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Abstract Electric discharge machining (EDM) is commonly used to machine
precise and tiny parts when conventional cutting methods face difficulty in meeting
productivity and tolerance requirements. Die-sinking EDM works well to machine
micro-parts and perpendicular walls of die and molds, whereas EDM drilling is
excellent for machining deep and narrow holes regardless of material hardness and
location. However, EDM electrode wear is rapid compared to conventional cutting
and makes it difficult to control the electrode feed and machine precisely. This
paper presents an efficient method to estimate electrode wear through a hole pass-
through experiment while a stochastic method is adopted to compensate the
estimation model. To validate the proposed method, a commercial EDM drilling
machine was used. The experimental results show that the electrode wear amount
can be predicted acceptably.

1 Introduction

EDM (Electric Discharge Machining) is widely used in manufacturing mechanical
parts, molds, die, and aerospace parts when it is difficult to machine via conven-
tional cutting methods. EDM can be classified according to its electrode; die-
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sinking EDM uses a machine-feature shaped electrode and EDM drilling uses a
round, hollow electrode. Due to Computer Numerical Control (CNC) integration
into EDM, the electrode motion is controlled precisely and micro-feature
machining is possible regardless of material type.

Since productivity and quality depend upon EDM conditions, many studies
have been carried out to discover reciprocal relationships. The EDM condition
effects and discharge oil on machining quality have been studied experimentally
[1, 2]. However, EDM parameter interaction is correlated therefore more complex
methods, such as Taguchi method [3] and fuzzy theory [4], are utilized for anal-
ysis. Hybrid methods were studied to enhance EDM quality; Jia et al. [5] combined
laser and EDM to increase straightness and Kremer et al. [6] studied ultrasonic
vibration [6]. Recently, EDM was applied to micro-feature machining [7-10] and
EDM drilling is preferred over conventional drilling for machining deep and tiny
holes. Many applications are possible, such as air coolant holes in turbine blades,
start holes of wired EDM, injection nozzle holes, to name a few. EDM drilling
may make micro-hole drilling easier but debris should be removed efficiently for
successful EDM. Much research has reported on the relationship between product
characteristics and debris elimination methods [11-13].

Together with EDM condition optimization, electrode wear is also a significant
consideration in EDM drilling. The electrode of EDM drilling wears out rapidly
compared to that of a conventional cutting tool. Mohri et al. [14] analyzed elec-
trode wear against machining time and showed the electrode wear rate (EWR)
might reach an equilibrium state. Electrode wear makes it difficult to precisely
control electrode motion. EWR can be estimated by a hole pass-through experi-
ment while the wear amount is calculated via hole depth and total machining feed
amount. However, EWR depends on the EDM environment. An accurate esti-
mation model might offer basic information for efficient machining in EDM
drilling as well as die-sinking EDM. Thus, this paper presents an electrode wear
estimation method while the model is adjusted according to EDM conditions. The
paper is organized as follows: Sects. 2 and 3 present the EWR estimation model
and its compensation methods. Section 4 contains the proposed method which is
validated through a discharge experiment. Finally, Sect. 5 presents the conclusion
as well as possible future extensions of the proposed method.

2 Electrode Wear Estimation
2.1 EDM Drilling

EDM drilling differs from die-sinking EDM in that it machines deep holes via a
hollow electrode and spindle rotation in order to remove debris. The negative
effects of debris are well known [1]: disturbance of dielectric oil flow, quality
deterioration caused by second discharge, electrode wear promotion, etc.
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Fig. 1 EDM drilling illustration

Therefore, effective debris removal in EDM drilling, via high-pressure discharge
oil and spindle rotation, determines if machining of deep and tiny holes is suc-
cessful. An EDM drilling illustration is shown in Fig. 1.

2.2 EDM Drilling

Unlike a general-purpose drill, EDM drilling machines a deep hole via oil dis-
charge from a thin, hollow electrode. The discharging process causes severe
electrode wear and the electrode wear amount depends on the EDM conditions and
machining time. The initial vertical cross section of the electrode is rectangular
and wears down into a round cone-like shape (Fig. 2). The variation in electrode
edge shape leads to different electrode wear. The electrode wear rate (EWR) can
be evaluated by dividing the wear amount (D-T) by hole depth (T) where D is the
distance the electrode passes through the hole (Fig. 3). EWR is

(a) (b)

initial length discharge engaged area

wear amount

flat cone type

Fig. 2 Shape of electrode tip according to discharge, a initial shape, b converged shape
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However, the electrode wear amount varies according to machining time and
hole count though the EDM conditions remain the same. As shown in Fig. 2, the
electrode shape changes and therefore affects efficiency. The wear amount
increases in proportion to the hole machining and convergence. The convergence
speed may differ with the EDM environment but the wear amount pattern is
analogous with Fig. 4b. Therefore, the electrode wear model should reflect the
wear pattern even when multiple holes are machined. The electrode wear model
can be transformed into Eq. (2) and the total wear amount can be calculated with
Eq. (3) where o, and 4, are the coefficients and n equals the hole machining count.

wp(n) = o, (1 — e~™") (2)

W(”l) = Zn_ Wn(i)
. | )
- Zi:l o, (1 — e ")

The hole machining count (n) can be converted into time by dividing the wear
amount with the machining time (Fig. 4b). Thus, Eqs. (2) and (3) may be
substituted with Egs. (4) and (5), respectively.
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Fig. 4 Electrode wear amount and wear ratio, a electrode wear amount, b electrode wear rate
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wi(n) = oy (1 — e ") 4)

W(n) = Z:l:l /t w,(n) dt

" (5)
R~ / (1 — e ™) dt + ¢
0
To find the electrode wear amount for the nth hole machining, w,(n), subtract
the wear amount until the (n — 1)th hole machining (W(n — 1)) from the wear
amount until the nth hole machining (W(n)). The equation for w,(n) is

W(n)—Wn-—1)

/ " o) / " ) »

On

wy(n)

dt —
= w,(n) dt

On-1

3 Stochastic Compensation Method

Real time measurement of the electrode wear amount is almost impossible so an
estimation model is used instead to predict the machining state. Moreover, the
EDM conditions affect the electrode shape causing different machining situations
as well as different electrode wear. Consequently, the proposed estimation model
in Egs. (2) and (4) requires adjustment.

Considering that the EWR of the current hole machining is not influenced by
the electrode wear history, but only the previous electrode shape, the estimation
model can be compensated using the discharge time (7) until the (n — 1)th hole
machining and machining time (,,) for the current hole (nth). In other words, the
EWR of the (n + 1)th hole is estimated using Eqs. (7) or (8) and the estimation
model is compensated again for the EWR of the (n + 2)th hole.

()

i _wi(n)
% = (1—e=7nm)

wu(n) = o, (1 — e™") }

wi(Ty 4 1) = (1 — e~ HTsFim)

i Wil ) (8)
OCn - (1 — e_/il(Tx‘"tm)



530 C.-S. Lee et al.

00000000000 10™iterdridn
00000000000 IPitera
000QLO00000
. QOCOO000000
Machising_ 00000000000

eror *00000

7]

00000000000
©O000000000
©O000000000 37 iterafo
00000000000 Miterafo
©O000000000 1™ iterago

Testing bole O

Fig. 5 EDB-435F EDM machine and estimation experimental results

4 Experiment and Results

Experiments were carried out to validate the proposed electrode estimation model
using a commercial EDM drill EDB-435F of KTC Co. Ltd (Fig. 5). The electrode
is copper and its outer (inner) diameter is 30.7 (30.25) mm. The EDM conditions
are shown in Table 1. For the electrode wear model, an off-line experiment was
carried out to obtain the reference curve of the electrode wear while 10 identical
holes were machined with a new electrode 10 times each. 11-hole machining was
used for automatic data collection. As shown in Table 2, the electrode wear
amount and machining time increases, converging on the constant wear amount
and ratio. The electrode wear models using the averages are

wp(n) = 2.497(1 — e 1-132m) 9)

wi(n) = 0.238(1 — ¢ 0:099) (10)

Table 1 Discharge conditions

Discharge parameters Values
Electrode diameter (inner) (mm) ¢ 0.7 (¢ 0.25)
Duty ratio Ton(mSec) 28

Tor(mSec) 10
Current (A) 12.2
Discharge voltage Min (V) 10.5
range Max (V) 20.7
Capacitance (uF) 0.18
Spindle speed (RPM) 1,450
Feed rate (mm/min) 60

Material (thickness) SKD-11 (5t)
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Fig. 6 The electrode wear estimators: dots are the actual wear amounts (ratios) and solid lines
are fitted curves

Three times machining with10t workpeice affected region after discharging 10t

affected region after discharging 5t

Fig. 7 Three discharges were carried out to compensate the estimation model and the electrodes
are compared after 5t and 10t workpieces are machined

The square sums of the estimation errors are 0.191 and 0.602 respectively, and
Fig. 6 shows the fitted curves. An additional experiment was carried out to ensure
the wear models share the same EDM conditions while the workpiece thickness
was changed to 10t (Fig. 7a). As shown in Table 3, the difference between esti-
mation and actual wear amount is large during the first hole machining, which was
caused by the longer engaged discharge area (Fig. 7b). Thus, the changed EDM
environment is reflected in the estimation model (reference curve). Comparing the
converging speed of the two models, the wear ratio based model [Eq. (4)] is more
efficient. Table 3 shows that the estimation error is decreased by Eq. (8), and is
less than 3 % after the third compensation.
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5 Conclusion

Electric discharge machining is widely used to manufacture precise parts. Com-
pared to conventional cutting, the EDM electrodes wear out more. The electrode
wear amount of micro-EDM drilling is greater, making it difficult to control
electrode feeding. Therefore, this study proposes an electrode wear estimation
model and compensation method using a hole pass-through experiment. First, the
exponential wear curve is fitted to the machining hole count based model and
machining time based model. After that two models are compensated in accor-
dance with the EDM environment, the memory-less property is adopted.

The proposed methods were validated by machining the holes with a com-
mercial micro-EDM drill. The experiments show that the machining time based
model more rapidly converges. After three compensations, the model estimates the
electrode wear ratio within a 3 % error margin. A future study may apply the
proposed method to blind hole machining when high accuracy is required.
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