ABSTRACT
SRISAWADI, SASITORN. An Investigation of Rapid Tooling for Electrochemical
Machining of Ti-6Al-4V Alloy. (Under the direction of Denis R. Cormier).
This thesis investigates the feasibility of rapid tooling for Electrochemical Machining
(ECM). For a variety of reasons, ECM is an attractive process for finish machining of
near net shape components built via direct metal freeform fabrication techniques such as
Electron Beam Melting (EBM). These processes are typically used with high dollar value
alloys such as titanium (Ti-6Al-4V). An experimental pulsed ECM system was
constructed, and physical experiments were conducted. Laser profilometry was used to
measure surface roughness and material removal. Results indicated that electrode voltage
and gap size have the largest influence on surface roughness and material removal. These
experiments demonstrated the feasibility of electrochemically machining titanium using
copper plated stereolithography electrodes. Based upon visual inspection and optical
micrographs, sludge build-up was observed in corners of the machined pockets.
Inefficient electrolyte flushing was believed to be the cause of this problem, and a new
through-electrode flushing technique is proposed. Computational fluid dynamic
simulations indicate that through-electrode flushing can produce a much more effective
flow path across the work piece surface, thus increasing flushing effectiveness.
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Glossary
CNC: Computer Numerically Controlled
The use of the precision of a computer to control a traditional machining process.
EBM: Electron Beam Melting
A layer-based process that directly produces complex solid objects through the
melting of metal powder. The process uses heat generated when a focused beam
of electrons accelerated to tremendously high speed collides with metal powder.
ECM: Electrochemical Machining
An electrolytic process that removes conductive material by electrochemical
dissolution of an anodically polarized workpiece.
EDM: Electrical Discharge Machining
A process of machining materials via spark erosion in the area surrounded by a
dielectric fluid.
LENS: Laser Engineered Net Shaping
A layer-based process that involves feeding powder through a nozzle onto the part
bed whilst simultaneously fusing it with a laser to build up three-dimensional
parts.

xii

PECM: Pulse Electrochemical Machining
ECM with pulsed working voltage that provides better surface roughness and
dimensional accuracies.
RT: Rapid Tooling
Using of rapid prototyping techniques for tooling.
SFF: Solid Freeform Fabrication
Processes that build parts up in layers and thus reduce the construction of
complex objects to a manageable, straightforward, and relatively fast process.
SLA: Stereolithography
A layer-based process that involves the solidification of photocurable resin when
exposed to light in the ultraviolet wavelength range.
SLS: Selective Laser Sintering
A layer-based process that uses a high power laser to fuse small particles of
plastic, metal, or ceramic powders into a mass representing a desired 3dimensional object.

xiii

Chapter 1 Introduction

Scientific and engineering advances in recent years have placed unusual demands on the
metalworking industry. Metals with high strength-to-weight ratios have been developed
to serve specific purposes. Moreover, alloys with improved properties such as corrosion
resistance, high temperature strength, and increased stiffness have been created.
While the materials science and engineering community have been busy developing high
performance alloys, the manufacturing engineering community has been developing new
rapid manufacturing processes whose aim is to make the production of small batches of
custom components economically feasible. One potential application is the production of
customized knee implants for arthritic patients.
High performance alloys used for biomedical, aerospace, and other applications are
typically accompanied by high price tags. As one example, GRCop-84 is a high
temperature copper alloy under investigation by NASA (Figure 1.1) A -140/+325 mesh
GRCop-84 powder costs approximately $250 per pound. Rhenium has among the highest
melting points of all elements and is of interest for high temperature aerospace
applications. It is so rare that it costs nearly $4,000 per pound. The high cost of these
materials points to the need for near net shape manufacturing processes. Machining chips
from a billet is not an option given the costs involved.

Figure 1.1 GRCop part built via the electron beam melting process
Solid Freeform Fabrication (SFF) processes build parts up in layers and thus reduce the
construction of complex objects to a manageable, straightforward, and relatively fast
process. Figure 1.2 shows the process of building a part in layers resulting in a complete
solid part. SFF processes are known as near net shape processes because the parts are
built very close to their final shape, thus a very small amount of material is removed in
finish machining. This is in stark contrast to the amount of material removed and wasted
when machining parts from solid billets. For high cost materials such as GRCop-84, the
cost savings can be dramatic. Until very recently, most SFF processes produced plastic
parts. Over the past five years, there has been a number of new process developments
focused on near net shape production of metal parts using the layer-based approach. For
example, Figure 1.3 shows a batch of titanium head mounted display components built to
near net shape via the Electron Beam Melting process.
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Figure 1.2 Building part in layers

Figure 1.3 Metal parts built via electron beam melting process
Examples of direct metal SFF processes include Electron Beam Melting (EBM) (Cormier
et. al, 2003), Laser Engineered Net Shaping (LENS) (Sears, 2005), Selective Laser
Sintering (SLS) (Bourell et. al, 1994), and direct metal laser melting. These technologies
represent a new generation of processes that use energy beams to selectively consolidate
metal alloy powders into parts having virtually any geometric shape.
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The operating principle behind the EBM process involves the transformation of the
kinetic energy of high-speed electrons into thermal energy as they impinge upon a
powder bed. Electrons are emitted in the EBM canon and projected at half the speed of
light at the powdered metal on the building table. By adding the molten metal, layer by
layer, the designed part is built up to an actual part. The layout of an EBM machine is
shown in Figure 1.4.
Electron Beam Gun
Powder
Reservoir

Powder Spreader

Platform
Build Platform
Figure 1.4 Electron beam melting (EBM)
The LENS process involves feeding powder through a nozzle onto the part bed whilst
simultaneously fusing it with a laser to build up three-dimensional parts. The parts are
typically fabricated vertically, one layer on top of the next. The layout of LENS is shown
in Figure 1.5.
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Z Positioning of
Focusing Lens
Powder Delivery Nozzle
Beam Powder
Interaction Region

Y Positioning Stage

X Positioning Stage
Figure 1.5 Laser engineered net shaping (LENS)
SLS, a registered trademark of 3D Systems, is an additive rapid manufacturing technique
that uses a high power laser to fuse small particles of plastic, metal, or ceramic powders
into a mass representing a desired 3-dimensional object. The laser selectively fuses
powdered material by scanning cross-sections generated from a 3-D digital description of
the part on the surface of a powder bed.
As each layer is added in metal SFF, the vertical walls between adjacent layers of a
sloped surface resemble small stair steps. (Figure 1.6) Moreover, the surface layers of the
prototypes treated by thermal-based processes typically have a textured surface similar to
that found on a sand casting. This is due primarily to the interface between the solidified
surface and surrounding unmelted powder. (Figure 1.7) Such roughness is generally
removed by subsequent operations, but finish machining of advanced materials built via
one of the direct-metal SFF processes can be a challenge.
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Figure 1.6 Stair stepping

Solidified metal

Unmelted powder

Figure 1.7 Solidified metal surrounded by unmelted powder
New methods of metal cutting and forming, called non-traditional machining processes,
have emerged as a result of the search for better, faster manufacturing methods. The aim
is to reduce costs and solve the difficult fabricating problems posed by the newly
developed materials. The term non-traditional machining applies to a wide variety of
mechanical, electrical, thermal, and chemical material removal processes. The nontraditional machining processes are applicable to most metals and their alloys. Nontraditional processes also differ from traditional machining in terms of their effects on
surface properties. They often compare favorably in terms of surface roughness, heataffected zone, hardness alteration, cracks, and residual stress. Electrical Discharge
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Machining (EDM) and Electrochemical Machining (ECM) are two techniques that can
potentially be used for finishing of these parts.
The remainder of this thesis focuses on the challenge of finish machining near net shape
components built via direct-metal SFF processes. Chapter 2 offers a review of the
literature relevant to finish machining of near net shape components built via SFF. The
chapter concludes with a concise statement of the problem being studied in this thesis.
Chapter 3 describes the proposed approach being used to address the problem. Chapter 4
presents the experimental results and an analysis of those results. Chapter 5 summarizes
the findings of the research, draws conclusions from the summary, and then makes
suggestions for future research.
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Chapter 2 Literature Review

Chapter 1 of this thesis provided a brief introduction to direct-metal SFF production of
components. Direct-metal SFF machinery typically costs from $750,000 - $1,500,000. In
contrast to GRCop-84, rhenium, and other high cost alloys previously mentioned, alloys
involving more commonplace elements of aluminum, zinc, and iron are comparatively
inexpensive (a few dollars per pound typically.) Given the lower cost of these alloys, the
cost of machining chips from a solid billet to produce a component is relatively low. The
direct-metal SFF processes are generally only cost effective when used to fabricate near
net shape components in higher cost alloys. The excellent material properties of these
alloys often make them particularly challenging to finish machine. This chapter reviews
both traditional and non-traditional methods of finish machining these alloys and
concludes with a statement of the research problem.
2.1

Surface Roughness in Direct-Metal SFF Components

Common problems in powder-based direct-metal SFF, such as SLS, are oxidization,
balling and shrinkage which contribute to surface roughness (Tang et. al, 2003).
Furthermore, layer-additive processes create ridged surfaces corresponding to the
deposited layers (Karen et. al, 2004). As shown in Figure 2.1 and Figure 2.2, the textured
surface on parts built from those processes more or less resemble surfaces found in sand
castings.
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Figure 2.1 Part built via EBM

Figure 2.2 Bronze infiltrated steel part built via SLS
Components built via SLS are highly porous by nature and are typically infiltrated with a
secondary alloy such as bronze if full density is required. In contrast, the EBM process
produces parts at or near 100% density by melting metal powder. Moreover, EBM has
very high energy efficiency compared with lasers, and the beam couples well with metals
because the energy is not optically reflected as is the case with lasers.
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Figure 2.3 shows a typical textured EBM surface. If the component is designed to be built
as a near-net shaped part in the freeform fabrication system, then some form of postprocessing is planned as part of the manufacturing life cycle to achieve the necessary
dimensional tolerances and surface finishes for the intended application (Karen et. al,
2004). The surface of an EBM-built coupon was scanned using a laser profilometer. The
scan data was brought into the Geomagic software package to create the computer
rendering of the surface shown in Figure 2.4. The surface roughness (Rq) of the EBM
surface was 0.048024. Details on how this calculation was made are available in
Appendix A.

Figure 2.3 Rough surface on a part built via EBM

Figure 2.4 Virtual surface created from optical micrographs
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Although each direct-metal EBM process has its advantages and disadvantages, the EBM
process is particularly well suited for producing fully dense near net shape metal
components in high temperature alloys. The remainder of this thesis uses parts fabricated
via the EBM process. It should be clear, however, that this research is also applicable to
parts built via other direct-metal SFF processes. Given the emphasis on EBM in this
thesis, a more detailed description of the process is now provided.
2.2

Electron Beam Melting

The Arcam EBM S12 is a system capable of directly producing complex solid objects
through the melting of metal powder. The process starts with a 3-dimensional CAD
model. This model is sliced into thin layers and transferred to SLC-file format. The
system physically reproduces the computer slices layer by layer, by melting metal
powder. A 4.8 kW (maximum) electron beam is used to melt the powder into solid metal.
This process is executed in a vacuum of approximately 1x10-3 mbars in the chamber and
1x10-6 mbar in the electron beam gun. The process is very well suited for producing
molds, dies, and functional parts.
The Electron Beam Melting process uses heat generated when a focused beam of
electrons accelerated to tremendously high speed collides with metal powder. The
electrons are negatively charged elementary particles of very small matter; 9.1x10-31 kg.
The electron beam is generated within the Electron Beam Gun. In this gun, an electrical
current is passed through a tungsten filament. This causes the filament to heat up and
emit electrons. A 60 kV accelerating voltage is applied to the anode beneath the electrode
11

thus accelerating the emitted electrons in the desired direction. The current of the electron
beam, i.e. the number of electrons within the very beam, is controlled by means of the
control electrode. The beam is focused by virtue of an electromagnetic coil (referred to as
the focusing coil). Finally, electromagnetic steering coils are used to deflect the focused
beam to the desired spot on the powder bed. Since there are no moving parts, the
electromagnetic steering coils are able to sweep the focused electron beam at speeds as
high as 100,000 mm/sec. Figure 2.5 shows the major elements of the electron beam gun
described above.

Figure 2.5 Explanatory sketch of the Electron Beam Gun including an electron
beam to strike the surface of the metal powder (Source: www.arcam.com)
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The electrons are accelerated to velocities between 0.1 and 0.4 times the speed of light.
The energy density within the electron beam can be as high as 106 kW/cm2. although the
actual power needed to melt virtually any metal is substantially lower than this. In order
to prevent scattering of the electron beam due to collisions with gas atoms, both the
electron beam gun and the metal powder surface are contained inside a vacuum chamber.
When the electrons collide with metal atoms in the powder bed, their velocity is
decreased. In doing so, their kinetic energy is converted into thermal energy. The beam
power and scan speed are carefully chosen such that sufficient heat is generated to melt
the metal powder.
When the electrons in the beam strike the powder surface in the building tank, X-rays are
emitted. The steel chamber walls and leaded glass view ports are designed to contain
these X-ray emissions. The primary advantages associated with the EBM technology are:
high energy density during the entire process, ability to obtain very fast melting speeds,
high energy efficiency, clean melt by virtue of using vacuum, low energy consumption
and excellent microstructure due to rapid solidification.
As previously demonstrated, surfaces of EBM parts are textured and resemble those of
sand castings. The rough surfaces need to be finished using a secondary process.
2.3

Conventional Finish Machining

Conventional machining is a process that utilizes mechanical energy to remove material
from the work piece. Milling, honing, lapping, polishing, burnishing and deburring are
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some of the most common finish machining method using mechanical energy to remove
material to improve the appearance of the finished product. The tool makes contact with
the work piece, and the resulting shear causes the material to flow over the tool.
Computer Numerically Controlled (CNC) machining combines the precision of a
computer to control a traditional machining process. Four or five-axis CNC milling
machines are also capable of rotating the cutting tool to different angles to reduce the
number of machining setups.
Despite the flexibility of CNC machining, it is not without its limitations. For instance,
some complex parts require long cutting tools with small diameter. Cutting tools with
such specifications are very difficult to fabricate and break very easily. Moreover,
generating and proving out toolpaths is labor intensive especially when finishing complex
components. This emphasis of this research lies with finishing of EBM parts built using
high performance alloys such as Ti-6Al-4V. Many high performance alloys are extremely
difficult to machine using conventional CNC milling. Therefore, other machining
processes were sought out as alternatives.
2.4

Electrical Discharge Machining (EDM)

Electrical discharge machining is a process of machining materials via spark erosion. The
area where the sparking takes place is surrounded by a dielectric fluid. The cutting tool,
called an electrode, does not physically contact the part being machined. Instead, the
electrode remains a short distance away from the workpiece. The thermal energy of the
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spark is used to machine the workpiece. Only electrically conductive materials can be
machined by EDM. The electrode material must also be electrically conductive.
Materials with high melting-points and good electrical conductivities are usually chosen
as tool materials for EDM. Special, high-density graphite is now widely used in pulsed
EDM equipment. Copper also has the qualities for high stock metal removal. Graphite
electrodes are suitable for use with a wide variety of workpiece materials, but machining
graphite electrodes is a notoriously messy process, and considerable labor is associated
with generating the toolpaths needed to machine the electrodes.
The size of the erosion craters produced in the workpiece are determined by the energy of
the spark discharge and the workpiece material. Some of the discharge energy is applied
to the electrode, and thus, a crater is also produced in the electrode which is likewise
dependent on the electrode material and the energy of the discharge. When the surface of
the work piece is struck with a spark, a small area is briefly vaporized and discharged.
Some work piece material is melted and then resolidified. This is called "recast". The
recast layer is very hard and generally contains residual stresses induced by shrinkage.
For these reasons, the recast layer is often chemically or mechanically removed after
EDM processing.
2.5

Stereolithography Tool

For many products, the time and cost of fabricating production tools is a significant
portion of the overall product-development time and cost. Therefore, the possibility of
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reducing the time and cost needed to produce the tooling is appealing. Several approaches
for producing tooling based on rapid-prototyping technologies are at various stages of
development. In addition, complex tool profiles, which can be very difficult to produce
via machining, can be produced easily using rapid tooling techniques.
Rapid tooling (RT) techniques offer considerable potential for reducing time to market,
thus creating competitive edge for those who use it. The purpose of RT is not the
manufacture of final parts, but the production of molds and dies used to mass produce
final parts. The aim is to make the molds and dies in very short times. Normally, the
EDM electrode must be made of a material with good electrical conductivity such as
copper. One approach to rapid tooling of electrodes is to copper plate a stereolithography
(SLA) electrode.
The process of stereolithography involves the solidification of a photocurable resin. This
relies on a photosensitive liquid acrylate or epoxy-based resin which forms a solid
polymer when exposed to light in the ultraviolet (UV) wavelength range. This is done by
scanning a UV laser over the surface of the liquid resin such that a thin cross-sectional
slice of the part is solidified on a build platform. Once the contour of the layer has been
scanned and the interior either hatched or solidly filled, the platform is next lowered and
a new layer of resin is spread. The laser scans the next layer, and the process is repeated
until the part is complete.
Several researchers have investigated the potential of electroplating copper onto SLA
electrodes for electric discharge machining. In 1996, thin copper coated stereolithography
16

models were used to erode hardened tool steel to a depth of 4mm in EDM die sinking
process. (Arthur et. al., 1996) Using conductive paint, Epoxy SLA models were
electroplated with copper (180μm.) The total processing time for interface and electro
deposited coating for any size or quantity of models is less than one working day. This
research also encountered the problem of catastrophic failure due to heat burn out and a
thermal model was required to be developed.
SLA electrode in EDM was also investigated by Ippolito, et. al (1996) while other SFF
techniques could not be used because of the unacceptable surface finish. The research
concluded that the performance of these electrodes is decidedly superior to that of a tool
obtained by mechanical machining but no endurance test had been done yet.
Arthur and Dickens (1998) found that these electrodes could be used at low material
removal rate (MRR), commonly known as semi-roughing or finishing cuts. Higher MRR
generates greater heat at the cutting face which causes failure of the electrodes. This
failure is believed to occur through a combination delamination, thinning and distortion
of the electrode.
Figure 2.6 shows a set of SLA air pump components that were first copper electroplated.
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Figure 2.6 Electroplated SLA parts (Photos courtesy of Fineline Prototyping)
One significant limitation of copper-plated SLA electrodes is that copper will not spark
erode titanium and some other alloys. The spark erosion process needs the tool material
to be cathodic relative to the workpiece material. In order to successfully spark erode
titanium, a higher noble galvanic potential to material is required. Unfortunately, the list
of candidate materials is very short and includes graphite, gold, tungsten and platinum.
The expense of materials such as gold and platinum effectively eliminates them as
candidates for electroplating.
As an alternative, Cormier, West, and Low conducted unpublished research at NC State
University involving rapid tooling with thin film coatings of tungsten. The approach
taken was to fabricate an SLA electrode in Prototool resin. The electrode was then copper
plated to provide the tool with good electrical conductivity. Physical vapor deposition
was then used to deposit a thin film of tungsten onto the electrodes. EDM tests revealed
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that the copper plated electrodes with tungsten thin-film coatings were very effective in
spark eroding titanium alloy components built via the EBM process. A serious
complication with this process, however, was that the tungsten had to be deposited over a
span of several hours to prevent the thermal stresses induced by condensing tungsten
from delaminating the copper plating from the SLA substrate. Blistering due to high heat
of the thin coated electrode can also be a problem in EDM. Figure 2.7 shows some
blistering area on the electrode after tungsten had been vapor deposited too rapidly.
Although this approach was deemed technologically feasible, it was not deemed to be
economically feasible.

Figure 2.7 Blistered tungsten-coated electrode
2.6

Electrochemical Machining (ECM)

ECM is an electrolytic process, with metal removal being achieved by electrochemical
dissolution of an anodically polarized workpiece, one part of an electrolytic cell. ECM is
capable of machining virtually any electrically-conductive material with high stock
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removal rates regardless of their mechanical properties. In particular, the removal rate in
ECM is independent of the hardness, toughness and other properties of the material being
machined (McGeough et. al, 1989). There is no need to use a tool made of a harder
material than the workpiece, and there is virtually no tool wear. ECM can remove case
hardened skins and can eliminate flaws inherited by the surface layer from previous
treatments. Unlike milling or EDM finishing, there are almost no residual surface stresses
in the workpiece.
2.6.1

General Description of ECM

Electrochemical machining (ECM) is based on a controlled anodic electrochemical
dissolution process of the workpiece (anode) with the tool (cathode) in an electrolytic
cell, during an electrolysis process as shown in Figure 2.8.
Feed rate Vf

_
Inlet electrolyte
Anode
workpiece

Working
voltage

+

Figure 2.8 Principal scheme of electrochemical machining
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Electrolysis is the name given to the chemical process which occurs, for example, when
an electric current is passed between two electrodes dipped into a liquid solution. A
typical example is that of two copper wires connected to a source of direct current and
immersed in a solution of copper sulfate in water as shown in Figure 2.9.

Flow of electrons

Flow of electrons

Copper electrode
Copper deposited

Copper dissolved

Copper sulfate solution

Figure 2.9 Electrochemical cell
It is clear that copper sulfate solution obviously has the property that it can conduct
electricity. Such a solution is termed as electrolyte. The wires are called electrodes, the
one with positive polarity being the anode and the one with negative polarity the cathode.
The system of electrodes and electrolyte is referred to as the electrolytic cell.
A typical application of electrolysis is the electroplating and electroforming processes in
which metal coatings are deposited upon the surface of a cathode-workpiece (Blum,
1924). An example of an anodic dissolution operation is electropolishing (Tour, 1940).
Here the workpiece, which is to be polished, is made the anode in an electrolytic cell.

21

Irregularities on its surface are dissolved preferentially so that, on their removal, the
surface becomes smooth and polished. With both electroplating and electropolishing, the
electrolyte is either in motion at low velocities or unstirred.
Electrochemical Machining (ECM) is an application of electrolysis. In ECM, a direct
current with high density and low voltage is passed between a workpiece and a preshaped
tool (the cathode.) At the anodic workpiece surface, metal is dissolved into metallic ions
by the deplating reaction, and thus the tool shape is copied into the workpiece (De Silva
et. al, 2003).
The electrolyte is forced to flow through the interelectrode gap with high velocity,
usually more than 5 m/s, to intensify the mass/charge transfer through the sub layer near
the anode and to remove the sludge (dissolution products e.g. hydroxide of metal), heat
and gas bubbles generated in the gap.
Figure 2.10 illustrates the dissolution reaction of titanium in sodium chloride (NaCl)
water solution as electrolyte. The result of electrolytic dissociation H 2 O → H + + (OH ) −
and NaCl → Na + + Cl − are negatively charged anions: (OH ) − and Cl − towards to
anode, and positively charged cations: H + and Na + towards to cathode.
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Figure 2.10 Diagram of electrochemical reactions during ECM of titanium in
sodium chloride (NaCl) electrolyte
At the anode: Ti → Ti +4 + 4e

At the cathode, the reaction is likely to be generation of hydrogen gas and the hydroxyl
ions: 2 H 2 O + 2e → H 2 + 2(OH ) −
The outcome of these electrochemical reactions is that the titanium ions combine with
other ions to precipitate out as titanium hydroxide Ti(OH)4.
With this metal-electrolyte combination, the electrolysis has involved the dissolution of
titanium from the anode, and the generation of hydrogen at the cathode. No other actions
take place at the electrodes (Scott et. al, 1992).
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Electrochemical Machining (ECM) is a relatively new and important method of removing
metal by anodic dissolution and offers a number of advantages over other machining
methods. Metal removal is effected by a suitably shaped tool electrode, and the parts thus
produced have the specified shape, dimensions, and surface finish. ECM forming is
carried out so that the shape of the tool electrode is transferred onto, or duplicated in, the
workpiece. For high accuracy in shape duplication and high rates of metal removal, the
process is effected at very high current densities of the order 10 – 100 A/cm2, at relatively
low voltages usually from 8 to 30 V, while maintaining a very narrow machining gap (on
the order of 0.1 mm) by feeding the tool electrode in the direction of metal removal from
the work surface, with feed rate from 0.1 to 20 mm/min (Rajurkar, 1988). Dissolved
material, gas, and heat are removed from the narrow machining gap by the flow of
electrolyte pumped through the gap at a high velocity (5 – 50 m/s).
Being a non-mechanical metal removal process, ECM is capable of machining any
electrically-conductive material with high stock removal rates regardless of their
mechanical properties (Goyer et. al, 1988). In particular, the material removal rate in
ECM is independent of the hardness, toughness and other properties of the material being
machined. The use of ECM is most warranted in the manufacture of complex-shaped
parts from materials that are not well suited for machining by other, above all
mechanical, methods. There is no need to use a tool made of a harder material than the
workpiece, and there is practically no tool wear (Kozak, 1998). Since there is no contact
between the tool and the work, ECM is the machining method of choice in the case of
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thin-walled, easily deformable components and also brittle materials likely to develop
cracks in the surface layer.
As mentioned above, in most variants of ECM, the shape of the tool electrode is
duplicated over the entire surface of the workpiece connected as the anode. Therefore,
complex-shaped parts can be produced by simply moving the tool (Kozak, 1998). For this
reason, and also because ECM leaves no burrs, one ECM operation can replace several
operations of mechanical machining. ECM removes the defective layer of the material
and eliminates the flaws inherited by the surface layer from a previous treatment and
generates very little residual stress in the surface of the workpiece. All this enhances the
service qualities of the parts manufactured by ECM.
ECM does have some drawbacks. Above all, it is not at all easy to duplicate the shape of
the tool electrode in the workpiece to a high degree of accuracy because there is some
difficulty in confining the ECM process precisely within the areas that must be machined
(Kozak, 1976).
2.6.2

Pulse Electrochemical Machining (PECM)

It has been observed that ECM machining inaccuracy is proportional to the gap size
(Kozak, 1998). The shape error is dependent on deviation of properties in the gap
medium and physical conditions, such as electrical conductivity, temperature, void
fraction, current efficiency (electrochemical machinability), flow velocity, pressure etc.
Therefore, for improvement of shape accuracy and simplification of tool design, the gap
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size during ECM should be as small as possible. Additionally, more stabilization of the
gap state is needed by reducing non-uniformity of electrical conductivity and other
physical conditions, which are significant for the dissolution process.
All these requirements for ECM performance, with continuous working voltage, are very
limited. The minimum practical tool gap size, which may be employed, however is
constrained by the onset of unwanted electrical discharges. These short circuits reduce
the surface quality of the workpiece, and led to electro-erosive wear of the tool-electrode,
and usually machining cannot progress because of them. Investigations of electrical
discharges in an electrolyte reveal that the probability of electrical breakdown in the gap
is a function of the evolution of gaseous-vapor layers and passivation of the work surface
(Clifton et. al, 2001). Intense heating, hydrogen generation, and cavitation within the gap
can lead to evaporation and subsequent gas evolution, and it is this gas which is believed
to cause the onset of electrical discharge.
Many of the issues associated with continuous ECM can be eliminated by pulsing the
working voltage in the electrochemical shaping and smoothing (Rajurkar et. al, 1993).
Additional positive effects can be added by the introduction of special complicated
controlling movement of the tool electrode. Continuous ECM is replaced with a discrete
pulsed electrochemical machining (PECM) process which makes it possible to reduce the
gap size below 0.1 mm and to set the gap size intermittently by controlling (monitoring)
the position of the machining surface during the pause between pulses (Rajurkar, 1995).
As has been noted, the replacement of continuous working voltage with pulsating voltage
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for ECM can facilitate the control of the process through a change in the distribution of
overpotential and current efficiency (i.e. coefficient of electrochemical machinability)
over the machining area.
It has been further observed that the use of a pulsating voltage for ECM offers added
opportunity for control of electrical conductivity distribution in the machining gap
(Rajurkar et. al, 1995). From an approximate analysis of how the electrical conductivity
of the electrolyte is distributed in the gap after power turn-on, several conclusions of
practical importance can be drawn with regard to the effect produced by the changes of
the electrical conductivity of the medium on the distribution of local metal removal rate
over the machining area.
Practice and investigations show that introducing PECM leads to:
•

A reduction in inter-electrode gap to below 0.1 mm thus increasing ECM accuracy
(Rajurkar et. al, 1995),

•

A reduction in dimensional inaccuracies caused by internal disturbance of physical
and chemical properties of electrolyte (more exact: medium in the gap) in interelectrode gap (Kozak et. al, 1994)

•

A simpler tool design due to the more uniform distribution of the gap size,

•

A reduction in macro-defects on the machined surface connected with the
hydrodynamic flow disturbances,
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•

Online monitoring and control of the gap sizes during the machining cycle
(Rajurkar et. al, 1993).

The anodic electrochemical dissolution occurs during the short pulse on-times, each
ranging from 0.1 ms to 5 ms. Dissolution products (sludge, gas bubbles and heat) can be
flushed away from the inter-electrode gap by the flowing electrolyte during the pulse offtimes between two pulses or two groups of pulses (Kozak, 1994). To intensify the
electrolyte flushing, the tool is retracted from the workpiece to enlarge the gap during the
pulse off-times. The gap checking and tool repositioning can also be conducted during
these pulse pauses to establish a given gap size before the arrival of the next pulse,
leading to a significant reduction in the indeterminacy of the gap and, hence, of the
shaping accuracy. Existing work on PECM has shown considerable improvements in
dimensional controllability, shaping accuracy, process stability, and simplification of tool
design. With PECM, it is possible to reproduce complex shapes, such as dies, turbine
blades, and precision electronic components, with accuracy within 0.02-0.10 mm (Kozak
et. al, 1979).
The term “Pulse Electrochemical Machining” includes several modifications of
realization of discrete electrochemical shaping. Figure 2.11 presents the schematic
diagrams of changes main parameters of continuous and discontinuous Electrochemical
Machining processes.
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Figure 2.11 Schematic diagrams of working cycle and the curves of changing
process parameters: (1)-feed rate of electrode v, (2)-flow velocity w, (3)-current
density j (Source: http://www.unl.edu/nmrc/)

In continuous ECM illustrated by Figure 2.11 a, and Figure 2.11 b, the working voltage
and the inlet pressure is constant during relative long time of machining. The total
machining process can be divided on sequences of steps with changed parameters. For
example, the feed rate of tool electrode and voltage are set initially high, but are stepped
down over the process cycle to obtain better conformance of the workpiece shape to that
of the cathode and to avoid short circuit when active machining area is increasing with
depth of cut.
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An improvement of accuracy and reducing of correction of tool electrode can be achieved
only by vibration of the tool or the workpiece, what is shown in Figure 2.11 b The
application of vibration movement with frequencies from tens Hz to tens kHz (for
example, at constant working voltage), increases of a slope of the function current density
vs. gap size. Finally it leads to increasing anodic localization and uniformity of the gap
size distribution.
Figure 2.11 c illustrates diagram of the Pulse Electrochemical Machining with vibrating
tool electrode (or workpiece). In this variant of machining are used short voltage pulses
in the period, when the gap size is smallest. Applications of vibrating PECM allowed the
accuracy of 0.01 - 0.1 mm.
Diagram of changes in the parameters in ECM with using sectional tool electrodes is
shown in Figure 2.11 d. The individual sections are supplied by working voltage
separately, depending on used control procedures. This variant of ECM is usually used
for machining of large parts. Typical the pulse on time is from few seconds to tens of
seconds.
For decreasing changes of physical conditions in the gap due to forced flow of
electrolyte, stationary electrolyte can be used during pulse on time, what is shown in
Figure 2.11 e. In practice, the tool electrode is also stationary in this moment. For
example, in ECM of crankshaft connectors, with using stopped forced flow during pulse
working voltage, shape accuracy of 0.15 mm at gap size of 0.1 mm was obtained.
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Figure 2.11 f shows further development of ECM where pulsation flow electrolyte is used
alternating pulses of flow velocity.
In former Soviet Union countries, cyclic ECM with discontinuous (discrete) motion of
tool electrode and working voltage (Figure 2.11 g) is used widely. In the period of pulse
off time, repositioning of the tool electrode is used to increase flushing and to monitor the
gap size by a touch-off procedure. After touching and recognizing the position of the
work piece surface, the gap size is set up before the next working pulse. Pulse off time is
from a few seconds to tens of seconds, therefore, anodic dissolution is provided in almost
the same conditions as continuous ECM. In this variant of ECM, the term cyclic ECM is
usually used.
Finally, Figure 2.11 h illustrates courses of parameters in PECM with complex motion of
the tool electrode. This is a further development of the previous scheme (Figure 2.11 g)
that involves application of short pulses of working voltage or pockets of these pulses.
2.6.3 Surface Roughness and Layer Integrity after PECM

In contrast to mechanical machining via milling, ECM and PECM are performed without
physical contact between the tool and the workpiece. It also is performed without strong
heating in the machining zone as is the case with EDM (Goyer, 1988). Therefore, the
surface layer is not subjected to any appreciable mechanical distortion, compressive
stresses, cracks, or thermal distortion forms. Electrochemical machining methods are
sometimes used for removing a defective layer which has been formed in EDM, with the
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aim to improve the surface integrity. However, sometimes the intergranular attack occurs
in various ECM methods. This may reduce the performance of machined parts. For
example, Figure 2.12 illustrates appearance of intergranular attack from machining
nickel-chromium heat resistance alloys. In Figure 2.12 a, an “inverse” result is observed
from the machining of pure iron. The evolution of pitting leads to the appearance of some
peaks on machined surface. In Figure 2.12 b, both cases, the application of Pulse ECM is
effective way for improving of quality of the surface.

Figure 2.12 Profiles of surface roughness after continuous ECM (1) and Pulse ECM
(2) of special alloys (a) Inconel, and (b) iron (Source: http://www.unl.edu/nmrc/)

The workpiece surface roughness after PECM and ECM depends on many of the same
parameters of ECM such as: electrolyte composition and temperature, current density, etc
(Kozak, 1994). Additional parameters such as pulse on-time, pulse duty cycle, shape of
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pulse voltage and current, number pulses in pocket, and flushing gap size all have a very
significant influence on surface roughness in the PECM process.
2.7

Statement of the Problem

This literature review has described the textured surface that is characteristic of the
direct-metal SFF processes such as EBM. In order to turn these near net shape
components into finished parts that meet the required functional tolerances, an efficient
method is needed to finish the critical surfaces. This chapter has reviewed potential
finishing methods and identified the following problems:
•

High performance materials used with these SFF processes are typically difficult to
machine via milling due to high hardness, strength, etc.

•

Finish machining of near net shape components can require long cutting tools in
very small diameters that simply cannot be fabricated.

•

EDM eliminates some of the limitations of conventional machining, yet it requires
multiple electrodes due to wear of the tools.

•

EDM induces a recast layer in the surface of the part with stresses that must be
relieved.

•

Rapid tooling for EDM has shown promise, but copper plated electrodes won't
work with some materials such as titanium. Furthermore, the copper plating has a
tendency to blister due to the high thermal expansion associated with the process.
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To summarize the above issues, direct-metal SFF processes are often used to produce
near net shape components in exotic alloys. Both conventional and non-traditional
machining processes have limitations in terms of their suitability for finishing these
components. Chapter 3 describes the approach being proposed to address the problem.
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Chapter 3 Research Methodology

3.1

Proposed Approach

A review of the literature suggests that electrochemical machining has several attractive
features when compared with other finishing methods. For example, wear of the electrode
is negligible and low heat means that the resulting surfaces have virtually no residual
stresses. The process is also quite fast and unlike EDM, a copper electrode can be used to
finish titanium and other high performance alloys.
Based on the reviewed literature, it does not appear that the notion of rapid tooling for
ECM has been previously attempted or proposed. The foundation of this thesis proposal
is therefore to investigate the feasibility of rapid tooling for ECM finishing of near net
shape EBM components. Titanium is of particular interest; hence this research will focus
on the Ti-6Al-4V alloy.
To achieve the goal of rapid tooling, the approach taken by Arthur et. al. (1996) for EDM
finishing was adopted. The use of a stereolithography electrode eliminates the need to
generate CNC programs and to machine electrodes. In less than one working day, the
complete electrode can be electroplated with copper to the desired thickness.
Due to the limited funds available for this research, the number of copper plated SLA
electrodes available was limited. This thesis optimized the process by using solid copper
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electrodes in the experiments of full factorial with potential parameters. After the most
important process parameters were found by statistical analysis, those parameters were
used to design full factorial experiments. Subsequently, the SLA electrodes were used to
find the optimal set of parameters.
The following is a concise summary of the experimental approach adopted for this
research:
•

Design a set of preliminary experiments aimed at identifying the most
important process parameters

•

Construct the experimental PECM apparatus

•

Develop the control software using LabView

•

Conduct the experiments using solid copper electrodes and analyze the
data

•

Design a second set of experiments based upon the critical process
parameters

•

Conduct secondary experiments using copper plated SLA electrodes

•

Evaluate the performance of plated SLA electrodes

The principle of rapid tooling can be applied well especially when dealing with complex
part geometries. There are many factors to be considered in selecting a process. Surface
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roughness is one of the most important issues. In the means of finishing, the smoothest
surface is desired in many applications. Material removal rate is another factor to be
taken into account. However, high material removal rates typically adversely affect the
surface roughness. It is critical to balance trade-offs between surface roughness and
material removal rate, or processing time.
Since the work piece surface is rough to begin with, one important issue for concern is
whether or not the surface roughness will be replicated in the machined surface. Figure
3.1 illustrates what is meant by this.

(a)

(b)

Figure 3.1 (a) a good process that removes roughness, (b) a bad process that
duplicates roughness
3.2

Material Removal Rate and Surface Roughness

This research focused on two responses which represent the process capabilities. Those
responses were material removal rate and surface roughness. The combination of process
parameters that gave the optimal result was sought.
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3.2.1 Material Removal Rates

In ECM, material removal rate is independent of material hardness and for most common
metals is approximately 0.10 cubic inches per minute per amperes (Machinability Data
Center, 2001). Material removal occurs simultaneously on all exposed surfaces of the
electrode, and this aids productivity. Accuracy and tolerance capabilities are dependent
upon part geometry, tool design and particular shop practices and require careful
checking with experienced operators for each particular application.
3.2.2 Performance Measurement

With ECM, roughness values typically decrease with an increase in cutting rates that
result from higher current densities. The faster the cutting, the better the finish. The sidegap areas generally are much rougher because current density is lower in these areas.
However, in finish machining, the side-gap areas will not be considered. Improper
electrolytes, different work material heat treatment, low current density, or stray current
can produce selective etching pits or intergranular attack at the grain boundaries. Any
physical blemish in the tool will be reproduced on the workpiece, and poor flow
condition can produce striations in the surface.
The methods to measure material removal rate and surface roughness are provided in
Appendix A.
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3.3

Experimental Design
3.3.1 Selecting Factors and Factor Levels

Step 1: Identifying possible factors and ranges
A comprehensive set of possible factors and ranges or levels for the factors were
identified based on process knowledge and previous experimental results (Machinability
Data Center, 2001). They are listed below in Table 3.1.
Table 3.1 List of potential factors
Factors

Levels

Voltage

10-15 V

Current density

10-500 A/cm2

Electrolyte

NaCl at 0.5-2 lb/gal
NaNO3 at 1-4 lb/gal

Temperature

68-122°F

Flow rate

0.264 gal/min/100A

Frontal gap

0.002-0.012 in

Frequency

10Hz-1000KHz

Duty cycle

20%-80%
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Step 2: Selecting factors
For this research, a 10 mm x 10 mm electrode size was arbitrarily chosen. Since the
projected area is determined by the size of electrode, current density depended merely on
the voltage and frontal gap size. However, the power supply that was used in the
experiment had a capability to adjust voltage and current by changing internal resistance.
For these experiments, the current was set at a constant 10A which resulted in current
density of 10A/ cm2.
The type and concentration of electrolyte, temperature and flow rate were fixed in this
research. A standard sodium chloride electrolyte consisting of one pound NaCl per gallon
of distilled water was used. All experiments were conducted at room temperature. Lastly,
the flow rate was determined by the electrolyte pumps and was not adjustable. This left
four factors to be varied in the experiments. Those factors were voltage, frontal gap,
frequency, and duty cycle.
Step 3: Selecting factor levels
The experimentation began with screening experiments involving all factors at two levels
to determine the effect of each factor, if any, on machining performance. The screening
experiments were conducted using solid copper electrodes due to budget constraints in
producing SLA electrodes. After key factors were identified, a second set of experiments
was conducted using the copper-plated SLA electrodes rather than solid copper
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electrodes. The screening experiments involved four factors with two levels each as
shown in Table 3.2.
Table 3.2 Factors and factor levels in screening experiments
Levels
Factors
Low

High

Voltage

10 V

15 V

Frontal gap

0.002 in

0.005 in

Frequency

252 Hz

504 Hz

Duty cycle

50 %

80 %

3.3.2 Designing the Experiments

A full factorial experiment, a design with all possible high/low combinations of all the
input factors, was used. In this research, there were 16 combinations of levels of factors
as shown in Table 3.3. Plus sign indicates high value and minus sign indicates low value
of the factors. For each combination of parameters, three replications of experiments
were performed.
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Table 3.3 Full factorial experiments
Factor
Run
Voltage Frontal gap

Frequency

Duty cycle

1

+

+

+

+

2

+

+

+

-

3

+

+

-

+

4

+

+

-

-

5

+

-

+

+

6

+

-

+

-

7

+

-

-

+

8

+

-

-

-

9

-

+

+

+

10

-

+

+

-

11

-

+

-

+

12

-

+

-

-

13

-

-

+

+

14

-

-

+

-

15

-

-

-

+

16

-

-

-

-

From the table, each combination of factors was applied to conduct a screening
experiment with those parameters. The results from these screening experiments were
analyzed afterwards to indicate key parameters which had a significant impact on the
responses of interest.
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3.4

Design of ECM Apparatus
3.4.1 ECM Hardware

The system in this research needed the following subsystems.
•

Motion controller

•

Power supply

•

ECM components (electrode, electrolyte and workpiece)

•

Other supporting components

A rough illustration of the equipment setup for the experiment is shown in Figure 3.2. A
system following this architecture was built in the laboratory in order to support this
research project.
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Motion
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_

Electrode
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Supply

Water
Heater
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Power
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Pulse
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Figure 3.2 Experimental setup

Clean electrolyte was pumped and forced through a small gap between the electrode and
workpiece during the process. The used electrolyte was then pumped out of the tank to
maintain as much purity of electrolyte as possible. In the beginning of the experiment, the
electrode was moved down to touch the workpiece and then moved up at the defined gap
size. Afterward, a control relay, which functioned as a pulse generator, switched on and
off at very high frequency to create a train of pulses from the direct current power supply.
Pulses were continued for a specified up time before the electrode was pulled up 0.5
inches thus allowing enough gap for the electrolyte to flush the sludge and gas bubbles
away. The process continued for the desired time of machining.
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The electrode holder was placed on a sliding slot which could move up once the electrode
touched off on the workpiece. There was a small contact surface which functioned as a
switch of the touching circuit. When the electrode holder moved up, the circuit was
broken and the signal was sent to a LabVIEW controller board. The electrode and holder
are shown in Figure 3.3 and Figure 3.4.

Figure 3.3 SLA Electrode

45

Figure 3.4 Touch sensing mechanism
3.4.2 ECM Control Software

National Instruments LabVIEW is an industry-leading software tool for designing test,
measurement, and control systems. For this reason, LabVIEW was used in this research
for programming in motion control, pulse generating and data acquisition.
There were three subsystems programmed in LabVIEW in this research; Initialization,
Touch-off, and Pulsed ECM.
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The Initialization subsystem initializes and presets the initial values of the system.
(Figure 3.5) These parameters are required to set up the hardware, including the stepping
motor, controller board, and limit sensors.

Figure 3.5 Initialization subsystem interface

Before any experiments can commence, the electrode initial position must be 0.25 inches
above the surface of the workpiece. To ensure that condition, the electrode must be first
lowered until it touches the work piece. The system recognizes that position as zero
height from work piece surface. These procedures are performed by the Touch-Off
subsystem. (Figure 3.6)

47

Figure 3.6 Touch-off subsystem interface

To run an experiment, the pulsed ECM subsystem controls the setting of parameters. This
subsystem was designed specifically to control the parameters designed in previous
section. See Figure 3.7. Before running any experiment, values for gap size, frequency,
and duty cycle are set. The voltage level is then set on the power supply. When the
experiment starts, a stepper motor moves the electrode up by the desired gap size. The
control relay for the power supply then starts pulsing current through the electrode at the
specified frequency and duty cycle. After a train of pulses is applied, the relay stops
pulsing and the electrode moves up to allow a gap of 1inch between the electrode and
work piece surface so that any sludge created can be flushed. The electrode is then
lowered until it touches the work piece. It then moves up again to the desired gap size and
pulsing continues. These steps are repeated for three minutes and the workpiece is
removed.
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Figure 3.7 Pulsed ECM subsystem interface

Chapter 4 provides the experimental results along with an analysis of those results from
screening experiments by performing ANOVA. After the major parameters were
identified, the experiment was continued using copper-plated SLA electrodes.
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Chapter 4 Results and Discussion

From the set of parameters and screening experiments described in Chapter 3, eight solid
copper electrodes were used. Each experimental condition was replicated three times, and
the process performances were based in the average of those three replications. Each
replication was run randomly.
4.1

Screening Experiments

From the experiments, each machined surface was observed via optical microscopy and
scanned using a laser profilometer. The virtual surface created was then converted into a
CAD model in order to calculate the volume of material removed. The volume of
material removed and surface roughness were calculated in Microsoft Excel as shown in
Appendix A. The resulting ECM surfaces from each experiment are shown in Appendix
B.
4.1.1 Volume of Material Removed

The average volume of material removed over three replications for each experimental
condition is shown in Table 4.1.
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Table 4.1 Volume of material removed in screening experiments
Experiment No.

Volume of material removed (in3)

1

0.002551

2

0.003759

3

0.003565

4

0.003918

5

0.004788

6

0.004567

7

0.004694

8

0.004313

9

0.002658

10

0.002367

11

0.002281

12

0.002473

13

0.003553

14

0.003820

15

0.003084

16

0.003699

The results of the experiments were used to perform ANOVA and the result is shown in
Figure 4.1.
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Figure 4.1 ANOVA of volume of material removed in screening experiments

The result showed that voltage and gap size were significant factors. Increasing voltage
and decreasing gap size positively affected volume of material removed.

The regression

from ANOVA fits only 56.24% of the value from the experiments (Adj R-Sq = 0.5624)
which is a little too low.
4.1.2 Surface roughness

The average surface roughness over three replications for each experimental condition
are shown in Table 4.2.
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Table 4.2 Surface roughness in screening experiments
Experiment No.

Surface roughness (Rq)

1

0.035521

2

0.033418

3

0.036113

4

0.030450

5

0.022966

6

0.021923

7

0.019911

8

0.023726

9

0.040502

10

0.047804

11

0.046147

12

0.048417

13

0.038363

14

0.035472

15

0.042094

16

0.035723

The results of the experiments were used to perform ANOVA and the result is shown in
Figure 4.2.
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Figure 4.2 ANOVA of surface roughness in screening experiments

The result from analysis showed that voltage and gap size are also significant factors.
Increasing voltage and decreasing gap size positively affected surface roughness. The
regression from ANOVA fits 80.82% of the value from the experiments (Adj R-Sq =
0.8082) which is acceptable.
4.2

Experiments with SLA Electrodes

Since voltage and gap size were significant factors for both volume of material removed
and surface finish, these two factors were used in experiments with copper plated SLA
electrodes. Two factors with two levels resulted in 4 combinations and 3 replications for
each combination. The other two factors, frequency and duty cycle, were fixed at 252Hz
and 50%.
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Table 4.3 Parameters for SLA experiment
Factor
Run

Voltage Frontal gap
(V)
(in)

1

15

0.005

2

15

0.002

3

10

0.005

4

10

0.002

From the experiments, each machined surface was observed via optical microscopy and
scanned using laser profilometer. The virtual surface created was then converted into
CAD model in order to calculate removed volume. The volume of material removed and
surface roughness were calculated in Microsoft Excel as shown in Appendix A. The
machined surfaces in each experiment are shown in Appendix B.
4.2.1 Volume of Material Removed

The average values of volume of material removed across the three replications are
shown in Table 4.4.
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Table 4.4 Volume of material removed
Experiment No.

Volume of material removed (in3)

1

0.003309

2

0.004637

3

0.001982

4

0.003233

The results of the experiments were used to perform ANOVA and the result is shown in
Figure 4.3.

Figure 4.3 ANOVA of volume of material removed

The result showed that voltage and gap size were significant factors. Increasing voltage
and decreasing gap size positively affected volume of material removed. The regression
from ANOVA fits 91.29% of the value from the experiments (Adj R-Sq = 0.9129) which
is acceptable.
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4.2.2 Surface roughness

The average values of surface roughness are shown in
Table 4.5.
Table 4.5 Surface roughness
Experiment No.

Surface roughness (Rq)

1

0.028659

2

0.016049

3

0.040910

4

0.028937

The results of the experiments were used to perform ANOVA and the result is shown in
Figure 4.4.

Figure 4.4 ANOVA of surface roughness
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The result from analysis showed that voltage and gap size are also significant factors.
Increasing voltage and decreasing gap size positively affected surface roughness. The
regression from ANOVA fits 88.76% of the values from the experiments (Adj R-Sq =
0.8876) which is acceptable.
4.3

Discussion

Not surprisingly, the ECM processes with copper plated SLA electrodes had slightly
lower capabilities than those with solid copper electrodes. In summary, the volume of
material removed was approximately 8% lower than that obtained with solid copper
electrodes under identical

operating conditions. The surface roughness was

approximately 19% higher than those obtained with solid copper electrodes under
identical operating conditions.
Although the significant factors identified were identical for both the solid copper and
copper plated SLA electrodes, the process efficiency for SLA electrodes was slightly
lower than solid copper. Although the material removal rate is slightly lower and the
surfaces not as smooth, these experiments have established the feasibility of rapid tooling
for ECM using copper plated SLA electrodes. This opens up the possibility of finishing
titanium components with copper plated tools – something that is not easily achieved via
EDM. It also allows complex tools to be made without machining.
Based upon optical micrographs, sludge build-up was observed in some areas which is
believed to be caused by low electrolyte flushing. Sludge build-up generally results in a
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passive area which has lower material removal efficiency. Increasing the gap size can
reduce the effect of this problem, but it simultaneously decreases material removal rate
and increases surface roughness.
A proposed solution to this problem is to design optimized through-tool flushing as
shown in Figure 4.5 which can be simply achieved by SLA electrodes. Flushing in ECM
is typically achieved by an external pump that forces electrolyte across the gap from the
side. However, it is possible to produce electrodes that have flushing channels that force
electrolyte through pinholes on the surface of the electrode. These flushing channels are
typically produced via extrusion or drilling, and therefore must be straight. Although
through-tool flushing is not new, the notion of using Solid Freeform Fabrication to create
non-linear flushing lines that optimize flushing efficiency is believed to be novel.
SLA Electrode

Workpiece

Electrolyte Flow

Figure 4.5 Flow trajectories in through-tool flushing

In order to simulate the potential effect of through-electrode flushing, flow trajectories
were simulated using the FloWorks computational fluid dynamics package. Figure 4.6
shows a simulation of the physical experiments that were conducted for this research.
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Specifically, electrolyte was jetted across the electrode-workpiece gap from the side.
Figure 4.7 shows a simulation of electrolyte being flushed through the center of the
electrode. The decrease in electrolyte velocity as the electrolyte flows across the gap as
shown in Figure 4.6 is readily apparent. Low electrolyte velocity directly correlates to
poor flushing efficiency. Conversely, the flushing velocity is much higher with throughelectrode flushing in Figure 4.7. Furthermore, the flushing velocity is much higher. It is
hypothesized that through electrode flushing will produce much better surfaces than
cross-electrode flushing. Physical experimentation to validate these computer simulations
will be the topic of future research.

Flow Inlet

Corroded Area

Figure 4.6 Flow trajectories Simulated from Experiments
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Flow Inlet

Corroded Area

Figure 4.7 Flow trajectories Simulated Using Though-Tool Flushing
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Chapter 5 Conclusions and Future Research

5.1

Summary

Screening experiments using solid copper electrodes were conducted with four
parameters - voltage, frontal gap, frequency, and duty cycle. Initial results indicated that
only voltage and frontal gap size had a significant influence on material removal rate and
surface roughness. To ECM a surface at high material removal rate and low surface
roughness, high level of voltage and low level of frontal gap are important parameters.
Copper plated SLA electrodes were used in follow-up experiments and the same two
parameters were found to have a significant influence as was the case with solid copper
electrodes. While the plated electrodes did machine the surface, the material removal
efficiency was slightly lower, and the surfaces were not as smooth. However, it is
believed that this is the first successful application of rapid tooling for ECM. It is
particularly noteworthy in the sense that it now provides a path for finish machining of
materials such as titanium that would be difficult to do via EDM (with rapid tooling).
5.2

Conclusions

Copper plated SLA electrode tooling is a new and promising technique in applying rapid
tooling to the ECM process. However, the flushing channel is important in ECM since
inefficient flushing may generally lead to trapped sludge in the small gap between
electrode and workpiece. A through-tool flushing concept was proposed to extend the
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research to simulate the flow of electrolyte. The result from simulations showed that
flushing through the SLA tool provided higher velocity of flow and more uniform
flushing.
5.3

Future Research

•

The ECM apparatus created for this research was less than ideal. It was
constructed in-house subject to budgetary limitations. The primary limitation
was the power supply. For future experiments, it is suggested that a power
supply capable of delivering much higher amperage values per square cm of
electrode surface area be obtained.

•

It is suggested that experiments be conducted using different copper plating
thicknesses in order to determine if plating thickness has an appreciable effect
on material removal rate and/or surface finish.

•

It is suggested that physical experiments be conducted along with fluid flow
simulations to determine the effectiveness of through-electrode flushing. It is
anticipated that dramatic improvements in surface finish may be achieved
through the use of through-electrode flushing.

•

Many possible shapes of electrodes and flushing holes can be proposed to
optimize the through-tool flushing. Simulation in FloWorks can be conducted
before physical experiment to conserve the use of resources.

63

References
Arthur, A., Dickens, P. M., and Cobb, R. C. (1996). “Using Rapid Prototyping to Produce
Electrical Discharge Machining Electrodes,” Rapid Prototyping Journal, Vol. 2, No. 1, 412
Bardin, L., and Kwiatkowski, E., (1987). “Choosing the Best EDM Graphite,” American
Machinist & Automated Manufacturing, Vol. 131, No. 12, 76-77.
Bourell, D. L., Crawford, R. H., Marcus, H. L., Beaman, J. J., and Barlow, J. W., (1994).
“Selective Laser Sintering of metals,” American Society of Mechanical Engineers,
Production Engineering Division, Vol 68-2, Manufacturing Science and Engineering,
519-528.
Blum, W., (1924). “Recent Progress in Electroplating and Electroforming,” American
Electrochemical Society, No. 9, 129-134.
Clifton, D., Mount, A. R., Jardine, D. J., and Roth, R., (2001). “Electrochemical
Machining of Gamma Titanium Aluminide Intermetallics, Journal of Materials
Processing Technology, Vol. 108, No. 3, 338-348.
Cormier, D. R., Harrysson, O. L. A., and West, H., (2004). “Characterization of H13
Steel Produced via Electron Beam Melting,” Rapid Prototyping Journal, Vol. 10, No. 1,
35-41.
De Silva, A. K. M., Altena, H. S. J., and McGeough, J. A., (2003). “Influence of
Electrolyte Concentration on Copying Accuracy of Precision-ECM,” Annals of the CIRP,
Vol. 52, No. 1, 165-168.
“Electrocheminal machining,” University of Nebraska - Lincoln. Center of
Nontraditional Manufacturing Research. University of Nebraska - Lincoln.
<http://www.unl.edu/nmrc/ECMoutline.htm>
“Electron Beam Melting Technology,” Arcam AB: CAD to Metal. Arcam.
<http://www.arcam.com/technology/tech_ebm.asp>
Fontana, M. G., and Greene, N. D., (1967). “Corrosion engineering,” New York:
McGraw-Hill.

64

Goyer, A., and Moehring, S., (1988). “ECM: Little Known, but Very Useful,” Modern
Machine Shop, Vol. 60, No. 11, 62-69.
Khattree R., and Rao C. R., (2003). “Statistics in Industry,” Boston: Elsevier.
Kozak, J., (1998). “Mathematical Models for Computer Simulation of Electrochemical
Machining Processes,” Journal of Materials Processing Technology, Vol. 76, No. 1-3,
170-175.
Kozak, J., (1976). “Surface Shaping by Electrochemical Machining,” Transaction of
Warsaw University of Technology, Warszawa.
Kozak, E., and Davydov, A. D., (1983). “Two Important Problems Encountered When
Raising Electrochemical Machining Accuracy by the Use of Pulsed Current,” Soviet
Electrochemistry, Vol. 19, No. 7, 769-776
Kozak, J., and Lubkowski, K., (1979). “The Basic Investigation of Characteristic in the
Pulse ECM,” Proceed. 20th M.T.D.R. Int.Conf. Birmingham, 625-630.
Kozak, J., Rajurkar, K. P., and Wei, B., (1994). “Modelling and Analysis of Pulse
Electrochemical Machining,” Journal of Engineering for Industry, Transactions of the
ASME, Vol. 116, No. 3, 316-323.
“Laser Engineered Net Shpaing,” Rapid Prototyping and Solid Freeform Fabrication.
Castle Island. <http://home.att.net/~castleisland/lens.htm>
McGeough, J. A., (1988). “Advanced Method of machining,” New York: Chapman and
Hall.
McGeough, J. A., and Barker, M. B., (1989). “Electrochemical Machining: Development
and Application,” ACS Symposium Series, Vol. 390, 578-588.
Peter D. H., and Paul F. J., (2000). “Rapid Tooling : Technologies and Industrial
Applications Stereolithography and Other RP&M Technologies,” New York: Marcel
Dekker.
Pham, D. T., and Dimov, S. S., (2001). “Rapid Manufacturing : The Technologies &
Applications of Rapid Prototyping & Rapid Tooling,” New York: Springer.

65

Rajurkar K. P., Kozak J., and Wei, B., (1993). “Study of Pulse Electrochemical
Machining Characteristics,” Annals of the CIRP, Vol. 42, No. 1, 231-234.
Rajurkar K. P., and Schnacker C. L., (1988). “Some Aspects of ECM Performance and
Control,” Annals of the CIRP, Vol37, No. 1, 183-186.
Rajurkar, K. P., Wei, B., Kozak, J., and McGeough, J. A., (1995). “Modelling and
Monitoring Interelectrode Gap in Pulse Electrochemical Machining,” Annals of the
CIRP, Vol. 44, No. 1, 177-180.
Scott, K., and Juettner, K., (1992). “Electrochemical Reaction Engineering,”
Electrochimica Acta, Vol. 37, No. 4, 767.
Sears, J. W., (2005). “Laser Additive Manufacturing for Near-net Shape: Overview and
Applications,” Advanced Materials and Processes, Vol. 163, No. 8, 49.
“Surface Texture, Surface Roughness, Waviness and Lay,” Amer Society of Mechanical.
Tanga, Y., Loha H. T., Wongb Y. S., Fuh J. Y. H., Lub, L., and Wngb, X., (2003).
“Direct Laser Sintering of a Copper-based Alloy for Creating Three-dimensional Metal
Parts,” Journal of Materials Processing Technology, Vol. 140, No. 1-3, 368-372.
Tay, F. E. H., and Haider, E. A., (2001). “The Potential of Plating Techniques in the
Development of Rapid EDM Tooling,” International Journal of Advanced Manufacturing
Technology, Vol. 18, No. 12, 892-896.
Tour, S., (1940). “Electropolishing,” Metal Finishing, Vol. 38, No. 6, 308-312.
Weller, E. J., (1984). “Nontraditional Machining Processes,” Dearborn, MI: Society of
Manufacturing Engineers.

66

Appendices

67

Appendix A

Methodology in Measuring Responses

A.1 Laser Profilometer
Laser profilometer is a customized instrument which dedicates to identify the surface
roughness by scanning a small area of surface. In each scan, the laser generator moves
linearly along X axis for 1.00 inch. As the laser beam scans over the surface, LabVIEW
software acquires the depth of the surface at the sampling rate of 4096 per inch. Another
scan starts after the platform moves in Z axis for 0.025 inch. The scanning is continued
for 16 scans which cover the length in Z axis of 0.375 inch. Laser profilometer is shown
in Figure A.1 and Figure A.2.

Laser
X

Platform

Workpiece
Y

Z

Figure A.1 Illustrated scheme of Laser profilometer
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Figure A.2 Laser profilometer
The data acquired from LabVIEW is converted into text file which contains the depth of
the surface in a particular scan, as shown in Figure A.3.
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Figure A.3 Text file acquired from Laser profilometer
Those text data needs to be converted into XYZ coordinates in order to create a virtual
surface in Geomagic Studio. A subroutine is created in Microsoft Visual Basic to convert
the text files into tables in Microsoft Excel and add the X and Z axis to the existing Y
axis data. Afterwards, the coordinates in each of 16 scans are aggregated into one text
file.
A.2 Surface Roughness
The height parameter is a general term used to describe a measurement of the profile
taken in a direction normal to the nominal profile. The roughness height parameter is one
important key performance in this research. The root mean square (rms) roughness, Rq is
the root mean square average of the profile height deviations taken within the evaluation
length and measured from the mean line. Analytically, it is given by:
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1

⎡⎛ 1 ⎞ L
⎤2
Rq = ⎢⎜ ⎟ ∫ Y ( x) 2 dx ⎥
⎣⎝ L ⎠ 0
⎦

The digital approximation is:

[(

) ]

Rq = Y12 + Y22 + Y32 + ... + YN2 / N

1
2

A.3 Geomagic Studio Applications
Geomagic Studio is software for automated reverse engineering which automatically
generates an accurate digital model from any physical part. The XYZ coordinates gained
from Laser profilometer are treated as point clouds of the surface. The point clouds are
converted to polygons as a virtual surface using Geomagic Wrap Module. The wrapped
surface may contain holes which can be filled in Geomagic. Then, the complex polygon
models are translated to accurate, high quality NURBS (Non-Uniform Rational B-Spine)
surfaces. The processes are shown in Figure A.4.
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Point clouds

Polygons

NURBS
Figure A.4 Conversion of point clouds to NURBS
A.4 Material Removal Rate
The NURBS surface is then imported to SolidWorks Application in order to calculate the
volume of material removed. A plane is created as a nominal plane of original surface.
Then, a sketch of a rectangle of the size of electrode is created and extruded up to the
imported surface. The volume of the extruded feature, which approximately equal to the
volume of material removed, can be obtained.
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Imported surface
Extruded volume

Nominal plane

Figure A.5 Extruded volume in SolidWorks
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Appendix B

Experimental Results
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B.1 Screening experiments with solid copper electrodes
Table B.1 Factors and responses in experiment #1

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

15

0.005

504

80

Replications

Material removed
(in3)

Roughness (Rq)

1

0.001931

0.036653

2

0.003262

0.034177

3

0.002460

0.035734

Responses

(a)

(b)

Figure B.1 Experiment#1 (a) actual surface, (b) virtual surface
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Table B.2 Factors and responses in experiment #2

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

15

0.005

504

50

Replications

Material removed
(in3)

Roughness (Rq)

1

0.003448

0.032462

2

0.003235

0.034021

3

0.004594

0.033770

Responses

(a)

(b)

Figure B.2 Experiment#2 (a) actual surface, (b) virtual surface

76

Table B.3 Factors and responses in experiment #3

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

15

0.005

252

80

Replications

Material removed
(in3)

Roughness (Rq)

1

0.002721

0.037090

2

0.004685

0.036009

3

0.003288

0.035241

Responses

(a)

(b)

Figure B.3 Experiment#3 (a) actual surface, (b) virtual surface
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Table B.4 Factors and responses in experiment #4

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

15

0.005

252

50

Replications

Material removed
(in3)

Roughness (Rq)

1

0.003605

0.029960

2

0.003570

0.029395

3

0.004580

0.031996

Responses

(a)

(b)

Figure B.4 Experiment#4 (a) actual surface, (b) virtual surface
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Table B.5 Factors and responses in experiment #5

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

15

0.002

504

80

Replications

Material removed
(in3)

Roughness (Rq)

1

0.005605

0.023101

2

0.004062

0.018434

3

0.004699

0.027362

Responses

(a)

(b)

Figure B.5 Experiment#5 (a) actual surface, (b) virtual surface
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Table B.6 Factors and responses in experiment #6

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

15

0.002

504

50

Replications

Material removed
(in3)

Roughness (Rq)

1

0.005377

0.019395

2

0.004302

0.025002

3

0.004022

0.021371

Responses

(a)

(b)

Figure B.6 Experiment#6 (a) actual surface, (b) virtual surface
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Table B.7 Factors and responses in experiment #7

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

15

0.002

252

80

Replications

Material removed
(in3)

Roughness (Rq)

1

0.003932

0.015144

2

0.005185

0.021395

3

0.004963

0.023194

Responses

(a)

(b)

Figure B.7 Experiment#7 (a) actual surface, (b) virtual surface
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Table B.8 Factors and responses in experiment #8

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

15

0.002

252

50

Replications

Material removed
(in3)

Roughness (Rq)

1

0.003935

0.016499

2

0.004808

0.025592

3

0.004195

0.029086

Responses

(a)

(b)

Figure B.8 Experiment#8 (a) actual surface, (b) virtual surface
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Table B.9 Factors and responses in experiment #9

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

10

0.005

504

80

Replications

Material removed
(in3)

Roughness (Rq)

1

0.002991

0.040435

2

0.003132

0.045053

3

0.001850

0.036019

Responses

(a)

(b)

Figure B.9 Experiment#9 (a) actual surface, (b) virtual surface
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Table B.10 Factors and responses in experiment #10

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

10

0.005

504

50

Replications

Material removed
(in3)

Roughness (Rq)

1

0.001971

0.043838

2

0.002930

0.048128

3

0.002201

0.051446

Responses

(a)

(b)

Figure B.10 Experiment#10 (a) actual surface, (b) virtual surface
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Table B.11 Factors and responses in experiment #11

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

10

0.005

252

80

Replications

Material removed
(in3)

Roughness (Rq)

1

0.001345

0.051847

2

0.002798

0.041350

3

0.002699

0.045243

Responses

(a)

(b)

Figure B.11 Experiment#11 (a) actual surface, (b) virtual surface

85

Table B.12 Factors and responses in experiment #12

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

10

0.005

252

50

Replications

Material removed
(in3)

Roughness (Rq)

1

0.002727

0.043222

2

0.002551

0.051304

3

0.002140

0.050725

Responses

(a)

(b)

Figure B.12 Experiment#12 (a) actual surface, (b) virtual surface
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Table B.13 Factors and responses in experiment #13

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

10

0.002

504

80

Replications

Material removed
(in3)

Roughness (Rq)

1

0.004033

0.034497

2

0.003212

0.041838

3

0.003415

0.038754

Responses

(a)

(b)

Figure B.13 Experiment#13 (a) actual surface, (b) virtual surface
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Table B.14 Factors and responses in experiment #14

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

10

0.002

504

50

Replications

Material removed
(in3)

Roughness (Rq)

1

0.005050

0.036165

2

0.002962

0.034242

3

0.003450

0.036009

Responses

(a)

(b)

Figure B.14 Experiment#14 (a) actual surface, (b) virtual surface
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Table B.15 Factors and responses in experiment #15
Voltage (V)

Gap size (in.)

10

0.002

Factors

Frequency
(Hz)

Duty cycle (%)

252

80

3

Replications

Material removed (in )

Roughness (Rq)

1

0.002718

0.039951

2

0.003126

0.040323

3

0.003408

0.046009

Responses

(a)

(b)

Figure B.15 Experiment#15 (a) actual surface, (b) virtual surface
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Table B.16 Factors and responses in experiment #16

Factors

Voltage (V)

Gap size (in.)

Frequency
(Hz)

Duty cycle
(%)

10

0.002

252

50

Replications

Material removed
(in3)

Roughness (Rq)

1

0.003280

0.037554

2

0.003998

0.033606

3

0.003819

0.036009

Responses

(a)

(b)

Figure B.16 Experiment#16 (a) actual surface, (b) virtual surface
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B.2 Experiment with SLA electrodes
Table B.17 Factors and responses in experiment #1

Factors

Voltage (V)

Gap size (in.)

15

0.005

Replications

Material removed
(in3)

Roughness (Rq)

1

0.003071

0.030891

2

0.003294

0.026614

3

0.003562

0.028471

Responses

(a)

(b)

Figure B.17 Experiment#1 (a) actual surface, (b) virtual surface
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Table B.18 Factors and responses in experiment #2

Factors

Voltage (V)

Gap size (in.)

15

0.002

Replications

Material removed
(in3)

Roughness (Rq)

1

0.004609

0.014911

2

0.004443

0.012360

3

0.004859

0.020876

Responses

(a)

(b)

Figure B.18 Experiment#2 (a) actual surface, (b) virtual surface
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Table B.19 Factors and responses in experiment #3

Factors

Voltage (V)

Gap size (in.)

10

0.005

Replications

Material removed
(in3)

Roughness (Rq)

1

0.002075

0.042103

2

0.001520

0.040378

3

0.002350

0.040250

Responses

(a)

(b)

Figure B.19 Experiment#3 (a) actual surface, (b) virtual surface
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Table B.20 Factors and responses in experiment #4

Factors

Voltage (V)

Gap size (in.)

10

0.002

Replications

Material removed
(in3)

Roughness (Rq)

1

0.003532

0.026411

2

0.003316

0.034354

3

0.002851

0.026047

Responses

(a)

(b)

Figure B.20 Experiment#4 (a) actual surface, (b) virtual surface
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