechanical properties of the

machined surfaces.

Field and Kahles (1964) were the first to introduce the concept of surface integrity in a
technical sense by defining it as the inherent or enhanced condition of a surface
produced by machining processes or other surface generation operations. Their
subsequent comprehensive review of surface integrity, encountered in machined
components, is among the first in the published literature on this topic and this work
emphasized the study of the nature of metallurgical alterations occurring in the surface
layers of various alloys in material removal processes (Fields et al., 1971). Typical
surface alterations were identified as plastic deformation, micro-cracking, phase

transformations, hardness variations, tears and laps related to built-up edge formation,
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and residual stress distribution. Field et al. (1972) subsequently presented a detailed
description of measuring methods available for surface integrity inspection along with
an experimental procedure for assessing surface integrity parameters. This involved
three different levels of surface integrity data sets to study and evaluate the
characteristic features of machined surfaces. Their pioneering contributions gained
worldwide recognition and timeless value, leading to the subsequent establishment of
an American National Standard for surface integrity (American National Standard on

Surface Integrity 1986; Jawahir IS, et al 2011).

The sparks and plasma channels, generated during the EDM process create craters on
the surface and a thermal wave propagates through the material resulting in a heat
affected zone (HAZ) on the sub surface and the formation of a recast layer on the
surface of the components produced through EDM (Qu et al., 2002b) thereby
modifying the surface integrity of work piece surfaces. Considering the process-
material interactions as a result of the plasma channel generated between the electrode
and the workpiece (Wong et al., 2003), at the end of the pulse ON time, the molten
material is partially ejected and vaporized from the surface by the vapour and plasma
pressure, but a part of the molten material remains near the surface, held by surface
tension forces. The heat quickly dissipates into the bulk of the material and a recast
layer is formed by the re-solidification of the remaining liquid material on the surface.
This re-solidification/recast layer is typically very fine grained and for some W300
ferritic steels found to be twice higher than that of the bulk material (Cusanelli et al.,
2004). Normally this layer is subjected to a surface tensile stress regime, localised
hardening microcracking, porosity and grain growth. Also it may be alloyed with
carbon as a side product of dielectric ionization during the sparks, or with the material

transferred from the tool (Ramasawmy et al., 2005). Immediately beneath the recast or
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white layer as it is sometimes referred to is a HAZ. This is where the heat is not high
enough to cause melting but is sufficiently high to induce micro-structure
transformation in the material (Rebelo et al., 1998). Generally, the recast layer that is
formed on the surface as a result of EDM is considered as a major flaw, thus preventing

the use of EDM for some critical applications, such as aerospace components

(Aspinwall et al., 2008).

In the work carried out by Lee et al. (2004) the process-material interaction were
investigated, and the surface alloying effects of Ti-based materials during WEDM
processing and EDM texturing were analysed. The effects of the recast layer and
resulting micro hardness of components after WEDM were reported. The investigation
was mostly focused on the effects of different Ti alloying compositions and did not

analyse the influence of varying material microstructure.

In the work reported by Rebelo et al. (1998) the crack formation on EDM surfaces was
investigated. It was concluded that cracks were associated with the development of
high thermal stresses that exceeded the ultimate tensile strength of the material. For
ultrafine grained (UFG) materials, the Ultimate Tensile Strength (UTS) is usually
higher than that for materials with a coarse grain microstructure (Popov et al., 2006).
Therefore, it is important to investigate the crack formation on WEDM surfaces of
workpieces with different crystalline microstructure, especially with different grain

sizes and varying UTS.

In micro machining, size effect has a major influence on the material response (Mian et
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al., 2009). This is attributed to the fact that the unit or physical size of material removal
can be in the same order of magnitude as the feature or the grain size of the material
being processed. In the study carried out by Mian et al. (2009) it was observed that in
the micro machining of multi-phase ferrite—pearlite steel, the micro tool edge radius
and variation of material grain size affected milling conditions especially the resulting
surface finish and burr size. The findings of this investigation although not directly
applicable to the process of WWEDM, clearly show the importance of material

microstructure when performing material removal at the micro scale.

Although electrical discharge machining is essentially a material removal process, there
is also a transfer of material between the electrode and work piece (Kumar et al., 2009).
Kumar et al. (2009) studied the chemical composition of AISI H13 die steel after EDM.
However, this research did not analyse the effect that material micro structure has on

the material transfer between the electrode and the work piece.

2.5 Summary and conclusions

In the first section of this chapter, a review of the micro manufacturing process is
provided. The necessity and requirements of non-silicon micro manufacturing led
research and development activities are discussed, and subsequently the available micro

machining platforms are presented and an overview of their capabilities is provided.

In the second section, the chapter continues with a general description of the state of
the art in micro electrical discharge machining, where the main characteristics and

fundamental principles are presented. In addition, within the context of the necessity
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for micro electrical discharge machining and the current state of the art, the chapter

concludes by identifying open research issues.

In particular, it has been shown that during the pEDM process the volumetric wear, the
ratio between electrode and workpiece wear, is relatively high and cannot be
considered negligible. Thus, to manufacture microstructures there is often a need to
compensate the wear by replicating electrodes. To address this requirement, a technique
for on-the-machine electrode generation can be utilised called WEDG. The electrode
generation and re-generation through WEDG is considered a key enabling technology
for improving the performance of the phEDM process. Consequently, it is necessary to
investigate the affects that electrode material, machining strategy and machine accuracy

have on the quality of electrodes produced on-the-machine.

The literature review highlighted that to broaden the application area of p(WEDM and
the range of components manufactured by applying this technology, a rotary
submergible spindle can be added to the equipment set-up to allow the machining of
cylindrical components. To further develop this technology, new machining strategies
are required together with a better understanding of the effects that spindle speed,
flushing pressure, discharge intervals, open circuit voltage and pulse ON time have on
the resulting surface roughness and process footprints during WEDG. Furthermore, the
applicability of inductive learning models for the prediction of the resulting surface
finish should be investigated. The model results have to be validated against physical

field data and thus to judge better about their accuracy.

Material microstructure refinement has a significant impact on materials’ machining
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response and this should be explored if micro machining is to meet the constantly
growing requirements for miniaturisation, functional integration, longevity and
reliability of existing and new emerging MST based products. Consequently,
characterising the effect that material microstructure has on the resulting surface
integrity after yWEDM machining is required to broaden the application areas of micro
machining. In particular the process-material effects on the resulting micro hardness,
phase content changes, heat affected zone, surface roughness, micro cracks, recast
layer, material removal rate and element spectrum after both rough and finishing

uwWEDM have to be investigated and characterised.
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CHAPTER 3

FACTORS AFFECTING THE QUALITY OF
ELECTRODES PRODUCED BY WIRE ELECTRO-

DISCHARGE GRINDING

3.1 Motivation

During the pEDM process the volumetric wear, the ratio between electrode and
workpiece wear, is relatively high and cannot be considered negligible. Thus, to
manufacture microstructures there is often a need to compensate the wear by
replicating electrodes. To address this requirement, a technique for on-the-machine
electrode generation was developed that had utilised a technology called WEDG. In
spite of the development of different machining strategies, for example the uniform
wear method, the multiple electrode strategy, and the wear compensation method, the
accuracy and repeatability the hEDM process is still highly dependent on the WEDG
process. Thus, the electrode generation and re-generation is considered a key enabling
technology for improving the performance of the hEDM process. The investigation
aims to establish an understanding of the effects that electrode material, machining
strategy and machine accuracy have on the quality of electrodes produced on-the-

machine.
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This chapter is organised as follows. In Section 3.2 factors affecting the quality of on-
the-machine dressed electrodes are discussed. Then, the research method adopted to
investigate experimentally the factors that influence the quality of the dressed
electrodes is described in Section 3.3. Next, section 3.4 presents the experimental
results and analyses the factors that affect that electrode material, machining strategy
and machine accuracy have on the quality of electrodes produced on-the-machine and a
solution is proposed to improve this process. Finally, Section 3.5 summarises the

research and gives conclusions.

3.2 Factors affecting electrode quality

As it was stated in the previous section the electrode generation and re-generation is
considered a key enabling technology for improving the performance of the pEDM
process (Masuzawa, 2001). Some of the factors affecting the quality of the dressed

electrodes are discussed below.

e Electrode matenal;
e Machining strategy;

e Machine accuracy.

The electrodes that are commonly used for machining during the hEDM process are
manufactured from W or cemented WC. The effect that the material micro structure has
on the achievable minimum fracture sizes in EDM has been studied by Kawakami and
Kunieda (2005). The relationship between surface roughness and fracture strength of
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electrodes has also been investigated by Huang et al., (2004). However, the effects that
the material has on the quality of electrodes produced by applying the WEDG process

has not been investigated.

Generally, when machining strategies are studied in pEDM, the main focus of such
investigations is on the technological parameters and their optimisation. For example,
Kawakami and Kunieda (2005) studied the influence of open voltage, capacitance and
polarity on the process performance. Lim et al., (2003) investigated the characteristics
of the dressing process, however the effects that depth of cut and the number of passes

have on the quality of the machined electrodes have not been analysed.

Pham et al., (2004) investigated the accumulation of errors in the nEDM drilling
process and also factors affecting the accuracy of the machined holes. Although the
accuracy of the electrode dressing technique was considered, the effects of electrode
material and machining strategies on the electrode quality were not studied. In addition,
it is important to investigate the dressing process independently from the machine on

which it is implemented.

In this study the same experimental set-up as in Pham et al. (2004) is used to assess the
capabilities of the on-the-machine electrode dressing process. In particular, this
research investigates the effects of electrode material, machining strategy, and machine
accuracy on process repeatability, achievable aspect ratios, electrode surface quality,
and process accuracy. Also, a method 1s proposed for improving the accuracy of the

dressing process.
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3.3 Experimental Set-up

To study the factors affecting the quality of on-the-machine dressed electrodes, a
WEDG system (APPENDIX A) was designed and manufactured similar to that design
proposed by Masuzawa et al. (1985) is employed. Figure 3.1 shows the system design
and its working principle. The continuously running wire of a copper and zinc alloy is
fed from a retaining spool into the system at a speed of 3 — 5 mm/s. The retention of the
wire spool ensures that a constant tension is applied to the @ 0.3 mm running wire
throughout the dressing process. Then, the running wire goes through a vibration
damper. Next it travels around a fixed guide that ensures wire stability during the
process. This is also the position where the electrode dressing takes place. Finally the
wire progresses further through one more guides before it is deposited. The dressing

set-up is also shown in Figure 2.6.

In this research the same grinding unit is used on two pEDM machines, Agietron
Compact 1 Micro die sink (APPENDIX B) and Sarix SX-100 HPM Micro Hole
Drilling machine (APPENDIX C). For all experiments the machine programmes were

generated manually.

The electrodes employed in this study are W and WC rods, commonly used in uEDM
machining. On both machines the rods are clamped in rotating spindles. The
technological parameters applied in the dressing processes are given in Table 3.1 and

Table 3.2
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To examine the surface quality of the dressed electrodes, 3D profiles were generated,
by scanning the test pieces using a surface mapping system, Micro-XAM. In addition,
an optical measuring system, Quick Vision Accel, was employed to measure the

machined electrodes.
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Table 3.1 Technology parameters used on the AGIE machine

Technological parameter Value
Polarity Positive
Open voltage 60 V
Discharge current 0.8 A
Time ON 1.3 ps
Time OFF 1.8 ps
Discharge voltage 20V
Capacitance 15 nF
Discharge energy 1.2 uJ
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Table 3.2 Technology parameters applied on the Sarix machine

Technological parameters Value
Polarity Positive
Open voltage W0V
Discharge current 2A
Time ON Spus
Time OFF 3.3 us
Discharge voltage 35V
Capacitance 33 nF
Discharge energy 2.02 uJ
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3.4 Experimental Results

3.4.1 Electrode material

In this research, the influence of the electrode material on the WEDG process
behaviour in regard to its repeatability and achievable aspect ratio is investigated. A set
of experiments were conducted where electrodes were dressed from a diameter of
150um, D;, down to 20pum, D, to a length of 3mm. The technological parameters for
performing this dressing operation are shown in Table 3.1. The electrodes were
manufactured by applying a three passes machining strategy as illustrated in Figure 3.2.
In particular, the electrode diameters were reduced by 50pm in the first machining pass

and then by 40pm during the second and the third passes.

Figure 3.3 shows that WC electrodes with high aspect ratios were produced
consistently in all tests and their diameters varied in the range of 17pm to 23pum.
However, only 6 out of the 10 tests were successful when the W electrodes were
dressed. One possible explanation of these results is the relatively high Young’s
Modulus of Elasticity of WC, 713 GPa (Shackelford and Alexander, 2001), in
comparison with that of W, 344 GPa (Van Vlack, 1970). The experiments also showed
that WC was less prone to fracture, and thus high aspect ratio electrodes were produced

repeatedly.

To -analyse the process limitations when producing high aspect ratio electrodes, ten
consecutive experiments were carried out whereby WC electrodes were dressed to an

aspect ratio of 250 (see Figure 3.4). All ten WC electrodes were successfully produced.
54



However, when the same test was performed on W electrodes, it was not possible to
achieve such high aspect ratios in any of the ten consecutive trials. The highest aspect

ratio that could be achieved with the W electrodes was 150 in 6 out of 10 experiments.

To assess the effects that the electrode material has on the surface finish achievable
during the dressing process, thg roughness of one W and one WC electrodes were
analysed. Both electrodes were dressed to a diameter of 20um with a length of 1mm
using the technology in Table 3.1. The electrodes were cut applying a one pass

machining strategy.
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A lower surface finish was achieved on the W electrode, Ra 0.95, than on the WC
electrode, Ra 1.35, as shown in Figure 3.5. A possible explanation of this result could
be found in the process behaviour during the dressing. In particular, the dressing
process was more stable when machining the W electrodes which were produced by
extrusion. The reason for this could be the different microstructure of W and WC
electrodes. The WC sintered electrode is formed by ‘cementing’ very hard tungsten
monocarbide (WC) grains into a binder matrix of cobalt (Co) by liquid phase sintering

(Tao et al., 2006).

Thus, the erosion behaviour of WC electrodes is determined by its microstructure.
Compared to W, the thermodynamic stability of the WC particles in a Co binder is
relatively low, which has a direct impact on the electrode surface quality during the
dressing process. In particular, in case of WC composites, the melting temperatures of
the WC particles and the Co binder are different, 2800°C (Janmanee and Muttamara,
2010) and 1492°C (Higgins, 1994) respectively in atmospheric pressure, compared to
3422°C for W under the same conditions. Thus, the melting of the WC grains and the
Co binder take place at different temperatures which could explain a relatively higher

roughness witnessed on the WC in Co electrodes.

3.4.2 Machining strategy

In this section the effects of the applied machining strategies on the electrode surface
finish are discussed. In the research carried out by (Allen et al., 1999) tapering and
ovality was witnessed when high machining rates were used. As the WC rods showed

no signs of form errors in the performed initial tests only the resulting surface finish
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was investigated. The WC rods were dressed from D; of 150pm to D, of 20pm with a
length of 2mm. Each electrode was produced using a range of cutting depths as shown
in Figure 3.6 using 1, 2 or 4 cut machining strategies. The dressing operation was

carried out applying the sparking conditions in Table 3.1.
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Figure 3.7 shows that the volume of material removed during the dressing process has a
major effect on the resulting surface quality. The surface finish improves considerably
with the reduction of the depth of the cut. The relatively poor surface quality when the
dressing was performed in one and two cuts, could be attributed to a combination of
two factors, a vibration of the running wire, and the technology parameters used on the
machine. When trying to remove large amounts of material with a single cut, in
Experiment 1, it is possible that the selected time OFF of 1.8 us was not suitable. Also,
the poor surface finish could be explained with the large number of false discharges
caused by the relatively short time off. As a result of this, there is not sufficient time to
extinguish the created plasma channels and hence the time is not enough for the
dielectric breakdown strength to recover (Kunieda et al., 2005). To verfy this,

Experiment 1 was repeated with time off increased to 56us.

Figure 3.8 shows the results of this repeated experiment. As can be seen, the
modifications to the sparking conditions have little effect on the electrode surface
quality. The time taken to dress the electrode increased from 6 minutes and 13 seconds
to 16 minutes and 34 seconds. Thus, it could be concluded that the relatively poor
surface quality achieved in Experiment 1 and 2 was due to vibration of the running wire

and also due to some variations of its diameter (ADy,).

3.4.3 Machine accuracy

Before electrode dressing can start, the reference position of the running wire on the
dressing device needs to be determined. During the initial setting up of the process an

electrical contact occurs between the electrode and the running wire, and this contact

61



signal is registered by the machine CNC system. However, when the electrode
approaches the dressing entity, the check for the existence of a contact is not carried out
continuously and thus there is a time delay in its registering. Pham et al. (2004) have
investigated methods to improve this referencing procedure. In particular, the machine
positional accuracy and repeatability can be improved by using a unidirectional
approach when bringing the electrode into contact with the running wire and also
through optimising the approaching speed to minimise the time delay in registering the
contact. It is important to note that the specific design of the WEDG unit affects also
the accuracy of the dressing operation. To investigate the errors introduced by the
adopted method for setting up the ‘dressing position’, experiments were conducted on a

continuously running wire and on a WC block as shown in Figure 3.9.
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20 tests were carried out using the same experimental set-up as in Pham et al. (2004).
Whereby, the lowest contact detection speed was selected, 1 mm/minute, and the
dressing position was approached with movement along the Y axis. In addition, during
the experiments the machine was in its best state of thermal stability (Pham et al.,

2004).
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Errors in setting up the ‘dressing position’ occurred as illustrated in Figure 3.10, due to
the machine positioning accuracy and repeatability, AY,.. Although the machine
temperature was stabilised before the machining, some degree of thermal deformation
occurred during the process. The continuously running wire used on the WEDG unit
had also introduced some errors, AD,, (Kawakami and Kunieda, 2005). In particular,
the variations observed during the setting up process could be a result of the wire
vibrations. In addition, the diameter of the dressing wire is prone to a degree variation

due to the tolerance of the wire used.
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