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This paper describes micro electrochemical machining (ECM) using the electrostatic
induction feeding method.

In conventional ECM, the dissolution rate was determined by the current density in
electrolyte with the application of DC voltage, thus machining accuracy was limited to
spatial resolution of about 0.1 mm. In recent years, the machining accuracy was improved
by the application of ultrashort voltage pulse of only nanosecond duration, achieving
machining accuracy of nanometer to micrometer range. This technique utilizes the
electrode double layer formed on the surface of electrodes. The current density is low in
the large gap width, hence, it takes a longer time to form the electric double layer
compared to the smaller gap width. By turning off the voltage pulse before the double
layer in the large gap is fully developed, the electrochemical reaction can be localized at
a small gap width by using ultrashort pulse duration current, because the electrochemical
dissolution only occurs at the place where the electrical double layers are fully charged
during the short pulse duration. On the other hand, with the newly developed electrostatic
induction feeding method, pulse current of several tens of ns in pulse duration can be
easily obtained without the use of an expensive ultrashort pulse generator. In addition,
this method enables non-contact electric feeding by replacing the feeding capacitance C;
with a gap between the feeding electrode and rotating spindle, allowing high speed
rotation of the tool electrode.

First, the principle of electrostatic induction feeding ECM was discussed in Chapter 2.
Then in order to avoid short circuit in the small working gap of several micrometers, a
servo feeding control system based on monitoring the peak of gap voltage was developed.
Compared with the old method, which monitors the average of gap voltage, controllability
of the working gap width with a higher response was obtained because of the higher S/N
ratio. This is because the average of the gap voltage is only 200 mV due to the low duty
factor with the pulse duration of several tens ns, while the detected peak of the gap voltage
is about 2 V, leading to a much higher S/N ratio. In Chapter 3, using the developed servo
feed control systems, the machining characteristics with different reference voltages were
investigated. The results showed that higher MRR and smoother surface can be obtained
with lower reference voltages, due to the higher current density in the working gap,
resulting in higher current efficiency. However, the MRR decreased when the reference



voltage was too low, as a result of the interruption of machining by the frequent retreat of
the tool electrode due to short circuit. On the other hand, the MRR increased with
increasing feeding capacitance Ci, because electric charge per each pulse increases in
proportion to Cy. The inlet side gap width was independent of C1, due to the higher MRR
and shorter machining time with larger C1. Based on the preliminary study, through-holes
of 50 um in diameter were machined on a stainless steel (SUS304) plate with a thickness
of 50 um to investigate the straightness of the holes. The diameter of the hole at the inlet
and outlet sides was 58.5 um and 55.5 pum, respectively. The straightness and the side gap
width obtained were equivalent to those of micro EDM, indicating that the machining
accuracy of the present ECM method can compete with that of micro EDM.

In Chapter 4, micro-rods were machined by electrochemical machining using the
electrostatic induction feeding method. Based on the previous research results in Chapter
3, the peak voltage method was used to control the feeding of workpiece during micro-
rods machining, and the experimental results were described. A tungsten plate and
stainless steel (SUS304) rod were used as tool electrode and workpiece, respectively. The
workpiece can be fed either in axial or radial direction to fabricate a micro-rod. When the
workpiece was fed in the axial direction normal to the top surface of the tool electrode,
the diameter of micro-rod was determined by the depth of cut in the radial direction, and
length of micro-rod was determined by the feed distance in axial direction. The influences
of voltage amplitude, thickness and surface area of tool electrode on the machining
characteristics were investigated from the aspects of machinable length limitation,
straightness of micro-rod and surface finish to improve the machining accuracy. The
results of machining experiment and current density simulation showed that the influence
of stray current on the machining accuracy was obviously decreased by decreasing the
thickness of tool electrode, thereby micro-rods with higher aspect ratio and better surface
finish were fabricated. However, the influence of the top surface area of tool electrode on
machining accuracy was small due to the significantly small change in the average current
density on the shoulder surface of workpiece, resulting in small change in material
removal rate (MRR), with different top surface areas of tool electrodes. In addition, when
the workpiece was fed in radial direction, the limit of the maximum length of the micro-
rod was shorter due to the stray current flowing through the end of the micro-rod during
all the machining time. The simulation results of the material removal process were
qualitatively in agreement with the experimental results. However, the influence of the
pitting corrosion was insignificant with the radial feeding method compared with the axial
feeding method, because the current flowing through the side surface of micro-rod was



used for material dissolution. The probability of pitting corrosion was decreased using a
higher current density.

In Chapter 5, to improve the machining accuracy of micro-rod, the influence of the
annealing process of the workpiece and different electrolytes on the machining
characteristics were investigated. The machinable length limitation was decreased with
the annealed workpiece due to the influence of corrosion. It is considered that the
annealing process damaged the workpiece, because the annealing process was not
completed in a protective gas atmosphere. Then the machining characteristics with the
different electrolytes of NaCl and NaNOs aqueous solution were investigated with
feeding the workpiece in axial direction method. It was found that the influence of pitting
corrosion was eliminated with the electrolyte of NaNOs aqueous solution. This is because
the chloride ion is a tiny and aggressive ion compared with the nitrate ion, and easily
penetrates the passive oxide layer on the surface of metal resulting in the higher
occurrence probability of pitting corrosion. In addition, the taper angle and gap width
were also decreased with the electrolyte of NaNOz aqueous solution, compared with that
of the electrolyte of NaCl aqueous solution. This is because the gap width decreased under
the same feed speed due to the lower current efficiency of NaNOs aqueous solution,
resulting in less material dissolution in the gap. With the NaNO3 aqueous solution, micro-
rod with the high aspect ratio of 20 was easily machined. Compared with EDM, the
electrochemical reaction was difficult to be localized in a small working gap with the
ECM method resulting in the low machining accuracy. Therefore, the EDM has an
obvious advantage in the miniaturization of size compared with the electrostatic induction
feeding ECM. However, there is no residual stress and cracks generated in ECM and the
surface roughness is better. Hence, there is a possibility that the machining accuracy and
miniaturization limit of ECM will be able to exceed the machining ability of EDM in the
future.

In Chapter 6, the influences of different materials, including the tungsten, high-speed
steel (SKH51) and tungsten carbide, on the machining characteristics were investigated
with the electrostatic induction feeding ECM. When the tungsten is used as workpiece
material, bipolar current is needed for machining, because of the influence of the tungsten
oxide layer generated on the surface of workpiece which is not conductive. The tungsten
oxide layer can be dissolved with the bipolar current when the polarity of tungsten
electrode is negative, because sodium hydroxide is generated on the tungsten electrode
surface. The tool wear, which was generated with the use of the bipolar current, was
investigated. The tool wear ratio increased with increasing the feeding capacitance when



the feed speed was the same. The tool wear ratio decreased with electrolyte of 6 wt% in
concentration compared with 2 wt%, because the pulse duration of current decreased with
the higher concentration of electrolyte resulting in a better machining accuracy.
Compared with the electrolyte of NaCl aqueous solution, the tool wear ratio was
decreased with the electrolyte of NaNOs aqueous solution. There are many research
reports about tungsten rods machining using the alkaline electrolyte such as NaOH and
KOH, which are harmful to the environment and human. Compared with them, the neutral
electrolyte NaCl and NaNOs aqueous solutions were used to fabricate tungsten micro-
rods in this research, which decreased the harmful influence of the electrolyte on the
environment.

Compared with the ECM, the EDM has an obvious advantage in the machining
tungsten and tungsten carbide. Since the process is based on thermal erosion of metallic
materials, EDM can be used for any difficult-to-machine materials regardless of
electrochemical properties. However, because EDM is a thermal process, the machined
surface is characterized by recast layers, including cracks and residual tensile stresses,
which result in overall degeneration of the component’s mechanical capabilities. In
contrast, ECM relies on the mechanism of anodic electrochemical dissolution to remove
material, with the advantage that the machined surface has no recast layers and is free of
residual stress and micro cracks. The main problem in ECM is to create conditions for the
electrochemical dissolution localization, because during machining the area of dissolution
is larger than the area of the electrode tool (machining delocalization).

In Chapter 7, a hybrid machining of micro-ECM and micro-EDM in the same setup
and same electrolyte was proposed by utilizing the passive oxide layer formed on the
surface of tungsten electrode. The conversion of EDM and ECM modes can be realized
using the passive oxide layer formed on the surface of the tungsten electrode. To switch
to the EDM mode, a diode is placed in parallel with the working gap so that the pulse
voltage can be applied to the gap when the polarity of the tungsten tool electrode is
positive. Thereby, the oxide layer is left on the tool surface, generating arc discharges in
the gap. To switch to the ECM mode, the diode is removed to obtain the bipolar pulse
current in the gap. Thus, the oxide layer cannot be formed on the tool surface, realizing
the electrolytic dissolution of the workpiece.

As a conclusion, the machining accuracy and limit of miniaturization of the
electrostatic induction feeding ECM are becoming equivalent to micro EDM.
Considering the advantages of ECM: no residual stress, no cracks, and better surface



roughness, micromachining processes which are now performed by micro EDM can be
replaced by the present ECM method. However, there are some disadvantages, such as
the low material removal rate (especially in micro ECM) compared with the EDM method,
and difficulty to machine metallic materials, such as W, WC, Pt, and Au, which can be
easily machined using the EDM method. Hence, the hybrid machining of micro-ECM
and micro-EDM in the same setup and same electrolyte was proposed. The machining
process was converted to EDM mode with the oxide layer formed on the surface of
tungsten electrode, and ECM mode without the oxide layer. The generation of the oxide
layer was controlled by a diode placed in parallel with the working gap with the bipolar
current. With the hybrid system, difficult-to-machine materials can be machined using the
EDM mode. Rough machining can also be performed using the EDM mode, while the
ECM mode is used for the requirement of a high surface finish.

In the future, machining of various kinds of materials, drilling holes with high aspect
ratio and ECM milling of 3D shapes with simple shaped electrode should be investigated
furthermore with the electrostatic induction feeding ECM.
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Chapter 1 Introduction

1.1 Background of electrochemical machining® 23

In traditional machining, metal material is removed by utilizing hard material to cut the
workpieces of relatively softer materials?. However, the design requirement is increasing
for the practical applications, as well as the needs for higher processing efficiency, are
posing these traditional metal machining technologies restrictions. The motivation for the
development of electrochemical machining (ECM) was mainly for the growing use of
extremely hard alloys, which is difficult to be machined satisfactorily by conventional
methods. The metal removal process of ECM is a controlled anodic dissolution which
was known in the previous century, but it was not used as a machining technology until
1960s. In recent years, ECM has been effectively used for high-precision machining of
parts achieving a machining accuracy of micrometers regardless of workpiece hardness,
because of its advantages like no tool wear, no residual stress or cracks generated on the
machined surface, smooth surface finish, and high material removal rate, and so on.

The ECM principle was first discovered in the nineteenth century by Michael Faraday
(1791-1867). The laws of electrolysis were established in 1833, which are the foundation
of both the well-known electrodeposition and dissolution methods. In 1929, the Russian
researcher W. Gusseff first used electrolytic process to machine metal anodically. The
development of the aircraft and aerospace industries made ECM one of the major
technologies to machine many kinds of hard alloys, leading to significant advances in
ECM technologies during 1950s and 1960s* ¥. In 1959, Anocut Engineering Company
of Chicago established the anodic metal machining techniques and used them in
commercial applications. After one year, Steel Improvement and Forge Company also
used this technique in a commercial application, based on research by the Battelle
Memorial Institute. In the 1960s and the 1970s, the ECM technique showed an obvious
advantage in the machining of large components made of advanced and difficult-to-cut
metals, such as the gas turbine blades. Although ECM was initially developed to machine
these difficult-to-machine materials, almost any metals, except for noble metals like gold
and platinum, can easily be machined. Thus ECM has been widely used in many ways
from the 1980s, for example, by automotive, offshore petroleum, and medical engineering
industries, as well as by aerospace firms, which are its principal users still now.



1.2 Principle of electrochemical machining*®

1.2.1 Electrolysis

Electrolysis is a chemical process, in which an electric current is passed between two
electrodes dipped into a liquid solution®* % ®, which is the basic principle of ECM. The
electrolyte can be different aqueous solutions, such as acidic, alkaline and neutral aqueous
solutions. With the electrolyte, the current flows through the circuit, including the
electrodes and power supply and makes the ECM technique possible to be used for
material remove. The electrodes in electrochemical machining are connected with the
positive and negative polarity of the power supply and immersed in the electrolytes. The
whole system of electrodes and electrolyte combined is known as an electrolytic cell.

The ions in the electrolyte move toward the surfaces of the electrodes due to the
potential difference from the power supply. The cations move toward the cathode because
of the positive charge, while the anions move toward the anode with the negative charge.
On the surface of electrodes, the electrons move to and away the electrodes, by which
process the materials are removed from the electrode or deposited on the surface of
electrode. These techniques can be used for material processing, such as ECM technique
based on a material removal process from a metallic electrode, and the electroplating is
another application by utilizing the metal deposition on the surface of the cathode.

Flow of Electrons
— @ —)-
+ o S

Iron Anode Cathode

v
A

HZ
Fe*
OH-
NacCl solution

Fig. 1.1 Electrolysis of iron



A schematic of the electrolysis of iron in a sodium chloride (NaCl) solution is shown
in Fig. 1.1. The prominent chemical reactions which occur in the electrolytic cell are
described as following®.

The dissolution of iron into the metal ion occurs on the anodic reactions. Oxygen is
generated by the dissolution of water.
Fe —» Fe?t + 2e~

1
Hy0 > 2H* +2e” +50, 1

The hydrogen gas and hydroxyl ions are primarily generated by the cathodic reactions.
NaCl -» Na* + Cl~
H,0 - H" + OH™
2H" +2e~ > H, 1T
Ferrous hydroxide is formed due to the reaction of the metal ions with hydroxyl ions
after the overall reaction. The reaction between the ferrous hydroxide and water produces
ferric hydroxide.
Fe + 2H,0 - Fe(OH), + 2H™" + 2e~
4Fe(OH), + 2H,0 + 0, - 4Fe(0H);
After the overall electrolysis process, the iron is dissolved from the anode and the
hydrogen is generated on the surface of cathode with some electrochemical products such
as ferrous hydroxide.

1.2.2 Electrochemical machining

Electrochemical machining (ECM) is a controlled anodic dissolution process, in which
an anode and a cathode are immersed in an electrolytic cell to form an electrolysis
process® # ® . Electrochemical machining is based on the principle outlined in Fig. 1.2,
with the workpiece and tool electrode used as the anode and cathode, respectively. In the
ECM process, a gap voltage is applied across them by the power supply. The electrolyte
flows through the working gap between electrodes to remove the electrochemical
products and to decrease unwanted effects, such as the influence of bubble, which easily
causes the generation of discharge in the working gap, and temperature rise of electrolyte
due to the Joule heating. When an electric current flows through the working gap, the
anode workpiece dissolves in a small working gap, so that the shape of the machined
workpiece is approximately a negative mirror image of that of the tool electrode.
Machining performance in ECM is determined by the anodic dissolution of the workpiece
material in a given electrolyte® 3468,
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Fig. 1.2 ECM process and equipment

Fig. 1.2 illustrates the equipments for the ECM process. AC or DC voltage (usually
about 10 to 25 volts) is supplied by the power supply and applied between the working
gap formed by a pre-shaped cathode tool and an anode workpiece. The electrolyte (e.g.
NaNOz aqueous solution) flows at a high speed through the gap to flush away the bubbles
and electrochemical products and decrease the gap temperature caused by the Joule
heating.

1.2.3 Electrode potential #1011

In ECM process, the dissolution of the metal workpiece needs the current flowing
through the working gap, and the current is generated by an external potential difference.
With a larger current flowing through the working gap, the difference in potential between
the equilibrium value and the working value is higher. Polarization can be defined as the
change of the electrode potential from the equilibrium value to the machining value due
to the passage of the current in the circuit. The extent of polarization is described by the
over potential.

Over potential, n =E — E,q



Fig. 1.3 illustrates the influence of different over potentials on the total potential drop
in the ECM process. The value of current density is determined by a certain over potential
as shown in Fig. 1.3. This over potential can be considered as a sum of terms associated
with the different reaction steps: the mass transfer, charge transfer associated with a
preceding reaction, etc.5 %10
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_ K Anode potential
?\?e(;dlocten tial Activation overpotential
P ‘-_:.-:-_:.-:-_:.-:-_:.-:-_:._ Ohmic overpotential Cathode
Concentration overpotential
A 4

Ohmic voltage

3
Effective maghining volta

Anode Ohmic overpotentialiiiiseasy | Cathode

Activation overpotentia overpotential
Cathode potential |

Fig. 1.3 Total potential drop in ECM cell® %10

The electrochemical changes occurring at an electrode are in equilibrium without
current flowing condition. The electrode potential between the interface of the electrode
and the electrolyte acts as an obstacle to increase the rate of reaction. In order to activate
the ions discharged at the required rate to promote current flowing, additional energy must
be applied by the power supply in the electrochemical cell. With a high activation energy
of the charge transfer reaction, an over potential is needed to drive the reaction in the
desirable direction to obtain an appreciable rate. It is called activation over potential (7ac).

The movement of ions in the electrochemical cell is determined by migration,
convection, and diffusion. Movement of ions under the influence of potential difference
is called migration. In convection, ions move because of the physical movement of the
electrolyte solution. In addition, movement of ions due to the difference in gradient of ion
concentration in the solution is diffusion. lons migrate toward the electrode surface and
form a layer of concentrated ions which generates a concentration barrier. The charge of
the ions can only be released at the electrode surface when the ions pass through this
concentration barrier. On the other hand, newly formed ions have to pass through this
barrier into the bulk electrolyte. The extra potential, which is required for the movement
of ion through this concentration layer, is known as concentration over potential.

Oxide layer is often formed on the surface of metal, which offers resistance to the
current flowing through the surface. Resistance over potential is generally regarded as the

5



potential drop across this thin layer on the electrode surface. The migration of ions are
also restricted by the film of metal hydroxides deposited on the cathode (tool) surface
during ECM, which process makes the current path more restrictive. Oxide film at the
anode (workpiece) surface will also offer resistance and sometimes prevent ions from
reaching the anode surface creating passivation which makes the machining process
difficult in the ECM. The magnitude of resistance depends principally on the current
flowing in the cell and on the nature and electrolyte conductivity and material.
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Fig. 1.4 Decomposition potential

In ECM, the material removal rate at the workpiece and hydrogen evolution at the tool
electrode can be increased with the higher potential difference. Fig. 1.4 shows the curve
of applied potential difference against current. At initial time, values of potential
difference is low along OA. When the values of the potential difference reach the region
A, the current rises sharply as shown in the figure. With the potential difference further
increasing, the current increases appreciably along AB. Point A on the curve represents
the onset of anodic dissolution of the process. The curve AB is extrapolated back to the
zero value current and meets the axis of the applied potential difference at point C. The
potential at point C is known as decomposition potential®.

1.3 Gap phenomena of ECM

1.3.1 Anodic dissolution
The materials are dissolved in the electrochemical reaction due to an electric charge
transport Q following Faraday’s law.
The material dissolution amount follows Faraday’s two laws of electrolysis:
(D The amount of material dissolved or deposited is proportional to the electricity.
m o« Q



Where m=mass of material dissolved or deposited
Q=amount of charge passed
@ The amount of material dissolved or deposited by the same quantity of electricity
is proportional to their chemical equivalent weights.
As one gram of workpiece is dissolved, the electric quantity needed is F coulomb
and F is the Faraday’s constant. The electric charge quantity for the dissolution of

one gram of workpiece can be expressed as:

C_nF
M

where,

n=Valency

F=Faraday’s constant

M=Atomic weight

When m gram of workpiece dissolved with the current IA and time ts, the

following equation can be obtained.

It—mnF—C
= M =(m

Hence,
MIt It
m=_——== (1.1)

1.3.2 Material removal rate

The machining performance is influenced by various predominant process parameters,
such as current density, gap width, electrolyte flushing, concentration of electrolyte and
type of electrolyte, and also the anode reactions*> 1. Material removal rate (MRR) is an
important characteristic to evaluate efficiency of ECM process. In ECM, material removal
takes place due to atomic dissolution from the workpiece. The material removal rate is
defined as the volume of material removed per unit time, as shown in the foregoing
sections, since the electrochemical dissolution is governed by Faraday’s laws, then it can

be expressed as
MRR = — = — (1.2)

where I=current

p= material density
Alloys are widely used as engineering materials compared with a single element,
consisting of different elements with a given proportions.
There are “N” elements in an alloy and the atomic weights are given as M1, M2, M3, ...... ,
M with valency during electrochemical dissolution as ny, nz, ns, ...... , nn. In addition, the



weight percentages of different elements are as, ao, ...... , on (in decimal fraction). Now
for passing a current of | for a time t, the dissolved material for any element “I”” can be
expressed as

m; =Tgpay
Where I is the total volume of alloy dissolved. A certain amount of charges Qi are needed
to dissolve each element present in the alloys.
_ QiM;

Fn;

m;

Therefore,
_ Fmn; _ FT pan;
MM
The total charge passed can be expressed as,

0r=1t=) 0

Hence,
ain;
Qr =1t = FrapETi
Now
MRR = r, 1 I
t Fp Zal\;[—rlll (1.3)

1.3.3 Gap width® 44

The gap width has a significant influence on the material removal rate in the micro-
machining® > 1%, There is a requirement to improve the material removal rate and
machining accuracy to achieve the full potential of ECM* & %16) ECM can be undertaken
without any feed of the tool electrode to the workpiece or with a feed of the tool so that a
steady machining gap is maintained. The dynamics without feeding of the tool is
considered first. Fig. 1.5 schematically shows the machining without feeding of the tool
and an instantaneous gap between the tool and workpiece of “h”.

Now over a small time period “dt” a current of | is passed through the electrolyte and
that leads to an electrochemical dissolution of the material of amount “dh” over an area
of s with the gap voltage of V.

Hence,
LV _V Vs
“ROTR T Th
S

Where r is the resistivity of the electrolyte.



According to equation (1.2)
dh 1M,V

@ = FpnyTh (14
i
Tool electrode
_____I=n»e
h , Electrolyte E,
o ; : @
i,
Workpiece
.
Fig. 1.5 Schematic representation of the ECM process with no feed
For a given potential difference and alloy
dh MYV 1 c (L5)

dt Fpnxrﬁ " h
where ¢ is a constant

_ my %4
€= Fpn,r Fprzaﬂi/I_T:i
Hence,
dh ¢
dt _h
hdh = cdt
At t=0, h=hg and t=t1, h=h;, then
Ry t
hdh = cf dt
ho 0

Hence,
h? — h? = 2ct (1.6)



It is found that the gap width with zero feed speed grows gradually following a parabolic
curve as shown in Fig. 1.6.

Thus the electrochemical dissolution rate would gradually decrease with increase in the
gap width because the gap resistance across the electrolyte would increase.

A

Fig. 1.6 Change of gap width under zero feed speed condition

Now consider the general ECM process, in which a feed speed f is given to the tool

electrode.
Hence dh_c_ f
dt h

Under the steady state condition, the gap width is constant i.e. the feed distance of the
tool is compensated by dissolution of the workpiece material. Thus with respect to the
tool, the workpiece is not moving

Hence dh _ 0=-
: dt  ~  h f
C
f= h
C
or, h* = steady state gap = 7

Now under practical ECM conditions, it is not possible to set exactly the value of h* as
the initial gap. Thus it is required to investigate the influence of the initial gap width on
the process to reach the steady state.

Now @=£—f
dt h
Define h’as
h h
h’:—:—f
h* ¢
t t

h* ¢
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Now for different value of hg, h; seems to approach 1 as shown in Fig. 1.7.

Thus irrespective of initial gap
h fh
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Fig. 1.7 Variation in steady state gap width with time for different initial gap

Thus it seems from the above equation that ECM is a self regulating process because
MRR is equal to feed rate. With the same current density 1/s, the feed speed is kept
constant regardless of the machining surface area s. In electrical discharge machining
(EDM) however, discharge occurs only at a signal discharge location per each pulse.
Hence, volumetric removal rate is constant, thereby the feed speed is inversely
proportional to the machining surface area. As a result, the volumetric removal rate of
ECM is significantly high, compared with EDM when the machining area is large. In
micro machining however, the advantage of the high removal rate of ECM is lost, because
the machining area is small.

1.3.4 Electrode polarization®*©

Without current flowing through the circuit, the electrochemical reactions in an
electrochemical cell are in equilibrium. A potential difference between electrode-
electrolyte interfaces exists as “electrode potential”. The electrode potential between the
electrode and electrolyte acts as a barrier to a higher rate of reaction, which is the
electrochemical force of the cell. External energy must be supplied for the ions to be
discharged at the required rate, therefore current flow is promoted. The “polarization” is
used to describe the departure of electrode potential from the equilibrium value with the
flowing of current. Current potential curves, particularly those obtained under steady-
state conditions, are called as “polarization curves”. Fig. 1.8 shows two extremes of
polarization curves: ideal polarizable and ideal nonpolarizable. An ideal polarized
electrode shows a very large change in potential with the passage of an infinitesimal
current. However, an ideal nonpolarizable electrode does not show obvious change with
passage of current, with the electrode potential fixed. Nonpolarizable electrode are
generally used as reference electrode in low-current electrochemical reactions.

12
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Fig. 1.8 Current-potential curves for ideal (a) polarizable and (b) nonpolarizable
electrodes

Anode potential and current density are significantly important during ECM and affect
the process in which the material is dissolved from the workpiece, which in turn
determines the surface finish. Polarization curves are often used to investigate the
influence of potential and current density on electrochemical dissolution process. Fig. 1.9
shows different polarization curves and their characteristic behavior on the progress of
electrochemical dissolution. Curve 1 represents occurrence of etching where metal
dissolves more preferentially from the areas which have lower electrode-chemical
potentials. Thus, the discontinuous dissolution rate across the grain boundaries results in
the generation of an uneven surface. Curve 2 represents passivation phenomenon in which
the passive oxide film is generated in region (i). The current density becomes lower
resulting in lower electrochemical dissolution rate. However, when the potential increases
further, transpassive phenomenon occurs due to breakdown of the passive film. Hence,
material dissolution becomes uniform resulting in good surface finish.

Curve 1

Current density

Curve 2

Anode potential

Fig. 1.9 Anode potential-current density polarization curves
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1.4 Important factors of ECM

1.4.1 Gap control and status monitoring

Any unstable status in the working gap will lead to undesired machining results, such
as rough surface finish. In addition, micro-discharges occurring in the working gap causes
uncontrolled material removal and results in improper shape and low accuracy. The
probability of the discharge in the working gap is increased by the accumulation of
electrochemical dissolution products, bubbles generated by electrochemical reaction such
as hydrogen and oxygen gases, bubbles due to electrolyte boiling, and anodic metal
hydroxide in the gap. The discharge easily occurs when the electrolyte is not refreshed
sufficiently in the working gap. The ignition of discharge can usually be avoided by
monitoring and controlling of the process parameters®®),

A proper control of the gap results in smaller gap resulting in better shape and
machining accuracy. The gap width can be controlled by monitoring the transient current
flowing through the electrochemical cell. Another way is to monitor the potential
difference between the tool and workpiece during machining. The potential drop is used
for controlling the feed of the tool electrode!” as shown in Fig. 1.10. During the
machining, the potential between the workpiece and tool electrode is monitored, and used
for controlling the feed of the tool electrode. Depending on the average potentials of tool
and workpiece, Kock et al.*® achieved the machining precisions below 100nm by the
application of 500ps voltage pulses.

Tool electrode  Balance electrode

Pulse
generator
@ ‘ | Oscilloscope
. — :
Height of Contact detection
electrolyte ircui
circuit _‘
T
XYZ Stage —|
Controller

Fig. 1.10 System for micro ECM*"

In the ECM process, it is very important to flush away machining products, bubbles
and decrease the temperature rise due to Joule heating by controlling the speed and the
direction of the electrolyte flow. However, it is difficult to obtain a uniform electrolyte
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flow between the two electrodes because of the narrow working gap, especially with the
ultra-short pulse voltage. The working gap is easily unstable by the vibration of the
generated bubbles. The pulse voltage amplitude and pulse on-time should be kept as low
as possible!” to suppress the formation of bubbles and reduce the machining gap width.

4
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Fig. 1.11 Effects of pulse parameters on surface quality of Ti6A14V?®)

1.4.2 Pulse ECM

At first, DC current was used in ECM. However, instead of the continuous D.C. current,
the pulse ECM uses the short pulse current, achieving a much higher machining accuracy.
Experimental results show that the electrolyte is periodically replaced in the working gap
with the pulse ECM, resulting in a higher instant current density during the pulse on time
which leads to a good surface finish. In addition, the machining accuracy is obviously
increased with a smaller working gap!® 2% 29, because the working gap width is
significantly decreased by using the short pulse voltage. With the pulse ECM, it is
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possible to produce complex shapes, such as dies, precision electronic components and
turbine blades, with an machining accuracy of 0.02~0.10 mm?2).
The application of short voltage pulses enables the machining process to be stable at
small working gaps. The machining accuracy increases with decreasing the gap width.
The length and duty factor of pulse voltage have been found to significantly affect the
surface quality. Experimental results show that short pulse on time and relatively long
pulse off time give an improved surface with less pitting for pulse ECM of TiAl4V alloy,
a material commonly used in turbine blade manufacturing, as shown in Fig. 1.11?%,
1.4.3 Electrolyte
The electrolyte is one of the main components of the electrochemical cell. It supplies
a path for current to flow from the workpiece to the tool electrode by completing the
electric circuit. It will flush away the bubbles and products of electrochemical reaction
from the working gap, and decrease the temperature rise due to Joule heating. These can
increase the conductivity of electrolyte and avoid deterioration of the machining accuracy.
There are broadly two kinds of electrolytes: passive electrolyte and non-passive
electrolyte® 24 252621 The passive electrolytes, which contain oxidizing anions such as
sodium nitrate, generally give better machining precision® 26 2" 28) |n addition, non-
passive electrolytes contain aggressive anions such as sodium chloride. For example,
compared with the sodium chloride aqueous solution, sodium nitrate aqgueous solution is
more advantageous due to its lower current efficiency resulting in a smaller working gap
width, which increases the machining accuracy® ?4). Sodium chloride is a widely used
non-passivating electrolyte and the current efficiency is almost constant at 100% during
machining™ * 5 29 and hence has a higher material removal rate. In addition, the acidic
electrolyte like HNOz and alkaline electrolyte like NaOH are also used in ECM. However,
the acidic and alkaline electrolyte are harmful to human health and environment, and also
more easily corrode the machining equipment than the neutral electrolyte.
It is a difficult task to maintain the flow of electrolyte to flush the machining products
away from the extremely small gap without affecting the machining stability* & 24,
especially in micro ECM, because of the significantly small gap between the tool and the
electrode. Hence, in order to obtain a high machining accuracy in ECM process,
electrolytes need to satisfy the following requirements so that they can be used effectively.
(D The anions permit the dissolution of the workpiece without forming a film on the
workpiece surface and the cations do not deposit on the tool resulting in the
deterioration of the machining accuracy.

@ In order to flow easily in the narrow gap between the tool and the workpiece, the
electrolyte needs to have a low viscosity. To reduce the energy consumption and to
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avoid the boiling of the electrolyte due to Joule heating, the electrical conductivity of
the electrolyte should be sufficiently high.
@ The electrolyte should be such that it is safe to use, nontoxic, and does not erode the
machine.
@ The electrolyte should be cheap and readily available and should not exhibit large
variations in its properties during the machining progresses.
1.4.4 Tool electrode
Attention was paid to tool design when the ECM was introduced into the manufacturing
industries. A practical tool design is not easy because it should not only provide the
cathode dimensions but also a suitable electrolyte path providing an effective electrolyte
flushing in the working gap. The tool shape should not be a perfect negative mirror image
of the workpiece to be produced because of the uneven distribution of the gap width
depending on the tool geometry, electrolyte flow, and non-uniform distribution of
temperature and volume fraction of bubbles®® 3% 32, Hence, prediction of the tool shape
is a formidable inverse boundary problem involving not only Laplace equations®* 34, but
also the equations related to heat conduction, fluid dynamics, and electrochemisty?* 3.
A lack of adequate understanding of the process makes the designing ECM tools to be a
difficult task, and the multiphysics phenomena and mathematical complexities allow
calculation of only a first approximation of the final tool shape?®.

Fig. 1.12 High aspect ratio micro tools*?

Recent studies have conducted the numerical calculations for more accurate tool
electrode design instead of simple geometrical approximations®® " 3, Thanks to the
development of powerful computer and multiphysics simulation software, the simulation
accuracy is being improved to obtain the tool electrode shapes precisely. Furthermore, the
tool electrode does not wear in ECM, while the tool wear makes the simulation more
difficult in EDM.
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Tool electrodes in ECM are made of any electrical conductive materials which are cost
effective and easy to be machined, like brass, steel, copper, and so on. Micro tools are
mainly fabricated using processes such as electrochemical etching and micro EDM3% 4%
4D, Fig. 1.12 shows micro tools in the range of 15-20 pum in diameter, which were
produced on a special precision grinding machine*?. Use of multiple electrodes and disk-
type electrodes increases accuracy as well as productivity. Fig. 1.13 shows dual micro
columns which were machined with dual disk-type electrodes!?.

Fig. 1.13 Dual columns machined with dual disk-type electrodes”

1.5 Characteristics and applications of ECM

In nonconventional machining, most of the machining processes are thermal processes,
such as Electrical discharge machining (EDM), Laser beam machining (LBM), Electron
bean machining (EBM) etc. Hence, thermal distortion is possibly caused on the machined
surface*® *¥ in these machining processes. In the thermal-free process of ECM, the
material is removed by anodic dissolution that does not generate any residual stress. Since
ECM removes the material in a level of an atomic unit, the surface finish of the machined
surface is significantly good and not influenced by residual stress or heat-affected zone
under the surface. Since the anode metal dissolves electrochemically. The hardness,
toughness, and thermal resistance do not influence the MRR. It is also not relevant for the
machining of a product whether it is processed before or after the hardening step. In
addition, the 3D micro features can be processed in a single step by designing a shaped
tool electrode or adopting micro tool movement strategies. Using the ECM technique, a
microproduct is more easily generated with a high degree of freedom of design. The
modern process can obtain high dimensional accuracy and high surface quality.

Hence, ECM is a very promising machining technology due to its advantages, which
include high MRR, good surface finish, no tool wear, and it can also machine chemically
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resistant materials like titanium, copper alloys and stainless steel, which are widely used
in biomedical, electronic and MEMS applications*® 46:47),

Fig. 1.14 shows some applications of ECM. ECM s used for (a) die sinking, (b)
profiling and contouring, (c) drilling and (d) trepanning and micro-machining.

On the other hand, the ECM process has the following disadvantages:

® ECM was previously known as a process that harms the environment, because
the by-products may be harmful to the human beings and environment.

® Each product and material requires new research. So, higher production numbers
are essential for the cost effectiveness of the process.

® Machining accuracy is lower than EDM because the gap width is comparatively
large.

® There are some materials which are difficult to be machined by ECM, even if the
materials are electrically conductive.

® Material removal rate is low when the machining area is small as described below.

In EDM, the discharge occurs only at a single discharge location per each pulse, hence,
volumetric removal rate is constant. On the contrary, in ECM, removal occurs at the same
time over the working surface. Since the potential difference between the tool electrode
and workpiece is keep constant, the current density is almost the same, thereby the tool
feed speed is constant, independent of the working surface area. As a result, the
volumetric removal rate of ECM is significantly high, compared with EDM when the
machining area is large. In micro ECM, however, the advantage of the high removal rate
is lost, because the machining area is small.

In recent years, the environment-friendly manufacturing is advocated. Waste-free
processes are expected by industry, through minimizing the waste generation and treating
the waste to be converted into an environment-friendly material before disposal. However,
acidic and alkaline solutions are often used as electrolyte during ECM process, which are
harmful to the human beings as well as to the environment. Even in the case of neutral
electrolytes, used electrolyte may be harmful to the environment and finally to the human
beings because it sometimes contains toxic ions such as hexavalent chromium.
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Fig. 1.14 Different applications of ECM
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Fig. 1.16 Experiment for ultrashort voltage pulse ECM*)

1.6 Micro-electrochemical machining

The term micro-machining means the material removal of small dimension ranging
from 1 to 999 um?> 4", Micro ECM is widely used in the biomedical, semiconductor and
automobile industries. It primarily involves the use of micro tools with small working
gaps in the order of 5~50 pm and the application of a pulse power supply * 1 20 2L
“8) The application of ultrashort pulse voltage of only nanosecond duration in ECM can

localize the electrochemical dissolution in a submicrometer precision*®. The concept of
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ultrashort pulse ECM can be illustrated by a simplified equivalent circuit of two
electrodes immersed in electrolyte as shown in Fig. 1.15. The electric double layers are
formed on the surfaces of the electrodes when the pulse power is applied. The time
constant of charging can be expressed as z=RC=pdCo., depending on the (local) gap width
d between the electrodes, the electrolyte resistivity p, and the specific double layer
capacity Co.. Hence, with the ultrashort pulse voltage, the double layers will be charged
quickly with a small d where the working gap is significantly small. In contrast, the double
layers are not charged enough at the place with a large gap width d. The duty factor of the
pulse is set to be significantly low, thereby the double layers are initialized during the
pulse interval. Therefore, the electrochemical reaction will be sharply localized to the
areas with small gap widths.

Table 1.1 General comparison between ECM and Micro-ECM?)

Major machining | Electrochemical Micro  electrochemical
characteristics machining (ECM) | machining (Micro-ECM)
\oltage 10-30 V <10V

Current 150-10000 A <lA

Power supply Continuous/pulsed | Pulsed

Frequency Hz-kHz range kHz-MHz range
Electrolyte. 520 g/ <20 g/
concentration

Size of the tool Large to medium Micro
Inter-electrode gap 100-600 um 5-50 um
Machining rate 0.2-10 mm/min 5 um/min

Side gap >20 um <10 pum
Accuracy 0.1 mm 10.02-0.1 mm

Surface finish

Good, 0.1-1.5 um

Excellent, 0.05-0.4 um

Problems due to waste
disposal/toxicity

Low

Low to moderate

Experimental verification of the ultrashort pulse ECM was achieved when a Cu

substrate was immersed in an electrochemical cell mounted on a piezo-driven x-y-z
stage®® as shown in Fig. 1.16(a). The micro structure machined into a mechanically
polished, electrochemically deposited Cu layer of an electronic board is shown in Fig.
1.16(b), in which a Pt cylinder (a polished Pt wire 10 um in diameter) was used as tool
electrode.
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Micro-ECM using the ultrashort pulse appears to be a very promising micromachining
technology due to its advantages that include high machining rate, better precision and
control, no residual stress, excellent surface finish, and also because it permits machining
of chemically resistant materials like titanium, copper alloys, super alloys, and stainless
steel, which are widely used in biomedical, electronic and MEMS applications. A general
comparison between ECM and Micro-ECM s presented in Table 1.1%). Based on the
principle described above, the inter-electrode gap and side gap in micro-ECM are
significantly small, resulting in higher accuracy. However, the material removal rate of
micro ECM is significantly low, because the duty factor is low, as described above.
Furthermore, narrow working surface area reduces the volumetric removal rate, as
described in Section 1.5.

1.7 Electrical discharge machining® 552

1.7.1 Principle of EDM

Electrical discharge machining (EDM) is one of the non-traditional manufacturing
processes, in which the material is removed by melting and/or evaporating of the
workpiece due to a series of repeated discharges generated between two electrodes in a
dielectric medium (oil, deionized water, air, etc.). By placing the tool electrode oppositely
to the workpiece with a distance of several um to several tens um, when a high voltage
between electrodes is applied, arc discharge with intense heat can be generated at a certain
point by the breakdown of the dielectric. The temperature of the arc plasma (around 7000
K) of discharge is so high that the workpiece material can be melt and/or evaporated
resulting in a discharge crater on the workpiece surface. The material is removed by
accumulation of discharge craters. However, since the tool electrode is heated by the arc
plasma while removing material from the workpiece, tool wear is one of the problems in
EDM like the conventional machining processes.

In EDM, discharge is generally considered as arc discharge, and it is generated at one
spot on electrode surfaces per pulse. Discharge current (current density approaching
108~10° A/m?) flows through the arc column formed by breakdown of dielectric medium.
Super high heat flux, which is generated from the arc column, flows into the local areas
on electrode surfaces where the arc column exists. The heat flux melts and/or evaporates
the electrode materials. The melted electrode material is removed by and a discharge
crater is generated on the electrode surfaces. The removal volume of single discharge is
very small and the machining is accomplished by accumulating small discharge craters
through rapidly repeated discharges. The formation of discharge and removal of material
are illustrated in Fig. 1.17.

23



AN

Machining medium Arc column

Cathode (- /
O FEFF Er).r A
(a) Generation of arc discharge

f """"" f
y Melted material

o,

RIS 2y /
O N 9 o—@
-O Q) O . o O O O

E TG T TP PP i )
y Re-solidified Iayer"f (7 Heat affected Iayer/
O ° (@) O .
(0]
O e 2 o O

(c) Recovery of dielectric and formation of discharge crater

Fig. 1.17 Illustration of electrical discharge machining mechanism

1.7.2 Categories of EDM

In general, EDM is classified into two main categories, sinking EDM and wire EDM,
based on their different specialty and application. Sinking EDM processes are generally
used to machine a workpiece by utilizing a reversely shaped tool electrode as shown in
Fig. 1.18. Therefore, sinking EDM is widely used in the mold industry and also for
machining intricate shapes. On the other hand, wire EDM, as shown in Fig. 1.19, uses a
metal wire (brass, zinc coated brass, zinc coated steel, tungsten, etc.)as the tool electrode
to cut the workpiece, and the diameter of the wire is about 20 um~300 um. Wire EDM
can cut extremely thin and flexible metal foils or thick metal plates precisely and easily.
Micro EDM is a machining process based on material removal by melting and, partly
vaporization®?. Kawakami and Kunieda®® studied on the side effect found in micro EDM.
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Fig. 1.18 Diagram of sinking electrical discharge machining

Wire electrode

Fig. 1.19 Diagram of wire electrical discharge machining
1.8 Electrical machining using electrostatic induction feeding

method

1.8.1 Electrostatic induction feeding EDM

Fig. 1.20%% 55:%6.57) shows the principle of the electrostatic induction feeding EDM. In
the figure, Cy is the feeding capacitance of a capacitor inserted in series between the pulse
voltage and the tool electrode, or the feeding gap between the feeding electrode and tool
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electrode in the case of non-contact electric feeding, and C; is the capacitance of the
working gap. In this example, C: is assumed to be 10 times as large as C», and electric
charge shown with ® © is 10 times as large as those shown with + -. A pulse voltage
Eo is applied between the feeding electrode and work piece with a constant pulse duration.

When the voltage of the pulse generator becomes Eo, the capacitances of both the
feeding gap C1 and working gap C> are charged. In the working gap, the tool electrode
and work piece are charged positive and negative respectively, resulting in a high electric
field. Therefore, discharge occurs and electrons are transferred from the workpiece to the
tool electrode. Since discharge duration is as short as several tens of nanoseconds,
dielectric breakdown strength of the working gap can be recovered immediately after
discharge. During the pulse off time, the voltage of the pulse generator becomes 0. Then
electrons are displaced to balance the voltage of the feeding gap with the voltage of the
working gap. The tool electrode and the work piece are charged negative and positive,
respectively. Consequently, discharge occurs with polarity opposite to the previous one,
and electrons are translated from the tool electrode to the work piece. Machining is carried
out by repetition of the cycle above. Fig. 1.20(b) and (d) show that discharge is bipolar in
this method.

Fig. 1.21(a) shows the influence of stray capacitance in the circuit of the relaxation
type pulse generator. The stray current determines the minimum electric discharge energy;,
hence, the limit of miniaturization was difficult to be improved. On the other hand, when
the electrostatic induction feeding method is used for micro EDM, the influence of stray
current can be eliminated as shown in Fig. 1.21(b) 5. Kimori et al.” were able to
decrease the diameter of discharge craters to 0.4 um with this method, smaller than that
of the relaxation type pulse generator by 0.3 um. Thus, the limit of miniaturization of
micro-rod machined by WEDG®?) using this method was 0.8 pm in diameter, smaller than
that of the relaxation type pulse generator by 0.1 pm>®. X.D. Yang®® %% obtained a straight
micro-beam of 3.8 pum in width and 100 pm in length as shown in Fig. 1.22, by micro
WEDM using the electrostatic induction feeding method.
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Fig. 1.21 Influence of stray capacitance®®
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Fig. 1.22 Samples of beams machined by electrostatic induction feeding®®

1.8.2 Electrostatic induction feeding ECM

Koyano and Kunieda®® applied the electrostatic induction feeding method to ECM as
shown in Fig. 1.23. The circuit construction is the same as that used in micro EDM.
However, the equivalent circuit of the machining gap shown in Fig. 1.23 is different from
that in electrostatic induction feeding EDM. Cq is the capacitance of electric double layer
formed on both electrodes, Z: is the Faraday impedance, and Rg is the resistance of
electrolyte in the machining gap.

The current can only flow through the working gap when the pulse voltage changes,
because the pulse power supply is coupled to the electrode by the feeding capacitance Ci.
Fig. 1.24 shows the waveforms of pulse voltage and current through the machining gap.
In contrast to the electrostatic induction feeding EDM, where discharge occurs after an
ignition delay time, electrolytic current flows immediately when the pulse voltage is
applied to the machining gap. Since the pulse power supply is coupled to the tool
electrode by the feeding capacitance C, current only flows at the instance when the pulse
voltage changes to high or low. Hence, the current pulse duration is nearly equal to the
rise and fall time regardless of the pulse on-time of the pulse voltage. In the transient
periods, current flows with the polarity of positive of tool electrode when the output
voltage of the pulse power supply changes to high in respect to the ground level. On the
other hand, it flows with the opposite polarity when the output voltage changes to zero.
Hence, electrolytic current is bipolar. In some cases, this may result in the dissolution of
the tool electrode when the polarity of the tool electrode is positive. The electric charge g
per each pulse is the same for both polarities, and can be expressed using the amplitude
of pulse voltage Eo and the feeding capacitance Ci as q=C1Eq®Y.
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Fig. 1.24 Waveforms of pulse voltage and current

Koyano and Kunieda®® investigated the influence of the current pulse duration on the
machining gap, with the rise and fall time of pulse voltage varied at 20 ns, 40 ns, and 60
ns to change the current pulse duration. In addition, for the rise and fall time of 20 ns, 40
ns, and 60 ns, the amplitude of pulse voltage were varied at 8 V, 20 V, and 40 V,
respectively to obtain the same peak current independent of the current pulse duration.
Since the feed rate was the same for every pulse duration, it was necessary to equalize the
averaged current iave, Which can be expressed as iae=0f=C1Eof, where f is the frequency
of the pulse voltage. For this reason, f was changed inversely proportionally to voltage
amplitude to obtain constant iave. The machining conditions are shown in Table 1.2. Even
though the averaged current and total machining times were the same, the gap width and
the removal volume were less with shorter pulse duration, this is because with shorter
pulse duration, the dissolution of workpiece could be localized to places where the gap
width was smaller. The experimental results show that the machining accuracy increased
with decreasing the pulse width, as shown in Fig. 1.25, because the electrochemical
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dissolution was localized in a smaller working gap by the shorter pulse current. Here, it
is noted that the removal volume was larger with large pulse duration, although the total
charge was the same. This is because higher fraction of electric charge was used for
charging the electric double layer with shorter pulse duration, resulting in lower current
efficiency.

In order to control the narrow working gap of several micrometers, Koyano and
Kunieda®? developed a servo feed system based on the measurement of the gap voltage,
using the control system shown in Fig. 1.26. Fig. 1.27 shows the cross sectional shape of
a machined micro-hole with the inner diameter of 55 um and depth of 50 um using the
developed servo feeding system.

Table 1.2 Experimental conditions to investigate the influence of pulse width
Pulse voltage

Rise/fall time [ns] 20 40 60
Amplitude [V] 8 20 40
Frequency [kHz] 1250 500 250
Duty factor [%] 50

Feeding capacitance Cy [pF] | 47

Electrolyte NaCl ag. 2wt%

Tool electrode rotation [rpm] | 3000

Tool electrode

Depth [um]

-30 I I I I I I I I I
-50 -40 -30 -20 -10 O 10 20 30 40 50
Width [pm]

Fig. 1.25 Influence of pulse width on machining accuracy®"
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Fig. 1.26 Servo feed control system®

Fig. 1.27 Cross-sectional shape of machined micro-hole using servo feed control
system®?

1.9 Research purpose

This thesis describes the fundamental research of the electrostatic induction feeding
ECM through micro-holes and micro-rods machining. Based on the research results, a
hybrid machining system combining the electrostatic induction feeding EDM and ECM
in same electrolyte method was proposed to take full advantages of the two machining
technologies with the different material removal mechanisms.

The electrochemical reaction can be localized in a gap width of several micrometers
with the ultrashort pulse current supplied by the electrostatic induction feeding method.
However, collision and discharge between electrodes easily occur, causing a damage on
the electrodes. To control the gap width of the electrostatic induction feeding ECM,
Koyano and Kunieda®® developed a servo feeding control system based on the monitoring
of the average gap voltage. However, the average gap voltage was 200 mV or less due to
the pulse duration of several tens of ns with significantly low duty ratio. Hence, the gap
control accuracy was not sufficiently high with the average gap voltage because of the
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low signal to noise ratio (S/N ratio). Subsequently, in this paper, a new servo feeding
control system, which compares the peak of the gap voltage with the reference voltage,
was developed to improve the response accuracy of the servo feeding control. Then, the
machining results were compared with those of micro EDM.

Next, micro-rods were machined using electrostatic induction feeding ECM for the
first time. Micro-rods have been widely used as micro tools in micro machining of 3D
structures, micro probes in measuring systems, and micro dies/molds. Micro-rods are
usually fabricated by wire drawing, turning, grinding, micro electrical discharge
machining (micro EDM), laser machining, etc. However, significantly large residual
stress is generated by the plastic deformation in the conventional mechanical processes.
The thermal processes also suffer from drawbacks such as tool wear and heat affected
zone (HAT) on the machined surfaces®®. Electrochemical machining (ECM) removes
material by anodic dissolution that does not produce any residual stress. Hence, ECM is
a promising method to fabricate micro-rods.

With the machining of micro-rods, a rotating workpiece rod is fed to a tool electrode
plate, in the radial or axial direction to remove the material and fabricate a micro-rod.
There are two gaps formed during machining: the axial gap and radial gap. When the tool
electrode is fed in the axial direction, the current should be confined in the axial gap for
material dissolution, while the current in the radial gap should be eliminated because
machining accuracy is deteriorated by the stray current in the radial gap, resulting in the
pitting corrosion and tapered shape. Thus, the influences of the thickness and surface area
of the tool electrode on the machining characteristics were investigated to improve the
machining accuracy. In addition, the dependence of the machining characteristics on the
feeding directions of the workpiece in axial and radial directions was also researched. So
far, there are many reports on micromachining of micro-rods using EDM. However, there
are few papers about micro ECM of micro-rods. It has been believed that the ability of
micromachining of ECM cannot compete with that of EDM. Thus, the present research
first investigated the machining characteristics of ECM of micro-rods in details, using the
electrostatic induction feeding method and compared the results with those of micro EDM.

The workpiece rod used was cut from a reel of stainless steel wire. Considering the
fabrication of the wire by drawing, there may exist some residual stress and some other
defects in the micro structure, which may deteriorate the machining accuracy. Hence, the
influence of annealing process of workpiece on the machining characteristics was
investigated.

In addition, the electrolytes in ECM are classified into two categories: passivating
electrolytes containing oxidizing anions such as sodium nitrate, sodium chlorate, and non-
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passivating electrolytes containing relatively aggressive anions such as sodium chloride.
Passivating electrolytes generally give better machining precision. Hence, the influences
of different kinds of electrolyte, sodium chloride (NaCl) and sodium nitrate (NaNO3)
aqueous solution, on the accuracy and limit of miniaturization in rod machining were
investigated. There are many papers which investigated the influence of the kinds of
electrolyte on the machining characteristics of ECM. However, there are few reports on
the dependence of machining characteristics on kinds of electrolyte in micro ECM.

Electrochemical reaction is significantly different depending on the kind of materials
used for the workpiece. Therefore, there are some materials which are difficult to machine
by ECM even though they are electrically conductive. For example, novel metals such as
Au or Pt cannot be machined by ECM. Tungsten, niobium, and titanium are difficult to
be machined because oxide film is generated on the surface. However, these materials are
promising materials to be used for micro tools, micro-machines, micro-probes and so on.
Hence, the influences of different kinds of materials on the machining characteristics were
researched with the electrostatic induction feeding ECM. It is known that bipolar current
is needed for the machining of tungsten using a neutral electrolyte®?. However, the use
of bipolar current results in the tool wear. Thus, the influences of machining parameters
on the tool wear rate were investigated. Moreover, the machining characteristics of the
high-speed steel (SKH51) and cemented tungsten carbide were also researched.

In addition, electrical discharge machining (EDM) is one of the most efficient
machining processes for conductive materials. The process, based on the electro-thermal
erosion of metallic materials, can be used for any difficult-to-machine material regardless
of its density, toughness, or hardness. However, since EDM is a thermal process, the
machined surface is characterized by recast layers, including cracks and residual tensile
stresses. In contrast, electrochemical machining (ECM) relies on the mechanism of anode
electrochemical dissolution to remove material, with the advantage that the machined
surface has no recast layers and is free of residual stress and micro-cracks. Thereby,
exploiting the advantages of these two processing technologies, a hybrid system of EDM
and ECM, which can switch EDM and ECM modes using the same setup and electrolyte,
was developed to achieve both high machining efficiency and high surface quality. There
are some papers which tried to develop the hybrid machining system®® 64, However, they
changed the working liquid or the condition of the electrolyte to switch between the EDM
mode and ECM mode. It is noted that this research proposed a new hybrid system which
can switch the modes using the same electrolyte. In Nguyen’s research, the same
machining medium was used for the hybrid machining method, and the working gap is
filled with low-resistivity deionized water, which exhibits both characteristics of a
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dielectric fluid and a slightly conductive electrolyte. Hence, when the working gap meets
the critical value, the discharge takes place. However, because of the low conductivity of
deionized water, the material removal rate in ECM process was significantly low with
this method. With the method proposed in this thesis, the high conductivity electrolyte
such as the NaNOs aqueous solution of 6wt% in concentration was used as the machining
medium resulting in a high material removal rate in the ECM process.

1.10 Dissertation structure

This dissertation consists of eight chapters.

In Chapter 1, Introduction, the principle and gap phenomena of electrochemical
machining (ECM) were introduced. The influences of many important factors, such as
gap control and status monitoring, electrolyte, tool electrode manufacturing and so on, on
the machining characteristics of the ECM process were explained. In addition, the
electrostatic induction feeding methods developed for electrical machining processes:
EDM and ECM, were introduced, and their principles were explained. The problems to
be solved in micromachining technologies using the electrostatic induction feeding ECM
were summarized and the research purposes were described.

In Chapter 2, Theory of electrostatic induction feeding micro-ECM is explained. The
influences of fundamental parameters: gap width and feeding capacitance on the gap
current are calculated to verify the theory. Then the experimental equipment used for the
electrostatic induction feeding micro-ECM is explained.

In Chapter 3, a servo feed control system for electrostatic induction feeding micro-
ECM is developed. It is shown that the servo feeding control system with the peak voltage
method has higher control sensitivity of the working gap width compared with the
conventional average voltage method, because of higher S/N ratio. The machining
characteristics with different reference voltages are investigated. Then, through-holes of
50um in diameter are machined on a stainless steel (SUS304) plate of 50um in thickness
to shown the availability of the system.

In Chapter 4, micro-rods are fabricated with the electrostatic induction feeding ECM.
There are two methods to machine the micro-rod, according to the feeding of workpiece
in axial or radial direction. With the feeding of workpiece in axial direction method, the
influences of the thickness and surface area of the tool electrode are investigated, and the
current distribution in the gap is calculated with the COMSOL Multiphysics. With the
feeding of workpiece in radial direction method, the micro-rods with different feed
distances in radial direction are machined and the material removal process is also
simulated using the COMSOL Multiphysics. Then, the differences between the feeding
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of workpiece in axial and radial direction methods are compared. At last, the machining
characteristics of the electrostatic induction feeding ECM are compared with those of
micro EDM.

In Chapter 5, to improve the machining accuracy of micro-rod, at first, the influence of
the annealing process of the workpiece on the machining characteristics is investigated,
considering that the workpiece rod was produced by wire drawing. Then, the machining
characteristics of different electrolytes, NaCl and NaNOs aqueous solutions, are
researched.

In Chapter 6, the influences of different workpiece materials on the machining
characteristics are investigated, including the materials of tungsten, high-speed steel
(SKH51) and tungsten carbide. The tool wear during the tungsten machining is researched,
because bipolar current is needed with a neutral electrolyte to machine tungsten resulting
in the wear of the tool electrode.

In Chapter 7, a hybrid micromachining system combining the electrostatic induction
feeding EDM and ECM in the same electrolyte is proposed by utilizing the passive oxide
layer formed on the surface of tungsten electrode. First, the principle to switch the EDM
and ECM modes is explained. Then, a rough machining with the EDM mode and finishing
machining with the ECM mode are conducted in sequence using the electrolyte of NaNOs
aqueous solution of 6wt%.

In Chapter 8, the main achievements are summarized as the final conclusions of this
thesis. The remaining research subjects and the perspective of future research work that
are related to this thesis are discussed.
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Chapter 2 Theory and experimental equipment of electrostatic

induction feeding Micro-ECM

2.1 Introduction

In micro electrical discharge machining (EDM), one of the factors which determine the
limits of miniaturization is the discharge crater size. In order to obtain smaller discharge
craters, the electric discharge energy per pulse must be reduced as much as possible. In
conventional micro EDM, the relaxation type pulse generator is generally used. If
capacitance of the capacitor becomes closer to zero, the discharge energy is expected to
decrease infinitesimally. In the actual EDM machine, however, stray capacitance exists
between the electric feeders, between the tool electrode holder and work table, and
between the tool electrode and work piece. Hence, even if the capacitor is not wired,
machining can be conducted with the stray capacitance. This means that the minimum
electric discharge energy per pulse is determined by the stray capacitance, indicating a
limit to miniaturization®? 5. Therefore a new pulse generator using the capacity coupling
method was developed® 5% 5657 With this method, since the feeding capacitance can be
placed closely to the discharge gap, the influence of the stray capacitance in the circuit
can be eliminated, thereby realizing discharge craters of nanometer order. In addition,
since non-contact electric feeding is possible, this method enables non-contact feeding to
a high speed rotating spindle, air bearing spindle and magnetic bearing spindle without
causing vibration of the spindles.

Feeding capacitance C,

Tool
electrode
Non-contact
Tool electric feed
electrode Pulse power
supply
Pulse power
supply Workplece Workpiece
(a) Basic circuit (b) Non-contact electrostatic induction feeding ECM

Fig. 2.1 Electrostatic induction feeding ECM

36



Then, Koyano et al. ®V) used the electrostatic induction feeding method to micro ECM.
Fig. 2.1(a) shows the basic circuit of the electrostatic induction feeding ECM. Since the
pulse power supply is coupled to the working gap by a feeding capacitance, the current
can only flow through the working gap when the pulse voltage is changed. Ultra-short
pulse current can be easily obtained by controlling the rise and fall time of the pulse power
supply, and without considering the pulse duration time. If the capacitance C; is replaced
by the gap between the ring shaped feeding electrode and the rotating spindle as shown
in Fig. 2.1(b), the tool electrode can be rotated with a high rotation speed because of the
non-contact feeding of electric charge to the tool electrode.

This chapter describes the theory of the electrostatic induction feeding ECM, including
the influences of the gap resistance and feeding capacitance on the gap current. Then the
experimental equipments were introduced.

2.2 Principle of electrostatic induction feeding method

2.2.1 Equivalent circuit

E() ue(t)

R Ug(t)

i(t)

Fig. 2.2 Equivalent circuit used for calculation.

The electrostatic induction feeding method, as shown in Fig. 2.1, can be simplified as
the equivalent circuit shown in Fig. 2.259. Harada and Natsu®® and Kadokura and Natus®®)
reported that the gap width can be controlled using the peak current in the transient state
of the current pulse because the capacitance of electric double layer Cq and Faraday
impedance Zr can be ignored in the equivalent circuit as shown later in Fig. 3.14.The
working gap is expressed by a gap resistance R, and ux(t) is the gap voltage as shown in
Fig. 2.2. C1 is the feeding capacitance, and uc(t) is the capacitance voltage. E(t) is the
pulse voltage supplied by a function generator. i(t) is the current flowing through the
working gap.
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2.2.2 Influence of gap resistance

In ECM process, the gap resistance is determined by the gap width, and smaller gap
width results in higher machining accuracy. Hence, the gap voltage and current depending
on the gap resistance were calculated with the electrostatic induction feeding method.
Since the current mainly flows during the rise/fall time of the pulse voltage and is cut off
within the pulse duration time, the gap voltage was calculated in two steps. The pulse
voltage used in this calculation is shown in Fig. 2.3. The total amplitude and rise/fall time
were 20 V and 40 ns, respectively, as shown in Table 2.1.

N ]
o 4Time t

40ns 40ns
Fig. 2.3 Pulse voltage used for calculation

(@)

Pulse voltage E(t) [V]

Table 2.1 Parameters of pulse voltage

Amplitude [V] 20

Frequency [Hz] 500k

Duty factor [%] 50
Rise/fall time [ns] 40

Step 1: At the rise/fall time of pulse voltage

According to the equivalent circuit in Fig. 2.2,

due(®) _ . dE® —up(®) _  dE®) . dug(®))
dt ! dt Vodt boodt

where, C; is the feeding capacitance.

i(t) = ¢,

At the rise and fall time of the pulse voltage, EWD) s o constant, and equals to A. Then
d(ug(t
In addition,
N UR ()
i(t) = R
Then
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ug(t) = AC, - C, d(u;t(t))

The solution of the differential equation is

t
uR(t) = AClR(l - e_Cl_R)

Step 2: within the pulse duration time
From the equivalent circuit

i(t) =C;

due®) _ , dEO® —ux®) _  dED)
- b1 - b1

d
Cl(

ug(t))

dt dt

d(E(t)) _
dt =0

dt

When, pulse voltage is constant,

Then
o d(ug(t))
W =-G—g
In addition,
N UR ()
i(t) = R
Then

c d(ug(t)) ug(t)
Y dt T R

If P(t) is defined as,

1 ><ol(uR(t))_ 1

PO = IRTRG) dt (R

The general solution of the differential equation is expressed as

ug(t) = Be~J POt

1 t
— [=——d R
ug(t) = Be et ~ geaiR

When t=0
ug(0) =B

And uz(0) can be obtained in step 1, then the solution of the differential equation is

ug(t) = ug (O)Q_C%R

The gap voltage ug(t) was calculated under the conditions: C1=47 pF. The value of
C1 was selected so that the stray capacitance in the circuit, which is assumed to be around
10pF®®), can be ignored compared to C1. The gap resistance R was calculated to be 250 Q,
300 Q, and 350 Q852 assuming that the end of a rod tool electrode with a diameter of
50 um was positioned over the workpiece at a gap width of 1.39 um, 1.67 um, and 1.94
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um, respectively, in NaCl aqueous solution of 2 wt% in concentration. Fig. 2.4 shows the
calculated gap voltages and currents with different gap resistances. The gap voltage is
higher and the gap current is lower with larger gap resistance. Based on this result,
Koyano and Kunieda®? developed a servo feed system for the eloectrostatic induction
feeding ECM. Since the electric charge per pulse q=C1Eo is constant with the electrostatic
induction feeding method, longer pulse duration results in lower peak value of gap current
as shown in Fig. 2.4(b). Fig. 2.5 shows the gap current and voltage waveforms with the
gap width of 3 um, under the pulse voltage conditions shown in Table 2.1. It is found that
the experimental results agree with the calculated gap current and voltage.

10 30
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—3500Q
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20 | 3000
—3500

10

Gap voltage [V]
(0]
Gap current [mA]

0 L 0 1

0 50 100 150 0 50 100 150
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(a) Gap voltage (b) Gap current

Fig. 2.4 Gap voltage and current with different gap resistances
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Fig. 2.5 Waveforms of gap current and voltage with gap width of 3 um

2.2.3 Influence of feeding capacitance

Using the calculation method described in Section 2.2.2, the gap voltage and current
with feeding capacitances of C1=47 pF and 68 pF were calculated as shown in Fig. 2.6. It
was assumed that the gap width is 1.67 um, resulting in the gap resistance of 300 Q. The
gap voltage and current increased with increasing the feed capacitance C; because g=C;Eo.
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Fig. 2.7 shows the gap current and voltage measured with the feeding capacitance of 68
pF, which were similar with the calculated results shown in Fig. 2.6.
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Fig. 2.6 Gap voltage and current with feeding capacitance C,= 47 pF and 68 pF
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Fig. 2.7 Waveforms of gap current and voltage with feeding capacitance C.1= 68 pF

2.3 Experimental equipment of electrostatic induction feeding

Micro-ECM

2.3.1 Machine tool

A micro EDM machine (Panasonic, MG-ED72W) shown in Fig. 2.8 was refitted to be
used for electrochemical machining. Positioning of the table has a resolution of 0.1 pm
in X, y and z axis direction, respectively. The feed speed of x, y and z axis is from 0.1
um/s to 12 mm/s, driven by a ball screw and stepper motor.
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Fig. 2.8 Micro EDM machine MG-ED72W
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Fig. 2.9 Holder and rotation mechanism of tool electrode
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2.3.1.1 Holding mechanism of tool electrode

Fig. 2.9 shows the holder and rotation mechanism of rod electrode. Fig. 2.9(a) and (b)
show the holder of rod electrode. A capillary is inserted into the holder, and the inner
diameter of the capillary is the same as the diameter of rod electrode. The rod electrode
is precisely guided by the capillary at the rotation axis, which is fixed to the holder using
the set screw shown in Fig. 2.9(a). Fig. 2.9(c) and (d) show the rotation mechanism of the
rod electrode. The holder is supported by V-shape bearings of which the material is
ceramic. The holder is rotated by a rubber belt hooked on the pulley attached to the holder.
The holder can be rotated up to 4000 rpm with sufficiently small runout under 0.5 pm.
The electric current is supplied to the rod electrode using a brush composed of a steel ball
and soft metal made of gold as shown in Fig. 2.9(d).

<>

rb
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Rod workpiece
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1
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; Wire electrode

Q) _ Wire electrode

Wire guide

Rode electrode

Fig. 2.10 WEDG method>®)
2.3.1.2 WEDG method®®
In this research, the rod electrode was prepared by wire electro-discharge grinding
(WEDG) method®® equipped on the micro EDM machine (Panasonic, MG-ED72W). The
WEDG method shown in Fig. 2.10 was developed by Masuzawa et al. to machine very
thin rods. Since the traveling wire is used as the tool electrode, influence of the tool wear
on machining accuracy can be eliminated. Furthermore, since the wire electrode is guided

43



by the wire guide, there is no concern of wire vibration like the wire EDM, in which the
wire electrode is stretched straight between the upper and lower wire guides as shown in
Fig. 1.19. Very thin rods can be machined by WEDG without a skill of experienced
operators. It is possible to fabricate a straight micro rod with a diameter smaller than 10
um. Hence, it is suitable to prepare the tool electrode for drilling, and the workpiece used
for rod machining described later in Chapter 4.

Nozzle
Tool electrode Regulator

. ) Air compressor
Workpiece - Pressure container

Machining tank
(a) Electrolyte supply

(b) Machining tank

Fig. 2.11 Electrochemical machining cell

2.3.2 Electrolyte supply

To refit the micro EDM machine (Panasonic, MG-ED72W) for electrochemical
machining, an electrolyte supply was equipped as shown in Fig. 2.11. The electrolyte was
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jetted into the working gap by a nozzle, of which the inner diameter was 200um. When a
micro hole is drilled, a micro rod tool electrode is held as mentioned above, and the
workpiece is fixed on the bottom of the tank as shown in Fig. 2.11(b). The electrolyte is
stored in a pressure container which is connected to the air compressor.

2.3.3 Power supply

2.3.3.1 Feeding capacitance C;

The Feeding capacitance C1 connects between the pulse voltage and tool electrode as
shown in Fig. 2.1. Since it should work stably at a high frequency, a mica capacitance
was used in this research. The selected mica capacitance and parameters are shown in Fig.
2.12 and Table 2.2.

Fig. 2.12 Mica capacitance

Table 2.2 Parameters of feeding capacitance C
+-0.5 pF where C<50 pF
+-1% where C>50 pF
Temperature range -40 C t085 C
Maximum voltage 500V DC

Insulation resistance 100 G for C<10000 pF

Capacitance tolerance

In addition, the current and voltage during machining were measured with the
oscilloscope of Tektronix DPO4104, which has 1 GHz bandwidth and 5 GS/s sample rate
on all channels. The 10X passive probe of P6139A (Tektronix production) was used to
measure the voltage signal, and its system bandwidth (-3 dB) was 500MHz. The AC
current probe CT1 (Tektronix production) was used to measure the current, and its
bandwidth was 25 kHz to 1 GHz and rise time was 350 ps.
2.3.3.2 Function generation

The function/ arbitrary waveform generator (Agilent, 33250A) was used to generate
pulse voltage for the electrostatic induction feeding method. Pulse waveforms, like
sinusoidal, square, ramp, etc. can be output from the function generator. Since the
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maximum amplitude of the output voltage is 10 V, the output was amplified by the bipolar
amplifier. The key parameters of the function generator are listed in Table 2.3.

Table 2.3 Parameters of function generator 33250A

Sine, Square, Pulse, Ramp, Noise
Standard Sin(x)/x, Exponential rise, Exponential
Fall, Cardiac, DC volts
Bandwidth 1 uHz~80 MHz
Output voltage 10mVpp~10Vpp

2.3.3.3 Bipolar amplifier

Since the maximum amplitude of the output voltage with the function generator
(Agilent, 33250A) cannot satisfy the requirement of the experiment, a high speed bipolar
amplifier (NF Corporation HSA4101), as shown in Fig. 2.13, was used to amplify the
pulse signal from the function generator. The highest bandwidth of the high speed bipolar
amplifier is 10MHz, and other key parameters are listed in Table 2.4.

3

Function generator 4

Bipolar amplifier

Fig. 2.13 Function generator and bipolar amplifier

Table 2.4 Parameters of bipolar amplifier HSA4101

Bandwidth DC-10 MHz
Maximum voltage 71V (142Vyp)
Maximum current t14A

Conversion rate 5000 V/us
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2.4 Example of micro-hole machining

A preliminary experiment of micro-hole machining was conducted using tungsten rod
electrode of 50 um in diameter. The machining conditions are shown in Table 2.5. The
tool electrode was positioned over the workpiece with an initial gap width of 3 um by
using the contact sensing function of the micro EDM machine used. The servo feed
system with the average gap voltage method, which is described later in Chapter 3, was
used. The reference voltage was 140 mV, and feed distance was 50 um from the surface
of the workpiece. The machined hole and cross section are shown in Fig. 2.14. The cross
section shape was measured using a laser confocal microscope (Olympus, OLS3000).
Although the side surface was not measured correctly, the depth of the hole was measured
precisely. Since the depth of the hole was 55 pum, it is found that the working gap width
on the bottom surface was about 5 um. The z-axis displacement of the tool electrode
during machining is shown in Fig. 2.15. The total machining time was 23 minutes, and
average feed speed was 0.038 pum/s.

Table 2.5 Machining conditions used for micro-hole machining

Amplitude [V] 20
Pulse voltage Frequency [Hz] 500 k

Duty factor [%] 50

Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47
Electrolyte NaCl ag. 2wt%
Tool electrode rotation [rpm] 3000

T 20

-

Depth [um]
5

40 +

--\‘.

, -60 : '
Y i -60 20 . 20
ST E e Width [um]

60

(a) Micro hole (b) Cross section shape

Fig. 2.14 Micro hole and cross section shape measured using laser confocal microscope
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Fig. 2.15 Feed displacement of tool electrode in z-axis

2.5 Conclusions

In this chapter, the theory of the electrostatic induction feeding ECM and the
experimental equipments were introduced. The gap current with different gap widths and
feeding capacitances were calculated, and compared with the waveforms measured in the
experiment. The calculation results verified that the gap current decreases with larger gap
width due to the larger gap resistance. The gap current increases with increasing the
feeding capacitance because the electrical charge per pulse q=C1Eo is constant. Then, the
experimental equipments of electrostatic induction feeding ECM was introduced,
including machine tools, feeding capacitance and power supply. In addition, a micro-hole
was drilled with the electrostatic induction feeding ECM as a preliminary experiment.
The bottom gap width was 5 um, which is equivalent but not less compared to that of
micro EDM.
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Chapter 3 Servo feed control of electrostatic induction feeding

micro-ECM

3.1 Introduction

Electrochemical machining (ECM) has many advantages over traditional machining
methods such as applicability regardless of material hardness, no tool wear, high material
removal rate, smooth and bright finish, and good machinability of complex geometries.
Hence, ECM is an effective method for producing turbine blades, engine castings, dies
and molds, etc., compared with many other traditional machining methods. However,
further research needs to be carried out on the improvement of this machining method.
The electrochemical dissolution in the side gap cannot be easily prevented, which
generates taper shapes deteriorating accuracy. Furthermore, the generation of dissolution
products and bubbles, and temperature rise due to Joule heating result in non-uniform
electrochemical dissolution in the frontal gap. The improvement of the machining
accuracy is thus a challenging task. Pulse ECM is an effective method for improving the
machining accuracy® 224867 _|n recent years, the machining accuracy of micro-ECM
continues to improve with the use of ultra-short voltage pulses ranging from several ns to
several tens of ns, achieving machining precision in the micrometer order®® 49, This
technique utilizes the electric double layers formed on the surface of the electrodes. The
electrochemical reaction can be confined to a significantly narrow gap between the tool
electrode and workpiece, where the time for charging the double layers is very short. With
large gap widths, since the gap resistance is large, the large time constant of charging the
double layers delays the electrochemical dissolution. Hence, the EC machining can be
confined to small gap widths by turning off the pulse voltage before the electric double
layers are formed in the large gap width.

To control the gap width of several micrometers with the electrostatic induction feeding
ECM, Koyano and Kunieda®® developed a servo feed control system based on the
measurement of the gap voltage. It is difficult to servo feed the tool electrode in normal
ECM processes because the change in the gap voltage is insensitive to the gap width. In
normal ECM processes, where DC current or comparatively long pulse duration is used,
the ohmic voltage drop in the electrolyte is not dominant in the total potential drop in the
ECM gap as shown in Fig. 1.3, because the influences of the over potentials are significant.
On the other hand, in the electrostatic induction feeding ECM, they found that the gap
voltage is proportional to the gap width. Thus, they made a success to servo control the
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gap width by comparing the average gap voltage with the reference voltage. However,
the average gap voltage was 200 mV or less due to the pulse duration of several tens of
ns with significantly low duty ratio as shown in Fig. 3.1. Hence, the gap control accuracy
was not sufficiently high with the average gap voltage because of the low signal to noise
ratio (S/N ratio). Subsequently, in this research, a new servo feed control system, which
compares the peak of the gap voltage with the reference voltage, was developed to
improve the response accuracy of the servo feed control.

- Gap

/boltage

Fig. 3.1 Half-wave rectifier and average gap voltage

This chapter describes the control methods of the working gap with the electrostatic
induction feeding ECM, the conventional average gap voltage method and peak voltage
method newly proposed. The availability of the control method was verified by drilling
micro-holes on stainless steel using a tungsten tool electrode.

3.2 Servo feed control methods

In this section, two servo feed control methods, the average and peak voltage methods,
are introduced. As mentioned above, the average voltage was firstly developed for the
electrostatic induction feeding ECM to control the gap width. However, the gap control
accuracy was not sufficiently high due to the low average value of gap voltage. Then, the
peak voltage method was proposed to improve the gap control sensitivity through
increasing the S/N ratio.
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3.2.1 Average voltage method

In the previous research, a servo feed control system for the electrostatic induction
feeding ECM was developed by Koyano®? to control the gap width and avoid short circuit.
The servo feed system controls the gap width by monitoring the average gap voltage. This
method compares the average value of the gap voltage and the reference voltage to control
the gap width, because the calculation of the average gap voltage shows that it is
proportional to the gap resistance with the electrostatic induction feeding method. It is
well know that the gap resistance is proportional to the gap width during EC machining.
Thereby, it is possible to control the gap width by monitoring the average value of the gap
voltage. The difference of the average of gap voltage and reference voltage was converted
to a pulse signal to control the feeding of the tool electrode. The tool electrode was fed
when the average voltage was larger than the reference voltage, and it was retreated when
the peak average was smaller than the reference voltage.

3.2.2 Peak voltage method

The gap control accuracy of the average gap voltage method was not sufficiently high,
because the signal to noise ratio (S/N ratio) was low due to the pulse duration of several
tens of ns with significantly low duty ratio. In order to solve this problem and improve
the gap control accuracy, a new method with monitoring the peak gap voltage was put
forward. The analysis of the electrostatics induction feeding method shows the peak value
of the gap voltage increases with increasing the gap width as shown in Fig. 2.4. With this
method, the peak of the gap voltage was detected by a peak detection circuit, in which the
detected peak voltage was reset in every pulse period to obtain a high response. The
difference of the average value of the peak voltage from the reference voltage was
converted to a pulse signal to control the feeding of the tool electrode. The tool electrode
will be fed when the peak voltage was larger than the reference voltage, and it will be
retreated when the peak voltage was smaller than the reference voltage.

3.2.3 Comparison of average and peak voltage methods

In order to compare the average and peak voltage methods, the average and peak of the
gap voltages were measured under the experimental conditions shown in Table 3.1. The
tool electrode was a tungsten rod with a diameter of 50 um and the workpiece was
stainless steel (SUS304). The tool electrode was positioned on the workpiece with a fixed
gap width of 3 um to 12 um using the contact sensing function of the micro EDM machine.
The pulse voltage was applied for several seconds, and the average and peak voltage were
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measured by the developed servo feed control system. It is noted that the measured peak
voltage was the average of the captured peak voltage, which was sampled, held, and reset
at every pulse period as shown later in Fig. 3.17.

The average and peak voltage measured are shown in Fig. 3.2. It is found that both
voltages increase with increasing the gap width. Since the peak voltage was much higher
than the average voltage resulting in a higher S/N ratio, the gap control sensitivity of the
peak voltage can be increased compared with the average voltage method. The
experiments about the material removal rate with different feed control methods are
discussed in the following sections.

Table 3.1 Experimental conditions used to compare average and peak voltage methods

Amplitude [V] 20
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47
Electrolyte NaCl ag. 2wt%
Tool electrode rotation [rpm] 3000
Tool electrode @50pm tungsten

Average voltage method
< Peak voltage method

\oltage [V]
N w

(2
T

0 1 1 1 1

2 4 6 8 10 12
Gap width [um]

Fig. 3.2 Comparison between average and peak voltage methods
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Fig. 3.3 Gap voltage calculation with electrostatic induction feeding ECM

Z-axis [— Z-axis controller Analog switch

V/F circuit

Workpiece

Average circuit

Half-wave rectifier circuit

Reference servo voltage

Fig. 3.4 Schematic of servo feed control system with average gap voltage method

3.3 Average gap voltage method

3.3.1 Principle

In the equivalent circuit shown in Fig. 3.3, the machining gap is simplified as a
resistance Rq. When the gap voltage is half-wave rectified, the average working gap
voltage Vave Can be expressed as

R,0

R, ¢
— 9 [ idt=
Ve L idt (3.1)

where T is the period of the pulse voltage.
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In electrostatic induction feeding method, the electric charge g per each current pulse
is constant regardless of the gap width. The q can be expressed using the amplitude of
pulse voltage Eo and the feeding capacitance Ci1 as q=C1Eo. Since Rgq is proportional to
the gap width, the above equation indicates that Vave increases with increasing the gap
width. Fig. 3.4 shows the schematic of the servo feed control system. The half-wave
rectified gap voltage was smoothened to obtain the average gap voltage Vawe. The
difference between Vawe and the reference servo voltage was converted to pulse signal by
the V/F circuit to control the feeding of the tool electrode.

3.3.2 Machining with different reference voltages

3.3.2.1 Experimental conditions

There are many applications of micro-holes, such as micro molds, fuel injection
nozzles, spinneret holes, MEMS and so on®®. In the aerospace industry, micro-holes are
the most critical structures used in film-cooling technology, and they are extensively used
and located all over the surfaces of blades and vanes®®. The blades and vanes are made
of nickel based alloy, of which the composition is similar to stainless steel. Hence, micro-
holes were machined with the stainless steel to investigate the gap control characteristics
of the electrostatic induction feeding ECM.

Table 3.2 Experimental conditions used to investigate influence of reference voltage

Amplitude [V] 20
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47
Electrolyte NaCl ag. 2wt%
Tool electrode rotation [rpm] 3000

The experimental conditions used to perform micro drilling are shown in Table 3.2.
The tool electrode was a tungsten rod of 50 um in diameter fabricated by the wire
electrical discharge grinding (WEDG) method®®, and the workpiece was a stainless steel
(SUS304) plate. Tungsten was used as tool electrode because of high erosion resistance,
good electrical and thermal conductivity, and high stiffness. Stainless steel was used as
workpiece material because it has been widely used for food production and storage,
architecture, building and construction, and the composition is similar to nickel based
alloys which are widely used as blades and vanes in aero-engines. The tool electrode was
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positioned on the workpiece with an initial gap width of 5 um using the contact sensing
function of the micro EDM machine. The feed distance of tool electrode in the axial
direction was 20 pm. The reference voltage was changed as 90 mV, 110 mV, 130 mV, 150
mV, 170 mV and 200 mV.

3.3.2.2 Inlet side gap width

oV 'l Pulse v'|ggge " _ . Pulse voltage
\iettsmipieie— — ¥ - T —— | F——— PRS-
9V ! - o0V
---x-_ | Gap current ____.~" . Gap_current
| 33mA N g 2amA 5
i S Soenner s
400ns __ Gap voltage dus--4--  Gapvoltage
L | ‘ILM_N =‘-\' 8V - ‘\ )
ov 7 r - " —
| Y i

(a) Reference voltage of 110 mV (b) Reference voltage of 200 mV

Fig. 3.5 Waveforms of gap current and voltage with reference voltages of 110 mV and
200 mV

Fig. 3.5 shows the waveforms of gap current and voltage with the reference voltages
of 110 mV and 200 mV. Since the gap width is smaller with lower reference voltage, the
gap current increased with decreasing the reference voltage. Fig. 3.6 shows the micro-
holes machined with different reference voltages. The grain boundaries were observed
with low reference voltages. Since the working gap was small with low reference voltage
resulting in high current density, the better surface finish was obtained. This result is
common in the normal electrochemical machining processes. Fig. 3.7 shows the cross
section shapes of micro-holes with the reference voltages of 90 mV and 130 mV. The
cross section was measured using a laser confocal microscope (Olympus, OLS3000). The
diameter of micro-hole became larger with higher reference voltage because the
electrochemical reaction occurred in a larger gap width resulting in more material
dissolution in the side gap. The electrochemical reaction was mainly localized at the
narrow bottom gap resulting in less material dissolution in the side gap. The increase in
the reference voltage by 44.5% from 90 mV to 130 mV caused only a small increase in
the bottom gap width by 20% from 3.2 um to 3.8 um, which shows the gap control
accuracy was not sufficiently high with the average gap voltage method. Fig. 3.8 shows
the inlet side gap widths with different reference voltages, which increased with
increasing the reference voltage.

55



(b) 130mV

SEl 20kV WD11lmm SS50 x1,300 10gm _m SEl 20kV WD1imm SS560

\ (c) 150mV ' (d) 200mV

= Tool electrode

5 -5

£

&-10 |

o —90mV
.15 + —130mV
_20 L L L L L L L

-40 -30 -20 -10 0 10 20 30 40

Width[um]
Fig. 3.7 Cross section shape with reference voltages of 90 mV and 130 mV

In addition, the inlet side gap width with different feed distances was also investigated
using the conditions shown in Table 3.3. In this experiment, the tool electrode was a
tungsten rod of 50 um in diameter fabricated by the wire electrical discharge grinding
(WEDG) method, and the workpiece was a stainless steel (SUS304) plate. The tool
electrode was positioned on the workpiece with an initial gap width of 5 pm using the
contact sensing function of the micro EDM machine. The reference voltage was 140 mV
based on the above experimental results. The experimental conditions are shown in Table
3.3. The feed distances of tool electrode were 5 pm, 15 um, 25 um, 35 um and 45 um.
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Fig. 3.8 Inlet side gap widths with different reference voltages

Table 3.3 Experimental conditions used to investigate influence of feed distance

Amplitude [V] 20
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47
Electrolyte NaCl ag. 2wt%
Tool electrode rotation [rpm] 3000
Feed distance [pum] 5, 15, 25, 35, 45
Reference voltage 140mV
50
40
i 30 |
£
>
820
10
0 1 1 1
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Time [s]

Fig. 3.9 Displacement of tool electrode with feed distance of 45 um
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Fig. 3.9 shows the displacement of tool electrode with the feed distance of 45 pm. Fig.
3.10 shows the micro-holes machined with the feed distances of 25 um, 35 pm and 45
um. It is found that the bottoms were significantly smooth because of the low reference
voltage of 140 mV. However, the centre of the micro-hole was not as smooth as other
areas, this is because the flushing of electrolyte was not sufficiently effective in the centre
area. Thereby the sludge and bubbles were difficult to be flushed out of the working gap.
Shimasaki and Kunieda’® observed the ECM gap with a rotating tool electrode using a
transparent electrode and found that bubbles are collected at the rotation center due to the
centrifugal force.

SEI 20kV WD1imm SS50

(c) Feed distance of 45um

Fig. 3.10 Micro-hole machined with different feed distances

Fig. 3.11 shows the inlet side gap width with different feed distances. It is found that
the inlet side gap width increased with increasing the feed distance, because the inlet side
gap width was not only increased by the reference voltage but also the machining time.
The machining time was longer with increasing the feed distance resulting in the increase
of the material removal volume in the side gap.
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Fig. 3.11 Inlet side gap widths with different feed distance
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Fig. 3.12 Displacements of tool electrode with different reference voltages

3.3.2.3 Material removal rate

Fig. 3.12 shows the displacements of tool electrode with different reference voltages.
It is noted that the difference was slight with different reference voltages. The material
removal rate was defined as the material removal volume divided by the machining time.
Fig. 3.13 shows the material removal rate with different reference voltages. It slightly
decreased with increasing the reference voltage, because the current density was
decreased with a higher reference voltage resulting in lower material removal rate. The
change of the material removal rate was not obvious because the gap control sensitivity
was not sufficiently high due to the low S/N ratio.
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Fig. 3.13 Material removal rate with different reference voltages
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Fig. 3.15 Equivalent circuit of electrostatic induction feeding ECM

60



3.4 Peak gap voltage method

3.4.1 Principle

Harada and Natus®® and Kadokura and Natsu®® reported that the gap width can be
measured using the peak current in the transient state of the current pulse because the Cg
and Zs can be ignored in the equivalent circuit shown in Fig. 3.14. Thus, they controlled
the feeding of the tool electrode in pulse ECM based on the measurement of the peak
current of normal pulse ECM. Since the pulse duration of the electrostatic induction
feeding ECM is significantly short, the equivalent circuit of the electrostatic induction
feeding ECM (Fig. 1.22) can be simplified as Fig. 3.15. The current i(t) flowing through
the working gap can be expressed as

d(ua®) _ . dEO —uw(®)

i(t) = 3.2
i(t) C; dt dt ( )

t
i) = 2O (3.3)

Ry

Here, Ry is the resistance of the working gap. Thus
d(E(t d t t

o ME@) . da(®) _un® )

1
dt dt R,

Solving the differential equation (3.4), the gap voltage uz(t) was calculated under the
conditions: C1=47 pF, pulse voltage rising and falling time of 40 ns, and pulse voltage
amplitude of 20 V. The value of C; was determined so that the stray capacitance in the
circuit, which is assumed to be around 10 pF°®, can be ignored compared to Ci. The gap
resistance Rq was calculated to be 250 Q, 300 Q, and 350 Q, assuming that the end of a
rod tool electrode with a diameter of 50 um was positioned over the workpiece at a gap
width of 1.39 um, 1.67 pm, and 1.94 pm, respectively, in NaCl aqueous solution of 2
wt%’?. The calculated gap voltages and currents with different gap resistances were
already shown in Fig. 2.4. The peak of the gap voltage increases from 6 V to 8 V with
increasing the gap resistance from 250 Q to 350 Q. Hence, it is possible to control the gap
width based on the measurement of the peak gap voltage.
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Fig. 3.16 Servo feed control system using peak voltage

Fig. 3.16 shows the servo feed control system using the peak voltage. Since the gap
voltage is bipolar, the half-wave rectifier circuit is used. Fig. 3.17 shows the waveforms
obtained from the circuit. The rectified gap voltage becomes unipolar with the help of the
half-wave rectifier circuit. The peak of the rectified gap voltage is detected using a peak
detect and hold circuit, and smoothened to obtain the average peak voltage. The difference
between the average peak voltage and reference voltage is converted to a pulse signal to
control the tool electrode feed. The tool electrode is fed when the average peak voltage is
larger than the reference voltage, and it will be retreated when opposite.
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Fig. 3.17 Waveforms obtained from servo feeding control circuit

The held peak voltage is reset at every pulse period to obtain a quick response which
is realized by a peak hold and reset circuit as shown in Fig. 3.18. The gap voltage was
filtered using the half-wave rectifier circuit to get the unipolar voltage, when the
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workpiece was positive polarity. The schematic of peak detection is shown in Fig. 3.18(a).
The peak voltage is detected through the capacitance charge. However, when the input
voltage decreases to 0 V, the electric charge in the capacitance cannot discharge in time
and the detected peak would be kept for some time. Hence a reset circuit is needed to
provide a discharge circuit for the electric charge in the capacitance when the peak voltage
decreases to 0 V as shown in Fig. 3.18(b).
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Fig. 3.18 Schematic of peak detection

The schematic of reset is shown in Fig. 3.19. The peak hold signal is triggered by gap
voltage and the detected peak voltage is held for time T1. Then the peak reset signal is
triggered by the hold signal. During the reset time T, the electric charge in the capacitance
C in Fig. 3.18 is discharged. Hence the detected peak is reset. Fig. 3.20 shows the
waveform from the reset circuit.
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Fig. 3.19 Principle of reset circuit Fig. 3.20 Waveform of peak reset circuit

3.4.2 Experimental verification

Before making the new servo feed control system, a series of fundamental experiments
were performed to verify the feasibility. The peak gap voltage with different gap widths
was measured without feeding of the tool electrode. Then, micro holes were machined
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using a manual control method to keep the same peak voltage and imitate the servo feed
control.

Table 3.4 Experimental conditions to measure peak voltage

Amplitude [V] 20
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaCl ag. 2wt%
Tool electrode rotation [rpm] 3000

3.4.2.1 Peak gap voltage measurement

The peak gap voltage was measured under the experimental conditions shown in Table
3.4. The tool electrode was a tungsten rod with the diameter of 47 pm, and the workpiece
was a stainless steel (SUS304) plate. The tool electrode was positioned on the workpiece
with an initial gap width of 4 um and 5 pm between the end surface of the tool electrode
and the workpiece surface using the contact sensing function of the micro EDM machine,
respectively. The gap current and voltage peak were measured in the machining process
without feeding of the tool electrode using an oscilloscope. The experimental results are
shown in Fig. 3.21.
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Fig. 3.21 Peak gap voltage with initial gap of 4 pm and 5 um

The peak of the gap voltage increased with the passage of time, because the gap width
increased due to the material dissolution.
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3.4.2.2 Peak gap voltage with different gap widths

The quantitative relationship between the peak of the gap voltage and the gap width
was obtained from the following experiment. The experimental conditions were the same
as in Table 3.4. The tool electrode was tungsten rod of 48.5 um in diameter, and the
workpiece was a stainless steel (SUS304) plate. The tool electrode was positioned on the
workpiece with an initial gap width of 3 um using the contact sensing function of EDM
machining. 18 holes were machined by changing the machining time from 10 s to 180 s,
incrementally with a step of 10 s without feeding of the tool electrode in the axial direction.
The gap current and voltage peak were measured at the end of machining for each hole.
The depth of machined hole was measured using a laser confocal microscope (Olympus
OLS3000). Since the tool electrode was not fed, the gap width at the end of machining
was the sum of 3 pm initial gap and the depth of the machined hole. Hence, the
relationship between the gap width and gap current and voltage peak could be obtained
quantitatively as shown in Fig. 3.22.
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Fig. 3.22 Gap current and voltage peak with different gap widths

When the gap width was larger than 6 um, the gap current and voltage peak hardly
changed. Since the bottom gap resistance was very large with a larger bottom gap, the
current density in the bottom gap decreased. Since the electric charge in each pulse
g=C:Eo is constant as described in the previous section, the current density in the side gap
increased. Hence, when the bottom gap width larger than 6 um, the peak current did not
increase significantly.
3.4.2.3 Micro-hole machining by manual feed control

To check the functionality of the servo feed control circuit developed, micro holes were
machined by a manual feed control. In this experiment, the tool electrode was fed
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manually to maintain the constant peak gap voltage. The experimental conditions were
the same as in Table 3.4. The tool electrode was a tungsten rod of 48.5 um in diameter,
and the workpiece was a stainless steel (SUS304) plate. The tool electrode was positioned
on the workpiece with an initial gap width of 3 um using the contact sensing function of
the EDM machine. The minimum feeding distance was 0.1 pum for every push of the
feeding button for the z-axis of the machine tool. The peak gap voltage was kept constant
at 7V and 9V, respectively, and the feeding distance was 15 pm in total from the surface
of the workpiece. The machined holes are shown in Fig. 3.23 (a). From the cross sectional
shapes with the voltage peak of 7V and 9 V in Fig. 23 (b), it was found that the bottom
gap width increased by 34% with increasing the gap voltage by 28.6%.
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Fig. 3.23 Micro holes and cross sectional shapes

Table 3.5 Experimental conditions with peak gap voltage method

Amplitude [V] 20
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaCl ag. 2wt%
Tool electrode rotation [rpm] 3000
Reference voltage [V] 15,2,25,3
Tool electrode @50um tungsten
Workpiece Stainless steel (SUS) plate
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3.4.3 Machining with different reference voltages

Micro-holes were drilled with different reference voltages using the electrostatic
induction feeding method, and the influence of the reference voltage on the machining
characteristics was investigated with the developed servo feed control system.

3.4.3.1 Experimental conditions

The influences of servo reference voltage on the material removal rate (MRR) and
machining accuracy of the micro-holes were investigated under the machining conditions
shown in Table 3.5. The tool electrode was a tungsten rod 50pum in diameter fabricated
by the wire electro-discharge grinding method (WEDG)®®). The workpiece was a stainless
steel (SUS304) plate. NaCl aqueous solution of 2 wt% was used as the electrolyte, and
jetted from a nozzle with an inner diameter of 200 um, which was set close to the
machining gap, at a flow rate of 10 ml/min. The servo reference voltage was varied at 1.5
V, 2V, 2.5V, and 3 V. The tool electrode was positioned over the workpiece with an initial
gap width of 10 um, and the feeding distance of the tool electrode was set as 40 um. The
material removal volume was measured by a laser confocal microscope (Olympus,
OLS3000), and the inlet side diameter of the micro-hole was measured by SEM.
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Fig. 3.24 Waveforms of pulse voltage, gap current and voltage at C1=47 pF

3.4.3.2 Inlet side gap width

Fig. 3.24 shows the waveforms of the pulse voltage, gap current and voltage with a
reference voltage of 2 V at the moment of the feeding distance of 30 um. It was found
that the current is bipolar with the electrostatic induction feeding method. Fig. 3.25 (a)
and (b) show the micro-holes machined with the reference voltage of 2 V and 3 V,
respectively. The bottom surface of the micro-hole machined with the reference voltage
of 2 V was significantly smooth, enabling clear observation of the grain boundary of the
crystal structure. However, at the reference voltage of 3 V, the micro-holes show a pore
structure at the bottom. This is because the current density is low with the larger working
gap width when the reference voltage is 3 V. This result agrees with the well-established
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fact that higher current density results in smoother surface roughness in ECM. Fig. 3.26
shows the inlet side gap width of the micro-holes machined with different reference
voltages. Since the current density in the side gap decreases with decreasing reference
voltage, the material dissolution in the side gap decreased, resulting in a smaller inlet side
gap width. Thus, at the reference voltage where the MRR peaks, the side gap width is
tolerably narrow. This conclusion can be verified in the next section.

(b) Reference voltage of 3V

Fig. 3.25 Micro-holes with different reference voltages at C1=47 pF
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Fig. 3.26 Inlet side gap width with different reference voltages at C1=47 pF
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Fig. 3.27 Displacement of tool electrode with different reference voltages at C1=47 pF

3.4.3.3 Material removal rate

The displacement of the tool electrode with different reference voltages is shown in
Fig. 3.27. The electric charge per each pulse period q flowing through the working gap
can be expressed as q=C1Eo using the amplitude of pulse voltage Eo and the feeding
capacitance Ci. Hence, the material removal rate should be the same with the same
feeding capacitance C; using the electrostatic induction feeding method. However, it can
be seen from Fig. 3.27 that lower reference voltage results in faster feeding speeds. This
is because higher current density can be obtained in a smaller working gap width which
is proportional to the reference voltage. Hence, the electrochemical dissolution is mainly
confined to the bottom gap, resulting in a lower stray current in the side gap and on the
un-machined workpiece surface. However, it was found that the machining time with the
reference voltage of 1.5 V was longer than that with the reference voltage of 2 V. This is
because the tool electrode is frequently retracted due to short circuiting as a result of the
significantly small working gap. After the gap width is widened, many bubbles and
electrochemical products are generated, thereby the electrochemical conductivity of the
gap is decreased. Thus, the tool electrode is fed forward to decrease the gap width.
Therefore, the degree of machining instability can be measured from the amplitude of
oscillation in the displacement of the tool electrode. On the other hand, the machining
could not be completed with the reference voltage of 3 V, because the current efficiency
was significantly low under the conditions of low current density with large working gap
width. In addition, many bubbles and electrochemical productions were generated in the
narrow working gap during the ECM process, which can cause the short circuit between
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Fig. 3.28 Material removal rate with different reference voltages at C1=47 pF

Table 3.6 Experimental conditions for electrostatic induction feeding EDM

Amplitude [V] 70
Pulse voltage Frequency [Hz] 100k, 1 M
Duty factor [%] 50
Feeding capacitance Ci [pF] 470
Tool electrode Tungsten (@150 pum)
Tool electrode rotation [rpm] 3000
Machining medium Discharge oil
Workpiece Stainless steel (SUS) plate
Polarity Workpiece: +

electrodes. Hence, the tool electrode is quickly retreated when the servo feed system
detects the short circuit resulting in the vibration of displacement of tool electrode as
shown in Fig. 3.27. The material removal rate was defined as the material removal volume
divided by the machining time. The material removal rates at different reference voltages
are summarized in Fig. 3.28. As described above, the stray current reduces the MRR. In
addition, the current efficiency depends on the current density. Hence, the MRR peaked
at the reference voltage of 2 V under the feeding capacitance C1=47 pF. With the
experimental conditions in Table 3.6, Koyano' investigated the material removal rate
with the electrostatic induction feeding EDM as shown in Fig. 3.29, which was much
higher compared with the electrostatic induction feeding ECM shown in Fig. 3.28. In
EDM, the discharge occurs only at a single discharge location per each pulse, hence,
volumetric removal rate is constant. As a result, the volumetric removal rate of ECM is
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significantly high, compared with EDM when the machining area is large. In Micro ECM,
however, the advantage of the high removal rate is lost, because the machining area is
small.
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Fig. 3.29 Material removal rate with electrostatic induction feeding EDM™?
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Fig. 3.30 Tool electrodes before and after machining

3.4.3.4 Tool wear
Moreover, at the end of experiment, the wear of the tool electrode was measured as

shown in Fig. 3.30. Almost no tool wear was observed, even though the current was
bipolar with the electrostatic induction feeding method. This result agrees with the report
by Manabe and Kunieda”™ who found that the temperature rise in the thin rod tool
electrode, which is higher than that in the plate workpiece, prevents the wear of the thin
rod tool electrode.
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3.4.4 Machining with different feeding capacitances

The electric charge per each pulse g can be expressed as q=C1Eo. Hence the material
removal rate should be increased by increasing the feeding capacitance Ci. Using the
calculation method described in Section 2.2, the gap voltage and current with feeding
capacitances of C1=47 pF and 68 pF were calculated as shown in Fig. 3.31, assuming that
the gap resistance is 300 Q. The gap voltage and current increased with increasing feed
capacitance Ci. Fig. 3.32 shows the voltage and current waveforms measured with C1=68
pF and the reference voltage of 2.5 V. Compared with Fig. 3.24 where C1=47 pF and the
reference voltage is 2.5 V, the gap voltage and current peak increased with larger Ci.
However, the pulse duration time was the same for both C1=47 pF and 68 pF because the
pulse duration is determined by the rising and falling time of the pulse voltage.
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Fig. 3.31 Gap voltage and current with feeding capacitance C1= 47 pF and 68 pF
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Fig. 3.32 Waveforms of pulse voltage, current and gap voltage with feeding capacitance
C1=68 pF

3.4.4.1 Experimental conditions
The tool electrode was a tungsten rod 50 um in diameter fabricated by the wire electro-
discharge grinding method (WEDG). The workpiece was a stainless steel (SUS304) plate.
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NaCl aqueous solution of 2 wt% was used as the electrolyte, and jetted from a nozzle with
an inner diameter of 200 um, which was set close to the machining gap, at a flow rate of
10 ml/min. The tool electrode was positioned over the workpiece with an initial gap width
of 10 um. Micro-holes were machined with C1= 68 pF under the conditions shown in
Table 3.7. The reference voltage was varied at 2 V, 2.5V, 3V and 3.5 V. The initial gap
width and feeding distance of the tool electrode were set as 10 um and 40 pum, respectively,
which were the same as Section 3.4.3.

Table 3.7 Experimental conditions used with large feeding capacitance

Amplitude [V] 20
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 68
Electrolyte NaCl ag. 2 wt%
Tool electrode rotation [rpm] 3000
Reference voltage [V] 2,25,3,35
Tool electrode @50 um tungsten
Workpiece Stainless steel (SUS) plate
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(a) Reference voltage of 2.5 V

(b) Reference voltage of 3.5V

Fig. 3.33 Micro-holes with different reference voltages at C1=68 pF
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3.4.4.2 Inlet side gap width

Micro-holes machined with the reference voltages of 2.5 V and 3.5 V are shown in Fig.
3.33. The surface finish was smoother with the lower reference voltage in the same way
as that in Fig. 3.25.

Inlet side gap widths with different reference voltages are shown in Fig. 3.34. The inlet
side gap widths when C1= 68 pF were nearly equal to those in Fig. 3.26 when C1=47 pF
under the same reference voltage.
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Fig. 3.34 Inlet side gap width with different reference voltages at C1=68 pF
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Fig. 3.35 Material removal rate with different feeding capacitances at C1=68 pF

3.4.4.3 Material removal rate
Fig. 3.35 shows the displacements of the tool electrode at different feeding capacitance
of C1=47 pF and 68 pF when the reference voltage was 2.5 V. Higher material removal
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rate could be obtained with the larger feeding capacitance of 68 pF. It was also found that
the amplitude of feeding back and forth the tool electrode was much larger than that with
C.1=47 pF. More metal sludge and bubbles are thought to be generated from the
electrochemical reaction with the higher material removal rate in the working gap. The
electrolyte temperature is higher due to higher Joule heating, resulting in boiling of the
electrolyte. Hence, it may be difficult to keep the average peak voltage equal to the
reference voltage without a large retraction motion of the tool electrode.

Material removal rates at different reference voltages are shown in Fig. 3.36. The
material removal rates are significantly higher compared with Fig. 3.28 where C1=47 pF.
As shown in Fig. 3.31, larger Cy results in higher gap voltage under the same gap width.
Hence, the frontal gap width should be narrower when C1=68 pF than when C1=47 pF
under the same reference voltage. Thus, the reference voltage at which the MRR peaks
was 2.5 V when C1=68 pF, higher than that when C1=47 pF.
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Fig. 3.36 Material removal rate with different reference voltages

3.4.5 Through-holes machining

Through-holes were machined to investigate the straightness of the holes machined
with different reference voltages.
3.4.5.1 Experimental conditions

The tool electrode was a tungsten rod 50 um in diameter fabricated by the wire electro-
discharge grinding method (WEDG). The workpiece was a stainless steel (SUS304) plate
of 50 um in thickness. NaCl aqueous solution of 2 wt% was used as the electrolyte, and
jetted from a nozzle with an inner diameter of 200 um, which was set close to the
machining gap, at a flow rate of 10 ml/min. The tool electrode was positioned over the
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workpiece with an initial gap width of 10 um. The machining conditions are shown in

Table 3.8. A feeding capacitance of 47 pF was used to obtain higher accuracy.

Table 3.8 Experimental conditions used to machine through-holes

Amplitude [V] 20
Pulse voltage Frequency [Hz] 500 k

Duty factor [%] 50

Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaCl ag. 2 wt%
Tool electrode rotation [rpm] 3000
Reference voltage [V] 2,25
Tool electrode @50 um tungsten

i Stainless steel (SUS) plate 50
Workpiece o
um in thickness

3.4.5.2 Straightness of through-holes

Fig. 3.37 shows machined through-holes at different reference voltages. It took 15.64
min and 14.28 min with the reference voltage of 2 V and 2.5V, respectively. Since the
machining process at last stage became not as stable as initial machining process with a
small working gap, the lower reference voltage of 2 V, which results in a smaller working
gap, took a little longer time to complete the machining. The inlet side gap width and
outlet side gap widths are shown in Fig. 3.38. Both the inlet and outlet side gap widths
were smaller with the lower reference voltage of 2 V, because the working gap is smaller
with lower reference voltage. The taper of through-hole can be evaluated by the difference
between the inlet and outlet side gap widths. However, there was no significant difference
between the reference voltages of 2 V and 2.5 V in taper, as shown in Fig. 3.38. This is
because the taper angle was determined not only by the gap width, which is controlled by
the reference voltage, but also by the total time during which the stray current flows in
the gap. In addition, the side wall of the reference voltage of 2 VV was smoother than the
2.5 V. This is because the current density is higher in the smaller gap width with lower
reference voltage. However, it should be noted that the side walls were significantly rough
compared with the bottom surfaces shown in the previous sections. This is because the
side surface was roughened under the low current density in the large gap.
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Fig. 3.37 Machined through-holes with different reference voltages
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Fig. 3.38 Inlet and outlet side gap width of through-holes with different reference
voltages

3.4.5.3 Machining accuracy comparison with micro-EDM

Micro-EDM using the electrostatic induction feeding method shows the highest ability
to obtain minimum machinable size in EDM"®. Koyano'? investigated the influence of
rotation speed of the tool electrode on the machining accuracy of micro-holes as shown
in Fig. 3.39. The experimental conditions are shown in Table. 3.8. The diameter of tool
electrode was 80 pm and the thickness of workpiece (SUS304) was 100 pm. It is found
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that the inlet side gap width of EDM was about 3-4 um, which was 3.75%-5% of the
diameter of the tool electrode. In the present ECM process, the inlet side gap width was
about 4 um, which was 8% of the diameter of the tool electrode. On the other hand, the
outlet side gap width was smaller than 1pm with the EDM process, which was smaller
than 1.25% of the diameter of the tool electrode. With the ECM process, the outlet side
gap width was about 3um, which was 6% of the diameter of the tool electrode. Hence,
the gap width of the electrostatic induction feeding ECM was larger than the electrostatic
induction feeding EDM process. However, order is almost the same. Thus, it can be
concluded that the machining accuracy of the present ECM can compete with that of
micro-EDM.

Table 3.8 Experimental conditions to investigate the influence of tool rotation speed

Amplitude [V] 140
Pulse voltage Frequency [Hz] 800 k

Duty factor [%] 50
Dielectric EDM oil
Feeding capacitance C1 [pF] 16
Tool electrode Tungsten (©80 um)
Workpiece Stainless steel (SUS304)
Rotation [rpm] 1000, 50000
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Fig. 3.39 Inlet and outlet side gap width with different rotation speeds’?

3.5 Conclusions

Since the working gap was significantly small with the electrostatic induction feeding
ECM, collision between electrodes easily occurred between electrodes. In order to avoid
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the collision and improve the machining accuracy, servo feed control system was
developed based on the characteristics of electrostatic induction feeding ECM. The
machining characteristics of the servo feed control were investigated.

Using the conventional servo feed control system by monitoring the average gap
voltage, the machining characteristics were investigated. Micro-holes with smooth
bottom surface were successfully drilled using the average gap voltage method. The inlet
side gap width increased with increasing the reference voltage, because the
electrochemical reaction occurred in the larger gap width with the higher reference
voltage. However, the material removal rate did not change obviously with different
reference voltages. It is considered that the average gap voltage was 200 mV or less due
to the pulse duration of several tens of ns with significantly low duty ratio. Hence, the
gap control accuracy was not sufficiently high with the average gap voltage method
because of the low S/N ratio. In order to solve the problem of low S/N ratio and improve
the gap control accuracy, a new method with monitoring the peak gap voltage was
developed. The peak voltage was detected and held to obtain a high input voltage for the
servo feed control system, and it was reset in every period to keep a high response.
Compared with the average gap voltage method, the gap control sensitivity was improved
by increasing the S/N ratio. With the peak voltage method, lower reference voltage
resulted in higher material removal rate, because of the smaller working gap, leading to
higher current density on the bottom surface. Thus, current is concentrated on the bottom
surface, and furthermore the current efficiency is increased. However, the material
removal rate decreased with a significantly small reference voltage because the tool
electrode frequently retracted due to the collision between electrodes with a significant
small working gap. Hence, the material removal rate peaks at an optimum reference
voltage. In addition, the material removal rate was higher with larger feeding capacitance
C1. This is because the electric charge per each pulse is proportional to C;. The inlet side
gap width was nearly the same independent of Ci1. With the peak gap voltage method,
through-holes of 50 pm in diameter were machined on a stainless steel (SUS304) plate of
50 um in thickness with different reference voltages. The diameter of the hole was smaller
and the surface roughness on the side wall was smoother with the reference voltage of 2
V than that with 2.5 V.

Comparison of the straightness and side gap width of the holes drilled by the present
ECM method with those of micro EDM shows that the machining accuracy of the present
method can compete with that of micro EDM. Furthermore, the material removal rate of
the electrostatic induction feeding EDM was much higher than the ECM. In EDM, the
discharge occurs only at a single discharge location per each pulse, hence, volumetric
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removal rate is constant. As a result, the volumetric removal rate of ECM is significantly
high, compared with EDM when the machining area is large. In micro ECM, however,
the advantage of the high removal rate is lost, because the machining area is small.
Considering that ECM has advantages of no heat affected zone, no crack, and good
surface equality, there is a possibility that the electrostatic induction feeding ECM can be
used in place of micro EDM preferably in the finish machining.
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Chapter 4 Fabrication of micro-rods

4.1 Introduction

Chapter 3 investigated the influence of working gap on machining accuracy in the
electrostatic induction feeding ECM, and developed a servo feed control system to control
the small working gap. Based on the research results in Chapter 3, micro-rods with a high
machining accuracy were machined utilizing the small working gap.

Recent changes in demands from society have gradually led to the introduction of
accurate and precise micro-tools for the micromachining of complex micro features in a
wide range of engineering materials. Micro-rods have been widely used as tools in micro
drilling and micro machining of 3D structures®?, probes in measuring system, and micro
emitters for electrons and ions. When they are used for micro tools, there are many
applications in various industries such as aerospace, biomedical, automobile, healthcare
and consumer electronics. For the fabrication of micro tools with small dimensions, the
available machining methods are those used in the integrated circuits industry such as
lithography, electroforming, LIGA, and focused ion beam machining”. However, special
costly machining equipments required for these methods lead to high costs and complex
processes. On the other hand, micro tools have been successfully fabricated by micro
electrical discharge machining (micro EDM). However, drawbacks such as the wear of
the tool electrode and heat-affected zones below the machined surface exist due to the
thermal effect of this process. Spur et al.”® discovered that thin fins cut by wire EDM
may bend due to the residual stress caused by the EDM process when fin thickness is
smaller than 0.1mm in rough cutting. Sundaram and Rajurkar’” analyzed the causes of
surface cracks and material exfoliation after machining of micro rods by WEDG.
Therefore, it is necessary to find alternative processes that can avoid the above mentioned
drawbacks to fabricate micro rods. Electrochemical machining (ECM) is an anodic
electrochemical dissolution process’™. It has such advantages as no generation of burrs,
cracks, nor heat-affected zones on the machined surface. Schuster et al.*® found that use
of ultra-short pulse in the order of several tens of ns realizes micro interelectrode gap
which is equivalent to micro EDM. 3D features were machined on stainless plate with a
platinum electrode of 10um in diameter'”). Hence, ECM is a potential method for
fabricating precision micro tools. Mathew and Sundaram’® fabricated micro-rods using
a long pulse duration of 5ms as shown in Fig. 4.1, and the machining accuracy was
deteriorated by an obvious taper at the root of the micro-rod as shown in the red ellipse.
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This is because the electrochemical reaction cannot be localized in a small working gap
with the long pulse duration of 5ms, and the material dissolution occurred in a large
working gap. Hence, it is difficult to machine a precise micro-rod with a shape stage at
the root area of the micro-rod. Therefore, the electrostatic induction feeding method was
used to generate an ultra-short pulse duration of several tens of ns to localize the
electrochemical dissolution in a small working gap. It is possible to machine a micro-rod
with straight side surface and a shape stage at the root area due to the significantly small
working gap.

D;

Anode
. Constant radial gap

I |

Fig. 4.1 Micro-rod machining using current in radial gap

This chapter describes the micro-rods machining with the electrostatic induction
feeding ECM. The machining characteristics with the two different machining methods:
the feeding of workpiece in axial direction and feeding of workpiece in radial direction,
were investigated using the sodium chloride (NaCl) aqueous solution as electrolyte.

4.2 Machining methods of micro-rod

Fig. 4.2 shows the machining method of micro-rods used in this research. The pulse
power is supplied by the electrostatic induction feeding method. The workpiece can be
fed in axial and radial direction and there are two gaps formed during machining, axial
gap and radial gap. A stainless steel (SUS304) rod of 200pum in diameter was fabricated
by wire electro discharge grinding (WEDG) method®® and used as the workpiece of micro
ECM. The tool electrode was a tungsten plate. Stainless steel was used as the rod material
because stainless steel is a widely used material. ECM is often used to machine
mechanical parts, bearings, medial parts, micro needles, micro probes, hydraulic channels
and pipes, because complicated shapes can be machined with higher MRR than milling
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and mirror like finishing. Considering these applications, stainless steel is a suitable
material to investigate machining characteristics using ECM. There are many applications
of stainless micro rods such as micro needles for medical use, micro pipes for micro
fluidics and reactors, micro dispensors in electronics industries, and micro probes.
Stainless micro rods are also useful as micro tool electrodes in ECM because there is no
tool wear in ECM.

The electrolyte was sodium chloride aqueous solution. It is reported that the working
gap width can be decreased using lower concentration of electrolyte in micro ECM®: 89,
Hence, the sodium chloride aqueous solution with low concentration of 2wt% was
selected. During machining, the electrolyte was supplied from a nozzle with the inner
diameter of 200pm to the machining gap at the flow rate of 10ml/min.

In order to obtain the pulse voltage of the electrostatic induction feeding method, the
output of a function generator (Agilent, 33250A) was amplified by a bipolar amplifier
(NF Corporation, HSA4101). As mentioned Section 1.8.2, the bipolar current of
electrostatic induction feeding method may result in the tool wear when the polarity of
the tool electrode is positive. Hence, a diode was attached in parallel to the working gap
to avoid the wear of the tool electrode as shown in Fig. 4.3.

The servo feed control system developed in Chapter 3 was used in Chapter 4 to machine
micro-rods, and the experimental results were shown in Section 4.3.4. However, the
machining process was not as stable as the constant feed speed method. In addition, the
constant feed speed method is more suitable for the fundamental research to get a deep
insight into the process. Hence, the constant feed speed method was mainly used in
Chapter 4.
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Fig. 4.2 Micro-rod machining method

Feeding capacitance C,

EQ) Workpiece
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Tool electrode ——
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Fig. 4.3 Diode was used to avoid tool wear
4.3 Micro-rod machining with feeding of workpiece in axial

direction

4.3.1 Influence of voltage amplitude

In order to investigate the influence of voltage amplitude on machining characteristics,
the total amplitude of voltage was set as 90V, 100V and 110V, respectively.
4.3.1.1 Experimental conditions

The materials and size of electrodes are shown in Fig. 4.4. The materials of workpiece
and tool electrode were stainless steel (SUS304) and tungsten, respectively. Stainless steel
was used as rod material, because there are many applications of stainless micro rods such
as micro needles for medical use, micro pipes for micro fluidics and reactors, micro
dispersors in electronics industries, and micro probes. Tungsten was used as tool electrode
because of the same reason described in Chapter 3. The workpiece rod was cut off from
the reel of the stainless steel wire with diameter of 300um and reshaped by the wire electro
discharge grinding (WEDG) method to make it sufficiently straight, resulting in a
reshaped size of 200um in diameter and 300pum in length as shown in Fig. 4.5(b). The
workpiece rod was positioned over the tool electrode with an initial axial gap width of
5um before machining. The depth of cut in the radial direction was set at various values,
and kept constant during machining. The feed distance in the axial direction was increased
at a constant feed speed. Hence, the depth of cut in the radial direction and the feed
distance in the axial direction determine the diameter and length of micro-rod machined,
respectively. As shown in Fig. 4.4, two gaps are formed during machining, axial gap and
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radial gap. The current should mainly flow through the axial gap, while the current in the
radial gap should be limited because it would deteriorate the machining accuracy.

@200pm

z Feeding direction Workpiece:
________ < Stainless steel (SUS304)
X Rotation

Dept of cut > i<

ialgap —/ | 1V Feed distance
Tgol electrode:
ungsten 1
a , Radial gap
111
=.
o
o
m— — 7 7
mm

Fig. 4.4 Micro-rod machining with feeding of workpiece in axial direction

Reshaped length 300um

®200um

|

(a) Stainless steel (SUS304) wire  (b) Reshaped workpiece by WEDG
Fig. 4.5 Reshaped workpiece by WEDG

Table 4.1 Experimental conditions used for feeding of workpiece in axial direction

method

Amplitude [V] 90, 100, 110
Pulse Frequency [Hz] 500k
voltage Duty factor [%] 50

Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaCl aq. 2wt%
Tool electrode rotation [rpm] 3000
Feed speed [jm/s] 0.2,0.3,0.4, (it(i) (161 0.7,0.8,0.9,
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The experimental conditions are shown in Table 4.1. The total amplitude of pulse
voltage was 90V, 100V and 110V, and the tool electrode was a tungsten plate with the
surface size of 7mmx12mm, and the thickness of 300um. The depth of cut in the radial
direction was set as 50pum. The feed speed was set between 0.2um/s and 1.1um/s with an
increment of 0.1um/s.
4.3.1.2 Machinable length limitation

Fig. 4.6 shows the gap current and voltage waveforms with the pulse voltage amplitude
of 90V and feed speeds of 0.4um/s and 0.7um/s. The gap current increased and voltage
decreased due to the smaller gap width and gap resistance with the higher feed speed.
Figs. 4.7(a) and (d) show micro-rods with feed speeds of 0.2um/s and 0.8um/s,
respectively. With the significantly low feed speed of 0.2um/s, many corrosion pits, which
were generated by pitting corrosion, are observed on the side and shoulder surfaces of the
micro-rod. Since the end surface is dissolved completely, it is difficult to obtain long
micro rods with significantly low feed speeds. It is known that pitting corrosion occurs
more easily with lower current density®V. Furthermore, since the current density in the
axial gap is low, the remaining current flows through the side and end surfaces because g
is constant independent of the feed speed. Hence, the radial gap width increases, and
pitting corrosion may occur not only on the shoulder surface but also on the side and end
surfaces. With the higher feed speed of 0.8um/s, the pitting corrosion is almost invisible
on the shoulder surface, because of the small gap width in the axial gap. However,
scratches were observed over the shoulder surface caused by collision between electrodes.
This is because the gap width was significantly small with the feed speed of 0.8um/s. The
probability of collision increases with increasing feed distance because the stray current
in the radial gap area is increased, resulting in decreased current density in the axial gap.

Y. Pulsevoltage | |y Pulsevoltage]
I / — / oV [rfr——— S
OV [ - i o] W i) —
' N0V £ oV - ' _
4 i Gap current ' N : Gap current
“ T124mA, ,\% . T T127mA, L
OAT T N fs T 0A TR T j
 400ns : - 400ns j -
<> . 1/_ . G&}p VOItage ! ¥ Gapﬁvo“age
, | [28. 1 i , i [26. : L
ovk ‘4\28 VA | ov b ‘4\26 8V
(a) Feed speed 0.4um/s (b) Feed speed 0.7um/s

Fig. 4.6 Waveforms with voltage amplitude of 90V
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Side surface

Scratch ~

(d) Feed speed of 0.8um/s

Fig. 4.7 Micro-rods with voltage amplitude of 90V and feed speeds of 0.2, 0.4, 0.5 and
0.8um/s

To machine micro rods with high aspect ratio, the change in the machinable length
limitations with different feed speeds was measured, and the experimental results are
shown in Fig. 4.8. When the feed speed is low, pitting corrosion is likely to occur, and its
probability increases with increasing the feed distance, because the increased radial gap
area decreases the current density in the axial gap furthermore. Hence, the machinable
length limitation is determined by the occurrence of pitting corrosion with lower feed
speeds. Thus, with increasing feed speed, the limit increases. On the other hand, with
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Fig. 4.8 Machinable length limitations with different feed speeds
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Fig. 4.9 Corrosion pits on micro-rod and profile with voltage amplitude of 100V and feed
speed of 0.6um/s

higher feed speed, the probability of collision increases with increasing feed speed. Figs.
4.7(b) and (c) show micro-rods with machinable length limitations at the feed speeds of
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0.4pm/s and 0.5um/s, respectively. The length was decreased with feed speed of 0.5um/s
because the probability of collision increased with higher feed speed. Hence, the
machinable length limitation peaks at a certain feed speed which is named the optimum
feed speed. The peak is called the maximum length of micro-rod for a specific pulse
voltage Eo. The optimum feed speed increases with increasing Eo, because q=C:Eo. It is
also found that the maximum length of micro-rod increases with increasing Eo.

4.3.1.3 Surface finish

The surface finish of micro-rod was smooth, as shown in Fig. 4.9, because the ECM is
an anodic electrochemical dissolution process. However, some corrosion pits were
generated by pitting corrosion on the side surface resulting in deterioration of the surface
finish. To investigate the influence of machining conditions on pitting corrosion, the total
number of corrosion pits generated on the side surface of micro-rod was measured. To
obtain the total number, SEM photos of both sides were taken. Then the total number
divided by the area of side surface was named the number of corrosion pits per unit area
in this research. Fig. 4.10 shows the number of corrosion pits per unit area with different
voltage amplitudes. It was found that the number of corrosion pits per unit area is
minimum at the optimum feed speed at which the maximum length of micro-rod was
obtained. This is because the electrochemical dissolution rate is in best balance with the
feed speed, resulting in higher current efficiency in the axial gap and fewer corrosions in
the radial gap.
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4.3.1.4 Straightness of micro-rod
It is noted that the side surface of micro-rod was not sufficiently straight as shown in
Figs. 4.7(b) and (c), and a taper was generated after machining. This is because the
material was removed not only in the axial gap, but also in the radial gap. In this
experiment, the taper angle 0 was defined as the included angle between the side surface
and rod axis as shown in Fig. 4.11. In order to measure the taper angle 6 of the micro-rod,
diameters were measured with the same interval 4x by SEM as shown in Fig. 4.11. Then
least squares fit was used to simulate the side surface of the micro-rod and calculate the
taper angle 6. With the voltage amplitude of 90V and the feed speeds of 0.4pum/s and
0.6um/s, the equations of the side surface were:
y = —35.487 + 0.355x feed speed 0.4um/s
y = —40.368 + 0.034x feed speed 0.6um/s
The above equations are shown in Fig. 4.12, where 01 and 6, are the taper angles.

0

Fig. 4.11 Diameter measuring for calculating taper angle

65
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E.- 55 | 0.6um/s
c
2
‘D L
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0 50 100 150 200 250 300

Axial position [um]
Fig. 4.12 Taper angle calculation with the feed speeds of 0.4um/s and 0.6pm/s
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The 6 with different voltage amplitudes and feed speeds is shown in Fig. 4.13. With the
same feed speed, the taper angle was larger with increasing the voltage amplitude. This
is because the gap width was increased with increasing the voltage amplitude. With the
same voltage amplitude, the taper angle decreased with increasing feed speed. Since the
current in the axial gap increased due to the smaller gap width with higher feed speed, the
stray current in the radial gap decreased because of constant q=C1Eo per pulse. Hence,
the taper angle decreased with higher feed speed.

12

Taper angle 6 [°]
»

s | E,=90V
E,=100V
E,=110V
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0 05 1 15

Feed speed [um/s]

Fig. 4.13 Taper angle with different voltage amplitudes and feed speeds

Fig. 4.14 Model of current density calculation

4.3.1.5 Gap current simulation corresponding to different feed speeds
In order to verify the result of small taper angle with higher feed speed, a 3D model
was built to calculate the current density distribution using COMSOL Multiphysics as
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shown in Fig. 4.14. Since the electric charge per pulse q=CiEo is constant with the
electrostatic induction feeding method, the constant current of 95mA during the pulse
duration of 40ns was assumed based on the experimentally obtained waveforms. Hence,
the total current flowing through the workpiece surfaces I (radial surface of workpiece
rod un-machined), II (shoulder surface), II(radial surface) of micro rod machined by
ECM and IV(end surface) was set at 95mA and the potential of the tool electrode surfaces
Vand VI was set as ground. Then, other surfaces were assumed as electrically insulative.
The mesh size was a user-controlled mesh with extra fine element size. The axial gap
width was varied at 2pum, 4pm, 6pum, 8um and 10pm, which corresponds to the change in
the feed speed, while the radial gap width was assumed to be constant at 12pum
independent of the axial gap width. The electrolyte was sodium chloride (NaCl) aqueous
solution with concentration of 2wt%. Fig. 4.15 shows the simulation results of the current
density distribution on the workpiece surface. The current density on the side surface of
the workpiece was averaged along y=0 and plotted in the graph with the axial gap width.
It is found that the smaller axial gap width results in lower current density in the radial
gap. This can well explain why the taper angle decreased with increasing feed speed as
shown in Fig. 4.13.

1) Gap width 2um 2) Gap width 6pum 3) Gap width 10um
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Fig. 4.15 Simulation of influence of axial gap width on current density distribution on

workpiece surface
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4.3.2 Influence of thickness of tool electrode

* The taper and corrosion pits were generated by the stray current flowing through the
radial gap during machining. Hence, it is considered that decreasing the influence of stray
current plays an important role in improving machining accuracy. Thus, the thickness of
tool electrode was changed to decrease the area of radial gap and current flowing through
it.
4.3.2.1 Experimental conditions

The experimental conditions are shown in Table 4.2. The total amplitude of pulse
voltage was 90V. The materials of workpiece and tool electrode were stainless steel
(SUS304) and tungsten, respectively. The workpiece was prepared in the same way as
shown in Fig. 4.5. The tool electrode was a tungsten plate with surface area of 7x12mm?,
Thickness was varied at 25um, 50um and 300um. The workpiece was positioned over the
tool electrode with an initial axial gap width of Sum. The depth of cut in the radial
direction was set as 50um, and the feed distance in axial direction was continued until the
machinable length limitation corresponding to each feed speed. The feed speed was

changed from 0.2um/s to 1pm/s with an increment of 0.1pum/s.

Table 4.2 Experimental conditions used to investigate influence of thickness of tool

electrode

Amplitude [V] 90
Pulse Frequency [Hz] 500k
voltage Duty factor [%] 50

Rise/fall time [ns] 40
Feeding capacitance Cy [pF] 47
Electrolyte NaCl ag. 2wt%
Tool electrode rotation [rpm] 3000
Feed speed [pm/s] 0.2,0.3,0.40.5,0.6,0.7,0.8,0.9,1.0
Thickness of tool electrode [um] 25, 50, 300

4.3.2.2 Machinable length limitation

Fig. 4.16 shows the waveforms of gap current and voltage with tool electrode of 25um
in thickness and feed speeds of 0.6um/s and 0.7um/s. Compared with Fig. 4.6, where the
thickness of tool electrode was 300um and the feed speed was 0.7um/s, the peak of gap
current decreased from 127mA to 96mA with decreasing the thickness of tool electrode.
This is because the gap resistance increased due to the decrease in the gap area with
decreasing thickness of the tool electrode. Fig. 4.17 shows the micro-rods machined with
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a tool electrode of 25um in thickness and feed speeds of 0.6pum/s and 0.7um/s, of which

the machined length limitation was 250um and 179um, respectively.
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(a) Feed speed 0.6um/s

(b) Feed speed 0.7um/s

Fig. 4.16 Waveforms with tool electrode of 25um in thickness and feed speeds of
0.6um/s and 0.7um/s

&

Frﬁntal surface
a

(b) Feed speed of 0.7um/s

Fig. 4.17 Micro-rods with tool electrode of 25um in thickness and feed speeds of 0.6um/s
and 0.7pum/s

Fig. 4.18 shows the machinable length limitations with different thicknesses of tool
electrode. For each thickness, the maximum length of micro-rod was obtained at the
optimum feed speed. It is found that the maximum length of the micro-rod increased with
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decreasing thickness of the tool electrode. When the thickness of the tool electrode was
decreased, the stray current flowing through the radial gap decreased due to the decrease
in the gap area. Furthermore, since the electric charge q=CiEo is constant with the
electrostatic induction feeding method, the current in the axial gap increased, resulting in
the increase in the maximum length of micro-rod.
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Fig. 4.18 Machinable length limitations with different thicknesses of tool electrode

4.3.2.3 Gap current simulation corresponding to different tool thicknesses

In order to study the change in the gap current with decreasing thickness of the tool
electrode, a 3D model was built in COMSOL Multiphysics. The model was almost the
same as in Fig. 4.14, except that the gap width of the axial gap was constant at 8yum and
the thickness of tool electrode was varied at 25um, 50um, 100pum, 147um, 200pum and
300um, respectively. A constant current of 95mA was set on the working surface. Fig.
4.19 shows the simulation results of the current density distribution on the workpiece
surface. The current density on the shoulder gap was averaged along y=0 and plotted in
the graph with the tool electrode thickness. The average current density in the axial gap
increased with decreasing thickness of the tool electrode. Hence, it is found that longer
micro-rod can be machined with smaller thickness. The difference in the current density
was small between the thickness of 200um and 300um, because the length of the micro-
rod was set as 150um shorter than the thickness of the tool electrode in the model,
resulting in a smaller change in the current density with increasing thickness.
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Fig. 4.19 Simulation of influence of tool electrode thickness on current density on
workpiece surfaces
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Fig. 4.20 Influence of thickness of tool electrode on taper angle

4.3.2.4 Straightness of micro-rod

Fig. 4.20 shows the taper angle & with different thicknesses of the tool electrode. The
taper angle was minimum at the optimum feed speed at which the maximum length of the
micro-rod was obtained, when tool electrodes of 25um and 50um in diameters were used.
This is because the influence of the stray current in the side surface of the workpiece can
be decreased using tool electrodes with thickness thinner than the length of the micro-rod
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as shown in Fig. 4.19 (1) and (2). The minimum taper angle was smaller with thinner tool
electrodes. This is because the current mainly flows in the root area, whereas on the side
surface of the workpiece, the current density is significantly low.
4.3.2.5 Surface finish

Fig. 21 shows the influence of thickness of the tool electrode on pitting corrosion, when
the rod workpiece was fed with the same distance and the same feed speed of 0.5um/s. It
is found that the corrosion pits per unit area decreased with decreasing the thickness of
the tool electrode especially at the edge of the end surface. Since some stray current flew
through the end of micro-rod during machining, the corrosion at the edge of the end
surface was serious.

(a) Micro-rods with different thicknesses of tool electrode: (1) 300um and (2) 25um

0.0015
S5 00012
8_:'\1_'
2 5 00009 t
¥
§'g 00006
2 5
£ 00003 |
O

0.0000

25 50 300

Thickness of tool electrode [um]

(b) Corrosion pits per unit area with different thicknesses of tool electrode

Fig. 4.21 Corrosion pits with different thicknesses of tool electrode

Fig. 4.22 shows the surface finish before and after machining with the thickness of the
tool electrode of 25um. The surface before machining was prepared by WEDG with the
discharge capacitance of 10pF. Compared with the EDM surface, the surface finished by
ECM was much smoother. Fig. 4.23 shows the corresponding profiles measured using a
laser confocal microscope (Olympus, OLS3000). Despite the smoother surface after
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machining, it is noted that there is a larger taper angle generated compared with the EDM
surface.
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Fig. 4.22 Surface finish before and after machining with thickness of tool electrode of
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Fig. 4.23 Profiles before and after machining with thickness of tool electrode of 25um

4.3.3 Influence of surface area of tool electrode

Stray current may flow over the top surface of the tool electrode where the distance
from the axial gap is even far, which decreases the current density in the axial gap,
because the electric charge per pulse q=C1Eo is constant. In addition, the current in the
radial gap may also increase with increasing top surface area of the tool electrode, because
the radial gap area increases. Hence, there is a necessary to investigate the influence of
the top surface area of tool electrode on the machining characteristics.
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4.3.3.1 Experimental conditions

The experimental conditions are shown in Table 4.3. In order to investigate the
influence of the top surface area of the tool electrode on the machining characteristics,
tool electrodes of two sizes were used in the experiment as shown in Fig. 4.24, which
were named as large area and small area tool electrodes. The workpiece was positioned
over the tool electrode with an initial axial gap width of 5um. The depth of cut in the
radial direction was set as 50um, and the feed in the axial direction was continued until
the machinable length limitation corresponding to each feed speed. The feed speed was

changed from 0.4pum/s to 1pum/s with an increment of 0.1pm/s.

Table 4.3 Experimental conditions used to investigate surface area of tool electrode

Amplitude [V] 90
Pulse Frequency [Hz] 500k
voltage Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47
Electrolyte NaCl aqg. 2wt%
Tool electrode rotation [rpm] 3000
Feed speed [pum/s] 0.4,0.5,06,0.7,0.8,09,1.0

(a) Large area tool electrode (b) Small area tool electrode

Fig. 4.24 Tool electrodes with different top surface areas

4.3.3.2 Machinable length limitation

Fig. 4.25 shows the micro-rods machined with the small area tool electrode and feed
speeds of 0.7um/s, which was the optimum feed speed, and 0.9um/s. Fig. 4.26 shows the
comparison of the machinable length limitation between the small and large tool
electrodes. The optimum feed speed of the small area tool electrode was slightly higher,
however, the difference in the maximum machinable length was small.

100



(@) 0.7um/s (b) 0.9um/s

]

Fig. 4.25 Micro-rods with small area tool electrode and feed speeds of 0.7um/s and
0.9um/s
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Fig. 4.26 Influence of top surface area of tool electrode on machinable length limitation
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Fig. 4.27 Simulation model with different top surface areas of tool electrodes
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Fig. 4.28 Influence of top surface area of tool electrode on current density distribution

4.3.3.3 Gap current simulation corresponding to different tool surface area

In order to investigate the slight difference between large and small area tool electrodes
as shown in Fig. 4.26, a simulation model was built up in COMSOL Multiphysics as
shown in Fig. 4.27, in which the current density distribution was calculated with changing
the top surface area of tool electrode. The width of the tool electrode was changed at
50um, 100um, 147um, 200pum and 300um, respectively. The gap widths of the surface
and radial gaps were 8um and 12um, respectively. Constant current 95mA was set in the
working gap and the boundary conditions were the same as Fig. 4.14. Fig. 4.28 shows the
simulation results of current density distribution. There is a significant difference in the
current density depending on the top surface area. However, since the machining area is
different, the material removal rate in the axial gap is not determined by the current
density, but by the total current flowing in the axial gap. Hence, the total current on the
shoulder gap of workpiece was calculated with different widths of tool electrodes. The
results in the graph show that the total current in the axial gap was obviously increased
with decreasing width of the tool electrode, however, the difference in the total current
on the shoulder gap of the workpiece was insignificant resulting in a small difference in
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MRR. Thereby, it was found that the influence of the top surface area of the tool electrode
on the maximum machinable length was small as shown in Fig. 4.28.
4.3.3.4 Surface finish

Fig. 4.29 shows the corrosion pits per unit area with the small and large area tool
electrodes. Since the difference in the total current in the axial gap between the small and
large area tool electrodes was small as shown in Fig. 4.28, the difference in the total
current in the radial gap was also small. Hence, the difference in the corrosion pits per
unit area with small and large area tool electrodes was insignificant as shown in Fig. 29.
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Fig. 4.29 Corrosion pits per unit area with large and small area tool electrode
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Fig. 4.30 Taper angle with small and large area tool electrodes

103



4.3.3.5 Straightness of micro-rod

Fig. 4.30 shows the taper angle with the small and large area tool electrodes. Since the
difference in the total current in the axial gap between the small and large area tool
electrodes was small as shown in Fig. 4.28, the difference in the total current in the radial
gap was also small. Hence, the difference in the taper angle with small and large area tool
electrodes was insignificant as shown in Fig. 4.30.

4.3.4 Micro-rod machining with servo feed control

In this section, the servo control characteristics of rod machining were investigated
using the servo feeding control system developed, by which the gap width was controlled
by monitoring the peak of gap voltage. Since the peak voltage was about 30V in the
experiment which was much higher than the maximum input voltage of 15V with the
circuit for the servo feed control shown in Fig. 3.16, in which the maximum input voltage
of the used IC is 15V, the gap voltage was attenuated to 1/3 of the original value, which
was then input to the servo control circuit.

Table 4.4 Experimental conditions used for micro-rods machining with servo feeding

control

Amplitude [V] 90
Pulse Frequency [Hz] 500k
voltage Duty factor [%] 50

Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaCl ag. 2wt%
Tool electrode rotation [rpm] 3000

The relationship between the gap width and the average peak voltage was measured
under the experimental conditions shown in Table 4.4. The tool electrode was positioned
on the workpiece with a fixed gap width of 3um to 12um. The feed distance in radial
direction was 50um. The materials of workpiece and tool electrode were stainless steel
(SUS304) and tungsten, respectively. The diameter of the tool electrode was 200um as
shown in Fig. 4.5. The size of the tungsten plate electrode is shown in Fig. 4.31. When
the pulse voltage was applied for several seconds, the averaged peak voltage was
measured by the servo feeding control system developed. Fig. 4.32 shows waveforms of
the averaged peak voltages with gap widths of 3um and 9um. The results are summarized
in Fig. 4.33. It can be found that peak voltage increases with increasing the gap width.
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Fig. 4.33 Relationship between gap width and averaged peak voltage in rod machining
with axial feeding method

4.3.4.1 Experimental conditions

In order to investigate the influence of the servo reference voltage, micro-rods were
machined with different reference voltages using the developed servo feed control system.
The experimental conditions are shown in Table. 4.5. The materials of workpiece and tool
electrode were stainless steel (SUS304) and tungsten, respectively. The diameter of the
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workpiece was 200um. The size of the tungsten plate is shown in Fig. 4.31. The
workpiece was positioned over the tool electrode, at the position as shown in Fig. 4.31,
with an initial gap width of 5um. The cut depth in radial direction was set as 50um, and
the feed distance in axial direction was set as 100um. The reference voltages were 2.4V
to 3.0V with an increment of 0.2.

Table 4.5 Experimental conditions used to investigate the influence of reference voltage

Amplitude [V] 90
Frequency [Hz] 500k
Pulse voltage Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaNO3z ag. 2wt%
Tool electrode rotation [rpm] 3000
Reference voltage [V] 2.4,2.6,28,3.0

4.3.4.2 Material removal rate

Fig. 4.34 shows the waveforms of gap current and voltage with the reference voltages
of 2.4V and 3.0V. Fig. 4.35 shows the displacements of tool electrode with different
reference voltages. The collision between electrodes interrupted the machining quickly
with the significantly low reference voltage of 2.4V at the beginning of machining. This
is because the corresponding narrow gap width was too small. The machining could not
be completed, either, with the highest reference voltage of 3.0V as shown in Fig. 4.35.
This is because the current density in the gap was significantly low with the highest
reference voltage because of large axial gap width.
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Fig. 4.34 Waveforms with reference voltages of 2.4V and 3.0V in rod machining with
axial feeding method
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Fig. 4.36 shows the micro-rods machined with the different reference voltages. The rod
diameter was larger with smaller reference voltage, because of the smaller gap width in
the axial gap, resulting in lower current density in the radial gap.

i
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Fig. 4.36 Micro-rods with different reference voltages

Fig. 4.37 shows the material removal rate with different reference voltages. The
material removal rate increased with decreasing the reference voltage, because the current
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density in the axial working gap was higher with the lower reference voltage and smaller
gap width, resulting in higher current efficiency of electrochemical dissolution in the axial

gap.
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Fig.4.37 Material removal rates with different reference voltages
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Fig. 4.38 Taper angle with different reference voltages

4.3.4.3 Straightness of micro-rod

Fig. 4.38 shows the taper angle with different reference voltages. The taper angle
should increase with increasing the reference voltage, because of the large radial gap
width. However, compared with the reference voltage of 2.4V, the taper angles were
significantly smaller with the reference voltages of 2.6V and 2.8V as shown in Fig. 4.38.
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This is because longer micro-rods were machined under the optimum reference voltage,
where the influence of the corner radius at the root of the micro-rod on the taper angle
was negligibly small. The corner at the root of the micro rod is rounded with a radius
equivalent to the axial gap and radial gap.
4.3.4.4 Surface finish

Fig. 4.39 shows the corrosion pits per unit area with different reference voltages. It
increased with increasing the reference voltage. The gap width and resistance were larger
with the higher reference voltages. Hence, the current density in the gap decreased with
increasing the reference voltage. As a result, pitting corrosion easily occurred with the
low current density. The top surface of the tungsten plate tool electrode before and after
machining was observed as shown in Fig. 4.40. Scratch was found on the top surface of
tungsten plate tool electrode after machining, which was caused by the collision with the
shoulder surface of the rod workpiece.
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Fig. 4.39 Corrosion pits per unit area with different reference voltages
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Fig. 4.40 Top surface of tungsten tool electrode before and after machining
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4.4 Micro-rod machining with feeding workpiece rod in radial

direction

As shown in Fig. 4.2, it is also possible to feed the workpiece in radial direction to
machine a micro-rod. In this section, the machining characteristics of this method were
investigated.

Workpiece

Cathodé' Stray c
-5 current &
Lo
—

1mm

Fig. 4.41 Schematic of micro-rod machining

Table 4.6 Experimental conditions used for feeding of workpiece in radial direction

method

Amplitude [V] 140
Pulse Frequency [Hz] 500k
voltage Duty factor [%] 50

Rise/fall time [ns] 40
Feeding capacitance Cy [pF] 47
Electrolyte NaCl ag. 2wt%
Tool electrode rotation [rpm] 3000
Feed speed [pm/s] 0.2

4.4.1 Micro-rods machining with different feed distances in radial

direction

4.4.1.1 Experimental conditions

The size of the cathode electrode used in this method is shown in Fig. 4.41. Different
from the axial feeding method, the feeding distance in axial direction is kept constant
during machining, and the machining current mainly flows through the radial gap. The
machining conditions are shown in Table 4.6. The voltage amplitude was 140V which
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was much higher than the axial feeding method. This is because the machining area was
large compared with the axial feeding method. The machining length in axial direction
was set as 150pm, and the feeding distance in radial direction were varied at 30pum, 40pum,
45um and 52um, respectively. For the preliminary experiment to obtain the fundamental
machining characteristics, the servo feed control was not used, and the workpiece rod was
fed at the feed speed of 0.2pm/s.
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Fig. 4.42 Gap current and voltage with radial feeding method

Fig. 4.43 Micro-rods machined with different feeding distances in radial direction

4.4.1.2 Surface finish

The gap current and voltage waveforms with the radial feeding method are shown in
Fig. 4.42. The gap current and voltage were much higher than that in Fig. 4.16 with the
axial feeding method, because higher voltage amplitude was needed for the large
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machining area under the same feed speed. The micro-rods machined are shown in Fig.
4.43. The end of micro-rod was rounded with the feeding distance of 45um. Furthermore,
the end of the micro-rod started to be dissolved when the feeding distance was increased
to 52um, and the length of the micro-rod was shortened to 83.7um, much shorter than the
set value of 150um for the machining length. In the case of radial feed machining, the
feed speed should be increased inversely proportional to the radius of the rod machined.
Since the feed speed was constant, the gap width increased with the decrease in the radius.
Thus, the stray current flowed on the end surface significantly. As shown in Fig. 4.41, the
machining process was influenced by not only the stray current flowing through the axial
gap, but also the current flowing through the end surface of micro-rod. Since the thickness
and height of tool electrode were 25um and 1mm, respectively, as shown in Fig. 4.41, the
stray current flowed mainly through the end of micro-rod. This is the reason why the
micro-rod started to be dissolved from the end as shown in Fig. 4.43(d). Fig. 4.44 shows
that the corrosion pits per unit area increased with increasing the feeding distance in radial
direction. This is mainly because corrosion pits increased in the vicinity of the end surface
as shown in Fig. 4.43.

2.5E-05

2.0E-05

=

ol

m

o

ol
T

=

o

n

o

a1
T

5.0E-06 r

Corrosion pits per unit area [1/um?]

0.0E+00
30 40 45 52

Feed distance in radial direction [um]
Fig. 4.44 Corrosion pits per unit area with different feeding distances in radial direction

4.4.1.2 Straightness of micro-rod

The taper angles with different feeding distances in radial direction are shown in Fig.
4.45. The taper angle increased with increasing the feeding distance. Since the gap width
increased with increasing the feeding distance in radial direction, the taper angle was
increased.
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4.4.2 Simulation of material removal process without rotation of

workpiece

The material removal process was simulated with the COMSOL Multiphysics when
the workpiece was fed in radial direction. To understand the reason why the micro-rod
was shortened with increasing the feed distance in radial direction, the current density
distribution was calculated and the material removal process was simulated. First, for
simplicity, the layer thickness of the removal on the workpiece surface was calculated
assuming that the workpiece is not rotated. Then, considering the rotation of workpiece,
change in the workpiece rod was calculated.
4.4.2.1 Model and boundary conditions

The 3D model is shown in Fig. 4.46(a). There are three parts, the workpiece, tool
electrode and electrolyte. The diameter of workpiece was 1x10%um and the working gap
on the side surface was Sum. Tungsten was chosen for the domain of the tool electrode
and stainless steel was chosen for the workpiece. So the domains of tool electrode and
workpiece had an electrical conductivity of 13.89x10°S/m and 4.032x10°S/m,
respectively. The domain of the electrolyte was assigned to NaCl aqueous solution with
concentration of 2wt%, and its conductivity was 3.02S/m. Hence, the potential drop inside
the metallic electrodes is negligibly small. A feed speed of 200um/s was added to the tool
electrode, which was determined by the method described in Section 4.4.3.1. The mesh
size was set as normal size, as shown in Fig. 4.46(b), and the end surface of workpiece
was refined to obtain a higher mesh quality.
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Fig. 4.46 Simulation model and mesh

The calculations of the electric current density and deform action of the geometries
were coupled. The boundary conditions used in the electric current calculation are electric
potential and electric insulation. The workpiece was applied electric potential 20V, and
tool electrode was set as ground. Then other boundaries were set as electric insulation.
About the deformable geometry interfaces, the side surface of workpiece was given a
prescribed normal mesh velocity, based on the Faraday’s law (equation (4.1)). The

Faraday’s law describes the functional principle of ECM.

V= .Q = Vip-Q (4.1)

V is the dissolved volume which depends on the molar mass M, the density p,
electrochemical valence Za of the material of the workpiece. F is the Faraday constant
and Q is the electric charge transport. The first term can be converted to equation (4.2),
which is the velocity of material removal in normal direction ,, as a function of the
current density in normal direction J,,. The used values to calculate the specific dissolve
volume Vs are listed in Table 4.7.

Un = Vep-Jn (4.2)
Table 4.7 Values used to calculate Vp
Symbol Name Value
M Molar mass 55.06g/mol
Za Valence 3.436
p Mass density 7.76g/cm?®
F Faraday constant 96.49x103C/mol
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4.4.2.2 Gap current

Fig. 4.47 shows the current densities at different times of 0.2s, 0.4s, 0.6s and 0.8s
observed from horizontal and vertical slices, respectively. The change of the current
density in the working gap was small due to the small change in the gap width with
feeding of the tool electrode.
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Fig. 4.47 Simulation results of current density at 0.4s, 0.6s, 0.8s and 1.0s

4.4.2.3 Shape of workpiece
Fig. 4.48 shows the cross sections of micro-rod in the horizontal plane at z=-90
according to the coordinate shown in Fig. 4.47 and at times 0.4s, 0.6s, 0.8s, and 1.0s. The
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Fig. 4.50 Material removal volume with electric potential 20V and 30V
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material removal volume was much lower on the opposite surface of working gap than
that on the shoulder gap. This is because the workpiece did not rotate resulting in the
current density significantly low on the opposite surface of the working gap. Fig. 4.49
shows the cross section of micro-rod in the vertical plane at y=0 according to the
coordinate in Fig. 4.47 and at time of 0s, 0.2s, 0.4s, 0.6s and 0.8s and 1.0s.
4.4.2.4 Material removal rate

Fig. 4.50 shows the material removal volume with the electric potential of 20V and
30V, and the feed speed of 1x10°um/s. The material removal rate increased with
increasing the electric potential because the current density in the working gap increased.

4.4.3 Simulation of material removal process considering rotation of

workpiece

In this section, the material removal process was simulated with rotation of the
workpiece. The rotation method of the workpiece was based on the simulated results in
Section 4.4.2 without rotation of workpiece.
4.4.3.1 Model and boundary conditions

The model and boundary conditions were the same as Section 4.4.2. In the deformed
geometry interface, the side and end surfaces of workpiece was given a prescribed normal
mesh velocity to simulate the material removal process, which was relied on the Faraday’s
law (equation (4.1)). The Faraday’s law describes the functional principle of ECM.

= 0=V (43)

V is the dissolved volume which dependents on the molar mass M, the density p,
electrochemical valence z of the material of the workpiece. F is the Faraday constant and
Q is the electric charge transport. These parameters are listed in Table 4.7.

The feed speed of the tool electrode was determined by a simulation result with fixed

tool electrode. According to the cross sections of micro-rod at y=0 at different times, as
shown in Fig. 4.51, in which the tool electrode was fixed, the increase rates of gap width
could be calculated at the times t=0s, t=0.2s, t=4s, t=0.6s, t=0.8s and 1.0s. Then the
average of the increase rates of gap width determined the feed speed of tool electrode as
200um/s.
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Fig. 4.51 Cross sections of micro-rod at y=0 at times 0s, 0.2s, 0.4s, 0.6s, 0.8s and 1.0s
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Fig. 4.53 Rotation method of workpiece

4.4.3.2 Method to obtain workpiece rotation
The program was calculated at every short time step 4¢ without the rotation of the
workpiece. Then the material removal volume V as shown in Fig. 4.52(a) was obtained at
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the end of the time step. Considering the rotation of the workpiece, the decreased radius

Ar of the workpiece with rotation could be calculated by following equation.

%4
Ar = — (44)
2mr

Where r is the initial radius of workpiece at every time step.

Thereby, the geometry of workpiece with rotation could be formed by rotating the
calculated cross section shape of workpiece as shown in Fig. 53(a). The new geometry of
workpiece, as shown in Fig. 53(b), was used as the initial condition of the next time step.
Hence, the rotation of the workpiece in the simulation was realized with this method.
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Fig. 4.54 Current density with feed distances of 17um, 48um, 73um and 78um

4.4.3.3 Gap current

Fig. 4.54 shows the current density in the working gap with the feed distances of 17um,
48um, 73um and 78um in radial direction. The current density decreased with increasing
the feed distance, because the gap resistance was increased with the diameter of the

workpiece decreasing.
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Fig. 4.56 Cross section shapes of workpiece with feed distances of 17um, 48um, 73um
and 78um in radial direction

4.4.3.4 Shape of workpiece
Fig. 4.55 and Fig. 4.56 show the simulated geometries and cross section shapes of
workpiece with feeding distances of 17um, 48um, 73um and 78um in radial direction,
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respectively. It is noted that the micro-rod was shortened with decreasing the diameter,
which was qualitatively in agreement with the experimental results.

4.5 Comparison between axial and radial feeding methods

The corrosion pits per unit area in Fig. 4.29 was about 0.0005 to 0.0013[1/um?] with
the axial feeding method using a small area tool electrode, whereas, it was about 4x10®
to 19x107[1/um?] with the radial feeding method as shown in Fig. 4.44. This is because
the current flowing through the radial gap is used for machining with the radial feeding
method, and pitting corrosion only occurs on the end surface where current density is low.
Since the current flowing through the axial gap is used for machining with the axial
feeding method, stray current with low current density is generated in the radial gap.
Hence, the side surface of micro-rod is more easily influenced by pitting corrosion due to
the low current density. In addition, compared with the radial feeding method, the taper
angle of the axial feeding method was significantly small where the thickness of the plate
tool electrode was small with the optimum feed speed.

Compared with the axial feeding method, the machining area was much larger with the
radial feeding method. Hence, higher voltage amplitude was needed to keep the same feed
speed with this method. Furthermore, it is noted that a micro-rod with the length more
than 200um can be machined with the axial feeding method. However, it was difficult to
obtain micro-rods longer than 150pm with the radial feeding method. This is because the
stray current dissolves the end surface of the micro-rod.

4.6 Conclusions

Micro-rods were machined with the electrostatic induction feeding ECM. Two
machining methods were investigated in this chapter: the feeding of workpiece in axial
and radial direction methods. The following conclusions were obtained.

With the feeding of workpiece in axial direction method, the machinable length
limitation peaks at an optimum feed speed, because lower feed speed results in higher
current density in the radial gap and higher feed speed causes collision between the tool
electrode and workpiece. The maximum length of micro-rod was increased with
increasing voltage amplitude. However, the taper was smaller with lower voltage. The
corrosion pits per unit area was minimum at the optimum feed speed at which the
maximum length of the micro-rod was obtained, because of the high current efficiency
resulting in low influence of stray current in the radial gap. The taper angle was minimum
at the optimum feed speed at which the maximum length of micro-rod can be obtained,
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because the influence of the root of the micro-rod on the taper angle was decreased with
longer rod length. The maximum length of the micro-rod increased and the corrosion pits
per unit area decreased with decreasing thickness of tool electrode, because the current
flowing through the side surface decreased. The influences of top surface area of tool
electrode on machining accuracy were insignificant, because the difference in the total
current on the shoulder gap of micro-rods was small, resulting in small difference in MRR.
The influences of axial gap width, tool electrode thickness, and top surface area of tool
electrode on the current density distribution on the workpiece surfaces were calculated
with COMSOL Multiphysics. The results explained the machining results successfully.

With the feeding of workpiece in radial direction method, the number of corrosion pits
per unit area increased with increasing the feeding distance in radial direction, because of
the stray current around the end surface. The taper angle was increased with increasing
the feeding distance because the gap width increases with the decrease in the workpiece
diameter, resulting in increased stray current on the end surface. Due to the same reason
the micro-rod started to be shortened by the stray current flowing through the end, when
the feeding distance in radial direction was increased. The simulation results of the
material removal process was qualitatively in agreement with the experiment results.

Compared with the axial feeding method, the influence of pitting corrosion was smaller
with the radial feeding method, because the current flowing through the radial gap was
used for machining. Because of the larger machining area with the radial feeding method,
higher voltage amplitude was needed to keep the same feed speed compared with the
axial feeding method. Longer length of micro-rod was more easily machined with the
axial feeding method. This is because the stray current dissolves the end surface of the
micro-rod with increasing the feed distance in radial direction.
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Chapter 5 Improvement of machining accuracy of micro-rod

5.1 Introduction

The previous research shows that the machining accuracy of micro-rod was
deteriorated by the influences of pitting corrosion, taper angle and so on with the axial
feed method. The pitting corrosion was mainly caused by the low current density in the
side gap, and the probability of pitting corrosion increased with lower current density.
Since the material dissolution occurred not only in the axial gap but also in the side gap,
the taper angle is mainly determined by the material removal volume in the side gap. The
taper angle can be decreased by decreasing the gap width in the axial gap, because the
material dissolution in the side gap is decreased. Use of small thickness of the plate
electrode is one of the solutions, as described in Section 4.3.2. In order to improve the
machining accuracy furthermore, the influences of annealing process and different
electrolytes on the machining characteristics were investigated in this chapter. In the
previous experiment, corrosion pits formed on the side surface of micro-rod showed
anisotropic feature. The corrosion pits were elongated in the axial direction because the
stainless steel wire used as the workpiece was produced by wire drawing. Hence, the
influence of annealing process of workpiece was investigated. The annealing process may
eliminate the residual stress due to the drawing process and improve the micro structure
of the workpiece. In addition, it is reported that the sodium nitrate (NaNOs3) aqueous
solution has a lower current efficiency compared with the sodium chloride (NaCl)
aqueous solution. The machining gap can be decreased with the NaNOsz aqueous solution
compared with the NaCl aqueous solution. Furthermore, for neutral electrolyte, the
passivating electrolytes (such as NaNOz) is more advantageous than the non-passivating
electrolytes (such as NaCl) due to its probability to increase the machining accuracy.
Hence, the influence of different electrolytes on the machining accuracy of micro-rod was
investigated.

This chapter describes the influences of different kinds of electrolytes, the NaCl and
NaNOs aqueous solutions, on the machining accuracy of micro-rods fabrication, when
the stainless steel and tungsten were used as workpiece and tool electrode, respectively.
The targets of micro-rods machining is to have an aspect ratio of higher than 10, and high
machining accuracy with negligible influences of taper, pitting corrosion and so on. In
addition, it is aimed that a micro-rod with a diameter smaller than 10um can be machined.
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5.2 Influence of annealing process

Fig. 5.1 shows that the corrosion pits are formed anisotropically, and elongated along
the axial direction. Considering the workpiece wire was cut from a reel of stainless steel
wire produced by drawing, a residual stress may exist inside the wire. Hence, the
influence of the annealing process of the workpiece was investigated in this section,
because the micro structure of workpiece can be changed by the annealing process. In the
experiment, the workpiece was annealed at different temperatures, and the machining
characteristics were analyzed, and also compared with the workpiece machined without
the annealing process.

Fig. 5.1 Influence of pitting corrosion

Feeding capacitance C,

workpiece: _ I I
SUS304 Feeding
direction
Rotation Cut depth in E() Anode _
< | radial direction Diode
Surface gap R Pulse .
Fe_ed d!stan_ce in Voltage /. \
axial direction
Side gap
(a) Machining method (b) Diode was used to avoid tool wear

Fig. 5.2 Method of machining micro-rod and circuit
5.2.1 Influence of annealing temperature

In this experiment, the feed distance was equal to the initial gap width of Sum to avoid
the formation of the side gap and the influence of the stray current in the side gap. The
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influence of corrosion on the frontal surface of micro-rod with different annealing
temperatures was investigated.
5.2.1.1 Experimental conditions

The experimental method is shown Fig. 5.2. The materials of stainless steel (SUS304)
and tungsten were used as workpiece and tool electrode, respectively. The workpiece rod
was annealed at 1000 K, 1100 K, 1200 K and 1300 K for 0.5 h as shown in Table 5.1. The
furnace used was FUW220PA (ADVANTEC company). The atmosphere of annealing
was in air. The diameter of the workpiece was 200 um as shown in Fig. 5.3(a), and the
surface size and thickness of the tool electrode are shown in Fig. 5.3(b). The experimental
conditions are shown in Table 5.2. The total amplitude and frequency of power supply
were 90 V and 500 kHz, respectively, and the rise/fall time was 40 ns. The electrolyte was
NaCl aqueous solution of 2 wt% in concentration. The workpiece was positioned over the
top surface of tool electrode with an initial gap width of 5 um. Then the feed distance in

axial direction was set as 5 um, and the cut depth in radial direction was set as 50 pm.

Table 5.1 Annealing conditions
Temperature [K] | 1000 1100 1200 1300
Time [h] 0.5 0.5 0.5 0.5

Machining area_ _ _ 25um

N

(a) Workpiece (b) Tool electrode

Fig. 5.3 Workpiece and tool electrode

Table 5.2 Experimental conditions

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaCl aq. 2 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 0.7
Feed distance [um] 5
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Fig. 5.4 Waveforms with annealing temperatures of 1000 K and 1200 K

(c) Annealing temperature 1100 K

(d) Annealing temperature 1200 K

Fig. 5.5 Experimental results with different kinds of workpiece

5.2.1.2 Surface finish

Fig. 5.4 shows the gap current and voltage waveforms obtained with the workpieces
annealed at 1000 K and 1200 K. The difference of the waveforms between different
annealing temperatures was insignificant. Fig. 5.5 shows the experimental results with
different kinds of workpieces. Many corrosion pits were generated on the frontal surface
of workpiece without annealing process as shown in Fig. 5.5(a). When the workpiece was
annealed at 1000 K, a few of corrosion pits were generated on the frontal surface. There
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was almost no corrosion pits on the frontal surfaces of workpieces with the annealing
temperatures of 1100 K. However, crevice corrosion was observed over the workpiece
annealed at 1300 K as shown in Fig. 5.5(d), which is much severer than the pitting
corrosion.

5.2.2 Comparison of machining characteristics between with and

without annealing process

When the feed distance was equal to the initial gap width of 5 um, the above
experimental results show that the corrosion pits were least with the annealing
temperature of 1100 K. Then, the machining characteristics of the workpieces with and
without annealing process were investigated with increasing the feed distance in the axial
direction.

Table 5.3 Experimental conditions

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47
Electrolyte NaCl ag. 2 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 0.7
Feed distance [um] 25, 35, 45, 55

5.2.2.1 Experimental conditions

The workpiece annealed at 1100 K for 0.5 h was used for machining according to the
above experimental results. The machining method and electrodes were the same as Fig.
5.2 and Fig. 5.3. The experimental conditions are shown in Table 5.3. The electrolyte was
NaCl aqueous solution of 2 wt% in concentration. The total amplitude and frequency of
power supply were 90V and 500 kHz, respectively, and the rise/fall time was 40 ns. The
workpiece was positioned on the top surface of tool electrode with an initial gap width of
5 um. The feed distance in radial direction was set as 50 um, and the feed distance in axial

direction was set as 25 pm, 35 um, 45 pm and 55 pum, respectively.
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5.2.2.2 Machinable length with and without annealing process

Fig. 5.6 shows the annealed workpiece with feed distance of 25 um. Some corrosion
pits were generated on the frontal surface of micro-rod, however, a short micro-rod was
successfully machined.

Fig. 5.7 shows the micro-rods machined with the feed distances of 35 pm, 45 pm and
55 um. The micro-rod started to be dissolved with increase ng the feed distance to 35 pm
because of corrosion as shown in Fig. 5.7(a). At last, the micro-rod was dissolved
completely with the feed distance of 55 um in axial direction as shown in Fig. 5.7(c).

Fig. 5.7 Micro-rods machined with different feed distance in axial direction (a) 35 um (b)
45 um, (c) 55 um

With the workpiece without annealing process, micro-rods machined in the same
experimental conditions are shown in Fig. 5.8. The feed distances in axial direction were
105 um and 205 um. Compared with the annealed workpiece in Fig. 5.7, a much longer
micro-rod could be machined using the workpiece without annealing process. Hence, the
annealing process of workpiece cannot eliminate the influence of pitting corrosion, and
the machinable length limitation of micro-rod was decreased compared with the
workpiece without annealing process. It is considered that the annealing process in air
resulted in oxidation of the material. Thus, annealing should be conducted in a protective
gas atmosphere.
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Fig. 5.8 Micro-rods machined with workpiece without anneal process: (a) Feed distance
of 100 um, (b) Feed distance of 200 um

5.3 Influence of different electrolytes

In the previous experiments, where the NaCl aqueous solution was used as electrolyte,
the machining accuracy was deteriorated more or less by corrosion pits, taper and so on.
It is reported that passivating electrolytes (such as NaNOsz aqueous solution) generally
give better machining precision compared with non-passivating electrolytes (such as
NaCl aqueous solution). For neutral electrolyte, NaNOs is more advantageous than the
NaCl due to its higher probability to increase the machining accuracy. Hence, the
machining characteristics of NaNOs aqueous solution were investigated and compared
with those using NaCl aqueous solution. The machining method and the tool electrodes
used are shown in Fig. 5.2 and Fig. 5.3, respectively.

Table 5.4 Experimental conditions

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaCl/NaNOsz ag. 2 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 0.4,0.5,0.6,0.7,0.8,0.9

5.3.1 Machining characteristics with different feed speeds

5.3.1.1 Experimental conditions
The materials of stainless steel (SUS304) and tungsten were used as workpiece and
tool electrode, respectively. The diameter of the workpiece was 200 um as shown in Fig.
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5.3(a), and the surface size and thickness of the tool electrode are shown in Fig. 5.3(b).
Table 5.4 shows the experimental conditions. The NaCl and NaNO3z aqueous solution of
2 Wt% in concentration were used as electrolyte. The voltage amplitude and rise/fall time
of pulse power supply were 90 V and 40ns, respectively. The workpiece was positioned
on the top surface of tool electrode with an initial gap width of 5 um. The cut depth in
radial direction was set as 50 um. The feed speed was increased from 0.4 um/s to 0.9 um/s
with an increment of 0.1. The feed distances in axial direction was 100 pm.
5.3.1.2 Length of micro-rod machined

Fig. 5.9 shows the gap current and voltage waveforms with the feed speed of 0.7 um/s
using different electrolytes. The difference in gap current was insignificant. Fig. 5.10
shows the lengths of micro-rods machined at different feed speeds with the electrolytes
of NaCl and NaNOs aqueous solution. When the electrolyte of NaCl aqueous solution
was used, the given feed distance of 100 um in axial direction not completed with the
feed speeds of 0.4 um/s and 0.5 um/s. This is because the micro-rod started to be dissolved
before the feed distance reached 100 um due to the influence of pitting corrosion.
However, the micro-rods of 100 um in length were successfully machined under the same
conditions when the electrolyte of NaNO3 aqueous solution was used, and there was no
corrosion pits generated. When the electrolyte of NaNO3 aqueous solution was used,
however, the micro-rod of 100 um in length could not be obtained with the feed speed of
0.8 um/s because of the collision between electrodes. This is because the current density
in the axial gap decreased with increasing the feed distance in axial direction. The area of
side gap increased with increasing the feed distance resulting in the lower current density
in the axial gap. However, micro-rod of 100 um in length was successfully machined with
the feed speed of 0.8 um/s using the electrolyte of NaCl aqueous solution. This is because
of the higher current efficiency with NaCl aqueous solution, compared with NaNO3
aqueous solution.

Pulse voltage Pulse'voltage
ov — — ov — ——
et = = Y P e Em—— VAV
S Gap current Gap current
| J126mA | KR \
0A L J126ms {0A { 126mA
400ns Gap voltage 400ns Gap voltage
o L or2v <_>"¢'28 8V
ov : — 10V : —
(a) NaCl aqueous solution (b) NaNO; aqueous solution

Fig. 5.9 Waveforms of gap current and voltage with feed speed of 0.7 um/s

131



= =

ol o )

o o o
T T

Length of micro-rod [um]
(o2}
o

40
—o— NaCl
20
—~A— NaNO,
0 1 1 1
0.2 0.4 0.6 0.8 1

Feed speed [um/s]

Fig. 5.10 Length of micro-rod machined with different feed speeds

Fig. 5.11 shows micro-rods machined with the feed speeds of 0.4 um/s, 0.6 um/s, 0.7
um/s and 0.8 pum/s using electrolytes of NaCl and NaNO3z aqueous solution. It is noted
that the corrosion pits were eliminated with the electrolyte of NaNO3 aqueous solution as
shown in Fig. 5.11(b), while, there were many corrosion pits generated on the surface of
micro-rods machined with the electrolyte of NaCl aqueous solution, especially with lower
feed speeds.

0.6um/s

SEI 20kv  WD10: $850

0.7um/s 0.8um/s

L % L
SEI 20kV  WD10mm SS50 x 50Hm SEI 20kV  WD10mm SS50

(a) NaCl aqueous solution
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(b) NaNO4 aqueous solution

Fig. 5.11 Micro-rods machined with different feed speeds

5.3.1.3 Gap width
As shown in Fig. 5.2(a), there are two working gaps during machining, the axial gap
and side gap. The axial gap width can be calculated as
de=H—-h+g (5.1)
where, H is the length of the micro-rod, h is the feed distance and g is the initial gap width.
The length of the micro-rod was measured by a scanning electron microscope. When the
depth of cut in radial direction is 50 um, the side gap width can be calculated as

ds =2 (D — d)-50 (5.2)

where, D is the diameter of workpiece rod and d is the diameter of micro-rod machined.
Both of them were measured by a scanning electron microscope.

Fig. 5.12 shows the axial gap width at different feed speeds with electrolytes of NaCl
and NaNOs aqueous solution. The gap width decreased with increasing the feed speed.
The axial gap width with the electrolyte of NaCl aqueous solution was larger than that of
the electrolyte of NaNOs aqueous solution, because the electrochemical dissolution can
occur at the large gap width with a lower current density due to the higher current
efficiency of NaCl aqueous solution. Fig. 5.13 shows the side gap width at different feed
speeds with electrolytes of NaCl and NaNOsz aqueous solution. It was decreased with
increasing the feed speed, and the side gap width of the electrolyte of NaNO3z aqueous
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solution was also smaller compared with the electrolyte of NaCl aqueous solution for the
mentioned reason.
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Fig. 5.12 Axial gap widths with electrolytes of NaCl and NaNOs aqueous solution
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Fig. 5.13 Side gap widths with electrolytes of NaCl and NaNOgz aqueous solution

5.3.1.4 Straightness of micro-rod

Fig. 5.14 shows the taper angle of micro-rod at different feed speeds with electrolytes
of NaCl and NaNOs aqueous solution. The taper angle decreased with increasing the feed
speed, because the gap width was decreased resulting in less material remove volume in
the side gap. In addition, the taper angle was smaller with the electrolyte of NaNO3
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aqueous solution, because of the smaller gap width compared with the electrolyte of NaCl
aqueous solution.
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Fig. 5.14 Taper angle of micro-rod with electrolytes of NaCl and NaNOgz aqueous
solution
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Fig. 5.15 Number of corrosion pits per unit area with electrolytes of NaCl and NaNOs
agueous solution

5.3.1.5 Surface finish
Fig. 5.15 shows the number of corrosion pits per unit area with different feed speeds
using the electrolytes of NaCl and NaNOs aqueous solution. When the electrolyte of NaCl
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aqueous solution was used, the influence of pitting corrosion was decreased with
increasing the feed speed, because the current density was increased in the axial gap with
higher feed speed resulting in lower probability of pitting corrosion. When the electrolyte
of NaNOs aqueous solution was used, the influence of pitting corrosion was eliminated
under any feed speeds. The reason can be explained as the following paragraph.

There is a layer of oxide passive film on the surface of metal as shown in Fig. 5.16,
which protects it from the damage of the corrosion8Y. It is well known that the corrosion
easily occurs when the oxide passive film is damaged. The chloride ion is tiny and
aggressive compared with the nitrate ion, and therefore easily permeates the oxide passive
film and triggers the occurrence of pitting corrosion. Hence, compared with the
electrolyte of NaCl aqueous solution, the NaNOg effectively eliminate the influence of
pitting corrosion as shown in Fig. 5.15.
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Fig. 5.16 Process of pitting corrosion®"

5.3.2 Machinable length limitations with different electrolytes

The machinable length limitation was investigated with different electrolytes of NaCl
and NaNOs aqueous solution. The machining method is shown in Fig. 5.2, and the tool
electrode is shown in Fig. 5.3(b). The feed distance in axial direction was set as 850 um.
When the machining process was completed without a collision between electrodes or
dissolution by pitting corrosion, it is considered that a limitless length of micro-rod can
be fabricated, because the feed distance of 850 um is 34 times of the thickness of the tool
electrode. The influence of pitting corrosion and collision between electrodes would not
limit the machinable length of the micro-rod, because the stray current in the side gap will
not be changed significantly with increasing the feed distance further.
5.3.2.1 Experimental conditions

The stainless steel (SUS304) and tungsten were used as workpiece and tool electrode,
respectively. The diameter of the workpiece was 200 um as shown in Fig. 5.3(a), and the
surface size and thickness of the tool electrode are shown in Fig. 5.3(b). The experimental
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conditions are shown in Table 5.5. The NaCl and NaNOs3 aqueous solution of 2 wt% in
concentration were used as electrolyte. The voltage amplitude and rise/fall time of pulse
power supply were 90 V and 40 ns, respectively. The workpiece was positioned on the
top surface of tool electrode with an initial gap width of 5 um. The cut depth in radial
direction was set as 50 um. The feed speed was increased from 0.4 um/s to 0.9 um/s with
an increment of 0.1.

Table 5.5 Experimental conditions

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaCl/NaNO3z ag. 2 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 0.4,05,0.6,0.7,0.8,0.9

5.3.2.2 Machinable length limitations
1200
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Fig. 5.17 Feed distances of workpiece with different electrolytes

Fig. 5.17 shows the feed distances with different electrolytes. The dotted line means
that the machining process can be continued furthermore and even micro-rods longer than
the feed distance of 850 um can be obtained. With the electrolyte of NaNO3z aqueous
solution, there was no machinable length limitation with the feed speed from 0.4 pm/s to
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0.7 um/s. This is because the influence of pitting corrosion was eliminated. In addition,
with the feed speeds of 0.8 um/s and 0.9 um/s, the machining process was interrupted by
collision between electrodes, because the influence of stray current in the side gap was
increased with increasing the feed distance in axial direction. With the electrolyte of NaCl
aqueous solution, the machinable length was limited by corrosion with low feed speed,
and by collision between electrodes with high feed speed. The maximum length of micro-
rod was obtained at the optimum feed speed of 0.7 um/s. Fig. 5.18 shows the micro-rods
machined with different feed distances and electrolytes at the optimum feed speed of 0.7
um/s. The number of corrosion pits were increased with increasing the feed distance using
the electrolyte of NaCl aqueous solution. This is because the influence of stray current in
the side gap increased with increasing the feed distance. However, there was no corrosion
pits generated with the electrolyte of NaNOs aqueous solution. Fig. 5.19 shows the
corrosion pits per unit area with different feed distances. The influence of pitting
corrosion was eliminated with the electrolyte of NaNOs aqueous solution due to the
reason mentioned above.

When the feed distance was increased to about 330 pum, the micro-rod started to be
dissolved with the electrolyte of NaCl aqueous solution due to pitting corrosion. Fig. 5.20
shows the micro-rods machined with different electrolytes, the feed distances were 330
um and 380 um corresponding to the electrolytes of NaCl and NaNOz aqueous solution,
respectively. It is found that the micro-rod started to be dissolved by pitting corrosion
with the electrolyte of NaCl aqueous solution, while, there was no corrosion pits with the
electrolyte of NaNOs aqueous solution.
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(d) Feeding distance 300 um
Fig. 5.18 Micro-rods machined with different feed distances in axial direction: (a) 40
um, (b) 100 pm, (c) 230 um and (d) 300 pm
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Fig. 5.20 Micro-rods machined with different electrolytes

Fig. 5.21 shows the micro-rods machined using the electrolyte of NaNO3s aqueous
solution with the feed distance of 850 um. The workpiece was cut from a reel of stainless
steel wire, as shown in Fig. 4.5(a). In order to make it straight enough, it was reshaped by
the WEDG method, resulting the diameter of 200 um as shown in Fig. 4.5(b). The EDM
surface can be observed clearly on the workpiece surface prior to ECM machining, as
shown in Fig. 5.21. Compared with the EDMed surface, the ECMed surface was much
smoother.
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(d) Feed speed of 0.7 um/s
Fig. 5.21 Micro-rods machined with feed distances of 850 um

5.3.3 Machining of micro-rods with high aspect ratio

In this experiment, micro-rods of high aspect ratio were machined with the electrolyte
of NaNOz aqueous solution. The length of micro-rod machined was 2 mm which was 20
times of the target rod diameter of 100 um.

141



5.3.3.1 Experimental conditions

The experimental conditions are shown in Table 5.6. The voltage amplitude and
rise/fall time of pulse power supply were 90 V and 40ns, respectively. The feed speed was
0.6 um/s and 0.7 pm/s, respectively, which was determined according to the experimental
results shown in Fig. 5.17. The electrolyte was NaNOgz aqueous solution in concentration
of 2 wt%. The workpiece was positioned on the top surface of tool electrode with an
initial gap width of 5 um. The cut depth in radial direction was set as 50 pm. The feed
distances in axial direction was 2 mm which was 20 times of the targeted diameter of
micro-rod machined. Fig. 5.22 shows the workpiece reshaped by WEDG method.
Because of the thermal process of WEDG, the workpiece was bended.

Table 5.6 Experimental conditions used for micro-rods machining with high aspect ratio

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaNOsz ag. 2 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 0.6, 0.7

SEl 20kv  WD10mm SS50 x! 500"‘lm SEl 20kV  WD1imm SSS0

Fig. 5.22 Workpiece reshaped by WEDG

5.3.3.2 Micro-rod machined

Fig. 5.23(a) shows the micro-rod machined with high aspect ratio of 20 using the feed
speed of 0.6 um/s. The diameter of micro-rod near the end surface was smaller than that
near the root, this is because the workpiece was not sufficiently straight after it was
reshaped by WEDG as shown in Fig. 5.22. Fig. 5.23(b) shows the micro-rod machined
with the feed speed of 0.7 um/s. Some scratch can be seen on the surface of micro-rod,
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Fig. 5.23 Micro-rods machined with feed distance of 2 mm

because the feed speed was high resulting in collision between electrodes. The gap width
was significantly small with a high feed speed, therefore the flushing of the electrolyte in
the working gap was not sufficient. In addition, there were existed a lot of and bubbles
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during the electrochemical machining process, which hinders the refresh of the electrolyte
in the machining gap. However, it is noted that the micro-rod became straight after the
ECM process compared with that after the EDM process as shown in Fig. 5.22. This is
because the ECM process is an anodic dissolution process without thermal influence.

5.3.3.3 Tool wear

At last, the tool wear was observed after machining, Fig. 5.24 shows the tool electrode
before and after machining. There was almost no tool wear after machining, because
unipolar current was used with the help of the diode, as shown in Fig. 5.2(b).

(a) Before machining

Working area_ _ _
e ~

NS

b

V  WD1imm S$S50 x Sol’lm 20kY WDBmm/ $850

Fig. 5.24 Tool electrode before and after machining

Fig. 5.25 A @4.5 um micropin fabricated by WEDG8? 83)

5.3.4 Fabrication of minimum micro-rod

5.3.4.1 Fabrication of micro-rods with different cut depths in radial direction

To obtain the minimum machinable diameter of micro-rods, materials of stainless steel
(SUS304) and tungsten were used as workpiece and tool electrode, respectively. The
experimental conditions are shown in Table 5.7. The workpiece was positioned over the

top surface of tool electrode with an initial gap width of 5 um, and the feed speed was 0.5
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um/s. The feed distance in axial direction was set as 100 um. The cut depth in axial

direction were 40 um, 50 um, 70 um, 90 pm and 92 pm.

Table 5.7 Experimental conditions used to fabricate minimum micro-rod

Amplitude [V] 90
Frequency [Hz] 500 k
Pulse voltage
g Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 47
Electrolyte NaNOz ag. 2 wt%
Tool electrode rotation [rpm] 3000
Feed speed [pum/s] 0.4
Cut depth in radial direction [um] 40, 50, 70, 90, 92
40 __035
= Cut depth of 40um < Cut depth of 40um
£2 | $0.15 |
o —
> >
o (&)
8 2
0 A ©-0.05 ' ' ' '
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Time [um] Time [um]
(a) Gap voltage waveforms (b) Gap current waveforms

Fig. 5.26 Waveforms with different cut depths in radial direction

Fig. 5.26 shows the waveforms with the cut depths of 40 um and 90 pum in radial
direction. Since the machining area increased with increasing the cut depth in radial
direction, the gap resistance decreased resulting in higher gap current and lower gap
voltage as shown in Fig. 5.26. In addition, since the electric charge per pulse gq= EoCy is
constant, the current pulse duration slightly decreased with increasing the cut depth in
radial direction as shown in Fig. 5.26(b). Fig. 5.27 shows the micro-rods machined with
the cut depths of 40 um, 70 pm, 90 pm, 92 um in radial direction. With the cut depth of
40 um in radial direction, the micro-rod machined was shortened as shown in Fig. 5.27(a).
This is because the gap width was significantly large with a small cut depth in radial
direction resulting in the increase in the influence of the stray current flowing through the
radial gap and end of micro-rod. Hence, the micro-rod was shortened by the stray current
outside of the axial gap. Micro-rods were successfully machined with the cut depths of
70 um and 90 pm as shown in Figs. 5.27(b) and (c). However, the micro-rod was

shortened with increasing the cut depth in radial direction to 92 um as shown in Fig.
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5.27(d). Since the target radius of the micro-rod was 8 um with the cut depth of 92 um in
radial direction, it is considered that the radial gap width was larger than 8um. Hence, the
radial gap widths were plotted together with different cut depths in radial direction as
shown in Fig. 5.28. The dotted line means the measurement of the radial gap width failed
because the micro-rods were shortened as shown in Figs. 5.27(a) and (d). The radial gap
width decreased with increasing the cut depth in radial direction, because the machining
area increased, under the same axial feed speed. Furthermore, it is found that the radial
gap width was larger than 8 um with the cut depth of 92 um in radial direction. Hence,
the micro-rod was shortened as shown in Fig. 5.27(d).

SEI 20kV WD10mm SS50 X330 50 — 50].Lm SEI 20kV WD10mm SS50
[

(©) | (d)

SEI 20kv  WD10mm SS50 x330 S50pum  — 50].,',m SEI 20kV  WD10mm SS50 x330 S50pm  — 50],Lm

Fig. 5.27 Micro-rods machined with different cut depth in radial direction (a) 40 um, (b)
70 um, (c) 90 um, (d) 92 um
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Fig. 5.28 Radial gap widths with different cut depths in radial direction

5.3.4.2 Fabrication of micro-rods with different feed speeds

It is considered that it is difficult to machine micro-rods of which diameter is smaller
than the radial gap width. In the previous experiment however, the radial gap width was
larger than 8 um. Hence, the feed speed of the workpiece was increased with the same
cut depth of 92 um in radial direction, because the working gap width in both the axial
and radial gaps can be decreased with increasing the feed speed of workpiece.

The experimental conditions are shown in Table 5.8. The workpiece was positioned
over the top surface of tool electrode with an initial gap width of 5 um, and the feed
distance in axial direction was set as 100 um. The cut depth in radial direction was 92 pum.
The feed speeds were 0.4 um/s, 0.5 um/s, 0.6 pm/s and 0.7 pm/s.

Table 5.8 Experimental conditions used for micro-rods machining with different feed
speeds

Amplitude [V] 90
Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] | 40

Pulse voltage

Feeding capacitance C; [pF] 47

Electrolyte NaNO3z ag. 2wt%
Tool electrode rotation [rpm] 3000

Feed speed [um/s] 0.4,05,0.6,0.7
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Fig. 5.29 Waveforms of gap current and voltage with different feed speeds

SEI 20kV  WD10mm SS50 x330 SEI 20kV WD10mm SS50

© w @
| _
|
K SER

SEI 20kV WD10mm SS50 X S0pm  — 50'.,',m SEI 20kv WD10mm SS50 X S0pm  — Soum

Fig. 5.30 Micro-rods machined with different feed speeds direction (a) 0.4 pum/s, (b) 0.5
um/s, (¢) 0.6 pm/s, (d) 0.7 pm/s

Fig. 5.29 shows the waveforms with the feed speeds of 0.5 um/s and 0.7 pm/s. The gap
current increased with increasing the feed speed due to the smaller gap width and
resistance. Micro-rods machined with different feed speeds are shown in Fig. 5.30. Micro-
rod was not obtained with the low feed speed of 0.4 um/s because of the influence of stray
current described above. Micro-rods were machined with other higher feed speeds.
However, the lengths were shorter than the preset feed distance of 100 pm in axial
direction. Fig. 5.31 shows the feed distances and lengths of micro-rods with different feed
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speeds. The dotted line means the micro-rod machined disappeared completely due to
dissolution as shown in Fig. 5.30(a). The machining processes were completed with the
fed speeds of 0.4 um/s and 0.5 um/s. The length of micro-rod obtained was longest at
the feed speed of 0.5 um/s. Thereby, the influence of stray current on the machining
accuracy was decreased with increasing the feed speed by comparing the experimental
results with feed speeds of 0.4 um/s and 0.5 pm/s. This is because the current was more
localized in the axial gap with the higher feed speed of 0.5 um/s, resulting in the decrease
in the stray current in the radial gap. On the other hand, the machining process was
interrupted by collision between electrodes with the higher feed speeds of 0.6 um/s and
0.7 pum/s as shown in Fig. 5.31. Fig. 5.32 shows the radial gap widths with different feed
speeds. It can be found that the radial gap can be decreased with increasing the feed speed.
Since the radial gap width can be decreased, a micro-rod with smaller diameter can be
machined more easily. The photo of the micro-rod machined with the feed speed of 0.5
um/s in Fig. 5.30 was magnified as shown in Fig. 5.33. It is found that dissolution
occurred preferentially in the axial direction due to the anisotropical micro structure
existent prior to machining. This is probably because the stainless rod is produced by the
drawing process.

5.4 Discussion

Masuzawa®? 8% fabricated micro-rods with high aspect ratio as shown in Fig. 5.25 using
the wire electro-discharge grinding method. The diameter was 4.5 um, which was much
smaller than the miniaturization size of @9 um obtained with the electrostatic induction
feeding ECM. The electrochemical reaction was difficult to be localized in a small
working gap with the ECM method resulting in the low machining accuracy. Therefore,
the EDM has an obvious advantage in the miniaturization size compared with the
electrostatic induction feeding ECM. However, there is no residual stress and cracks
generated in ECM and the surface roughness is better, there is a possibility that the
machining accuracy and miniaturization limit of ECM will be able to exceed EDM in the
future.

5.5 Conclusions

Chapter 5 investigated the influences of the annealing process of the workpiece and
different kinds of electrolytes on the machining characteristics. The experimental results
show that the machinable length limitation was decreased using the annealed workpiece.
It is considered that since the annealing process was performed in air, the workpiece
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material was damaged due to oxidation. In addition, the machining characteristics with
electrolytes of NaCl and NaNOs aqueous solution were investigated. The experimental
results show that the influence of pitting corrosion was eliminated with the electrolyte of
NaNOs aqueous solution. This is because chloride ion is a tiny and aggressive ion
compared with nitrate ion, and therefore easily permeates the oxide film and triggers the
occurrence of pitting corrosion. In addition, the gap width and taper angle was decreased
with the electrolyte of NaNO3 aqueous solution compared with that of the electrolyte of
NaCl aqueous solution, because the electrochemical reaction can occur in a larger
working gap with the NaCl aqueous solution due to the higher current efficiency.
Furthermore, the machinable length of micro-rod was increased with the electrolyte of
NaNOs aqueous solution compared with that of the NaCl aqueous solution, because the
influence of pitting corrosion was eliminated. Then, a long micro-rod with diameter of
100 um and aspect ratio of 20 was machined using the electrolyte of sodium nitrate
aqueous solution. Furthermore, through optimizing the cut depth in radial direction and
feed speed, micro-rod with the average diameter of 9 um and length of 78 um was
machined successfully. Since the target diameter of micro-rod was significantly small, the
radial gap width should be as small as possible to reduce the stray current in the radial
gap.

Compared with the EDM, the machining accuracy and miniaturization limit were still
lower with the electrostatic induction feeding ECM. However, since there are no residual
stresses and cracks generated in ECM and the surface roughness is better, there is a
possibility that the accuracy and miniaturization limit of ECM may become equivalent to
those of EDM with the future development.
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Chapter 6 Influence of kinds of workpiece materials

6.1 Introduction

Micro-rods have been widely used as tool electrodes in micro machining of 3D
structures, fuel jet nozzle, spinning nozzle, cooling channels of turbine blade, measuring
system, and micro die/mold. Kim et al.¥ machined 3D micro structures on stainless steel
using a micro-rod as tool electrode. In general, the micro-rods should have properties of
high erosion resistance, good electrical and thermal conductivity, and high stiffness®).
Tungsten is usually fabricated to obtain micro-rod using micro EDM, laser machining,
etc., and used as tool electrode for EDM and ECM. Compared with the above machining
methods, ECM is a promising method to fabricate micro-rods because the material is
removed by anodic dissolution that does not produce any residual stress* & % which is
generally caused by the thermal processes of the above mentioned methods. Lim et al.®®)
used KOH aqueous solution as electrolyte and DC current to etch the tungsten rod. They
found that the geometry effect would affect the form of microelectrode. Zhi-Wen Fan et
al.®") fabricated a cylindrical tungsten microelectrode with the pulsed ECM, and the
influences of working parameters (such as applied voltage, pulse period, duty factor, and
temperature) on the fabrication of microelectrode were discussed. Yong-Mo Lim and Soo
Hyun Kim®) machined a slender tungsten micropin with the electrochemical etching, and
derived a mathematical model to control the diameter of micropin. Zhenlong Wang et
al.?? designed a suitable micro electrochemical machining system and fabricated tungsten
micro-rod with diameter of 30pum and tip radius of 100nm and compared the surface
property and machining capability with the microelectrode fabricated by EDM. In their
research, the sodium hydroxide (NaOH) or potassium hydroxide (KOH) were often used
as electrolytes, because of generation of tungsten oxide on the workpiece surface, which
hinders the electrolytic dissolution, should be avoided. However, these electrolytes are
not environmentally friendly because of high toxicity. In addition, the alkaline solution
easily corrodes experimental equipments. Hence, in this chapter, tungsten micro-rods are
fabricated with the neutral electrolytes such as NaNO3z and NaCl aqueous salt solutions
using the electrostatic induction feeding ECM. The influences of feeding capacitance,
concentration of electrolyte and different electrolytes on the machining characteristics
were investigated. Because of the bipolar current required for the machining principle
with neutral electrolyte, the tool occurred and investigated. In addition, in order to
investigate the influences of different workpiece materials on the machining
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characteristics, the materials of high speed steel (SKH51) and tungsten carbide were also
used as workpieces to machine a micro-rod.

This chapter describes the influences of different kinds of workpiece materials on the
machining characteristics of micro-rods fabrication, including the tungsten, high speed
steel, tungsten carbide.

6.2 Fabrication of tungsten micro-rod

Tungsten has been widely used as tool electrode in micro machining. Some researchers
have machined it using ECM method, however, most of the electrolytes were the alkaline
aqueous solutions, such as potassium hydroxide (KOH), sodium hydroxide (NaOH) and
so on, which are not environmentally friendly and corrosive to experimental equipments.
In this research, therefore neutral electrolytes were used to machine tungsten rods.

Feeding capacitance C,

\l/ Feeding I I

workpiece:
Tungsten

direction

Cut depth in E(0) Anode
radial direction ( I D
Pulse

Feed distance in

Rotation

Axial gap

axial direction Voltage
Radial gap
(@) Machining method of micro-rod (b) Diode was used to avoid tool wear

Fig. 6.1 Machining method of micro-rod and circuit

6.2.1 Principle of tungsten rod machining

6.2.1.1 Micro-rods machining method

The micro-rods machining method using the electrostatic induction feeding method is
shown in Fig. 6.1(a). The workpiece was positioned on the top surface of tool electrode,
and fed in axial direction. The workpiece was tungsten rod with diameter of 300 um and
reshaped by the wire electrical discharge grinding (WEDG)® method to make it
sufficiently straight, resulting in a reshaped size of 200 um in diameter and 300 pm in
length as shown in Fig. 6.2(a). The tool electrode was a stainless steel (SUS304) plate,
and the size is shown in Fig. 6.2(b). The electrolyte was sodium nitrate (NaNO3z) or
sodium chloride (NaCl) aqueous solution. During machining, the electrolyte was supplied
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from a nozzle with the inner diameter of 200 pwm to the working gap at the flow rate of 10
ml/min. In order to obtain the pulse voltage of the electrostatic induction feeding method,
the output of a function generator (Agilent, 33250A) was amplified by a bipolar amplifier
(NF Corporation, HSA4101).

(a) Workpiece (b) Tool electrode

Fig. 6.2 Workpiece and tool electrode

6.2.1.2 Electrochemical reaction
With the bipolar current and electrolyte of NaNOs aqueous solutions, Maeda et al.5?

and Mazuzawa et al.*” found that the following electrochemical reaction occurs when the
tool electrode (tungsten) is positive.

2Na*+2H,0+2e—>2NaOH+H; (6.1)
Because of the NaOH, the tungsten oxide (WQO3), which is generated on the surface of
tungsten rod, can be dissolved as

WO3+2NaOH—>Na,WO4+H,0 (6.2)
Hence, the tungsten can be machined with neutral electrolytes. In this research, sodium
nitrate (NaNO3z) and sodium chloride (NaCl) aqueous solutions were used as electrolytes
and the tungsten rod was used as workpiece and bipolar current was supplied by the
electrostatic induction feeding method.

Table 6.1 Experimental conditions with comparatively longer pulse durations

Amplitude [V] 30

Pulse voltage | Frequency [Hz] | 200k, 500k, 1 M,2M,3 M
Duty factor [%] 50

Electrolyte NaNOs3 ag. 6 wt%

Tool electrode rotation [rpm] 3000

Feed speed [pum/s] 0.5
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6.2.1.3 Machining experiment with comparatively longer pulse durations

The experimental conditions are shown in Table 6.1. Fig. 6.3 shows the bipolar voltage
used in the experiments with the frequency varied at 200 kHz, 500 kHz, 1 MHz, 2 MHz
and 3 MHz. This pulse voltage was directly applied to the ECM gap without a feeding
capacitance. Hence, like normal ECM, electrolytic current waveforms similar to the
voltage waveforms can be obtained. The neutral electrolyte of NaNOz of 6 wt% in
concentration was used. The cut depth in radial direction and feed distance in axial
direction were set as 50 um and 100 pum, respectively.

\oltage Period
Time
0
Amplitude
Fig. 6.3 Bipolar voltage
0.4
0.3
'<_E| 0.2 r
E 01}
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O -02
03 L 2MHz
-0.4 1 1 1 1
0 0.5 1 1.5 2 2.5
Time [us]

Fig. 6.4 Gap current waveforms with the frequencies of 1 MHz and 2 MHz

Fig. 6.4 shows the gap current waveforms with the frequencies of 1 MHz and 2 MHz.
Since the electrochemical reaction was localized in a smaller working gap based on the
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theory related to the electric double layer. Hence, the gap current increased with higher
frequency of 2 MHz due to the smaller axial gap resistance as shown in Fig. 6.4.

SEI 20kV  WD10mm x m SEI 20kV  WD10mm SS50

SEI 20kV  WD10mm

(c) 500 kHz (d) 200 kHz
Fig. 6.5 Micro-rods machined with different frequencies of pulse voltage

Fig. 6.5 shows the micro-rods machined with the frequencies of 200 kHz, 500 kHz, 1
MHz and 3 MHz. It is found that the micro-rods were shortened with decreasing the
frequency of pulse voltage. This is because the electrochemical dissolution occurred in a
large working gap with long pulse duration resulting in the increase in the material
dissolution from the radial gap and end of micro-rod. However, the target length of micro-
rod, which was set as 100 pm in this experiment, was successfully achieved with the
higher frequencies of 1 MHz, 2 MHz and 3 MHz because the electrochemical reaction
mainly occurred in the narrow axial gap. Fig. 6.6 shows the length of micro-rods
machined with different frequencies of pulse voltage, and the green dotted line is the
target length of micro-rod. The experimental results show that the machining accuracy
was increased with increasing the frequency of pulse voltage.
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It was found that a layer of unknown material was adhered on the surface of micro-
rods as shown in Fig. 6.5. The material compositions analyzed by EDS are shown in Fig.
6.7. There existed 13.25% of oxygen element and 63.6% of tungsten element. It is
considered that the oxygen element results from the rapid oxidation of the tungsten, and
the unknown material should be tungsten oxide. Fig. 6.8 shows the distribution of
tungsten element and oxide element.
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Fig. 6.7 EDX analysis results of the material on the micro-rod surface
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(a) Analyzed area (b) Tungsten element (c) Oxide element

Fig. 6.8 Distribution of tungsten element and oxide element

The experimental results show that the machining accuracy increased with increasing
the frequency because the electrochemical dissolution was localized in a smaller working
gap by a shorter pulse duration resulting in higher machining accuracy. To obtain a higher
machining accuracy, the electrostatic induction feeding method was used to supply ultra-
short pulse current because pulse current of several tens ns in pulse duration can be easily
generated with this method. The influences of the feeding capacitance, concentration of
electrolyte and electrolyte types on the machining characteristics were investigated in the
following sections.

6.2.2 Influence of feeding capacitance

6.2.2.1 Experimental conditions

Influences of C1 on machining characteristics were investigated using the electrostatic
induction feeding method under the experimental conditions shown in Table 6.2. In the
circuit shown in Fig. 4.2 used for machining metallic materials, a diode was used to obtain
mono-polar current pulse. In the present experiment, however, the diode was not used to
obtain bipolar current pulse. The pulse voltage with amplitude of 90 V, frequency of 500
kHz, duty factor of 50%, and rise/fall time of 40 ns, was used. The NaNO3 aqueous
solution with concentration of 2 wt% was used as electrolyte. The servo feed control
system was not used in this experiment, and constant feeding method was used for the
fundamental research. The feed speed was increased from 0.2 um/s to 0.7 um/s with an
increment of 0.1. The workpiece was positioned over the top surface of tool electrode
with an initial gap width of 5 pm. The cut depth in radial direction and feed distance in
axial direction were set as 50 um and 180 um, respectively. In order to investigate the
influence of feeding capacitance on the machining characteristics, the feeding
capacitances of 250 pF and 350 pF were used in this experiment.
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Table 6.2 Experimental conditions used to machine tungsten rods

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 250, 350
Electrolyte NaNOs ag. 2 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 0.2,0.3,0.4,05,0.6,0.7
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Fig. 6.9 Waveforms with feed speed of 0.5 pm/s and different feeding capacitances
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Fig. 6.10 Limit of feed distances with different feeding capacitances and feed speeds

6.2.2.2 Limit of feed distance with different feeding capacitances
Collison between electrodes occurs between electrodes with increasing the feed
distance, because the stray current in the radial gap increases. Therefore, there is a limit
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of feed distance for each machining process. Fig. 6.9 shows the gap current and voltage
waveforms with the feed speed of 0.5 um/s and different feeding capacitances. The gap
current and voltage increased with increasing the feeding capacitance C; as described in
Chapter 2. With C1=250 pF, collision between electrodes occurred with high feed speeds
resulting in the failure of the machining process as shown in Fig. 6.10. It is found that the
limit of feed distance increased with C1=350 pF, because the electrical charge g=C1Eq per
pulse increased, resulting in higher material removal rate.
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(d) Feed speed of 0.7 um/s

Fig. 6.11 Micro-rods machined with different feed speeds

6.2.2.3 Material removal volume
Fig. 6.11 and Fig. 6.12 show the micro-rods machined and the material removal volume
with different feeding capacitances. When the feeding capacitance C: was the same, the
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material removal volume increased with increasing the feed speed. This is mainly because
the current density increased with a smaller gap width and resistance, resulting in a higher
current efficiency and material removal rate. With the feeding capacitance of 250 pF, the
material removal volume decreased when the feed speed was 0.7 um/s, because of
collision between electrodes. However, the machining process was completed
successfully under any feed speeds when the feeding capacitance was 350 pF. This is
because the electric charge per pulse q=CiEo increased with increasing the feeding
capacitance.
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Feed speed [um/s]

Fig. 6.12 Material removal volume with different feeding capacitances

6.2.2.4 Tool wear volume

Since the bipolar current was necessary, the tool electrode was worn as shown in Fig.
6.13. Fig. 6.14 show the tool wear volume with different feeding capacitances. With the
same feeding capacitance, the tool wear volume decreased with increasing the feed speed.
This is because the working gap decreased with increasing the feed speed, resulting in
less material dissolution in the radial gap. In addition, it is found that the tool wear volume
was increased with increasing the feeding capacitance when the feed speed was the same.
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Fig. 6.13 Tool wear with different feeding capacitances
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Fig. 6.15 Tool wear ratio with different feeding capacitances

6.2.2.5 Tool wear ratio

In this research, the tool wear ratio is defined as the ratio of the tool wear volume to
the material removal volume. Fig. 6.15 shows the tool wear ratio with different feeding
capacitances. It decreased with increasing the feed speed. In addition, the tool wear ratio
decreased with decreasing the feeding capacitance when the feed speed was the same.

6.2.3 Influence of electrolyte concentration

6.2.3.1 Experimental conditions

The experimental conditions are shown in Table 6.3. The voltage was 90 V in
amplitude with the frequency of 500 kHz, and the duty factor and rise/fall time were 50%
and 40 ns, respectively. The feeding capacitance was 47 pF or 350 pF and the feed speed

was increased from 0.4 pum/s to 1.2 pum/s with an increment of 0.1. The workpiece was
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positioned over the top surface of tool electrode with an initial gap width of 5 um. The
cut depth in radial direction and feed distance in axial direction were set as 50 pum and
180 um, respectively. The NaNO3 aqueous solutions of 2 wt% and 6 wt% in concentration
were used as electrolyte.

Table 6.3 Experimental conditions to machine tungsten rods with different electrolyte
concentrations

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47, 350
Electrolyte NaNOsag. 2 wt% & 6 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 04,05,...,1.1,1.2
- ~ Pulse voltage : . Pulse voltage
Vb v «—v---~---7- =¥ 9ov--~g~—~ t
- apcurren
'T_ﬁ -.  Gap qcurrent | - H 572 29mA P
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(a) NaNO, of 2 wt% (b) NaNO3 of 6 wt%

Fig. 6.16 Waveforms with feed speed of 0.6 um/s and different concentrations of
electrolyte

6.2.3.2 Limit of feed distances with different concentrations

Fig. 6.16 shows the gap current and voltage waveforms with the feed speed of 0.6 pm/s
and different concentrations of electrolyte. The gap current was increased with increasing
the concentration of electrolyte. Fig. 6.17 shows the limit of feed distances with different
concentrations of electrolyte in this experiment. Since the current density was increased
with increasing the concentration of electrolyte resulting in higher current efficiency, the
limit of feed distance increased with higher concentration of electrolyte.
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6.2.3.3 Material removal volume and machining accuracy

Gap currents with different concentrations at the feed speed of 0.6 um/s and the feeding
capacitance of 350 pF are shown in Fig. 6.18. It is found that the current duration
decreased with increasing the concentration of electrolyte, because the electric charge per
pulse g=C:Eo is constant. To keep the same electric charge per pulse, the higher gap
current with the concentration of 6 wt% resulted in a shorter pulse duration. The measured
electric charge per pulse g with the feeding capacitance of 47 pF and 350 pF is shown in
Fig. 6.19. It is found that q is the same independent of the concentrations of 2 wt% and 6
wit%. The q increased with increasing the feeding capacitance because q=C1Eo.
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Fig. 6.19 Electrical charge per pulse with feeding capacitances of 47 pF and 350 pF

Fig. 6.20 shows the micro-rods machined with different concentrations of electrolyte.
The machining accuracy increased with increasing the feed speed because of the smaller
working gap width in the axial gap, resulting in the higher current density in the axial gap,
thereby reducing the current density in the radial gap. In addition, the end edge of the
micro-rod rounded with the lower concentration of 2 wt%. In contrast, the micro-rods
machined with the higher concentration of 6 wt% have a better machining accuracy.
Hence, it is considered that the machining accuracy increased with increasing the
concentration of electrolyte with the electrostatic induction feeding method. In
conventional pulse ECM, however, the machining accuracy increased with decreasing the
concentration of electrolyte because the electrochemical dissolution can be localized in a
smaller working gap*®. This difference can be explained by the following reasons. The
pulse duration time decreased and peak increased with increasing the concentration of
electrolyte to keep the q constant when the electrostatic induction feeding method was
used. On the other hand, the higher current density results in the higher current efficiency.
However, since the bipolar current was needed for the tungsten machining with the neutral
electrolyte, the tool electrode was worn after machining. Thereby, the corner at the root
of the micro-rod machined was rounded with a large radius. Fig. 6.21 shows the material
removal volume with different concentrations of electrolyte. The material removal
volume was increased with higher concentration of electrolytes. The current increased
with increasing the concentration of electrolytes, thereby, the duration time of pulse
current was decreased. Hence, the machining accuracy was increased resulting in less tool
wear due to the smaller working gap.
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Fig. 6.21 Material removal volume with different concentrations of electrolyte

6.2.3.4 Tool wear volume

Fig. 6.22 and Fig. 6.23 shows the tool wear and tool wear volume with different
concentrations of electrolyte, respectively. The difference of the tool wear volume with
different concentrations of electrolyte was significantly small. Considering the machining
processes were not completed with the higher feed speed than 0.7 um/s, Fig. 6.24 shows
the tool wear volumes with the feed speeds of 0.4 um/s, 0.5 um/s and 0.6 um/s, with
which the machining processes were completed using different concentrations of
electrolyte. It is noted that the tool wear volume was smaller with high concentration of
6 wt%.
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Fig. 6.22 Tool wear with different concentrations of electrolyte

172



1500000

£ 1200000 t

5 o

€ 900000 |

S o A

>

= 600000

(5]

= o

S 300000 |

= 0 — W% —— 2wit%
0 0.5 1 15

Feed speed [um/s]

Fig. 6.23 Tool wear volume with different concentrations of electrolyte

1100000

1000000 m2wt% = 6wt%

900000

800000

700000

Tool wear volume [um?]

600000

500000

0.4 0.5 0.6
Feed speed [um/s]

Fig. 6.24 Tool wear volume with feed speeds of 0.4 um/s, 0.5 um/s and 0.6 um/s

07

06 |
£05 |
=04 | o o
(5]
20.3 i A
202t 3

01 F — 6wi% — 2wi%

0 1 1

0 0.5 1 15
Feed speed [um/s]

Fig. 6.25 Tool wear ratio with different concentrations of electrolyte
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6.2.3.5 Tool wear ratio

Fig. 6.25 shows the tool wear ratio with different concentrations of electrolyte. It
decreased with the concentration of 6 wt%. The current duration decreased with
increasing the concentration of electrolyte as mentioned above.

6.2.4 Influence of different electrolytes

6.2.4.1 Experimental conditions

The experimental conditions are shown in Table 6.4. The feeding capacitance was 350
pF and the feed speed was increased from 0.4 um/s to 1.2 um/s with an increment of 0.1.
The cut depth in radial direction and feed distance in axial direction were set as 50 um
and 180 um, respectively. The NaNOs and NaCl aqueous solutions of 6 wt% in
concentration were used as electrolyte in this experiment.

Table 6.4 experimental conditions used to investigate influence of different electrolytes

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance C1 [pF] 350
Electrolyte NaCl & NaNOsag. 6 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 04,05,...,1.1,1.2

6.2.4.2 Feed distances with different electrolytes

Fig. 6.26 shows the gap current and voltage waveforms with the feed speed of 0.6 pm/s
and different electrolytes. The gap currents were almost the same. Fig. 6.27 shows the
feed distances with different electrolytes in this experiment. Because of the high current
efficiency of NaCl aqueous solution, the machining process were completed even with
the high feed speed of 1.2 um/s. However, the machining process was interrupted by
collision between electrodes with the feed speed higher than 0.7 um/s using the electrolyte
of NaNOgz aqueous solution.
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Fig. 6.27 Feed distances with different electrolytes

6.2.4.3 Material removal volume

Fig. 28 and Fig. 29 show the micro-rods machined and the material removal volumes
with different electrolytes, respectively. The material removal volume decreased with the
electrolyte of NaCl aqueous solution. This is because the tool wear volume was increased
due to the influence of stray current in the radial gap and pitting corrosion, which will be
shown in following section.
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Fig. 6.28 Micro-rods machined with different electrolytes
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6.2.4.4 Tool wear volume

Fig. 6.30 shows the tool wear with different electrolytes and Fig. 6.31 shows the
corresponding tool wear volume. It is found that the influence of stray current was
significantly serious with the electrolyte of NaCl aqueous solution. More material was
dissolved on the radial surface of tool electrode with the electrolyte of NaCl aqueous
solution as shown in Fig. 6.30(b).

The equilibrium gap width ge can be expressed as,

oVk

- ©)

ge =%
where, o is conductivity, V is voltage, v is feed rate, k is electrochemical equivalent, p is
density, ¢ is current efficiency. Because of the higher current efficiency with the NaCl
aqueous solution, the electrochemical dissolution can occur at a larger gap width. Hence,
more material on the radial surface of tool electrode was dissolved as shown in Fig.
6.30(b). In addition, the tool wear volume was also influenced by the pitting corrosion
with the electrolyte of NaCl aqueous solution, because the low current density in the radial
gap increased the probability of pitting corrosion. In the previous chapter, the
experimental results showed that the influence of pitting corrosion was serious with the
NaCl aqueous solution, however, it can be eliminated with the electrolyte of NaNOs
aqueous solution. Hence, the tool wear volume was much higher with the NaCl aqueous
solution than that with the NaNO3 aqueous solution.
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6.2.4.5 Tool wear ratio

Fig. 6.32 shows the tool wear ratio with different electrolytes. Because of the influences
of high current efficient and pitting corrosion, the tool wear ratio was higher with the
electrolyte of NaCl aqueous solution than the electrolyte of NaNO3 aqueous solution.
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Fig. 6.32 Tool wear ratio with different electrolytes

6.2.5 High aspect ratio micro-rod machining

According to the above experimental results, the smaller feeding capacitance of 250
pF and higher concentration of NaNOgz aqueous solution in 6 wt% are useful to machine
an accuracy micro-rod with the speed range between 0.1 pm/s to 1.2 um/s. Hence, long
micro-rod was tried to be machined with the optimized machining conditions in this
experiment.
6.2.5.1 Experimental conditions

The experimental conditions are shown in Table 6.5. The rise/fall time was 40 ns. The
feed speeds of 0.2 um/s and 0.6 um/s were selected, which were considered as the
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optimum feed speed corresponding to the feeding capacitances of 150 pF and 250 pF,
respectively. NaNOs aqueous solutions in concentration of 6 wt% was used as electrolyte
in this experiment. The cut depth in radial direction and feed distance in axial direction
were set as 50 pm and 250 um, respectively.

Table 6.5 Experimental conditions used to machine high aspect ratio tunsten rods

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47
Electrolyte NaNOsag. 6 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 0.2,0.6

6.2.5.2 High aspect ratio micro-rods machined

Fig. 6.33 and Fig. 6.34 show the micro-rods machined and tool wears with the feeding
capacitances of 150 pF and 250 pF, respectively. The machining processes were
interrupted by collision between electrodes and the feed distances were 150 um and 246
um for the feeding capacitances of 150 pF and 250 pF, respectively. It is noted that a
micro-rod with the aspect ratio larger than 3 was difficult to be machined with this method.
This is because the bipolar current was necessary with the neutral electrolyte, which
causes the tool wear. Therefore, the current flowing through the radial gap would increase
significantly with increasing the feed distance in axial direction, and the current flowing
through the axial gap decreased due to the constant electrical charge per pulse with the
electrostatic induction feeding method. Hence, collision between electrodes interrupted
the machining process resulting in a limitation of the increase in the length of micro-rod.
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6.3 Fabrication of high-speed steel (SKH51) micro-rod

6.3.1 Experimental conditions

The experimental conditions are shown in Table 6.6. The amplitude of pulse power was
90 V. The frequency and rise/fall time of pulse power were 500 kHz and 40 ns,
respectively. The electrolyte was sodium chloride (NaCl) and sodium nitrate (NaNO3) of
2 Wt% in concentration. The machining method is shown in Fig. 6.35, in which a diode
was placed in parallel with the working gap to avoid tool wear with the bipolar current
using the electrostatic induction feeding method. The tool electrode is shown in Fig. 6.
36. The feed speed was 0.7 um/s. The diameter of workpiece was 200 um. The feed
distance in axial direction was 100 um, and cut depth in radial direction was 50 um. The
workpiece rod was positioned on the top surface of the tool electrode with an initial gap
width of 5 um.

Table 6.6 Experimental conditions to machine high-speed steel

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47
Electrolyte NaCl & NaNOzag. 2 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 0.7
Feeding capacitance C,
workpiece: ) | |
SUS304 Feeding 1 1
direction
Rotation Cut depth in E(t) Anode
. < | radial direction Diode
Axiall gap \ I
Feed distance in Pulse
axial direction  Voltag T
\
Radial gap
(a) Machining method of micro-rod (b) Diode was used to avoid tool wear

Fig. 6.35 Machining method of micro-rod and circuit
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Machining area

Fig. 6.37 Micro-rod machined with NaCl aqueous solution

6.3.2 Micro-rods machined with different electrolytes

The machining was completed with the electrolyte of NaCl aqueous solution. However,
the machining surface was significantly rough as shown in Fig. 6.37. In addition, the
machining area broke into pieces, and many cracks were generated on the side surface of
the machined rod near the machining area. Fig. 6.38 shows the micro-rod machined with
the electrolyte of NaNOz aqueous solution. A micro-rod was machined successfully.
However, the tool electrode feed was interrupted by collision between electrodes with the
electrolyte of NaNOgz aqueous solution when the feed distance in axial direction was
increased to 53 um. Some scratches were observed on the axial surface as shown in Fig.
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6.38(b), because of the collision. Hence, the electrolyte of NaNOz aqueous solution is
better for SKH51 machining compared with NaCl aqueous solution.

SEI 20kV WDi1imm SS50

QU d
SEl 20kv  WD11mm SS50

(b) Frontal surface of micro-rod
Fig. 6.38 Micro-rod machined with NaNOz aqueous solution

At last, Fig. 6.39 shows the tool electrode before and after machining, it is noted that
there was almost no tool wear after machining, this is because the unipolar current was
obtained with the help of the diode as shown in Fig. 6.35(b).

(a) Before machining

Working area

e

/ v
SEI 20kV WD12mm SS50 x400 50 4 m —m SEl 20kV WD12mm SS50

Fig. 6.39 Tool electrode before and after machining
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6.4 Fabrication of cemented WC micro-rod

6.4.1 Experimental conditions

The experimental conditions are shown in Table 6.7. The amplitude of pulse power was
90 V. The frequency and rise/fall time of pulse power were 500 kHz and 40 ns,
respectively. The electrolyte was sodium nitrate (NaNO3z) of 2 wt% in concentration.
Bipolar current was supplied with the electrostatic induction feeding method due to the
similar machining mechanism of tungsten micro-rod. The feed speed was 0.7 um/s. The
diameter of workpiece was 200 um. The feed distance in axial direction was 100 um, and
cut depth in radial direction was 50um. Since NaNOsz aqueous solution gave better
results than NaCl, only NaNOs aqueous solution was used in this experiment. Miyoshi
and Kunieda® also used the same electrolyte and obtained a micro-rod shown in Fig.

6.40 using electrolyte jet machining (EJM).

Table 6.7 experimental conditions

Amplitude [V] 90
Pulse voltage Frequency [Hz] 500 k
Duty factor [%] 50
Rise/fall time [ns] 40
Feeding capacitance Ci [pF] 47
Electrolyte NaNOsag. 2 wt%
Tool electrode rotation [rpm] 3000
Feed speed [um/s] 0.7

100 pm

(@) Rough

100 pm

(b) Finish

Fig. 6.40 Machined WC micro rod using EJM
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In addition, Miyoshi and Kunieda®® has investigated the influence of grain size on the
machining accuracy. The experimental results showed that the machining accuracy was
improved with the smaller grain size, as shown in Fig. 6.41. The grain size used in this
experiment was 2-4 um.

100 pum 100 pm

SEl s8% x170 S5 . 100 4 m

(a) Grain size of 10 um (b) Grain size of 2-4 um
Fig. 6.41 Influence of grain size on machining accuracy

SEI 20kv WD10mm SS50

Fig. 6.42 Experimental result with material of cemented WC

6.4.2 Machining result with cemented WC

The experimental result is shown in Fig. 6.42. It was highly similar with the research
result by Choi et al.*?, which is shown in Fig. 6.43. They reported that the formation of
the tungsten oxide layer resulted in expansion of the volume of the raw material, as shown
in Fig. 6.43, because the Pilling Bedworth ratio (the ratio of the volume of oxide formed
to the volume of metal consumed) for W is 3.3%%). From the analysis of sludge components
using energy dispersive spectroscopy (EDS), it was shown that the ratio of Co is smaller
in the sludge than in the raw material. Furthermore, the color of used electrolyte was
converted to red, which is the color of Co ions. From these results, it was concluded that
Co dissolved to form ions. Hence, it is considered that the sludge shown in Fig. 6.42
should be the tungsten oxide. In addition, compared with the results of Miyoushi and
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Kunieda, it is considered that the much high current density used in EJM leaded to the
significantly different machined results as shown in Fig. 6.40 and Fig. 6.42.

Fig. 6.43 Sludge growth on the specimen during WC etching®

6.5 Conclusions

In this chapter, the machining characteristics of different materials were investigated,
including tungsten, high-speed steel (SKH51) and tungsten carbide. The following
conclusions were obtained.

With the material of tungsten, bipolar current was needed, which caused the tool wear.
The machining accuracy increased with decreasing the pulse duration of pulse current
because the electrochemical reaction was localized in a smaller working gap. The tool
wear ratio increased with increasing the feeding capacitance when the feed speed was the
same. In addition, the tool wear ratio decreased with NaNO3 electrolyte of 6 wt% in
concentration compared with that with 2 wt%. Compared with the electrolyte of NaCl
aqueous solution, the tool wear ratio decreased with the electrolyte of NaNO3z aqueous
solution. The machinable length of tungsten micro-rod was limited by the collision
between electrodes, because the influence of stray current in the radial gap increased with
increasing the feed distance due to the increased gap area.

With the material of SKH51, the machined results showed a better machining
characteristics with electrolyte of NaNO3 aqueous solution, compared with the NaCl
aqueous solution. The workpiece broke into pieces with the NaCl aqueous solution, and
the surface machined was significantly rough. A micro-rod was successful machined with
the electrolyte of NaNOgz aqueous solution. With the material of tungsten carbide, the
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volume of the material was swollen and a large amount of sludge was generated after
machining, which was considered to result from the oxidation of tungsten.

It is wellknown that Electrical discharge machining (EDM) can be used with any
difficult-to-machine materials regardless of its density, toughness, or hardness. However,
because EDM is a thermal process, the machined surface is characterized by recast layers,
including cracks and residual tensile stresses, which result in overall degeneration of the
component’s mechanical capabilities. In contrast, ECM relies on the mechanism of anode
electrochemical dissolution to remove material, with the advantage that the machined
surface has no recast layers and is free of residual stress and micro cracks. The main
problem in ECM is to create conditions for the electrochemical dissolution localization,
because during machining the area of dissolution is larger than the area of the electrode
tool (machining delocalization). Furthermore, research results showed the ECM still has
some limitation in the processing of difficult-to-machine materials, such as W, WC. In
contrast, EDM is possible to machine these metal materials successfully. The comparison
between EDM and ECM is listed in Table. 6.8. The differences between two machining
technologies show that, to machine these difficult-to-machine materials, the EDM is more
efficient than the ECM, however, the ECM has a significant advantage of good surface
finish. Hence, a hybrid machining system combining the electrostatic induction feeding
EDM and ECM using the same electrolyte method was proposed in the next chapter to
compensate the disadvantages of the two different machining technologies.

Table 6.8 Comparison between EDM and ECM

Characteristics Micro-EDM Micro-ECM
Material removal rate High Low
Machining accuracy High Low
Recast layer Exist None
Cracks Exist None
Residual stress Exist None
Tool wear Serious None
Surface finish Rough Smooth
Easily passivated:
Difficult-to-machine Any conductive W, WC, Pt, Nb, Ti:
metal materials Semiconductor: Si, SiC;
Novel metals: Au, Pt, Ag.
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Chapter 7 Hybrid machining combining electrostatic

induction feeding EDM and ECM

7.1 Introduction

Electrical discharge machining (EDM) is one of the most efficient machining processes
for conductive materials. The process, based on the electro-thermal erosion of metallic
materials, can be used with any difficult-to-machine material regardless of its density,
toughness, or hardness. However, since EDM is a thermal process, the machined surface
is characterized by recast layers, including cracks and residual tensile stresses. In contrast,
electrochemical machining (ECM) relies on the mechanism of anode electrochemical
dissolution to remove material, with the advantages that the machined surface has no
recast layers and is free of residual stress and micro-cracks. The comparison between the
two machining technologies in Chapter 3, 4, 5, 6 shows that the two machining
technologies have different machining characteristics due to the different principles of
material removal. Hence, it is considered to develop a hybrid machining system in
Chapter 7 to take full advantages of the two machining technologies.

In this chapter, the hybrid machining system combining the electrostatic induction
feeding EDM and ECM using the same electrolyte method was proposed. With this
method, the conversion of EDM and ECM modes was realized by utilizing the oxide layer
formed on the surface of tungsten electrode. Zeng et al. * conducted the micro-EDM
shaping and micro-ECM finishing in sequence on the same machine tool. However, the
different machining medium and power generator were needed for two different
machining processes. In Kurita and Hattori®®’s research, the EDM and ECM process were
carried out in sequence on the same machine tool and tool electrode with deionized water
used as the machining liquid. Nguyen et al. % °" also realized the hybrid machining of
micro-EDM and micro-ECM with deionized water using the same power generator. The
conversion of the EDM and ECM processes was realized by decreasing and increasing
the working gap for the EDM and ECM mode, respectively. However, the deionized water
used as machining medium resulted in a significantly low material removal rate in the
ECM process because of the low electrical conductivity. Compared with the previous
researches, the hybrid machining method newly proposed in this chapter can realize the
hybrid machining process with the same machining medium and power generator. The
conversion of EDM and ECM modes can be easily realized by attaching and detaching a
diode in parallel with the working gap.
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This chapter describes the hybrid machining system combining the electrostatic
induction feeding EDM and EDM in the same electrolyte. First, the principle of the hybrid
method is explained. Then, the transition of the modes is verified through the observation
of the discharge waveforms and machined surface. Finally, a micro-hole is machined
using the hybrid system developed.

Feedinglce;pacitance C, Feeding (I:aloacitance C,
11 ii ¢ 1
E(t) ¥Sﬁg§t'§ﬁ”°de' (C))xide E(t) ' T Tool electrode:
% la @ Bubble Tungsten
Pulse yer Pulse —
Voltagg  Workpiece: Voltage Workpiece:
SUS304 SUS304

(a) Tungsten electrode is positive polarity  (b) Tungsten electrode is negative polarity

Fig. 7.1 Principle of ECM mode

7.2 Principle of method to control EDM and ECM mode

The hybrid machining method utilizes the oxide layer formed on the surface of tungsten
electrode to control the conversion of EDM and ECM modes. The ECM mode can be
obtained as shown in Fig. 7.1. Bipolar current is generated with the electrostatic induction
feeding method. When the polarity of tungsten electrode is negative with the bipolar
current pulse, Maeda et al.?? and Mazuzawa et al.’® found that the electrochemical
reaction in NaNOsz aqueous solution is as follow:

2Na* + 2H,0 + 2e - 2NaOH + H, (7.1)
With the NaOH, the tungsten oxide layer generated on the tungsten electrode when the
polarity of tungsten electrode is positive is dissolved by the following electrochemical
reaction (7.2).

W03 + 2NaOH - Na2W04, + H20 (72)

Hence, the electrolysis current can flow through the gap, realizing the ECM mode as
shown in Fig. 7.1. To convert the process from ECM to EDM, a diode is placed in parallel
with the working gap as shown in Fig. 7.2. Current will flow in the diode instead of the
working gap when the tungsten electrode is at negative polarity. Hence, NaOH cannot be
generated by electrochemical reaction (1) resulting in the oxide layer un-dissolved on the
surface of tungsten electrode. Thereby, the chemical reaction (7.1) and (7.2) cannot occur
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to dissolve the oxide layer with the use of the diode. When the polarity of the tungsten
electrode changes to positive, the current cannot easily flow through the working gap,
because of the high resistivity of the passive oxide layer on the surface of tungsten
electrode. Hence, the oxide layer plays the role of the dielectric fluid in electric discharge
machining. Thereby, discharge occurs as shown in Fig. 7.2(b).

Feeding capacitance C, Feeding capacitance C,
| 1 i | 1 X
11 11
Tool electrode: Oxide Tool electrode: i(t
E(t) Tungsten layer E(t) Tungsten Oxide |
Pulse Workpiece: Y 7 Pulse Discharge e
Voltage SUS304 _ Voltagd  Workpiece: :
Diode SUS304 Diode
(a) Tool electrode is negative polarity (b) Tool electrode is positive polarity

Fig. 7.2 Principle of EDM process

The conversion of EDM and ECM mode depends on the oxide layer formed on the
surface of the tungsten electrode, and the generation of the oxide layer is controlled by
attaching and detaching a diode in parallel with the working gap. Hence, the tungsten
electrode, diode and bipolar current are the key factors in the hybrid micro-EDM and
micro-ECM machining using the same electrolyte method. In this research, the
electrostatic induction feeding method was used to generate the necessary bipolar current.

7.3 Operation in EDM mode

The discharge waveforms were measured to verify the discharge process in EDM mode.
Then, the influences of the feeding capacitance C; and rise/fall time of pulse voltage on
the machining characteristics of the EDM mode were investigated.

7.3.1 Discharge waveforms measurement

In order to verify the occurrence of discharge machining in the EDM mode, the
discharge waveforms were measured and compared with the waveforms of the ECM
mode.

7.3.1.1 Experimental conditions

The experimental conditions are shown in Table 7.1. The materials of stainless steel
(SUS304) and tungsten were used as workpiece and tool electrode, respectively, and
micro-holes were machined on the SUS304 plate. The tool electrode was machined by
the WEDG method to get a diameter of 100 um, and positioned over the top surface of
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workpiece plate with an initial gap width of 5 um. The feed distance in axial direction
was also set as 5 um, and the feed speed was 0.1 pum/s. It is noted that NaNO3 of 6 wt%
in concentration was used as electrolyte. The waveforms of the ECM and EDM mode
were measured using the oscilloscope during machining.

Table 7.1 Experimental conditions used in hybrid machining
Amplitude [V] 90

Frequency [Hz] 500 k

Duty factor [%] 50

Rise/fall time [ns] | 100

Pulse voltage

Feeding capacitance C1 [pF] 220

Electrolyte NaNO3z ag. 6 wt%
Tool electrode rotation [rpm] 3000

Feed speed [pum/s] 0.1

7.3.1.2 Discharge waveforms

Fig. 7.3 shows the waveforms of ECM mode. Because of the reason described above,
the passive oxide layer was dissolved with the bipolar current and the ECM process
occurred stably.
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Fig. 7.3 Waveforms of ECM mode

Fig. 7.4 shows that discharge occurred 2 to 4 times within 10 ps in the EDM mode. It
is noted that the gap current is not zero, when the polarity of the workpiece is changed to
positive, although the current is lower than in ECM mode. This is because the working
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gap was charged inversely, before the reversal of polarity. In addition, the polarity of
tungsten tool electrode was always positive because the current flew through the diode
when the tungsten electrode was with negative polarity as shown in Fig. 7.1(a). It is
interesting to find that the decrease in the gap voltage is slow due to the thick oxide layer.
This is the reason why discharge can occur during the pulse duration. In contrast, since
the gap voltage is dropped within the pulse duration in the ECM mode, discharge cannot
occur.
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Fig. 7.5 shows waveforms of discharge current and voltage. The gap voltage was about
20V during discharge, which was the same as the normal EDM processes.
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Fig. 7.5 Discharge waveforms
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Fig. 7.6 Tungsten electrodes after experiment

The tungsten electrodes were observed after experiment and shown in Fig. 7.6. Since
the tungsten can be machined with bipolar current in a neutral electrolyte®? %, the
tungsten electrode was significantly worn as shown in Fig. 7.6(a) after the ECM mode
experiment. The EDM process should also cause tool wear due to thermal load, however,
the tungsten electrode was not obviously worn after EDM mode experiment as shown in
Fig. 7.6(b). It is considered that this is because the machining time was short.

Fig. 7.7 shows the SUS304 electrodes after experiment. Discharge craters were
obviously observed in the EDM mode, while, there was no discharge crater in the ECM
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mode. It is concluded that the conversion of the ECM and EDM modes with the hybrid
machining method is effective.

SEI 20kv  WD1imm SS50

SEI 20kv WD1imm SS50

(b) EDM mode
Fig. 7.7 SUS304 electrodes after experiment

7.3.2 Influence of feeding capacitance

7.3.2.1 Experimental conditions

Table 7.2 shows the experimental conditions to investigate the influence of feeding
capacitance on the EDM modes. The materials of stainless steel (SUS304) and tungsten
were used as workpiece and tool electrode, respectively. The diameter of the tool
electrode was 100 um. In order to generate a few number of discharge craters, with which
it was easy to observe the change in the discharge crater diameter with different feeding
capacitances, the frequency of pulse voltage was set as low as 500 Hz and the feed
distance of tool electrode was set as 4.2 um. The feed speed of tool electrode was 0.3
um/s. Since the jump flushing is necessary for the ECM mode to obtain a smoother
surface finish, the tool electrode jumped during machining. Furthermore, in order to
compare with the results of ECM mode, the EDM mode also used the jump flushing. In
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this experiment, jump flushing was carried out for every feed distance of 0.3 um by
retracting the tool electrode, because the experimental results were compared with the
ECM mode in which the jumping flushing is significantly important to flush away the
bubbles and electrochemical products from the working gap. The jump speed and jump
distance were Imm/s and 500 um, respectively. The feeding capacitance C; was 100 pF,
220 pF, 350 pF and 470 pF.

Table 7.2 Experimental conditions to investigate the influence of feeding capacitance
Amplitude [V] 90

Frequency [Hz] 500

Duty factor [%] 50

Rise/fall time [ns] | 40

Pulse voltage

Feeding capacitance C1 [pF] 100, 220, 350, 470
Electrolyte NaNO3z ag. 6 wt%
Tool electrode rotation [rpm] 3000
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Fig. 7.8 Gap current and voltage waveforms with feeding capacitance of 100 pF
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Fig. 7.9 Gap current and voltage waveforms with feeding capacitance of 220 pF
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7.3.2.2 Discharge crater

Fig. 7.8 and Fig. 7.9 show the gap current and voltage waveforms at the rise and fall
time (not at the discharge moment) in the EDM mode with the feeding capacitances of
100 pF and 200 pF. Because of the low frequency of 500 Hz, it is difficult to show the
waveforms at both rise and fall time in one figure clearly. Hence, the gap current and
voltage waveforms at the rise and fall time of pulse voltage were shown separately. The
gap current and voltage were increased with increasing the feeding capacitance as shown
in Fig. 7.8 and Fig. 7.9. This is because the electrical charge per pulse g= EoC1 increased
with increasing the feeding capacitance C1 with the electrostatic induction feeding ECM.
Thereby, the current increased with increasing the feeding capacitance due to the same
pulse duration time which was determined by the rise/fall time of the pulse voltage. In
addition, the gap voltage was always positive because the current flew through the diode
when the tungsten electrode was negative polarity as shown in Fig. 7.1(a). Fig. 7.10 shows
SEM images of the discharge craters with different feeding capacitances. Fig. 7.11 shows
the change in the diameter of discharge craters with different feeding capacitances. The
diameter of discharge craters was between 1 um to 4 um, and increased with increasing
the feeding capacitance. This is because the discharge energy per pulse increased with
increasing the feeding capacitance C; with the electrostatic induction feeding EDM. In
addition, it can be found that the number of discharge craters was increased with
increasing the feeding capacitance as shown in Fig. 7.10. This is because the discharge
ignition was easy with the higher discharge energy due to the increased amount of debris
particles generated by discharge with increasing the feeding capacitance C;.
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Fig. 7.10 Discharge craters with different feeding capacitances
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Fig. 7.11 Diameters of discharge craters with different feeding capacitances

7.3.3 Influence of rise/fall time of pulse voltage

7.3.3.1 Experimental conditions

Table 7.3 shows the experimental conditions to investigate the influence of rise/fall
time pulse voltages in the EDM mode. The frequency of pulse voltage was 500 Hz and
the feed distance of tool electrode was set as 4.2 um. The feed speed of tool electrode was
0.3 um/s. In this experiment, jump flushing was also carried out for every feed distance
of 0.3 um by retracting the tool electrode for the same reason described in Section 7.3.2.1.
The rise/fall times of pulse voltages was 40 ns, 100 ns, 150 ns and 200 ns.

Table 7.3 Experimental conditions used to investigate the influence of rise/fall time of
pulse voltage

Amplitude [V] 90

Frequency [Hz] 500

Duty factor [%] 50

Rise/fall time [ns] | 40, 100, 150, 200

Pulse voltage

Feeding capacitance Ci [pF] 220
Electrolyte NaNOs3 aq. 6 wt%
Tool electrode rotation [rpm] 3000

7.3.3.2 Discharge crater
Fig. 7.12 and Fig. 7.13 show the gap current and voltage waveforms at the rise and fall
time (not at the discharge moment) in the EDM mode with the rise/fall times of 100 ns
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and 200 ns, respectively. The current duration increased with increasing the rise/fall time,
because the current duration equals to the rise/fall time of pulse voltage with the
electrostatic induction feeding method. In addition, the gap current and voltage decreased
with increasing the rise/fall time because the electric charge q per pulse is determined by
the amplitude of pulse voltage Eo and feeding capacitance C: as q=CiEo with the
electrostatic induction feeding ECM. Thereby, the current and voltage peaks decreased
with increasing the pulse duration to keep the same electrical charge per pulse as shown
in Fig. 7.12 and Fig. 7.13.
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Fig. 7.12 Gap current and voltage waveforms with rise/fall time of 100 ns
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Fig. 7.13 Gap current and voltage waveforms with rise/fall time of 200 ns

Fig. 7.14 shows the discharge craters with different rise/fall times of pulse voltage. Fig.
7.15 shows the diameters of discharge craters with different rise/fall times of pulse voltage.
The diameter of discharge craters decreased with increasing the rise/fall time of pulse
voltage. In addition, the number of discharge craters were decreased with increasing the
rise/fall time as shown in Fig. 7.14.

202



PP
SEI 20kV  WD1imm SS50 x68 SEI 20kV  WD1imm

SEI 20kV  WD1imm SS50 SEl 20kV  WD1imm SS50

SEI 20kV WD1imm SS50 20 m  — 20},lm SEl 20kV  WD1imm SS50 x2,000 10¢m
—

(c) 150 ns

SEI 20kV WD1imm SS50 x650 20m — Zop,m SEl 20kV  WD1imm SS50 10um
—

(d) 200 ns

Fig. 7.14 Discharge craters with different rise/fall times of pulse voltage
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7.4 Operation in ECM mode

The ECM mode of the hybrid machining system combining the electrostatic induction
feeding EDM and ECM using same electrolyte method was investigated from the
influence of frequency and rise/fall time of pulse voltage on the machining characteristics
in this section.

Fig. 7.1 shows the principle of ECM mode, and the diode was removed to dissolve the

oxide layer on the surface of tungsten electrode. Table 7.4 shows the experimental
conditions. The feed distance of tool electrode was set as 7 um. The feed speed of tool
electrode was 0.1 pm/s. In this experiment, jump flushing was carried out for every feed
distance of 0.1 um by retracting the tool electrode. The frequencies of pulse voltage was
0.5 kHz, 1 kHz, 1.5 kHz, 3 kHz and 5 kHz.

Table 7.4 Experimental conditions to investigate the ECM mode
Amplitude [V] 90

Frequency [kHz] 05,1,15,3,5

Duty factor [%] 50

Rise/fall time [ns] | 100

Pulse voltage

Feeding capacitance Ci [pF] 220
Electrolyte NaNO3z ag. 6 wt%
Tool electrode rotation [rpm] 3000
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Fig. 7.16 shows the gap voltage and current waveforms with frequency of 1 kHz. It is
noted that the gap current was bipolar without the diode. Since the oxide layer was
dissolved due to the electrochemical reactions (7.1) and (7.2), the ECM mode occurred
stably. Since the gap voltage drops to zero, discharge is difficult to occur.
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Fig. 7.16 Gap current and voltage waveforms with pulse frequency of 1 kHz

7.5 Hybrid of EDM and ECM machining

The surface machined by EDM is covered by numbers of discharge craters. In contrast,
the surface machined by ECM is significantly smooth because the material is removed by
anodic electrochemical dissolution. Since the EDM and ECM can occur with the same
electrolyte and tool electrode with the hybrid micro-EDM and micro-ECM machining
using same electrolyte method, the improvement of the EDMed surface with the ECM
process was conducted in this section.

7.5.1 Experimental conditions

An EDM surface was generated first, then the tool electrode was continuously fed after
converting to ECM mode to polish the rough EDM surface. Table 7.6 and Table 7.7 show
the experimental conditions of the EDM and ECM mode, respectively. The materials of
stainless steel (SUS304) and tungsten were used as workpiece and tool electrode,
respectively. The diameter of the tool electrode was 100 um. The NaNO3 aqueous solution
of 6 wt% in concentration was used as electrolyte. The tool electrode was positioned on
the top surface of workpiece with an initial gap width of 5 um. In the EDM process, the
feed distance was set as 6 um with the feed speed of 0.3 pm/s, and jump flushing was
carried out for every feed distance of 0.3 um by retracting the tool electrode. The jump
speed and jump distance were 1 mm/s and 500 um, respectively. The gap width after
EDM process was about 5.1 um measured with the contact sensing function of the micro
EDM machine (Panasonic, MG-ED72W). In the ECM process, the feed distance was set
as 6 um, based on the working gap width measured after the EDM process, with the feed
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speed of 0.1 um/s, and jump flushing was carried out for every feed distance of 0.1 um
by retracting the tool electrode. The jump speed and jump distance were 1mm/s and 4 um,
respectively. It is noted that the conversion of EDM to ECM mode did not need to change
the electrolyte and tool electrode, and was realized by only removing the diode. The oxide
layer was dissolved with removing the diode, resulting in the conversion of EDM to ECM
mode. Based on the previous experimental results, the parameters of pulse voltage were
changed to obtain a better machining accuracy of the ECM mode as shown in Table 7.7.

Table 7.6 Experimental conditions for EDM mode

Amplitude [V] 90
Pulse voltage Frequency [kHz] 500

Duty factor [%] 50

Rise/fall time [ns] | 40
Feeding capacitance C1 [pF] 220

Electrolyte NaNO3z ag. 6 wt%
Tool electrode rotation [rpm] 3000

Feed distance [pum] 0.3

Feed speed [um/s] 0.3

Table 7.7 Experimental conditions for ECM mode

Pulse voltage

Amplitude [V]

90

Frequency [kHz]

1

Duty factor [%] 50

Rise/fall time [ns] | 100, 200
Feeding capacitance Ci [pF] 220
Electrolyte NaNO3z ag. 6 wt%
Tool electrode rotation [rpm] 3000
Feed distance [um] 6
Feed speed [um/s] 0.1

7.5.2 Machining characteristics

Fig. 7.17 and Fig. 7.18 shows the gap voltage and current waveforms of the EDM and
ECM process. Due to the influence of the passive oxide layer on the gap resistance, the
gap current of the EDM mode at rise/fall times was smaller than the ECM mode. It is
noted that the decrease in the gap voltage was slow in the EDM mode than the ECM
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because of the thick oxide layer. This is the reason why discharge occurred during the
pulse duration. If the gap voltage dropped, discharge cannot occur.
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Fig. 7.17 Gap current and voltage of EDM process
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Fig. 7.18 Gap current and voltage of ECM process

Fig. 7.19 shows the EDM surface and improved surfaces with the ECM mode using
the rise/fall times of 100 ns and 200 ns. The experimental results showed that the EDM
mode was realized using the same electrolyte and was converted to ECM mode with the
hybrid micro-EDM and micro-ECM using same electrolyte method. The surfaces after
ECM process became much smoother than the EDMed surface. However, the bottom was
not flat, it is considered electrolyte flushing in the working gap was not sufficient due to
the generation of sludge and bubbles from the electrochemical reaction. Fig. 7.20 shows
the inlet side diameters of different surfaces. The diameter of inlet side increased after
ECM process because more material volume was removed in the ECM process. In
addition, the inlet side diameter was larger with longer rise/fall time of pulse voltage due
to the electrochemical reaction occurred in a larger gap width.
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Fig. 7.20 Diameters of different surfaces

7.6 Conclusions

Since the EDM and ECM have different advantages and disadvantages as listed in
Table 6.8, the hybrid machining system combining the electrostatic induction feeding
EDM and ECM using the same electrolyte was proposed. The EDM mode can be used to
rough-machine the materials or to machine the materials which are difficult to be
machined by ECM, while, the ECM mode can be used when there is a high requirement
of surface finish.

The conversion of EDM and ECM mode depends on the oxide layer formed on the
surface of the tungsten electrode, and the generation of the oxide layer is controlled by
attaching and detaching a diode in parallel with the working gap. When the oxide layer is
formed on the surface of tungsten electrode, discharge occurs because the current cannot
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flow through the working gap with the low conductivity of tungsten oxide layer. When
the oxide layer is removed, the machining process is converted to ECM mode.

The waveforms of discharge current and voltage measured in the EDM mode showed
that the EDM process was realized successfully. In addition, there was no discharge
generated in the ECM mode. Hence, the conversion of the ECM and EDM modes was
realized successfully with the hybrid machining system combining the electrostatic
induction feeding EDM and ECM using the same electrolyte. In the EDM mode, the
diameter of discharge crater increased with increasing the feeding capacitance, and the
diameter of discharge crater decreased with increasing the rise/fall time of pulse voltage.
The experimental results showed that the EDM mode was successfully converted to ECM
mode and the surface finish of EDM process was improved by the ECM process.
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Chapter 8 Conclusions

The electrostatic induction feeding ECM was investigated in this research. At first, the
theory of this method used in micro-ECM was analyzed. According to the characteristics
of this method, different gap control methods were proposed to design the servo feed
control system. Micro-holes were drilled with the developed servo feed control system,
and significantly smooth surfaces were obtained. Then, micro-rods were machined by
applying the electrostatic induction feeding method. When NaNO3s aqueous solution was
used as electrolyte, micro-rod with the high aspect ratio of 20 was machined successfully
with the stainless steel (SUS304) and tungsten used as workpiece and tool electrode
materials, respectively. Furthermore, the influences of different materials of workpiece
on the machining characteristics were investigated. As a result, advantages and
disadvantages of the electrostatic induction feeding ECM method were clarified and
compared with those of micro EDM processes. Hence, a hybrid system combining the
electrostatic induction feeding EDM and ECM methods was proposed to compensate for
the weakness of the present method. The main points of each chapter are concluded as
following.

Chapter 1 introduced the principle and gap phenomena of electrochemical machining.
In addition, the electrostatic induction feeding method developed for electrical machining
processes: EDM and ECM, was introduced, and the principles of the electrostatic
induction feeding EDM and ECM were explained. The problems to be solved in
micromachining technologies using EDM and ECM were summarized, and purpose of
the present study was described.

Chapter 2 analyzed the theory of the electrostatic induction feeding ECM and
introduced the experimental equipments. According to the equivalent circuit, the
calculation results verified that the current pulse width was determined by the rise/fall
time of the pulse voltage regardless of the pulse on time. In addition, the gap current
increased with increasing the feeding capacitance because the electrical charge per pulse
g=CiEo is constant with the electrostatic induction feeding method. Then, the
experimental equipments of electrostatic induction feeding micro-ECM are introduced.
With this method, the pulse signal of a function generator was amplified by a bipolar
voltage amplifier to supply the pulse voltage for the electrostatic induction feeding
method.

Chapter 3 investigated the machining characteristics of the servo feed control with the
electrostatic induction feeding method. First, machining characteristics were investigated
using the conventional servo feed control system which monitors the average gap voltage.
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Experimental results showed that the material removal rate does not change obviously
with different reference voltages. This is because the average gap voltage was 200 mV or
less due to the pulse duration of several tens of ns with significantly low duty ratio. Hence,
the gap control accuracy was not sufficiently high with the average gap voltage method
because of the low signal to noise ratio (S/N ratio). In order to solve the problem of low
S/N ratio and improve the gap control accuracy, a new method with monitoring the peak
gap voltage was put forward. Compared with the average gap voltage method, the gap
control sensitivity was improved due to the higher S/N ratio. In micro-hole drilling with
the peak average method, lower reference voltage resulted in higher material removal rate,
because of the higher current efficiency with the higher current density due to the smaller
working gap. Since the electrochemical dissolution was mainly confined to the small
working gap, the inlet radial gap width was smaller with low reference voltage. In
addition, the material removal rate was higher with the larger feeding capacitance Ci.
This is because the electric charge per pulse is proportional to Cs. The inlet gap width was
nearly the same independent of C;. With the peak gap voltage method, through-holes of
50 pm in diameter were machined on a stainless steel (SUS304) plate of 50 pm in
thickness with different reference voltages. There was no difference in the taper angle,
but the gap width was smaller and the finished surface was smoother with the lower
reference voltage.

Comparison of the straightness and side gap width of the holes drilled by the present
ECM method with those of micro EDM shows that the machining accuracy of the present
method can compete with that of micro EDM. Furthermore, the material removal rate of
electrostatic induction feeding EDM was much higher than the ECM. In EDM, the
discharge occurs only at a single discharge location per each pulse, hence, volumetric
removal rate is constant. On the other hand in ECM, electrolytic current flows
simultaneously over the whole working surface with almost uniform current density.
Hence, the feed rate of the tool electrode is constant and determined by the current density,
independent of the working surface area. As a result, the volumetric removal rate of ECM
is significantly high compared with EDM, when the machining area is large. In micro
ECM, however, the advantage of the high removal rate is lost, because the machining area
is small. Nonetheless ECM has advantages of no heat affected zone, no crack, and good
surface equality. Therefore, it is considered that the electrostatic induction feeding ECM
is more useful than micro EDM in finishing processes.

Chapter 4 introduced the micro-rod machining with the electrostatic induction feeding
ECM using the electrolyte of NaCl aqueous solution. Two machining methods of micro-
rod were investigated in this chapter: the feeding of workpiece in axial and radial direction
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methods. With the feeding of workpiece in axial direction method, the machinable length
limitation peaks at an optimum feed speed, because lower feed speed results in higher
stray current density in the radial gap, and higher-than-necessary feed speed causes
collision between the tool electrode and workpiece. At the optimum feed speed, the
number density of the corrosion pits was lowest, and the taper angle was smallest. The
maximum length of micro-rod was increased with increasing the pulse voltage amplitude.
The maximum length of the micro-rod increased and the corrosion pits per unit area
decreased with decreasing the thickness of tool electrode because the stray current
flowing through the radial surface decreased. The influences of top surface area of tool
electrode on the machining accuracy were insignificant because the difference in the total
current on the shoulder surface of micro-rods was small, resulting in small difference in
MRR. The influences of axial gap width, tool electrode thickness, and top surface area of
tool electrode on the current density distribution on the workpiece surfaces were
calculated with COMSOL Multiphysics. The results explained the machining results
successfully. At last, a micro-rod with the average diameter of 9 um and length of 78 um
was machined successfully by optimizing the cut depth in radial direction and feed speed.
Since the target diameter of micro-rod was significantly small, the feed speed should be
high enough so that the axial gap is decreased as small as possible to reduce the stray
current in the radial gap.

With the feeding of workpiece in radial direction method, the number of corrosion pits
per unit area increased with increasing the feeding distance in radial direction, because of
the stray current around the end surface. The taper angle was increased with increasing
the feeding distance due to same reason. It is noted the micro-rod started to be shortened
by the stray current flowing through the end surface, when the feeding distance in radial
direction was increased. A 3D model was built to simulate the material removal process
with the COMSOL Multiphysics, and the simulation results of the material removal
process was qualitatively in agreement with the experiment results.

Compared with the axial feeding method, the influence of pitting corrosion was smaller
with the radial feeding method, because the current flowing through the radial gap was
used for machining. Longer length of micro-rod was more easily obtained with the axial
feeding method. This is because the end surface of the micro-rod is continuously exposed
to the stray current with increasing the feed distance in radial direction when the feeding
of workpiece in radial direction method was used.

Chapter 5 investigated the influences of the annealing process of the workpiece and
different kinds of electrolytes on the machining characteristics. The experimental results
showed that the machinable length limitation was decreased with the annealed workpiece.

212



It is considered that the annealing process conducted in air resulted in the damage due to
oxidation of the material. In addition, the experimental results showed that the influence
of pitting corrosion was eliminated with the electrolyte of NaNOsz aqueous solution. This
Is because the chloride ion is a tiny and aggressive ion compared with nitrate ion, and
thereby easily permeates the oxide film and triggers the occurrence of pitting corrosion.
The gap width and taper angle were decreased with the electrolyte of NaNOs aqueous
solution compared with those of the electrolyte of NaCl aqueous solution, because the
electrochemical reaction can occur in a larger working gap with the NaCl aqueous
solution due to the higher current efficiency. The machinable length of micro-rod was
increased with the electrolyte of NaNO3 aqueous solution compared with that of the NaCl
aqueous solution due to elimination of pitting corrosion. A long micro-rod with 100 pm
in diameter and aspect ratio of 20 was machined using the electrolyte of sodium nitrate
aqueous solution. Furthermore, through optimizing the cut depth in radial direction and
feed speed, micro-rod with the average diameter of 9 um and length of 78 pm was
machined successfully. Compared with the EDM, the machining accuracy and
miniaturization limit were still lower with the electrostatic induction feeding ECM.
However, since there are no residual stresses and cracks generated in ECM and the surface
roughness is better, there is a possibility that the accuracy and miniaturization limit of
ECM may become equivalent to those of EDM with the future development.

Chapter 6 investigated the machining characteristics with different materials of
workpiece. With the material of tungsten, bipolar current was needed for the principle of
material dissolution, which caused the tool wear. The tool wear rate was increased with
increasing the feeding capacitance when the feed speed was the same. The tool wear rate
was decreased with the electrolyte concentration of 6 wt% compared with 2 wt%,
resulting in a better machining accuracy. Compared with the electrolyte of NaCl aqueous
solution, the tool wear rate was decreased with the electrolyte of NaNOsz aqueous solution.

With the material of high speed steel (SKH51), the machined results showed a better
machining characteristics with the electrolyte of NaNO3 aqueous solution, compared with
the NaCl aqueous solution. The workpiece broke into pieces with the NaCl aqueous
solution, and the surface machined was significantly rough. A micro-rod was successfully
machined with the electrolyte of NaNO3 aqueous solution. With the material of tungsten
carbide, the volume of the material was swollen and a large amount of sludge was
generated after machining, which was considered to result from the oxidation of tungsten.

Based on the obtained experimental results, the electrostatic induction feeding method
was effectively used for micro-ECM of various kinds of materials. However, there are
following several problems to be solved. At first, the machinable length of micro-rod with
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the material of tungsten was limited by the collision between electrodes, because the
machining area increased due to the tool wear resulting in the low current density. In the
machining process, the material of the tool electrode was stainless steel (SUS304) and the
tool wear rate was high. It is considered that the tool wear rate with different kinds of tool
materials should be researched to decrease the tool wear rate and increase the machinable
length limitation. Next, the experimental results with the material of tungsten carbide
showed that it was difficult to fabricate a micro-rod with the electrolyte of NaNO3
aqueous. The reason should be further researched to improve the machining
characteristics, and the influence of different kinds of neutral electrolytes also need to be
investigated.

In contrast, EDM is possible to machine these metal materials successfully. The
differences between two machining technologies show that, to machine these difficult-to-
machine materials, the EDM is more efficient than the ECM. Nevertheless, ECM has
significant advantages such as good surface finish, no tool wear, and no residual stress or
crack. Hence, a method to compensate for the disadvantage of the electrostatic induction
feeding ECM is necessary.

Chapter 7 investigated the hybrid system between the electrostatic induction feeding
EDM and ECM using the same electrolyte. Since the EDM and ECM have different
advantages and disadvantages listed in Table 8.1, a hybrid machining system combining
the electrostatic induction feeding EDM and ECM was proposed, by which it is possible
to take full advantages of both machining technologies. The EDM mode can be used to
rough-machine any conductive materials with high efficiencies or to machine the
difficult-to-machine materials which are difficult to be machined by ECM, while, the
ECM mode can be used when there is a high requirement of surface finish.

The conversion of EDM and ECM mode depends on the oxide layer formed on the
surface of the tungsten electrode, and the generation of the oxide layer is controlled by
attaching and detaching a diode in parallel with the working gap. When the oxide layer is
formed on the surface of tungsten electrode, discharge occurs because the current cannot
flow through the working gap with the low conductivity of tungsten oxide layer. When
the oxide layer is removed, the machining process is converted to ECM mode.

The waveforms of discharge current and voltage measured in the EDM mode showed
that discharge were ignited in the EDM mode. In addition, there was no discharge
generated in the ECM mode. Hence, the conversion of the ECM and EDM modes was
realized successfully with the hybrid machining method. In the EDM mode, the diameter
of discharge crater increased with increasing the feeding capacitance, and decreasing the
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rise/fall time of pulse voltage. The EDM mode was successfully converted to ECM mode
and the surface finish of EDM mode was improved by the ECM mode.

Table 8.1 Comparison between EDM and ECM

Characteristics Micro-EDM Micro-ECM
Material removal rate High Low
Machining accuracy High Low
Recast layer Exist None
Cracks Exist None
Residual stress Exist None
Tool wear Exist None
Surface finish Rough Smooth
e . . Easil i W, WC, Ti, Nb;
Difficult-to-machine Any conductive asn_ypasswated o C, T, Nb
. . semiconductors: Si, SiC;
materials materials
novel metals: Au, Pt, Ag

At last, there are two main machining circuits used in the thesis as shown in Fig. 8.1.
Fig. 8.1(a) used a diode which was attached in parallel with the working gap to obtain
monopolar current and avoid tool wear. Fig. 8.1(b) did not use the diode and bipolar
current was generated with the electrostatic induction feeding method. Table 8.2 lists the
guideline of the electrostatic induction feeding method when it is used for different
machining conditions.

Feeding capacitance C, Feeding capacitance C,

Tool E() Workpiece
( I | ) electrode ( | | } Tool el ’ Diode
Pulse ool electrode ﬂ

Pulse ; \oltage
\oltage Workpiece

(a) Machining without diode (b) Machining with diode

Fig. 8.1 Machining circuit used in this thesis
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With regard to the future works following the research in this thesis, the following
research topics can be continuously investigated:
® To machine different materials
Drilling holes with high aspect ratio
ECM milling of 3D shapes with simple shape electrode
Application of hybrid machining
Non-contact electric feeding to high rotation speed electrode

Table 8.2 Machining circuit used in different experiments

Experiment Workpiece material | Machining circuit
Micro-hole drilling Stainless steel With diode
Micro-rod machining | Stainless steel With diode
Micro-rod machining | Tungsten Without diode
Micro-rod machining | High speed steel With diode
Micro-rod machining | Tungsten carbide Without diode

EDM mode in hybrid | Stainless steel
machining experiment | (Tool: Tungsten)
ECM mode in hybrid | Stainless steel
machining experiment | (Tool: Tungsten)

With diode

Without diode
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