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Abstract With the demand for microstructures of not only
with diversified shape but also of reduced dimension on
glass, fabrication of polycrystalline diamond (PCD) tool/
microelectrodes with different shape has become important.
However, to date, fabrication of different shapes in single
setup is not possible and also needs special indexing
attachment. To solve this problem, in this study, a specially
designed block containing three v-slots of 60°, 90°, and
120° has been designed and fabricated using wire cut.
Thereafter with the help of block electro-discharge machin-
ing method and using this specially designed block,
different shapes of microelectrodes with symmetrical and
non-symmetrical section has been fabricated. This study
also investigates the feasibility of using these different
geometry PCD tool for micro-grinding of BK7 glass. In this
context, a relative study on the micro-grinding performance
of four different geometry tools (circular, D-shaped,
triangular, and square) has been carried out. It has been
observed that among the different shaped tools, D-shaped
tool experienced lowest cutting force along x- and y-axes
where as triangular tool faced lowest force along z-axis, and
highest cutting forces were found to be experienced by
square tool. Average and maximum roughness of machined
surface was found to be improved from circular to others
tool except triangular one. But, it was also observed that
side surface started to deteriorate from circular to other tool
due to edge wear. In case of tool wear, square and triangular

tool experienced more wear than circular and D-shaped tool
due to their frequent edge blunting or rounding effect.
Finally, among four different geometry tools, D-shaped tool
was considered to provide better performance in terms of
the achieved surface finish, tool wear, and cutting force
analysis.

Keywords Micro-grinding . PCD tool . On-machine tool
fabrication . Block micro-EDM process . BK7 glass

1 Introduction

The demand for fabricated glass has been increasingly
rising to generate diversified functionalities on optical
devices, micro-molds and micro-fluidics devices due to
their attractive features like high strength, wear resistance,
and good chemical stability [1, 2].

For certain applications, like DNA micro-arrays, glass
component with micro-features are typically produced by
photolithography and etching process that is time consum-
ing and may involve hazardous chemical. Hence, it would
be a better idea to produce these glass micro-features by
mechanical processes [2]. Literature review shows that
many researchers have studied glass machining process
which involves single-point diamond turning tool [3, 4],
conventional grinding wheel [5–12], and milling cutter [13–
15]. However, the hardness and brittleness of glass makes
these mechanically micro-machining processes problematic
due to damage resulting to brittle fracture, cutting force-
induced tool deflection or breakage, and tool wear [16]. On
the other hand, micro-tools made of polycrystalline dia-
mond (PCD) meet up this challenge for micro-machining of
hard and brittle materials. PCD tool containing micrometer-
sized diamond grains is manufactured by sintering under
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high temperature and pressure with metallic cobalt. The
cobalt fills the interstices between the diamond particles
[17, 18]. Besides this, sintered tungsten carbide, which is
next to diamond in hardness, is often used to produce these
tools components in tool manufacturing industries. These
two materials are very popular due to their high hardness
and low wear characteristics. Moreover, PCD has added
advantage of possessing small diamond grain where each
grain acts as one cutting edge. As a result, abrasive material
like glass can be micro-machined by these diamond cutting
edges.

Due to heavy industrial demand of three-dimensional
complex micro-shapes, fabrication of different shape tool
has got importance in addition to commercial ones.
Generally, it has two purposes; on-machine fabrication
minimizes clamping error and freedom of desired shape and
size of tool. Several methods are available to meet these
requirements. Among these methods, focused ion beam,
mechanical diamond grinding, and diamond turning have
been most extensively used [19]. However, the fabrication
of such tools by diamond grinding gives rise to difficulties,
associated with high cost of diamond wheel due to large
consumption of diamond. Besides this, diamond grinding is
characterized by significant mechanical and thermal impact
on the work piece resulting in the formation of split and
flaw [20]. As a result, conventional tool fabrication
processes including grinding and turning which apply large
force to work piece cannot be applied due to low strength
of small-sized tool [21]. In addition to this, focused ion
beam is problematic as it has Gaussian distribution that
causes material removal at the axis of beam rather than
around the periphery [22]. On the other hand, whereas the
efficiency of traditional cutting processes is limited by the
mechanical properties of the processed material and the
complexities of work piece geometry, electro-discharge
machining is not subjected to such restrains. Electro-
discharge machining(EDM), now a day is extensively and
successfully applied for difficult-to-cut material [20].
Concerted research efforts have been directed towards the
development of fabrication technologies for microelectro-
des using micro-EDM. Among all these methods, wire
electro-discharge grinding (WEDG) method, mesh method,
EDM block method, LIGA, and other micromechanical
machining method are commonly practiced. The block
EDM method has been extensively used due to its lower
investment cost and easy setup. More importantly, it makes
possible on-machine fabrication of electrode, which reduces
electrode installation cost and error [23]. In addition to this,
with micro-EDM technology, there is no direct contact
between electrode and work piece, thus eliminating
mechanical stress, chatter, and vibration problems [24].
The Block EDM process for fabricating different geometry
of tungsten electrodes has been investigated first by Ravi et

al. [23]. The authors used special indexing attachment for
fabricating different shaped tool. However, conical-shaped
tool cannot be fabricated even by using this special
indexing attachment. On the other hand, using the specially
designed block proposed in this paper makes it possible to
fabricate all useful shapes of grinding tools. The machining
of different shapes of grinding tool by micro-EDM has been
possible due to different angle of the blocks which
overcome the limitations of the indexing attachment used
in a previous study. We believe that this is a significant
contribution and this type of process has never been
approached by researchers before, as known from literature.

In addition, Morgan et al. [16, 25] has fabricated the
PCD and tungsten carbide tool combining the process of
the wire EDG and micro-EDM. The study involved only
the preliminary test of micro-grinding of soda lime and
ultralow expansion glass and micro-drilling of conductive
material using fabricated tools. However, the authors have
not conducted micro-grinding on different varieties of glass
materials. More importantly, they have not focused on
micro-grinding of BK7 glass, which is a widely used
commercial glass. Moreover, the authors have not focused
on the detail investigation of cutting forces, surface
roughness, and tool wear. On the other hand, our study
has focused on these important aspects of micro-grinding
and presented a complete study including design, fabrica-
tion, and experimentation.

Jiwang et al. [26] studied the fabrication of end-mill
tools by wire EDM process where the tool material was
tungsten carbide. The objective was to machine rectangular
groove on nickel-plated steel and to investigate the effect of
tool geometry on the burr formation and tool wear. Our
study is different from this study as we have used the
fabricated tools for micro-grinding of glass and studied the
cutting forces, tool wear, and surface finish. Shun et al. [27]
also investigated the feasibility of fabricating different
shaped PCD tool using combined wire EDM and precision
co-deposition method. The objective was to use those
fabricated tools for grinding of ZrO2 ceramics. A similar
study by Jung et al. reported same technique of combined
EDM and co-deposition to fabricate the spherical tool for
grinding nickel alloy mould [28]. In addition, several
researchers have used micro-EDM and micro-grinding
hybrid process for fabricating simple-shaped grinding tool
for machining different materials. Masaki et al. has applied
micro-EDM technique for fabricating spherical tool for
grinding concave spherical surface on silicon [29]. Egashira
et al. fabricated micro-drilling tool of D-shape using
WEDG for making micro-hole on silicon wafer [21]. Wada
et al. also fabricated PCD micro-grinder using WEDG for
micro-grinding of tungsten material [30]. Our study is
different from those studies, as our study mainly focused on
the design of a special block by which we can fabricate
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different geometry grinding tools for micro-grinding of
glass. In addition, our study compared the performance of
those tools with different geometry by analyzing cutting
forces, tool wear, and machined surface roughness. Again,
Fang et al. has investigated the effect of tool geometry
using FEM analysis to understand the tool life [31]. Torres
et al. has compared the performance of diamond-coated
micro-tool with that of uncoated tool on an aluminum work
piece. The diamond tool has been fabricated by the
chemical vapor deposition of diamond film on tungsten
carbide tool. Tool with mono-crystalline coating seems to
perform better than fine-grained diamond-coated tool [32].
Similar work has been conducted by Smith et al., where
diamond-coated fibers produced by the chemical vapor
deposition on grinding wheel work as abrasive grains [33].
Although, these studies also involved the tool fabrication
processes, they are different from our study of fabrication
of different geometry tools using specially designed block.
The major advantage of using on-machine-fabricated tool is
that it can reduce the run out error, which is very critical for
micron-sized tool. Moreover, our study includes the tool
geometry effect on the cutting forces, surface roughness,
and tool wear during micro-grinding process, which allows
the selection of optimum grinding parameters and tool
geometry for grinding of BK7 glass.

In our previous work, we have used block EDM method
only for shaping circular tool using simple tungsten block
[34]. Different geometry tool has not been tried and was not
possible with that tungsten block even. Therefore, in this
study, modification of block EDM method for fabrication of
electrodes of various useful shapes in existing single-
machine setup has been chosen and with those on-
machine-fabricated electrodes, micro-features of different
types can be nicely fabricated on glass. Although numerous
researches have been conducted on grinding of glasses and
silica using commercially available diamond grinding
wheels [5–7], the application of this newly developed on
machined fabricated PCD micro-tool has not yet been
studied extensively. A number of issues remain to be solved
before the usage of this on-machine-fabricated PCD micro-
tool as a micro-grinder will become a well accepted process
for glass machining, especially in industries. Moreover,
extensive researches on the selection of optimum tool
geometry for improved surface finish, reduced cutting
forces, and less wear particularly in the case of this newly
developed PCD micro-tools seems to be still scarce.

Hence, this paper intends to investigate the possibil-
ity of on-machine fabrication of PCD tools of different
geometry using modified block EDM process for glass
micro-grinding. Moreover, the effect of tool geometry
on cutting forces, achieved surface finish, and tool wear
during the micro-grinding of BK7 glass has also been
studied.

2 Experimental setup and methodology

2.1 Machine tool

A multi-purpose miniature machine tool that has been
developed for high-precision micro-machining at the
National University of Singapore is used for conducting
the block EDM on PCD tool material and micro-grinding of
glass with this on-machine-fabricated tool as well. The
capability of this machine can be extended from micro-
EDM to micro-turning, micro-grinding, micro-milling and
micro-ECM. The maximum travel range of the machine is
210 (x)×110 (y)×110 mm (z) with the resolution of 0.1 μm
in x-, y-, and z-directions, respectively. In addition, each
axis has optical linear scale with the resolution of 0.1 μm,
and full closed feedback control ensures the accuracy of
sub-micron. Figure 1 gives schematic diagram of experi-
mental setup with multi-purpose miniature machine tool.

2.2 Materials

The work piece material used in this study is Bk7 glass. The
work piece was fabricated and ground to 10.0 mm thickness
with a length of 25 mm and width of 25 mm. Commercially
available polycrystalline diamond tool containing 0.5 micron
grain size is used as micro-grinder after shaping. Diamond
grains are exposed after conducting block EDM that acts as a
hard and tough cutting edge for micro-machining. The
sacrificial electrode material for PCD shaping used in here
was pure tungsten (99.9% W) block of a length of 4.5 cm,
width 1.3 cm, and height 0.5 cm with negative polarity. The
dielectric fluid used in this study is EDM oil having relatively
high flash point, high auto-ignition temperature, low viscosity,
and high dielectric strength. The EDM oil has served both the
purpose of dielectric during PCD tool fabrication and coolant
during glass micro-grinding. The important properties of the
sacrificial W block and EDM 3 oil are presented in Tables 1
and 2, respectively.

2.3 Methodology

For the fabrication of different geometry tool, specially
prepared fixture was used. The block containing three v-
slots was manufactured by wire EDM. Prior to using PCD
tools for micro-grinding, the tool was first fabricated with a
two-step process using block micro-block EDM and scanning
micro-EDMwith a polished flat surface. The use of a specially
designed conductive block as a tool electrode and the PCD rod
as a work piece in block micro-EDM has been identified as a
useful approach for producing microelectrodes of different
shapes due to its low investment cost and quick setup rather
thanWEDG [35]. A tungsten block of higher wear resistance
was used for this specially designed block fabrication, which
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is used for PCD tool fabrication later on. During the tool
fabrication process, the tool was set in positive polarity and
the tungsten block was used as negative polarity. When a
voltage is applied between the rod and block, an intermittent
spark occurs between the inter-electrodes gap. Subsequently,
the spark caused a rise in the surface temperature of both the
block and the rod to a point where the temperature exceeded
the melting point of the materials. Consequently, a small
amount of material is removed from both the electrodes and
flushed away from the machine zone using side flushing. In
this process, varying capacitance and voltage can control
surface roughness. Side surface of tool was prepared using
1,000 pF and 100 V, for bottom surface 100 v and 100 pF
was used. After the fabrication of PCD tool with desired
shape and surface finish using micro-EDM, the tool was
used for glass grinding on the same machine without
changing the tool from collet. During glass micro-grinding,
the specimen was mounted on top of a three-component
force dynamometer (KISTLER type 9345) fixed on the
machine table. The dynamometer was connected to a charge
amplifier (KISTLER type 5007) from which the output
voltage signals were fed into a digital data recorder and the
signals were recorded at a sampling frequency of 180 kHz.
Thereafter, average diameter and length of the microelectr-
odes were measured and examined using Keyence optical
microscope and SEM. Figure 2a shows the photograph of the
setup representing glass micro-grinding with micro-EDM of
PCD tool. The schematic diagram of the setup for glass
micro-grinding is illustrated in Fig. 2b.

2.4 Fabrication of fixture

For the fabrication of square, circular, D-shaped, triangular,
and conical-shaped tool of 60°, 90° and 120, a fixture was
manufactured which made possible the fabrication of all
these shapes in single setup. For this purpose, Makino
conventional horizontal wire EDM machine was used, the
ultra-high accuracy UPJ-2 automatically threads and
machines with wire as small as 0.00078 in. (0.02 mm) in
diameter. Wire EDM conditions were automatically fixed
by the wire material and diameter and work piece material
and thickness. In this case, brass wire of 200 μm in
diameter and work piece material of W (3-mm cut
thickness) was used. Angles of these V-shapes were
determined to be 60°, 90°, and 120°, respectively. Fabri-
cated block shown in Figs. 3 and 4 illustrates the schematic
of this fixture along with the tool for fabricating triangular,
conical, and square microelectrodes.

3 Results and discussion

3.1 Fabrication of microelectrode

Microelectrodes of symmetrical and non-symmetrical sec-
tions can be fabricated using this specially designed block.
Unlike conventional EDM machining, it is critical to carry
out micro-machining in EDM system with a few machining
passes, as a high volume of material removal in a single

Table 1 Properties of the sacrificial electrode material

Material composition
(wt.%)

Density
(g/cm3)

Melting point
(°C)

Relative conductivity
(to silver)

Specific resistance
(μΩ)

Thermal expansion
coefficient (K−1)

99.9% W 19.3 3,370 14.0 56.5 4.6×10−6

Fig. 1 Schematic diagram of
the setup with multi-purpose
miniature machine tool
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step may lead to electrode breakage, especially when
required electrode size is of micron level.

The block EDM technique has been used for fabricating
symmetrical electrode using indexing attachment with
transistor type circuit and with tungsten tool electrode
[23]. The authors suggested setting the micro-machining in
z-direction rather than y-direction to reduce the machining
contact area and electrode breakage. The basic of block
micro-EDM will be the same here in this study, and the
only change is to use one fixture of desired shape. Figure 4
shows the methodology of fabricating microelectrodes with
different shapes and cross sections. As demonstrated in
Fig. 4a, for making the triangular-shaped tool, the rod
electrode was feed downward from CD edge to the required
feed length in z-direction along the face of triangular slot
without tool rotation. Few passes were required to remove
the material to have desired electrode shape. From a
mechanical drawing, the number of passes was calculated
for the required dimension tool and dimension of tool was

checked using camera during machining. Voltage and
capacitance was set at 110 V and 1,000 pF during
machining. As higher energy caused larger crater size and
lower energy lengthen the machining time, we have
selected some intermediate energy level for tool preparation
[36]. Once one face of the triangle was prepared, and then
next DE edge of triangular slot was used to fabricate
another face. Finally, BF edge was used to get the third face
of triangular tool. Thus, using this method, fabrication of
equilateral triangle and triangle with others angles tools are
possible also.

Next for making conical tool, three slots of 60°, 90°, and
120° were already cut in the tungsten block. For conical
tool, the same block was tilted to 90°. Slope of these
triangular slots were used to fabricate different angle
conical tool. In Fig. 4b, PCD rod with rotation was feed
along the slop in z-direction. After one pass was finished,
tool was moved along y-axis to have fresh place of cut and
then next pass along z-axis started. Hence, in this way,

Table 2 Properties of the dielectric fluid and/or coolant

Material Volumetric mass
at 15°C (kg/m3)

Viscosity at
20°C (mm2/s)

Flash point Pensky–
Martens (°C/°F)

Auto-ignition
temperature (°F)

Aromatics
content (wt.%)

Distillation range
(IBP/FBP (°C))

EDM oil 3 813 7.0 134/259 470 0.01 277/322

(a)

Spindle head

PCD tool with 
tool holder

Block-µEDM 
setup

Micro-EDM 
setup with 
separate tank

Machine table 
containing 
both µ-EDM 
and grinding 
in one setup

Glass 
materials

Nozzle for 
dielectric and 
coolant

µ-grinding 
setup

Valve for 
controlling 
coolant 
pressure 

(b)

Fig. 2 a Photograph of the
setup with micro-EDM and
micro-grinding arrangement on
the same table, b schematic
setup for glass grinding
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conical tools of three different angles were possible to
fabricate. In addition to this, AB, EH, BF, and FG edge of
the same block were used to fabricate square tool without
tool rotation. Moreover, any of the edges like AB or AD
can be used to fabricate circular tool with tool rotation.
When tool was given feed along z-direction without
rotation, D-shaped tool was possible to fabricate. Thus,
using this same block, it is possible to fabricate triangular,
square, conical, circular, and D-shaped tools. Figure 5
shows the fabricated tools using this specifically designed
block.

3.2 Comparison on micro-grinding performance of different
shape tool on BK7 glass

3.2.1 Comparison of cutting forces

Brittle material like glass is very problematic to mechani-
cally micro-machine due to damage resulting from material
removal by brittle fracture, cutting force-induced tool
deflection or breakage, and tool wear. The forces arise

from micro-machining processes need important consider-
ation as it can affect the material removal rate, surface
finish, and dimension of the microstructure. The following
section will present a comparative analysis of cutting forces
generated along all three axes during micro-grinding of
BK7, glass using on-machine-fabricated four different
shaped PCD tool. The cutting conditions (depth of cut=
5 μm, feed rate=10 μm/min, and spindle speed=
2,000 rpm) remain same for all experiments. Figures 6a–
c, 7a–c, 8a–c, and 9a–c, showed the cutting force behavior
for the above mentioned tools.

With the change of cutting tool shape, how the cutting
force along three axes has changed can be seen from Fig. 6,
7, 8 and 9. From the cutting force vs. time curves, it has
been found that cutting force for D-shaped tool is
prominently different from other tools. Discontinuous
cutting was observed for D-shaped tool (throughout the
whole cycle it does not remove material, when the D-shape
is on the opposite to feed direction, it does not remove any
material at that time), which results zero point force in
curve. Due to its shape, chip removal becomes easier in
case of D-shaped tool. Hence, the main effect is the
improved flushing of chips due to the notch in one side.
On the other hand, square tool cut with two or three edges
at the same time and triangular tool cut using one or two
cutting edges at the same time. In fact, these three and four
edges of triangular and square tool work like single-point
cutting tool. So cutting process become intermittent for
these two tools. In addition, circular tool exhibited
continuous material cutting using its periphery consisted
of diamond grains. All of the force curves are sinusoidal

Fig. 3 Specifically designed block

(a) (b)

(c)

z

xyA

B

C
D

E

F

G

Fig. 4 Schematic diagram: a
before machining PCD rod
along with fixture prepared by
wire EDM for triangular micro-
electrode, b same fixture in
different orientation for conical
microelectrode preparation, and
c fixture orientation for square
and D-shaped tool
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though they have some difference in their pattern, due to
different geometry of tool. For example, circular tool
cutting force curve, every cyclic pattern consists of small
cycle due to the stochastic nature of cutting using infinite
numbers of diamond cutting edge. That is why lots of peaks
are observed on the curve. In fact, rake angle is changing
from 0° at side surface to 90° at middle of the surface for
circular tool but there is no clearance for chip removal.
When the tool becomes machined to D-shape, force pattern
becomes so sharp still possessing some peak. For D-shaped
tool, rake angle is varying like circular one, but clearance
area for chip removal has been facilitated due to its shape.
In case of square tool, crown-like sinusoidal force curve
along axes with lots of peak has been found. Along with
material removal by the edge, side surface can sweep the
chip away from the machined area.

Figure 10a–c shows average force data for same cutting
condition for different shape tools. Error bar indicates the
minimum and maximum force experienced by these tools.
From average force data, it was found that average forces
along three axes for square tool were higher than other
shaped tools. To the contrary, D-shaped tool experienced
lower force in all axes compared with others. In addition,
force experienced by circular tool along z- and x-axes was
also comparatively higher than other tools but a little smaller
than square tool. For the same cutting conditions, force along
z-axis showed decreasing tendency from circular tool to D-
shaped tool, up to triangular tool and then increases again for
square shape. On the other hand, force along x- and y-axes
showed decreasing trend from circular to D-shaped tool and
then increasing tendency from triangular to square tool.
Higher cutting force along z-axis resulted in the more

Fig. 5 a Circular tool, b trian-
gular tool, c square tool, d D-
shaped tool, e conical tool of
60°, and f conical tool of 90°
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bending effect for square tool than other tools. While
observing force variation, e.g., maximum and minimum

force, it was found that circular and D-shaped tool
experienced variation higher than rest of the two tools. This
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Fig. 7 Cutting force along a x-, b y-, and c z-axes for D-shaped tool
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Fig. 6 Cutting force along (a) x-, b y-, and c z-axes for circular tool
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is probably due to the stochastic nature of cutting in case of
circular and D-shaped tool. Triangular and square tool has

defined geometry and therefore they only cut with their three
or four edges. At the same time in case of triangular or
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Fig. 9 Cutting force along a x-, b y-, and c z-axes for square tool
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Fig. 8 Cutting force along a x-, b y-, and c z-axes for triangular tool
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square tool, two or three edges are taking part in the cutting
process. These edges consist of diamond grains, which stand
in straight line along the edge. Moreover, chip removal is
easier for these tools compared to circular tool. Hence, chip
loading on these tools will be comparatively less than
circular tool. As a result, variation of force for square and
triangular is less than others. On the other hand, circular and
D-shaped tool surface consist of non-countable diamond
grains. Circular tool removes material from the surface
continuously whereas, D-shaped tool removes material
during half cycle. Hence, chip removal is also easier for D-
shaped tool. Even that due to stochastic nature of cutting,
variation of force is higher for these two tools.

3.2.2 Comparison of surface roughness

Surface roughness is a measure of texture of a surface. It is
quantified by the vertical deviations of a real surface from
its ideal form. If these deviations are large, the surface is
rough; if they are small the surface is smooth. Surface
roughness of the machined surface was measured using
Atomic Force Microscopy (AFM), Taylor Hobson Profil-
ometer. In addition, optical image of machined surface
using different shape tool was also taken to compare the
cutting mode (ductile or brittle). Surface roughness has
been improved much using D-shape, triangular, and square
tools rather than circular. Figure 11 shows a comparison of

3D surface topography of the machined surface using
different shaped PCD tool. From AFM images of machined
surface, it is clearly seen that how the surface has
experienced transition with the change of the cutting edge
shape. It has been observed that, except circular PCD tool,
the surfaces generated by other tools are comparatively
smoother. Surface machined by circular tool contains small
particles throughout the whole area, which are absent on the
surface machined by other tools. These small particles may
be the small portion of chips removed during machining.
Except circular tool, all the tools have some clearance space
which facilities easy chips removal. Chips removed by the
circular tool have the higher chance of being paste on the
machined surface again due to continuous cutting. Hence,
this might be due to easy chip removal for other tools rather
than circular one, although the entire surfaces still have
some scattered sudden peak here and there. Moreover, these
peaks are prominent for the all the tool except circular one.
During machining, materials adjacent to the tool edge are
immediately compressed and displaced upward form the
bulk work pieces. As the tool is further advanced, more
material along the cutting path is displaced on the tool edge
with a change in direction according to the degree of curve
radius. Therefore, these high peaks are becoming noticeable
in case of square triangular and D-shaped tool [37].

A comparison of average surface roughness and maxi-
mum roughness values of machined surface are shown in

Force variation due to tool shape
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(b) (a) Fig. 10 Average, minimum,
and maximum cutting force a
along x-, b y-, and c z-axes for
different geometry tool
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Fig. 12. It was found that average roughness of the
machined surface has been improved a little form circular
tool to D-shaped and square tools. Surface machined by a
triangular tool has higher average and maximum roughness
than the rest. The reason behind this higher roughness is the
sudden peak density, which is higher in case of surface
machined by a triangular tool.

Figure 13 shows the optical images of ground surface for
different tool geometry. From optical images, it was
observed that ductile mode cutting was dominant for all
four different type tools. It was found from the optical
images that all four tools produced ground surface with
nano-level roughness. Some grinding marks were also
present on the surface as well. Magnified image of the side

of the grooves were also presented in Fig. 14. For surface
ground by a circular tool, side wall seemed reasonably
straight even in higher magnification. For a D-shaped tool,
the edge of the micro-slots deteriorates at some position.
Side flow of a glass material has been found. The edge of
the micro-slot machined by a triangular tool was found to
be worst among all. Usually, material around the cutting
edge was subjected to high pressure which causes the
material to flow to the side. The similar phenomenon can be
observed in case of machining with blunt tool edge, which
tries to remove more material from the side surface than a
sharp edged tool. Comparatively larger radius of curvatures
at the edge of the slots are the typical proof of the
phenomenon. In addition, the edge surface machined by a
square tool also had some waviness as well but with lower
curvature than that of a triangular tool. Moreover, this side
surface phenomenon was not present throughout the whole
groove rather it appeared suddenly on the machined
grooves. Among all the surfaces, the ground surface with
triangular-shaped PCD tool suffered more rounding at the
edge of the micro-slots, thus providing inferior surface
finish at the side wall of the slots. Brittle and amorphous
properties of glass material can also contribute to this side
flow behavior [38].

3.2.3 Comparison of tool wears

Figure 15 shows a comparison of different shaped PCD tool
surface after grinding micro-slots in the glass material. From

Fig. 11 AFM image of machined surface using a circular, b D-shaped, c triangular, and d square tool
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the SEM picture of tools in Fig. 15 after machining, it was
found that all four-shaped tools except the circular one had
the tendency of wearing more. This was basically due to the
sharp edge of the tool which suffered more wear and became
rounded. When circular tool experienced wear or re-
sharpening, it became smaller in diameter but still become

round. Hence, a worn-out circular tool did not affect the
machining performance significantly. On the other hand,
when the edges of a square or triangular tool experienced
wear, wear is usually non-uniform as all the four or three
edges cannot wear out at the same rate. For the shaped tool,
it was found that edge rounding or pull out of grain was the

Fig. 14 Optical image of side
surface of ground groove by a
circular, b D-shaped, c triangu-
lar, and d square tool

Fig. 13 Optical image of
ground surface by a circular, b
D-shaped, c triangular, and d
square tool
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main wear mechanism. At the same time, machining
condition varied form a sharp edge to round edge. In
contrast to conventional sharp edge cutting model, chip
shearing in micro-machining occurs along the rounded tool
edge. Therefore, this large edge radius affects the magnitude
of ploughing and shearing forces. Higher plastic deformation
resulted from larger cutting edge radius. As a result, surface
roughness as well as cutting force kept changing with this
wears of square and triangular tools [39].

4 Conclusions

In this study, a new fabrication technique for different
geometry tools has been proposed using specially
designed block along with a comparative analysis on
the micro-machining performance of four different
geometry PCD tools: circular, D-shaped, triangular, and
square on BK7 glass. In addition, the effect of tool
geometry on the cutting forces surface roughness and
tool wear were investigated during the glass micro-
machining. The following conclusions can be drawn
from this experimental investigation:

& With the aim of fabricating different shaped tool in a
single setup, a specially designed block containing three
‘v-slots’ has been designed and fabricated using wire

cut. With the concept of block micro-EDM and using
this specifically designed block, microelectrodes of
conical, triangular, square or rectangular, circular, and
D-shaped tool have been fabricated. Using this specif-
ically designed block has been established to be a
feasible method for the fabrication of microelectrodes of
few tens of micrometers.

& D-shaped tool experienced lowest cutting force
along x- and y-axes, whereas triangular tool has
experienced lowest force along z-axes. Both square
and circular tools had generated quite high cutting
forces along z- and x-axes during micro-grinding,
though along all axes square tool had experienced
highest cutting force. Comparatively lower cutting
force along the y-axis has been observed for triangular
tool than square one.

& For the groove machined by micro-grinding using PCD
tool, surface roughness showed considerable change
from circular tool to others. Small particles, which were
present on the surface machined by circular tool, was
almost absence in case of surface machined by other
tools. Lowest average surface roughness has been
achieved using square tool and little higher in case of
D-shaped tool. Higher peak density on the surface
machined by a triangular tool resulted in higher average
and maximum surface roughness. Moreover, side wall
of a machined groove using D-shaped tool was much

(a) (b)

(c) (d)

Fig. 15 SEM image of tool
after machining a circular, b D-
shaped, c triangular, and d
square tool
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better than a square or triangular tool, whereas the
circular tool demonstrated the best result in this case.

& Square and triangular tools experienced more wear
compared to circular and D-shaped tools due to the
tendency of tool edge blunting

& Finally, D-shaped tool demonstrated better perform-
ances among all the tools in terms of cutting force,
roughness value, side surface, and wear rate due to its
geometry, which enhances the chip removal process
from the machined surface.
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