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ABSTRACT
Wire electrical discharge machining (EDM) is a non-traditional subtractive
manufacturing process. This process works by bringing a charged wire in close proximity to a
conductive workpiece. When the wire is close enough to the workpiece, an electrical arc forms
between the wire and the workpiece. The electrical arc melts away material from the workpiece,
and the wire continues moving through the workpiece, leaving behind a slit slightly wider than
the width of the wire. Wire EDM is a high-precision process that can meet very tight tolerances
and is employed in several industries including the aerospace and automotive industries.
Recently, wire EDM has been used in the additive manufacturing (AM) industry for metal part
post-processing and removal from build plates. While wire EDM is increasingly being used in the
AM industry, very little research has been conducted on the wire EDM of additively
manufactured parts. This thesis discusses three studies performed on the wire EDM of additively
manufactured stainless-steel 316L parts. The first study is a comparison of wrought and AM
stainless-steel 316L with respect to the wire EDM process. This research tested and optimized
different wire EDM process parameters for the machinability of wrought and AM 316L. The
second study explored the interaction between the wire EDM process and AM stainless-steel
316L lattice support structures. Selected EDM parameters were measured while machining the
support structures, and optimal support structure designs were identified for AM part removal
from build-plate via wire EDM. The final study explored the interaction between the wire EDM
process and stainless-steel AM parts containing pockets of trapped, un-melted powder. This study
optimized wire EDM process parameters for machining trapped powder pockets and outlined a
potential explanation for the high incidence of wire breakage that occurs when machining through
pockets of trapped powder.
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Chapter 1

Introduction
Additive manufacturing (AM) is a manufacturing technique that builds a part by
dispensing and binding material, layer-by-layer, into the desired geometry of the finished part.
This manufacturing technique has several advantages over more traditional manufacturing
methods, such as subtractive manufacturing and casting [1]. Additive processes are capable of
making more complex, finely structured parts without wasting as much material as subtractive
manufacturing [2], or taking as many steps as casting. While AM is, in some ways, better than
traditional manufacturing techniques, virtually all AM parts still require post-processing to reach
their final form. Additive parts are often printed with support structures which must be removed
after printing [3]. Besides the removal of support structures, AM parts are often post-processed to
improve residual internal stresses, part microstructure, dimensional accuracy, and surface quality.
There are many different types of additive manufacturing which include: fused deposition
modeling (FDM), stereolithography (SLA), material jetting, binder jetting, laser powder bed
fusion (L-PBF), electron beam melting (EBM), directed energy deposition (DED), and more [4].
Some of these technologies lend themselves more readily to polymer AM (FDM, SLA, material
jetting), while others are used more often for metal AM (L-PBF, EBM, DED)[5]. L-PBF was the
process used to create all the stainless-steel 316L AM parts tested in the studies in this thesis.
Laser powder bed fusion techniques are popular in additive manufacturing. This
technique creates additive parts by spreading a thin layer of powder over the build platform, and
using a laser, melts the powder in the shape of the desired part. The powder spreader continues to
deposit layers of powder, and the laser melts layer after layer until the final part geometry has
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been formed. L-PBF is flexible and can be used to make parts out of metals, polymers, and
ceramics. One of the biggest advantages of laser powder bed fusion is that it can create relatively
high-resolution parts by controlling for powder particle size, laser size, laser speed, layer
thickness, and hatch spacing [6].
Even though L-BPF processes create relatively high-resolution parts, these parts often
have dimensional inaccuracies and rough surface finishes. The surface quality and dimensions of
a part depend on powder flow rate, laser diameter, speed of the laser over the powder, and laser
power. These parameters are highly variable and must be closely controlled to yield a
geometrically accurate part. One common problem that occurs when these parameters are not
controlled is the formation of pores, or denudation zones, where powder particles have been
displaced near the laser path [7]. Another typical problem is that the top and side surfaces of LPBF parts often have high surface roughness and poor dimensional accuracy [8]. The less control
there is over powder flow rate, laser diameter, laser speed, and laser power, the higher the surface
roughness and dimensional inaccuracies of LPBF parts. However when these parameters are
constantly controlled and adjusted during manufacture, surface finishes improve drastically [9].
When L-PBF is being employed to build a metal part, support structures are often used to
support the weight of a part and anchor the part to the build-plate [3]. When a region of an
additive part contains an overhang of 45o or less, support structures must be employed to support
the overhang and prevent build failure. Support structures sometimes do not only serve to add
structural stability to an AM part, but they can also help prevent thermal stress build-up and
distortions. Support structures have often been designed to serve as heat sinks for metal AM parts
that are particularly susceptible to thermal stress and distortion [10]. Most of the time, though,
support structures are designed to use the least amount of material necessary to support the
weight of a part and for easy removal from the build-plate/part [2].
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Almost all metallic additive manufactured parts require some form of post-processing to
achieve their final geometry. When a metal AM part is post-processed to remove support
material, improve dimensional accuracy, and improve surface quality, several traditional and nontraditional machining techniques can be used. The most common methods of post-processing
include laser polishing, milling, grinding, and blasting. These methods have been used to improve
the surface quality and dimensions of cast and subtractive parts for decades, and more recently,
these methods are also being used to improve additive parts.
Milling is a common machining technique used for post-processing additive parts for
better surface quality and tolerances. Since milling was used to reduce surface roughness and
geometric deviation of manufactured parts [11], long before AM, it was readily used to yield the
same results in AM parts [12]–[17]. While milling can be used to improve both surface finish and
geometric accuracy of metal AM parts, laser-polishing and abrasive post-processing techniques
can also be employed to improve the surface quality of metal AM parts [18]–[23]. More recently,
wire electrical discharge machining (EDM) has also been used for post-processing in the additive
manufacturing industry. One common use for wire EDM has been for cutting metal AM parts off
build plates [24], though in recent years it has also been used for further post-processing of metal
AM parts [25]–[27]. Though some researchers have studied the impact of wire EDM on metal
AM parts, as of now, there are very few publications on this topic and more research needs to be
conducted to gain a more complete understanding of the interaction between the wire EDM
process and metal additively manufactured parts.
The remainder of this thesis will discuss three research studies conducted on the topic of
wire EDM of AM stainless-steel 316L parts. Chapter 2 of this thesis is about a study about the
comparison of wire EDM of wrought and AM 316L parts, and optimized process parameters for
machining these parts. Chapter 3 of this thesis will discuss the measurement of EDM parameters
and optimization of support structures for wire EDM machinability. Chapter 4 is about a study on
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the interaction between the wire EDM process and metal AM parts containing pockets of trapped,
un-melted powder. Lastly, chapter 5 summarizes the of the results from each of the three studies
and outlines future research topics.
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Chapter 2

A Comparison of the Effects of Wire Electrical Discharge Machining
Parameters on the Processing of Traditionally Manufactured and Additively
Manufactured 316L Stainless Steel Specimens

Abstract

Wire electric discharge machining (EDM) is a non-traditional machining method that has
the ability to machine hard, conductive materials, with no force and high precision. This
technology is used in industries, like the aerospace industry, to create precision parts used in high
stress applications. Wire EDM is also commonly used in additive manufacturing (AM)
applications to remove printed parts from the base-plates onto which they are printed. Numerous
studies show the effects of EDM parameters, like pulse-on time, pulse-off time, and cutting
voltage, on the processing of traditionally fabricated metal parts. However, very few studies
identify how the parameters of wire EDM affect the processing of AM parts. This paper studies
the effect of wire EDM pulse-on time, pulse-off time, and cutting voltage on the machining time,
surface roughness, and hardness of additively manufactured 316L stainless steel cylinders. The
effects of these wire EDM parameters are then tested on the machining time, surface roughness,
and hardness of wrought 316L stainless steel cylinders. It was found that machining time of AM
samples was statistically significantly lower than wrought samples and also had better surface
finish and lower surface hardness.
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2.1 Introduction

Wire electric discharge machining (EDM) is a non-traditional machining method that is
used to cut hard, conductive materials [1]. In the wire EDM process, the workpiece and wire are
separated by a dielectric fluid, in which the workpiece is submerged. Electric current passes
through the wire in a pulsed manner, and as the wire approaches the conductive workpiece
material, an electric arc forms between the wire and the workpiece. This electric arc melts
material and cuts into the workpiece (Figure 2-1).

Figure 2-1. Wire EDM Diagram [2]

While no prior studies have investigated the interaction between wire EDM and metal
AM workpieces, numerous studies have indeed investigated the interaction between wire EDM
and traditionally manufactured metal workpieces. Several papers studied the optimization and
modeling of EDM operation parameters. Tarng et al. [3] developed a model for optimizing EDM
process parameters. This study focused on the effect of pulse-on time, pulse-off time, and peak
current, amongst other EDM parameters, on the machining time and resultant surface roughness.
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They found that, as pulse-on time increases, pulse-off time decreases, and peak current increases,
the machining time decreases and surface roughness increases. Mahapatra et al. [4] ran EDM
experiments with D2 tool steel and also found similar results, namely that as the peak current
increases the material removal rate increases (i.e. machining time decreases), and the surface
roughness increases. In a study performed by Tosun et al. [5], researchers were more interested in
the effect of cutting voltage on the material removal rate of the EDM process. This study tested
the EDM on AISI 4140 and found that cutting voltage had the same effect on material removal
rate as peak current: as cutting voltage increases, material removal rate increases. Later studies
looked at the optimization of EDM parameters for the machining of other alloys, like Inconel and
titanium alloys [2], [6]. All studies found that as peak current increases, material removal rate and
surface roughness increase. This trend held for all materials tested. The studies that looked pulseon and pulse-off time found that as pulse-on time increases and pulse-off time decreases, the
material removal rate and surface roughness also increase.
In a study more closely related to this paper, Durairaj et al. [7] looked at optimal EDM
parameters for stainless steel 304. Durairaj et al. looked at the effect of cutting voltage, wire feed
rate, pulse-on time, and pulse-off time on surface roughness. Similar to the findings of previous
research, these researchers found that the lowest surface roughness resulted from the lowest
cutting voltage. And, after performing an analysis of variants (ANOVA), these researchers
concluded that pulse-on time has the greatest influence on the surface roughness of EDM
stainless steel 304.
Several studies used the Taguchi statistical method for the design of EDM experiments [4]-[8].
The Taguchi method uses orthogonal arrays to design experiments and analyze data to determine
optimized parameters. The Taguchi method is used in these studies to reduce the number of EDM
experiments needed to find process parameter settings optimal for machining various alloys.
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2.2 Methods

The motivation for this paper is to study the interaction of different wire EDM parameters
on AM stainless steel 316L parts. There have been many studies on the optimization of wire
EDM parameters for machining traditionally manufactured metal samples, however there are no
reported studies on understanding the optimal EDM parameters for AM metal samples. Prior
studies have studied the impact of EDM cutting voltage, pulse-on time, pulse-off time, peak
current, servo voltage, wire tension, etc. on the efficiency of EDM in traditionally fabricated
samples. These papers measured the efficiency of EDM with machining time, resultant surface
roughness, kerf width, and wear ratio. The study performed here is focused on the effect of EDM
cutting voltage, pulse-on time, and pulse-off time on the machining time, resultant surface
roughness, and resultant cut surface hardness of AM stainless steel 316L and wrought stainless
steel 316L. Three different levels were used for each of the three input variables, and an L9
Taguchi orthogonal array of variable combinations was used for nine experiments (Table 2-1).
The nine experiments were performed three times each for both the AM stainless steel sample
and the wrought stainless-steel sample. In total, twenty-seven experimental runs were performed
for each material (AM and wrought). The results of the experiments performed on the AM
samples were compared to the results of the experiments performed on wrought samples to gain
an understanding of how the EDM interacts differently with samples fabricated by different
methods.
The EDM used for this study was a FANUC ROBOCUT a-C600iB. The experiments
were carried-out using a 0.01” diameter brass wire. Besides the parameters listed in Table I, builtin machine parameters for stainless steel were used during the execution of the experimental runs.
The AM 316L stainless steel cylindrical sample was fabricated using an electron-beam-melting
powder bed fusion process. The wrought 316L stainless steel sample was a standard stock rod
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fabricated using a cold-working process. Both samples were 2.75” long and 0.375” in diameter.
The samples were clamped onto the EDM table so that 2.50” along the length of the samples was
hanging over the edge of the table (Figure 2-2). The EDM made cuts into the samples at 0.075”
along the length of the samples, and each cut went 0.350” across the diameter of the samples. The
machining time was measured using a stopwatch. Machining time measurement started with the
formation of the EDM arc at the beginning of the cut and stopped when the EDM stopped cutting
at 0.350” into the sample.

Figure 2-2. EDM Experimental Set-up

Each EDM cut only penetrated 0.350” into the samples, leaving 0.025” of material, along
the length of the sample, holding all the cuts in the sample together. In order to measure the
surface roughness of the EDM cuts, the samples were broken at every EDM cut, forming small
disks, and the surface roughness (Ra in μm) on the face of every cut was measured using a Mahr
Federal Pocket Surf III.
After the surface roughness of the small disks was measured, the Rockwell Hardness B was
measured on the surface of every disk. The Rockwell Hardness B was measured
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using a NEWAGE Testing Instruments Inc. Digital ME-2 Rockwell Hardness Testing System.
The measurements were performed by applying a 100N load to the surface of the disks with a
ball-nosed probe.

Table 2-1. EDM Parameters and Values at Three Levels
Parameter Design

EDM Parameters

Level 1

Level 2

Level 3

A

Cutting Voltage

6

12

18

B

On Time (μs)

6

12

18

C

Off Time (μs)

12

18

24

D

Fabrication Type

AM

Wrought

NA

2.3 Results

EDM machining time, machined surface roughness, and machined surface hardness were
measured for nine combinations of the three variables, at three levels each variable (Table 2-1).
These nine variable-level combinations were tested three times each, for both the AM sample and
the wrought sample, and the average values and standard deviation were calculated (Table 2-2).
When comparing the EDM results for the AM and wrought 316L stainless steel samples, the
biggest difference between the two was the machining time. The machining time for the AM
sample was significantly shorter than the machining time for the wrought sample (Figure 2-3). In
each of the nine experiments performed, the average machining time for the AM 316L sample
was lower than the average machining time for the wrought 316L sample. As the machining time
increased, depending on the combination of EDM parameter values, the difference between the
machining times for AM and wrought samples also increased. The greatest difference between
the two sample types occurred when the cutting voltage, pulse-on time, and pulse-off time all had
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a value of 12, which resulted in a difference of 77.05 seconds. There was a smaller difference
between the surface roughness of the EDM AM and wrought samples (Figure 2-4). In six of the
nine experiments, the EDM surface roughness of the wrought sample was greater than the EDM
surface roughness of AM sample. The EDM surface of the wrought sample had, on average, a
slightly higher Rockwell Hardness B value than the EDM surface of the AM sample. (Figure 25).
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Figure 2-3. EDM Machining Time for AM and Wrought 316L Stainless-Steel Samples
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Figure 2-4. EDM Surface Roughness for AM and Wrought Stainless-Steel 316L Samples
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Figure 2-5. EDM Surface Rockwell Hardness for AM and Wrought Stainless-Steel 316L Samples
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An analysis of variants (ANOVA) was performed on the data collected (Table 2-4). The
analysis shows that the machining time for the AM sample was highly affected by cutting
voltage, the interaction between cutting voltage and pulse-on time, and the interaction between
the cutting voltage and pulse-off time. The wrought sample was similarly affected: the cutting
voltage, the interaction between cutting voltage and pulse-on time, and the interaction between
cutting voltage and pulse-off time all had a strong influence on the machining time. The same
results were also shown at the intersection between AM machining time and wrought machining
time (Table 2-3). This analysis further shows how fabrication type influences the machining time
of 316L stainless steel.

Table 2-2. Average Machining Time, Surface Roughness, and Rockwell Hardness B for AM and
Wrought 316L SS Samples with Different EDM Parameters
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Table 2-3. ANOVA for Fabrication Type, Cutting Voltage, Pulse-on Time, Pulse-off Time

Coefficients:
Estimate
115.78
-40.39
-1.68
39.32

Std.
Error
48.47
68.47
1.12
5.4

t
Value
2.39
-0.59
-1.51
7.28

Pr(>|t|)
0.02 *
0.56
0.14
1.19e-08 ***

Pulse-on Time
Pulse-off Time
Cutting Voltage*Pulse-on Time
Cutting Voltage*Pulse-off Time
Pulse-on Time*Pulse-off Time
Wrought*Cutting Voltage

0.69
-3.58
-1.6
-1.37
0.45
21.22

3.11
2.94
0.36
0.26
0.18
7.63

0.22
-1.22
-4.49
-5.33
2.5
2.78

0.83
0.23
6.84e-05 ***
5.04e-06 ***
0.02 *
0.01 **

Wrought*Pulse-on Time
Wrought*Pulse-off Time
Cutting Voltage*Pulse-on Time*Pulse-off Time
Wrought*Cutting Voltage*Pulse-on Time
Wrought*Cutting Voltage*Pulse-off Time
Wrought*Pulse-on Time*Pulse-off Time

1.44
1.03
0.04
-0.56
-0.84
0

4.4
4.16
0.02
0.51
0.36
0.26

0.33
0.25
2.21
-1.11
-2.3
-0.01

0.75
0.81
0.03 *
0.28
0.03 *
0.99

Wrought*Cutting Voltage*Pulse-on Time*Pulse-off Time
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Residual standard error: 6.695 on 37 degrees of freedom
Multiple R-squared: 0.9892, Adjusted R-squared: 0.9845
F-statistic: 211.6 on 16 and 37 DF, p-value: < 2.2e-16

0.02

0.02

0.84

0.41

Intercept
Wrought
Experiment
Cutting Voltage
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Table 2-4. Analysis of Variants for AM and Wrought EDM Samples
AM

Wrought

AM vs.
Wrought

Machining Time
Highly significant factors
include: cutting voltage, the
interaction of cutting voltage and
pulse-on time, and the interaction
of cutting voltage and pulse-off
time.
Less notable factors include: the
interaction of pulse-on time and
pulse-off time, and the
interaction of cutting voltage,
pulse-on time, and pulse-off
time.
Highly significant factors
include: cutting voltage, the
interaction cutting voltage and
pulse-on time, and the interaction
of cutting voltage and pulse-off
time.
A moderately significant factor
is the interaction of cutting
voltage, pulse-on time, and
pulse-off time.
A less significant factor is the
interaction of pulse-on time and
pulse-off time.
Highly significant factors
include: cutting voltage, the
interaction of cutting voltage and
pulse-on time, and the interaction
of cutting voltage and pulse-off
time.
A moderately significant is the
interaction of fabrication type
and cutting voltage.
Less significant factors include:
the interaction between pulse-on
time and pulse-off time, the
interaction of cutting voltage,
pulse-on time, and pulse-off
time, and the interaction of
fabrication type, cutting voltage,
and pulse-off time.

Surface Roughness
Significant factors include:
pulse-on time, pulse-off time, the
interaction of cutting voltage and
pulse-off time, the interaction of
pulse-on time and pulse-off time,
and the interaction of cutting
voltage, pulse-on time, and
pulse-off time.

Rockwell Hardness B
No significant factors

No significant Factors

No significant factors

Moderately significant factors
include: pulse-on time, the
interaction of fabrication type
and pulse-on time, the interaction
of cutting voltage, pulse-on time,
and pulse-off time, the
interaction of fabrication type,
pulse-on time, and pulse-off
time, and the interaction of all
fabrication type, cutting voltage,
pule-on time, and pulse-off time.
Less significant factors include:
fabrication type, cutting voltage,
pulse-off time, the interaction of
cutting voltage and pulse-on
time, the interaction of cutting
voltage and pulse-off time, the
interaction of pulse-on time and
pulse-off time, the interaction of
fabrication type and cutting
voltage, the interaction of
fabrication type and pulse-off
time, the interaction of
fabrication type, cutting voltage,
and pulse-on time, and the
interaction of fabrication type,
cutting voltage, and pulse-on
time.

Significant factors include:
pulse-on time, and the
interaction of pulse-on time
and pulse-off time.
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The value of -40.39 in the second row of the “Estimate” column indicates a much higher
machining time for wrought stainless steel than AM stainless steel. It is unclear why the
machining time is lower for AM 316L stainless steel, but it is believed that the drastically
different microstructure of the AM stainless steel lends itself to lower machining times. Future
studies will focus on how workpiece microstructures can affect EDM machining time.

2.4 Conclusion

The effect of wire EDM cutting voltage, pulse-on time, and pulse-off time on the
machining time, resultant surface roughness, and hardness of both AM and wrought 316L
stainless steel samples was measured. The following conclusion were drawn from this study:
•

The EDM machining time for the AM 316L sample was statistically lower than the
machining time for the wrought 316L sample. This might be due to the different
microstructures present in the samples.

•

The surface roughness and hardness were slightly higher for the wrought 316L sample.

•

The parameter that most affected the machining time for both samples was the EDM
cutting voltage. As the EDM cutting voltage increased, the machining time decreased.

The interaction between wire EDM and AM metals is not yet fully understood. Future
research will study the effect of wire EDM parameters on other AM alloys, and the effects of
microstructure on EDM machining time
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Chapter 3

A Study on the Optimal Design of AM Support Structures for EDM Removal
from Build Plate

Abstract

Wire electric discharge machining (EDM) is a non-traditional machining method that has
the ability to machine hard, conductive materials, with no force and high precision. This
technology is used in industries, like the aerospace industry, to create precision parts used in high
stress applications. Wire EDM is also commonly used in additive manufacturing (AM)
applications to remove printed parts from the base-plates onto which they are printed. One
persistent problem in wire EDM is wire breakage. Wire breakage leads to longer machining times
and wastes wire material. One important factor that leads to wire breakage is variance in
workpiece thickness. The interaction between wire EDM and AM support structures is not well
understood, due to the interrupted cuts and variance of cut thickness posed by supports. This
paper studies the effect of different types of AM support structures on EDM wire breakage and
machining time.

3.1 Introduction

To date, there have been very few studies focused on the wire EDM of additively
manufactured workpieces. However, there is a lot of research in the area of how wire EDM
interacts with traditionally manufactured metallic workpieces. Several researchers have looked at

21
the effect of wire EDM parameters such as current, voltage, wire feed rate, pulse-on time, and
pulse-off time on machining time, surface roughness, and kerf width [1]-[7]. These studies found
that, when wire EDMing traditionally manufactured metals, including steels, Inconel, and
titanium, the EDM current, voltage, pulse-on time, and pulse-off time all play a significant role.
When the current, voltage and pulse-on time are increased, the machining time decreases, surface
roughness increases, and kerf width increases. Therefore, when the EDM operates at lower levels
of voltage, current, pulse-on time, and higher levels of pulse-off time, the machining time
increases, surface roughness decreases, and kerf width decreases. Many of these studies have
been used to gain a better understanding of the wire EDM process to optimize the process for
certain machining outcomes.
Researchers also studied the effects of the same and similar wire EDM parameters and
were able to develop mathematical, finite element, and/or computer-based models for the
behavior of the wire EDM process. Tarng et al. [2] studied the effects of wire EDM pulse-on
time, pulse-off time, current, voltage, and other parameters on the resultant surface roughness and
machining speed of the process. After studying these effects, the researchers went on to develop a
neural network model that predicts the surface roughness and machining speed outcomes based
on the inputs of the variables tested. Mahapatra et al. [3] performed a similar study, observing the
effects of wire EDM current, pulse-on time, pulse-off time, wire feed rate, wire tension, and
dielectric flow rate on material removal rate (MRR), surface roughness, and kerf width. They
then developed a genetic algorithm for the optimization of these EDM parameters for maximum
MRR, minimum surface roughness, and minimum kerf width. Likewise, Saha et al. [8] measured
the effect of pulse-on time, pulse-off time, and current on the cutting speed and resultant surface
roughness of the wire EDM of tungsten-carbide cobalt. Saha proposed that the EDM process is
too stochastic to be represented by an explicit mathematical model, and rather, developed a
multivariate regression model and feed-forward back-propagation neural network for the wire

22
EDM process for this material. Lastly Datta et al. [9] studied the effects of wire EDM current,
pulse-on time, pulse-off time, wire feed rate, wire tension, and dielectric flow rate on MRR,
surface finish, and kerf width. These researchers fit their data to a quadratic mathematical model
and developed response surface models for each of the output variables.
Researchers have also started to study and model the stresses induced in the wire while is
cutting through a workpiece. The sparking that occurs between the wire and the workpiece
induces high thermal stresses and erosion in the wire, which can lead to wire breakage. Two
studies performed by Banerjee et al. [10], [11] developed thermal finite element models of the
wire undergoing sparking. These researchers found that higher wire temperatures can be caused
by greater instances of sparking, thicker workpieces, EDM power increase (increase in current
and voltage), lower wire diameter, and lower wire feed rate. The developed models show the
proper operating conditions which stabilize the wire and reduce wire breakage. Some researchers
have gone further to look at the effect of other variables in the EDM process on wire thermal
stress and breakage. Saha et al. [12] developed a finite element model for thermal distribution
within the wire, which optimizes properties of both wire and workpiece, to control sparking and
reduce wire breaks. This study found that the most important factor affecting thermal stresses in
the wire, and therefore wire breaks, was non-uniform heating along the length of the wire. Boipai
et al. [13] were able to develop an extensive 3D finite element model for the temperature in an
EDM wire undergoing sparking. The model takes a number of inputs, including pulse-on time,
and predicts temperature and residual stress. Other studies were able to go further and develop
theoretical wire EDM sparking/thermal models that optimize for MRR and/or surface roughness
[14]-[16]. These models showed that wire EDM MRR is proportional to spark energy and
temperature, and that surface quality is inversely proportional to these values. Das and Joshi [15]
found MRR was directly proportional to the spark energy and temperature, which increases with
an increase in pulse-on time and decreases with an increase in wire diameter. While an increase in
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wire diameter can be better for wire stability during cutting, it can have a negative effect on the
spark energy and MRR. Lastly, Shahane et al. [17] were able to develop multi-spark, thermal
finite element model for workpieces being machined via the wire EDM process. The model took
inputs of the EDM process, such as voltage, current, and pulse-on time, predicted spark energy,
and finally considered the thermal properties and heat transfer occurring in the workpiece.
Lastly, a few researchers have modeled the effects of mechanical stress induced in an
EDM wire during the machining process. Han et al. [18] studied the effect of wire tension, in
conjunction with the 3D temperature and stress distribution in the wire. A model was developed
to optimize wire tension in accordance with spark energy, which is proportional to the thermal
stress distribution in the wire. Luo et al. [19] were able to model mechanical stress and breakage
in the wire, as a function of the EDM cutting speed. They found that higher cutting speeds, higher
spark energy, and larger cutting thickness induce more stress in the wire, and that higher wire
tension can increase wire stability and reduce wire rupture at higher cutting speeds. Puri et al.
[20] developed a model for EDM wire vibration due to multiple spark discharges. In the course of
a second, an EDM wire can undergo many multiple sparks, which is proportional to the thickness
of the workpiece. This model depicts the influence of spark frequency on the amplitude of wire
vibration. The study concluded that, the thicker the workpiece, the higher the spark frequency,
and the larger the amplitude of wire vibration.
This study proposes to gain a better understanding of how the wire EDM process
interacts with additively manufactured workpieces. Often when a wire EDM is employed to
remove metal additively manufactured parts from their build-plates, it must cut through the
support structures that anchor parts to the build-plate. In this study, the voltage and machine feed
rate are recorded as the wire EDM machines through different types of lattice support structures.
Since wire EDM voltage and feed rate are governed by a feedback mechanism throughout the
machining process, a better understanding of the interaction between the machine and the design
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of support structures will be gained by looking at these process variables. By measuring these
variables throughout the process, and the resultant machining time at the end of the process,
support structure design can be, in part, optimized for build-plate separation via wire EDM.

3.2 Methodology

Four different support structures were chosen to investigate the effect of different types
of supports on the EDM process (Figures 3.1-3.4). The support structures tested were lattice-style
supports. Two of the four types of supports had horizontal and vertical struts, while the other two
types of supports had diagonal, crisscrossing struts. The difference between the two supports of
each type was the thickness of the struts. The thickness of the struts of the smaller support
structures was 0.02”, while the thickness of the struts of the larger support structures was 0.04”.
All four of these different types of lattice support structures have a footprint of one square inch.
The support structures with horizontal and vertical struts have seven struts in either direction (i.e.
four vertical struts and four horizontal struts). The support structures with diagonal, crisscrossing
struts have ten struts going in either direction.

Figure 3-1. Thin-strutted Horizontal/Vertical Lattice Support Structure Cross-section
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Figure 3-2. Thick-strutted Horizontal/Vertical Lattice Support Structure Cross-section

Figure 3-3. Thin-strutted Diagonal Lattice Support Structure Cross-section
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Figure 3-4. Thick-strutted Diagonal Lattice Support Structure Cross-section

Trapped powder specimens were also printed along with these lattice support structures.
Trapped powder can often cause a lot of problems with wire EDM systems. When a wire EDM is
cutting through 3D printed metal structures that have un-sintered, trapped powder pockets, the
wire tends to break multiple times. Two different trapped powder structures were printed. Both
trapped powder structures had a cross sectional area of one square inch with cylindrical pockets
of trapped powder of varying diameter. One of the trapped powder specimens had one row of
trapped powder cylinders (Figure 3-5) while the other had two rows of trapped powder cylinders
(Figure 3-6). In both trapped powder structures, the diameters of the trapped cylinders are 2mm,
3mm, 4mm, 5mm, and 6mm.
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Figure 3-5. Trapped Powder Structure with One Row of Cylinder Trapped Powder Pockets

Figure 3-6. Trapped Powder Structure with Two Rows of Cylinder Trapped Powder Pockets

These support structures and trapped powder specimens were built using a 3D Systems
ProX 320 laser powder bed fusion system. They were built in three-layer stacks (Figure 3-7). The
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bottom layer of each stack had either horizontal/vertical or diagonal support structure with thick
struts. The middle layer of each stack had the same type of support as the bottom layer, but with
thin struts. The top layer of each stack had a trapped powder structure. The stacks with
horizontal/vertical lattice support structures had the trapped powder structures that contained one
row of trapped powder cylinders. The stacks with diagonal, crisscrossing lattice support structures
had the trapped powder structures that contained two rows of trapped powder cylinders. In total,
six stacks were made. Three of these stacks contained horizontal/vertical lattice support structures
and trapped powder structures with one row of trapped powder cylinders. The other three stacks
contained diagonal, crisscrossing lattice support structures and trapped powder structures with
two rows of trapped powder cylinders.

Figure 3-7. Build Plan for Lattice Support Structures and Trapped Powder Structures
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The wire EDM used to perform these experiments was a FANUC ROBOCUT a-C600iB.
A brass wire, of 0.01” diameter was used to cut through the lattice support structures and trapped
powder structures. Built-in machine settings for 1.0” thick stainless-steel workpieces were used
for all EDM process variables, which include cutting voltage, cutting current, pulse on/off time,
feed rate and multiple other variables. The experiments were performed by clamping the lattice
support structures and trapped powder structures, one-by-one to the EDM table, so that they were
square with the edge of the table (Figure 3-8). The EDM was then programmed, using FANUC
CAMi software, to cut a straight line through the lattice support structures and trapped powder
structures (Figure 3-9). While the EDM was cutting through either the lattice support structures or
the trapped powder structures, the FANUC LINKi software was used to record over 130 process
parameters. While the EDM was running, a computer was connected to the EDM controller, and
by running the LINKi software on the computer, it was able to save all the EDM process data to
an Excel file. This data included all the process variables mentioned above, as well as nozzle
position, table speed, elapsed machining time, and more. The measured variables that of greatest
import for this study are the cutting voltage and the feed-rate of the EDM. The LINKi software
recorded this data every eight seconds, like a snapshot during the running of the experiments. The
data received from cutting through the lattice supports and trapped powder structures was
compared to a straight cut through completely solid, 1.0” x 1.0”, additively manufactured
stainless steel 316L. This benchmark cut was made by cutting through the solid sections that
separated the different types of lattice supports and trapped powder (Figure 3-10).
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Figure 3-8. Experimental Set-up for EDM of Lattice Support and Trapped Powder Structures

Figure 3-9. EDM Direction of Cut Across Lattice Support and Trapped Powder Structures
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Figure 3-10. EDM Benchmarking Cut Through Solid Additively Manufactured Stainless Steel

3.3 Results

3.3.1 Voltage
The voltage data recorded by the LINKi software during the cutting of the
horizontal/vertical thick-strutted lattice support structures showed that as the wire EDM began
cutting through the material, the voltage dropped. This phenomenon is consistent with the normal
operation of all EDMs. As the wire is moving through open space, the EDM supplies the wire
with a high level of voltage, sometimes referred to as the “gap voltage.” As the wire approaches
the workpiece material and sparking is initiated, the proverbial circuit is closed between the wire
and the workpiece material, electrical current begins to run between the wire and the workpiece,
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and the voltage supplied to the wire falls to a level referred to as the cutting voltage. The recorded
EDM voltage with respect to time for the three trials of vertical/horizontal thick strutted lattice
support structures was superimposed onto images of the cross section of the cut (Figure 3-11).
The EDM gap voltage while approaching the workpiece was 68V. This value dropped and
fluctuated between values of roughly 30V and 45V while the EDM cut through the solid material
of the lattice supports. This fluctuation is due to constant feedback sent from the cutting process
to the EDM controller. The controller constantly monitors the EDM and makes adjustments to the
EDM process parameters to optimize the machine’s operation. A closer examination of the
voltage plots shows that the voltage dropped to its lowest points, roughly 30V, when cutting
through the vertical struts. As the wire is cutting through the vertical struts, it is cutting through
the most material at any one time. When the wire is cutting through the horizontal struts alone,
the least amount of material at any one time, the voltage jumps to a value between 40V and 45V.
While the EDM cut through these thick-strutted lattice supports of horizontal/vertical
orientation, there were points in which the voltage jumped back up to value of the gap voltage,
68V. This jump in voltage was due to the fact that the wire was passing through perforations in
the walls of the lattice supports. These perforations were built into the walls of the supports for
the removal of trapped, un-melted powder. When the wire was cutting across the supports and
passed through these perforated regions, the wire was not in contact with any of the support
material, and the voltage supplied to the wire jumped back up to the gap voltage level. After the
wire traveled through these perforated regions of the support structures, it came in close
proximity with the solid material of the support structures, sparking commenced, and the voltage
dropped back down to its normal cutting range between 30V and 45V. When the EDM finished
cutting through the entire support structure, the voltage either returned to 68V or dropped to 0V,
in which case the machine was stopped. One conclusion that might be observed from these three
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trials is that, the less material the EDM is cutting through at any one time, the higher the voltage
supplied to the wire.

Wire Path

Figure 3-11. EDM Cutting Voltage Across Horizontal/Vertical Thick-strutted Support Structures

When the EDM was machining through the thin strutted horizontal/vertical support
structures, the voltage was a lot more uncontrolled, jumping up and down sporadically in the
range between 30V and 68V (Figure 12). As the wire was cutting through these supports, it would
cut for a few seconds, reverse its direction for a few seconds, and then move back toward the
supports and begin cutting again. This back-and-forth machining pattern likely caused the
sporadic jumping in voltage levels while the EDM was machining through these supports. It is
unclear why the EDM was moving in this manner while machining through these thin-strutted
supports, though one reason could be that the control mechanism for the wire EDM senses high
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levels of very localized stress where the wire is sparking against the thin struts, and therefore only
cuts a little at a time to reduce stress on the wire. One important difference between these
horizontal/vertical thin-strutted supports and their thick-strutted counterparts is that the trappedpowder-removal perforations did not line up, so there was no part along the line of the cut that
was not in contact with the support material.

Wire Path

Figure 3-12. EDM Cutting Voltage Across Horizontal/Vertical Thin-strutted Support Structures

There are many similarities between the EDM voltage for the horizontal/vertical thickstrutted lattice supports and diagonal crossing thick-strutted supports. The general mechanism for
the operation of the EDM voltage is the same, that being, as the wire approaches the workpiece
and sparking begins, the voltage drops from gap voltage level, 68V, to the level of cutting
voltage, roughly between 30V and 45V. The fluctuation in cutting voltage is less in the case of
the diagonal crossing thick-strutted lattice support structures (Figure 3-13). This is likely due to
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the fact that the amount of material being cut at any one time does not change as much as it did
with the horizontal/vertical struts. When the machine was cutting through the vertical struts, the
voltage dropped to its lowest level, around 30V, because it was cutting through a 1.0” line of
support material. When it was cutting through the horizontal struts alone, the voltage jumped to
above 40V, because it was cutting through a lot less material than 1.0”. Since there is not as large
a change in the amount of material being cut across the diagonal support structures, the voltage
only fluctuates roughly between the values of 35V and 45V.
The trapped-powder-removal perforations for the diagonal crossing thick-strutted support
structures were not in line with one another in the same way that they were for the
horizontal/vertical supports. Because the perforations did not line up, the EDM cutting voltage
stayed more constant throughout machining these support structures. There were only two
instances in all three trials for the diagonal supports, in which the perforations lined up, resulting
in an increase in the EDM voltage back to the gap voltage level of 68V. One instance can be seen
at the end of the first trial, and the other at the beginning of the third trial. Other than these two
instances, the voltage only jumped to the gap level when approaching and leaving the cut.
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Wire Path

Figure 3-13. EDM Cutting Voltage Across Diagonal Thick-strutted Support Structures

Much like the thin-strutted horizontal/vertical support structures, the cutting voltage was
not constant while the EDM was machining through the thin-strutted diagonal support structures
(Figure 3-14). As the machine cut across these supports, the voltage jumped between roughly
40V and 68V several times. During these trials, the wire cut the supports for a few moments,
reversed direction for a few seconds, and then moved back toward the supports and began cutting
again. As the wire reversed away from the support material, the voltage jumped back up 68V, and
once again returned to a lower level when the machine resumed cutting. Once again, it is not clear
why the machine operated in this manner for the thinner structure.
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Wire Path

Figure 3-14. EDM Cutting Voltage Across Diagonal Thin-strutted Support Structures

3.3.2 Feed Rate
The results received from the feed-rate measurements matched well with the existing
knowledge of the EDM process. AN EDM will typically operate at a high feed rate until it comes
within close proximity to the workpiece, at which point it will slow down while cutting through
the workpiece. If the EDM does not slow down appropriately, poor cutting conditions and wire
breakage could ensue. For the three trials of the horizontal/vertical thick-strutted support
structures (Figure 15), the EDM feed-rate through open space varied, but was always higher than
0.5” per minute. While the EDM was cutting through the supports, the feed-rate hovered around
0.2”. The cutting feed-rate fluctuates slightly based on the process feedback given to the
controller, but it hovers around a pre-set value. In these trials, the pre-set feed-rate value was
around 0.2”. If the machine experiences any cutting resistance, it will slow down to accommodate
the resistance, and speed back up once cutting conditions return to normal. When the machine
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was moving through the trapped-powder-removal perforations, the machine sped up as expected.
Since the wire is not cutting any material while traveling through the perforations, the EDM feedrate increased as it would if the wire was moving through completely open space.

Wire Path

Figure 3-15. EDM Feed Rate Across Horizontal/Vertical Thick-strutted Support Structures

The wire feed rate was a lot less steady for the horizontal/vertical thin strutted supports
(Figure 3-16). This was likely the result of the periodic reversing of the wire while cutting the
supports. While the wire was returning to the cut, after it had reversed away from the cut, the feed
rate likely increased until sparking between the wire and the supports once again commenced. In
general, the EDM feed rate was lower for the horizontal/vertical thin-strutted trials than it was for
the horizontal/vertical thick-strutted trials. While the feed rate for the thick-strutted supports
hovered around 0.20 in/min, the feed rate for the thin-strutted supports was more often hovering
around 0.15 in/min.
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Wire Path

Figure 3-16. EDM Feed Rate Across Horizontal/Vertical Thin-strutted Support Structures

The EDM feed-rate for the diagonal crossing thick strutted lattice support structures was
more consistent all throughout the entire cut (Figure 3-17). After the wire approached the
diagonal supports and began sparking, the EDM feed-rate hovered right above 0.2” and did not
fluctuate to a significant degree. The consistency in feed-rate for these trials could be attributed to
the consistent amount of material the wire is cutting across the whole support structure.
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Wire Path

Figure 3-17. EDM Feed Rate Across Diagonal Thick-strutted Support Structures

Much like the thin-strutted horizontal/vertical supports, machining the thin-strutted
diagonal supports resulted in a much more varied feed rate than it did for the thick-strutted
diagonal supports (Figure 3-18). The feed rate for the thin-strutted diagonal supports oscillated
between roughly 0.15 in/min and 0.25 in/min. This oscillation of feed rates can, once again, be
attributed to the back-and-forth movement of the wire while it machined across these supports.
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Wire Path

Figure 3-18. EDM Feed Rate Across Diagonal Thin-strutted Support Structures

3.3.3 Machining Time
The four average machining times for the four different supports were compared to the
amount of time necessary to machine through the solid 1.0” x 1.0” AM stainless steel sample
(Figure 3-19). The machining times for the four support structures were all less than the
machining time for the solid sample. On average, it took roughly 80s longer to machine through
the solid stainless-steel sample than the lattice support structure with the longest machining time.
This outcome is expected, as the EDM feed rate is typically lower when machining through more
material. Though, contrary to this general rule of EDMing, the average machining time for the
thin-strutted horizontal/vertical supports was a little more than 60s higher than their thick-strutted
counterparts. This disparity in machining time is due to the wire’s regime of back-and-forth
movement whilst cutting through the thin-strutted horizontal/vertical supports. When the wire
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was cutting through the thick-strutted horizontal/vertical supports, it cut through smoothly at a
steady pace, without reversing, resulting in a much lower average machining time. The average
machining times for the thin and thick diagonal supports agreed well with the expected outcome:
it took more time for the EDM to cut through the thick-strutted supports than the thin-strutted
supports. On average, the machining time for the thick-strutted diagonal supports was 20s longer
than the than the machining time for the thin-strutted diagonal supports. While the wire did
reverse several times while machining the thin-strutted diagonal supports, it did not experience as
much back and forth movement as the thin horizontal/vertical thin-strutted supports. For this
reason, it did not take more time to cut through the thin diagonal supports than the thick diagonal
supports, as was the case with the two types of horizontal/vertical supports.

450
400

Machining Time (s)

350
300
250
200
150
100
50
0
H/V Thick

H/V Thin

Diag. Thick

Diag. Thin

Solid Support

Figure 3-19. Average Machining Times for Four Types of AM Support Structures and Solid
Support Benchmark
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Overall, the thick-strutted horizontal/vertical lattice support structures took the least
amount of time to machine. This support geometry allowed for smooth, steady cutting without
any reversing. These supports not only out-performed the thin-strutted horizontal/vertical
supports on machining time, but they also required less time to cut than both types of diagonal
supports. The number of points of sparking along the length of the wire is almost always higher
wile machining through the diagonal supports (Figure 20). These multiple, localized regions of
sparking are thought to be the reason why the machining time was longer for the diagonal
supports. When the wire undergoes sparking, the region of sparking experiences a high level of
stress. When the wire experiences more stress, the feed rate of the machine decreases to stabilize
the wire and prevent wire breakage. When, in the case of the diagonal supports, multiple areas
along the cutting length of the wire are experiencing high levels of stress, and so, the feed rate of
the machine decreases, increasing overall machining time. Since the wire cutting through the
diagonal supports is mostly experiencing more localized regions of sparking and stress than the
wire cutting through horizontal/vertical supports, it likely has a lower feed rate and results in a
higher machining time.
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Figure 3-20. Points of Sparking Across Cross-section of Lattice Support Structures

3.3.4 Trapped Powder
Only one of the trapped powder specimens was wire EDMed in this study. One of the
trapped powder specimens containing a single row of trapped powder cylinders was machined.
When the wire EDM machined through the trapped powder pockets, it experienced several wire
breaks, as expected. Every time the wire entered one of the trapped powder pockets, and
sometimes while machining through the middle of the pockets, the wire broke. In total there were
8 wire breaks and the total machining time was 1648s, or roughly 27.5 minutes. The measured
voltage and feed rate data for this sample was interrupted at every wire break. Because of the
amount of machining time required for each specimen, and because of the interruption in
voltage/feed rate measurements, this part of the study stopped after just one specimen and will be
explored in future studies.

45
3.4 Conclusions

In this research, the interactions between the wire EDM process and different additively
manufactured, stainless-steel lattice support structures were investigated to optimize support
structure design for additive part removal from build-plates. Four types of lattice supports were
machined by the wire EDM: thin-strutted horizontal/vertical, thick-strutted horizontal/vertical,
thin-strutted diagonal, and thick-strutted diagonal. While machining these lattice support
structures, the EDM voltage, feed rate, and machining time were recorded. The following
conclusions were drawn from the study:
•

No wire breakage occurred while wire EDMing any of the lattice support structures

•

When machining through material, the wire EDM voltage and feed rate mostly stayed
constant

•

In the absence of cutting through material, the wire EDM voltage and feed rate increased
to gap levels

•

The voltage and feed rate for both thin-strutted lattice support structures oscillated
dramatically due to the back-and-forth, pulsing motion of the wire EDM while machining

•

The back-and-forth motion of the wire is believed to be a result of very localized regions
of stress in the wire, due to the thin sparking regions between the wire and supports

•

The thick-strutted horizontal/vertical supports required the least amount of time to
machine and resulted in steady wire EDM voltage and feed rate

Based on this study, the most recommended support type, when removing metal AM parts from a
build-plate, is the thick-strutted horizontal/vertical lattice support structure. A thicker support
provides steadier cutting conditions for the wire, and the horizontal/vertical orientation of the
supports takes less time to machine due to fewer points of sparking along the length of the wire.
This study is far from exhaustive, and a larger number of support types need to be tested to
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further optimize support structures of the wire EDM process. Trapped powder supports were
briefly explored in this study, and further research will be needed to fully understand the
relationship between the wire EDM process and trapped, un-melted metallic powders.
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Chapter 4

A Study on the Wire Electrical Discharge Machining of Stainless Steel
Additively Manufactured Parts Containing Pockets of Trapped Un-melted
Powder

Abstract

Wire electric discharge machining (EDM) is a type of machining that cuts conductive
materials via an electric arc that forms between the charged wire and conductive workpiece. This
machining process is used when material needs to be removed in precision applications. Wire
EDM is used in many industries, including the aerospace and automobile industries. Wire EDM is
also frequently used in the additive manufacturing industry to remove 3D printed metallic parts
from build-plates. When additively manufactured metallic parts are made in powder bed fusion
(PBF) processes, pockets of un-melted metal powder can be incorporated into the part and may
form between the part and the build-plate. These pockets of trapped powder cause a lot of
problems for the wire EDM process. Often, when the wire EDM is cutting through pockets of unmelted metallic powder, the wire will break, significantly increasing total machining time. This
study attempts to find optimal wire EDM process parameters that will reduce wire breakage and,
therefore, machining time while cutting through pockets of trapped, un-melted stainless steel
316L powder in additively manufactured parts. This research studies the effect of three EDM
process parameters (voltage, wire feed rate, water flushing rate) on the machinability of additive
parts containing trapped powder pockets. It also looks at the effect of different heat treatment
cycles (no heat treatment, normal stress-relief heat treatment cycle, double stress-relief heat
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treatment cycle) on the machinability of additive parts containing trapped powder pockets. The
results of this study showed that reducing the wire EDM voltage greatly reduced the number of
wire breaks and machining time. The study also showed that there was little difference in
machinability between trapped powder samples undergoing different heat treatment cycles.

4.1 Introduction

Few researchers have studied the effect of wire EDM process parameters on additively
manufactured metallic workpieces, though many have researched how these process parameters
interact with traditionally manufactured workpieces. Tarng et al. [1] studied the effect of several
wire EDM process parameters, including pulse-on time, pulse-off time, and current, on the
resulting surface roughness and machining time for an SUS-304 stainless-steel workpiece. These
researchers found that as EDM current and pulse-on time increase, and as pulse-off time
decreases, the machining time decreases, and surface roughness increases. When the values of
these parameters are inverted, the opposite occurs: machining time increases and surface
roughness decreases. They were able to develop a neural network model to optimize these wire
EDM parameters for desired levels of surface roughness and machining time. In a similar study,
Mahapatra et al. [2] studied numerous wire EDM process parameters and their effect on material
removal rate (MRR), surface roughness, and kerf width for a D2 tool steel workpiece. Their
findings mirrored Tarng’s study: as EDM current and pulse-on time increase, and as pulse-off
time decreases, the MRR increases, surface roughness increases, and additionally, kerf width also
increases. Still, more researchers studied the optimization of these process variables (current,
pulse-on/off time) for machining time, surface roughness, and kerf width, though they did test
different metallic alloys including tungsten-carbide cobalt [3], titanium aluminide [4], Inconel [5],
and tool steel [6]. These studies came to the same conclusions as stated above: with an increase in
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wire EDM current and pulse-on time, the machining time decreased, surface roughness increased,
and kerf width increased.
There were two somewhat similar studies in which the effect of wire EDM voltage was
tested, alongside other process variables, in relation to machining time, surface roughness, and
kerf width. Azhirir et al. [7] studied the effect of voltage, current, pulse-on time, and pulse-off
time, among other variables, on the cutting velocity and surface roughness for an AL/SiC metal
matrix workpiece. This study found that the two most significant EDM process parameters were
the current and pulse-on time. And, much like the aforementioned studies, this study found that
higher current and pulse-on times led to faster cutting speeds and rougher surfaces. Tosun et al.
[8] studied the effect of voltage, pulse-on time, wire feed rate, and dielectric flushing pressure on
the MRR and kerf width of AISI 4140 steel. These researchers found that voltage and pulse-on
time were the most significant factors for MRR and kerf width. As voltage and pulse-on time
increased, so did MRR and kerf width.
While no researchers have studied EDM wire breakage as it pertains to un-melted AM
powder, some have researched the reasons for wire breakage when machining traditional
workpieces. Stress can be induced in an EDM wire via thermal and mechanical phenomena.
Several researchers have modeled the thermal distributions in in a wire undergoing sparking [918]. These researchers found that, when sparking occurs between the wire and the workpiece, the
wire undergoes high thermal stress which is proportional to several process parameters including
voltage, current, pulse-on/off time, wire feed rate, and workpiece thickness. When sparking
occurs between the wire and the workpiece, material is melted away from both the wire and
workpiece. The amount of material melted away is directly proportional to the spark energy,
which is dependent on the EDM voltage, current, and pulse-on/off time. When sparking is
sporadic and uncontrolled, sparking energy is higher, and the temperature in the wire raises above
an acceptable limit and the wire will break [14]. When the EDM voltage, current, or pulse-on
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time are higher, the spark energy will increase and induce higher thermal stresses in the wire [18],
[19]. When the thermal stresses in the wire exceed an acceptable limit, based on the wire material
and thickness, the wire will break amid machining a workpiece. Some researchers have also
studied how mechanical stresses effect the wire EDM process and wire breakage. Puri et al [20]
studied how wire vibration is caused by sparking and that spark density dictates vibration
amplitude. By increasing wire tension during the process, vibration can be mitigated and fewer
breakages will occur. Luo et al. [21] found similar results when looking at the mechanical stress
induce in the wire while machining at various speeds. They found that the wire can break, even at
lower operating temperatures, if the mechanical stresses due to machining speed are high enough.
A pair of researchers, Rajurkar and Wang [22] were able to develop a wire EDM control system
that monitored and prevented wire breakage by controlling spark energy and frequency.
While many researchers have studied wire EDM process parameters and the phenomenon
of wire breakage, no one has yet to study how a wire EDM interacts with metallic additively
manufactured parts that contain pockets of trapped, un-melted powder. It is generally known in
the AM industry that trapped powder causes a lot of problems in the wire EDM process, the most
of which being wire breakage. It is not yet understood why wire breakage frequently occurs when
machining AM parts that contain trapped powder. This study aims to better explain why wire
breakage so often occurs when EDMing pockets of trapped, un-melted powder and hopes to
prescribe techniques that can be used to reduce wire breakage when machining AM parts
containing trapped powder.

4.2 Methodology

In order to test the wire EDM on the types of trapped powder pockets common in
additively manufactured parts, special specimens with trapped powder pockets were fabricated
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using stainless steel 316L (Figure X). A 3D Systems ProX 320 was used to build the trapped
powder specimens used in this study. The specimens were 3.0” long rectangular prisms, with a
square cross-sectional area of 0.35” by 0.35”. Each specimen contained six pockets of trapped
powder. The solid outer wall of the specimens was 0.05” in thickness, leaving an inner crosssectional area of 0.25” by 0.25” for the trapped powder pockets. Every trapped powder pocket
was separated by a thin wall of solid material. Since the specimens were printed in a vertical
orientation, the top of the trapped powder pockets contained 45o solid support structures to
support the thin, solid walls between each powder pocket. Small lines were printed on the outside
of the specimens, demarcating the locations of the solid supports. These lines allowed the EDM
operator to make cuts where the trapped powder pockets had a full cross-sectional area of 0.25”
by 0.25”.

Figure 4-1. Trapped Powder Specimen with Six Trapped Powder Pockets

The effect of different heat treatment cycles on the wire EDM machinability of unmelted, trapped powder pockets was also tested. One group of specimens received no heat
treatment and was machined in an as-built condition. Another group of specimens received a
normal stress-relieving heat treatment: one-hour soak at 842oF in a normal air atmosphere. The
last group of specimens received a double-time stress-relieving heat treatment: two-hour soak at
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842oF in normal air atmosphere. The specimens were not heat-treated in a vacuum due to the
pressure differential between the vacuum environment and trapped powder pockets, which could
lead to cracking. The heat treatments in an air environment caused some oxidation to occur on the
outside of the specimens, though this does not affect the EDM process.
This research measured the effect of three wire EDM process parameters on the
machinability of trapped powder pockets: voltage, wire feed rate, and water flushing rate (Table
4-1). The first variable, voltage, refers to the number of volts supplied to the wire while it is
cutting through the workpiece. This variable was chosen for testing because voltage, in part,
dictates the nature of sparking that occurs in the wire EDM process. Since uncontrolled sparking
can create additional stress in the wire, differing voltage levels may contribute differently to wire
breakage while machining through pockets of trapped powder. The second variable, wire feed
rate, is the length of wire feeding through the machine per every minute. This variable was
chosen because, in some instances of frequent wire breakage, changing the wire feed rate could
alleviate the amount of stress felt by any one point in the wire, perhaps reducing the probability of
wire breakage. Like the first two variables, the last variable, water flushing rate, also contributes
to wire stress levels. Increased water flushing rates can increase the amount of stress induced in
the wire. However, in the case of trapped powder, increased water flushing rates may help flush
away from the wire, the loose powder particles that cause wire breakage. The rest of the EDM
process parameters were determined using a built-in machine setting. An L3 P3 Taguchi array
was used to design the experiments for this study. Nine combinations of the three variables, at
three levels each, were determined to make up the entirety of the experiments used for this study.
These nine experimental combinations were replicated three times each for each of the three types
of heat-treated specimens.
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Table 4-1. EDM Parameters and Values at Three Levels

Parameter Design
EDM Parameters
A
Cutting Voltage
B
Wire Feed Rate (m/min)
C
Water Flushing Rate (L/min)

Level 1
25
7
5

Level 2
30
10
10

Level 3
27
13
15

The wire EDM used to perform the experiments in this study was a FANUC ROBOCUT
aC600iB. Each specimen tested was clamped into the ROBOCUT such that each of the six
pockets of trapped powder could be machined. The specimens were clamped on a fixture which
was screwed into the wire EDM table (Figure 4-2). The ROBOCUT was programmed such that it
made 0.30” long straight cuts into each trapped powder pocket. Since the solid wall thickness was
0.05” around the outside of the specimen, and the trapped powder pocket thickness was 0.25”,
these 0.30” straight cuts were designed to cut through one side wall and the entirety of the trapped
powder pocket. The cut stopped at the solid wall at the other end of the specimen, leaving each
specimen intact (Figure 4-3).
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Figure 4-2. Experimental Set-up for Wire EDM of Trapped Powder Specimen

Figure 4-3. Trapped Powder Specimen After Six Complete Cuts

First, before each cut, the wire was lined up with the specimen such that, when the 0.30”
straight cut program was executed, it would cut right through the trapped powder pocket, instead
of the solid supports. Then, the wire EDM ran a built-in program to find the edge of the
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specimen. The edge of the specimen was set as the start-point of the 0.30” straight cut program,
and the program was executed. During each cut, the machining time was recorded using a
stopwatch and the position of the wire was monitored by the machine. The time needed for the
EDM operator to rethread the broken wire was not factored into the total machining time due to a
multitude of other variables that can increase the amount of time needed to rethread the wire. It
should be assumed that, as the number of wire breakages increased, the “real amount” of time
needed to perform the experiment increased drastically with wire rethreading. Due to the limited
amount of time available to complete the experiments, it was determined that after six wire breaks
on any one run, the final position of the wire would be recorded and EDM operator would move
on to perform the next run on the next trapped powder pocket.

4.3 Results

The biggest factor in reducing the number of wire breaks and machining time for wire
EDM of trapped powder pockets was the voltage. Three voltage levels were tested: 30V (the
normal operating level for a workpiece of this size and material), 27V, and 25V. Voltage levels
above 30V were preliminarily tested, but this voltage level caused high levels of wire breakage
upon cutting the outside of the specimens, even before cutting into the trapped powder pocket.
The highest level of success was achieved when the EDM was operating at 25V (Table 4-2). On
virtually every run, across all three types of heat-treated specimens, there were no wire breaks
while the machine operated at 25V. When the voltage level was increased to 27V, the only run
that ever cut through the entire trapped powder pocket was when the wire feed rate was 7 m/min
and the water flushing rate was 15 L/min. Even for this set of parameters, the average number of
wire breakages was significantly higher than all three runs at 25V (Table II). For the other two
runs at 27V, the wire broke 6 times, in every trial for all three types of heat-treated specimens,
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before being able to completely cut through the trapped powder pockets. Likewise, when the
voltage level was set to 30V, the wire broke 6 times, in every trial for all three types of heattreated specimens, before being able to completely cut through the trapped powder pockets.

Table 4-2. The Effect of Wire EDM Voltage, Wire Feed Rate, and Water Flushing Rate on
Machining Time and Number of Wire Breaks
EDM Parameters
Voltage Wire Feed
Run
(V)
(m/min)
1
2
3
4
5
6
7
8
9

25
25
25
27
27
27
30
30
30

7
10
13
7
10
13
7
10
13

Machining Time (s)

Number of Wire Breaks
for Three Trials

Normal Normal Double Double
Normal Double
Heat
Heat
Heat
Heat No Heat
Heat
Heat
Treat
Treat
Treat
Treat
Treat
Treat Treat
Avg. Std. Dev. Avg. Std. Dev.
13.33 397.74
8.04
390.05
1.71
0
1
0
6.17
251.98
2.24
252.30
3.36
0
0
0
5.42
193.42
7.89
194.88
6.97
1
0
4
2.01
170.69 36.84 186.63 37.11
2
7
11
143.79 135.30 95.30 106.87 69.02
18
18
18
27.60 127.12 47.29 110.21 31.87
18
18
18
3.09
33.06
0.29
27.31
6.85
18
18
18
1.01
25.95
4.06
32.88
2.40
18
18
18
3.49
20.59
1.96
27.21
6.54
18
18
18

Flushing No Heat No Heat
Rate
Treat
Treat
(L/m)
Avg. Std. Dev.
5
10
15
15
5
10
10
15
5

394.62
253.60
191.91
190.29
155.29
89.65
31.75
36.62
31.65

When the voltage was set to 25V, the time required to cut through the trapped powder
pocket decreased as the wire feed rate and flushing rate increased (Figure 4-4). Though the
machining time was lowest for the run with the highest wire feed rate and water flushing rate, the
instances of wire breakage were higher, especially for the double heat-treated specimen. Since
there was more wire breakage, one can assume the amount of time passed from the beginning to
the end of the runs was more than the runs with lower wire feed and water flushing rates. When
considering how much time wire rethreading can take, the set of parameters that were optimal for
machining time were 25V, 10m/min, and 10L/min. When machining trapped powder pockets at
this setting, there occurred no wire breakage and the average machining time was around 250s.
Throughout these 25V runs (1-3), the higher wire feed rates and water flushing rates caused
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higher levels of stress induced in the wire while cutting through the trapped powder pockets,
leading to more instances of wire breakage.

400.00

Machining Time (s)
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8
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Run Number
No Heat Treat

Normal Heat Treat

Double Heat Treat

Figure 4-4. The Effect of Nine Different Sets of EDM Process Parameters on Machining Time for
Trapped Powder Specimens of Different Heat Treatments

When examining the set of parameters that caused the maximum number of wire
breakages possible, six per run, the machining time does not give a lot of information. From the
figure above and Table II, it would appear that these runs required the least amount of machining
time. This is because these parameters caused instantaneous and repetitive wire breakages once
the wire entered the trapped powder pocket. More than giving an accurate representation of the
amount of time these parameters would take to machine the trapped powder pockets, these low
machining times show how quickly these parameters led to the six wire breakages. Instead of
looking at the machining times and number of wire breakages for these runs, which include all
three runs at 30V and two runs at 27V, the measurement of the distance of the cut before six wire

60
breakages gives a lot more information about the effectiveness of these parameters (Table 4-3,
Figure 4-5). As stated earlier, all runs for all specimens reached the final distance of 0.30” when
the operating voltage was 25V. When the voltage was 27V, run number 7 performed well and, in
most cases, was able to machine through most, if not all, of the trapped powder pockets. For the
other two runs at 27V (8 and 9) the average distance cut was around 0.15”, or about halfway into
the trapped powder pockets. None of the three runs performed at 30V (runs 4, 5, and 6) reached
the end of the trapped powder pocket before the wire broke six times. These runs averaged a cut
distance of around 0.06”, which is right at the beginning of the trapped powder pocket.

Table 4-3. The Effect of Wire EDM Voltage, Wire Feed Rate, and Water Flushing Rate on
Distance Cut into Specimen

Run
1
2
3
4
5
6
7
8
9

EDM Parameters
Wire
Flushing
Voltage
Feed
Rate
(V)
(m/min)
(L/m)
25
7
5
25
10
10
25
13
15
30
7
10
30
10
15
30
13
5
27
7
15
27
10
5
27
13
10

Average Distance Cut Into Specimen for Three Trials (in)
Normal
Double
No Heat
Std. Dev.
Heat
Std. Dev.
Heat
Std. Dev.
Treat
Treat
Treat
0.300
0.000
0.300
0.000
0.300
0.000
0.300
0.000
0.300
0.000
0.300
0.000
0.300
0.000
0.300
0.000
0.300
0.000
0.062
0.008
0.064
0.002
0.058
0.002
0.079
0.006
0.062
0.003
0.069
0.004
0.056
0.005
0.049
0.002
0.053
0.004
0.300
0.000
0.267
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Figure 4-5. The Effect of Nine Different Sets of EDM Process Parameters on Cut Distance for
Trapped Powder Specimens of Different Heat Treatments

The 27V and 30V runs (runs 4-9) show that the cutting performance, as measured by
distance cut into specimen, improve with lower voltage, lower wire feed rate, and higher flushing
rate. The best cutting results for runs 4-9 occurred with low-to-middling wire feed rates and
middling-to-high water flushing rate. Two different phenomena may explain the effect of these
two factors. First, when the wire is feeding through the machine at a higher rate, the wire is more
unstable and might experience more vibration and stress. The increased instability can lead to
greater instance of wire breakage. Second, when the wire is cutting through the trapped powder
pocket a higher water flushing rate will clear the path of the cut from any loose powder that might
cause uncontrolled sparking and wire breakage. When the EDM is operating with a higher
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flushing rate, the trapped powder is more easily evacuated from the pocket, allowing for betting
cutting conditions.

4.4 Analysis of Variance

An analysis of variance was performed to better understand the significance and
contribution of each variable involved in the study. The significance of each individual variable
(voltage, wire feed, feed rate, heat treatment type) and the significance of interactions between
the three wire EDM parameters and the heat treatment type were all calculated with respect to the
three measured outcomes; machining time, wire breakage, and distance cut into each specimen.
There was an insufficient number of trials performed to find the effect of the interactions between
the three wire EDM parameters alone. The analysis of variance shows that for machining time,
number of wire breaks, and distance cut into the specimen, the voltage, wire feed rate, and water
flushing rate were the only significant factors, with p-values less than 0.05. The biggest
contributor for each measured outcome was voltage, with 73.42% for machining time, 77.36% for
wire breakage, and 80.43% for distance cut into specimen. From both the raw data and ANOVA,
it is quite clear that voltage plays an enormous role in the ability to machine pockets of trapped,
un-melted metallic powder. The type of heat treatment performed on the specimen had no
significance on the measured outcomes of this study.
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Table 4-4. The Analysis of Variance for Machining Time, Wire Breakages, and Distance Cut into
Specimen
Analysis of Variance: Machining Time
Source
DF Seq SS Contribution Adj SS Adj MS F-Value
V
2 849669
73.42%
849669 424834 190.46
WF
2 121588
10.51%
121588 60794 27.25
FR
2 47214
4.08%
47214 23607 10.58
HT
2
372
0.03%
372
186
0.08
V*HT
4
478
0.04%
478
120
0.05
WF*HT
4 1617
0.14%
1617
404
0.18
FR*HT
4 2457
0.21%
2457
614
0.28
Error
60 133835
11.57%
133835 2231
Lack-of-Fit 6 50133
4.33%
50133 8356
5.39
Pure Error 54 83702
7.23%
83702 1550
Total
80 1157230 100.00%
Analysis of Variance: Wire Breakage
Source
DF Seq SS Contribution Adj SS Adj MS F-Value
V
2 498.469
77.36%
498.47 249.24 189.38
WF
2 31.58
4.90%
31.58 15.79
12
FR
2 21.506
3.34%
21.506 10.753 8.17
HT
2 2.691
0.42%
2.691 1.346
1.02
V*HT
4 2.494
0.39%
2.494 0.623
0.47
WF*HT
4 2.938
0.46%
2.938 0.735
0.56
FR*HT
4 5.679
0.88%
5.679 1.42
1.08
Error
60 78.963
12.26%
78.963 1.316
Lack-of-Fit 6 36.963
5.74%
36.963 6.16
7.92
Pure Error 54
42
6.52%
42
0.778
Total
80 644.321 100.00%
Analysis of Variance: Distance Cut into Specimen
Source
DF Seq SS Contribution Adj SS Adj MS F-Value
V
2 0.7718
80.43%
0.7718 0.3859 223.26
WF
2 0.03528
3.68%
0.0353 0.0176 10.21
FR
2 0.04272
4.45%
0.0427 0.0214 12.36
HT
2 0.00041
0.04%
0.0004 0.0002 0.12
V*HT
4 0.00047
0.05%
0.0005 0.0001 0.07
WF*HT
4 0.00222
0.23%
0.0022 0.0006 0.32
FR*HT
4 0.003
0.31%
0.003 0.0008 0.43
Error
60 0.10371
10.81%
0.1037 0.0017
Lack-of-Fit 6 0.03063
3.19%
0.0306 0.0051 3.77
Pure Error 54 0.07307
7.61%
0.0731 0.0014
Total
80 0.95962 100.00%

P-Value
0
0
0
0.92
0.994
0.947
0.893
0

P-Value
0
0
0.001
0.366
0.755
0.694
0.375
0

P-Value
0
0
0
0.888
0.991
0.862
0.783
0.003
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4.5 Conclusion

This research studied how the wire EDM process interacts with stainless steel 316L AM
parts that contain pockets of trapped powder. This study aimed to, first, explain why machining
trapped powder pockets causes frequent wire breakage and, second, optimize wire EDM process
parameters to better machine through pockets of trapped powder. The following conclusions were
drawn from this study:
•

One possible reason for frequent wire breakage while cutting through trapped powder
pockets is that the loose powder swirls around the wire, causes unsteady sparking
conditions, and induces higher-than-sustainable levels of stress within the wire

•

By lowering the voltage level sufficiently below the standard operating level, the wire
EDM can machine through a trapped powder pocket without any wire breaks

•

The wire EDM operated best when machining through trapped powder with a low
voltage setting, 25V, and standard operating values for wire feed rate and water flushing
rate

•

As the operating voltages increased, wire breakage increased and the EDM was unable to
completely machine through the trapped powder pockets

•

The ANOVA showed that all three EDM parameters (voltage, wire feed rate, water
flushing rate) were significant, but voltage had, by far, the biggest contribution to the
process outcomes (machining time, wire breakage, distance cut into specimen)

Future research will focus more on modeling the mechanism of wire breakage when
cutting through trapped powder pockets. Further studies will also look at the effect of other EDM
process variables on the machining of trapped powder and will further optimize the wire EDM
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process for this task. Lastly, other metal AM trapped powder specimens, of different alloys, will
be investigated to better understand their interaction with the wire EDM process.
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Chapter 5

Conclusion

The second chapter of this thesis described the effect of wire EDM cutting voltage, pulseon time, and pulse-off time on the machining time, resultant surface roughness, and hardness of
both AM and wrought 316L stainless steel samples was measured. One conclusion from this
study is that the wire EDM machining time for the AM 316L sample was significantly lower than
the machining time for the wrought 316L sample. The significant difference in machining time
between the two differently manufactured samples is believed to be a result of the possible
differences in porosity and microstructure. Another conclusion from this research is that the
surface roughness and hardness were slightly higher for the wrought 316L sample. The resultant
surface roughness and hardness did not appear to be significantly different between the two types
of samples, though the wrought sample had slightly higher values. Lastly, the wire EDM process
parameter that most affected the machining time for both samples was the EDM cutting voltage.
This finding corroborates the prevailing literature in this area; as the wire EDM voltage is
increased, the sparking energy increases, material removal rate (MRR) increases, and machining
time decreases.

In the third chapter of this thesis, the interactions between the wire EDM process and
different additively manufactured, stainless-steel lattice support structures were investigated to
optimize support structure design for additive part removal from build-plates. Four types of lattice
supports were machined by the wire EDM: thin-strutted horizontal/vertical, thick-strutted
horizontal/vertical, thin-strutted diagonal, and thick-strutted diagonal. While machining these
lattice support structures, the EDM voltage, feed rate, and machining time were recorded. No
wire breakage occurred while wire EDMing any of the lattice support structures. Any of these
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four types of lattice supports would be suitable to use on an AM build to prevent EDM wire
breakage during part-removal from the build-plate. When machining through the support
structure material, the wire EDM voltage and feed rate mostly stayed constant. Before and after
cutting through the supports, and when wire passed through any perforations in the wall of the
support structures, the voltage and feed rate jumped up to gap levels. While the wire was cutting
through both types of thin-strutted supports, the voltage and feed rate oscillated dramatically due
to the back-and-forth, pulsing motion of the wire EDM while machining. This back-and-forth
motion of the wire is believed to be the result of very localized regions of stress in the wire, due
to the thin sparking regions between the wire and these thin-strutted supports.
The thick-strutted horizontal/vertical supports required the least amount of time to
machine and resulted in steady wire EDM voltage and feed rate. Based on this study, the most
recommended support type, when removing metal AM parts from a build-plate, is the thickstrutted horizontal/vertical lattice support structure. A thicker support provides steadier cutting
conditions for the wire, and the horizontal/vertical orientation of the supports takes less time to
machine due to fewer points of sparking along the length of the wire. This study is far from
exhaustive, and a larger number of support types need to be tested to further optimize support
structures of the wire EDM process. Trapped powder supports were briefly explored in this study,
and further research will be needed to fully understand the relationship between the wire EDM
process and trapped, un-melted metallic powders.

The fourth chapter of this thesis discusses how the wire EDM process interacts with
stainless steel 316L AM parts that contain pockets of trapped powder. The research outlined in
this chapter seeks an explanation for frequent wire breakage during trapped powder machining,
and an optimization of wire EDM process parameters (voltage, wire feed rate, water flushing rate,
heat-treatment) to reduce machining time and wire breakage whilst cutting through trapped
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powder pockets. This study concluded that one possible reason for frequent wire breakage while
cutting through trapped powder pockets is that the loose powder swirls around the wire, causes
unsteady sparking conditions, and induces higher-than-sustainable levels of stress within the wire.
The process parameter that had the most profound effect on the machinability of the trapped
powder pockets was the voltage. By lowering the voltage level sufficiently below the standard
operating level, the wire EDM can cut through a trapped powder pocket without any wire breaks,
and therefore requires less time to machine through an entire pocket of trapped powder. As the
operating voltages increased, wire breakage increased and the EDM was unable to completely
machine through the trapped powder pockets. An analysis of variance showed that the EDM
voltage, wire feed rate, and water flushing rate were significant and that the type of heat treatment
performed on the trapped powder specimens played no significant role. The ANOVA showed
that voltage had the biggest impact on machining time, wire breakage, and the total distance cut
into the specimen.

These studies are among the first to explore the interaction between the wire EDM
process and additively manufactured workpieces. While all three of these studies focused on
stainless-steel 316L AM workpieces, future research will focus on AM workpieces made with
different metallic alloys. Future work will also explore the effect of different AM microstructures
on the machinability of a workpiece using a wire EDM. The second study performed for this
thesis examined a very limited number of types of support structures. In the future, more types of
supports will be wire EDMed and an even further optimized set of support structures will be
identified for their wire EDM machinability. Lastly, more fundamental studies will be performed
to better understand the mechanism of EDM wire breakage while cutting through loose, trapped
powder structures. The wire EDM process will be further optimized to cut through AM parts
containing pockets of un-melted metallic powder.

