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Abstract

When two electrodes are in close proximity in a dielectric liquid, application of a voltage pulse
can produce a spark discharge between them, resulting in a small amount of material removal
from both electrodes. Pulsed application of the voltage at discharge energies in the range of
micro-Joules results in the continuous material removal process known as micro-electro-
discharge machining (micro-EDM). Spark erosion by micro-EDM provides significant
opportunities for producing small features and micro-components such as nozzle holes, dots,
shafts and gears in virtually any conductive material. If the speed and precision of micro-EDM
processes can be significantly enhanced, then they have the potential to be used for a wide
variety of micro-machining applications including fabrication of microelectromechanical system
(MEMS) components. Toward this end, a better understanding of the impacts the various
machining parameters have on material removal has been established through a single discharge
study of micro-EDM and a parametric study of small hole making by micro-EDM. The main
avenues for improving the speed and efficiency of the micro-EDM process are in the areas of
more controlled pulse generation in the power supply and more controlled positioning of the tool
electrode during the machining process. Further investigation of the micro-EDM process in
three dimensions leads to important design rules, specifically the smallest feature size attainable
by the process.
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1. Introduction

When two electrodes are in close proximity in a dielectric liquid, application of a voltage pulse
between them can break down the dielectric and produce a spark discharge between the
electrodes. Some of the energy in the discharge is transferred to the electrodes and results in the
heating of highly localized regions of the electrodes. If the regions are heated above their
melting or vaporization temperature, molten droplets or vaporized material may be gected from
the electrodes. Repetitive pulsing of the voltage results in repeated breakdown of the dielectric
and material removal, and consequently to a continuous machining process called Electrical
Discharge Machining (EDM). Since the melting/vaporization temperature, and not hardness, of
the electrode materias controls material removal, EDM has proved enormously beneficial for
machining complex shapesin hard materials that are difficult to fabricate by conventional means.
A variant of the EDM processis micro-EDM, so called because it utilizes low discharge energies
(~ 10° — 10® Joules) to remove small volumes (~ 0.05 — 500 um®) of material. This small
volumetric removal means micro-EDM provides significant opportunities for producing small
features and micro-components such as nozzle holes, sots, shafts and gears in any conductive
material — hard alloys, advanced ceramics, very rapidly solidified micro-powders, and colloidal
suspensions among other materials. If the speed and precision of micro-EDM processes can be
significantly enhanced, then they have the potential to be used for a wide variety of micro-
machining applications with functional materials including fabrication of micro-electro-
mechanical system (MEMS) components. It is these topics that constitute the core of the

proposed research.

This study seeks to demonstrate improved machining times with the micro-EDM process and to
quantify the smallest feature that can be machined using state-of-the-art micro-EDM technology.
While there are severa routes to improving machining time, many sacrifice precision or
accuracy to do so. High-speed micro-EDM will only be achieved by improving machining times
with minimal trade-off. An important aspect of this study will be to understand and to
characterize this trade-off, and to investigate methods of reducing machining times while
maintaining high levels of precision. Additionally, prior literature has illustrated some very



small features created by the micro-EDM process; yet none has discussed why smaller features
cannot be achieved. An estimate of the smallest feature size realizable by EDM has not been
made. Preliminary experiments conducted for the present study indicate that discharge energy
and size of the tool electrode are dominant parameters limiting the smallest feature. An attempt
will be made to estimate the minimum feature size attainable and its dependence on discharge
energy and electrode size.

The goals stated above will be accomplished by first characterizing the state-of-the-art in micro-
EDM through a thorough literature survey of the subject and testing of existing micro-EDM
systems. Following this, simple correlations between materia removal and machining
parameters will be obtained through two different methods: examining craters produced by a
single discharge of micro-EDM, and a preliminary parametric study using machining time along
with hole size and shape as metrics. These experiments will reveal the machining parameters
that most influence important machining outputs, especialy material removal rates. Potential
areas of significant improvement to micro-EDM cycle times appear to be in power supply and in
tool positioning. A novel experimental setup using a transistor based pulse power supply and a
dual-level servo positioning system will seek to exploit this potential. Process performance
while vibrating the tool electrode in open loop will be compared, in terms of material removal
rate, feature size and shape, with performance when positioning the tool with closed-loop
feedback of discharge conditions. Not only will one-dimensional machining of holes be
investigated, but two-dimensiona machining of paralel dots will be used to demonstrate
minimum feature sizes. Varying tool size and discharge energy when cutting paralel slots will
provide a map of minimum features attainable as a function of micro-EDM parameters. This
data, combined with the results of single discharges at very small energies, will enable an
estimation of minimum feature sizes as a function of discharge energy and tool electrode

dimensions.
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2. Background

2.1 Literature Review

To gain a full appreciation of the state of the art in micro-EDM, 50+ research papers on the
subject were read and analyzed. It is believed that these papers comprise the most significant of
English language papers on the subject of micro-EDM. To appropriately summarize the papers
and apply them to the research intended for this study, the same six questions were asked of each
paper. What is the definition of micro-EDM? What are the strengths and weaknesses of the
micro-EDM process? What types of parts are being machined by micro-EDM and in what
materials are they being machined? What is the minimum feature size being machined? How
quickly are the parts being made or what is the machining rate? What is the unique aspect of the
research that improves the micro-EDM process? Every paper does not have an answer to every

guestion, and often times the answers are a bit contradictory.

However, aimost al of the papers agree on the second question. The main strength of the micro-
EDM process is that it can machine complex shapes into ANY conductive material with very
low forces. The forces are very small because the tool and the workpiece do not come into
contact during the machining process. There are two very important weaknesses to the micro-
EDM process. The first is that it is a rather slow machining process. Not only are material
removal rates rather low compared to other machining and micro-machining processes, but
micro-EDM is also a seria process, while other micro-machining processes, e.g. semi-conductor
silicon processes, are parallel processes producing multiple, often times hundreds, of partsin one
cycle. The second weakness is that while the workpiece electrode is being machined, the tool
electrode also wears at arather significant rate. Thistool-wear |eads to shape inaccuracies.

The result of all papers having similar answers to the strength/weakness question is that most of
the research focuses on one of only a few subjects. The research papers can be filed into one of
three categories. attempting to improve the speed of micro-EDM, attempting to improve the
accuracy or shape-complexity of micro-EDMed parts, and attempting to apply the micro-EDM

process to new types of component fabrication. Interestingly, the research in each paper is
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largely confined to only one of the three subjects, aimost totally disregarding the other two
subjects. The following sub-sections discuss research done in each of the three mentioned areas.

2.1.1 Improving the speed of the micro-EDM process

All of the encountered research focusing on improving the speed of micro-EDM fixated on the
fact that part throughput is limited by the fact that micro-EDM is a serial process. Silicon
fabrication processes, mainly lithography and etching, dominate the micromachining field. By
using various masks and etchants, a large number of complex shapes can be processed into one
silicon wafer. Infact, one wafer can often yield hundreds, even thousands, of parts or individual
micro-machines. With this as the operating norm, it is difficult for a serial process like micro-

EDM to gain respect in the micromachining field.

One of the first efforts to make the micro-EDM process more parallel recognized that the
majority of jobs performed by micro-EDM (at the time) were drilling multiple holes into a part.
In 1991, Higuchi et a. (Higuchi 1991) developed a pocket size EDM system. The authors
recognized that drilling hundreds or thousands of holes one at a time was rather inefficient. The
pocket-sized EDM system is approximately the size of a pencil, allowing many of the systems to

be placed on alarge part at the same time, thus drilling several holes at the same time.

In the same vein as the pocket sized machine came the next effort in making micro-EDM more
parallel. While some researchers were exploring the use of LIGA-made electrodes to improve
the accuracy of EDM, one research group was making an array of posts using the LIGA process
(LIGA is a German acronym for lithography, electroplating and injection molding) (Takatata
1999, 2001, 2002). This array of posts could then be sunk into a workpiece using the EDM
process to make an array of holes. Again, drilling several holes at once is better than drilling one
at atime. An array of 200 holes (20 x 10) was machined in approximately five minutes, 20 to 30
times better than machining the same number of holes one at a time (Takahata 2001). It was
found that further improvement in cycle time is achieved if severa power supply circuits are
linked to the array, thus allowing several sparks to occur at the same time. In fact, using four
circuits for an entire array of electrodes, instead of just one circuit for the entire array, cut the
machining time in half (Takahata 2002).
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The final effort toward increasing the throughput of EDM parts again used an array of posts to
make an array of holes in the workpiece. This work, however, used a wire-EDM system to
machine an array of square posts into the tool electrode (Weng 2002). This research group found
that an array of 49 holes could be machined in 31 minutes, while one hole was machined in 2
minutes. The additional benefit to this processis that wire-EDM is much less expensive than the
LIGA process and can produce tool electrodes in a large number of materials the LIGA process

cannot.

It is worth noting that each of the research efforts toward improving the throughput of micro-
EDM focused only on making the process more parallel, not on actually speeding up or
improving the efficiency of the machining process. This, however, should not imply that a
parallel process is always better than a serial process. Many parallel processing techniques are
very costly and still rather slow, making the serial EDM process a better alternative.

2.1.2 Improving the accuracy or shape complexity of micro-EDMed

parts

In the micro-EDM process, tool wear is a major source of inaccuracy. It is possible to choose
optimum machining parameters to maximize the ratio of workpiece material removal to tool
material removal. But some amount of tool wear is unavoidable. The main methods for
overcoming inaccuracies introduced by tool wear are to more precisely position the tool (e.g.
Y ong 2002) or to better compensate for the wear (e.g. Wolf 1998). One very intriguing method
of compensating for tool wear isthe so-called *uniform wear method” (Y u 1998-Rajurkar 2000).
The main goal of this method is to use only the bottom of the tool (and not the sides of the tool)
to do machining, and to machine in such a manner that the electrode remains flat. The uniform
wear method is a five-part solution to the tool wear problem. The first aspect of the method is
that machining is done layer by layer (much like the opposite of a rapid prototyping machine).
The thickness of each layer is determined such that the tool is fully worn at the end of a pass.
Once one layer is finished, the tool is sunk down to the next layer, and machining is done in
reverse. Thisis the second aspect of the method: to and from scanning. The tool wears on the

“to” pass, meaning the cavity will taper, being deeper at the beginning than at the end. The
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solution to this is that the “from” pass machines at the same depth as the “to” pass but in the
exact opposite direction. The end result of the two passes is a cavity of equal depth. The third
part of the uniform wear method accounts for the fact that the tool has been observed to wear
more at its corners than at the center. Overlapping tool paths prevents this. Similarly, when the
boundary of a part is being machined, the tool wears unevenly and the edges tend to become
round. So machining the central portion of the part and the boundary of the part alternately isthe
fourth aspect. Finally, an empirical formula to compensate for electrode wear has been
determined.

AZ = LW{1+ R%}

R isthe electrode volume wear ratio that is specific to each tool/workpiece combination, S isthe
cross-sectional area of the electrode, S, is the area of the machined layer, AZ is the depth of cut,
and Ly is the machined depth. These five principles were combined and integrated into a
CAD/CAM package to machine some complex and tiny features (Yu 1998, Yu 2000, and
Rajurkar 2000).

Another approach to improving the accuracy of micro-EDM is to start with more precise tool
electrodes. This is the focus of research done to improve the block electrode method for
producing very small cylindrical electrodes (Ravi 2002, Ravi 2002). Using multiple passes and a
fresh area of the block lead to more accurately machined tools. It was mentioned earlier that the
LIGA process was used to produce tools with multiple electrodes. Actualy, that application was
a spin-off of the attempt to use LIGA to produce more accurate tools (Ehrfeld 1996, Lowe 1997,
Takahata 2000).

Tool wear is not the only aspect of micro-EDM that influences part accuracy or complexity. A
major area of concern when machining avery small part is that the part is easily lost at release or
separation. Because of this, many micro-parts are not truly three-dimensiona; they are
considered 2.5D. One research group has successfully produced a truly three-dimensional part in

silicon using only the micro-EDM process (Reynaerts 1998).
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One might note that these efforts in improving the accuracy of micro-EDM often trade off other
aspects of the process. While LIGA does produce more accurate electrodes, it does so rather
expensively. The main drawback of the uniform wear method is that it adds a significant amount
of time to the already slow micro-EDM process. The cavities machined in the research were
donein hours, not minutes. However, it should be noted that all of the methods mentioned above
can be incorporated into the experimental setup of the present study.

2.1.3 Novel applications of micro-EDM

Another topic popular with micro-EDM researchers is increasing the number of tasks micro-
EDM is used to accomplish. Some papers compare micro-EDM to other micro- and meso-scale
machining processes, expounding on the low forces of micro-EDM and its small unit removal
(Masuzawa 1994, Allen 2000, Allen 2000 again). Others investigate new materials micro-EDM
can machine (Reynaerts 1997, Heeren 1997, Yan 2002). Finaly, some just find new applications
for micro-EDM, like micromachining with Tungsten Carbide (Her 2001), nozzle hole
fabrication, machining gear trains (Shibaike 2000), photomasks (Yeo 2001), and forming tools
(Uhlmann 1999). Again, any improvements to the micro-EDM process found in the present
study, or any study for that matter, would benefit these applications.

2.2 Existing Micro-EDM Systems

While die-sinking and wire-EDM systems have been around for some time, micro-EDM systems
are rather new to the EDM industry. One researcher mentions the pioneering of micro-EDM
goes back as far as the 1960s at Phillips Lab in the Netherlands (Reynaerts 1997). However, no
documentation on the specifics or capabilities of the mentioned machine could be obtained.
After this research was lost, micro-EDM started to evolve purely in the field of small-hole
making (Kagaya 1986, Sato 1986, and Masuzawa 1989). While small steps were taken at
improving these hole-drilling machines, a major step was taken toward improving micro-EDM
as a process with the advent of wire-electro discharge grinding, or WEDG (Masuzawa 1985,
1986). The WEDG process is used to make very small, precise shafts, examples of which can be
seen in the citations (Masaki 1990). While there were several applications that benefited from
the use of these shafts (Masuzawa 1994), the application that benefited the most was micro-EDM
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itself. When the idea to use the WEDG manufactured shafts as micro-EDM tool electrodes,
present day micro-EDM was born. Today the best micro-EDM systems create their own tool
electrodes directly on the machine utilizing the WEDG technique. The tool electrode is then

moved over to machine tiny holes or complex shapes into the workpiece.

Presently, there are only three manufacturers selling micro-EDM systems while other companies
are marketing larger “macro” EDM systems, designed originally for large volume removal, that
have been adapted to machine very small parts. Panasonic Factory Automation (a division of
Matsushita Electric Corporation of America, Illinois, USA, www.panasonicfa.com) makes an
MG-ED82W. Sarix SA (Losone, Switzerland, www.sarix.com) makes the SR-VHPM. Pacific
Controls Inc. (Caifornia, USA, www.pacificcontrols.com) makes the PC SFF Series EDM
system. These are the most precise machines available from each company. Key capabilities of
each machine are discussed below, and are summarized in Table 2.1. Mgor manufacturers of
die-sinking and wire-EDM systems have also tried to enter the micro-EDM market. These
companies do so by equipping their macro-EDM systems with precision positioning stages or
micro-generator power supplies. One machine that fit this description was the Charmilles HO-10
(Almond 1999), however, this machine is no longer on the market, so very little information
concerning the machine could be obtained. Agie SA (Losone, Switzerland, www.agieus.com)
makes two such machines. The Agie Compact | is a die-sinking machine with a micro-generator
and more precise positioning than its macro-EDM counterpart. This machine is much older and
less precise than the Agiecut Excellence 2F, which is a wire-EDM system that has very precise
machining stages and is capable of cutting with 25um diameter, tungsten wire. The capabilities

of this machine are also shown in Table 2.1.

Based on the specifications and the examples shown, the Panasonic machine is clearly the best of
the lot. It is the Panasonic system that utilizes WEDG technique to produce tool e ectrodes
directly on the machine. This process is capable of producing electrodes small enough to bore
5um diameter holes. Additionally, this machine is capable of machining in each of the x-, y-,
and z-axes. This allows complex shapes, like gears, to be machined accurately with a generic,
cylindrical electrode. The power supply for this machine is a very simple RC circuit that is

capable of producing pulses as short as 10 nano-seconds. These very short discharges are ideal
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for removing small, precise volumes of material at a very high rate. Much of the research

mentioned previously in this chapter, especialy the uniform wear work, utilized this type of

Panasonic machine.

Table 2.1. Commercially available micro-EDM systems and their capabilities.
Machine Power Supply Motion Control | Electrode Size User Applications
Panasonic | Relaxation Generator | 0.1 wm resolution Holesassmall as5um, | Threeaxis machining and

(RC circuit) 1 um positioning WEDG makes WEDG dlow gears,
10 nsec pulse-width | accuracy electrodes on machine | shafts, etc aswell as holes
and complex cavities.
Real 3D shapes.
Sarix Undisclosed 1 um resolution Electrodes as small as Holes. Shaped electrodes
50 nsec pulse-width | 1 um positioning 12 um diameter make shaped holes.
0.05-40 amp accuracy (purchased) Machining in 3 axes
possible, but not
demonstrated.
Pacific 555 multi-shot Monitoredto 0.5 um | Electrodesassmall as | Holes only, no mention of
Controls (dual gap voltage) 2.5 um diameter shaped electrodes.
2.5 psec pulse-width (purchased) Machining only in z-axis
0.002 — 100 amp
Agie Undisclosed 0.1 um resolution Wire as small as 25 um | Any type of 2-D part.
1 um positioning diameter (purchased) Machining in x- and y-
accuracy axesonly.
Wiretilt not available
with 25um wire.

Sarix and PCEDM offer machines that are capable of machining on the micron level, but are not
nearly as robust as the Panasonic machine. Sarix claims that their system can cut in al three
axes, but the examples mentioned in their literature are only of hole making. This system is
capable of cutting very small holes and complex shaped holes with shaped electrodes. However,
shaped electrodes dramatically increase costs and time associated with tooling. The company
was unwilling to share the type of circuit they use to produce pulses, but the smallest pulse
achievable is not as small as the 10 nano-second pulses by the Panasonic machine. PCEDM isa
relative newcomer to the market, and not much is known about the company or its machines.
They were, however, very willing, aimost eager, to discuss the details of their machine. Similar
to the other machines, the SFF series machine can cut very tiny holes, and can do so rather
quickly. However, hole making is the only application the machine can accomplish as it only
machines in the z-direction. The x and y positioning are very precise on this machine, but not
capable of correcting for open and short circuits, and will ailmost certainly result in broken tools
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if machining were attempted. Additionaly, the use of a 555 multi-shot chip as the main pulse
modulator is arather archaic technology.

The Agie machine compares reasonably well to the other micro-EDM systems, keeping in mind
that it isawire-EDM system where as the other machines are hybrids of die-sinkers. The x and
y stages on the Agiecut, the stages responsible for machining, are as accurate or more accurate
than the machining axes of the other micro-EDM systems. However, the tool electrode size on
the Agie system is really a limiting factor. The 25um wire is about as small a tool that can be
used for cutting, and this wire was relatively difficult to work with. It ishighly unlikely that wire
as small as 5 microns could ever be used on this type of machine. However, it is important to
remember that the Agiecut is a macro-, wire-EDM system. One could argue that this is a
comparison of apples and oranges. It might be more informative, or more fair, to benchmark the
Agiecut against other macro-EDM systems adapted to perform micromachining. However, these

are often custom or in-house modifications and would be rather difficult to find.

When asked about motion control, each company replied with how accurate their machines were,
leaving out important information on how the machine compensates for open and short circuits
and for tool electrode wear. When the stages are moving faster or slower than materia is being
removed, short or open circuits, where no material removal occurs, will inevitably result. It is
desirable that the stages compensate for this, maintaining a constant amount of material removal.
Also, as the tool cuts, it too is eroded to some extent, although at a slower rate than the
workpiece. Because of this, over time, the electrode will be smaller, or at least a different shape,
than when machining started. If the machine cannot compensate for this, dimensional accuracy
will be lost. It may very well be that these companies recognize the importance of this aspect of
motion control and would like their technology to remain secret. However, this fact makes it

rather difficult to compare machines against each other.

Despite the quality and potential of these micro-EDM systems, only one of seven EDM job
shops that replied to a market survey uses one of them as part of its operation. An internet search
on micro-EDM job shops yielded severa locations within the U.S. Each of these shops was
contacted via business letter. Seven of those contacted replied. Only one of the seven was
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devoted exclusively to micro-EDM jobs, the same operation that owned a Panasonic micro-EDM
system. Theremaining six did micro-EDM jobsin addition to large-scale wire-EDM and/or die-
sinking EDM. These job shops were working on a variety of jobs for a variety of different
customers. However, amost al of the jobs had at least one thing in common; they were
prototype jobs. Only one operation had any type of production job, and because of privacy
issues, could not discuss the details of the job. Additionally, the vast majority (~ 85%) of micro-
EDM jobs performed were purely hole making jobs. This survey, while by no means exhaustive,
illustrates the fact that micro-EDM systems, and the process as a whole, are rarely being used to
their full potential. Other companies that have purchased micro-EDM systems of their own (and
do not need to contract job shops to get the work done) may better use their systems’ capabilities.
However, finding out which companies have purchased these machines, then contacting them

and getting information on how they use their machines would be difficult.

2.3 Benchmarking Experiments

The Agiecut Excellence 2F mentioned in the previous section was available for benchmarking
experiments courtesy of center 14184 of Sandia National Laboratories in Albuquerque, New
Mexico, USA. The main question to answer was, “How small of afeature can the Agie machine
cut?’ A test part was designed to help answer this question, and the part was cut severa times
using several machine parameters resulting in similar degrees of success. The part was
essentially a 6mm x 5mm rectangle with progressively smaller tabs protruding from the long side
of the part (see Fig. 2.1). The largest tab was 30um wide, and the smallest tab was 2um wide.
All tabs were 100um long, and were separated by 1mm. The material used was 100um thick
stainless steel. The Agi€'s control software recommended parameters that were used for the first
several cuts. Using these parameters, the part was cut in approximately 12 minutes, and the
smallest tab observed on an optical gauging machine was 20um wide. The disappointing part of
this test was that the tab observed to be 20um was intended to be only 15um. Indeed, al the tabs
present on this test part were cut approximately 5Sum too wide, yet other dimensions (tab length
and spacing) were hit exactly. Most of the other machine settings produced very similar results.
However, it was found that slowing the machine down resulted in more accurate tabs. When the

machine was set to cut the part in 30 minutes (the pulse time delay was increased by 50% from
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Figure 2.1. Schematic of the test part designed to evaluate the
smallest feature size attainable by the Agiecut Excellence 2F.

50 to 75), the tabs were only 1 to 2um too wide. However, the smallest tab still measured 20um
inwidth (Fig. 2.2).

The feature shown in Fig. 2.2 is amale feature, or afeature external to the main geometry. The
minimum size of such features is governed primarily by the accuracy of the machining axes.
The size of the tool and the overburn of the cut govern a minimum size of a female feature, for
example adlot or acut internal to the geometry. For the Agie machine, the smallest tool that can
be used is 25um diameter wire and the smallest overburn was observed to be 12um. This means
that the smallest slot machined by the Agie machine was 50um. It should aso be noted that
minimum feature sizes could be dependent on the workpiece material and the workpiece

thickness, but those effects are considered secondary.

350um

Fig. 2.2. An optical micrograph showing the 100um long,
20um wide tab cut using a time delay of 75.
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3. Experimental Setup

The main focus of this project is the novel experimental setup and its performance, studying
machining rates and feature sizes. The entire setup, shown in Fig. 3.1, constitutes five main
areas. motion control, power supply, tool and workpiece fixturing, analysis systems, and
dielectric unit. The dielectric, tool and workpiece reside in the machining vessel, and are
connected to the analysis tools (a digital oscilloscope and personal computer), but what makes
the setup unique is its use of a dua-level servo system, comprised of a linear stage and
piezoel ectric actuator, for motion control and a transistor-based pul se power supply. This should
not imply that the other aspects of the micro-EDM process are of any less importance. However,
since a main focus of the experiments is on the influence of the power supply and motion
control, solutions to the peripheral aspects of micro-EDM were very simple, so as not to
influence the results. Improved solutions for these peripheral aspects will still be compatible
with the new motion system and power supply and will only improve the process. The simple
solutions to tooling, dielectric unit, and measurement are summarized in this chapter’s third
section. The first two sections discuss the details of EDM power supplies and motion control
units, and how the solutions proposed in this study are improvements over the current leading

technologies.

3.1 Purdue Pulse Power Supply

A power supply or pulse modulator for traditional EDM processes creates square voltage pulses
of a specified width (duration), open-circuit voltage, and frequency (ref. Fig. 3.2a). Each pulse
results in one of four types of discharges. One discharge is actualy not a discharge, at al; it is
an open circuit where the tool electrode is too far away from the workpiece electrode for a
discharge to occur. In this case, the gap voltage looks exactly like the power supply’s voltage
pulse, and no current flows. A second type of discharge is a“short”, occurring when the tool is
in direct contact with the workpiece. In this case, the gap voltage registers as zero while a
current constantly flows. A third type of discharge is classified as an “arc’. An arc is
characterized by current flowing between the tool electrode and workpiece electrode

immediately upon initiation of the power supply pulse, and the gap voltage never reaching its
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Figure 3.1. Schematic of the entire micro-EDM setup used in the present
study. The unique aspects of this setup are the pulse power supply and
the dual-level servo system comprised of the z-axis stage and the
piezoelectric actuator.

open circuit value. All three of these discharges are considered “bad” discharges in that they
adversely affect the machining efficiency or decrease material removal rates (Barash 1964). A
good discharge, or “spark”, involves the gap voltage rising up to its open circuit value until, after
a time delay, a discharge is established and current flows. At this point, the current rises to a
maximum value, and the voltage drops to the discharge voltage, and remains constant until the
power supply switches the pulse off. These four types of discharges can be seen in Figs. 3.3 and

3.4. A schematic of a spark discharge can be seenin Fig. 3.2.

A main difference between die-sinking EDM, wire-EDM, and micro-EDM is the width of the
voltage pulses. As can be seen in Figs. 3.3 and 3.4, the pulse-widths in die-sinking EDM are a
few hundred microseconds. In wire-EDM, pulse-widths tend to be in the tens of microseconds
range, while micro-EDM often uses pulse widths as small as only 50 nanoseconds. Spur (1990)
addresses the fact that wire-EDM'’ s voltage pul ses are faster
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Figure 3.2. Schematic illustrating the event sequence involved in
creating a discharge with a pulse power supply. Vo = open-circuit
voltage, Vd = discharge voltage, Ip = peak current, ton = voltage pulse-
width, and td = time delay. Inputs are typically Vo, Ip, and ton while
other values vary somewhat from discharge to discharge.
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Figure 3.3. The gap current and gap voltage for the four types of
discharges seen in the EDM process. Only the “spark” discharge is
considered a good discharge. (Rajurkar 1987).

and mentions that while gap voltage waveforms look similar to die-sinking-EDM gap voltages,
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Figure 3.4. Waveforms typical of the four
types of EDM discharges. (Snoeys 1982).

the gap current in wire-EDM may never reach a steady-state value. Figure 3.5 shows a

schematic of typical wire-EDM gap voltage and current waveforms.
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Often, transistors or multivibrator integrated circuits are used to generate the square pulses for
die-sinking and wire-EDM. These solutions are not fast enough to create pulses on the order of
nanoseconds as desired in micro-EDM. Micro-EDM typicaly relies on DC voltage supply
through RC circuits to create square pulses. For thistype of circuit, the discharge event sequence
is different than that of the pulse modulator described earlier. Since a DC voltage is employed,
the normal operating condition is at the open-circuit voltage, so the electrodes are aways
charged. The two electrodes are then brought close enough together to breakdown the dielectric.
At this point a discharge commences; the voltage drops to the discharge voltage and the current
rises to its peak. Current continues to flow until al the energy is drawn out of the capacitor, at
which time the current stops and the voltage recharges to the open-circuit voltage (see Fig. 3.6).
The next discharge occurs when the electrodes again are close enough to breakdown the

dielectric.

When using a DC voltage source and an RC circuit to produce pulses, the only controlled inputs
are open-circuit voltage and pulse-width. The pulse-width is varied by changing the capacitance
in the circuit. There is no real control over discharge frequency because the only determining
factor is electrode proximity, and discharges occur much more quickly than the tool can be
positioned.

Vo gap voltage

v

A —> et

lp gap current

time

Figure 3.6. Schematic illustrating the event sequence of a
discharge created using DC voltage through an RC circuit.
V, is open-circuit voltage, Vq is discharge voltage, |, is peak
current, and ton is pulse-width. V, and to, are the controlled
variables.
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The pulse modulators for die-sinking and wire-EDM are superior from a control standpoint
because discharge frequency can be regulated. Since a discharge can only occur if the electrodes
are close enough AND a pulse has been sent from the power supply, frequency is controlled by
controlling when the power supply sends pulses. This added level of control allows for better
monitoring of the process and more influence over process performance. However, existing

EDM pulse modulators are not nearly fast enough to compete with the RC circuits.

One of the goals of this project was to utilize a power supply that would allow for enhanced
control over the micro-EDM process, thus control of frequency and duty-cycle were desired. To
accomplish this, a pulse-modul ator that creates square voltage pulses by switching a transistor on

and off was custom built.

What was desired of the micro-EDM pulse power supply was a device that could produce
voltage pulses with a very short pulse-widths (as small as 100nsec) and open-circuit voltages as
high as 300 Volts. The pulses would need to be able to draw as much as 10 Amperes in current.
Control over pulse frequency and duty-cycle were also desired. Additionaly, in order to conduct
experiments, all of the above parameters needed to be variable. Based on these design
specifications, North Star Research Corporation (New Mexico, USA, www.northstar-
research.com) developed a power supply for micro-EDM—the Purdue Pulse Power Supply.
Circuit diagrams in the appendix show the specifics of the power supply, and its performance
specifications are summarized in Table 3.1. The supply is able to produce pulses with pulse-
widths of 100nsec and upwards. The open-circuit voltage is continuously variable from 0 to
300V. The peak current drawn by the discharge has settings of, 0.01A, 0.1A, 0.5A, 1A, 2A, 5A,
10A, and full current. A computer control program that controls a fiber optic switch is used to
set the pulse-width and pulse frequency. Almost any frequency can be set for any desired pulse-
width, allowing for unlimited duty cycle settings. The main switching mechanism that allows
such short pulses with fast rise times is an insulated gate bipolar transistor (IGBT). The IGBT is
a recent invention that combines the simple gate drive characteristics of the MOSFET with the
high current and low saturation voltage of bipolar transistors, and is mainly used in switching
power supplies (www.nationmaster.com/encyclopedia/l GBT-transistor).
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Table 3.1: Available machining settings using Purdue pulse power supply.

Power Supply Setting Realizable Conditions Settingsused in
experiments
Output Voltage (Vo) 0V to 300V 100V and 200V
Peak Current (1) 0.01A to 10A 1A
Pulse Width (ton) 100nsec to 100usec 500nsec and 1usec
Frequency (f) 0.1Hz to 10MHz 10kHz and 20kHz
Duty Cycle any 1:100

3.1.1 Characterization of Purdue Pulse Power Supply performance
The Purdue Pulse Power Supply produced open-circuit voltage pulses that accurately reflected

the inputs of open-circuit voltage, pulse-width, and pulse frequency (or duty cycle). An example
is shown in Fig. 3.7a. However, when the tool electrode and the workpiece come in close
enough proximity to produce a discharge, the gap voltage and current did not behave as
expected. The process starts predictably when the gap voltage rises to the open circuit voltage
and remains there for some time delay. After this delay, when the discharge commences, the
current rises and the voltage drops to the discharge voltage. To this point there are no problems.
However, the current usually rises to a value other than the peak current input. Once the current
does reach its maximum, it immediately starts decreasing. The current continues to decrease at a

certain rate until it iszero. An example set of waveformsisshownin Fig. 3.7.
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The waveforms in Fig. 3.7 are from a discharge with 100V, 1A, and 1lusec settings for open
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Figure 3.7. The Purdue pulse power supply produced discharges that had
waveforms typical of the ones shown in the figure. Inputs: open-circuit voltage =
100V, pulse-width = 1usec, peak current = 1A.
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Figure 3.8. Fourteen current traces are overlaid.
Inputs: VO = 100V, ton = 1usec, Ip = 1A. These traces
indicate the consistency of the PPPS.

circuit voltage, peak current, and voltage pulse-width respectively. Fourteen of these waveforms
were captured and compared for repeatability. Figure 3.8 shows all fourteen current waveforms
overlaid on top of one another. This plot indicates that while the peak values are larger than the
peak current setting, the current waveforms are very consistent. At the given settings, the peak
current is approximately 3.8A and has duration of approximately 900nsec. When the open
circuit pulse was increased in duration to 2usec a similar occurrence was observed. The current
waveforms rose to peaks of 4.2A and had durations of 1100 nsec and were, again, consistently

the same.
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Another characterization experiment was performed in which the peak current setting was
changed. Peak current inputs of 1A, 2A, 5A, and 10A were examined with an open-circuit
voltage setting of 100V and duration of lusec. The magority of the current waveforms
resembled the waveform shown in Fig 3.7 with the exception of an increase in peak current value
and an increase in current duration as the peak current setting increased. Again, the peak current
setting did not correspond to the measured peak current value. Typical current waveforms from
each peak current setting were overlaid for comparison (Fig. 3.9). Thisfigure shows that the rise
of the current toward its peak value occurs at the same rate (i.e. the waveforms have the same
slope). The current waveforms also al fall toward zero at the same rate. However, the rise rate

isnot equal to the fall rate.

Changing the open circuit voltage seems to have the most drastic effect on the resulting current
waveform. When the open circuit voltage was changed to 200V (the pulse-width setting was
1usec and the peak current setting was 1A) the current rose to a higher peak current value more
quickly. Doubling the open circuit voltage created a 58% increase in measured peak current
(3.8A to 6.0A), while doubling the peak current setting only produced an increase of 26% (3.8A
to 4.8A) and doubling the open circuit pulse duration resulted in only an 11% increase (3.8A to
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Figure 3.9. Current waveforms from various discharges
overlain. The waveforms appear to have the same rise rate
and fall rate if the open-circuit voltage setting is the same.
Peak current value and pulse-width increase with increasing
peak current setting.
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4.2M).

In conclusion, the current pulse duration is a function of the rise rate, the observed peak current,
and the fall rate. These three values are very consistent for a given set of inputs, but their values
do not correspond to those inputs. Put more simply, the current waveforms resulting from a
pulse with inputs of 100V, 1A, and 2usec look the same, but the peak current is 4.2A (not 1A)
and has duration of 1.2usec (not 2usec). While the observed peak current varies with all three
inputs, the rise rate and fall rate appear to change only with changes in the open-circuit voltage.
Since the square, open circuit voltage, gap voltage, and gap current waveforms are al very
consistent, controllable, and easily calibrated, the Purdue pulse power supply is more than

adequate for the proposed experiments.

3.1.2 An alternative power supply

Pulse forming transmission lines (PFL) can be used to generate electrical discharges. The most
common form of transmission line, a coaxia cable, provided aternative to the Purdue Pulse
Power Supply. The cable was semi-rigid copper, with a characteristic impedance of 502 and
capacitance of 30pF/ft. Each cable was only five feet long, but several could be connected
together using standard SMA connectors for a maximum length of 65 feet. Combining the
resistance and capacitance of the coaxial cable with a DC power supply and a charging resistor
results in an RC circuit similar to those used in typical micro-EDM systems (like the relaxation
circuit in the Panasonic system). The benefit of the PFL used in this study is that a switch can be
added ahead of the coaxial cable allowing the circuit to discharge only once without recharging
(see Fig. 3.10). This means that examining the results (crater size and morphology) of a single

micro-EDM dischargeisfairly simple.

The widths of the pulses formed by this circuit are given by the transit time, 1, of the

transmission line

T= LC=x\/Z

c
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Figure 3.10. Schematic of the transmission line circuit used as an
alternative power supply.

(L, inductance, C capacitance, X, length of cable, &, cable dielectric coefficient, and c, the speed
of light in vacuum). It isimportant to note that T (along with capacitance) varies with the length
of cable, which alows the pulse-width to be varied simply by changing the length of cable. In
the present setup, t is ~3 nsec per foot of cable length. A sample current pulse resulting from a
cable length of 65ft and a DC power supply setting of 150V is shown in Fig. 3.11. Even though
this power supply is capable of producing pulses with smaller pulse-widths than the Purdue Pulse
Power Supply, it isviewed as inferior because there is no control over discharge frequency.
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Figure 3.11. Sample current waveform from a discharge
produced with the alternative power supply shown in Fig.
3.10.
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3.2 Motion Control

The EDM process is demanding of its motion control system, which is used to position the
electrodes. If the tool electrode advances too slowly, the process is very inefficient since many
pulses sent from the pulse power supply result in no discharge, and therefore no material
removal. If the servo advances too quickly, a short circuit results, again with no material
removal, but also with the risk of welding the tool to the workpiece. The depth of material
removed by a single discharge of micro-EDM istypically less than 5um, and discharges occur at
frequencies as high as 100kHz. Additionally, debris created by the removal process often floats
around in the spark gap area, creating short circuits or bad discharges. Ideally, the servo system
should be able to respond to the result of every discharge, or at least on the same order as the
discharge frequency to minimize the number of bad discharges. There should be no overshoot
when the servo is advancing since additional short circuits might result. It should also be able to
advance at speeds and steps on the order of the amount of material being removed. The result of
al this is a rather contradictory requirement—slow long-range movement along with quick,

precise short-scale movement.

The motion system that best meets these requirements is a patented hybrid servomechanism
composed of two devices, a fast, easily controllable, short stroke actuator for good
“instantaneous’ response, and a slower actuator for positioning the fast actuator and for
providing the required long stroke (Hebbar 2002). Such a hybrid system allows the slower
actuator to feed the tool electrode into the workpiece utilizing its long stroke, and the fast, short
stroke actuator to respond quickly to instantaneous variations in the spark gap conditions. For
the purposes of this experimental setup, the fast, short stroke actuator is a piezo-electric actuator

and the slow, long stroke actuator is a motorized, linear translation stage.

Newport Corporation’s (California, USA, www.newport.com) MTM250CC.1 long travel linear
stage is very well suited to the demands of the micro-EDM experimental setup. The small
remova rates, and therefore low feed rates, of micro-EDM demand smooth and precise
movement from the long-stroke actuator. The MTM250CC.1 (hereafter referred to as the z-

stage) utilizes a servomotor driver geared down to allow positioning with 0.1um resolution. The
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DC servomotor is connected to the linear slide by a diamond-corrected lead screw and a
matched, anti-backlash, precision-lapped nut. The stage is of all-steel construction, making it
very stiff, and allowing it to bear an axial load of up to 100 N. A Newport motion controller, the
MM4006, is used to drive the z-stage based on LabVIEW programs written on a PC.

The advantages of a piezoelectric actuator are that it has a very fast response of less than 10usec
with high accuracy, and simple, stable control. The Physik Instrumente (Waldbronn, Germany,
www.physikintrumente.com) P-844.30 prel oaded piezoelectric translator (hereafter referred to as
the PZT) proved quite suitable for this application. The spring preload allowed the PZT to
transmit forces as high as 100N. Both the tip and the base were threaded alowing for easy
fixturing of the PZT to the z-stage. The PZT required an amplifier (BOS 100-4 by Lambda EMI,
Inc., New Jersey, USA, www.lambda-emi.com) that boosted an input voltage by ten.

The tool electrode was held by a simple tool holder specifically designed to the present
application. The top of the tool holder has a threaded hole, alowing the tool holder (and thereby
the tool) to be screwed directly onto the tip of the PZT. The top of the PZT is bolted to a
connecting arm, the other end of which bolts to the linear slide of the z-stage. The z-stageis held
vertical by a Newport vertical mounting bracket. This bracket is connected, at the base, to a
vertical standoff (to position the stage at the proper height), which is further connected to the
base of the entire setup. A schematic, Fig. 3.12, illustrates the entire motion control system.
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Figure 3.12. A schematic illustrating the entire motion control system.

3.2.1 Control of motion system

There are many methods of control available for the PZT, the best of which would stem directly
from gap conditions. At a minimum, a wave function generator can be used to vibrate the tool
electrode with a sine wave or square wave input. This vibration prevents the tool from welding
to the workpiece during machining and alows for dielectric liquid to flow into the machining
areamore easily, overcoming two problems usually encountered while feeding the electrode with
only the z-stage. However, monitoring the gap conditions, and changing the PZT input

accordingly will help improve the machining process. Reacting to each and every discharge is
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ideal, but discharges may be occurring at a frequency too high to make this practical. Using
some sort of averaged gap conditions to position the PZT isamore likely control scenario.

LabVIEW control programs were written to operate the z-stage for preliminary experiments in
single discharges of micro-EDM and in hole-making. For the single discharge experiments,
LabVIEW was used to run both the z-stage and an oscilloscope via GPIB. The z-stage fed down,
moving the tool closer to the workpiece, until the oscilloscope triggered, registering the
discharge and recording the voltage and current pulses across the machining gap. When the
oscilloscope triggered, a command was sent to the z-stage to stop and retract. Hole making is a
much more complicated process because the z-stage needs to feed while discharges are
occurring. For the preliminary experiments, open loop control was used. The PZT was set to
oscillate at a constant applied voltage and frequency. The z-stage was set to feed at a constant
rate. If the feed was too slow, resulting in long periods of open circuit, nothing was changed
except that a higher feed rate was used in subsequent tests. However, short circuits posed a
serious problem. To address this, a “short retract” button was included in the LabVIEW control
program. The oscilloscope was set to acquire gap voltage and current conditions continuously,
so that a short circuit would register as zero voltage between the tool and workpiece. When the
operator noticed this, the “ short retract” button was depressed and commands were sent to the z-
stage instructing it to stop and retract by Sum. After this retract was completed, the z-stage was
allowed to continue feeding the tool toward the workpiece at the feed rate specified.

3.2.2 Calibration of motion control devices

Calibration of the PZT was done by inputting various types of signals and measuring the motion
of the PZT with a capacitance probe. Peak-to-peak voltage waves of 1V, 3V, and 9V were sent
from a frequency generator through the amplifier and to the PZT at frequencies of 50Hz and
100Hz (unfortunately, the capacitance probe is limited to measuring movements of 200Hz or
slower). Both sine waves and square waves were investigated. The data from the capacitance
probe were analyzed, many cycles were averaged, and the amplitudes of the PZT trandlations
were computed. The results of these tests are shown in the Table 3.2 and typical cycle traces are
shown in Fig. 3.13.
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Table 3.2: Peak-to-Peak amplitudes of PZT resulting from a sine wave input (left)
and a square wave input (right). All standard deviation, coincidentally, are 0.3

pm.
50Hz 100Hz 50Hz 100Hz
1V | 3.0um | 2.8um v 4.4um | 3.7um
3V | 80um |6.0um 3V 11.5um | 4.0um
9V | 39.0um | 38.5um oV 58.5um | 51.5um
1V, 50Hz sine wave input 9V, 100Hz sine wave input
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Figure 3.13. Averaged path of PZT tip as a function of input.
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Figure 3.14. Position of PZT tip as a function of DC voltage
input. There is notable hysterisis, with the position being
below the average when voltage is increasing, and above
the average when voltage is decreasing. The average
position is equal to 0.5357 times the applied voltage.

In addition to sine and sguare wave tests, static displacement tests were conducted to test
positioning accuracy of the PZT. A DC voltage was sent directly from the amplifier to the PZT,
and the position relative to 0 volts was noted. This was done from 0 to 90 volts—the operational
range of the PZT. Figure 3.14 summarizes the results. It can be seen that there is a bit of
hysterisis. Averaging the data, and taking a least squares fit, the position of the PZT relative to
any voltage can be predicted.

It should be noted that the sine and square waves of 1V, 3V, and 9V (which correspond to 10V,
30V, and 90V after being amplified) result in smaller amplitude movement than the DC voltage.
Figure 3.15 illustrates this. A closer examination of the PZT’s movement resulting from the AC
signals reveal s the reason.

The capacitance probe data was monitored for several seconds while the PZT was moving,
resulting in thousands of cycles of data. A few hundred cycles were averaged to show the PZT’s
position at a specific time during each AC cycle. It can be seen in Fig. 3.13 that the motion due
to asine wave input is rather sinusoidal. However, motion due to a square wave is anything but

square. Thisis because after a sudden change in input voltage, the PZT overshot its target, then
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Figure 3.15. PZT amplitude is plotted against the applied voltage amplitude for
sine and square inputs. The amplitudes are all smaller for the AC signals than
for the DC voltage (or static) input, though the square input shows less
deviation. Also, the PZT amplitude decreases with increasing input frequency.

corrected but overshot in the opposite direction, etc., resulting in an oscillation. But before the
position reached steady state, the input signal dropped suddenly, and the oscillation repeated.

The limited range of the capacitance probe meant that while it was ideal to examine the short
movement of the z-stage, the larger movements needed to be tested with a laser interferometer.
The z-stage was moved in 50mm increments over its entire 250mm range at the maximum speed
of 2mm/sec, and the stage position was recorded at the end of each move by the laser
interferometer. The average error over these moves was 12um or 0.025%. Movements of 1mm
were checked at 0.1mm/sec and 0.01mm/sec, and resulted in positioning errors of less than 1um.
These long-scale errors were important to know, but they are not necessarily indicative of the
micro-EDM process, which uses slower feeds over a limited range of motion. These shorter
movements of the z-stage at speeds more characteristic of micro-EDM were checked with a
capacitance probe. The largest positioning error was a 2% overshoot on a move of 10um at
lum/sec (the slowest speed investigated), and all errors on moves of 50um or shorter were less

than Jum. A summary of the errors can be seen in Table 3.3.
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Table 3.3: Actual distances moved by the z-stage for three distance commands
(left) at three different velocities (top). Standard deviations are all 0.2um.

10um/sec | S5um/sec lum/sec
100um | 104.9um | 104.4um | ---
10um 9.9um 9.8um 9.6um
lum 0.3um 0.3um

The data in Table 3.3 indicate that issuing a move of only 1um would not be executed properly
and that decreasing the velocity did not improve the accuracy. In addition to the positioning
experiments, the capacitance probe was used to collect data while the z-stage and PZT were
motionless, i.e. noise. The standard deviation of this data was observed to be 0.2 um. All of the
positions discussed above had standard deviations of 0.2 um or smaller, and did not indicate any
overshoot greater than this 0.2um noise. This means that the positioning of the z-stage and PZT
could never be known to better than +0.3um (root mean square sum of 0.2um in z-stage and

0.2umin PZT).

3.3 The Peripherals
3.3.1 Tooling

Tool electrodes were chosen to mimic small hole making micro-EDM systems while maintaining
simple geometries. The tool electrode materia was a 140um tungsten cylinder. Tungsten is a
common and excellent tool electrode because of its high melting point and generally good
thermal properties. The workpiece electrodes were discs of pure metals, covering a large range
of melting points (Aluminum, Copper, Iron, Molybdenum, Titanium, Tungsten, and Zinc), or
small sheets of 304 stainless steel. All were prepared by polishing to amirror finish. These high
smoothness values made inspecting the results of micro-EDM discharges more apparent. The
workpiece electrode was clamped to a workpiece mount using a small toe clamp and bolt (see
Fig. 3.16) to prevent and movement during the machining process. The power supply was
connected to the tool electrode with a spade clip and bolt at the tool holder, and to the workpiece

40



electrode by similar method at the workpiece mount. Since both the tool holder and workpiece

mount were metallic, they easily transferred the power supply charges to the tool and workpiece.

3.3.2 Dielectric Unit

The machining environment, where both electrodes resided, was inside a machining vessel that
contained the dielectric liquid (see Fig. 3.16). The vessel was a clear rectangular box made of
plastic (Lexan), 140 mm wide, 200 mm long, and 130 mm deep. The vessel was filled with the
dielectric fluid until both electrodes were completely submerged. lonoplus (a synthetic ail,
manufactured by Hirschmann GMGH, Fluorn-Wilnzeln, Germany, www.hirschmannusa.com)
commonly used in die-sinking EDM and in some micro-EDM systems was used as the dielectric.
The oil was cycled through afilter to keep the liquid clean and to keep it flowing. Flushing the

dielectric fluid through the work zone can aid in removing more of the molten metal.

3.3.3 Measurement

The discharges were measured on a digital oscilloscope using a current probe. A Tektronix
P6021 current probe (manufactured by Tektronix, Inc., Oregon, USA, www.tektronix.com) fitted
over any wirein the circuit (the circuit was not broken to measure current) to measure the current

flowing during a discharge, and a standard Tektronix 10x voltage probe measured the voltage.

machining vessel

dieegtric fluid

4

tool holder >

tool electrode—— o

workpiece——— < clamp
workpiece mount

Figure 3.16. Schematic illustration of the machining
area.
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The probes were connected to a Tektronix DSA 602A digital signal analyzer (oscilloscope),
which displayed the waveforms. The oscilloscope had a sampling rate of 2x10° samples per
second, which was necessary because current pulse widths were often as small as 50nsec. The
DSA was equipped with a floppy disk for data storage, but waveforms were transferred to a PC
using GPIB.

A Dél Pentium Pro 200 MHz computer was used to run National Instruments LabVIEW
(National Instruments Corporation, Texas, USA, www.ni.com) control software. Using the
LabVIEW software, virtua instrument control panels were created to control the DC power
supply, the oscilloscope, and motion system. The control program for the DSA also displayed
the current waveforms, and saved the data in spreadsheet form, allowing for the waveforms to be
recalled at alater time for analysis.

Because the machining vessel was clear, and the dielectric was at least translucent, a microscope

could be used to view the machining area at 25x magnification, meaning the micro-EDM process

could be monitored both electronically and visually.
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4. Results

The goals set forth early in this project were to increase the genera understanding of micro-
EDM, increase the speed of micro-EDM, and establish exactly how small of a feature can be
machined using micro-EDM. More insight into the micro-EDM process was obtained by
examining the material removal resulting from individual discharges at energies typical of micro-
EDM. In the preliminary stages of the project, the second and third goals were addressed by
demonstrating that the experimental setup works well one dimension—drilling—and that the
machining process was responsive to changes in the positioning conditions—the PZT. Positive
results in these two regards mean that machining in three dimensions with directed, closed loop

positioning control will allow all three goals to be achieved.

4.1 Single discharge experiments

The approach taken for this section is that breaking micro-EDM down to its most basic
component, the unit or single discharge, is the best path for gaining knowledge and improving
the understanding of the material removal process. This idea is based on the premise that
material removal is the cumulative result of a sequence of discharges and therefore, studying the
material removal characteristics of a single discharge and its relation to discharge parametersin a
controlled way offers a path to a better understanding of micro-EDM. Investigating material
removal by a single discharge alows machining parameters to be investigated in a more
controlled manner. The main focal points of this study were applied voltage, pulse width

(duration), and the combination of the two—applied energy.

The single discharges were made using the PFL by inserting a switch between the DC power
supply and the coaxial cable (see Fig. 3.9). Thisswitch could be closed to charge the line. After
the switch was reopened, the line would hold the charge until the tool came close enough to the
workpiece to create a spark and discharge the circuit. The tool was a 140um Tungsten rod and

the workpiece was a highly polished disc.
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Plan views of the micro-EDM craters created by a single electrical discharge on a Copper
workpiece (Fig. 4.1: table of three Cu craters with SEM, Zygo, and profiles) reveal that they are
very similar to craters produced at larger energies (Greene 1974)—circular in shape surrounded
by a rim of re-solidified metal. However, unlike the rough, jagged craters often seen at larger
energies, the craters produced by micro-EDM appear rather smooth (see SEM images in Fig.
4.1). The profile, or cross-sectional, views are particularly revealing, showing that the rims of
re-solidified metal are shorter in height than the depths of the craters, and that the craters are
much more wide than they are deep. Thus the craters are not hemi-spheres, but spherical caps.

Settings | SEM Photo Zygo Plan View Zygo Profile View
200V,
250nsec A\ =

100V,
250nsec

150V,
180nsec

Figure 4.1. Individual craters created on Copper workpiece by various single
discharges of micro-EDM.

The volumes of craters produced on the workpiece varied linearly with applied energy,
increasing in size with increasing energy. A Zygo NewView 200 (manufactured by Zygo
Corporation, Connecticut, USA, www.zygo.com) scanning white-light interferometer with
MetroPro software was used to image the individual craters and determine the volume of
material removed from the workpiece. As Fig. 4.2 illustrates, the volume data points fell along
the same line regardless of whether the applied energy was varied by changing the pulse-width
or the applied voltage. Figure 4.2 also shows a least squares fit applied to the copper volume
data. The high quality of fit is indicated by the R? value of 0.98. Because of the circular shape
of the craters, and the linear relationship volume has with applied energy, it might be intuitive



that crater diameter vary as the cube root of energy. Thisisindeed the case for the copper data,
asseeninFig. 4.3.

Pure metals in addition to Copper were chosen as workpieces because of their variety of melting
points, and similar tests were conduced on them. These metals and their thermal properties can
be found in Table 4.1. Least squares fits were applied to the volume data, and power law fits to
the diameter data. Not all the fits were as tight as the Copper, but all were viewed as accurate.
Crater size varied with material, meaning that craters created at the same energy on different

metals were of different sizes.

Copper Volume Data Set
(Linear Trendline)
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0 ‘ ‘ ‘ ‘
0 20 40 60 80 100

Energy (0J)

Figure 4.2. Volumetric removal of Copper due to single
discharges of micro-EDM at various applied energies. Note that
energy was varied by separately changing applied voltage and
pulse width, but all data points still fall along the same line.
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Figure 4.3. Diameters of craters created Copper due to single
discharges of micro-EDM at various applied energies.

It was speculated that a material with higher melting point would have smaller craters than a
material with lower melting point. However, predicting crater sizes, or even the relative sizes,
has proven frustrating. Melting point is not the sole factor dictating the crater size variation,
though most material removal rate equations vary only with the material’s melting point
(Jameson 2001, Weller 1984). It can be seen in Table 4.1 that craters created on Copper were
smaller than craters created on Iron even though Copper has the lower melting point. Erosion
Resistance Index, the product of melting point squared, thermal conductivity and specific heat,
has been used (Reynaerts 1997) to determine how resistant a material is to spark erosion, making
a material more suitable to be used as a tool electrode. The smaller the product, the larger the
amount of material removed by a single discharge. ThisIndex, however, is also flawed since the
order of crater sizes was much different than the Index order. No other method of determining a
material’s relative EDM crater size could be found in the literature. Additionaly, thermal
models have not yet accurately predicted the size of craters created by micro-EDM discharges
(Moylan 2000).
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Table 4.1: Thermal properties of pure metal used in the single discharge
experiments and volumetric removal at one specific applied energy.

Material Melting Thermal Specific | Erosion Resistance Crater
Point, | Conductivity, | Heat, Index, Volume at
Tm(K) | k(W/mK) Cv, Cm 4713 (um?)
(Ikg-K) | (F/m-kg-sec x 10M)
Zinc 693 116 389 0.2 174
Aluminum 933 237 903 1.9 87
Copper 1358 401 385 2.8 23
Iron 1810 80 447 1.2 37
Titanium 1953 21 522 0.4 20
Molybdenum | 2894 138 251 2.9 19
Tungsten 3660 174 132 3.1 15

4.2 Piezoelectric actuator experiments

The simplicity with which holes could be made using DC voltage through the PFL as a power
supply meant it could be used to conduct experiments designed to demonstrate the importance of
the PZT and motion control unit. Again, 200V applied voltage and 250nsec pulse-widths were
used with the 140um Tungsten tool to sink through 300um of stainless steel. The voltage
applied to the PZT and the frequency it was applied were varied. Specific values of each were
chosen and holes were drilled at several different z-axis feed settings until the hole was
completed in the smallest amount of time. If the z-axis is feeding too fast, the number of shorts,
and therefore the number of “short retracts” increases. A larger number of “short retracts” means
the tool actually has to travel farther, and therefore machining time might be larger for a faster
feed with many shorts than a slower feed with few shorts. The values of PZT applied voltage
and frequency along with the results of the tests are shown in Table 4.2. An optical micrograph
of ahole cut using PZT settings of 3V and 100Hz is shownin Fig. 4.4.
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Table 4.2: PZT parametric experiments and results.

PZT settings Experiment results
Applied Frequency of | Time (min:sec) | Optimum Feed
Voltage oscillation of

PZT
3V 50Hz 22:10 0.25 um/sec
3V 100Hz 18:38 0.30 um/sec
3V 300Hz 12:26 0.45 um/sec
v 50Hz ~18:00* 0.30 um/sec
6V 50Hz ~46:00* 0.15 um/sec

* Tests stopped at 250um because of different problems. Times are extrapolated to
300um. The trends in the data can clearly be seen despite the tests’ not finishing.

It is evident from Table 4.2 that machining time decreases when amplitude of PZT oscillation is
decreased. Decreasing amplitude can be achieved by either decreasing applied voltage of the
same frequency, or increasing frequency at the same amplitude (see Fig. 3.12). Thisis because
discharges occur if the gap between the tool and the workpiece is small enough to break down
the dielectric, i.e. the tool is in the machining zone. When the amplitude is too large, the tool
moves in and out of the machining zone, meaning there are fewer discharges. When the
amplitude is small, the tool stays in the machining zone, and discharging is much more
consistent.  When this occurs, the circuit was discharging at maximum frequency of

approximately 3kHz, though discharge frequencies around 1 to 1.5kHz were more common.

LS| e 2 L
Figure 4.4. Optical micrograph of a hole made using the PFL
as a power supply. The diagonal lines across the hole show
the hole’s diameter and that the hole is very round.
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More rapid discharging cannot be achieved because RC circuits, like the PFL, are bound to
recharge exponentially.

The contribution of vibration frequency is less evident, but noticeable. The hole cut with PZT
applied voltage of 3V and frequency of 100Hz took approximately the same amount of time as
the hole cut with PZT applied voltage of 1V and frequency of 50Hz. These results are of value
because the former cut was accomplished in the same amount of time even though the PZT
amplitude was significantly smaller for the latter cut. Decreasing the PZT vibration amplitude at
a frequency of 100Hz to around 3um should yield a machining time much less than 18 minutes.
Another observation was made with regard to performance at lower frequency. A test was set up
with a PZT applied voltage of 0.5V at a frequency of 50Hz, resulting in vibration amplitude of
1.5um (as characterized by capacitance probe). This would be the same amplitude as the 3V,
300Hz test, only at a slower frequency. However, the test could not be completed because when
the tool was fed forward, the tool electrode would weld to the workpiece after only a few
discharges. While the vibration was sufficient to prevent this welding at 300Hz, it was not
sufficient at 50Hz. The conclusion from these observations is that material removal over a
period of time increases as PZT frequency increases.

4.3 Pulse power supply experiments

It was previously discussed in chapter 3 that, with al else being equal, the transistor based
Purdue Pulse Power Supply (PPPS), with better control over discharge frequency, is a better
option than an RC circuit and DC power supply that offers little control over how often the
circuit discharges. However, since the PPPS had never been used before, its effectiveness

needed to be demonstrated before any quantitative results could be measured.
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Figure 4.5. First hole made using the PPPS. This hole is very
similar in size and shape to the hole made with the T-line.

The first hole made using the PPPS was done so with 100V applied voltage, 1A peak current
setting, 1usec pulse width, and a frequency of 10kHz. The hole shown in Fig. 4.5 shows that the
hole made with the PPPS is very similar to the holes made with the T-line. This similarity is
expected because the energy per discharge (discharge voltage times gap current times pulse
duration, all of which were found during characterization of the PPPS) in this experiment, 85uJ,
was very similar to the discharge energy used to make holes using the PFL, 88uJ. Examination
of the diameter of the PPPS hole in Fig. 4.5 (165um) shows exactly how similar this hole is to
the PFL hole in Fig. 4.4 (165um in diameter).

With the effectiveness of the PPPS demonstrated, a simple 2¢ factorial design of experiments
was drawn up to investigate the relative importance of the various settings of the PPPS. The
parameters explored were applied voltage, pulse width, and frequency, meaning that k=3. Peak
current was kept at a constant setting of 1A for all of the tests. Again, the same 140um diameter
Tungsten tool and 300um thick steel workpiece were used. The PZT settings were a constant
100Hz vibration frequency and 3V peak-to-peak applied amplitude voltage. Holes were made
using one particular set of parameters but at several z-axis feed rates until the fastest machining
time was found. The parameter sets and experiment results are shown in Table 4.3, and optical

micrographs of the holes are shown in Figure 4.6.
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Table 4.3: Parametric study and results for Purdue Pulse Power Supply.

Power supply settings Results
Pulse Frequency | Time Optimum | Overburn
width (min:sec) | Feed

100V 500nsec | 10kHz 13:33 0.55um/sec | 9um
100V 500nsec | 20kHz 10:41 0.60um/sec | 10um
100V 1usec 10kHz 14:18 0.50um/sec | 11um

100V lusec 20kHz 6:06 1.00um/sec | 13um
200V 500nsec | 10kHz 7:30 0.90um/sec | 9um

200V 500nsec | 20kHz 5:09 1.15um/sec | 10um
200V lusec 10kHz 4:42 1.35um/sec | 10um
200V 1usec 20kHz 3:43 1.70um/sec | 12um

An immediate observation from the above results is that with only a few exceptions, the holes
machined with the PPPS system were completed much more quickly than those made by the
PFL. The reason for thisis that the PPPS creates many more discharges than the PFL does. As
mentioned earlier, the discharge frequency of the PFL is not controlled, and the maximum
frequency observed was ~3kHz, with more typical discharge frequencies of ~1.5kHz. The PPPS
does not create a discharge every time it sends a pulse (there are a fair number of open circuits,
especialy at the beginning of the cut) but by sending pulses a a rate of 10 or 20kHz, the
likelihood of having many more than 3000 discharges per second is very high.

_i57um Casopme R 162um>< R LN

100V, B00nsec, 10kHzZ - ;¢ 100V, 500nsec, 10KHz < ~ < "l 100V, lusec, 10kHz -~ 100V, 1pusec, 20KHZ 1w /< 2

168ufm- | 164ixm 166y

3

158um

><"1230|unﬁ

- 150um | ~/ 167um

><15§pm_.'_ '

200'\?-', 500nsec; 10kHz ' .. 200V, 500riec,; 20kHz * 200V 1usec, 10kHz i 5 200V 1{isec, 20kHZ. %

Figure 4.6. Results of PPPS parametric study. Diagonals show hole
diameter. Tool was 140um Tungsten post.
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Since a 2¢ factorial design of experiments was employed, statistical analysis of the results
revealing the relative importance of each parameter, was rather simple. A typical analysis of
variance method was carried out on the machining times (Montgomery 1994). The sum of
squares for each of the main parameters and various combinations of the parameters were
calculated. The sum of squares for the voltage was very high, 250,000sec?, followed by
frequency, 93,000sec?, and pulse width, 29,000sec?. None of the combination sums of squares
exceeded 27,000sec®. The fact that the voltage sum of squares was the largest by a significant
amount means that changing the voltage has much more of an effect on machining time than
changing pulse frequency or pulse width. Changing pulse frequency still has a noticeable effect
on machining time, but the effect of changing pulse width is aimost second order when compared

to the other two, and is on par with the second order effects of parameter combinations.

Applied voltage dominating material removal rate when making holes does not agree with the
single discharge data seen earlier. The plots of volumetric removal versus energy (Fig. 4.2) and
crater diameter versus energy (Fig. 4.3) indicate that applied energy (the combination of voltage
and pulse width) is the main driver of removal rate. Manipulating energy by changing the
voltage only did not have a greater or lesser effect than changing pulse width only. The results
in Table 4.3 indicate that thisis not at all the case when using the PPPS to make holes.

4.4 Hole Morphology

These above conclusions concerning pulse width should not indicate that pulse width does not
affect the machining process at al. On the contrary, when investigating the overburn on each
hole, pulse width turns out to be the main parameter influencing this. Overburn, which is
inherent to all EDM processes, is defined as the difference in size between the radius of the hole
and the radius of the tool making the hole. When performing a similar statistical analysis on the
overburn data, it is seen that pulse width has the greatest effect, followed by applied voltage
(sum of squares for pulse width equals 8um? and 5um? for applied voltage). No other energy

parameter or combination has any affect on the sizes of the holes.

Whileit is evident from Figs. 4.5 and 4.6 that the PPPS holes are very round, they do have some
taper to them. For the mgority of tests, the machining was stopped when the tool barely broke
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through the bottom of the workpiece. However, in two of tests (the 100V-1usec-10kHz and
200V -1usec-10kHz tests), machining was extended to alow the tool to protrude well below the
bottom of the workpiece. When the diameters at the bottoms of the holes (Fig. 4.7) are
compared with those at the tops (Fig. 4.6), it is evident that since the diameters at the tops are
larger than the diameters at the bottoms, there is a slight amount of taper to the holes. This taper
results from the EDM debris being g ected out of the top of a hole along the outside of the tool.
Sometimes discharges occur between the debris and the workpiece, slightly enlarging the hole at
the top. Since the debris moves out from the bottom to the top of the hole, this phenomenon is
observed more at the top of the hole, resulting in a slight taper.

4.5 Conclusions

The experimental setup, discussed in the previous section and pivotal to success of this project,
has yielded high quality and encouraging results. The previously untested Purdue Pulse Power
Supply did an excellent job of small-hole making. The operational parameters are comparable
with the existing micro-EDM technology, and are variable enough to allow fruitful experiments
to be conducted. Preliminary experiments have shown that machining time can be influenced by
high-speed positioning of the tool electrode using the PZT, or by improvements in the motion
control in general. Further improvements in this areawill likely lead to further improvementsin

machining time and efficiency.

In a more quantitative regard, experiments have shown that machining time can be decreased in

- 100V s | e R e 200V, 1usec; 10kHz,
bottom othgle™:=? i 7 IRE B Al . “bottofmef hole BN

Figure 4.7. The smaller diameters at the bottoms of holes
show that there is a slight taper.
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several ways. Using a small PZT amplitude at higher frequencies significantly increases the
amount of time the tool is in the machining zone, and therefore results in faster machining times.
Additionally, increasing the applied voltage, pulse frequency, or pulse-width can reduce

machining time, with voltage having the most dramatic effect.



5. FUTURE WORK

Since manipulating the PZT in open loop control reduced machining time, it is hypothesized that
operating the PZT in closed loop can further reduce machining time. Specifically, the voltage
between the power supply, whether it be the PPPS or the T-line, and ground can be compared
with the voltage between the tool electrode and the workpiece. The control circuit described in
U.S. patent 6,385,500 (Hebbar et al.) does this by averaging the two voltages over a small period
of time, dividing the two voltages, and sending the output of that divison back to the PZT
amplifier to reposition the tool. If the voltage between the tool and workpiece is zero, the
electrodes are shorted and the output of the control circuit is a voltage that will quickly retract
the tool to allow machining to continue. If the two voltages are exactly the same, the tool is too
far away from the workpiece to create a spark. In this case the control circuit will output such
that the tool is moved closer to the workpiece, but at a speed such that overshoot will be
minimized and the tool will not crash into the workpiece. Between these two extremes,
comparison of the two voltages, and changes in the output, can be used to evaluate the micro-
EDM process, and the tool can be repositioned to improve material removal rates. The control
circuit described in the patent was designed to operate with a small-hole making EDM system
that used different machining parameters than those typical of this study. Changes will be made
to the circuit to accommodate the differences. Additionally, the control circuit used in this study
should be robust enough to operate with both the PPPS and the T-line being used as the power
supply. Holes made using the improved controller will be compared to the holes made with open
circuit control for both speed and quality.

When the hole-making experiments are exhausted, two new linear stages will be added to allow
machining in three dimensions. A simple control program will be written in LabVIEW to alow
slots and simple three-dimensional shapes to be machined. Newport Corporation’s (California,
USA, www.newport.com) P850F linear actuators arranged in an X, y-axis configuration provide
an excellent solution for this setup because these actuators are very accurate and are compatible
with the z-stage. These actuators use backlash corrected ball screws and servomotors, have

resolution of less than 1um and accuracy of 5um for 100mm of travel. LabVIEW programs
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dready controlling the z-stage are also equipped to operate the x-, and y-stages either

independently or as a unit.

When simpl e three-dimensional shapes can be machined, guidelines on the minimum feature size
attainable by the experimental setup may be established. The intricacies of machining in more
than one dimensions will be dealt with while learning to use the new stages. These intricacies
will determine the exact method of machining. But the method that will more than likely be
employed will be very similar to the Uniform Wear Method as outlined in existing literature (Yu
1998).

After the success of machining in one dimensions—making holes—the next logical step is
machining in two dimensions, or the making of slots. Various technigues of two-dimensional
machining will be attempted to find the most effective. Once slots are easily produced, two slots
will be machined parallel to each other and space between the sots will be determined and
compared to the programmed value. The distance between parallel slots can be continually
decreased until the two slots blend together as one. The smallest distance at which two distinct
slots still exist provides an accurate estimate of the smallest feature machinable by the micro-
EDM process using the given machine settings. Power supply parameters like voltage and pulse
width, positioning variables like feed, and tool electrode diameters can be varied to demonstrate
how each affects slot production and the minimum feature attainable. This data, combined with
already existing data and knowledge, will enable estimation or amap of design rules at any given
Ssettings.
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