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Synopsis

Due to the high precision and good surface quality that it can give, Electrical
Discharge Machining (EDM) is potentially an important process for the fabrication of
micro tools, micro components and parts with micro features. However, a number of
issues remain to be solved before micro EDM can become a reliable process with
repeatable results and its full capabilities as a micro manufacturing technology can be
realised.

This work presents some developments in advancing the state-of-the-art in the
micro EDM process. EDM drilling and EDM milling are regarded as separate
processes as they require different approaches in investigating and implementing the
results of the study. At the beginning, special attention is paid to factors and
procedures influencing the accuracy achievable, including positioning approaches
during EDM and electrode grinding. In particular, the main parameters affecting the
size and position of a machined feature are discussed and new techniques for
minimising errors are proposed. The technological capabilities of different methods of
setting up and dressing the electrode on the machine are analysed.

Factors contributing to electrode wear, the main systematic cause for
inaccuracy of the dimensions achieved, during the micro EDM process are studied. A
method for calculating the volumetric wear ratio based only on geometrical
~ information obtained from the process is proposed. This study investigates the
suitability of micro EDM electrode wear compensation methods. Electrode shape

deformation and random variations in the volumetric wear are also investigated as the
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two main factors affecting the applicability of the wear compensation methods as well
as indicating the accuracy achievable with micro EDM.

When producing features and parts on the micro scale, the phenomena that
take place between the electrodes in EDM is not fully understood. A barrier to a
complete exploitation of the potential natural tolerance of this process and to the
further development of the process towards the production of components on the
nano-scale is therefore in place. An analytical micro EDM model of electrode wear
based on electrode shape deformation and wear ratio is suggested, verification of
which requires experimental work with pure metals. Electrode-tool wear is studied
during the micro EDM process of pure metals and the effect of electrode wear on the
process accuracy and process variability. Objectives in this case are to advance the
experimental knowledge of the electrical discharges during micro EDM operations
which often conflicts with existent theoretical models of the EDM process. In
particular, the remit of this investigation is to identify the effects that electrode
materials have on selected electrical characteristics of the discharge process. An
exploratory data analysis (EDA) approach is adopted in order to draw conclusions
from the performed experimental activity.

The material removal mechanism in the micro EDM process was confirmed to
be mainly attributed to the melting and vaporisation phenomenon. Metal removal
takes place as a result of the extremely high temperature generated by the discharge
sparks. It was also found in this study that the volumetric wear ratio depends not only
~on the sparking conditions but also on the electrode materials. In addition, the
research also proved that the electrode material severely influences the energy

distribution between the electrodes during the sparks.
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1. Introduction

Micro-manufacture is in one of the specific areas for future research
need, identified in the Final Report of the Manufacturing 2020 part of the UK
Government’s Foresight Programme. The total world market for Micro
Electrical Mechanical Systems MEMS has grown from 14.4 Billion Euro in
1996 to 38 Billion Euro by the year 2003 which represents a growth rate of 18%
per year in this sector. To achieve and sustain such impressive growth rates in
subsequent years, significant advances are required in micro-fabrication
technologies for micro-structuring not only in silicon but also in other materials
like polymers, metals and ceramics. On the other hand, properties of the
materials on a small scale can start changing due to larger surface areas per unit
of mass and then the quantum effects can begin to dominate the behaviour of
matter (Dowling et al., 2004). This enables the possibility of developing
completely new applications.

A significant contribution to the development of micro-fabrication
technologies, comes from existing manufacturing processes like milling,
turning, grinding and Electro Discharge Machining (EDM), which now have
extended capabilities and have to cover the new area of micro manufacturing
(Masuzawa, 2000).

Increased demands for manufactured goods have raised the overall
environmental impact and the energy requirements in order to support
manufacturing growth especially in strategic areas like micro manufacturing.
The latest micro EDM process developments have reached the stage where the
process efficiency has increased, with a 70% reduction of the energy usage from
the process being reported recently (Bleys & Kruth, 2001). This, together with
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little or no waste products from the process, make EDM a very environmentally
friendly process. Furthermore the EDM process has been on the manufacturing
market for more than 50 years. There are well trained personnel and well
formed communities of EDM users all over the world. With the new
developments in the micro manufacturing, it would be relatively easy to
promote the use of micro EDM to those communities. Broadening the
application of this process will help to better secure jobs in manufacturing and
specifically in the EDM sector by opening a new market in micro
manufacturing, which could have a large social impact.

The main aim of this research is to develop and validate new techniques
for the use of the micro-EDM process. This research work adds a new
dimension and at the same time comes as a natural continuation of previous
work by the investigator on the traditional EDM process, its capabilities and

fields of application.

1.1 Motivation

Once considered a “non-traditional” machining process, EDM has been
replacing drilling, milling, grinding and other traditional machining operations
in many industries throughout the world especially in difficult to machine
materials. Following its early days, over 50 years ago, EDM has developed into
one of the most advanced machining technologies. Today’s EDM equipment
uses advanced Computer Numérical Control (CNC) with up to six-axis
simultaneous operation and state-of-the-art power supply technology (Bleys &
Kruth, 2001), which can produce a mirror surface finish and high accuracy

products (Rzmasawmy & Blunt, 2002).



Although EDM represents only a small portion of the total machine tool
industry worldwide, the number of laboratories throughout the world performing
EDM research and development studies has been growing steadily over the
years due to the exceptional process capabilities especially in the new rapidly
developing micro and nano sector.

The more in-depth and well organized EDM research programmes at
various technical centres are funded by the major EDM machine builders or
through government research grants because the process has proven to be cost
effective and it is simple and reliable and has justified its place in the micro and
nano manufacturing market. Because of that, micro EDM has recently attracted
a significant amount of research attention with the availability of new types of
power generators capable of releasing very small amounts of energy
(http://www.smaltec.com/). The new focus is not only on producing small holes
and slots but also on developing trajectory micro EDM capable of continuous
path producing features of micro water cooling channels and cavities for micro
moulds and dies (http://www.sarix.com/sx200 e.htm), which adds new
dimensions to the process and makes it more desirable for the micro
manufacturing industry.

The achieved high aspect ratio with good surface integrity (Lim et al,
2003; Yu et al, 2002) is unique among all of the micro manufacturing processes.
However, to reveal the full potential of the process, more research is required.
This includes the development of analytical and computer models of the micro
EDM process, study of micro-electrode wear behaviour, development of CAM

support for trajectory EDM, integration of on-line process monitoring systems



and incorporation of electrode on-the-machine measuring systems together with
on-the-machine electrode grinding systems.

The negligible forces in the EDM process, in general, and its
independence of the mechanical properties of the workpiece (Son et al, 2007)
open a variety of alternatives for different applications. At the same time, the
physical and chemical properties of the machined material may have strange
effects on the process outcomes in an unpredictable way.

The new micro application field of the EDM process presents new
challenges for the machine tool-builders. In spite of EDM being slow, which
does not require quick movement of the machine parts, specific characteristics
for accuracy would be required for the new machine-tool which is to
accommodate the micro EDM process. For example, from a dimensional point
of view, when reducing the size of a product it is expected that the size of the
dimensional error (the tolerance) is also proportionally reduced.
Masuzawa (Masuzawa, 2000) pointed out this concept by describing the
equipment precision as a ‘necessary condition for micromachining’. Measuring
and inspection methods with an even higher level of precision should also be
available to characterise both products and manufacturing processes in the
micrometric and nanometric ranges.

Furthermore the material removal mechanism was never before
considered as changeable when changing process parameters which brought
farge discrepancies between the modelled process outcome and the empirical
findings from the process (Egashira et al, 2006; Singh & Ghosh, 1999).

Finally, each process has its natural limits imposed by the nature of the

process. Changing the phenomenon of the material removal by severely altering



the processing conditions will modify the natural limits of the process.
However, some limits of the process capabilities still exist and they have to be
known which will help engineers to design parts with certain tolerances and to
know what the ultimate possible process accuracy is. It is envisaged that not
only manufacturing process designers but also product designers could benefit
from this research. For example, designers of micro-fluidic devices, such as
micro-pumps, micro-valves, micro-flow-meters and micro-mixers as well as
production engineers who, based on the process limits, would be able to assign

process tolerances for the different machining operations.

1.2 Aims and Objectives

The scope of this investigation was:

e To investigate and extend the technological capabilities of the micro
EDM process;

e To investigate the needed micro EDM process requirements and
parameters for machine tool capabilities;

e To investigate the main systematic factors affecting the process
performance and to establish links between process parameters and their
influence on the systematic factors;

e To establish the quantitative characteristics of micro EDM (minimum
and max energy of the discharge, speed of the discharge, spark
phenomenon change) based on the thermal, electrical and physical
properties of the used materials;

e To determine the micro EDM phenomenon change of the process and
empirically to verify it;

e To determine the process constraints imposed by the nature of the
processes and determine the limits of the process application in terms of

accuracy, surface integrity, roughness, repeatability, etc;



e To investigate the influence of the material properties on the discharge
characteristics of the process in order to facilitate the use of an

appropriate compensation method for electrode wear.

1.3 Outline of the thesis

This thesis has six chapters. Chapters 3 to 5 cover the main
investigations. Chapter 2 reviews the relevant literature and Chapter 6 concludes

the thesis with a summary of the contributions and future work.

Chapter 2 is devoted to a literature review and provides background
knowledge for Chapters 3 to 6. This chapter consists of four interconnected
sections relating to the main ideas given in Chapters 3-6. In the first section, the
importance of the micro manufacturing sector is highlighted and the place of
micro EDM is determined. In the second section, evidence of the already
researched arca of EDM and ongoing research topics are discussed.
Furthermore, the fundamental principles adopted for EDM process modelling
are shown and the best process models are discussed. Critical analysis of the
research devbted to the investigation of electrode wear behaviour in micro
electrical discharge machining is provided and the opening of a new niche for

micro electrode wear investigation is highlighted.

In- Chapter 3, a dimensional analysis of the micro EDM process is
conducted, showing all possible errors which can be brought by the machine
tool inaccuracy. This is achieved through investigating the errors due to

machine positioning accuracy and repeatability and temperature instability. The



contribution to the final outcome of procedures such as setting up, measuring
and on-the-machine electrode grinding are also discussed and the errors due to
these procedures are investigated. All the errors are theoretically explained and

empirically confirmed by conducting appropriate experiments.

By building upon the findings of Chapter 3, in Chapter 4, the main
systematic factor, tool electrode wear is investigated. Special attention is paid to
the deformation of the electrode shape and also to the dimensional wear of the
electrode which affects directly the dimensions achieved during the process. A
hypothesis for electrode shape deformation is suggested and empirically verified
using Finite Element Analysis of the electrostatic field created in the continuum
between the electrodes. A practical solution to the problem with the dimensional
effect of the electrode wear is suggested based only on the geometrical
information available from the process. Finally the wear charts and wear
variations for three different materials (aluminium, brass and tool steel) and for
two different electrode types (WC rod and tube & 170 micrometers) are

investigated.

In Chapter 5, following the findings in Chapter 4 and especially the
suggested hypothesis of electrode wear due to the non-uniform electrostatic
field intensity, a deeper investigation is conducted and a method for predicting
shape change is suggested. The wear ratio is an inseparable part of this method
ahd in order to explain the change in material removal regions in micro EDM,
an analytical explanation of the electrode wear ratio is suggested. The
theoretical investigation has led to an investigation of wear phenomena in pure

metals in order to determine the ultimate limits of the process capabilities and to



assist in justification of a method to be used for electrode wear compensation.
Using exploratory data analysis, it was discovered that the discharge
characteristics strongly depend on the material despite the process parameters

being the same.

Finally, Chapter 6 comprises conclusions summarising the author’s
thoughts on the proposed research, its findings and limitations. The chapter
contains suggestions for further work to address some of the limitations

identified.



Wisdom comes with experience, while intelligence is innate

Chapter 2
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2. Literature review

This chapter introduces electro discharge machining (EDM) in general and as
a micro manufacturing technology for two- and three-dimensional features. Some
specific micro EDM machining strategies and equipment are discussed as well as the
state-of-the-art in the process modelling, process characterisation research and some
open research issues. The centrality of the concept of volumetric wear ratio in micro
electrical discharge machining (micro EDM) operations is highlighted and the
importance of electrode wear compensation methods is also emphasised. In addition,
the chapter also discusses process characterisation research and the development of
hybrid methods of machining in order to improve process parameters (accuracy,

material removal rate, roughness etc).
2.1. Micro manufacturing technologies and Micro EDM

It has been recognised that, to be competitive, manufacturing will need to
focus on advanced high-value added rather than commodity products. Micro-
manufacture is one such high-value added technology that is also time, energy and
resource efficient making it highly compatible with economic sustainability
requirements.

The use of micro components and products with micro features has spread

répidly over the last few years (Bleys & Kruth, 2001). A growth rate of 18% per
year was reported in the world market for Mechanical Electrical Micro Systems
(MEMS). Significant efforts are required to sustain such impressive growth rates, in

both design and manufacturing of micro devices. There is an urgent need for
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industrial technologies to cost effectively mass produce micro parts and components
with micro details. This can be satisfied on the one hand by the use of replication
techniques employing mould tools and on the other by developing appropriate mass
production technologies. If the first approach is adopted, the performance of the
replication techniques is strongly dependent on the corresponding micro mould, the
quality of which defines and limits the behaviour of the final micro parts (Piotter et al,
2000) and it is seen as the immediate answer to the market demand, while the second
approach is riskier and is accepted as a long term strategy for mass production of
micro parts.

At present the industrial need is mainly for parts and components of small
size (but not exactly micro) with some features in the micrometer range. However,
the demand for micro parts is growing rapidly, and this is expected to have a high
industrial impact in the medium term. There are many techniques for micro
manufacturing with new ones continually under development. Most of these
techniques are expensive, not well proven and consequently difficult to scale up and
industrialise.

Until now, the main material for micro systems manufacture has been silicon
(Si) (Senturia, 2001) even in spite of its drawbacks: expensive processing equipment,
suitability only for 2.5D structures and problems in packaging. There is, however, a
growing interest in new materials such as ceramics, polymers, active materials and
biomaterials allowing increased functionality, and particularly the fabrication of 3D
micro structures (Alting et al, 2003), which overcome some or all of the limitations
associated with silicon. The current production of micro products remain
predominantly as a result of a technology push from the semiconductor industry and

are in the domain of the techniques resulting from the accumulated know-how in the
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micro-¢lectronics industry.

Currently Micro-Electro-Mechanical-Systems (MEMS) are also dominated by
silicon based products due to the commercial opportunities presented by adopting the
existing suite of Integrated Circuit (IC-processing) technologies. Currently available
products are therefore also a result of the technology “push” from the semiconductor
industry. To broaden the range of the micro systems based products, whilst
multiplying their capabilities to enable market driven products, requires the
introduction of new materials and manufacturing processes and their subsequent
integration with IC-based, batch fabrication processes.

The present range of micro technologies can be clustered in two main groups
(Fig. 2.1), micro systems (MST) and Micro Engineering Technologies (MET). MST
are suitable for the manufacture of MEMS and Micro-Opto-Electro-Mechanical-
Systems (MOEMS) and rely on processes such as photolithography &
electroforming. MET enable the production of highly precise mechanical
components, replication tools and micro-structured surfaces. An intermediate group
of technologies includes Electro-Physico-Chemical processes such as Ion Beam
Machining (IBM), Electron Beam Machining (EBM), Laser Beam Machining
(LBM), Electro-Chemical Machining (ECM) and EDM that could be classified as
both MST or MET. Finally, there is a forth group of processes covering replication
techniques, e.g. injection moulding, hot embossing, forging and casting which are
very important for the serial manufacture of non-silicon micro components. It should
be noted that there is a strong trend for technology convergence between the three
groups.

The two greatest barriers facing industrial companies who wish to adopt such

techniques are the cost of entry into micro manufacturing technologies and their rapid
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rate of change. For large scale adoption, it must therefore be ensured that the
probability of payback is maximised and that any investment required will not
become obsolete before yielding full returns. Furthermore, micro manufacturers
should have a good degree of knowledge of these processes. Most of them are
adaptation of already existing processes in the Precision Engineering area and there
are machine tools already available or easily modifiable to suit the purpose of micro

manufacturing. For example:

e Micro milling originates from the watch making industry for manufacturing
small parts. With new achievements in 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). Micro milling has recently
been used for the direct manufacture of micro parts and micro features, however,
minimum cutter size, aspect ratio, machine tool dynamic characteristics and spindle
speed impose certain limitations on the process (Egashira & Mitzutani, 2002). Lack of
CAM support, condition-monitoring systems for small tools and machining strategies
also restrict the use of the process and make results unpredictable (Bao & Tansel,
2000; Dimla & Dimla; 2000, Dimov et al, 2004).

¢ Laser machining has been applied to various industrial applications (Meijer
et al, 2002) and with its small affected area during machining and the absence of an
clectrode or cutting tool it is an idéal candidate for the micro machining process.
 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 capabilities and lasers can also be easily integrated into
CNC machines turning them into flexible and efficient material processing machines.

14



Laser milling processes (Pham et al, 2002) allow complex parts and tooling inserts to
be fabricated directly from 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 needs to be chosen to suit the material to be machined and
there are already different laser sources on the market, with different wavelengths and
pulse durations, suitable for incorporation into machine tools for many 2.5D laser
machining applications. The mathematical modelling of the process, however, still
only covers a few specific cases and the laser ablation phenomena and the
dependency of material removal rates, surface finish and surface integrity on
wavelength and pulse duration has still have to be studied.

e Jon Beam Machining (IBM) is currently 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 0.1 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 etching or deposition. Ions extracted
from a plasma source, normally liquid gallium, are accelerated and bombard the
surface of the processed material sputtering its surface atoms. If special (organic)
gases are also applied in the vicinity of the surface the resulting collisions can give
' risé to the depositioﬁ of neutral species (Pt, W, C, Au, etc) on the surface. FIB
systems can also be operated in two modes- direct writing and projection modes with
the latter considered to be much faster than the former but requiring a mask to be

fabricated for each new pattern.
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e Photo chemical machining (PCM) is a general term for a variety of
chemical and electrochemical processes which are still widely used in the
semiconductor industry. Patterning using photoresist masks has progressed
considerably through the development of photo exposure systems for IC. It is
possible, via electro chemical reactions, to remove material from the workiece and/or
to deposit material in a predetermined pattern through photoresist etching. Chemical
and electrochemical forming has been successfully used for machining large
mechanical parts as well as for effective fabrication of small mechanical and electrical
parts.

e Micro EDM has recently attracted a significant amount of research attention
with the availability of new types of power generators capable of releasing very small
amounts of energy. The new focus is not only on producing small holes and shafts
(Masuzawa et al, 2002, 355-362) but also on developing trajectory micro EDM
capable of machining 3 dimensional micro features for micro parts and micro moulds
and dies (Yu et al, 1998). The prospect of achieving high aspect ratios (Lim et al,
2003) with good surface integrity is very tempting. However, to reveal the full
potential of the micro EDM process more investigations need to be performed. This
includes the dévelopment of analytical and computer models of the process ( Ho &
Newman, 2003), study of electrode wear behaviour (Ozgedik & Cogun, 2006),
development of CAM support for trajectory EDM (Dimov et al, 2003, 1633-1637),
integration of kadaptive control monitoring systems and incorporation of on the

~ machine electrode measuring systems.
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2.2. An Overview of the EDM process

In 1943, Soviet scientists Boris Lazarenko and Natalia Lazarenko had the idea
of exploiting the destructive effect of an electrical discharge and developing a
controlled process for machining materials that are conductors of electricity. With that
idea, the EDM process was born. The Lazarenko’s perfected the electrical discharge
process, which consisted of a succession of discharges made to take place between
two conductors separated from each other by a film of non-conducting liquid, called a
dielectric. The Lazarenko’s achieved a form of immortality with this circuit, which
today bears their name (Ilanaiioros, 1989). Today, many EDM machines use an
advanced version of the Lazarenko’s circuit (Fig.2.2). They also invented a simple
servo controller that helped maintain the gap width between the tool and the
workpiece. This reduced arcing and made EDM machining more reliable. This was
the turning point in the history of the EDM process (I1anaitoros, 1989).

During the EDM process, a series of non-stationary, timed electrical pulses
remove material from a workpiece. The electrode and the workpiece are held by the
machine tool, which also contains the dielectric (ITomunos, 1982). A power supply
controls the timing and intensity of the electrical charges and the movement of the
electrode in relation to the workpiece. At the spot where the electric field is strongest,
a discharge is initiated. Under the effect of this field, electrons and positive free ions
are accelerated to high velocities and rapidly form an ionized channel that conducts
electricity. At this stage current can flow and the spark forms between the electrode
- and workpiece, causing a great number of collisions between the particles. During this
process a bubble of gas develops and its pressure rises very steadily until a plasma
zone is formed. The plasma zone quickly reaches very high temperatures, in the

region of 8,000° to 12,000°C, due to the effect of the ever-increasing number of
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collisions). This causes instantaneous local melting and vaporization of a certain
amount of the material at the surface of the two conductors (Toren et al, 1975). When
the current is cut off, the sudden reduction in temperature causes the bubble to
implode, which projects the melted material away from the workpiece, leaving a tiny
crater. The eroded material then resolidifies in the dielectric in the form of small
spheres and is removed by the dielectric. All this without the electrode ever touching
the workpiece (Schumacher, 2004). Figure 2.3 gives a detailed illustration and
description of the different stages of the process (ITanaitoros, 1989).

The fact that EDM is a non-contact machining process allows achieving
tighter tolerances and better finishes in a wide range of materials that are otherwise

difficult or impossible to machine with traditional processes.
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