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Abstract

The development of new, advanced engineering materials and the need for precise and flexible prototypes and low-volume pro-
duction have made the wire electrical discharge machining (EDM) an important manufacturing process to meet such demands.
This research investigates the effect of spark on-time duration and spark on-time ratio, two important EDM process parameters,
on the material removal rate (MRR) and surface integrity of four types of advanced material: porous metal foams, metal bond
diamond grinding wheels, sintered Nd-Fe-B magnets, and carbon–carbon bipolar plates. An experimental procedure was
developed. During the wire EDM, five types of constraints on the MRR due to short circuit, wire breakage, machine slide speed
limit, and spark on-time upper and lower limits are identified. An envelope of feasible EDM process parameters is generated for
each work-material. Applications of such a process envelope to select process parameters for maximum MRR and for machining
of micro features are discussed. Results of Scanning Electron Microscopy (SEM) analysis of surface integrity are presented.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of new, advanced engineering
materials and the need for precise and flexible proto-
types and low-volume component production have
made EDM an important manufacturing process to
meet such a demand. The wire EDM process uses elec-
trical sparks between a thin, traveling wire electrode
and the workpiece to erode the work-material and gen-
erate the desired shape. The force generated in EDM is
small, which makes it suitable for cutting porous foam
materials, carbon–carbon bipolar plate, and manufac-
turing of miniature features in micro-mechanical com-
ponents. By adding a rotary spindle to the wire EDM
machine, this process can be used to machine cylindri-
cal parts and to shape the metal bond diamond grind-
ing wheels.
Information for the selection of proper process para-

meters for wire EDM of newly developed materials,

such as the machining of advanced engineering materi-
als, micro-fabrication, truing of metal bond diamond
wheels and others, is not readily available. For a com-
mercial EDM machine, the manufacturer provides a
database of setup parameters for commonly used
work- and electrode-materials under typical operating
conditions. Such a database cannot meet the growing
new EDM applications, including machining new
advanced materials and miniature features. The goal of
this study is to investigate the effect of spark on-time
duration and spark on-time ratio, two important wire
EDM process parameters, on the truing of metal bond
diamond wheels and machining of new engineering
materials: porous metal foams, sintered Nd-Fe-B mag-
nets, and carbon–carbon fuel cell bipolar plates. An
envelope of MRR is generated for the selection of pro-
cess parameters for each material.
Effects of EDM process parameters have been inves-

tigated. Wang and Yan [1], Lin et al. [2] and Lin and
Lin [3] studied the effect of current, polarity, voltage,
and spark on-time on the EDM process by using the
Taguchi method. Uno et al. [4] showed relationships
between the material removal rate and spark on-time in
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EDM of silicon and mild steel. Tsai and Wang [5] com-
pared the neutral network models on material removal
rate in EDM. Lee and Li [6] studied the effects of pro-
cess parameters in EDM of tungsten carbide. Hocheng
et al. [7] investigated the correlation of current and
spark on-time and the crater size produced by a single
spark of SiC/Al work-material. Qu et al. [8,9] exam-
ined the EDM process parameters in a cylindrical
EDM process. This survey found the lack of research
in EDM of newly developed engineering materials and
the boundaries that limits the MRR in wire EDM. This
research investigates the effect of spark on-time dur-
ation and spark on-time ratio, two important EDM
process parameters, on the surface finish characteristics
and integrity of four types of advanced engineering
material: porous metal foams, metal bond diamond
grinding wheels, sintered Nd-Fe-B magnets, and car-
bon–carbon bipolar plates.
An envelope of feasible wire EDM process para-

meters is identified for each work-material. This envel-
ope can be applied to setup the EDM process for
efficient, high MRR machining. A rough surface with a
thick recast layer is usually generated in high MRR
EDM. Another application of the wire EDM envelope
is the selection of process parameters for slow, low
MRR EDM cutting to generate better surface rough-
ness and enable the machining of micro-features.
The setup of the wire EDM machine and experi-

mental procedure are first discussed. Work-materials
investigated in this study are introduced. Experimental
and regression modeling results as well as envelopes of
feasible EDM process for different work-materials are
then presented. Finally, the EDM surfaces are studied
using the scanning electron microscopy (SEM).

2. Experimental setup and work-materials

2.1. Wire EDM machine setup

The EDM experiments were conducted on a Brother
HS-5100 wire EDM machine. A copper wire with 0.25
mm nominal diameter was used. Two wire EDM con-
figurations were studied. One is slicing a solid plate or
foam material. The workpiece was immersed in the
deionized water with high pressure waterjets flushing to
remove debris in the gap between the wire electrode
and workpiece. Fig. 1 shows the setup to cut a metal
foam plate. The other configuration was the wire EDM
of rotating grinding wheels. This concept has been
demonstrated by Rhoney et al. [10].
Two EDM process parameters studied were the spark

cycle, T, and spark-on time, Ton. Fig. 2 shows the ideal
waveform of voltage between the workpiece and wire
electrode during EDM. The spark cycle, T, is the per-
iod of change in voltage. The spark on-time or pulse

on-time, Ton, is the duration in a spark cycle that the
voltage has been built up. For the Brother HS-5100
EDM machine, the range for spark cycle (T) is from 10
to 1000 ls, and for spark on-time (Ton) is from 2 to 18 ls.
The wire feed speed is set at 15 mm/s, wire tension is
0.15 N, and the gap voltage between the wire and elec-
trode is set at 35 V.

2.2. Work-materials

Six work-materials, including two metal foams, two
diamond grinding wheels, one sintered Nd-Fe-B mag-
net, and one carbon–carbon bipolar plate, were investi-
gated in this study.

2.2.1. Metal foams
Two types of metal foams are studied. One is the Fe-

Cr-Al alloy, also known as Fecralloy or Kanthal. This
is a high temperature oxidation resistance foam, as
shown in Fig. 3(a). This foam material can withstand
an operation temperature in excess of 1200

v

C and is
popular for heat exchanger applications. Another metal
foam work-material is the 316 stainless steel foam, as

Fig. 1. Setup of the wire EDM machining of a metal foam plate.

Fig. 2. Definition of the spark cycle, T, and spark on-time, Ton, in

the EDM spark cycle.
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shown in Fig. 3(b). The foam structure, as shown in
the SEM micrograph in Fig. 3, consists of ligaments
creating a network of inter-connected, dodecahedral-
shaped cells. The cells are randomly oriented and
mostly uniform in size and shape. The ligaments are
hollow with a triangular-shaped hole, a result of the
manufacturing technique used. The metal foams were
produced using open-cell polyurethane foam as tem-
plates [11,12]. The Fe-Cr-Al alloy and 316 stainless
steel powder slurry was coated onto the polyurethane
foam and fired in a kiln. The polyurethane foam was
burned out during the firing, leaving the triangular-
shaped hollow hole inside each of the ligaments. The
Fe-Cr-Al and 316 stainless steel foams used in this
study have a pore size of 30 ppi (pores per inch) and
5.1 and 6.9 wt% density, respectively. The thickness of
metal foam plate, as seen in Fig. 1, is 25 mm.

2.2.2. Diamond grinding wheels
The wire EDM process can be used to create an

intricate shape on a rotating metal bond diamond
wheel for precision form grinding of ceramics and
other difficult-to-machine materials [10]. This study
investigated the effect of T and Ton on MRR. The high
MRR setup is used at the start of the truing process to
rapidly create the rough form on the grinding wheel. In
final truing paths, the set of EDM process parameters
that enable the creation of intricate forms is applied.
Two bronze bond diamond grinding wheels, denoted

as wheel I and II, were used in this study. Wheel I,
200 mm in diameter and manufactured by Norton
Saint-Gobain with tradename of Scepter, has the 320
ANSI mesh size diamond (average abrasive size of
54 lm). Wheel II (Inland MD1200N50M-1/4) has the
very fine, 1200 ANSI mesh diamond (average abrasive
size about 8 lm).

2.2.3. Sintered Nd-Fe-B permanent magnet
The sintered Nd-Fe-B permanent magnets are Neomag

34KC2, supplied by Magnequench. This nanocrystal-
line Nd-Fe-B powder is sintered by the hot-isostatic

press and then magnetized to become a permanent
magnet. EDM tests were conducted on the sintered
material that had not yet been magnetized. The rare-
earth Nd-Fe-B magnet has high magnetic density and
is used extensively for miniature, energy-efficient elec-
trical motor, actuator, and generator applications. In
this study, the 27 mm thick Nd-Fe-B plate was used
to study the effect of T and Ton on MRR and sur-
face integrity.

2.2.4. Carbon–carbon bipolar plate
The carbon–carbon bipolar plate, provided by Por-

vair LLC, has been developed for proton exchange
membrane (PEM) fuel cell applications. This material
uses slurry molded carbon fiber, about 0.4 mm long
and 0.01 mm in diameter, sealed with chemically
vapor-infiltrated carbon [13]. The material has good
electrical conductivity, 0.4 X.cm2 at 1.15 A/cm2 and
0.9 X.cm2 at 0.05 A/cm2 current. A plate of 2.3 mm
thickness was used in this study.

2.3. Experimental procedure

The maximum MRR in wire EDM is constrained by
the machine, tooling, and physical limitations. Sets of
EDM test were first conducted under specific pulse on-
time, Ton, at 4, 6, 10, 14, and 18 ls. For the wire EDM
machine used in this study, 2 and 18 ls is the lower
and upper limit for Ton, respectively. Under the same
Ton, the spark cycle, T, was varied to achieve different
Ton/T ratio. Without knowing the behavior of the new
work-materials processed by EDM, different levels of T
were tested. The wire EDM machine automatically
increases or decreases the wire feed speed to maintain
the target gap voltage. The steady-state wire feed rate
is recorded and converted to the MRR.
When T is low, a limit is reached when the electrical

spark energy is strong and the wire electrode cannot
withstand the high energy density and frequently
breaks during cutting. At the other extreme, when T is
high, the electrical spark is rare and the wire frequently

Fig. 3. EDM cut porous metal foam (a) Fe-Cr-Al foam and (b) 316 stainless steel foam.
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touches the workpiece and shorts the electrical circuit
for spark generation. Tests at different T were conduc-
ted to find these two extreme cases to extract the wire
feed rate for a specific Ton. The MRR is usually high at
lower T.
A typical envelope of feasible material removal rate

is shown in Fig. 4. The wire feed rate vs. T curves can
be generated for each Ton. The envelope is enclosed by
four sides: the top and bottom are the upper and lower
limit of Ton, 18 and 2 ls for the wire EDM machine
used in this study, respectively, and left and right are
the wire breakage and wire short circuit limits, respect-
ively. It is noted that steady-state EDM cutting at 2 or
4 ls Ton is difficult to reach. The lowest Ton is usually
at 4 or 6 ls. The wire feed rate is restricted by the
machine slide speed limit, which is 305 mm/min, and
the spark cycle is limited to 1000 ls for the Brother-
5100 wire EDM machine used in this study. The hori-
zontal and vertical boundary lines in Fig. 4 show these
two limits.

3. Experimental results of wire EDM material

removal rate

3.1. Metal foams

Fig. 5 shows three envelopes of feasible T and Ton
for wire EDM cutting of 316 stainless steel and Fe-Cr-
Al foam and a low carbon steel plate with comparative
effective thickness (1.57 mm) to metal foams. Five sets
of tests at 4, 6, 10, 14, and 18 ls Ton were conducted
on the three materials. Each set of tests is represented
by a line with different symbols to represent test points.
The 2 ls Ton was tried but failed to achieve the steady-
state EDM condition. The 18 and 4 ls Ton are the
upper and low limits on the envelope. On the left is the
limit of wire breakage. On the right is the limit of wire
short circuit. The wire feed rate was slow enough that
the machine slide speed limit was not a constraint. It is
important to point out that the wire short circuit and
breakage limits are not exact. There exist two narrow

regions of frequent wire short circuit and breakage on

both sides of the process envelope.
Using the wt% of the foam to calculate effective

thickness, the maximum MRR for the 316 stainless

foam, Fe-Cr-Al foam, and steel plate is calculated as

30.2, 19.6, and 9.74 mm3/min, respectively. Experi-

mental results show that, under the same EDM con-

dition, the 316 stainless steel has higher MRR than the

Fe-Cr-Al alloy. The melting temperature and electrical

resistivity of Fe-Cr-Al and 316 stainless steel are 1500

Fig. 4. Machine limits and boundaries for a feasible wire EDM process envelope.

Fig. 5. Effects of Ton and T on wire feed rate for metal foams and

carbon steel plate.
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and 1400
v

C and 1.4 and 0.78 X-m, respectively. The

lower melting temperature and electrical resistivity of

316 stainless steel contribute to its higher MRR. The

carbon steel plate has relatively low MRR compared to

the metal foams. This is likely due to better flushing

conditions in the gap between the wire electrode and

metal foam ligaments.
A model has been established to relate the wire feed

speed, Vf, with Ton and T, for each set of wire EDM

tests.

Vf ¼ a �
Tbon
Tb�c

ð1Þ

The three parameters a, b, and c, can be obtained using

linear regression analysis. This analysis tool uses the

least squares method to fit a line through a set of

experimental data. This tool enables the analysis of how

a single dependent variable, Vf, is affected by the values

of one or more independent variables, Ton and T.

Table 1 lists the results of a, b, and c for these three

materials and other wire EDM tests.
The thin lines in Fig. 5 are results predicted by the

model. For most of the data points, the regression

analysis model closely matches the experimental MRR

data. At the corners and extreme Ton of the envelope, a

larger deviation between the experimental data points

and model prediction can be observed.

3.2. Metal-bond diamond grinding wheels

Fig. 6 shows a truing pass of the EDM wire moving

across the surface of a rotating metal bond diamond

grinding wheel at speed Vf. The mathematical formula

to calculate the material removal rate for cylindrical

wire EDM has been derived by Qu et al. [8]. The diam-

eter of the wheel before and after the truing is denoted

as D and d, respectively. The thickness of the layer

removed from the grinding wheel is d, which is set at

about 0.15 mm in this study. The material removal rate

can be expressed as:

MRR ¼
pðD2 � d2ÞVf

4
ð2Þ

where MRR is the material removal rate.
Effects of Ton and T on MRR for two metal bond

diamond wheels are shown in Fig. 7. Four sides of the
envelope are the 6 and 18 ls Ton and the wire short cir-
cuit and breakage limits. Machining at the 4 ls Ton
does not produce spark energy density high enough to
enable cutting. Diamond wheel I and II has the 320
and 1200 ANSI mesh size diamond grit, respectively.
Both wheels are bronze bonded but have different com-
positions. The overall trend of MRR vs. Ton and T is
similar for both grinding wheels. Compared to grinding
wheel II, wire EDM machining of grinding wheel I
exhibits higher MRR under the same set of process
parameters. The peak MRR for grinding wheel I and
II is 27.0 and 23.5 mm3/min, respectively, comparable
to that of the metal foams and higher than the carbon
steel plate.
Regression analysis has been applied to model the

MRR data. Results of three parameters a, b, and c are
listed in Table 1.

3.3. Sintered Nd-Fe-B permanent magnet

Fig. 8 shows the wire feed rate andMRR vs. T at 6, 10,
14, and 18 ls Ton for wire EDM of sintered Nd-Fe-B
magnet. The 2 and 4 ls Ton setup are not possible to
achieve steady-state cutting conditions. A typical envel-
ope is produced with four sides constrained by Ton
upper and lower limits and wire short circuit and
breakage limits. The highest MRR was 18 mm3/min.
The MRR model obtained from regression analysis

matches closely with the experimental data for the sin-
tered Nd-Fe-B magnet. Table 1 lists results of the three
parameters a, b, and c. Table 1 shows an interesting
finding in that the parameter b/c falls into three levels
depending on the type of work-material. For porous
metal foam, solid material (carbon steel and Nd-Fe-B
plate), and grinding wheel, b/c is about 1.9, 2.5, and
1.4, respectively. The percentage of difference of b/c

Table 1

Regression analysis results for wire EDM material removal rate model

Type of material and

operation

Material a(�10�3) b c b/c b/c % difference

Porous metal foam, Fe-Cr-Al foam 13.1 1.513 0.762 1.99 2.03

slicing 316 stainless steel foam 4.15 1.763 0.90 1.95

Solid material, slicing Carbon steel plate 2.11 1.97 0.718 2.74 11.58

Nd-Fe-B magnet 1.10 1.381 0.565 2.44

Metal bond diamond Grinding wheel I 0.984 1.563 1.098 1.42 3.46

wheel, rotary Grinding wheel II 0.0910 1.92 1.303 1.47
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relative to the average b/c of the two work-materials in
the same group is also listed in Table 1.

3.4. Carbon–carbon bipolar plate

The wire feed rate vs. T at 4, 6, 10, 14, and 18 ls Ton
for wire EDM of carbon–carbon bipolar plate is shown
in Fig. 9. In all but the 4 ls Ton, the maximum slide
speed of the machine, 305 mm/min, was the upper
limit of the wire EDM envelope. This corresponds to
231 mm3/min MRR, much higher than all the other

materials investigated in this study. The low electrical
resistance and low melting temperature of the carbon–
carbon material contribute to such high MRR. Very
high MRR was achieve at 18 ls Ton even at very
high T. The envelope is enclosed by five boundary
constraints: the upper and lower limits of Ton, the
maximum machine slide speed limit, the wire breakage
limit, and the maximum machine spark cycle, T, limit.
The 1000 ls limit on T is unique in EDM machining of
this material.
The MRR model in Eq. (1) was tested and found

not suitable to model the carbon–carbon bipolar plate
MRR. It is possible that the feed speed and machine
performance, instead of material characteristics such as
melting temperature, dominates the EDM material
removal rate for this material.

4. Surface integrity

Selection of process conditions determines efficiency
and MRR in EDM. Machining at high MRR requires
high energy density spark erosion and generally causes
low surface integrity. This section presents the qualitat-
ive analysis of effects of EDM process parameters on
surface integrity. Machining with increased Ton and

Fig. 7. Effects of Ton and T on wire feed rate of two metal bond

diamond wheels.

Fig. 8. Effects of Ton and T on wire feed rate for sintered Nd-Fe-B

permanent magnet.

Fig. 6. Wire EDM of a metal bond diamond wheel.

Fig. 9. Effects of Ton and T on wire feed rate for carbon–carbon

bipolar plate.
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Ton/T causes rougher surfaces [9]. The SEM and con-

tact stylus profilometer for surface roughness measure-

ment are used to examine samples of porous metal

foams, carbon–carbon bipolar plate, and metal bond

diamond wheels machined by EDM at different process

settings.

4.1. Metal foams

Surfaces on the ligaments of two porous metal

foams, 316 stainless steel and Fe-Cr-Al alloy, machined

by EDM were examined using the SEM. Sample sur-

faces at four corners of the envelope, marked as A, B,

C, and D on Fig. 5, were examined. These four sam-

ples represent four extreme cases of process conditions

under either the wire breakage or short circuit and the

longest or shortest Ton. Significantly different MRR at

the lowest and highest level are also represented by

these four samples.
SEM micrographs of the 316 stainless steel foam are

shown in Fig. 10(a)–(d). Fig. 10(a) and (b) correspond

to Ton¼ 18 ls. Bigger craters due to larger amount of

molten work-material at each spark erosion can be

identified on EDM surfaces. These two surfaces also

correspond to have larger MRR. The crater size is

reduced drastically on surfaces machined with Ton¼

4 ls, as shown in Fig. 10(c) and (d). The surface area

on the foam ligament is too small for contact surface

roughness measurement.

4.2. Nd-Fe-B magnet

Fig. 11(a)–(c) show the surface and its close-up view
of the sintered Nd-Fe-B magnet machined by EDM at
Ton ¼ 18, 10, and 2 ls. The thickness of the sample cut
by wire EDM is 1.5 mm. In comparison, the thickness
of Nd-Fe-B magnet used for the MRR experiment in
Fig. 8 was 27 mm. Different levels of surface recast
layer and damage can be observed on the EDM sur-
face. Average surface roughness values, Ra, for Ton of
18, 10, and 2 ls are 4.0, 2.7, and 0.84 lm. This trend of
lower Ton for better surface roughness is consistent
with the previous research [9]. At long Ton¼ 18 ls, the
amount of molten material deposit from each spark
erosion is more significant than the other two EDM
condition (Ton ¼ 10 and 2 ls). On the surface with
slow MRR (Ton ¼ 2 ls in Fig. 11(c)), surface cracks
possible due to thermal stress on the very brittle Nd-
Fe-B material can be identified. The cavity, which can
be seen in the close-up view in Fig. 11(b) and (c), is
likely the inherent porosity during sintering Nd-Fe-B
powder to produce the magnet. In Fig. 11(c), it is likely
that each small hump, about 10 lm in size, is due to an
individual spark erosion and deposition. This illustrates
the low MRR and the type of surface damage for
EDM brittle material.

4.3. Carbon–carbon bipolar plate

The SEM micrographs of the molded and EDM car-
bon–carbon bipolar plate surface are shown in Fig. 12.

Fig. 10. SEM micrographs of 316 stainless steel foam surface machined by EDM.
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The molded surface is shown in Fig. 12(a). In the pro-
duction of the carbon–carbon bipolar plate, slurry
molding of carbon fibers, about 0.4 mm long and 0.01
mm in diameter, was first performed and then followed
by the chemical vapor-infiltration of carbon to seal the
cavities.
Due to the high cutting speeds achievable by EDM

of carbon–carbon bipolar plate, relatively high surface
roughness of this material compared to others in this
study is observed. Under SEM, the EDM surface of
carbon–carbon bipolar plate machined under different
process parameter settings yielded similar topography.
A representative surface machined at T ¼ 14 ls and
Ton ¼ 180 ls is illustrated in Fig. 12(b). The EDM
machined surface is much rougher than that of molded
surface. The Ra for molded and EDM cut surfaces is
1.40 and 15.5 lm, respectively. This confirms the obser-
vation in Fig. 12 of the rough EDM surface. The car-

bon fiber on EDM cut surface in Fig. 12(b) is not as
apparent as in Fig. 12(a). The EDM process has melted
the carbon fibers and sealing carbon and recast them to
the surface. This can be recognized in the close-up view
in Fig. 12(c).

4.4. Metal bond diamond grinding wheel

Fig. 13(a)–(d) show EDM trued surface of diamond
grinding wheel II. A small segment was removed from
the grinding wheel to be examined using the SEM for
the EDM surfaces [10]. Three samples along the wire
breakage boundary line of the process envelope shown
in Fig. 7 were selected for the SEM and profilometer
analysis. These three samples represent Ton of 18, 14,
and 6 ls. The size of the craters and surface roughness
decreases as Ton decreases. Lower Ton also corresponds
to lower MRR. The arithmetic average roughness Ra

Fig. 11. SEM micrographs of Nd-Fe-B magnet surface machined by EDM.
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for Ton of 18, 14, and 6 ls is 3.83, 2.86, and 2.15 lm,

respectively. The protrusion of diamond grits, about 8

lm in size, and recast surface on the EDM surface with

Ton ¼ 18 ls can be recognized in Fig. 13(d).

5. Concluding remarks

The effects of spark cycle and pulse on-time on wire

EDM of metal foams, metal bond grinding wheels, sin-

tered Nd-Fe-B magnet, and carbon–carbon bipolar

Fig. 12. SEM micrographs of molded and EDM (T ¼ 180 ls, Ton ¼ 14 ls) carbon–carbon bipolar plate.

Fig. 13. SEM micrographs of metal bond diamond wheel I surface machined by EDM along the boundary line of wire breakage.
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plate were investigated. An envelope of feasible EDM

process parameters was generated for each work-

material. Results were mutually compared in this

study. Regression analysis was applied to model the

wire EDM MRR. SEM analysis was used to investi-

gate effect of important EDM process parameters on

surface finish.
Although results presented are machine-dependent,

this research provides the guidelines and procedures for

the development of wire EDM process for machining

new engineering materials to achieve different manufac-

turing objectives, either the high MRR, miniature fea-

tures, or a compromise between the two.
This study also demonstrated the capability of wire

EDM process to machine different advanced materials.

Using traditional metal cutting methods, it is difficult to

machine the metal foams without damaging the liga-

ments. The diamond grinding wheel is very difficult to

machine to the precise shape. Sintered Nd-Fe-B magnet

material is very brittle and easily chipped by using tra-

ditional machining methods. Carbon–carbon bipolar

plate is delicate but can be machined easily by the EDM.

The future research is to apply the envelope developed in

this study for machining of miniature features and for

high MRR EDM of advanced materials.
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