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Abstract

Machining of delicate thin members having extremely small thickness as compared to the other two dimensions is a precari-
ous task when performed using conventional fabrication techniques. Non-contact machining process, such as micro-wire
electrical discharge machining (micro-WEDM) process, an advanced means of machining, offers an appropriate way to
machine thin-wall structures in an utmost precise manner. In the present work, thin-wall micromachining of Ti—-6AI-4V is
performed while utilizing the contactless, negligible thermal damage, and deformation-free nature of micro-WEDM process
energized through the resistance—capacitance generator. The objective is to explore the feasibility of a minimum possible
wall thickness. Performing the thin-wall micromachining using wire step-over approach, it is established that a wall of aver-
age thickness 8.47 um with an end deflection and a wall of thickness about 15 pm free from end deflection is possible to
fabricate using micro-WEDM process. It achieves a high aspect ratio of 70 corresponding to the minimum thickness of the
wall. What’s more, a theoretical analysis is carried out to illustrate the functional relationship between wall-end deflection
with workpieces’ thermophysical properties, discharge parameters, and the geometric parameters of the wall. Finally, the
comparative assessment of wall-end deflection and volumetric material removal rate attained with three different materials,
namely Ti—6A1-4V, mild steel, and SS-304, reveal that thermophysical properties of workpiece material play a critical role
in determining the wall-end deflection and the resultant volumetric material removal rate.
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1 Introduction

Thin-wall micromachining is conceived as a domain of
micro-fabrication wherein the machining of thin wafers
of various materials, as well as the components with an
extremely small thickness, is created. Generally, structures
having aspect ratio (height to thickness ratio) somewhat
greater than five are categorized as thin walls [1]. It has
gained significant importance in last few decades with the
prolific developments in microelectromechanical system
(MEMS). Though the majority of the MEMS devices are
focused on materials such as silicon and polymers, the
metals such as titanium and its alloys are appealing to the
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researchers. Titanium alloys possess unique physical and
mechanical properties such as low density, high corrosion
resistance, stability during testing of microbeams with
exceptional biocompatibility [2]. Broadly, the thin-wall
machining can be classified into two categories. The first
category includes the slicing of thin wafers of materials
such as silicon, germanium, etc., for solar cell application.
Thin wafers slicing contemplates thinning of wafers as well
as the enlargement of the cross-sectional area of the wafer.
Whereas, in the second category, thin-wall machining is usu-
ally performed with the objective of minimization of wall
thickness with a small cross-sectional area as compared to
thin wafers.

The productivity while machining thin wafers is largely
determined by the minimum kerf-loss and reduced thick-
ness of the wafer. Moreover, minimization of wafer thick-
ness realizes higher conversion efficiency to cater need
of the hour of solar cells requiring conversion efficiency
higher than 23-25% [3]. The manufacturing methods for
the creation of thin-wall structures are in an emerging stage
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as none of the available techniques has the requisite capa-
bilities to fabricate these structures impeccably. Several
traditional as well as non-traditional methods for the slic-
ing or fabrication of thin slices are incorporated by various
researchers. These methods include the wire saw method,
internal diameter sawing, plasma etching, electroplating,
additive manufacturing, WEDM process, etc. [4]. Multi-
wire saw method has demonstrated higher throughput and
low kerf-loss as compared to the aforesaid techniques [5].
Laser cladding has also been attempted to fabricate a thin
wall of thickness 400 pm [6]. These methods are capable
of producing thin wafers with a higher rate of productivity,
but the required dimensional accuracy, surface finish, dam-
age free components, etc., cannot be achieved with a high
degree of success. Some of the techniques are limited by
mechanical forces and vibration associated with them due
to severe tool workpiece contact; others are limited by the
deflection of the tool itself. Additive manufactured parts lack
the required strength in the build direction besides the poor
surface finish of the manufactured parts. Plasma and laser
welding/cladding are the thermal processes wherein the heat
load restricts the minimum thickness that can be achieved.
Micro-WEDM, an advanced machining process, owing to its
non-contact nature and requisite potential to reduce the dis-
charge energy and discharge duration has found wide appli-
cability in machining of thin wall/thin wafers with superior
dimensional accuracy and negligible damage. In the present
research, the objective is to machine Ti—-6Al-4V workpiece
in order to obtain the thin walls with minimum possible wall
thickness. The micro-WEDM process had been used for the
slicing of silicon ingots to produce thin silicon and germa-
nium wafers for PV fuel cell applications [7, 8]. It had shown
a promising inclination in minimizing the wafer thickness to
130-150 pm with uniformity of thickness along the length
[7]. The efforts to minimize the wafer thickness and enhance
the slicing rate are some of the critical issues in the thin-
wall machining. The micro-WEDM process has extensively
been used for the slicing of thin silicon wafers owing to
its contactless nature. Wafers from n-Type single-crystal
silicon ingot and precise cutting of polished single-crystal
silicon using different dielectrics and applying the suit-
able mask on both sides of the wafer were performed using
WEDM process [9-11]. The thermal damage caused to the
wafer was observed to be minimum using various charac-
terization methods such as SEM, TEM, and Raman spec-
troscopy [12]. A thin layer of thermal damage was observed
on the wafer surface, and it was largely influenced by the
exposure duration of plasma. The influence of controlled
input parameters on the resultant thickness of the wafers
and kerf-loss were analysed exclusively [13]. Researchers
have also tried to propose a hybrid technique for wafer slic-
ing which combines wire saw method and WEDM together.
The hybrid technique showed an improvement in slicing
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efficiency, reduced the scratches on the wafer, and lowered
the kerf-loss [14]. The slicing operation consists of both
mechanical slicing and spark erosion and hence produces
higher efficiency. An effort was also made to perform thin-
wall micromachining of Ti—-6A1-4V. The objective to reduce
the wall thickness using the WEDM process had resulted in
the formation of a thin wall of 61 pum thickness [15]. The
transistor-based power generator employed for the WEDM
processing of thin wafer lacks the required minimum thick-
ness of the wafers. The decisive drawbacks of the transistor-
based circuit include higher discharge energy, large bubble
collapsing force, inability to use ultra-thin wire tool, severe
wire vibration due to higher exploding pressure of plasma
channel as well as high heat load applied. These inadequa-
cies have often restricted the fabrication of thin wafers not
below 100 um thickness. Besides discharge parameters, the
yield strength and thermal conductivity of the material were
considered as the deciding factors in the dimensional sta-
bility of the thin wall [16]. Low thermal conductivity and
yield strength of the work material prevent the effective
removal of heat and deform the wall under plastic deforma-
tion, respectively. Thermo-physical modelling of WEDM for
thin wall component had predicted temperature distribution
in the wall, and thus, deformation characteristics and resid-
ual stresses were evaluated [17]. Experimental validation
of residual stresses at different input conditions was carried
out. Resistance—capacitance (RC)-based power generator
especially used in micro-WEDM machines has the capability
to reduce the discharge energy per pulse and pulse-on time
by substantially reducing the capacitance of the capacitor.
Thus, nanopulses with extremely small discharge energy per
pulse are possible to attain using RC-based power genera-
tor. Reduced discharge energy per pulse would facilitate the
low thermal damage to the wall as the duration for which
energy is applied also lowered down subsequently. Owing to
the above-mentioned merits, RC-based micro-WEDM pro-
cess is chosen to realize the thin walls in the current work.
The literature review does not reflect an extensive study
pertaining to thin wall machining. Conventional techniques
of fabrication are inappropriate to manufacture extremely
thin structures. Using WEDM process, the minimum wall
thickness achieved with Ti—-6Al-4V is not below 60 pm in
the literature. This work presents a possibility of fabricating
ultra-thin wall, as low as 8—10 um thin, using micro-WEDM
process. Moreover, a theoretical understanding is required to
illustrate the relationship between wall-end deflection with
influencing parameters such as discharge parameters, geo-
metric parameters of the wall and thermophysical properties
of the workpiece material. This gap is being narrowed in the
present research work.

The potential applications of thin-wall machining con-
sist of various microsensors and actuators used in MEMS
devices. One of the predominant applications of these
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thin-wall structures is in microsensors where a finite deflec-
tion of a microcantilever beam determines the presence of
various microorganisms and bacteria. It also acts as physical,
chemical, and biological sensors [18]. Various other appli-
cations include actuators, sensors, viz. switches, capaci-
tive pressure sensors, accelerometers, filters, resonators,
etc. [19]. The thin wall of Ti—-6A1-4V due to its excellent
biocompatibility has been used as a dental reinstallation
[20]. MEMS parallel plate actuator with two microbeams
one having cantilever configuration and other fixed, sepa-
rated by a small distance, is another area of application of
thin-wall machining of conductive materials. The cantilever
beam is actuated with a positive potential, and under the
redistribution of charges, the cantilever beam deforms and
is attracted towards the fixed beam which is at a negative
potential. Either the continuous deformation of cantilever
beam results in an equilibrium state at which the further
deformation ceases or it can attain a pull-in stage where
both the beams contact physically [21]. Micro-thin cantile-
ver specimens are also used in the study of time-dependent
behaviour of materials such as creep [22]. The multi-slit
thin-wall array can be used as a tool electrode in ECM pro-
cess as there is no tool wear in the process. The wear-free
nature of tool in ECM process makes it viable to use these
delicate tools, which otherwise deforms severely.

In the current work, the endeavour is to minimize the thick-
ness of the thin wall by utilizing the advantages of substan-
tially reduced discharge energy and small discharge duration
associated with an RC-based power generator. Wire displace-
ment/step-over approach, in which the wire tool is displaced
with an amount equal to the kerf-loss generated at the certain
combination of discharge energy and feed rate, in addition
to the predicted thickness of the wall, is used for thin-wall
machining. Further, an effort has also been made to deter-
mine the wall-end deflection in terms of different parameters

Fig.1 Micro-WEDM attach-
ment in the DT-110 machine
tool

Wire tensioner
Wire guide cum
tensioner
Wire cut processing
envelope
Dielectric
supply nozzle

Workpiece
fixture

involved in the process. Finally, a comparative assessment
is performed to show the deflection behaviour and material
removal rate attained with three different workpiece materials.

2 Experimental setup and methodology
2.1 Experimental setup

Multipurpose integrated micro-machine tool: DT-110 (Mik-
rotools Pte. Ltd., Singapore) is used to conduct the micro-
WEDM experiments for thin-wall machining. Figure 1
represents the micro-WEDM setup in the DT-110 machine
tool and the nomenclature of the different elements in the
attachment. The machine tool is furnished with an RC-
based power generator that has the flexibility of varying the
capacitance of the capacitor and open circuit voltage with
a constant charging resistance of 1 K-Q. A tungsten wire
of diameter 70 um is used as a tool electrode. The wire is
moved continuously between the wire supplying and wire
collecting wheels. A series of wire guide cum tensioner
ensures the proper running and adequate tension to the wire.
Titanium grade-5 alloy (Ti—6Al-4V) with a uniform thick-
ness of 800 um is selected as the workpiece material. An ini-
tial inter-electrode gap of 20 pm, wire tension of 10%, and a
threshold value of 20 are kept constant for all the treatments.

2.2 Kerf-loss in thin-wall micromachining

There are two important aspects while conducting thin-wall
machining: the resultant minimum thickness of the wall
and the kerf-loss generated for achieving the required wall
thickness. Kerf-loss is the width of the feature generated
due to machining through wire electrode. It consists of wire
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Fig.2 Kerf quality representa-
tion using optical microscopic
images of micro-slit machined
at a 2880 pJ discharge energy,
b 0.72 pJ discharge energy

(at feed rate: 6 um/s and wire
speed: 10%). (Adapted from
(24D

(a)

diameter plus two times the radial overcut between the wire
and the workpiece. It is known that an increase in kerf-loss
results in a decrease in the wall thickness. This phenomenon
eventually leads to the reduction in wall thickness to a mag-
nitude at which the wall is unable to withstand the thermal
load, wire vibration, and bubble collapsing forces induced
during the operation. Therefore, it is inevitable to conduct
the kerf-loss determination prior to thin-wall machining.
Exploratory experiments are performed using One Factor
At a Time (OFAT) approach by varying discharge energy
and wire feed rate. The discharge energy in the micro-EDM/
WEDM process is a combination of open circuit voltage (V)
and capacitance of the capacitor (C) which is represented as
follows [23].

1 2
E==-xCxV
2

The discharge energy was varied at four distinct levels
(0.72 uJ, 72 pJ, 720 pJ, and 2280 W) by varying the capaci-
tance while keeping open circuit voltage constant at 120 V.
The open circuit voltage has less significant effect on dis-
charge energy as the breakdown voltage invariably remains
constant for fixed combination of inter-electrode gap and
dielectric, and thus kept constant. The wire feed rate was
varied at three levels (2 pm/s, 4 pm/s, and 6 pm/s) consid-
ering the short circuits that occur at higher feed rate. The
output responses of interest were average cutting rate and
average kerf-loss. The average cutting rate depicts the eco-
nomic viability of a process as it determines the length of cut
per unit time, whereas the average kerf-loss determines the
dimensional accuracy of any cutting process. The average
kerf-loss achieved at different levels of discharge energy and
wire feed rate are summarized as follows.

The average kerf-loss at 2880 pJ discharge energy, with
all levels of wire feed rate, is found to be around 100 um.

@ Springer

(b)

Moreover, the quality of kerf in terms of edge quality and
uniformity of the cut show an unsatisfactory result, and it is
generally recommended to use this energy level for rough
cutting operation where kerf quality is not a prime interest.
Further, at 720 W and 0.72 pJ, the average kerf-loss remains
almost constant, and it is approximately equal to 80 +4 um.
At 0.72 pJ discharge energy, though the energy per-pulse
is low as compared to that at 720 pJ, the higher frequency
of sparks invalidates the reduction in the volume of mate-
rial removal per pulse. Therefore, the required decrease in
kerf-loss at 0.72 pJ is not obtained, and it is almost equal
to that obtained at 720 pJ. At 72 pJ discharge energy, the
average kerf-loss lies in between that obtained at the highest
and lowest discharge energy, with an approximate value of
85+ 2 um. The slit machined at 2880 wJ and 0.72 pJ dis-
charge energies is shown in Fig. 2a, b, respectively. The
investigations pertaining to the accurate explanation of the
variation of kerf-loss and average cutting rate with different
input parameters are not reported in this work. The focus
of this study is on determining the appropriate wire dis-
placement/step-over essential for the precise evaluation of
intended wall thickness. The wire displacement/step-over
required for generating a wall of certain thickness includes
the average kerf-loss in addition to the thickness of the wall.
It is established during the study that the wire must be dis-
placed from its previous path to the next path by a distance
of 90 um to generate a thin wall of the thickness of the order
of 10 um, at discharge energies of 0.72 wJ and 720 pJ.

2.3 Thin-wall micromachining: methodology

Figure 3 illustrates the methodology implemented for the
parallel multi-slit thin-wall micromachining. The prior
information of kerf-loss at a fixed combination of discharge
energy and wire feed rate enables the determination of wire
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Fig.3 Schematic representation
of multi-slit thin-wall microma- 3 l i~ T
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step-over from the current pass to the next parallel pass. In
the first pass, wire performs cutting operation in 0—1 direc-
tion up to the desired length and returns from 1 to O to the
original position in rapid traverse mode (no cutting opera-
tion). Then the wire is displaced by an amount known as
wire step-over from O to 2. The second pass of wire follows
the similar path, 2—3 and 3-2, as followed in the first pass to
generate a wall in between the two passes. The procedure is
repeated until the last wall is machined. It can be noted that
the number of passes is always one more than the number
of walls generated.

OFAT experimental method is used to conduct the experi-
ments to determine the minimum wire step-over at which a
wall of finite thickness can be generated. The inadequate
wire step-over between two passes of wire travel results in

v T i -
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R B
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overlapping of kerf-loss and produces no wall as shown in
Fig. 4a wherein the wire step-over is 80 pm. Moreover, wire
step-over below 90 pm produces a wall which is unstable
and eventually deforms. Therefore, the minimum step-over is
selected as 90 pm. However, a wire step-over above 110 pm
increases the wall thickness which is contrary to the inter-
est of the current work. Hence, wire step-over is selected
between 90 and 110 pm in the steps of 10 pm. SEM image
of a deflection free wall fabricated at a wire step-over of
100 pm is shown in Fig. 4b.

OFAT experiments reveal a less significant effect of both
wire feed rate and wire tension on the wall-end deflection.
However, wire feed rate influences the average cutting rate
and kerf-loss. Therefore, the maximum feed rate of 6 pm/s is
selected for thin wall machining keeping in view the frequent

EHT = 5.00kV
WD = 66mm

Signal A = SE2
Mag= 579X

(b)

Date :5 Feb 2018
Time :12:18:32

Fig.4 a Inadequate wire step-over of 80 pm produces no wall, b SEM image of the stable wall machined at 100 pm wire step-over (at discharge

energy: 720 pJ and feed rate: 6 pm/s)
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short circuit occurrence at feed rate above 6 pm/s. The wire
used in the present work is highly susceptible to breaking
as the combined effect of the thermal energy of discharge
and wire tension reduces its tensile strength. Therefore, wire
tension is kept constant at 10%.

3 Results and discussion

3.1 Experimental results of thin wall machined
at different discharge energy conditions

The thin-wall micromachining operation is performed using
70 um tungsten wire on the Ti-6Al-4V workpiece (800 um
thickness) at three different levels of discharge energy
(720 WJ, 72 uJ, 0.72 WJ) keeping wire feed rate constant at
6 um/s. Three sets of wire step-over, 90 pm, 100 um, and
110 um are selected to generate the thin walls of varying
thickness as per the step-over. Table 1 shows the minimum
average wall thickness at a certain combination of wire dis-
placement and discharge energy. The minimum average wall
thickness of 8.47 um is achieved at 0.72 pJ discharge energy
and 90 um wire displacement. The thickness of the wall is
measured at three different locations (start, mid, and end
of the slit), and the average value is reported in Table 1. At
90 pum wire displacement and 72 uJ discharge energy, it is
observed that the wall deformed severely and vanished from
its original position probably due to a very small thickness
that could not withstand the thermal load and wire vibration.

The analysis of average kerf-loss carried out in Sect. 2.2
is useful in determining the requisite wire displacement/
step-over from previous to the next parallel pass. It is already
reported that the kerf-loss at 0.72 pJ and 720 uJ discharge
energies, and wire feed rate of 6 um/s, is approximately
80+4 pum. The kerf-loss varies over a range depending
upon the flushing conditions, wire feed rate, and discharge
energy. Therefore, obtaining a wall of thickness about 10 um
requires a wire to be displaced by 90 um. This is experi-
mentally verified by the average wall thickness obtained
at the above-mentioned conditions. Figure 5a, ¢ represents
these wall thicknesses at 720 pJ and 0.72 pJ discharge ener-
gies, respectively. However, the average kerf-loss at 72 pJ

Table 1 Minimum average wall thickness at various combinations of
wire displacements and discharge energy

S. No. Wire displace- Average wall thickness (um) at dif-
ment (um) ferent discharge energies
720 720 0.72
90 16.4 No wall 8.47
100 24.17 18.2 20.15
110 32.09 254 31.65

@ Springer

discharge energy is quite high (approximately 85+2 um),
and the corresponding wall thickness obtained with 90 um
wire step-over would have been about 4—5 um. This thick-
ness is very small to sustain the thermal load due to dis-
charge energy, hydrodynamic pressure of the dielectric fluid,
and mechanical forces due to wire vibration. The resultant
effect of these factors is the severe deformation of the wall
which eventually results in no wall generation at 72 pJ dis-
charge energy and 90 um wire displacement. It is seen in
Fig. 5b (that shows the wall thicknesses at 72 uJ discharge
energy) that the first wall is completely disappearing from its
original position. A minimum wall thickness of 8.31 ym and
an average wall thickness of 8.47 um are accomplished at
0.72 WJ discharge energy and 90 um displacement (Fig. 5c¢).
The aspect ratio (ratio of the wall length and its thickness) is
around 70 at the minimum thickness of the wall. However,
the wall is deflected at the end, due to the small thickness
that deforms it plastically under the thermal load. It has
also been observed that a wall of average thickness about
15 pm or above is stable and does not undergo significant
deflection.

The average wall thickness increases almost linearly with
an increase in wire displacement as the more unmachined
material is available between two parallel passes of wire.
Figure 6 represents the variation of wall thickness with wire
displacements at 720 uJ discharge energy. Yet, reducing the
wire displacement below 90 um resulted in extremely small
wall thickness and it deformed severely. A similar trend is
observed at other two discharge energies.

The minimum achievable wall thickness at three distinc-
tive energy levels is shown in Fig. 7. The figure illustrates
that the minimum thickness of the wall is achieved at 0.72 pJ
discharge energy. However, at 720 pJ discharge energy, the
minimum wall thickness is about 16 pm. At 72 pJ discharge
energy due to high kerf-loss, it is not possible to achieve any
wall at a wire displacement of 90 um. Again, increasing the
wire displacement to 100 um a wall of average thickness
about 18 um is possible to machine. Therefore, the minimum
wall thickness at 72 pJ discharge energy reported in Fig. 7 is
the value obtained at 100 pm wire step-over. A logarithmic
scale has been used for discharge energy to represent the
graphical plot best.

Wall generation rate refers to the ratio of total wire travel
for the fabrication of a single wall to the total time required
for the travel. It is clearly understood that a single wall
requires two wire passes on either side of it. Therefore, the
generation rate considers the total length of the slit for two
passes and time of machining. The wall generation rate is
found to be nearly the same at 0.72 pJ and 720 pJ discharge
energies (Fig. 8). The constant feed rate, 6 um/s, used at
both the energy levels shown to be inadequate to quickly
compensate the frontal spark gap which enlarges due to the
formation of larger size crater at 720 uJ discharge energy.
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Fig.5 Multi-slit thin-wall
machining and wall thicknesses
a at discharge energy: 720 uJ, b
at discharge energy: 72 wJ, and
c at discharge energy: 0.72 uJ
(with wire displacements of

90 pm, 100 um, and 110 pm
from right to left, and constant
feed rate of 6 um/s)

590.70 pm

30.70 pm » 1581 pm
&
-
(100 pm,

(a)

»

25.33 um

2552 pm

ety ELF )

End deflection free wall.
Wall thickness =~ 15 pm

(c)

o s e e ORI AVRTE
e L T s

R

R N R

Position of deformed
wall at 90 pm step-over

Second wall at 100 pm
step-over

' End deflection of wall.

-n@oe... - Wall thickness < 10 pm

@ Springer



338 Page8of12

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:338

w
w
Il

—s—Discharge energy: 720 pJ
Feed rate: 6 um/s
Wire speed: 10 %

w
o
1 2

N N N
= Y ~
1 [

-
©
1 L

-
(5]
-

Average wall thickness (um)

-
N

90 ' 9'5 ' 1(I)O ' 165 ' 11]0
Wire step-over (um)

Fig.6 Variation of average wall thickness with wire step-over

—n— Feed rate: 6 um/s
Wire speed: 10 %

-
©
1

-
(=]
1

-
H
1

-
N
L

-
o
1

-]
1

Minimum wall thickness (um)

-0.5 I 010 I 015 ' 110 ' 115 ' 210 ' 215 I 3!0
log, (Discharge energy)(uJ)

Fig.7 Variation of minimum average wall thickness with discharge
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Consequently, the required improvement in wall generation
rate is not achieved at this discharge energy. However, at
72 wJ discharge energy, the wall generation rate is consider-
ably low, and the average kerf-loss is very high. The fre-
quency of sparks and discharge energy is such that the time
necessary for the removal of debris is inadequate. The inabil-
ity of the wire to move continuously forward due to poor
flushing of molten liquid and debris result in the poor rate
of wall generation, which in turn increases the time avail-
able for secondary sparks. Therefore, the wall generation
rate decreases. The higher time of secondary sparks due to
continuous retracting of wire caused by poor debris flushing
results in larger kerf-loss at 72 pJ discharge energy.
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Fig.9 Schematic diagram illustrating a thin wall subjected to a single
spark at the free end

3.2 Wall-end deflection in micro-WEDM process

In this section, an attempt is made to show the functional
relationship of wall-end deflection with different influencing
parameters such as micro-WEDM input parameters, thermo-
physical properties of the workpiece material, and geometric
parameters of the wall. To develop the relationship, consider
a thin wall having thickness d and length L as shown in
Fig. 9. The wall thickness is the thickness of material that
is left unmachined between two parallel passes of the wire
travel, and it is absolutely different from the thickness of the
workpiece. The third dimension of the wall normal to the
thickness is significantly high.

Following assumptions have been made in the current
relationship development:

(a) A single spark is assumed to be occurring at the free
end of the wall. The wall is considered to be a cantile-
ver beam of a certain length.
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(b) The lateral vibration of the wire is negligible, i.e. there
is no mechanical force acting on the wall.

(c) The dielectric flow pressure is such that it does not con-
tribute to the bending characteristics of the wall.

(d) The thickness of the wall is significantly small as com-
pared to its length, width, and the diffusion of heat
is unidirectional, i.e. across the wall thickness. The
thickness of the workpiece sheet is considered to be
the width of the wall.

(e) The machining has been performed at one side of the
wall (bottom), and the residual thermal stresses are
negligible as the dielectric takes away the heat by con-
vection.

(f) Only the conduction of the fraction of heat applied to
the workpiece is considered. The heat of discharge is
conducted from the top to the bottom of the wall.

The thermal energy required for the melting and evapora-
tion of the workpiece is supplied from the plasma channel.
The discharge energy of plasma is distributed among dielec-
tric, tool, and workpiece. The fraction of heat incident to the
workpiece is conducted in the bulk material due to conduction.
According to the thermal conduction of heat across the thin
wall of thickness d, the heat transfer rate is given by:

I<A(Tlop - Tbot)

d
0d (1)

T =
KA

top Tbot =
where K is the thermal conductivity of workpiece material,
A is the cross-sectional area of the wall, and d is the wall
thickness. T, and T, are the temperatures at the top and
bottom of the wall.

Q is the rate of heat transfer across the wall, and it is given
by Q = g—E, such that f and E represent the fraction of discharge
energy av:ilable to the workpiece and the total discharge energy
per spark, respectively. §§ generally varies with the tool-work-
piece combination, type of dielectric fluid, etc. In the present
study, /3 is assumed to be 0.39 [25]. T, is the pulse-on time of
a single spark. For an RC-based power generator used in the
micro-WEDM machine, the discharge energy and pulse-on
time for a single spark/pulse are expressed as follows [26].

1

E= ECV2 )

(V-Va)
T,,=—-0.1RCln —— (3)
Vv
where R is the charging resistance and C is the capacitance
of the capacitor. V is the open circuit voltage, and V is the
discharge/breakdown voltage which is equal to % for maxi-
mum energy [27].

Due to temperature variations, the thin wall experiences
strain at the top and bottom, respectively. If y is the deflection
of the wall at the free end, its curvature due to thermal strains
is given by:

d2y _ a(Ttop - Tbot)
a2 d
where y is the defection of the wall normal to its axis, and
x is the distance from the fixed end. « is the coefficient of
linear expansion of wall material. a(7,, — T, represents
the equivalent thermal strains across the wall of thickness d.

The first integration of Eq. (4) gives the slope of the wall
at the free end:

“

d a(Tiop = Toor)
dx d
where 6 and M are the slope of the wall and constant of
integration, respectively.
Further, integrating Eq. (5), we get the following expres-
sion for wall deflection:
a(Ttop - Tbot)

—__ op v 6
y 2 X +Mx+N (6)

&)

M and N are the constants of integration calculated by apply-
ing the suitable boundary conditions (BCs). At the fixed end
of the wall, the wall deflection and slope are zero.

dy

BCs: Atx=0,y= o =0.ThusM =N=0

Putting M=N=0 in Eqs. (5) and (6), the slope and
deflection of the wall at a distance x from the fixed end are
expressed as:

a(Ttop - Tbot)
—

y (N

Slope of the wall : 6 =

a(Ttop - Tbot)xz
2d

Putting x=L in Egs. (7) and (8), the slope and the deflec-

tion at the free end of the wall due to a single spark are
calculated as:

®)

Deflection of the wall : y=

Slope of the wall at the free end: 6 = ML
©))
Deflection of the wall at the freeend : 6 = %;Tbm)ﬁ
(10

Putting (7', — T}, from Eq. (1) into (10), the expression
for wall deflection at the free end is established as follows:

5= aQLz

= 5KkA an
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(b)

Fig. 10 a Schematic illustration of the end deflection of a cantilever
beam, b the deformed wall shows similarity to the deflection of a can-
tilever beam

Further putting Q = g—E in Eq. (11), the final expression
for wall-end deflection in terms of discharge energy per
pulse is given as follows:

afE

2
0= 3kar - (12)

on

The expression in Eq. (12) represents the end deflection
of the wall due to a single spark applied at the free end.
It is evident here that the wall deflection at the free end
is directly related to the coefficient of thermal expansion
(a), discharge energy per pulse (E), and free length of the
wall (L). However, the wall deflection is inversely propor-
tional to the thermal conductivity of workpiece material (K),
pulse-on time (7)), and cross-sectional area of the wall (A).
Keeping machining parameters (E, T,,,) and wall geometrical

Fig. 11 Multi-slit thin-wall
micromachining at constant
wire displacement of 92 pm
a optical microscopic image,
b SEM image (at discharge
energy: 0.72 pJ and wire feed
rate: 6 um/s)

Wall thickness

1 End deflection

@ Springer

Kerf-loss

parameters (A, L) invariably constant, the deflection at the
free end is directly proportional to the ratio of a and K.

The curvature of the deflected wall resembles the deflec-
tion of a cantilever beam under point load at the free end
of a beam as shown in Fig. 10a. Figure 10b shows the thin
wall subjected to significant deflection at the free end. The
beam deflection is maximum at the free end, and it decreases
towards the fixed end.

3.3 Determining the efficacy of the process

In order to establish the efficacy of the process, multi-slit
thin-wall micromachining operation is conducted wherein
a constant wire displacement of 92 um is made at each pass.
The value 92 um, which is not significantly different from
the minimum value of 90 um, is chosen to determine whether
the constant wall thickness is achievable and to observe the
degree of wall-end deflection. The machined wall thickness
obtained in this case is approximately 12—15 pum. It can be
clearly seen in Fig. 11 that the wall having a thickness of
about 12-15 pm is perfectly stable and free from any sig-
nificant deflection at the free end. It shows that the micro-
WEDM process with RC-based power generator is capable
of fabricating ultra-thin wall of Ti-6Al-4V without being
much affected by the thermal stresses generated in the wall.

3.4 Comparative assessment of wall deflection
for different workpiece materials

Experiments are performed on three different workpiece
materials namely Ti—6Al-4V, mild steel, and SS-304 to
show the comparative analysis of wall-end deflection and
volumetric material removal rate (MRR,). The experimental
conditions for all the three materials are selected to be con-
stant as discharge energy of 0.72 uJ, wire feed rate of 6 um/s,
and wire speed of 10%, respectively. The wire displacement

EHT=2000kV
WD=105mm

Sigral A= SE1

100 pm Mog= 300X

Date 11 Jul 2018
Time 2359:26

(b)
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Theoretically, Ti-6Al-4V should have
maximum wall-end deflection and Mild-
steel the least amongst the three materials.

Fig. 12 Optical microscopic image of thin wall machined a on Ti-6Al-4V, b on the SS-304, ¢ on mild steel workpiece

approach is adopted for the thin-wall machining on the
above-mentioned materials.

Figure 12 illustrates the optical microscopic images of the
thin-wall machining performed on the aforementioned three
workpiece materials. It has been established that at constant
wire displacement of 90 pum, the wall thickness, its end
deflection, and volumetric material removal rate (MRR,) are
not equal. It can be elucidated by the fact that the thermo-
physical properties of workpiece material such as the coef-
ficient of linear expansion and thermal conductivity are the
decisive factors in determining the output responses. Under
identical conditions of input parameters and wall length, the
end deflection is directly proportional to the ratio of coef-
ficient of linear expansion to thermal conductivity. This ratio
is highest for Ti-6A1-4V followed by SS-304 and mild steel.
Therefore, Ti—-6Al-4V experiences the highest end deflec-
tion and mild steel the lowest. The minimum average wall
thickness obtained at the above-mentioned conditions for
all three materials are slightly different. The average wall
thickness is minimum for Ti—-6Al-4V and highest for mild
steel due to which the end deflection has a significant dif-
ference. The end deflection of the thin wall machined on
Ti-6Al1-4V is measured to be 69 um, whereas for SS-304
and mild steel it is 9 um and 7.5 pum, respectively. The end
deflection for SS-304 and mild steel is significantly low as
both the materials have a very high thermal conductivity as
compared to Ti—-6Al1-4V. Also, the difference in the ther-
mal conductivities of mild steel and SS-304 is too small,
which indicates the similar deflection in both cases. The
high thermal conductivity of material leads to better dif-
fusion of heat from the wall to the surrounding dielectric
fluid and diminishes the deflection of the wall due to thermal
stresses. However, the effective diffusion of heat due to good
thermal conductivity results in the lower volume of mate-
rial removal per pulse as the conduction of heat reduces the
amount of available thermal energy for material removal.

Table2 MRR,, wall-end deflection, and average wall thickness for
three workpiece materials

Workpiece material Ti-6Al-4V ~ SS-304  Mild steel
MRR, (10° pm?/s) 59.29 48.94 14.26
Wall-end deflection (pm) 69 9 7.5
Average wall thickness (pm) 8.47 9.91 13.11

This fact is verified by calculating the MRR, for the three
materials. Ti-6A1-4V due to its poor thermal conductiv-
ity as compared to the other two materials results in the
highest material removal rate, whereas mild steel results in
the lowest volumetric material removal rate (um®/s) among
the three materials. MRR,, wall-end deflection, and aver-
age wall thickness for all the three materials are shown in
Table 2. The wall generation rate can be correlated with the
MRR, by just dividing it with the average kerf-loss and the
thickness of the workpiece. However, if the thickness of the
workpieces is slightly different, MRR| is the only appropri-
ate means to compare the machining rate realized with the
three materials.

4 Conclusions

The present work demonstrated the aspect of thin-wall
micromachining using micro-WEDM process. Observa-
tions from the rigorous experimental study suggest that a
wall with an average thickness of 15 pm can be machined
using this method without any appreciable deflection due to
thermal stresses. However, when the discharge energy was
reduced to 0.72 pJ, a minimum average wall thickness of
8.47 pm is fabricated, but it was subjected to an end deflec-
tion. A mathematical expression for the end deflection of
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the wall was derived, which suggests its dependency on
wall geometric parameters, discharge parameters, and work-
piece thermophysical properties in different proportions. It
has also been observed that Ti-6A1-4V offered maximum
wall generation rate (followed by SS-304 and least in mild
steel), but also experienced maximum wall-end deflection
prominently due to the difference in their thermal properties.
This work can be extended to determine theoretically and
numerically the minimum possible wall thickness in terms
of thermophysical properties of workpiece material and dif-
ferent process parameters.
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