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Abstract To increase fabrication efficiency for poly-
crystalline diamond (PCD) microtools, wire EDM technology
was applied and optimized by using a design of experimenta-
tion. For roughing, the productivity must be maximized while
for finishing, the surface roughness must be minimized to
achieve the best overall quality. Using three different grades
of PCD, experimental results show a significant increase in
productivity with no significant decrease in microtool quality,
which was confirmed by hexagonal end-mill fabrication using
both non-optimized and optimized conditions.

Keywords PCD - Wire EDM - Microtool

1 Introduction

The demands for micromachining of hard and brittle mate-
rials are increasing. Since hard and brittle materials such as
silicon, ceramics, glass, tungsten carbide, and hardened
steels have desirable performance characteristics, they can
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be used in demanding applications such as optical, medical
devices, and laser components, which require the utmost
accuracy and precision. However, hard and brittle materials
are difficult to mechanically machine because they can be
damaged by brittle fracture during material removal, cutting
force-induced tool deflection or breakage. Microtools made
of poly-crystalline diamond (PCD) offer great promise for
micromachining of hard and brittle materials [1-7].

A grinding process is currently used in industry to fabri-
cate PCD microtools, despite limitations in feature complex-
ity and low productivity. When examining alternative
fabrication methods, the wire electrical discharge machine
(WEDM) is an ideal means for manufacturing such tooling
due to its ability to cut any conductive material regardless of
hardness. With the use of WEDM technology, the produc-
tivity of fabricating microtools can be increased while
allowing for more intricate tool geometries to be created
with high quality.

Past researchers have studied the optimization of chem-
ical vapor deposited (CVD) and PCD microtool blank
WEDMing [8-11], but have not widely focused on actual
complex tool geometry machining by WEDM. Olsen et al.
presented findings in application of WEDM for CVD bulk
material slicing and achieved material removal ranging from
0.2 to 1.5 mm/min and surface roughness ranging from 0.2
to 0.7 um Ra [10, 11] using large diameter, 0.25 mm wire.
Tso and Liu compared WEDM and grinding-based PCD
machining which resulted in a best surface roughness of
0.27 um Ra [8]. While these past research efforts present
useful findings for WEDMing of PCD bulk material, a
comprehensive study specific to PCD microtool fabrication
has not yet been studied. Depending on the PCD microtool
cutting application, the commercially available PCD grade
may vary, which can cause variation in WEDM performance
and quality. Small wire diameters must also be used for
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Fig. 1 Typical PCD tool
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microtool fabrication to create intricate geometric features,
which cannot be created using larger diameter wire and
corresponding WEDM machining conditions. Also as the
wire diameter decreases, wire breakage is more prominent
due to the presence of larger energy densities during dis-
charging, thus, careful selection of machining conditions is
necessary.

PCD tool blank Hexagonal shape tool

A typical PCD tool fabrication process is shown in Fig. 1.
PCD tool blank machining involves simultaneously rough
cutting the WC substrate and PCD layer only using a simple
cylindrical toolpath. For actual tool geometry machining,
however, only the PCD material is cut with roughing and
finishing processes, and must be done so with the utmost
accuracy and best achievable surface quality to prevent

Table 1 L25 roughing condi-

tion experimental array Test # Discharge Discharge Arcing Discharge Servo Wire speed
OFF time (ps) current level sensitivity voltage (V) voltage (V) (m/mm)
1 2 10 100 65 40 35
2 2 20 110 85 45 40
3 2 30 120 100 50 45
4 2 5 130 120 55 50
5 2 140 150 60 55
6 3 10 110 100 55 55
7 3 20 120 120 60 35
8 3 30 130 150 40 40
9 3 5 140 65 45 45
10 3 8 100 85 50 50
11 4 10 120 150 45 50
12 4 20 130 65 50 55
13 4 30 140 85 55 35
14 4 5 100 100 60 40
15 4 110 120 40 45
16 5 10 130 85 60 45
17 5 20 140 100 40 50
18 5 30 100 120 45 55
19 5 110 150 50 35
20 5 120 65 55 40
21 6 10 140 120 50 40
22 6 20 100 150 55 45
23 6 30 110 65 60 50
24 6 5 120 85 40 55
25 6 8 130 100 45 35
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Table 2 PCD material properties [13]

PCD grade Type A Type B Type C
Diamond grain size (um) 0.5 0.5 0.4
Diamond content (vol.%) 84 86 90
Hardness, Hv 80-100 90-100 110-120
TRS (GPa) 2.15 2.45 2.60

abnormal tool wear and poor machined surface quality
during the micro milling process.

For WEDMing of PCD microtools in industry, the cutting
parameters used are based on an individual operator’s know-
how and experience, therefore variation in cutting perfor-
mance and quality may arise. For new operators with no
prior PCD WEDMing experience, a huge learning curve is
inevitable, with high variation in output tool quality. Unlike
traditional mechanical milling process with only a handful
of cutting parameters, efficient application of WEDM
technology involves the manipulation of over 10 cutting
parameters, all playing a vital role in the cutting productivity,
quality, and accuracy.

The primary goal of this research is to efficiently
apply WEDM technology for the fabrication of PCD
microtools. This involves careful selection of optimal
WEDM machining conditions, taking into consideration
variation caused by differences in: commercially available
PCD grades’ material properties, desired productivity
and/or surface quality, and application of a thin wire
diameter. Taking into account these factors, the optimal
WEDM machining condition parameters will be developed to
improve both roughing productivity and finishing qual-
ity. A detailed evaluation of the surface characteristics
of the PCD tooling fabricated using WEDM technology
will also be conducted to improve the fabrication process and
avoid microlevel imperfections which can cause catastrophic
tool failure during the micromilling process.

Fig. 2 Sliced PCD test strips
for experimentation

Sliced PCD test strips

2 Design of experimentation

In order to optimize the WEDM process for microtool PCD
cutting, the critical machining requirements must be identi-
fied and their relation to machining conditions. To optimize
productivity during roughing operations, high power must
be applied by balancing the voltage and current with an
adequate discharge OFF time and arcing sensitivity level.
For finishing operations, a similar approach must be taken,
although quality is the final goal, which entails using the
lowest amount of power possible and adequate wire elec-
trode offset to gradually improve the surface quality finish
pass by pass. The number of repetitions per finish pass must
also be considered to ensure a uniform surface roughness
and eliminate larger edge corner radii caused by the previ-
ous roughing condition.

Due to the high number of parameters that must be
considered for both roughing and finishing condition opti-
mization, a design of experimentation (DOE) must be used
that can statistically evaluate the input parameters at differ-
ent levels in order to minimize the number of needed experi-
ments and identify the dominant WEDM parameters that
most effect roughing productivity and finishing quality.
First, a signal-to-noise ratio (SN) can be calculated for each
experiment. Then, by taking the mean of the SN ratios for a
parameter’s like values, the effect of this factor can be
observed [12]. An analysis of variance (ANOVA) can also
be calculated for each parameter to ensure the results are
accurate and not effected by random error.

For roughing and finishing, an L25 and L18 array were
used, respectively. Table 1 lists the test parameters and their
different values for roughing condition experimentation. All
other EDM condition parameters will be held constant. For
roughing, six parameters are involved since only a single
pass is necessary, but more variation in these parameters will
be observed by using five values per parameter. While the
roughing conditions will not directly affect the final surface
quality, it is important to ensure that the roughing conditions
do not damage the PCD surface and cause any extreme

4T
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pitting or surface cracking in the PCD material. This would
make finishing of the PCD material difficult and weaken its
overall strength. For finishing experimentation, eight param-
eters and three levels per parameter will be considered due
to the necessity of multiple finish passes to achieve a desir-
able part accuracy and surface uniformity.

3 Experimental setup

Three different grades of PCD material were tested to
observe the effects of grain size and diamond content
on the optimal WEDM condition parameters. Table 2
lists the material properties of the three different PCD
materials used for experimentation [13].

To simulate the thickness of typical micro tool diameters
currently being used in industry, PCD bulk material was sliced
into 0.2 mm thick strips, as shown in Fig. 2. A 0.1-mm
diameter steel-core brass wire was used for its high strength
and small kerf, which is necessary for shaping micro tool
geometric features. A Sodick ASX350L six-axes WEDM

Fig. 3 Sodick ASX350L six-axes WEDM
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Fig. 4 Side view of PCD test strips used for experimentation
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(Fig. 3) was used to conduct all experimentations. The
machine tool has a horizontal wire feed direction and an
indexing spindle unit which allows for ease of mounting tool
blanks and ensuring part straightness. An oil-based dielectric
fluid was used, which helps to reduce the discharge gap size
and improve the achievable part surface roughness. To accu-
rately measure only the PCD cutting time, a timing function
was used on the machine tool’s controller to accurately mea-
sure a 0.5-mm midsection of the PCD material, as shown in
Fig. 4. The overall machining time for cutting through the
entire strip (PCD+WC) was also recorded to check consis-
tency in machining times for each PCD grade.

4 Experimental results
4.1 Roughing condition experimentation

Roughing condition experimentation was performed on all
three grades of PCD material. According to the DOE, 25
experiments were conducted on each PCD grade. Each
experimental set of 25 was repeated three times per PCD
grade in order to use mean machining speed values for
analysis. Experiments resulting in a wire breakage were
assigned a mean machining speed of zero for analysis. To

Table 3 Effect of each WEDM parameter on machining speed

Parameter Type A effect Type B effect Type C effect
Discharge OFF time 15 20 15

Arcing sensitivity 13 19 11

Discharge voltage 11 15 11

Servo voltage 8 8 11

Discharge current 7 7 10

Wire speed 3 5 6
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Table 4 Type A analysis of variance results Table 5 Optimized roughing parameter values

Parameter Sum squared d.f Mean squared F p Value OFF time Current Arcing Voltage (V) Servo Wire speed
(us) level sensitivity voltage (V) (m/min)

OFF time 2.64150 4 0.66037 0.41 0.8063

Sensitivity 2.71690 4 067922 042 08013 4 10 140 120 60 35

Voltage 2.69650 4 0.67412 0.42  0.8026

Servo voltage 1.36130 3 0.45375 0.28 0.8437

Current 2.02190 4 0.50549 031 0.8509 shown in Table 3, it is clear which parameters have the

Wire speed 1.06550 4 0.26639 0.17  0.9301 largest influence on the machining speed output. The dis-

calculate a signal-to-noise ratio (SN), simple calculations
were performed using Eqgs. 1-5 [12], where N is the number
of trials per experiment and 7 is the machining speed in
millimeter per minute.

Spt = (T4 + T2+ ...+ Ty)/N (1)
S =T+ T 4.+ Ty (2)
Set = St1 — St (3)
Ver = Se1 /(N — 1) (4)
SN = 101og[(1/N)(Sm = Ver)/Ver (5)

A “higher the better” nominal output is desired for the
case of machining speed. The effect for each parameter is
found by taking the largest difference of the SN ratio means
for each parameter’s level. By observing the different values
for the effect of each parameter on machining speed as

charge duration parameters (discharge OFF time and arcing
sensitivity) as well as the discharge voltage, have the largest
effect on machining speed. To confirm these values,
ANOVA was conducted in parallel. Table 4 shows the
ANOVA results for type A experimentation. Ideally, the
p values should be less than 0.1, indicating a 90% confi-
dence level in the results, with the smallest p value having
the largest effect on machining speed. While the resulting
p values are much larger than 0.1, the numerical values have
most likely all been shifted in value due to the presence of
experimental results that resulted in wire breakage, thus,
causing a productivity value of zero. If the p values are
examined in comparison to the effect of each parameter
from signal-to-noise ratio calculations, the results coincide;
the discharge OFF time, arcing sensitivity and voltage, have
the largest effect on the machining speed.

While the discharge OFF time directly increases the
resting period between discharges, the arcing sensitivity
parameter also adds additional discharge OFF time
when an unstable discharge occurs. The power parame-
ters (current, voltage, and servo voltage) have a slightly
lower effect on machining speed. These parameters
control how much voltage and current are applied for
discharging. While these are very important parameters
in being able to achieve higher machining speeds, the
actual energy applied to the workpiece is still dependent
on the discharge duration parameters mentioned above.
The wire speed has the smallest effect on machining speed.
By setting this value to its lowest tested value, wire can be

1.00
L conserved, which results in lower production costs for PCD
'\ 4 micro tooling.
&y = We are also able to plot each parameter’s levels and their
E corresponding mean machining speeds to extract the opti-
< mal parameter settings. Figure 5 shows a representative plot
3 - of the discharge OFF time for type A experimental results.
« - . . . .
o With this plot, the optimal parameter can easily be extracted,
= .
=
=
2 0.25 \
Table 6 Optimized roughing speed for each PCD grade
PCD grade Type A Type B Type C
0.00 - : : |
1 2 3 4 5 o .
OFF Parameter Level Machining speed (mm/min) 2.37 1.19 1.52
Diamond content (vol.%) 84 86 90

Fig. 5 OFF time vs. mean machining speed plot
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Table 7 Effect of each WEDM parameter on surface roughness

Parameter Type A Type B Type C

effect effect effect

Finish condition, numnber of repetitions 5
Mean discharge current 4
Mean discharge voltage 3
Mean discharge OFF time 3
2
2

Mean finish condition offset

—_— NN W W W
N DD W W A

Semifinish condition offset

as shown by the data point circled. This value yield the
highest machining speed, thus should be used in favor of
lower machining speed yielding parameter values.

After extracting the optimal parameter level for each
PCD grade, the specific optimized parameter values can be
observed in Table 5. Using these optimized parameters,
three sets of confirmation experiments were conducted for
each PCD grade. In Table 6, the compiled machining speed
data are listed. Observing the resulting machining speeds,
some inconsistencies were observed for two PCD
grades, type B and C. The mean machining speeds that
were calculated showed a higher machining speed for
type C when compared to type B, despite higher dia-
mond content for type C. This is thought to be caused
by poor grain uniformity present for the type B materi-
al, which causes varying levels of conductivity during
WEDMing when the wire electrode transitions from
nonconductive diamond grains to the highly conductive
cobalt binder. The constant varying of conductivity serves to
create an unstable discharge environment, thus, reducing

Table 8 Type A analysis of variance results

Parameter Sum squared d.f. Mean squared F° p Value
Ist Finish offset 027280 2 0.13640 1.14 0.3736
Ist Finish current 047350 2 0.23675 1.97 0.2091
Ist Finish voltage 1.29749 2 0.64874 5.41 0.0380
2nd Finish OFF 032972 2 0.16486 1.37 0.3138
2nd Finish current 0.49545 2 0.24773 2.06 0.1973
2nd Finish voltage ~ 0.71048 2 0.35524 2.96 0.1170
3rd Finish OFF 024102 2 0.12051 1.00 0.4135
3 rd Finish current ~ 0.49404 2 0.24702 2.06 0.1981
3 rd Finish voltage  1.04727 2 0.52364 436 0.0588
Ist Finish offset 0.63662 2 0.31831 2.65 0.1388
2nd Finish offset 1.16526 2 0.58263 4.86 0.0476
3rd Finish offset 0.06121 2 0.03061 0.26 0.7817
Repetition no 1.47797 2 0.73898 6.16 0.0286
Semifinish offset 0.17827 2 0.08913 0.74 0.5098
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Fig. 6 Type A wire offset level vs. surface roughness plot for condi-
tion parameter extraction

overall machining speed. Type C is manufactured with
a more uniform and consistent grain distribution, which
results in a higher machining speed when compared to
type C. While past researchers have cited the importance of
diamond content in relation to WEDM productivity for PCD
machining, it is important to note the importance of grain
distribution as well.

4.2 Finishing condition experimentation

For finishing condition experimentation, 36 experiments
were conducted for each PCD grade. While the rough-
ing process consisted of only a single pass, the finishing
operation consists of three different passes, each with
different set parameter values, offsets and repetitions.
Also, the output for finishing experimentation is surface
roughness, not machining speed. For all calculations,
the peak-to-valley surface roughness will be used. To
help minimize the number of needed experiments, only
three values were used per parameter. Upon completion
of all experimentation, the effect of each parameter was
found using Eqs. 6—10, where N is the number of trials
per experiment and 7'is the machining speed in millimeter per

Table 9 Optimized fin-

ishing conditions Parameter Value

1st, 2nd, 3rd Finish OFF 10, 3, 10 ps

Ist, 2nd, 3rd Finish 10, 8,5 A
current

1st, 2nd, 3rd Finish 100, 85,
voltage 65V

Ist, 2nd, 3rd Finish 2,1,0.5 pm
offset

Semi-finish offset 10 pm

Finishing repetitions 3 Times
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Table 10 Optimized

surface roughness PCD grade PV (um) Ra (pm)
for each PCD grade
Type A 3.553 0.184
Type B 3.800 0.186
Type C 4.041 0.239

minute [12]. For finishing condition surface roughness, a
“lower the better” nominal output is desired.

Spi = (Ty + To + ...+ Ty)/N (6)
Sri =T + T2+ ..+ Ty? (7)
Se1 = Sr1 — S (8)
Vet = Set/(N — 1) )

SNy = 1010g[(1/N) Va1 /(S1 — Ver)] (10)

Table 7 lists the effect of each parameter by PCD grade.
For the current, voltage, OFF time and finish offsets, a mean
value is used to gain better insight into the overall effect of
these parameters, and not just how each finish pass is
effected by a specific parameter. For each PCD grade, the
number of repetitions per finish pass has the largest effect on
surface roughness.

The discharge current and voltage also have a large effect
on roughness, followed by the discharge OFF time and
offset values, which have a minimal effect on surface

Fig. 7 SEM images of type A
and C

roughness. With the signal-to-noise ratio calculations expos-
ing the optimal parameter values, an ANOVA was conducted
to confirm that the experimental results. Table 8 shows the
ANOVA calculation results for type A experimentation. The
underlined parameters exhibit a very low p value, with the
repetition numbers having the lowest p value, hence, the
largest effect on surface roughness. This agrees with our
signal-to-noise ratio calculations where the number of repeti-
tions also has the largest effect on surface roughness.

As with roughing experimentation, the optimal parameter
values were extracted using plots of the specific parameter
levels versus the output peak-to-valley surface roughness.
Figure 6 shows a representative plot for type A experiments,
which compares the wire offset levels for the three finish
passes with the output surface roughness values. After
extracting the optimal parameter values for each finish pass,
the optimized finishing parameter values can be observed in
Table 9. Some important trends can be seen from the opti-
mized finishing conditions. First, each of the three finish
passes should be repeated three times each, for a total of
nine finish passes. Second, the current and voltage are reduced
on each consecutive finish condition. Last, the finish offset
distance is also reduced on each consecutive finish condition.
In combination with a consecutive reduction in discharging
power, the energy applied to the surface of the PCD is mini-
mized, which helps to gradually reduce the surface roughness
with each consecutive finish pass and repetition.

Confirmation experiments were conducted using the
extracted optimized parameter values to confirm the output
surface roughness for each PCD grade. Six measurements
were made for each PCD grade using a Zygo NewView
5000 metrology system in order to obtain mean surface
roughness values, as shown in Table 10.

From the measured surface roughness values, PCD type
A and B have similar results for both peak-to-valley (PV)

Type C

x5.0k 20 um
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and average (Ra) surface roughness values. Type C, which
has the highest diamond content, resulted in the largest
surface roughness values of 4.041 um PV and 0.239 pum
Ra. Previous research has been reported where a best aver-
age surface roughness of 0.27 um Ra was achieved using
large diameter wire, although the PCD material properties
were not disclosed. For all three of the PCD grades tested in
this study, all exhibited a superior surface quality in com-
parison to previously reported results for both PCD and
CVD WEDMing studies [8—11].

Scanning electron microscope (SEM) images were taken
for all three PCD grades after applying the optimized finish-
ing conditions. Figure 7 shows SEM images for type A and
C at x5,000 magnification. Some interesting observations
can be made from these images. While both surfaces are
uniform, there is a high presence of “white spotting” on the
type A surface, as compared to the type C surface. While the
initial cause of the “spotting” was not known, it was assumed
that the difference in concentration of the spots is caused by
the difference in diamond content for the PCD grades. For
instance, type A has the lowest diamond content and the
highest cobalt content, while type C has the highest diamond
content and the lowest cobalt content.

To confirm any correlation between the PCD material
properties and the “white spotting”, energy dispersive spec-
troscopy (EDS) was applied to the surface of a type A
WEDM sample to find the chemical composition of the
“white spotting”. Figure 8 shows an SEM image with an
EDS line measurement through a “white spot” on the PCD
surface. Directly at the spot on the PCD surface, there is a
peak in cobalt content and drop in carbon content, indicating
that the “white spotting” observed are concentrations of

Carbon

1

Cobalt

3

1
1
1
1
1
1
1
1
1
1
1
s - 1
Bum " Electron Image 1 1
1
1
I
b

Fig. 8 Type A SEM surface with EDS chemical composition line
measurement
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Fig. 9 SEM image of fabricated hexagonal shape tool

cobalt on the PCD surface. We can also see that the remain-
ing region of the PCD surface is carbon, specifically graph-
itized diamond. Studies on the graphitization of the PCD
surface and presence of cobalt deposits will be conducted in
the near future.

5 Case study

To verify the performance of the resulting WEDM optimized
conditions from this study, a hexagonal micro end mill was
fabricated using type C PCD material (Fig. 9). The tool shape
has previously been fabricated using non-optimized condi-
tions by previous research conducted using a custom CAM
system for six-axes WEDM [3-5]. The same NC data was
used for both tools, although the WEDM parameter and wire
offset values were changed for the optimized test.

The corresponding cycle times and surface roughness values
for the fabricated tools are shown in Table 11. From the table, it
is clear that the productivity of microtool fabrication has been
significantly increased, with no decrease in tool surface quality.

6 Conclusions

An overview of the PCD WEDMing condition optimization
research was given along with the proposed research ap-
proach, detailing the crucial control parameters for WEDM-
ing of PCD. Using a DOE, the roughing and finishing
condition experimentation was completed. A signal-to-

Table 11 Hexagonal end mill machining comparison

Cycle time (min) PV (um) Ra (um)
Non-optimized 100 3.520 0.209
Optimized 65 3.641 0.216
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noise ratio was calculated for each experiment and was used
to calculate the effect of each parameter on machining speed
for roughing and surface roughness for finishing. Analysis
of variance was also completed for finishing experimenta-
tion to confirm the effect of each parameter found by using
the signal-to-noise ratios.

It was found that the discharge duration parameters
(discharge OFF time and arcing sensitivity) have the
largest effect on machining speed, while the number of repeti-
tions of finish passes has the largest effect on surface rough-
ness. Extraction of the roughing and finishing optimal
parameter values allowed for confirmation experiments to be
conducted, where for roughing, it was confirmed that type A
yields the highest machining speed.

A hexagonal PCD microtool has also been fabricated
using type C PCD to confirm the increased productivity
without reduced quality in comparison to previously fabricated
microtooling.
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