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Abstract: This paper presents an examination of an electrical discharge machining hand
drill system for aerospace fastener removal purposes to define secondary level influence
of cut depth, electrode diameter, and fastener material type on electrode erosion. In
aircraft engine maintenance, repair, and overhaul, even slight process improvements can
have a large economic impact. Conventional methods for fastener removal often require
use of a mechanical drill, which presents issues with the normal force required,
accumulations of small-piece debris, long process times, and damage to parent material.
Although the technology of electrical discharge machining has been utilized for decades,
it is now being used as a novel solution for removing aerospace fasteners to minimize
normal force required, decrease process time, and contain debris. Algorithms have been
developed for these systems using mathematical models and experimental testing to
estimate the electrode erosion rate during the machining process, but some secondary
level variable process influencers are not currently defined. A statistics-based study was
performed here to examine electrode erosion rates at varying cut depths from 0.05 to 0.15
inches, relevant electrode diameters from 0.1250 to 0.3300 inches, and workpiece
material type (Titanium and Inconel). The experimental data was evaluated using seven
parameters: cut time, axial electrode wear, radial electrode wear, electrode wear ratio (a
volume change comparison between the fastener material and the electrode), material
removal rate (a measure of the mass removed over time), cross-section area difference,
and cut depth difference. The most important parameters were found to be axial electrode
wear and electrode wear ratio. Results from the study show the rate of axial electrode
wear and electrode wear ratio both increase due to cut depth and changing fastener
materials from Titanium to Inconel. Axial electrode wear was shown to increase as the
electrode diameter was decreased, while electrode wear ratio was shown to increase and
then decrease as electrode diameter was increased. Using the data from the study, a
rudimentary empirical electrode life prediction was developed, but significant error
causes a low confidence level. It is shown that a linear approximation for electrode wear
is sufficient for cuts into Inconel fasteners. Analysis of the linear, exponential, weighted
polynomial, and geometric volume models of the Titanium cuts show the present data is
not sufficient for predicting electrode wear on cuts into Titanium fasteners.
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CHAPTER I

INTRODUCTION

1.1 Motivation

Fasteners such as rivets, locking studs/pins, and key-locking inserts (Fig.1), are critical
components to achieve mechanical integrity and safety of both commercial and military
aerospace structures. There is a wide range of fastener sizes and materials implemented in the
aerospace field. According to one estimate, fasteners account for around half of about six million
parts of a Boeing 747 [1]. The fasteners, however, undergo fatigue and failures due to a range of
mechanisms including static loading (tension, shear, bending and torsion), dynamic/fatigue
loading (cyclic stresses or repeated impacts), corrosion, or a combination of mechanisms. Timely
inspection and required maintenance of aerospace components also requires removal and
replacement of the fasteners in the aerospace maintenance, repair, and overhaul (MRO) industry.
Conventional methods for removing rivets, key-locking studs, and other fasteners typically
involve mechanical drilling or cutting tools that have long process times, excessive amounts of
debris, elevated noise levels, high drill speeds and normal force requirements, frequent in-process
misalignment, and significant environmental, health and safety (EH&S) concerns. Thus, there is a
demand in the aerospace MRO industry to develop tools and practices to avoid these drawbacks

especially for hard metal applications such as titanium and Inconel [1].



Figure 1: Examples of Aerospace Fasteners: a) Button, b) Countersunk, c¢) Key-Locking

Insert, d) Key-Locking Stud (Photos a) and b) courtesy of Cherry Aerospace)

Electrical Discharge Machining (EDM) is a well-established method [2, 3] and has emerged as a
fast, portable means for aerospace fastener removal with minimal debris, noise, misalignment and
normal force [4]. The EDM procedure uses electrical arcs from an electrode to remove a specific
amount and shape of metallic material. During the material removal process, the electrode also
wears, and all of the dissipated material is dispersed into the dielectric fluid surrounding the
electrode and piece being machined (Fig. 2). Use of EDM hand drills has been shown to reduce
fastener removal times from over 5 minutes to under 10 seconds. Furthermore, it prevents

debris/burrs and hole drift that are common with mechanical drilling and cutting.

Di/(ectric B

T AY 7 T

Discharge Current

Figure 2: EDM General Concept



While there are several equipment manufacturers of EDM technologies, the Perfect Point EDM
(PPE) E-Drill™ (Fig. 3) has emerged as a potential technology in the aerospace MRO industry
for fastener removal [4-6]. Perfect Point EDM utilized mathematical models and experimental
tests to create an electrode erosion rate algorithm that is implemented by the E-Drill™ user
interface to predict electrode life for supply chain forecasts. With this model, the user is able to
find an estimate for cut time and number of cuts per electrode based on input parameters such as
fastener type, cut method, fastener head diameter, and fastener shank diameter. The PPE
algorithm accounts for many different parameters such as system current and voltage as well as
electrode thermal conductivity. Such parameters are considered to be primary-level variable
process parameters. There are; however, some secondary-level variable process parameters that
have not been evaluated. The effects of depth of cut, electrode diameter, and fastener material on
electrode wear have not been examined in the current hand-held EDM algorithm. While the
primary-level parameters are vital to provide an estimate of electrode life, accounting for
secondary-level parameters increases the accuracy of the algorithm. Due to the costs associated
with aerospace fastener and fastener removal, any improvement in the accuracy of the hand-held

EDM algorithm will see a significant economic impact.

Figure 3: (a.) PP E-Drill"™ small hole EDM Machine hand tool and (b.) an example of

operation of E-DrillTM with gas turbine engine combustor (photos courtesy of PPedm)



1.2 Goals and Objectives

The goal of the current study is to examine the effects of secondary-level variable process
parameters on electrode wear for hand-held EDM applications. Experimental cuts will be
performed at three cut depths with three electrode diameters on two typical aerospace fastener
materials. Measurements of the electrode properties before and after the cuts will be taken, and
that data will be analyzed by seven unique parameters. The results of the study will provide
preliminary electrode wear ratio and axial electrode wear prediction models dependent on the
secondary-level variable process parameters. Specific objectives include: 1) evaluation of
electrode wear through determination of cut time, axial electrode wear, radial electrode wear,
material removal rate, cross-section area difference, and selected and measured hole depth
difference, 2) developing empirical electrode life predictions, and 3) modeling predictive
functions to predict electrode wear.

1.3 Thesis Outline

Background for general EDM processes and the hand-held EDM application are provided with a
literature review and analytical theory section in Chapter 2. Chapter 3 discusses the experimental
setup, design of experiment, and data recording for the experimental cuts. Results are examined
in Chapter 4, with sections for all seven of the parameters used to analyze the data from the
experimental cuts. Chapter 5 shows the analytical study performed to provide an estimation of
cuts per electrode for the experimental variables as well as the prediction of axial electrode wear
and electrode wear ratio using data analysis. An uncertainty analysis is also discussed in Chapter

5, and Chapter 6 provides conclusions and recommendations for further work.



CHAPTER II

BACKGROUND

This chapter reviews the different types of EDM processes, and the theory used to evaluate and
compare the variances in electrode erosion between processes. The EDM method for this study is
presented with an explanation for how it differs from other approaches. Previous studies on
electrode erosion are examined, and the current study is shown to be novel.

2.1 Electrical Discharge Machining

Mechanical drilling methods, typically with the use of manual drilling and/or milling cutting
tools, have been traditionally used for the removal of rivets, key-locking inserts, and other
fasteners (Fig. 4). These methods have some inherent disadvantages, including setup accuracy,
drill speed, normal force requirements, operator skill, in-process misalignment, and
environmental, health, and safety (EH&S) concerns (ergonomic risk exposure to eyes, hands;
potential exposure to hazardous material/debris). The methods are very slow on hard materials
and produce large quantities of sharp metallic foreign object debris (FOD). The workpiece
damage due to drill “wander” is also a major concern due to fastener removals with these

traditional machining methods [4-6].



Figure 4: Mechanical drilling for fastener removal illustrating the operation, (a.) debris

generated during operation, and (b.) damage to the workpiece (Photos courtesy of PPedm)

EDM was discovered in 1770, but the common application of EDM for material removal began in
the 1940’s. The main mechanisms behind EDM are: an electrical current passes between an
electrode (tool) and a metal workpiece, being separated by a dielectric fluid; the fluid serves as an
electrical insulator until sufficient voltage is applied to achieve its ionization point; and, the fluid
then behaves as an electrical conductor, such that a resulting spark discharge melts or vaporizes a
specific portion of the workpiece (the tool also undergoes some erosion). The dielectric fluid also
serves as a means to flush away particles of the eroded material away from the workpiece and
electrode. The process is sustained by pulsing and maintaining a consistent gap between the
electrode and work piece [7, 8]. Three main variations of the EDM processes are: ram/die-sinking
EDM, wire EDM, and hole drilling/micro-EDM. The schematics of these processes are shown in

Figs. 5-7.
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Figure 7: Schematic of hole-drilling/micro EDM

Ram EDM involves plunging a custom electrode shape to effectively stamp the shape into the
workpiece (Fig. 5) [3, 9]. It is often used to form customized cavity shapes in a parent material.
Wire EDM uses a thin wire for an electrode, moving and cutting a path through the workpiece
(Fig. 6) [3, 8, 10]. It is often used to cut material when minimal material removal is necessary. In
Hole Drilling EDM process, a cylindrical electrode plunges into the workpiece to form a hole
(Fig. 7) [3, 7, 8, 10]. A guide ensures the desired hole path is maintained. This process has been
used with aircraft gas turbines to drill cooling holes into hard, metal alloy blades and vanes with
highly complex geometries. All of the EDM processes have electrode wear, but the amount and
rate all depend input parameters such as cut depth, electrode diameter, and parent material type.
2.2 Hand-held Electrical Discharge Machining

While the established EDM processes have been very well developed and implemented in
industry, these processes are not suitable for aerospace fastener removals because these they
involve heavy machinery, require complex tooling (CNC), and are unhandy (bulky and

cumbersome). The ideal EDM system for fastener removal needs to be handheld (similar to



mechanical drill) but with additional advantages related to process efficiency, ease of operation,
and human/environmental safety. Recently, PP EDM Corporation, a privately funded corporation
founded in 2005 (Huntington Beach, CA), patented a hand-held EDM drill (E-Drill™) for
fastener removal [4-6]. Fig. 3 shows the PP E-Drill™ machine hand-held tool and an example
operation of E-Drill ™ with gas turbine engine combustor. The schematics of the EDM hand tool,
and cross-sectional view of the tool design, and actual cross section of a fastener with electrode

are shown in Fig. 8 and 9.

(a.) (b))
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Metal
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Figure 8: Schematics of a) external grounding and b.) center grounding application PP E-

Drill™ tool and design (Photos courtesy of PPedm)

Figure 9: (a) Cross section of fastener and electrode showing cut groove in the fastener

head; (b) locator tools for alignment of E-Drill™ for external grounding application (Photos

courtesy of PPedm)

The E-Drill™ tool works on the principle of EDM and is operated with simple steps: (a) align the

tool with the target fastener; the center ground pin makes contact with the fastener head (center



grounding application shown in Figure 8), or the electrode tip contacts the fastener head (external
grounding application shown in Figure 9); (b) cutting electrode advances and spark-erodes a
circular cut groove into the fastener head; the cut diameter is within that of the fastener head and
shaft so that the electrode does not come in contact with the skin, fastener hole or substructure;
(c) de-ionized water flushes cut zone, keeping part cool and removing cut debris; and (d) once cut
is complete, remaining metal fillet is punched out (Fig. 8-9). To set cut parameters, the E-Drill™
system is completely programmable for the fastener type, size, and material. A key step in the
operation involves carefully placing the locator to center the tool on the fastener; several location
tools have also been designed to locate the E-Drill™ over the center of the fastener (Fig 9 (b.)).
Some of the advantages of the E-Drill™ over mechanical/twist drilling are: closed-loop system
flushes, vacuums, and captures debris while operating (no FOD); minimal pressure required
reducing the risk if injury; precision locator and fixed head minimizes the damage to the
surrounding structure; and minimal noise pollution [4-6].

2.3 Existing Knowledge and Gaps

There is a wealth of previous literature about EDM covering topics such as applications,
performance measures, process parameters, and electrode design and manufacture. Abbas et al.
examined the current state of EDM research and found general research trends focus on ultrasonic
vibration, dielectric fluid comparisons, dry EDM, and predictive modeling techniques [10]. Ho
and Newman found the research trends in die-sinking EDM focus on include process variable
optimization, process monitoring, improvement of performance measures, and predictive
modeling [7]. Mahendran et al. studied the current research into wire and micro EDM and found
focuses in peak current levels, power supply generation, material removal rate, and electrode
wear rate [3].

Theoretical models have been previously proposed, including anode (positively charged
workpiece) and cathode (negatively charged workpiece) erosion models to provide a general
model to apply across the different types of EDM. DiBitonto et al. examined the cathode portion
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of the erosion model, and they found it differed from typical conduction models because the
cathode accepts power at the boundary condition instead of temperature. They were able to
develop a universal, dimensionless model in terms of the cathode material’s thermophysical
properties to solve for an optimum pulse time factor and erodibility [11]. Patel et al. examined the
anode portion of the erosion model, and they found the anode also accepts power at the boundary
condition rather than temperature, as is common in most point heat-source models. By
determining the melt fronts between the anode and the plasma, they found the anode melts rapidly
during on-times and then resolidifies. From this, they were able to determine that ram/die-sinking
EDM should be operated with longer on-times, while wire EDM should be operated with short
on-times [12]. This EDM cathode and anode modeling study was the precursor for many further
studies into the modeling of the EDM process for specific applications. Hewidy et al. examined
the modeling of machining Inconel 601 with a wire EDM system by utilizing response surface
methodology. They found the material removal rate for the Inconel 601 increased with increases
in peak current and dielectric fluid pressure. Their modeling techniques allowed them to see the
impact of changes to any input parameter on the resultant response parameter [13].

Other studies have researched process parameter impact on EDM systems through experimental
measures. Hascalik and Caydas examined the effects of changing electrode material types
(graphite, copper, and aluminum) and process parameters (pulse current and duration) on the ram
EDM of Titanium alloy, Ti-6Al, 4V. They found that increasing the pulse durations above 200 ps
saw a decrease in material removal rate and surface roughness. Also, graphite electrodes had the
highest material removal rate with the least amount of workpiece cracking[14]. Thoe et al. studied
the use of ultrasonic vibration and peck cycles to increase the material removal rate during the
EDM of small diameter (less than 1 mm diameter) cooling holes into a nickel alloy. They found
the use of ultrasonic vibration during the EDM process saw an increase in material removal rate,
and a peck cycle was necessary to maintain a consistent rate of penetration [15]. Wang and Yan
performed the rotary EDM of blind holes into composite aluminum (A1203/6061Al) in order to
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optimize the system operating parameters. They recorded and compared material removal rate,
electrode wear ratio, and rotation rate. From this, they were able to determine the increase of
rotational speed or dielectric flushing pressure cause increases in material removal rate and
electrode wear ratio. They also found changing electrical based parameters (e.g. peak current,
polarity, pulse duration, and power supply voltage) had a more significant effect on the process
than changing the non-electrical based parameters (e.g. electrode rotational speed, dielectric fluid
pressure, and the number of through holes in the electrode) [16]. The current study uses this
understanding to say examining non-electrical based parameters is a secondary-level impact on
the overall prediction modeling. Kahn analyzed the difference between wear along the cross-
section of an electrode to the wear along the length of the electrode during a ram EDM procedure.
The study was conducted with brass and copper electrodes machining into aluminum and mild
steel. Kahn found wear along the cross-section was greater than wear along the length for the
solid electrodes. The study also showed brass electrodes had a greater wear rate due to a lower
material thermal conductivity and melting points. Also, it showed materials being machined that
have lower thermal conductivity result in a decreased material removal rate; therefore, causing a
higher wear ratio [17].

There are gaps of knowledge regarding the electrode wear rate for the hand-held EDM
applications due to the difference in duty cycle and electrode design. Duty cycle is the percentage
of time a machine can safely operate within a specified window of time. Regarding differences in
duty cycle, conventional EDM systems have a maximum duty cycle of 30%, while the E-Drill™
has a duty cycle around 90%. Regarding the electrode design, the hand-held EDM system
requires a hollow copper electrode with dielectric fluid flowing through the central channel
(Figure 8). Conventional EDM electrodes either do not have fluid channels or have small
diameter fluid channels to the electrode cross-section. Therefore, there is a need to study the
electrode wear caused by the hand-held EDM system to provide second-level effects contributing
to electrode life prediction models.
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24 Theory for Analysis

For this study, seven unique parameters were selected to examine the electrode wear data
collected from the performed EDM cuts with the E-Drill™. The chosen parameters are cut time
(7), axial electrode wear (,), radial electrode wear (e,), electrode wear ratio (¢), material removal
rate (f1), cross-section area difference (44), and selected and measured hole depth difference
(4H). T is the time for the entire EDM cut, and it is provided by the E-Drill™ system in seconds.
This is an important parameter because it can be used to directly compare machining time for any
setting combination on the machine. It is also used in other parameters to nominalize by time. &,
examines the change in length (axial direction) for the electrode during a single cut as shown in
Eq. 1 where L, is the electrode length before the cut and L, is the electrode length after the cut. &,
can be used to observe the wear rate of the electrode, but it can also be affected by the amount of
fastener material that attaches to the end of the electrode. Also, if the electrode is not wearing

evenly, the length can be difficult to measure correctly.

€a = Lp — Lq [in.] (1)
& examines the change in electrode diameter (radial direction) during a single cut as shown in
Egs. 2-4 where O, is the electrode outer diameter before the cut, O, is the electrode outer
diameter after the cut, 40 is the change in electrode outer diameter, /5 is the electrode inner
diameter before the cut, /, is the electrode inner diameter after the cut, and A/ is the change in
electrode inner diameter. ¢, is an important factor to consider because any change in electrode
diameter could affect the precision of the next cut. All &, results should be much smaller than the

electrode diameter, or the next hole size could be larger than desired.

A0 = 0, — 0, [in.] ()
Al =1, — I, [in.] (3)
g = A0 + Al [in.] “4)
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¢ provides a volume comparison between the fastener material and the electrode to eliminate
length measurements. The volume loss due to the cutting process is calculated for the fastener
material and the electrode using Eq. 5, where AV is the volume lost during the EDM process (by
either the electrode or the fastener material), m; is the mass before the cut, m, is the mass after the

cut, and p is the material density.

AV = % [in.3] (5)

¢ is then calculated using Eq. 6 by dividing the volume lost for the electrode (4V.) by the volume
lost for the fastener material (4V,). This is a standard measurement for electrode wear

calculations in the field of EDM.

4V,

¢= WVim (6)

(1 is a ratio of the material volume removed to the time of the cut as seen in Eq. 7 and 8, where 4.
is the cut cross section area, D, is the outer diameter of the cut, D; is the inner diameter of the cut,
H is the depth of the cut, and T is the cut time. Unlike electrode wear ratio, the volume removed
is calculated by multiplying the cut cross section area by the depth of the cut. i is a comparison

used across different EDM types and EDM machines because it is nominalized by time [18].

A =ms [(%)2 - (%)2] [in2] )
(] = s so ] 60 5 ®)

AA examines the difference in cross-section area between the hole after the cut has been
performed and the electrode. This parameter shows the extent to which the electrode cuts larger
than its own cross section and is calculated using Egs. 7, 8, and 9 where 4. is the electrode cross

section area. The sparks from the EDM process remove more material than just the size of the
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electrode, so it is important to understand how much larger the cut cross-section is than the

electrode cross section.

A=A, - A,
AH is a parameter designed to observe the difference between the selected cut depth on the EDM
machine and the measured depth after the cut, and it is calculated using Eq. 11 where H; is the
selected cut depth that is entered into the E-Drill™, and H,, is the measured cut depth. When
removing aerospace fasteners, any variation in the cut depth could result in damage to the parent
material if the cut is too deep or an inability to properly remove the fastener if the cut is too
shallow. Understanding the possible variation in the machine provides important information for

the selection of an aerospace fastener cut depth.

AH = H; — Hp,
Along with the formulas required to solve for the seven parameters, the equations for sample
mean (X), sample standard deviation (s), and sample relative standard deviation (RSD) are
required for the statistical analysis. These equations are shown respectively in Egs. 12, 13, and 14
where x is a value recorded for a parameter of interest, # is the number of values recorded for the

specific task.
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CHAPTER III

EXPERIMENTAL METHODOLOGY

This chapter reviews experimental setup, design of experiment, and the data recording process.
3.1 Experimental Setup

The setup for the study first involves taking measurements of the material coupons and the
electrodes. For the cut depth study, the chosen depths were selected to model depths in the range
of those utilized for typical aerospace fasteners (0.05 in., 0.10 in., and 0.15 in.). For the electrode
diameter study, the selected electrodes (Fig. 10) are relevant sizes for typical aerospace fasteners
and provide a significant difference in diameter (0.125 in., 0.1875 in., and 0.33 in.). The E-
Drill™ serial number for the base unit is MSU100114 and the serial number for the hand tool is

305145002.

Figure 10: Electrodes Used in Study with Diameters of 0.125 in., 0.1875 in., and 0.33 in.

From Left to Right
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For the fastener material study, the selected material coupons are made of Titanium (Ti-6Al-4V)
and Inconel 718 to represent typical acrospace fastener materials, and they are 2.5 in. squares
with a thickness of 0.5 in. The Titanium fastener material would typically be used in the cold
section of the aerospace turbine engine, while the Inconel fastener material would be used in the
hot section. To ensure the cuts were not performed too close to each other or to an edge, a jig, as
seen in Fig. 11, was 3D printed out of polylactic acid (PLA). Two sides of the jig extend past the
main platform to slide over the fastener material coupon. The top platform has a central hole that
aligns the cut in the center of the quadrant. This jig was designed with a slot on the material side
for an O-ring to keep the dielectric fluid from escaping. After a cut is made, the jig is moved to

the next quadrant on the fastener material coupon.

a)

Figure 11: a) CAD Design for Experimental Jig and b) Experimental Jig on Workpiece with

E-Drill Locator

Once the fastener material coupon and jig are secured in a vice (Fig. 12), the external-grounding
clamp for the E-Drill™ is secured onto the specimen. Then, the specimen is ready for cutting.
After the specimen setup is complete, the machine parameters are set using the handheld terminal.
The parameters for “Type” are setto “Hole:, “Method” is set to “Flush Head”, “Material” is set
to the fastener material type being investigated, “Cut Depth” is set to the experimental cut depth,

and the fastener diameter parameters are set to match the experimental electrode. Finally, the
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operator is able to make the cut into the fastener material coupon. Figure 13 shows one of the cuts
from the study with labels for the inner diameter, outer diameter, areas of heat affect, and splatter.
The splatter is small spheres of material that were removed from the parent material but
reattached to the surface of the parent material before they could be sucked back up the E-Drill™
hand tool. Also shown is the dielectric fluid containment area where the O-ring in the bottom of

the experimental jig keeps the fluid from escaping out the sides of the jig.
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Figure 13: E-Drill™ Cut into Inconel 718 using 0.33 in. Diameter Electrode to a cut depth
of 0.15 in.
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3.2 Design of Experiment

With the focus of evaluating the electrode wear due to cut depth, electrode diameter, and fastener
material, the experiment was designed with 8 parameter tests with 3 cuts per test for a total of 24
cuts. The electrode diameters used in the study were chosen because they are consistent with
different types of acrospace fasteners, are readily available through the supplier (PPedm), and
they provide a wide range of size for examining the effects of changing electrode diameter. The
fastener materials used in the study were chosen because they are common to gas turbine engine
fastener and were readily available at the time of the study. The design of experiments can be
seen in Table 1 below. Each chosen depth was tested three times into both of the selected fastener

materials. For these cuts, the electrode was only changed when required by the E-Drill™

, S0 as to
simulate a practical application. The system alerted the operators of the need to change the
electrode after the first cut on the Titanium (Ti-6AL-4V) fastener material. After those tests were
completed, the electrode was changed to the 0.125 in. electrode for three cuts and then to the
0.1875 in. electrode for three cuts. Both of these tests were performed with new electrodes and a
cut depth of 0.1 in. to allow for comparison to the cuts of the same depth with the 0.33 in.
electrode. The complete study was performed by the same individual to reduce effects caused by
differences in operators.

After ensuring the machine and hand tool were ready for EDM operation, the operator would
enter the following settings into the handheld terminal: “Hole” was selected for “Type”, “Flush
Head” was selected for “Method”, either “Titanium” or “Inconel” were selected under “Material,
and correct dimensions for the electrode were selected under the “Head & and “Shank &”. The
cut depth was then adjusted in the “Advanced Mode” selection window. Then, the experimental
jig would be secured on the specimen and both would be clamped together in the vise so the
specimen and jig would not move during the EDM process. The external grounding clamp was

secured on the specimens. Then, E-Drill™ hand tool was removed from the holster and connected

to the external grounding clamp. Preparations for the cut were finalized by inserting the electrode
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side of the gun into the locator on top of the experimental jig. While applying pressure on the
hand tool perpendicular to the fastener material surface, the trigger on the hand tool was squeezed
until the machine finished the cut. To see the full setup and procedure, see Appendix A and B.

Table 1: Design Experiment for Study

Task Cut Depth (in.) Electrode Diameter (in.) Material Number of Cuts

1.1 0.05 0.3300 Inconel 718 3
1.2 0.10 0.3300 Inconel 718 3
1.3 0.15 0.3300 Inconel 718 3
2.1 0.05 0.3300 Ti-6Al-4V 3
2.2 0.10 0.3300 Ti-6A1-4V 3
2.3 0.15 0.3300 Ti-6A1-4V 3
3 0.10 0.1875 Ti-6A1-4V 3
4 0.10 0.1250 Ti-6A1-4V 3
Total Number of Cuts: 24

33 Data Recording

To ensure the most accurate data possible, all measurements were performed immediately before
and after the cuts were performed. This reduced any likelihood of damage occurring between the
cut and the measurement, which would cause significant changes in data. All distance
measurements were taken with a Fowler High Precision 52-008 Series dial caliper, which has a
range of 6.5 in. and a resolution of 0.001 in. All weight measurements were taken with an
OHAUS Model TS4KD Precision Standard balance, which has a range of 4000 grams with a
resolution of 0.1 grams or a range of 400 grams with a resolution of 0.01 grams. Before the cut
was made, the electrode would be measured for weight, length, outer diameter, and inner
diameter, and the fastener material coupon would be measured for weight. After the cut was
completed, the cut time would be recorded, the electrode would again be measured for weight,
length, outer diameter, and inner diameter, and the fastener material coupon would be weighed
again. Along with those measurements, hole depth, outer diameter, and inner diameter were also

recorded. The hole created by the EDM process is not perfectly clean or perfectly symmetrical, so
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the measurements of the hole have error. Some of this is due to bias error of the instrumentation,
which is 0.0005 in. for the caliper. Most of the error; however, is due to precision error due to
randomness associated with imperfect symmetry of the cuts. Regarding error in the weight
measurements, some is due to the bias error of the balance, which is 0.005 grams for the
electrodes and Titanium specimens (under 400 grams) and 0.05 grams for the Inconel specimens
(over 400 grams). Some of the error is also due to slag from the fastener material and electrode
either attaching to the remaining electrode or to the surface of the fastener material rather than

being removed into the E-Drill™ system.
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CHAPTER IV

RESULTS

This chapter discusses the results from the experimentation as interpreted by seven parameters to

examine electrode wear from the E-Drill™

cuts into aerospace fastener material. The seven
parameters used to evaluate the electrode wear are: cut time (7), axial electrode wear (&), radial
electrode wear (¢,), electrode wear ratio (¢) material removal rate (tt), cross-section area
difference (44), and selected and measured hole depth difference (4H). Statistical analysis was
performed on the data and is shown in the form of tables. Results from the parameter calculations
were put into graphs for ease of visual comparison. Means were used for the comparisons because
there was considerable variability between cuts of the same parameters. The measurements of the
electrode that exhibit change from the EDM process are the length and the mass, but those values
are easily affected by the splatter from the fastener material attaching to the tip of the electrode

1™ cut would occur

(Fig. 14). When removing an actual fastener, the outer diameter of the E-Dril
within the outer radius of the fastener, so most of the splatter would be removed when the
fastener is removed. Two electrodes were used for the Tasks 1 and 2 because a single electrode is
not able to make all of those cuts. The electrode was replaced based on the E-Drill™"s suggestion
after the first cut of Task 2.1. Also, the jig described in section 4.1 was used to allow the cuts to

be made on the material specimens available. Without the jig, the E-Drill™ locator would

overhang the material coupon, but it does provide an additional error in the testing. It was decided
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that due to this variability, the mean for each experimental parameter would provide the most
accurate representation of the available data. Figures 15-18 show representative cuts in order to
exhibit the variation between cuts of the same parameters and variation caused by changing cut
depth, electrode diameter, and fastener material. To view the photos of all 24 cuts, see Appendix
C. Also, the raw data from the measurements of the electrode and fastener material before and

after the cut can be seen in Appendix D.

[ S R R )

Figure 15: Variation between three cuts with no change to parameters (Task 2.3 cuts)
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Cut 3)

Figure 17: Variation due to changes in electrode diameter (Tsk 2.1 Cut 1, Task 3 Cut 1,

Task 4 Cut 1)
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Figure 18: Variation due to changes in fastener material (Task 1.3 Cut 1, Task 2.3 Cut 1)

4.1 Cut Time (7)

Displayed in Table 2 is the 7 mean, sample standard deviation, and relative sample standard
deviation for each of the tasks described in Table 1. Though the relative standard deviation
reaches above 10% in three different tasks, generally, the cut times have a small standard
deviation (especially compared to the other parameters). Because the electrode retracts to the
same place before each cut, as the electrode wears, the time to cut will increase slightly.

Table 2: T Statistical Analysis

Standard Relative Standard

Mean (s) Deviation (s) Deviation
1.1 9.00 0.75 8%
1.2 21.17 0.96 5%
1.3 35.17 3.19 9%
2.1 9.40 0.90 10%
2.2 28.27 0.90 3%
2.3 48.33 9.95 21%
3 6.20 0.36 6%
4 5.20 1.00 19%

Figures 19 and 20 show the mean 7 due to cut depth in Inconel and Titanium. Cuts into the
Titanium required a longer cut time for the same depth of cut into Inconel. The difference
between the cut times increases as the cut depth is increased. While the cut time increase for cuts

into Inconel shows small changes in the rate of increase as cut depth increases, the cut time
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increase for cuts into Titanium shows an almost exponential rate of increase as cut depth
increases. The T data over cut depth for both Inconel and Titanium fit both a linear and an
exponential approximation with R? values close to 1. The linear and exponential approximations
for both are shown in Figures 19 and 20 along with the 2™ order polynomial function to show the

true data curve.
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Figure 20: Mean T Due to Cut Depth in Titanium

Figure 21 shows the mean 7 of the three different electrode sizes for a cut depth of 0.1 in. into
Titanium specimens. The 0.33 in. electrode has a significantly longer 7 than either the 0.1875 in.

electrode or the 0.125 in. electrode. There is a 128% difference between the 0.33 in. and 0.1875

26



in. electrodes’ cut time and a 17.5% difference between the 0.1875 in. and 0.125 in. electrodes’
cut time. This shows the increase in cut time due to an increase in cut depth is not linear and is
more similar to an exponential plot (as seen in the approximations). The 0.1875 in. electrode is
closer in size to the 0.125 in. electrode than the 0.33 in. electrode, but the difference in mean cut
time is significantly more than the ratio of diameters would show for a linear relation. The 7 data
over electrode diameter for Titanium fits both a linear and an exponential approximation with R?
values close to 1. The linear and exponential approximations for both are shown in Figure 21

along with the 2™ order polynomial function to show the true data curve.
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Figure 21: Mean T of Three Different Electrode Sizes with a Cut Depth of 0.1 in. into

Titanium

4.2 Axial Electrode Wear (&)

Displayed in Table 3 is the ¢, average, sample standard deviation, and relative sample standard
deviation for each of the tasks described in Table 1. All ¢, data tested did result in high relative
standard deviations. The relative standard deviation for Tasks 2.1 and 2.2 being over 100% is
likely due to only having small changes in the electrode axial length. Any slag or measurement

error will have a relatively large impact with the smaller values.
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Table 3: &, Statistical Analysis

Mean (in.) Standard Relative Standard
Deviation (in.) Deviation
1.1 4.00E-03 1.00E-03 25%
1.2 7.67E-03 5.77E-04 8%
1.3 1.47E-02 7.09E-03 48%
2.1 8.33E-04 1.26E-03 151%
2.2 3.33E-04 1.15E-03 346%
2.3 1.67E-03 5.77E-04 35%
3 3.00E-03 1.00E-03 33%
4.33E-03 1.53E-03 35%

Figures 22 and 23 show the mean ¢, due to cut depth in both Inconel and Titanium using the E-
Drill™. As can be seen in the figures, the mean ¢, from cuts into the Inconel was significantly
higher than from cuts into the Titanium. It is believed this is due to Inconel having a higher
thermal conductivity. Although there is minimal change in mean axial electrode wear across the
three cut depths for the Titanium pieces, there is a steady increase in mean &, as the cuts increase
in depth for the Inconel specimens. It is believed that with more data, a similar trend would be
seen in the Titanium specimen. The &, data over cut depth for Inconel fits both a linear and an
exponential approximation with R? values close to or exactly 1, but the approximations for
Titanium have low R? values. The linear and exponential approximations for both are shown in
Figures 22 and 23 along with the 2™ order polynomial function to show the true data curve.
Because ¢, is the most important factor for electrode life, this shows a linear approximation is
sufficient for prediction of electrode supply chain when using the E-Drill to remove Inconel (hot
section) fasteners. For the Titanium, it was determined that further analysis would be required for

a prediction model.
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Figure 23: Mean &, Due to Cut Depth in Titanium

A comparison of the mean ¢, for a 0.1 in. cut depth into a Titanium specimen with electrodes of
three different diameters (0.33 in., 0.1875 in., and 0.125 in.) using the E-Drill™ is shown in Fig.
24. Tt can be seen there is a significant increase in &, as the diameter of the electrode decreases.
The mean for the 0.1875 in. diameter electrode is 9 times more than the mean for the 0.33 in.
diameter electrode, and the mean for the 0.125 in. diameter electrode i1s 13 times more than the
mean for the 0.33 in. diameter electrode. Since the change in electrode diameter is greater from
the 0.33 in. diameter electrode to the 0.1875 in. diameter electrode than from the 0.1875 in.

diameter electrode to the 0.125 in. diameter electrode, the axial electrode wear difference between
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the 0.33 in. diameter electrode and the 0.1875 in. diameter electrode is significantly greater than
the axial electrode wear difference between the 0.1875 in. diameter electrode and the 0.125 in.
diameter electrode. The &, data over electrode diameter for Titanium fits both a linear and an
exponential approximation with R? values close to or exactly 1. The linear and exponential
approximations for both are shown in Figure 22 along with the 2™ order polynomial function to

show the true data curve.
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Figure 24: Mean &, of Three Different Electrode Sizes with a Cut Depth of 0.1 in. into

Titanium

4.3 Radial Electrode Wear (¢/)

Table 4 shows the ¢, average, sample standard deviation, and relative sample standard deviation
for each of the tasks described in Table 1. Mean values for the ¢, are all under 6.66E-04 in., which
is below the resolution level for the caliper. The relative standard deviations are all over 200%
because the standard deviations are much larger than the mean values. This data represents a

minimal radial electrode change occurring during the cutting process.

30



Table 4: ¢ Statistical Analysis

Standard Relative Standard

Mean (in.) Deviation (in.) Deviation

1.1 6.67E-04 1.53E-03 229%
1.2 0.00E+00 0.00E+00 N.A.
1.3 6.67E-04 3.79E-03 568%
2.1 -6.67E-04 2.31E-03 346%
2.2 -3.33E-04 2.08E-03 624%
2.3 -3.33E-04 2.08E-03 624%

3 6.67E-04 3.21E-03 482%

4 3.33E-04 2.08E-03 624%

Figures 25 and 26 show the mean ¢, due to cut depth in both Inconel and Titanium using the E-
Drill™, and Fig. 27 shows the mean &, of the three different electrode sizes with a cut depth of 0.1
in. into Titanium. While the charts appear to show significant differences between the ¢. values
for the different cut depths, fastener materials, and electrode diameters, the actual mean values
are an order of magnitude (sometimes two orders of magnitude) smaller than the values for ..
The values are also smaller than the resolution level of the caliper with large standard deviations.
This shows the main focus for electrode wear with the E-Drill™ should be placed on &, rather
than ¢,. Due to the shape of the curve fit, only the linear approximation was able to be made for
the &, data. The linear approximations have low values for R? for both cut depth studies and the
electrode diameter study. The linear approximations and 2™ order polynomial curves are shown

in Figures 25-27.

31



8.E-04

4.E-04

2.E-04
0.E+00
2.E-04%-03
4.E-04
6.E-04
8.E-04

Radial Electrode Wear (e.r) [in.]

6.E-04 ¥« _

- -

T - —p—-——— T

0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.fts

y =-0.000x + 0.000 y =0.267x%-0.053x +0.003
R>=0.000 2=1.000

Cut Depth [in.]

Linear (Inconel) = = =Poly. (Inconel)

Figure 25: Mean & Due to Cut Depth in Inconel

_ 8.E-04
£, 6.B-04
i 4.E-04
2.E-04
0.E+00
£ 2 g-040-0
= 4 E-04
S 6.E-04
8.E-04

)

lectrode Wear (g

o-"

Radial

y=10.003x - 0.001 y =-0.067x%+0.017x - 0.001
R?=0.750 R?=1.000

Cut Depth [in.]

Linear (Titanium) = = =Poly. (Titanium)

Figure 26: Mean &, Due to Cut Depth in Titanium

-
0.12 0.14 0.16 0.18 0.2 022 0.24 0.26 028 03-.932 0.34
N

y =-0.004x + 0.001 y = -0.060x2 + 0.024x - 0.002
R*=10.648 R>=1.000

Electrode Diameter [in.]
Linear (Electrode Diameter) = = =Poly. (Electrode Diameter)
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4.4 Electrode Wear Ratio (¢)

As previously explained, ¢ is a commonly used metric for electrode wear in EDM literature as it
focused on the volume removed from the electrode compared to the volume removed from the
material being cut. Displayed in Table 5 is the ¢ average, sample standard deviation, and relative
sample standard deviation for each of the tasks described in Table 1. Only one task (2.2) di