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ABSTRACT
Metal injection molded (MIM) 420 stainless steel is a commonly used material for highvalue products such as fuel injector nozzles. However, the trade-offs involved in using
different micro-drilling processes on this material are not well-documented in literature.
This thesis presents a micro-drilling study of MIM 420 stainless steel using four candidate
processes, viz., micro-electrical discharge drilling (micro-EDD), ultrasonically-assisted
micro-EDD, micro-mechanical drilling (micro-MD) and ultrasonically-assisted microMD. The micro-EDD results shows that the use of ultrasonic vibrations significantly
improves the overall process time, spark erosion efficiency and material removal rate of
the process. However, this improvement comes at the expense of increased tool wear and
surface roughness, especially while machining under high discharge energy conditions.
The micro-MD results show that the use of ultrasonic vibrations is beneficial in lowering
the thrust force, drilling torque and tool-wear at chipload values greater than the minimum
chip thickness of the material. However, the ultrasonic vibrations do not have a notable
effect on the surface roughness or on the size of the exit burrs. The results obtained from
this study have been used to develop a Likert-type comparison scale to enable applicationspecific selection of micro-drilling processes for MIM 420 stainless steel. Finally, the
benefits of using the ultrasonically-assisted micro-EDD process seen during the laboratory
tests at Rensselaer were observed to carry over to the production environment of our
NYSERDA funded industrial sponsor.

xi

1. Introduction
Micro-scale1manufacturing processes have a multi-billion dollar economic footprint that
affects key societal areas such as healthcare, defense, aerospace, energy, and automotive
engineering [1]. Micro-drilling processes that can drill holes in the 50-200 m diameter
range are of particular interest for high-value manufacturing applications such as cooling
holes in turbine blades, surgical tooling, and gas direct injection nozzles for efficient fuel
delivery [2][3][4][5]. Metal injection molded (MIM) 420 stainless steel is a common
material of choice in these applications due to the ease of fabricating complex geometries
using the MIM process [6][7][8]. However, the tradeoffs involved in using different
micro-drilling processes on MIM 420 stainless steel are not well-documented in literature.

There are multiple candidate processes that could be used to create micro holes in MIM
420 stainless steel. These include micro-electrical discharge drilling (-EDD), micromechanical drilling (D), laser drilling, and fine blanking. The two technologies
explored in this thesis, viz,. μ-EDD and D, are processes that are commonly used for
drilling applications at the micro-scale [1]. The -EDD and D processes are scaled
versions of the macro-scale electrical-discharge drilling and the mechanical drilling
processes, respectively. The pervasive use of the macro-scale version of these processes
makes -EDD and D very appealing for the industry [1]. This appeal is also
strengthened by the fact that ultrasonically-assisted variations of these processes can be
easily implemented on the shop-floor [2]. This is unlike other specialized processes such
as laser-assisted micro-drilling or fine blanking, that requires significant start-up
investment [1].

Given the wide-spread industrial use of MIM 420 stainless steel, it is critical to perform a
bench-mark study on this material that compares the machining responses seen while

This chapter is to appear in: D. Silverman, B. Chu, B. Jacoby and J. Samuel, “Evaluation of Micro-drilling
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using both the conventional as well as ultrasonically-assisted variations of the -EDD and
D process. This thesis presents the details of such a study. A series of micro-drilling
studies were conducted using the four processes of interest, viz., -EDD, ultrasonicallyassisted -EDD, D and ultrasonically-assisted D. The results obtained from this
study have been used to develop a Likert-type comparison scale to enable applicationspecific selection of appropriate micro-drilling processes.

The remainder of this thesis is organized as follows. Section 2 provides a review of the
prominent micro-drilling technologies and concludes with a discussion of the gap in
knowledge as it relates to the micro-drilling of MIM steels. Section 3 outlines the overall
research objective, scope, and tasks. Section 4 describes the experimental setup and
conditions used for the four micro-drilling processes studied in this thesis and section 5
presents the experimental findings. Sections 6 and 7 presents the specific conclusions
drawn from this study, and the future directions for this research as it relates to industrial
implementation, respectively. Finally, Appendix A is a comprehensive guide for running
μ-EDD and ultrasonic μ-EDD processes on the Mikrotools DT-110 hybrid micro
machining center at Rensselaer. It also provides details of the data acquisition system
associated with the process.
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2. Literature Review
2.1 MIM Steel Properties and Applications
Metal injection molding (MIM) is a manufacturing process capable of producing complex
shapes in metal parts for large volume, precision components that would be expensive or
difficult to machine or cast [9]. MIM parts are used in the aerospace, defense, and
automotive industries [10]. The global market for metal and ceramic injection molding
for 2012 was estimated at $1.51 billion and projected to $2.88 billion by 2018 [10].

The process for manufacturing a MIM part is summarized in Figure 1. The typical process
steps include [11]:


Step 1: Feedstock
o Fine metal powders (<15 μm diameter) are mixed with binder materials
(paraffin and thermoplastic polymer)



Step 2: Molding
o The feedstock is fed into the molding chamber
o Chamber is heated and compressed to melt the binder and create a ‘green’
un-sintered part. The ‘green’ part is ~20% oversize



Step 3: De-binding
o ‘Green’ parts are chemically and thermally processed to create the ‘brown’
part by removing most of binders to prepare for sintering



Step 4: Sintering
o The fragile ‘brown’ part is fed into the sintering furnace to eliminate the
remaining binder and to sinter the grains together
o Final geometry is achieved in 15 to 20 hours
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Figure 1: MIM process flowchart [12]

The microstructure of MIM stainless steel parts has been studied by Yang, et al [13], who
compared it to microstructures obtained by conventional metal casting. The 418 MIM
stainless steel can create parts with finer geometry and typically has a higher strength and
strain-to-failure than its cast counterparts. Figure 2a shows evidence of cleavage fracture
in the cast part, indicative of brittle failure. Figure 2b shows a typical dimple fracture
surface in a MIM part, indicative of ductility. The fracture surface results supported by
the tensile tests performed on both materials, are attributed to the grain refinement.
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Figure 2: SEM images of fracture surfaces of (a) cleavage fracture in a cast part , and (b) dimpled
fracture in a MIM part [13]

2.2 Review of Micro-scale Drilling Technologies
2.2.1

Micro Mechanical Drilling (μ-MD)

Micro mechanical drilling commonly refers to hole drilling processes using drill bits with
diameters between 1.0mm to 50μm [1]. The process is similar to macro-scale mechanical
drilling, where a sharp rotating tool is used to shear the material as it moves, thereby
creating the desired hole geometry. Figure 3 shows a typical two-fluted tungsten carbide
drill used for μ-MD. These tools are scaled down versions of macro-scale drilling tools.

Figure 3: Micro drilling tool example [14]

At the micro-scale, several challenges arise in mechanical drilling of metals that do not
occur at the macro-scale. The edge radius of micro cutting tools is ~1-2 μm, which is
similar to the depth of cut values commonly used in micro drilling. As shown in Figure 4,
this causes the dominant material removal process to be ploughing, as opposed to shearing
of the workpiece [15]. This is well known in literature as the minimum chip thickness
phenomenon. Due to the minimum chip thickness phenomenon, micro mechanical
machining processes experience saw tooth-like surfaces (Figure 5) because of the size
relationship between the minimum chip thickness (hmin) and chip load (fz) and at times
more extreme tool wear than their macro-scale counterparts.
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R: radius
of
curvature
of the
cutting
edge
D: radial
feed
Micro machining – ploughing regime

Macro machining – shearing regime

Figure 4: Minimum chip thickness [15]

Figure 5: Minimum chip thickness effect on surface roughness [16]

Another issue caused by the minimum chip thickness is the formation of burrs on the
machined feature. Sharp burrs can complicate part handling, micro assembly set ups, and
can also interfere with part functionality [1]. Removal of micro burrs is often very
difficult, and can also add time and cost to the micro parts. An extreme example of an
exit burr drilled in 304 stainless steel with a 100 μm drill is shown in Figure 6. Here, the
burr is a constant height around the perimeter of the exit, and has a chip fragment stuck
on the end [17].
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Figure 6: Burr formation on 304 stainless steel [17]

One method to improve the performance of micro drilling of difficult-to-machine
materials is to ultrasonically actuate the workpiece coaxial to the tool. This process is
similar to the common machining practice of peck-drilling, where the tool is actuated in
and out of the workpiece while feeding through. This is done to clear the chips from the
hole and to prevent heat from building up in the cutting zone [18]. Azarhoushang et al.
[18] demonstrate that ultrasonic vibrations allow for successful drilling of Inconel 738LC (Figure 7). As seen, only the ultrasonic assisted holes were drilled through, as all of
the conventional drilled samples had the tool break in the middle of the cut.

Figure 7: Burrs from drilled samples of Incolnel 738-LC [18]
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2.2.2

Micro Electrical Discharge Drilling (μ-EDD)

Electrical discharge drilling (EDD) works by applying a large electric potential between
two conductive pieces (workpiece and tool). Figure 8a shows the layout of the process
and Figure 8b shows the material removal mechanism. As shown in Figure 8a, the
workpiece and tool are submerged in a dielectric fluid, and at a small (~100-200 μm)
inter-electrode gap (IEG), the dielectric gap breaks down between the workpiece and the
tool causing a spark [19]. The jet of plasma formed in the gap then melts the workpiece
material, which in turn result in debris that is flushed out of the IEG. As the tool discharges
to wear away the workpiece, it also erodes slowly. Proper selection of electrical settings
and tool material will ensure that the tool wear rate is much slower than the workpiece
material removal rate [20]. The non-contact nature of EDD makes it favorable to process
difficult-to-machine materials since it does not introduce contact stresses in the machined
part [1].

(a)

(b)

Figure 8: (a) EDD process diagram, (b) EDD material removal diagram [21]

EDD uses two types of tools to drill holes, viz, an extruded wire, or a cylindrical ground
pin. Wire feed is more commonly used in industry and it works by feeding a length of
extruded wire through a wire guide to replace the worn wire tip while machining. A very
specialized machine is needed to perform wire feed EDD and in this configuration, it is
only capable of circular cross sectioned holes. In order to create complex geometries, or
perform EDD with a spindle that does not have a wire guide, a cylindrical pin can be used.
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A pin can be ground in the negative image of the desired hole geometry and will have a
lower tool run-out than an unsupported wire. Tool materials depend on the type of material
being machined. For stainless steels tungsten carbide is generally selected for the tool
material [20].
Micro electrical discharge drilling (μ-EDD) generally refers to processes that create holes
between 1 mm and 1 μm [1]. μ-EDD uses the same components and materials as macroscale EDD, but has unique size scale induced challenges that make it unattractive in a
production scenario. In macro-scale EDD, rotation of the tool allows for the flowing
dielectric fluid to penetrate the IEG of 100-200 μm, and flush out this debris. However,
when the IEG get scaled to ~5-10 μm in μ-EDD, the flow of the dielectric fluid will always
be laminar, even with high pressure fluid flushing, high rotational speeds, or shaped
electrodes [22]. Due to the laminar nature of the flow, the debris cannot be flushed causing
the tool to arc to the debris instead of the workpiece (Figure 9). This causes the tool to
short and back out of the hole, increasing both the process time as well as causing debris
to weld to the inside surface of the hole, thereby reducing the surface quality [22].

Figure 9: Shorting on debris in μ-EDD [22]

One method of effective debris removal in the IEG is to impose micro-scale ultrasonic
vibrations coaxial to the tool. This method, ultrasonic μ-EDD, creates a ‘pumping’ action
to flush out the debris from the IEG [23]. Work has been done by Wansheng et. al. [23]
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to use ultrasonic μ-EDD on difficult to machine titanium alloys. They found that adding
ultrasonic vibrations improved liquid flow behavior, improving the machining efficiency
(Figure 10) [23].

Figure 10: Ultrasonic EDM process efficiency [23]

Computational fluid dynamic (CFD) work has been done to model the mechanics of fluid
flow in the IEG during ultrasonic μ-EDD [24]. Initial CFD results done to optimize tool
geometry, actuation frequency, and amplitude show an increase in IEG fluid flow velocity
[24]. Figure 11 shows the edge effects induced on the fluid flow with ultrasonic vibrations.

Figure 11: CFD results of ultrasonic μ-EDD IEG [24]
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2.2.3

Laser Drilling

Laser drilling can create micro holes in a variety of engineering materials, including
stainless steel and drill holes down to 1 μm in diameter [25]. Laser drilling uses a short
pulsed laser with a high power density to melt and vaporize the material (Figure 12) [26].

Figure 12: Laser drilling layout [26]

This process is very attractive for micro hole drilling, as it can be used on a variety of
materials with great precision, with no tool wear, and minimal part distortion [27].
However, lasers are expensive and use specialized equipment. They also produce a heat
affected zone around the edge of the hole, preventing deep holes from being drilled [27]
[28].
2.2.4

Fine Blanking

Blanking and fine blanking are processes that create parts by punching the desired
geometry from sheet stock. Fine blanking is a variation of conventional blanking that
produces finer geometry and higher precision while maintaining high throughput. In
conventional blanking, the edges produced are rough and have poor perpendicularity [29].
Fine blanking implements a more efficient clamping of the sheet metal to improve the
11

overall part accuracy and to reduce distortion (Figure 13b). This allows for improved
perpendicularity (±25μm) [29], tolerances similar to machining, can be used on a variety
of materials, and can be run with high throughput [30]. However, the tooling is extremely
complex and expensive, and the parts often have burrs attached, which require a deburring
operation [30].

Figure 13: Comparison of edges from (a) conventional (left) and fine (right) blanking. (b)
schematic for fine blanking [29]

2.3 Gap in Knowledge
Based on the literature review presented in Sections 2.1-2.2, it can be seen that metal
injection molding is a $1.51 billion industry that is attractive for producing complex metal
parts that often require a micro-drilling post processing step. A variety of micro drilling
processes exist for engineering materials, however, there is a lack of literature
benchmarking the comparative performance of these technologies while drilling MIM
parts.
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3. Research Objective, Scope and Tasks
The objective of this research is to benchmark four different micro hole drilling processes
on MIM 420 stainless steel, viz., micro electric discharge drilling (μ-EDD), ultrasonic μEDD, micro mechanical drilling (μ-MD), and ultrasonic μ-MD. The findings of this
research are expected to serve as a recommendation for feasible manufacturing routes for
our New York State Energy Research and Development Authority (NYSERDA) industrial
sponsor.

The scope of this project is limited only to the processes of micro electric discharge drilling
(μ-EDD), ultrasonic μ-EDD, micro mechanical drilling (μ-MD), and ultrasonic μ-MD.
These candidates were chosen based on the equipment available to the industrial sponsor.
The work will be focused only on MIM 420 stainless steel, supplied by the sponsor. The
work will also be limited to a simplified hole geometry, capable with a 3-axis machine
tool, i.e., no off-axis drilling studies will be conducted. All ultrasonic drilling tests will be
run at the resonant frequency to ensure maximum amplitude.

The tasks for this project are as follows.
1. Design and assemble the experimental setup and data acquisition system needed
to collect the various machining responses.
2. Select appropriate machining conditions for micro-scale mechanical and electrical
discharge drilling.
3. Run machining experiments, collect and analyze the machining response data, and
report results.
4. Implement the ultrasonically-assisted μ-EDD process on the production shop-floor
of our NYSERDA industrial sponsor.
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4. Material Microstructure
In2order to determine the microstructure of the MIM 420 stainless steel, a small piece of
the material was first mounted in epoxy. The part was then polished sequentially using
600-grit sandpaper, diamond powder, and then fine alumina powder. Following this, the
part was swabbed with a cotton ball dipped in Vilella’s etchant [31]. The part was then repolished using the alumina powder and again swabbed with Vilella’s etchant. An optical
microscope was then used to image the grains of the material. Figure 14 shows an image
taken of the microstructure of the steel. The image is at 100x magnification and shows
some grains (darker, localized regions) as well as martensitic regions along the grain
boundaries.

Figure 14: Micrograph of MIM 420 stainless steel part (arrows indicate martensite regions)

The martensitic nature of MIM 420 stainless steel coupled with the injection molding
process makes it difficult to precisely determine the grain-size. For this study, the grainsize was determined using the lineal intercept method [32]. As per this method, lines of
known length were first drawn across the diameter of known grains and the total length
was divided by the total number of grains intercepted. This process was performed for
multiple microstructure images as well as at multiple magnifications to increase accuracy.

This chapter is to appear in: D. Silverman, B. Chu, B. Jacoby and J. Samuel, “Evaluation of Micro-drilling
Technologies for Metal Injection Molded 420 Stainless Steel,” Mach. Sci. Technol., submitted for
publication.
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The average grain diameter was determined to be approximately 35.7 μm, which
corresponds to an ASTM Grain Size Number of 6.5. Table 1 presents an overview of the
material properties of MIM 420 stainless steel [6].
Table 1: MIM 420 stainless steel material properties [6]
Yield

Ultimate

Elastic

Thermal

Strength

Strength

Modulus

Conductivity

(MPa)

(MPa)

(GPa)

(W/m-K)

1,200

1,380

190

24.9
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5. Experimental Setup and Findings
This3section presents the details of the experimental setup and conditions used, followed
by the key experimental findings, and the implementation of the ultrasonically-assisted μEDD process on the production shop-floor of our NYSERDA industrial sponsor.

5.1 Experimental Setup
The Mikrotools DT-110 hybrid micro-machining center was used for this study. This
three-axis machine is capable of performing both the -EDD as well as the -MD process,
and is equipped with linear stages that have a positional accuracy of + 1 m. It has two
spindles, one with a rated speed of 3000 RPM that is used for -EDD and another NSK
spindle with a rated speed of 80,000 RPM that is used for -MD. The CU18A
magnetostrictive transducer designed by Etrema Products Inc. was chosen for
implementing the ultrasonic variations of the two processes. This transducer can operate
in the 5-20 KHz range. The fact that the operational frequency of a magnetostrictive
transducer can be easily adjusted using a function generator, makes it an ideal choice for
ultrasonically-assisted micro-drilling applications [33]. For the purpose of this study the
vibration frequency was kept in the 12-16 KHz range, with resulting horn amplitude being
~ 3-4 m. A more in-depth description of the experimental setup is laid out in Appendix
A.
5.1.1

Ultrasonically-assisted micro electric discharge drilling setup

Figure 15a depicts the attachment of the ultrasonic system onto the Mikrotools DT-110
hybrid micro-machining center. As seen, a vertical configuration is used, with an in-line
assembly of the ultrasonic actuator, the horn and a part holder. This ensures that the
vibrations are applied co-axially to the part being drilled. Figure 15b shows the design
details of the part holder. As seen, it has a M6 threading that mates with the horn.
Furthermore, a recess was machined so as to clamp the part while also holding a small

This chapter is to appear in: D. Silverman, B. Chu, B. Jacoby and J. Samuel, “Evaluation of Micro-drilling
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publication.
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quantity of the dielectric fluid to facilitate the -EDD process (Figure 15b). The IonoplusET-5 dielectric fluid was used for this study. The transducer and horn assembly was
electrically insulated from the machine table to prevent electrical shorting. The tooling
used for the -EDD studies consisted of a 150 μm diameter, 450 μm long ground tungsten
carbide pin from Performance Micro Tools (Figure 15d).

(a) Ultrasonic system mounted on the Mikrotools DT110 machine

(d) µ-EDD tooling

(b) Front and top view of partholder in (a)

(c) Sample part and cross section

Figure 15: μ-EDD Setup

5.1.2

Ultrasonically-assisted micro mechanical drilling setup

The setup for the ultrasonically-assisted -MD unit was similar to the μ-EDD setup.
However, the spindle was changed to a NSK spindle having a rated speed of 80,000 RPM.
Furthermore, the drilling was conducted under dry cutting conditions and a Kistler 3-axis
9251C dynamometer was attached under the base of the ultrasonic actuator to pick up the
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thrust force and torque during drilling. The preliminary tests revealed that the -EDD
process resulted in a slightly overcut hole due to the commonly observed side-arcing
between the tool and the workpiece [34]. Therefore, to ensure a comparable final diameter
of the drilled holes across all the processes, a larger 180 m diameter, two-fluted tungsten
carbide micro-drill (Performance Micro Tools, KT-0071-S) was used for the -MD
studies.
5.1.3

Experimental Conditions

Figure 15c depicts the geometry of the MIM 420 stainless steel part and its cross-section
that allowed the drilling of ~200 m deep holes. For the -EDD study, the two extreme
energy levels of 1 nF and 10 nF were chosen as the capacitance settings. An order of
magnitude difference in the energy levels was chosen to enable an increased material
removal rate. Based on the findings from the preliminary experiments, the voltage, spindle
speed and the downward feed-rate of the tool was kept constant at 130V, 1000 RPM and
0.5 mm/min, respectively. It should be noted here that while 0.5 mm/min is the feed rate
employed during the machining cycle of the electrical discharge process, the Mikrotools
DT-110 controller has an in-built algorithm that overrides this feed-rate by backing off the
tool when it detects contact between the tool and the workpiece. This is unlike the D
process where the programmed feed-rate of the tool is maintained constant during the
entire duration of the cut. For the D study, two cutting velocities of 11.3 m/min and
22.7 m/min were chosen. These correspond to the conservative and aggressive cutting
speeds for machining 420 stainless steel, as specified in the machinery handbook [35].
For each of the two cutting velocities, the feed-rates were varied such that the chipload
was in the range of 0.5-7.5 m. Table 2 provides a summary of the micro-drilling
conditions.
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Workpiece

Table 2: Experimental Conditions
Metal injection molded 420 stainless steel

Microdrilling
Processes

1.

μ-electrical discharge drilling (μ-EDD)

2.

Ultrasonically-assisted μ-EDD

3.

μ-mechanical drilling (μ-MD)

4.

Ultrasonically-assisted μ-MD

μ-EDD & Ultrasonically-assisted μ-EDD


Tool: 150 μm diameter, tungsten carbide pin.



Dielectric fluid: Ionoplus-ET-5



Capacitance levels: 1 nF (low) and 10 nF (high)



Voltage : 130 V



Feed rate of tool: 0.5 mm/min



Spindle speed: 1000 RPM



Machining Responses: Process time, spark erosion
efficiency, material removal rate, tool-wear, side-wall
surface roughness and hole straightness.
μ-MD & Ultrasonically-assisted μ-MD



Tool: 180 μm diameter, two-fluted tungsten carbide drill
(Performance Micro Tools Inc., KT-0071-S)



Dry machining



Cutting velocity: 11.3 m/min (low) and 22.7 m/min
(high)



Chiploads: 0.5, 2, 3.5, 5 and 7.5 μm



Machining Responses: Thrust force, torque, chip
morphology,

side-wall

surface

roughness,

hole

straightness, micro-burrs, and tool wear

5.1.4

Ultrasonic

CU18A ultrasonic (US) actuator designed by

vibration

Etrema Products Inc.

specification

Operational frequency: 12-16 KHz

s

Amplitude: ~3-4 μm

Depth of hole

~200 μm

Machining Responses

A high-speed NI data acquisition setup capable of sampling at 1 MHZ was used to collect
the voltage and current signals during the -EDD processes, and the thrust force and
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torque signals during the -MD processes. Process time, spark erosion efficiency, material
removal rate, tool-wear, side-wall surface roughness and hole-straightness were used as
the measures to characterize the -EDD processes. Thrust force, torque, chip morphology,
side-wall surface roughness, exit burrs, hole-straightness, and tool wear were the measures
used to characterize the -MD processes. The chip and surface morphology were imaged
using a scanning electron microscope (SEM). A ZetaTM-20 optical profilometer was used
to estimate the tool wear and surface roughness.

5.2 Experimental Results: -Electric Discharge Drilling Study
This section presents the trends seen in the process time, spark erosion efficiency, material
removal rate, tool-wear, side-wall surface roughness and hole-straightness while using the
-EDD and ultrasonically-assisted -EDD processes. Figure 16a-i present the trends seen
in each of these measures.
5.2.1

Process Time and Spark Erosion Efficiency

The voltage and the current signals obtained during the tests were analyzed to calculate
the overall process time, and spark erosion efficiency. The overall process time is the time
taken to make the hole and is typically the metric used by industry to benchmark a
machining process. The overall process time in these experiments was calculated as the
time difference between the first spark and the last spark of the discharge signal. The
average values from three trials are shown below in Figure 16a. As seen, with the addition
of ultrasonic vibrations, the overall process time was seen to decrease from 212.6 seconds
to 24.7 seconds under high-energy conditions and from 527.7 seconds to 60.3 seconds
under low-energy conditions. This corresponds to ~ 88% reduction in the process time for
both energy conditions.

The spark erosion efficiency is defined as the percentage of the overall process time that
the machine spends discharging (i.e., effectively machining the part) as opposed to
shorting and backing-off from the hole. A higher spark erosion efficiency value is desired
in a -EDD process so as to minimize the non-productive component of the overall process
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time. As seen in Figure 16b, at the high energy conditions, there was an average of 52.7%
increase in the spark erosion efficiency with the addition of ultrasonic vibrations. At the
low energy condition, an average increase of 4.9% was seen. This implies that the addition
of vibrations is seen to reduce the extent of shorting between the tool and the workpiece.

Figure 16: Machining trends seen during μ-EDD of MIM 420 stainless steel [Note: Scale bar in
images (f)-(i) is 50 μm]

5.2.2

Material Removal Rate

Material removal rate (MRR) is the measure of the volume of material removed per unit
of the cutting time. Figure 3c depicts the trends seen in the MRR data. The data shows that
the addition of ultrasonic vibrations results in an increase in the MRR from 140.7 μm3/min
to 935.0 μm3/min under high energy conditions and from 48.7 μm3/min to 294.8 μm3/min,
under low energy conditions. This implies that at the high energy conditions, there was an
average increase of 564.3% in MRR, with the addition of ultrasonic vibrations. At the
low energy condition, an average increase of 505.3% was seen.
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5.2.3

Tool Wear

Tool wear in -EDD is expressed as the change in length of the electrode in microns [36].
The images of the tool before and after machining the hole were overlaid to estimate the
wear in terms of tool length. Figure 16d depicts the tool wear data that was seen in the
tests. With the use of ultrasonically-assisted -EDD the tool wear was seen to increase
from 26.7μm to 46.4μm (74% increase) under the high energy conditions and from 17.3μm
to 34.2μm (97% increase) under low energy conditions.
5.2.4

Side-wall Surface Roughness and Hole Straightness

In order to ascertain the effect of the ultrasonic vibrations on the hole quality, the holes
were sectioned to expose their side-walls. These were then scanned using the ZetaTM-20
optical profilometer. As seen in Figure 16e, the average Ra values are ~1 m at the low
energy-level of 1 nF. At higher energy levels, the Ra value is seen to increase to ~2 m
for the -EDD process. The addition of ultrasonic vibrations is seen to increase the surface
roughness significantly at higher energy levels (nearly 200% increase). It is likely that
with the more efficient expulsion of debris from the inter-electrode gap, the increased
number of sparks at high energy levels leaves craters on the surface. The evidence
supporting this is seen in the SEM images of the machined surface (Figure 16f-i). In these
images, one observes a significant re-deposition of molten debris under the high-energy
condition. In addition, the SEM images (Figure 16-i) reveal that the use of the -EDD
process is seen to result in a tapered side-wall for the holes. This is a well-known problem
with -EDD and is caused by the side-arcing between the tool and the workpiece [34].
The use of ultrasonic vibrations is not seen to make a discernible impact on the straightness
of the hole. In summary, the addition of ultrasonic vibrations seems to be beneficial for
all the productivity measures except for the tool-wear and side-wall surface roughness at
high energy conditions.
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5.3 Experimental Results: -Mechanical Drilling Study
This section presents the trends seen in the thrust force, torque, chip morphology, sidewall surface roughness, exit burrs, hole-straightness, and tool wear, while using the -MD
and ultrasonically-assisted -MD processes.

Thrust force and torque are critical process signatures in micro-mechanical drilling. The
thrust force is indicative of the energy spent in penetration into the workpiece, whereas
the torque is indicative of the amount of energy spent in the cutting process. Since the
dynamics of the micro-drilling is not of particular interest in this study, the high-frequency
signal was filtered using a low pass filter at 100 Hz to get an average estimate of the thrust
force and torque. Figure 17 depicts an example of the characteristic thrust force and torque
signals seen while drilling the MIM 420 stainless steel sample at a cutting velocity of 11.3
m/min and at a chip load of 5 m. Zone 1 is the entrance of the cut, where the tool is
piercing the material, zone 2 is the fully engaged portion of the cut, and zone 3 is the exit
of the cut. For this particular condition, the use of the ultrasonic vibrations is seen to reduce
the average thrust force and the torque required for the drilling process. The average
reported in Figure 18 and Figure 19 is from zone 2. Each data point is an average from
two cuts, with the error bar showing one standard deviation.

Figure 17: Thrust force and torque profiles (Cutting velocity of 11.3 m/min and chipload of 5 μm)
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Figure 18a depicts the variation of the axial thrust force as a function of increasing chip
load for both the -MD and ultrasonically-assisted -MD processes, while machining at
a cutting velocity of 11.3 m/min. As expected, the thrust force is seen to increase with the
chipload for both the processes. The trends in the thrust force indicate a critical cross-over
point at a chipload of 3.5 m. While machining at chiploads < 3.5 m the addition of
ultrasonic vibrations is seen to increase the thrust force, whereas at chiploads > 3.5 m,
the trends are seen to reverse, with the ultrasonic vibrations resulting in a reduction in the
thrust force. This is most clearly seen at the chipload of 7.5 m, where the ultrasonicallyassisted -MD process is capable of drilling the hole, whereas the conventional -MD
process results in tool breakage (red data point in Figure 18a). A similar cross-over is seen
at the chipload of 3.5 m while machining at the higher cutting velocity of 22.7 m/min
(Figure 18b). The possible reasons for the higher thrust force at chiploads < 3.5 m are
explained in the following sub-section on chip morphology (refer Section 5.3.1).

(a) 11.3 m/min cutting speed

(b) 22.7 m/min cutting speed
Figure 18: Micro-mechanical drilling thrust force as a function of chipload
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Figure 18b also shows that with an increase in the cutting velocity to 22.7 m/min, there is
a slight reduction in the cutting force for both the -MD and ultrasonically-assisted -MD
processes. This is likely due to the thermal softening of the material at higher cutting
speeds, as was evidenced by the built-up-edges formed on the micro-drill. This effect is
most clearly seen for the -MD process at the chipload of 7.5 m where a lower cutting
speed of 11.3 m/min is seen to break the tool, whereas, a higher cutting speed of 22.7
m/min is seen to result in effective cutting of the material with a thrust force of ~12 N.

(a) 11.3 m/min cutting speed

(b) 22.7 m/min cutting speed
Figure 19: Micro-mechanical drilling torque as a function of chipload

Figure 19a-b depict the trends in the torque data seen for the different drilling conditions.
For the cutting velocity of 11.3 m/min, the effect of the ultrasonic vibrations on the torque
shows a trend similar to that seen in the thrust force, i.e., at chipload values < 3.5 m, the
use of ultrasonic vibrations increases the magnitude of the drilling torque, whereas at
chiploads > 3.5 m, they are seen to result in a lower drilling torque. When the cutting
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velocity is increased to 22.7 m/min, the torque values show a distinctly different slope
after a FPT of 3.5 m (Figure 19b). Furthermore, the addition of ultrasonic vibrations at
higher cutting velocities is always seen to result in a slightly higher drilling torque. This
could possibly be due to the softening of the material at the higher cutting speeds [37].
5.3.1

Chip Morphology

Figure 20a-d depicts the morphology of the characteristic chips generated by the μ-MD
and ultrasonically-assisted μ-MD processes, while machining at a cutting velocity of 11.3
m/min. Similar characteristic chips were also seen while machining at the higher cutting
velocity of 22.7 m/min but those images are not presented here for the sake of brevity. As
seen at chiploads of 0.5 μm and 2 μm, the conventional μ-MD operation results in
discontinuous chips, whereas the ultrasonically-assisted μ-MD process results in the
formation of thinner and more continuous chips (Figure 20a-b). The addition of the
ultrasonic vibrations at these chiploads is seen to result in distinct serrations on the chip.
At chipload values > 3.5 μm the chips from both the processes appear to be continuous,
however, the chips generated by the ultrasonically-assisted μ-MD process are seen to be
relatively thinner.
For the conventional -MD case, the transition from a discontinuous chip to a continuous
chip seen between the chiploads of 2-3.5 m is likely related to the minimum chip
thickness phenomenon that is commonly seen in the micro-machining domain [38]. The
edge radius of the cutting edge is ~ 3 m, implying that the minimum chip thickness ratio
for the MIM 420 stainless steel material is likely in the range of 0.6-0.7. For the
ultrasonically-assisted -MD case, at chiploads < 3.5 m, when workpiece vibrations are
superimposed on to the motion of the tool, then the effective chipload seen by the cutting
edge is likely to be greater than the programmed chipload value. The fact that continuous
chips are being formed even at the lowest chipload value of 0.5 m also points to this
possibility [39]. It also explains the higher thrust force and torque seen at those chiploads
while using the ultrasonic vibrations. However, at chiploads > 3.5 m, the amplitude of
the workpiece vibrations becomes smaller than the programmed chipload values. While
the drilling still proceeds in a shearing-dominated regime, the interrupted mode of drilling
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results in a lower thrust force and torque. This regime encountered at chiploads > 3.5 m
is similar to the results reported in ultrasonically-assisted drilling at the macro-scale [40].

μ-Mechanical drilling

Ultrasonically-assisted
μ-mechanical drilling

.

(a) chipload 0.5 μm

(b) chipload 2 μm

(c) chipload 3.5 μm

(d) chipload 5 μm

Figure 20: Scanning electron microscope image of the chips generated at a cutting velocity of 11.3
m/min (Scale =100 μm)
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5.3.2

Side-wall Surface Roughness

Figure 21a-b depict the trends seen in the surface roughness of the side-walls, as a function
of the chipload and the cutting velocity. The data reveals that the ultrasonic vibrations do
not impact the surface roughness values as much. In general, at any given chipload, both
the -MD and the ultrasonically-assisted -MD processes result in comparable surface
roughness values for both the velocities tested. Furthermore, the Ra values obtained here
are lower than those seen with the -EDD processes, particularly while operating at a
higher discharge energy-level (Figure 16e). These results imply that if surface roughness
is extremely critical for the application, mechanical micro-drilling appears to be a more
suitable process.

(a) 11.3 m/min cutting speed

(b) 22.7 m/min cutting speed
Figure 21: Surface roughness trends in μ-mechanical drilling

5.3.3

Exit-Burrs and Hole Straightness

While exit-burrs were not a characteristic of the holes made using the -EDD technique,
they were seen for all chiploads and cutting velocities used for the -MD study.
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Figure 22a-b depict the characteristic exit burrs that are seen while machining MIM 420
stainless steel. The size of the burrs did not show any strong correlation with the chipload
or the cutting velocities used. The use of ultrasonic vibrations was also not seen to reduce
the extent of burr formation.

(a) μ-MD

(b) Ultrasonically-assisted
μ-MD
Figure 22: Cross section showing exit-burr formation at a chipload of 3.5 μm and a cutting velocity
of 11.3 m/min (Scale = 60 μm)

In addition, a review of the cross-section of the micro-holes reveals that both -MD and
ultrasonically-assisted -MD processes result in holes with significantly improved
straightness than those produced by the EDD processes (compare Figure 22a-b and Figure
16f-i). However, the use of ultrasonic vibrations is not seen to have a marked difference
on the straightness of the holes generated using -MD.
5.3.4

Tool Wear

In order to quantify tool wear, a separate set of micro-drilling tests were conducted at the
lower cutting velocity of 11.3 m/min. This cutting velocity was chosen since it was seen
to result in higher thrust force and torque magnitudes (Figure 18 & Figure 19). At this
chosen cutting velocity, a series of 5 holes were drilled at chiploads of 0.5 m and 5 m,
respectively. The flank wear on the tool was measured using the ZetaTM-20 optical
profilometer. The 2D estimate of the flank wear was calculated using the methodology
presented in Arora et al. [41]. Figure 23 depicts the trends seen in the tool wear data. As
seen, the addition of vibration is seen to result in a ~59% increase in the tool wear seen at
the 0.5 m chipload. This is likely due to the increased volume of material that the tool
encounters when vibrations are imposed at chiploads < 3.5 m (refer Section 5.3.1). At
the higher chipload of 5 m, the vibrations are seen to reduce the tool-wear (~58%
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decrease). This is directly related to the reduction in the effective chipload, when the
vibrations are imposed at chiploads > 3.5 m.

Figure 23: Tool-wear trends in μ-mechanical drilling

5.4 Comparison of Micro-drilling Technologies
While the machinability measures used for the four processes were different, these
processes could be compared using the common categories of material removal rate, toolwear, surface roughness, exit-burrs and hole-straightness. The data trends reported in
Sections 5.2 and 5.3 were converted into a Likert-type scale ranging from 1-5, with 1
denoting a poor machining response and 5 denoting an excellent machining response [42].
Figure 24 presents this comparative metric for each of the four processes studied in this
paper. If all measures are weighted equally, then the ultrasonically-assisted -MD process
emerges as the most efficient process scoring very well in all the categories except for
exit-burrs, with the conventional -MD process being the second best. Thus, for
applications where the presence of the exit-burr is not detrimental to the final part or for
applications were these micro-burrs can be post-processed using a de-burring operation,
the -MD processes appear to be the best choice. For such applications the use of
ultrasonic vibrations is seen to provide the highest MRR. However, it should be noted that
in this case the depth of the holes will be limited by the aspect ratio of the micro-drills.
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Figure 24: Comparison of micro-drilling technologies for MIM 420 stainless steel

For micro-drilling applications such as fuel-injector nozzles where exit-burrs cannot be
removed and their presence is detrimental to the fuel spray patterns, the -EDD process
seems to be a more suitable option. For -EDD, the use of the ultrasonic vibrations is
particularly useful for increasing the material removal rate. However, it is advisable to use
relatively lower energy settings to ensure good surface integrity of the machined hole.

5.5 Industrial Implementation
In order to implement the ultrasonic μ-EDD process, modifications were made to the
experimental setup from Rensselaer to fit the Saris SX 200 EDD machine (Figure 25) used
at the industry sponsor’s site.

Figure 25: Sarix SX200 EDD Machine

Modifications included removing the horn, and creating a new workpiece holder to
accommodate a larger test sample. Through tests on the Mikrotools DT-110 at Rensselaer,
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it was determined that removing the horn resulted in similar process times for μ-EDD.
The Sarix SX 200 machine operates by first running an optimization routine that detects
the optimal voltage and capacitance values to use for the EDD operation. A larger test
sample was needed to fit the hole pattern made by the Sarix during an optimization routine.
The new part holder and optimization sample are shown below in Figure 26.

Figure 26: Modified Sample Holder and Sample

Figure 27 shows the setup as mounted on the Sarix SX200 machine. As seen, the new
setup ended up using the wire EDD head that the Sarix machine has. This routine was run
on the above setup by keeping the workpiece stationary. The energy values that the Sarix
machine arrived at were the ones that the industrial sponsor uses for the injector nozzles
and are listed in Table3 below.

Figure 27: Setup mount on Sarix SX200
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Table 3: Optimal EDD settings from Sarix SX200*

Frequency Width
20
10.6

Gap
39

Gain
112

Current
54

Voltage
88

Energy
206

*Values are from proprietary Sarix controller and do not map to any known values

Using the above EDD pulse conditions, three holes were drilled into the injectors for both
the static and the vibratory conditions. Given the lack of the high-speed data acquisition
setup at the industrial sponsor’s shop, the only data that could be measured in these studies
was the overall process time. Figure 28 depicts the results obtained from the tests. As seen
from the test results, the total time to machine the same hole decreased from 51.02 seconds
(without vibrations) to 15.03 seconds with the use of the ultrasonic vibrations. This
decrease corresponds to a 70.5% reduction in the total time required to machine the hole.
Table 4 below compares the results seen from the Rensselaer tests and the tests at industrial
sponsor site. The congruent trends seen in the data point towards the feasibility of using
US-assisted μ-EDD to increase the current production rates for the sponsor.

Figure 28: Overall process time measured on the Sarix SX200 machine
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Table 4: Comparison of the process time and tool wear data obtained from the tests at Rensselaer
and Industrial Sponsor

Decrease in Process Time

Increase in Tool Wear

Mikrotools DT-110 (low
energy conditions) Rensselaer

88.4%

74%

Mikrotools DT-110 (high
energy conditions) Rensselaer

88.6%

97.9%

Sarix SX200 (at optimal
condition) – Industrial
Sponsor

70.5%

Was not measured for the
actual tests – but the
optimization
routine
showed a 97% increase
in the tool wear over the
stationary case

While these tests have been conducted on a modified part geometry, the same results can
be expected if it is incorporated into the production process cycle for the actual injector
nozzle part.
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6. Conclusions
This4thesis presents a micro-drilling study of MIM 420 stainless steel using four candidate
processes, viz., micro-electrical discharge drilling (-EDD), ultrasonically-assisted EDD, micro-mechanical drilling (D) and ultrasonically-assisted -MD. The
following specific conclusions can be drawn from this study:

1. The micro-electrical discharge drilling study shows that the use of ultrasonic
vibrations significantly improves the overall process time, spark erosion efficiency
and material removal rate of the process. However, this improvement comes at the
expense of increased tool wear and surface roughness, especially while machining
under high-discharge energy conditions.

2. The micro-mechanical drilling study shows that:


The minimum chip thickness ratio for MIM 420 stainless steel is in the 0.6-0.7
range.



The addition of ultrasonic vibrations at chiploads < 3.5 m is seen to increase the
drilling thrust force and torque. However, at chiploads > 3.5 m the use of
ultrasonic vibrations is seen to reduce the drilling thrust and torque. The chip
morphology trends reveal that this cross-over at 3.5 m can be explained by the
interplay between the amplitude of vibrations and the minimum chip thickness
phenomenon.



While the addition of ultrasonic vibrations reduces the extent of tool-wear, it has
little effect on the formation of exit burrs, surface roughness of the side-walls, and
the hole straightness.

3. Ultrasonically-assisted micro-mechanical drilling appears to be the most efficient
micro-drilling process for applications where the presence of exit burrs is not

This chapter is to appear in: D. Silverman, B. Chu, B. Jacoby and J. Samuel, “Evaluation of Micro-drilling
Technologies for Metal Injection Molded 420 Stainless Steel,” Mach. Sci. Technol., submitted for
publication.
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critical. Ultrasonically-assisted micro-electrical discharge drilling, operated under
low-discharge energy conditions is most suited for applications where exit burrs
are detrimental to the process.

4. Implementation of the ultrasonically-assisted micro-electrical discharge drilling
was shown to result in a 70% reduction in the overall process time. The use of this
technology will significantly increase the current production capacity for the
industrial sponsor.
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7. Future Work
Future work in the area of ultrasonically assisted EDM can be broken into two sections.
First, a design study of how to integrate ultrasonics to create a part on a 5-axis CNC
machine. Second, a fundamental understanding of the fluid mechanics of inducing
ultrasonic vibrations on a fluid in a micro gap.

7.1 Multi-axis Machining
The part geometry explored in this research was a straight through hole. However, the
desired part geometry required for parts such as the gas direct injection (GDI) seat is at an
angle through a domed section. This difference is illustrated in Figure 29.

Actual part geometry

Test part geometry

Figure 29: Hole geometry cross section comparison

In testing, the part geometry was selected because it allowed for single axis actuation of
the workpiece. This simplified the selection of a transducer, and the experiment. Given
the success of our findings, the sponsor has expressed interest in integrating the ultrasonics
system into their production 5-axis CNC EDM machine. In order to do this, the ultrasonic
vibrations must be imposed coaxial to the direction of machining. This is done to maintain
machining tolerances, and ensure the induced vibrations are displacing the working fluid
to its maximum. Ultrasonic vibrations can be imposed in the direction of machining using
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three different methods: (1) a multi-axis transducer plate, (2) ultrasonic actuation of the
tool, (3) a sonotrode to induce actuation of the fluid.
7.1.1

Multi-axis Transducer Plate

One concept for achieving ultrasonic actuation coaxial to the direction of machining is to
have a plate mounted underneath the workpiece with multiple piezoelectric actuators
distributed around the base. The actuators would be angled to match the tool path.
Whenever each hole is being machined, its corresponding actuator would be activated,
providing vibration in the direction of machining. This concept is illustrated in Figure 30.

Figure 30: Transducer plate concept schematic

In order to do this, significantly thick piezoelectric discs would need to be used to achieve
the desired actuation. Also, the workpiece mounting plate would need to have significant
compliance, which would be an issue for repeatability. Finally, the discs would have to
be controlled with a different unit than the one controlling the stages of the CNC machine,
meaning its complex motion of varying displacement on different discs would have to be
translated to and match the linear and rotational machine commands while machining.
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7.1.2

Ultrasonic Actuation of Tool

Instead of actuating the workpiece, ultrasonic EDD could be achieved by ultrasonically
actuating the tool. This is very intuitive as this will always guarantee the direction of
vibration is coaxial to the direction of machining. Actuation of the tool for a wire feed die
sink EDD spindle (the style the sponsor has) can be achieved by integrating an ultrasonic
actuator into the wire feed mechanism (Figure 31).

Figure 31: Ultrasonic wire feed schematic

Integrating the actuator into the spindle assembly poses several challenges. Notably,
integrating the unit without compromising the calibrated feed rate, spindle integrity, and
without increasing the runout.
7.1.3

Sonotrode Actuation of Fluid

A third alternative is ultrasonic actuation of the dielectric fluid. By placing a sonotrode
tip, attached to an ultrasonic actuator that also has 5 axis motion capability, the fluid could
be actuated in the direction of machining. A schematic for this concept is shown in Figure
32.

39

Figure 32: Actuation of the dielectric fluid

This method eliminates the need to modify the machine spindle, potentially compromising
part tolerances. It is also less complex to match the motion of the tip with the motion of
the spindle, as there are not complex motions associated with the transducer plate. The
actuator and sonotrode could be placed on the same stage as the spindle such that it is
always oriented properly without the need for extra motion stages. If there was no room
on the stage, a robotic arm could accomplish this task, with proper programming and
safety features to ensure the arm follows the spindle orientation and does not crash. The
other drawback to this method is the fact that a much more powerful transducer will be
required to actuate the fluid at an acceptable amplitude, as it is significantly more massive
than the wire or the workpiece.

7.2 Investigation of Fluid Flow in the Inter-electrode Gap
This research was conducted at one ultrasonic frequency and amplitude for the sake of
simplicity.

EDD experiments were run at the resonant frequency of the

actuator/horn/workpiece stack at ~16 kHz to ensure the maximum displacement (~3μm).
For an optimal process, a parametric study varying amplitude and frequency should be
run. CFD work has been done to find the optimal frequency and amplitude, example
shown below in Figure 33.
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Figure 33: CFD Results [24]

In order to validate the model and match it to the actual system, experiments must be
performed. This has been started by using scaled up experiments of the actual micro
machining operation, using particle imaging velocimetry (PIV) techniques. A pin is
placed in an acrylic cube with a hole in it. The pin and the gap between the pin and the
hole are scaled up for practical purposes, as is the spindle speed. The hole is filled with a
suspension of fluorescent particles in DI water and is illuminated with a high intensity
light source and filmed through a microscope. The setup for the experiments is shown
below in Figure 34.

Figure 34: PIV setup for μ-EDD

The footage is imported into Matlab and analyzed using PIV techniques to get a velocity
flow field. This allows for validation of the CFD model and for experimenting with
modified tool geometries for increased fluid flushing. Currently, the materials for the
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experiment are obtained and initial trials have been run in the lab, but a laser light source
is required to image the experiments in high speed. Once this is acquired the following
issues can be investigated.


Fluid flow of plain pin in hole with a stationary workpiece.



Fluid flow of plain pin in hole with a vibrating workpiece.



Fluid flow of modified pins in hole with a stationary workpiece.



Fluid flow of modified pins in hole with a vibrating workpiece.



Fluid flow while EDM is occurring to track debris removal.
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APPENDICES
A μ-Electric Discharge Drilling Setup
The following section outlines the setup used for ultrasonically assisted μ-EDD.

A.1 Equipment List
The following is a list of items required to both perform μ-EDD, collect process data, and
analyze data.
A.1.1 Machine hardware
Mikrotools DT110

Low speed
spindle
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Back plate
extension
(optional)

Electrode

Workpiece cup
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Workpiece
contact screw
and electrical
connection

Etrema horn
(optional)

Etrema CU18A
Ultrasonic
Transducer

Proto-board
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Transducer cable

Aluminum
spacer

BK Precision
4003A Function
Generator

Crown XLS
2000 Amplifier

52

Cast iron angle
block

4x M5 screws

4x M5 t-nuts

Vial of Ionoplus
Fluid
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2x 10-32 plastic
screws

A.1.2 Data Acquisition Hardware
Windows PC with
LabView and DAQmx

NI PXIe 6124 high
speed DAQ
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NI PXIe 1073 DAQ
Chassis

NI BNC 2120 BNC
Block

Agilent DSO1014A
Oscilloscope

55

USB A to USB B Cable

Tektronix A621 Current
probe

100:1 voltage probe
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10:1 voltage probe

2x long BNC malemale cables

BNC Splitter

A.1.3 Data Acquisition Software


DAQ and scope.vi



Strip TDMS 2.vi



Strip and Split TDMS.vi
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A.1.4 Data Analysis Hardware and Software


Computer with Matlab installed and at least 8GB of RAM



External HDD or large flash drive



Matlab scripts
o ReadBatchDat.m
o scope.m
o find_discharges.m

A.2 Hardware Setup
Figure 35 outlines the wiring diagram described below in sections 8.2.1-8.2.3.
A.2.1 DT-110 and Ultrasonics Setup
1. Turn switch clockwise to turn machine on
2. Bolt low speed spindle to machine back plate
a. If the horn is being used, install the back plate extension
3. Plug motor power cables into machine
4. Press green button on the back of the machine to turn on the controllers
5. Launch machine UI on machine computer (shortcut on desktop)
6. Bolt transducer to iron angle block with plastic 10-32 screws
7. Plug transducer cable into bottom of transducer, ensuring the keyway is properly
aligned before tightening
8. Place aluminum spacer on machine table
9. Slide 4 t-nuts into t-slots on machine table (2 on each side of the spacer)
10. Place iron angle block with transducer on top of aluminum spacer
a. Align the holes over the t-nuts
b. Guide the cable into one of the t-slots to avoid compression at the
connection
11. Thread M5 screws through angle block and into t-nuts
a. Make all hand tight, and then tighten with allen wrench diagonally to
ensure the unit is rigidly attached to the machine table
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12. Plug leads from transducer cable into proto-board
13. Ensure output leads from amplifier channel 2 are properly plugged into amplifier
and proto-board
14. Ensure output from function generator is plugged into channel 2 input for amplifier
A.2.2 Sensor Setup
1. Clamp current probe around the workpiece electrical connection cable
2. Plug current probe BNC into BNC splitter
3. One male-male extension cable goes from BNC splitter output to channel 3 of
oscilloscope
a. Set channel to match current setting on probe (10A)
4. Other BNC extension goes to BNC block ch0
5. Clip 100:1 voltage probe into EDM spindle power plug (on machine)
a. Use a cable with plain wire on one end and banana plug on the other
b. Banana plug plugs into side of EDM low speed spindle banana plug
c. Clip ground alligator plug to ground wire coming out of machine
6. Clip 10:1 voltage probe to shorting signal wire coming out of the top of machine
a. Does not need to be grounded
7. Plug oscilloscope into DAQ computer via USB
A.2.3 Transducer Tuning
Once all of the hardware is installed on the machine and transducer, the transducer can be
tuned to its resonant frequency. All experiments were run at resonant frequency to ensure
the maximum vibrational amplitude was achieved. To find the resonant frequency:
1. Clamp current probe around one amplifier output wire
2. Turn on the function generator
3. Turn on the amplifier
a. Turn up exactly half way
4. Ensure the oscilloscope is setup to read the signal
a. Can see the full amplitude of the signal
b. Zoomed in enough to see sinusoid
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5. Perform a manual frequency sweep with the function generator
6. Resonant frequency occurs at the frequency where the sinusoidal amplitude is at a
maximum
7. Several sweeps may need to be done to ensure correct resonant has been found
8. Depending on the hardware installed (horn, etc.) the resonant frequency should
exist between 11khz and 16khz

Figure 35: μ-EDD wiring diagram for machining and data acquisition

A.3 Software Setup
1. Plug cart power strip into extension cord
2. Turn on NI PXIe 1073 DAQ Chassis
3. Turn on cart PC
4. Log in using RCSID
a. If it is the first time using the computer, user must log in with computer online
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b. If online login fails, use guest account (information below keyboard)
A.3.1 Labview
A.3.1.1 Data Acquisition
This section will refer to items in Figure 36.
1. Open DAQ and scope.vi
2. Match all red boxed settings to those in
3. Set file path for average power signal in black box
4. Set file path for spark count and shorting signal in blue box
5. Ensure ‘view file when done?’ button is not highlighted in blue box
6. Run vi when ready to record
7. When done, click both stop buttons

Figure 36: DAQ and scope.vi Front Panel

A.3.1.2 Converting from .tdms to .dat
In order to convert the TDMS recorded from the oscilloscope, follow the steps below, and
refer to Figure 37.
1. Open Strip TDMS 2.vi
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2. Click run button, boxed in red
3. Navigate to folder location of file to be converted
4. Select .tdms file for conversion
5. Waveform of first sample in .tdms will be displayed in the waveform graph
6. Click next record (boxed in black) to convert next sample in .tdms
7. Continue to click next record (boxed in black) until program ends

Figure 37: Strip TDMS 2.vi Front Panel

In order to convert the TDMS recorded from the high speed DAQ, follow the steps below,
and refer to Figure 38. This .vi is used because the files generated by the high sampling
rate cannot be read converted, as they will exceed the RAM of the DAQ computer.
1. Open Strip and Split TDMS.vi
2. Click box circled in red and navigate to folder location of file to be converted
3. Copy text of file path in box circled in black
4. Paste file into box circled in blue
5. Set value in box (circled in yellow) to 5,000,000
6. Click run (not pictured)
7. Conversion is complete when ‘end of file reached?’ button turns green
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Figure 38: Strip and Split TDMS.vi Front Panel

A.3.2 Matlab
Three matlab scripts are used to extract the process signals. The method is as follows:
1. Run ReadBatchDat.m
a. It will prompt for the number of the first split signal
b. Input number and hit enter
c. Navigate to and select signal in windows file explorer UI pop-up
d. When finished, the script will display in the command window that it has
completed
2. Run scope.m
a. This will find the average power from machining
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b. Copy output into Excel document (or save in workspace for further
analysis)
3. Run find_discharges.m
a. This will count the total number of discharges, find the process time, and
will calculate the spark erosion efficiency
A.3.3 Cutting Metric Calculation and Explanation
The process time was calculated using the difference in time of the first and final speak
from the current signal, shown below in Eq. 1. The raw current signal for the full time of
a machined hole is shown in Figure 39A.
𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑇𝑖𝑚𝑒 = 𝑡(𝑓𝑖𝑛𝑎𝑙 𝑠𝑝𝑎𝑟𝑘) − 𝑡(𝑓𝑖𝑟𝑠𝑡 𝑠𝑝𝑎𝑟𝑘)

(1)

The spark erosion efficiency was calculated using the machine’s controller signal (Eq. 2).
This raw signal is shown in Figure 39B, and its conversion to a binary signal is shown in
Figure 39C. The spark erosion efficiency is the percentage of time that the tool is sparking,
over the time of the cut.
𝑆𝑝𝑎𝑟𝑘 𝑒𝑓𝑓. =

𝑇𝑜𝑡𝑎𝑙 𝑠𝑝𝑎𝑟𝑘𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑡𝑖𝑚𝑒

× 100

(2)

Specific cutting energy was calculated from the current signal, power signal (Figure 39D)
and a 3D scan of the hole (Eq. 3). The current signal gives the total number of discharges,
the power signal gives the average energy per discharge and the 3D scan gives the volume
of the hole.
𝑆𝑝𝑒𝑐. 𝐸 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑎𝑟𝑘𝑠 ×𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑝𝑎𝑟𝑘 𝑒𝑛𝑒𝑟𝑔𝑦
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑎𝑟𝑡

(3)

Average spark energy was calculated from the VI signal (Eq. 4). The voltage and current
are multiplied and then integrated over time to get the average power.
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𝐸_𝑎𝑣𝑔 ∫ 𝑉𝑎𝑣𝑔 × 𝐼𝑎𝑣𝑔 𝑑𝑡

Figure 39: Process Signal Examples
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(4)

