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Abstract

A semi-empirical model of surface finish on work for various materials has been established by
employing dimensional analysis based upon pertinent process parameters in the electrical discharge machin-
ing process. The parameters of the model, such as peak current, pulse duration, electric polarity, and
properties of materials, have been initially screened by the design of experiment procedure. Then, they
have been systematically analyzed and later verified by making use of the Taguchi method. A model based
on dimensional analysis of the model parameters has been established for verification. In addition, the
predictions based on the semi-empirical model with the best-fitting parameters by nonlinear optimization
methods are in good agreement with the experimental verifications.  2001 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Electrical discharge machining (EDM) is currently widely employed for making tools, dies,
and other precision parts. In principle, the EDM process is based on the erosive effect of electrical
discharges between the tool and the work immersed in a liquid dielectric. Although the exact
mechanism of metal erosion during sparking is still debatable, the basic principles of the funda-
mental theories have suggested that the mechanism is based on a thermal conduction phenomenon
governed by heat generated from arc channels and dissipated into the tool and the work. As a
result, the work materials near the channels are melted, vaporized, and then flushed off by the
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dielectric. It has been observed that there are many process variables that affect the surface finish
on the work in the EDM process. In previous publications [1–5] it has been reported that the
most important variables are level of peak current, duration of current pulse, open voltage of gap,
polarity of electrode, thermal properties of the tool, work, and dielectric.

In the EDM process, various empirical models of surface finish have been proposed in the past
[6–12]. One of the empirical models based on pulse energy only was suggested by Jeswani [6]
and Ghabriel et al. [7]. On the other hand, Osyczka et al. [8] reported four quality models for metal
removal rate, tool wear, surface roughness, and power consumed, by employing identification and
multi-criteria optimization methods. These four models are dependent on pulse conditions and
finished geometry of the tool and work. In addition, some empirical models are based on both peak
current and pulse duration [9,10]. However, the models were verified for specific tool materials in
combination with various work materials under specific electrode polarity. Pandey and Jilani [11]
established specific models for metal removal rate, relative electrode wear, and surface finish
based on pulse duration and percentage of cobalt in cemented carbide materials by making use
of polynomial regression. While Lee et al. [12] reported that the model of surface finish consisted
of peak current and pulse energy. In conclusion, all the above mentioned empirical models con-
sidered only pulse conditions for a set of specific tools and work materials under fixed polarity
of the electrode. Because the properties of the tool and work materials were neglected, predictions
based on all these empirical models were in poor agreement with the experiments.

It should be noted that although an enormous amount of research effort has been put into
representing the EDM process by experimental methods, a more elaborate semi-empirical model,
based on thermal–mechanical and statistical approaches, has not as yet been reported. In this
paper, the objective is to develop a semi-empirical model of surface finish of work for various
materials in the EDM process. First, a set of screening experiments were conducted to identify
the level of importance of each process parameter, namely peak current, gap open-voltage, pulse
on time, pause time, servo voltage (gap control), and electric polarity, for various tool and work
materials. The experiments were planned with the help of a design of experiment (DOE) tech-
nique, namely the Taguchi method [13,14]. Details of the DOE theory, published in some text-
books, are not described in this paper. Analysis of variance (ANOVA) [13] was used for verifying
the screening experiments. Finally, a general semi-empirical model of surface finish based on
dimensional analysis of the pertinent process parameters was obtained by making use of optimiz-
ation methods.

2. Experimental procedure

2.1. Experimental apparatus

A CNC electric discharge machine, Model Mold Maker 3 made by Sodick Inc. in Japan, was
used for the experiments. The machine was attached to a MARK XI pulse-charge generator and
associated controller to produce rectangular shaped current pulses for discharging purposes. The
level of the discharge current was measured with a Hall-effect current sensor, Model HNC-200P
made by Nana Electronics Inc. in Japan, which has a built-in voltage amplifier for amplifying
the current pulses to the appropriate voltage levels. Both the voltage and the current waveform
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on the tool electrode were measured with a digital storage oscilloscope. By looking into the
ambient effects, the temperature of the work and the dielectric were monitored by PT-100 tempera-
ture probes. During the experiments, an ACL-8112HG data acquisition card, made by Advantech
Inc. in Taiwan, attached to a personal computer was used for recording the pertinent signals for
all the experiments. In order to control the environment contamination, the dielectric fluid was
confined in a stainless-steel container during the experiments. A schematic drawing and photo-
graph of the experimental apparatus are shown in Fig. 1. Before the experiments, all the work
samples were ground to the same surface finish. In addition, the surface roughness was measured
with a profile-meter, model Hommel Tester T1000 made by Hommelwerke GmbH, Germany.

In the DOE analysis, a statistical software package S-PLUS with DOX module, copyrighted
by Statistical Sciences Inc., USA, was used for data analysis [15]. The MATLAB software with
Optimization Toolbox [16], copyrighted by MathWork Inc., USA, was employed for optimizing
the coefficients of the nonlinear equations in the model.

Fig. 1. Schematic drawing and photograph of the experimental apparatus, where (a) is the schematic and (b) is
the photograph.
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Table 1
Characteristics of the materials in the DOE screening experiments

Materials Composition Hardness Density (kg/m3) Surface finish Mechanical
Rmax (µm) dimension (mm)

Tool
Cu �99.95% HRB 55 8896.6 4.02 φ 9.5×50
Gr (ISEM-8) g-factor 64–70 65 (shore) 1754.5 18.935 φ 10×60
Ag-W W 70%, Ag 30% HRB 85 14,904.7 3.5 φ 10×60
Work
AISI EK2 C 1.19%, Mn 0.35%, HB179 7809.9 1.42 φ 25×13

Cr 0.18%
AISI D2 C 1.52%, Mn 0.34%, HB217 7723.0 1.47 φ 25×13

Cr 11.29%, Mo 0.71%,
V 0.59%

AISI H13 C 0.43%, Si 1.04%, HB187 7737.4 1.275 φ 25×13
Mn 0.33%, Mo 1.33%,
V 0.98%

2.2. Materials and design of experiment

In this paper, two levels of experimental work were needed to establish the semi-empirical
model. The first level is to identify the importance of the process parameters by screening experi-
ments. At this level, three types of materials, namely copper, graphite, and silver–tungsten alloy,
were used for the tool; while three different grades of steel were used for the work. Table 1
shows the pertinent material characteristics and the mechanical dimensions of the tool and the
work. Based on the DOE procedures, the pertinent process parameters were selected for further
determining the importance level of each parameter, as shown in Table 2, in which the correspond-
ing values of the process parameters are tabulated.

Table 2
Process parameters and levels in the screening experiments

Factors Symbol Process parameters Level

1 2 3

Control factor A (PL) Polarity of tool � +
B (ON) Discharge time (µs) 30 60 120
C (OFF) Quiescent time (µs) 30 60 120
D (Ip) Peak current (A) 12 30 48
E (SV) Servo standard voltage 0 1 2
F (V) Main power voltage (V) 60 90 120
G (An) Tool materials Cu Gr Ag-W
H (Ca) Work materials EK2 D2 H13

Noise factor Temp Temperature of dielectric 30 50
(°C)
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Since the importance of the parameters was determined at the first level, an equation consisting
of the parameters could be formulated with the help of dimensional analysis. At the second level,
more experiments for establishing and verifying the semi-empirical model were needed. It should
be noted that pure metals were used for the tool and the work materials because of their traceable
physical properties. Therefore, copper and silver were used for the tool, while aluminum, iron,
and titanium were used for the work. The mechanical dimensions and pertinent thermal and physi-
cal properties of the metals are tabulated in Tables 3 and 4, respectively. In Table 5, the values
of the process parameters for the verification experiments based on the materials listed in Tables
3 and 4 are given.

2.3. Screening procedure

The purpose of the screening procedure is to identify the important process parameters in the
EDM process. Based on past experiences, there are many parameters that affect the final quality
of the work in the EDM process. In this study, the Taguchi method was used to identify the
significant parameters in the screening experiments. Six process parameters plus tool and work
materials were selected to make the eight controllable parameters in the inner array (i.e. control
factors). The outer array (i.e. noise factors) was chosen to be the temperature of the dielectric
fluid. Therefore, the inner array is an L18(21×37) array and the outer array is an L2(21) array. The
L18(21×37) array is for the study of the main effect of all the control factors. A block diagram of
the screening experiment procedure is shown in Fig. 2, in which the effects of noise factor and
control factor and interactions between control factors are completely analyzed. From the results
of ANOVA, the important process parameters could be obtained.

It is common practice that the Taguchi method requires both the analysis of the mean response
for each run in the inner array and the analysis of variations by using appropriately chosen signal-
to-noise ratios (S/N ratio) derived from a quadratic loss function. In the EDM process, the surface
finish of the work is a smaller-the-better (STB) quality characteristic. The S/N equation for the
smaller-the-better quality characteristic is defined as:

ĥS��10 log�1
n�

n

i�1

y2
i � (dB). (1)

Table 3
Characteristics and mechanical dimensions of experimental materials in the second-level experiment

Materials Composition Density (kg/m3) Surface finish Rmax Dimensions (mm)
(µm)

Tool
Cu �99.95% 8897 4.02 δ 9.5×50
Ag �99.99% 10,490 5.41 φ 10×60
Work
Fe �99.9% 7870 1.08 � 20×12
Al �99.5% 2699 2.76 � 20×12
Ti �99.9% 4507 4.33 φ 25×13
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Table 5
Process parameters and corresponding values for the verification experiments

Symbol Process parameter Level

1 2 3 4 5

PL Polarity of upper electrode � +
ON Discharge time (µs) 20 30 60 100
Ip Main power peak current (A) 12 22.5 30 39 48
An Tool materials Cu Ag
Ca Work materials Al Fe Ti
OFF Quiescent time (µs) 60
V Main power voltage (V) 90
SV Servo standard voltage 2

Fig. 2. Procedure block diagram of the screening experiments.

The experimental results of the screening experiment are tabulated in Table 6. One might just
need to minimize the surface finish of the work by the listed S/N values.

2.4. Noise factor analysis

Comparisons of the effects of the noise factor, namely the temperature of the dielectric fluid,
in the EDM process are illustrated in Table 7. The results indicate that almost no difference exists
between the levels of noise factor for the surface finish of work. Therefore, it is concluded that
the effects of temperature of the dielectric fluid within the selected temperature range are negli-
gible. The rationale is the temperature rise of the dielectric fluid is much lower than the tempera-
ture rise in the discharge channel.

2.5. Control factor analysis

A first-order linear contrast is usually employed for analyzing the linear relationship of the
performances and the factors. Similarly, a second-order quadratic contrast can be used to analyze
the nonlinear relationship of the performances and the factors, as described in Montgomery’s
book [13]. With the help of software package S-PLUS, the Pareto plots of S/N contrast on the
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ĥ

S

1
1

1
1

1
1

1
1

1
11

.7
17

.2
3.

64
�

23
.3

5
2

1
1

2
2

2
2

2
2

31
.6

31
.9

8
4.

58
�

30
.0

5
3

1
1

3
3

3
3

3
3

24
.0

4
22

.4
4

2.
02

�
27

.3
3

4
1

2
1

1
2

2
3

3
15

.4
2

18
.6

5
1.

48
�

24
.6

7
5

1
2

2
2

3
3

1
1

24
.0

6
21

.3
2.

74
�

27
.1

3
6

1
2

3
3

1
1

2
2

51
.5

53
.1

1
4.

41
�

34
.3

7
7

1
3

1
2

1
3

2
3

52
.5

4
49

.9
7

6.
82

�
34

.2
0

8
1

3
2

3
2

1
3

1
43

.0
9

40
.9

5
2.

73
�

32
.4

7
9

1
3

3
1

3
2

1
2

18
.0

9
17

.1
1.

71
�

24
.9

1
10

2
1

1
3

3
2

2
1

29
.6

7
31

.1
1

5.
87

�
29

.6
6

11
2

1
2

1
1

3
3

2
20

.3
6

19
.5

2
1.

39
�

26
.0

0
12

2
1

3
2

2
1

1
3

26
.3

2
27

.4
4

2.
56

�
28

.5
9

13
2

2
1

2
3

1
3

2
36

.6
8

35
.6

5
3.

88
�

31
.1

7
14

2
2

2
3

1
2

1
3

42
.9

6
38

.7
9

3.
41

�
32

.2
4

15
2

2
3

1
2

3
2

1
26

.0
9

24
.9

8
3.

37
�

28
.1

4
16

2
3

1
3

2
3

1
2

59
.2

2
52

.4
4

5.
31

�
34

.9
5

17
2

3
2

1
3

1
2

3
21

.2
8

26
.3

2
3.

32
�

27
.5

8
18

2
3

3
2

1
2

3
1

44
.2

50
.0

8
5.

23
�

33
.4

8
A

ve
ra

ge
32

.1
6

32
.1

7
�

29
.4

6
T

ot
al

32
.1

63
av

er
ag

e



1463K.-M. Tsai, P.-J. Wang / International Journal of Machine Tools & Manufacture 41 (2001) 1455–1477

Table 7
Mean response of noise factor, that is the temperature of the dielectric

Level (°C) Finish, Rmax (µm)

30 32.16
50 32.17
|�| �0.01

Fig. 3. Response plot for S/N ratio on the surface finish of work where control factors and levels are on the abscissa
and the S/N values, in dB, constitute the ordinate.

surface finish of the work were obtained as shown in Figs. 3 and 4. By observing these figures,
the significant parameters and their levels are given as follows:

Surface finish: Ip: 1, ON: 1, SV: 3, An: 1, PL: �, Ca: 1. (2)

Although the effect of the servo voltage (SV) is more significant than polarity of work (PL), the

Fig. 4. Pareto plot of factors on the surface finish of work, where the size of effects are on the abscissa and the S/N
ratio contrast values, in dB, constitute the ordinate.
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Table 8
Response S/N value of PL and ON interactions on surface finish

B̄1 B̄2 B̄3

Ā1 �26.91 �28.72 �30.53
Ā2 �28.08 �30.52 �32.00

tool materials (An), and work (Ca) materials, the servo voltage was not selected because the
voltage is a bearly measurable dynamic value. The effect of polarity of tool and materials of tool
are less significant. In practice, it is possible that all work materials are steel alloys with similar
physical properties and morphological structure. However, based on the observations in the litera-
ture [24,25], the erosive phenomenon of various steel alloys is still quite different. Therefore, the
tool and the work materials are very important and should be considered in the semi-empirical
model. Finally, five factors including peak current (Ip), discharge time (ON), polarity of work,
tool materials, and work materials, were selected as the important parameters for establishing a
model of the surface finish.

2.6. PL and ON interaction analysis

The L18(21×37) orthogonal array can provide an interaction analysis between columns 1 and 2
of the array without having an effect on the interactions in other columns. Therefore, the values
of the interactions between PL and ON on surface finish are shown in Table 8. In addition, it is
noted that PL and ON show no interaction (Fig. 5).

2.7. ANOVA

The Taguchi method was originally an intuitive method employed for identifying the important
process parameters. Recently, ANOVA has been used to assist the Taguchi method in a more

Fig. 5. Plots of PL and ON interactions on surface finish of work.
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systematic way. The results of ANOVA are summarized in Table 9, in which parameters such
as the polarity of the work, the pulse duration, the peak current, the servo voltage, and the tool
materials are significant. These results are in agreement with the results based on the Taguchi
method.

3. Dimensional analysis

The Buckingham � theorem states that it is possible to assemble all variables appearing in a
problem into a number of dimensionless products (pi). In addition, the required relations con-
necting the individual variables are determined by algebraic expressions relating each pi [26]. In
the previous section, the main factors were identified together with the optimal process conditions
and level of surface finish of work, as shown in Eq. (2).

According to the breakdown mechanism of short arc discharge, the dissipated energy in the
cathode depends upon the ionization voltage, cathode drop, and work function of the cathode
materials. In contrast, the energy dissipated into the anode depends only on the anode voltage
drop and the work function of the anode materials [25,27,28]. The effects of electric polarity on
electrode erosion can therefore be expressed in terms of the work function, the ionization potential,
and the cathode or anode drop, either from the view point of the cathode or the anode. The energy
dissipated into the anode and the cathode can be shown as follows:

�E�Vi+Vc−j for materials in the cathode

E�Va+j for materials in the anode.

where Vi is the ionization energy, Vc is the cathode fall, Va is the anode fall and j is the work
function. In Table 10, eight pertinent physical quantities concerning the energy dissipated into
the tool and the work are shown with corresponding dimensions.

As a result, the relationship of surface finish of work can be expressed as follows:

Table 9
ANOVA on the surface finish of work

Df SS MS F value Pr(F)a

A (PL) 1 9.9756 9.97556 11.03118 0.01051936
B (ON) 2 43.1433 21.57167 23.85440 0.00042527
C (OFF) 2 0.6533 0.32667 –b

D (Ip) 2 125.6233 62.81167 69.45845 0.00000879
E (SV) 2 22.1700 11.08500 12.25802 0.00366411
F (V) 2 0.8100 0.40500 –b

G (An) 2 14.2933 7.14667 7.90293 0.01275334
H (Ca) 2 5.5300 2.76500 –b

Residuals 2 0.2411 0.12056
(Residuals) (8) (7.2344) (0.90431)

a When Pr(F)�0.05, this indicates that the effect is significant at a=0.05.
b The terms are not significant and can be merged to residuals. F0.05(1,8)=5.32, F0.05(2,8)=4.46.
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Table 10
Dimensions of important parameters in EDM process

Factor Symbol Unit Dimension (MKSA)

Quality Surface finish Ra µm L
characteristic
Parameter Discharge time ton µs T

Peak current Ip A I
Polarity PL – 1
Input energy onto electrode E cal/s ML2T�3

Material Density r g/cm3 ML�3

Electric conductivity s (� cm)�1 M�1L�3T3I2a

Specific heat capacity Cp cal/(s mole °C) L2T�2q�1

Thermal conductivity 	 cal/(mole °C) MLT�3q�1

Melting point Tm °C q
Boiling point Tv °C q
Latent heat of fusion per unit Hm cal/g L2T�2

mass
Latent heat of vapor per unit Hv cal/g L2T�2

mass

a �=V/A=m2 kg S −3A−2.

Ra�f(Ip, ton, E, Tm, Tv, s, Cp, 	, r, Hm, Hv). (3)

For most of the pure metals, it is noted that the value of Hm approximately equals that of Hv/15
[29]. Based on a theoretical conjecture, the work metal is removed essentially by evaporation,
but a small amount of molten metal remains in the crater. Part of the crater may be ejected owing
to the various forces operating in the spark region based on observations in the past [28]. There-
fore, it seems justified to assume that the effects of the latent heat of fusion and the melting
temperature can be neglected. Hence, Eq. (3) reduces to the following:

Ra�f(Ip, ton, E, Tv, s, Cp, 	, r, Hv). (4)

Since the dimensionless homogeneous equation of quality characteristics has 10 variables and
only five fundamental dimensionless coefficients, the solution can be expressed in the form of a
product of five independent dimensionless parts ps. According to the Buckingham � theorem,
the dimensional formula on the surface finish of work can now be written as:

[L]a[I]b[T]c[ML2T −3]d[q]e[ML2T −3I−1]f[L2T−2q−1]g[MLT −3q−1]h[ML−3]i[L2T −2]j (5)

�[M0L0T 0q0I0].

By equating the powers of the fundamental units on both sides of Eq. (5), a set of simultaneous
linear equations are obtained and solved for the constants, with detailed derivations given in
Appendix A. The equation on the surface finish of work is given as:

Ra�A1� aH1/2
v
�� Ip

s1/2r1/2a3/2�a1�tonHv

a �b1� E
ra2H1/2

v
�c1

(Ja)d1. (6)
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a1, b1, c1, and d1 are the power indexes of the corresponding dimensionless brackets in Eq. (6).
It should be noted that the thermal diffusivity a of the materials appears with a different power
index in all the brackets except Ja.

4. Results and discussions

A semi-empirical model of surface finish of work has been established with model parameters
consisting of peak current level, pulse duration, electric polarity, and properties of materials. In
addition, a series of experiments, as illustrated in Table 5, have been conducted for verification
of the semi-empirical model with different combinations of work and tool materials.

Based on the experimental results, the coefficients and the power indexes in Eq. (6) have been
calculated for each work and tool by employing linear and nonlinear regression analysis. In the
linear regression analysis, the least square method was chosen. In the nonlinear analysis, four
methods, namely the Gauss–Newton, the Davidon–Fletcher–Powell (DFP), the Broyden–Fletcher–
Goldfarb–Shanno (BFGS), and the Simplex method were adopted. In both the DFP and BFGS
methods, a cubic and a mixed cubic/quadratic polynomial search method were used for the direc-
tional search algorithm [30,31]. In Table 11, the final results of the model parameters with copper
as the tool and iron/titanium as the work are shown. Also, comparisons on the convergence and
effectiveness for the various data-fitting methods are also illustrated. Although the R2 residues of
the linear analysis seem small, the fitted model turned out to be poor when the results of the
residual analysis were analyzed. It should be noted that the coefficients and the power indexes
in the examples are consistent among the various data-fitting methods. Also, it should be noted
that the Gauss–Newton method has the fastest convergence, but the Simplex method has the
best stability.

As was mentioned in the literature, the Jacob number (Ja) represents the ratio of sensible heat
to latent heat during phase-change of materials in the EDM process [32,33]. Hence, the Jacob
number is much dependent on the properties and the microstructure of the work materials. How-
ever, if Ja was intentionally neglected in the model in the above cases, the final results would
become very poor, as shown in Table 12. This is because the model of surface finish of work is
evidently dependent on the properties and microstructure of the work materials. Therefore, Ja is
not negligible when various work materials are used for constructing the model. Based on more
experimental data, the coefficients and indexes on surface finish of work using a combination of
various materials are compared in Table 13. By observing the coefficients and indexes, the results
are similar to the results in Table 11. It should be noted that the R2 values of cases H and I in
Table 13 are far from unity. This is because the erosion behavior of titanium is much different
from that of aluminum/iron, not only with respect to the thermal, chemical, and physical proper-
ties, but also the microstructure. Therefore, the above metals cannot be represented by a single
set of coefficients and power indexes. This leads to the conclusion that no single set of coefficients
and power indexes exists for various work and tool materials in the EDM process.

Thus, verification of the coefficients and the power indexes of the model have shown very
promising results. Therefore, it is of interest to look at further comparisons between the experi-
mental results and predictions based on the model for surface finish of work. Figs. 6–9 show
comparisons between the experimental results and the model predictions for surface finish of
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Fig. 6. Comparisons between experimental results and model predictions of the surface finish of work, with Al at
the cathode under the process conditions of case A; tool: Cu (+); work: Al (�); average error=6.65%.

Fig. 7. Comparisons between experimental results and model predictions of the surface finish of work, with Al at
the anode under the process conditions of case A; tool: Cu (�); work: Al (+); average error=5.51%.

work, with pertinent process parameters as the abscissa. In these figures, the prediction error is
defined as:

Error (%)�|Experimental results−Predictions
Experimental results |
100 (%) (8)

From Figs. 6–9, the average prediction errors based on the model are less than 12%. It should
be noted that the prediction errors of the model for two of the example cases are small. By
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Fig. 8. Comparisons between experimental results and model predictions of the surface finish of work.

Fig. 9. Comparisons between experimental results and model predictions of the surface finish of work, with Fe at
thecathode under the process conditions of case B; tool: Cu (�); work: Fe (+); average error=11.45%.

comparing Figs. 6 and 7 with Figs. 8 and 9, the plots of surface finish versus discharge time
under different electrode polarity show the same trends.

In general, predictions of surface finish of work are in reasonable agreement with the experi-
mental results. Therefore, more experimental data within the processing window of the screening
experiments were measured and employed for further comparisons between the model of surface
finish of work and the tools, as listed in Table 14. In this case the average error between the
experiments and the predictions was less than 10%. In conclusion, the model works reasonably
well in these verification cases.
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Table 14
Comparisons between experimental data and model predictions of surface finish on worka

Conditions Work material Surface finish on work Error (%)

Experimental Predictions Ra Differences Ra

Ra (µm) (µm) (µm)

Model A Cu(+):Al(�) Al 5.9675 7.1698 1.2023 20.15
Ip: 22.5 A; PL: �

Model A Cu(�):Al(+) Al 5.53 5.2317 0.2983 5.39
Ip: 22.5 A; PL: +

Model A Cu(+):Al(�) Al 8.5375 8.6157 0.0782 0.92
Ip: 30 A; PL: �

Model A Cu(�):Al(+) Al 6.7075 6.2867 0.4208 6.27
Ip: 30 A; PL: +

Model B Cu(+):Fe(�) Fe 6.4675 6.0119 0.4556 7.04
Ip: 22.5 A; PL: �

Model B Cu(�):Fe(+) Fe 3.4675 3.7504 0.2829 8.16
Ip: 22.5 A; PL: +

Model B Cu(+):Fe(�) Fe 7.3325 6.7768 0.5557 7.58
Ip: 30 A; PL: �

Model B Cu(�):Fe(+) Fe 3.89 4.2275 0.3375 8.68
Ip: 30 A; PL: +

Model C Cu(+):Ti(�) Ti 4.195 4.5082 0.3132 7.47
Ip: 22.5 A; PL: �

Model C Cu(�):Ti(+) Ti 5.34 2.8581 2.4819 46.48
Ip: 22.5 A; PL: +

Model C Cu(+):Ti(�) Ti 4.84 5.2681 0.4281 8.85
Ip: 30 A; PL: �

Model C Cu(�):Ti(+) Ti 4.5625 3.3399 1.2226 26.80
Ip: 30 A; PL: +

Model D Ag(+):Ti(�) Ti 4.09 5.5113 1.4213 34.75
Ip: 22.5 A; PL: �

Model D Ag(�):Ti(+) Ti 4.9725 3.3095 1.6630 33.44
Ip: 22.5 A; PL: +

a Other conditions for all the experiments, ton: 120 µs; toff: 60 µs; V=120 V.

5. Conclusions

A semi-empirical model of surface finish of work in electrical discharge machining has been
established by employing dimensional analysis based on pertinent process parameters such as peak
current, pulse duration, electric polarity, and properties of materials. In addition, the parameters of
the model have been fitted based on the experimental data generated by the DOE procedures.
The final results have shown that the model is dependent on work and tool materials; therefore
constant parameters cannot be used for various work and tool materials. According to the best-
fitting results on the verification cases, the error analysis shows that the model is reasonably accur-
ate.

Compared to all the empirical models published in the literature, the current semi-empirical



1474 K.-M. Tsai, P.-J. Wang / International Journal of Machine Tools & Manufacture 41 (2001) 1455–1477

model is mainly based on the thermal, physical, and electrical properties of the work and the
tools plus pertinent process parameters. Once the parameters of the model have been determined
experimentally for a given work and tool, the model should be able to give reliable predictions
under various process conditions. Of course the model is not completely theoretical, but the poten-
tial of this model could be further explored if the basic phenomena of the EDM process are better
understood in the future.

Appendix A. Derivation of the dimensionless product

The dimensional formula for surface finish of work can be written as:

[L]a[I]b[T]c[ML2T −3][q]e[M−1L−3T 3I2]f[L2T−2q−1]g[MLT −3q−1]h[ML−3]i[L2T −2]j (A1)

�[M0L0T 0q0I0].

By equating the powers of the fundamental units on both sides of Eq. (A1), a set of simultaneous
linear equations are obtained which can later be solved to calculate the magnitudes of these
constants. The values of the power indexes on the dimensional parameters are listed in Table A1.
Based on the homogeneous linear algebraic equations for the dimensions, the coefficients are the
numbers in the rows of the dimensional matrix. The simultaneous equations can be written as:

�
d−f+h+i=0

a+2d−3f+2g+h−3i+2j=0

c−3d+3f−2g−3h−2j=0

e−g−h=0

b+2f=0

. (A2)

Now, rewrite Eq. (A2) into a matrix form,

AX�C, (A3)

where

Table A1
Dimensions of parameters on surface finish of work

Index a b c d e f g h i j
Factor Ra Ip ton E Tv s Cp 	 r Hv

Dimension
M 0 0 0 1 0 �1 0 1 1 0
L 1 0 0 2 0 �3 2 1 �3 2
T 0 0 1 �3 0 3 �2 �3 0 �2
q 0 0 0 0 1 0 �1 �1 0 0
I 0 1 0 0 0 2 0 0 0 0
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A�	
−1 0 1 1 0

−3 2 1 −3 2

3 −2 −3 0 −2

0 −1 −1 0 0

2 0 0 0 0


, X�	
f

g

h

i

j


.

Solving Eq. (A3) for the five independent dimensionless products gives:

1. Assign a=1, b=c=d=e=0 and substitute into Eq. (A3), then

C�[0 −1 0 0 0]T, X�[0 1 −1 1 1/2]T. (A4)

2. Assign b=1, a=c=d=e=0 and substitute into Eq. (A3) then

C�[0 0 0 0 −1]T, X�[−1/2 3/2 −3/2 1 0]T. (A5)

3. Assign c=1, a=b=d=e=0 and substitute into Eq. (A3) then

C�[0 0 −1 0 0]T, X�[0 1 −1 1 1]T. (A6)

4. Assign d=1, a=b=c=e=0 and substitute into Eq. (A3) then

C�[−1 −2 3 0 0]T, X�[0 2 −2 1 −1/2]T. (A7)

5. Assign e=1, a=b=c=d=0 and substitute into Eq. (A3) then

C�[0 0 0 −1 0]T, X�[0 1 0 0 −1]T. (A8)

The coefficients of the independent dimensionless products are arranged in Table A2. The com-
plete set of dimensionless products is now rewritten as follows:

Table A2
Results of dimensional analysis

p1 p2 t3 t4 t5

a 1 0 0 0 0
b 0 1 0 0 0
c 0 0 1 0 0
d 0 0 0 1 0
e 0 0 0 0 1
f 0 �0.5 0 0 0
g 1 1.5 1 2 1
h �1 �1.5 �1 �2 0
i 1 1 1 1 0
j 0.5 0 1 �0.5 �1
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RaCprH1/2
v

	
=

RaH1/2
v

a

p2=
IpC3/2

p r
s1/2	3/2=

Ip

s1/2r1/2a3/2

p3=
tonCprHv

	
=
tonHv

a

p4=
EC2

pr
	2H1/2

v

=
E

ra2H1/2
v

p5=
TvCp

Hv

=Ja

. (A9)

Note that Ja is the Jacob number and a=	/(rCp) is the thermal diffusivity. The relation between
the above dimensionless products can now be equated as:

p1�f(p2, p3, p4, p5). (A10)

By substituting (A9) into (A10), the complete dimensional equation is as follows:

RaH1/2
v

a
�A1� Ip

s1/2r1/2a3/2�a1�tonHv

a �b1� E
ra2H1/2

v
�c1

(Ja)d1 (A11)

which can be rewritten as:

Ra�A1� aH1/2
v
�� Ip

s1/2r1/2a3/2�a1�tonHv

a �b1� E
ra2H1/2

v
�c1

(Ja)d1. (A12)
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