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Abstract

Tool wear inevitably occurs during electrical discharge milling (ED milling), adversely affecting the form precision of machined
features. Specifically, radial tool wear negatively influences copying precision. In this study, electrical discharge ablation milling
(EDA milling) with a microcutting depth was investigated to improve the machining precision of discharge milling. In the
proposed method, the cutting depth of a single layer was kept at the micron level, which is smaller than the discharge gap, and the
electrode was set to a fast feeding rate at a constant speed. The microcutting depth of a single layer made the discharge
concentrate at the end of the electrode while avoiding the side. Under this method, radial tool wear is prevented to realize
high-precision discharge milling. The discharge state and high-precision mechanism of the proposed method were analyzed.
Contrast experiments were conducted to compare conventional electrical discharge milling (ED milling), conventional electrical
discharge ablation milling with a large cutting depth (EDA milling with a large cutting depth), and EDA milling with a
microcutting depth. Results indicated that when peak current was 30A (pulse duration was 150 ps and pulse interval was 120
us), the machining efficiency of the proposed method (18.8 mm?>/min) was 9.5 times that of ED milling (1.97 mm?>/min) and was
62% higher than that of EDA milling with a large cutting depth (11.6 mm®/min). Besides, the surface quality and cross-sectional
shape precision of the straight groove were significantly improved compared with EDA milling with a large cutting depth.

Keywords Electrical discharge machining (EDM) - Microcutting depth - Rapid feed - Electrical discharge ablation milling (EDA
milling) - High precision

1 Introduction

Electrical discharge milling (EDM) is a suitable method for
machining complex geometric shapes and difficult-to-cut ma-
terials by conventional mechanical processing [1]. The ap-
proach is widely applied in aerospace, military, automotive,
instrumentation, medical equipment, and micro-machinery
manufacturing fields [2].

Thermoelectric heating during EDM can erode electrodes,
resulting in tool wear, which directly affects machining preci-
sion [3]. The ratio of the electrode discharge area to the ma-
chining surface area in ED milling is considerably smaller
than that in die-sinker EDM. Thus, tool wear exerts an
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increased impact on machining precision when the tool wear
rate is the same. Numerous local and foreign studies have been
conducted on the tool wear of EDM over the years.

To determine the mechanism of tool wear, Mohri et al. [4]
conducted a study on the change in electrode shape over time
by online measurement. Kunieda and Kobayashi [5]
employed spectroscopy to measure the rate of tool wear dur-
ing EDM by detecting the electrode material vaporization
density. Tool wear was reduced by prolonging the discharge
time, which was conducive to depositing a thickened carbon
film on the electrode surface, effectively preventing tool wear.
Cheong et al. [6] pointed that the reverse current caused by
oscillation when using an RC circuit worsened the relative
wear ratio of the tool. Wang et al. [7] proposed a method to
analyze a reverse current flow in micro-EDM process during
the counting and monitoring of pulses in order to reduce the
tool electrode wear. For the prediction modeling of tool wear,
Bissacco et al. [8] estimated tool wear on the basis of the
amount of the workpiece material removed per discharge
and verified its reliability. Zarepour et al. [9] established a
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prediction model by regression analysis and obtained the op-
timal factor level. Zhang et al. [10] performed a two-
dimensional geometric simulation of a cylindrical electrode
for micro-EDM to explain and predict the formation of ta-
pered electrodes, which was used to optimize compensation
parameters to avoid insufficient or excessive compensation.
Pei et al. [11] subsequently proposed a tool wear model based
on electromagnetic field theory. This model predicted the dis-
charge area by replacing the distance between the electrodes
with the intensity of the electric field, and the prediction was
more accurate. The method to compensate for tool wear to
improve the precision of EDM has also been studied. Bleys
etal. [12] compensated tool wear in real time by using sensors;
simulation and experiments were then conducted by Bleys
et al. [13] for verification. Bellotti et al. [14] developed an
adaptive tool wear compensation strategy by combining tradi-
tional linear compensation method and tool wear sensing, and
the method was validated for an industrially relevant case. Yu
etal. [15] proposed a method for the uniform compensation of
micro-EDM tool wear, adopted layer-by-layer processing, and
performed quantitative feed compensation for each layer
through the Z axis, ultimately achieving complex workpiece
processing. On the basis of the aforementioned study, Yu etal.
[16] proposed a method combining linear compensation and
uniform consumption and then established a theoretical mod-
el. Experimental results showed a reduction in tool wear.
Liang et al. [17] proposed a self-repair method and a profile
error compensation method of the tool electrode wear to im-
prove the processing accuracy. The self-repair method was to
plan and control the rotation motion of the tool electrode for
maintaining its shape. The profile error compensation method
was to modify the Z coordinate of the tool electrode for de-
creasing the machining error. Li et al. [18] found that the
actual erosion depth was collectively determined by discharge
energy, layer thickness and scanning speed. They proposed
scanning speed adjusted with layer (SSAL) strategy based on
the established mathematical model of erosion depth and the
depth error was reduced in layer-by-layer micro-EDM.
Previous research has identified certain advantages, but
there are still disadvantages. Electrical discharge milling used
to be strongly affected by high-speed milling because of low
efficiency. This problem has recently been solved and consid-
erable potential in aerospace and mold manufacturing with the
proposed of Blue-Arc technology, combined high-speed
EDM miilling and arc machining [19], blasting erosion arc
machining [20], electrical discharge ablation machining [21],
and combined machining technology [22]. However, most
studies on tool wear have focused on micro-EDM; research
on tool wear in conventional size discharge milling has rarely
been reported. Second, tool wear in discharge milling includes
end wear and side wear, as shown in Fig. 1. End wear reduces
the axial length of the electrode, affecting the dimensional
accuracy of machining. Side wear leads to a change in
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Fig. 1 The different kinds of tool wear

electrode shape, mainly influencing the shape precision of
machining. Even with the application of compensation tech-
nology, which has been proposed in earlier reports, it can only
compensate for end wear in conventional size ED milling; the
lower shape precision caused by side wear cannot be solved.

In this study, a hollow porous copper electrode was used to
perform EDA milling with microcutting depth technology.
The proposed method has two characteristics: @) The cutting
depth of a single layer was set smaller than the discharge gap,
which could not be realized in conventional ED milling. 2)
The electrode was set to a fast feeding rate at a constant speed
during whole processing, which was obviously different from
the servo feed of electrode according to the state between
electrodes in conventional ED milling. The efficiency of the
proposed method was increased exponentially relative to that
of conventional ED milling. Radial tool wear caused by side
discharge during conventional EDA milling with a large cut-
ting depth was overcome by the proposed technology, and
copying precision was greatly improved.

2 Design of the experiment

2.1 Basic principle of EDA milling with a microcutting
depth

To evaluate the cutting depth parameters under EDA milling
with a microcutting depth, the manual feeding and hover func-
tions of the EDM tool were used to detect the discharge gap of
EDA milling under the following experimental conditions:
peak current, 15 A; pulse duration, 150 us; pulse interval,
120 ps; oxygen pressure, 0.25 MPa; water pressure, 0.23
MPa. The measurement method was as follows: (1) For tool
setting, the Z-coordinate was cleared. (2) The electrode was
pulled to 120 wm from the zero point of the Z axis. (3 The
hover mode was selected, the pulse power supply was turned
on, and the feed speed was adjusted to the micron level. The
electrode was manually fed until normal discharge was
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observed (as determined from the discharge voltage waveform
displayed by the oscilloscope and the discharge frequency
displayed by the pulse counter). @ The pulse power supply
was turned on, and the Z axis value at this time was recorded.
The absolute value of the Z axis was considered as the dis-
charge gap under the parameter. Measurement was conducted
10 times, and the average measurement was used to determine
the discharge gap (26 pm).

The cutting depth of a single layer under EDA milling with
a microcutting depth was controlled at the micron level to
ensure that it was smaller than the discharge gap (26 pm).
Thus, the electrode was suspended above the workpiece dur-
ing machining. The risk of a side wall collision between the
electrode and the workpiece was then avoided. After a large
number of experimental trials, in this study, the cutting depth
of a single layer of 10 pm was used under EDA milling with a
microcutting depth. The electrode was set to a fast feeding rate
at a constant speed (after multiple trials in the early stage,
maximum machining efficiency was achieved under the fol-
lowing conditions: cutting depth of a single layer, 10 pum;
constant feed rate, 10 mm/s; no continuous short-circuit dur-
ing stable machining for 60 min). Simultaneously, the high-
pressure mixed aerosol dielectric of water and oxygen entered
the machining area through the inside of the hollow electrode.
The spark discharge was concentrated toward the end face of
the electrode. The discharge point of the metal material
reached the ignition point under high-temperature spark dis-
charge. Intense oxidized combustion reaction occurred be-
tween the molten metal and oxygen, which effectively ablated
the workpiece material. The relationship between the cutting
depth of the single-layer / and the discharge gap D is illustrat-
ed in Fig. 2.

2.2 Experimental setup
The experimental system is presented in Fig. 3 in accordance

with the basic principle described in a previous section.
During the process, high-pressure oxygen and high-pressure

Feed direction

Electrode (—) Aerosol dielectric

Machined surface

Surface to be cut

Fig. 2 Relationship between the cutting depth of single-layer / and the
discharge gap D

water flow continuously into the atomizing nozzle and are
mixed inside the nozzle to form aerosol dielectric, which is
injected into the machining area via the hollow electrode. The
atomizing device and electrode are fixed on the spindle of the
machine tool. The electrode is a round hollow porous copper
electrode with an outer diameter of 3 mm. A data acquisition
unit is used to record and analyze the discharge waveform.

2.3 Experiment content and parameters

Conventional ED milling, EDA milling with a large cutting
depth, and EDA milling with a microcutting depth were used
to machine the straight groove under similar experimental
conditions to verify the superiority of EDA milling with a
microcutting depth to the other techniques. The cutting depth
of a single layer under ED milling was set to 0.3 mm and that
under EDA milling with a large cutting depth was set to 1 mm
for high-efficiency EDA milling. The electrode feed (X direc-
tion) under these two methods was servo-fed by average volt-
age detection. Under EDA milling with a microcutting depth,
the cutting depth of a single layer was set to 10 pum, and the
electrode was suspended above the workpiece at a fast speed
(constant at 10 mm/s). The experimental parameters are listed
in Table 1.

3 Mechanism of EDA milling
with a microcutting depth

3.1 Discharge state

The waveforms recorded by the data acquisition unit were
analyzed to obtain the discharge waveform composition of
two types of EDA milling, as shown in Fig. 4. EDA milling
with a microcutting depth includes three types of discharge
states: discharge ablation state, short-circuit state, and open-
circuit state. The discharge ablation state was a normal pro-
cessing state, comprising 56%. The workpiece material was
quickly removed in this state. During the electrode fast feed-
ing process, the thickness of the ablated material was greater
than the cutting depth of the single-layer / (Fig. 5). When the
level of energy was too high, there was a high probability of
an open-circuit state when the next layer was milled here.
From the above section, ablation reaction formed a large
amount of energy; thus, the frequency of this occurrence
was considerably high, resulting in an open-circuit state,
which comprised 42%. Moreover, the electrode was
suspended above the workpiece because the discharge gap
was greater than the cutting depth of the single layer.
Ideally, no short-circuit should occur during processing.
However, in actual processing, the huge ablation energy pro-
duced large-scale ablation products, which passed between
the workpiece and the electrode during removal, and a short
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Fig.3 Details of the experimental
setup
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circuit occurred at the overlap joint of both ends of the elec-
trode, as shown in state A (dashed line in Fig. 6). The elec-
trode and workpiece were staggered away from each other
quickly (state B in Fig. 6) because of the rotation and fast feed
of the electrode; thus, the short-circuit state between the elec-
trodes was brief.

The short-circuit state rate of EDA milling with a large
cutting depth was 22%. By contrast, EDA milling with a
microcutting depth had a short-circuit rate of only 2% because
of the small cutting depth and short-circuit self-recovery
(shown in red in Fig. 4). EDA milling with a microcutting
depth substantially reduced the state of short-circuit and

Workpiece (+)

Liquid inlet

Atomization

Liquid
device

Rotary motor

unstable discharge and increased the probability of normal
discharge (shown in dark green in Fig. 4), improving the uti-
lization rate of ablation energy and greatly improving the ma-
chining efficiency.

3.2 Mechanism of high precision

The cutting depth of the single layer was larger than the dis-
charge gap under EDA milling with a large cutting depth and
conventional ED milling. Thus, spark discharges occurred at
the end and sides of the electrode. The discharge position
diagram of EDA milling with a large cutting depth is

Table 1 Experimental parameters
Items EDA milling with a microcutting depth EDA milling with a large cutting depth ED milling
Workpiece Hardening die steel Crl2; density 7.87 g/mm’
Pulse parameters Pulse duration: Pulse interval = 150 ps:120 pus
Current 30A
Polarity Positive polarity (workpiece is
connected to the anode)
Machining depth 2 mm
Electrode Hollow porous copper tube
electrode; density 8.9 g/mm3;
outer diameter 3 mm; rotating
speed 150 r/min
Water parameters 0.23 MPa; continuous supply
Gas parameters Industrial oxygen Industrial oxygen (purity 99.5%); No gas
(purity 99.5%); pressure 0.25 MPa; pressure 0.25 MPa; continuous supply
continuous supply
Cutting depth of single layer 10 pm 1 mm 0.3 mm

Electrode feed

10 mm/s constant speed feed

Servo feed with average voltage detection

Servo feed with average
voltage detection
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Fig. 4 Proportion of discharge state. a EDA milling with a large cutting depth. b EDA milling with a microcutting depth

presented in Fig. 7a. Side discharge was the primary means of
removing the material, resulting in substantial tool wear along
the side of the electrode. Large non-uniform loss formed
round corners at the electrode end (Fig. 8a and b). The shape
precision was affected, and the desired processing effect was
not achieved. Moreover, compensating for the tool was ex-
tremely difficult because of the non-uniformity of tool wear.
For EDA milling with a microcutting depth, the cutting depth
of a single layer was less than the discharge gap; thus, tool
wear mainly occurred at the end of the electrode. The shape of
the electrode remained cylindrical (Fig. 8c). Shape precision
of the machined groove was ensured.

4 Results and discussion
4.1 Analysis of MRR
The MRRs achieved using the three processing methods are

presented in Fig. 9. EDA milling with a microcutting depth
exhibited the highest MRR (18.8 mm?>/min), which was 62%

:“Feed direction

Aerosol

Electrode (—)

Combustion zone
( Thicker than /)

Fig. 5 Relationship between the thickness of ablated material and the
cutting depth of single-layer /

higher than that of EDA milling with a large cutting depth
(11.6 mm>/min). Conventional ED milling showed the lowest
MRR (1.97 mm*/min), failing to meet the requirements of
efficient machining.

The new energy (chemical oxidation energy) released from
the combustion of materials was used in the two types of EDA
milling. Thus, the MRR of EDA milling was much higher
than that of ED milling, which only relied on pulse power
energy.

According to the analysis in Section 3.1, the short-circuit
rate of EDA milling with a microcutting depth was only 2%
because of the microcutting depth and short-circuit self-recov-
ery. Thus, the probability of normal discharge was increased,
and machining efficiency was improved. Meanwhile, the dis-
charge combustion area of EDA milling with a large cutting
depth was mainly in front of the electrode along the feeding
direction (Fig. 10a). Most aerosol media flowed from the op-
posite direction of electrode feeding because of the blocking
effect of the workpiece in this area, resulting in a significant
reduction in oxygen passing through the combustion area and
a corresponding reduction in ablation efficiency. The dis-
charge combustion area of EDA milling with a microcutting
depth was concentrated at the bottom of the electrode (Fig.
10b). The mixed aerosol medium with oxygen almost entirely
flowed through the combustion area, and oxygen was fully
used. Consequently, the MRR of EDA milling with a

Feed direction

B: Current state] < ————

i
N \')

Electrode (—) NN |

Ablation product

Fig. 6 Schematic of short-circuit self-recovery
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a Feed direction

====_>(Turn back direction)

=

b Feed direction

Fig. 7 Schematic of the discharge position. a EDA milling with a large cutting depth. b EDA milling with a microcutting depth

microcutting depth was 1.6 times higher than that of EDA
milling with a large cutting depth.

4.2 Analysis of RTWR

ED milling showed the highest RTWR (Fig. 9), and both types
of EDA milling exhibited almost equal RTWRs. Numerous
metal materials melted under the large amount of energy pro-
duced by combustion oxidation reactions. The electrode was
protected and compensated by a portion of the molten metal
and product that could not be removed. Therefore, machining
with ablation reaction exhibited a lower RTWR than that of
ED milling.

Fig. 8 SEM diagram of the
electrode shape obtained using
three different methods. a
Conventional ED milling. b EDA
milling with a large cutting depth.
¢ EDA milling with a
microcutting depth (note: Shot
after machining with a depth of
2 mm under the conditions listed
in Table 1)

$-4800 20.0kV 8.0mm x30 SE(M)

4.3 Cross-section shape precision analysis of straight
groove

The cross-section shapes of the straight groove machined
using two types of EDA milling are presented in Fig. 11a
and b. The shape precision achieved by EDA milling with a
microcutting depth was markedly higher than that by EDA
milling with a large cutting depth. As described in
Section 3.3, EDA milling with a large cutting depth resulted
in a relatively significant side tool wear; thus, the electrode
discharge position on the edge showed large non-uniform loss
and formed a rounded corner, affecting the shape precision of
the workpiece. EDA milling with a microcutting depth result-
ed in tool wear main at the end of the electrode, which

1.00mmj S-4800 20.0kV 8.0mm x30 SE(M)

S-4800 20.0kV 8.0mm x30 SE(M)

@ Springer



Int J Adv Manuf Technol (2021) 113:1717-1725

1723

Method 1: ED milling U
Method 2: EDA milling with a large-cutting depth ///g MRR
Method 3: EDA milling with a microcutting depth k\\\ RTWR 45
204 1 )
4 18.8 140
18 1
16 - -3.5
) 14 H —3.0
M‘\E 124 H25 a
g =
E 10+ 1,.72
420
é =X
S
= -
o] 1.33 1.26 ] 15
- 1.0
44 J
o V2 0.0
Method 1 Method 2 Method 3
Methods

Fig. 9 MRR and RTWR under the three different methods

remained cylindrical. The shape precision of the machined
groove was ensured.

4.4 Analysis of surface quality

The SEM image of the surface morphology of the bottom of
the straight groove machined using the three methods are
shown in Fig. 12. A large amount of metal was molten and
removed from the machining area under the action of high-
pressure aerosol medium under the two types EDA milling.
The molten metal that was not promptly removed was cooled
by the acrosol medium and solidified on the machined surface.
EDA milling with a large cutting depth had a large cutting
depth of the single layer. The electrode feed rate was low
and stayed in one place for an extended time, allowing the
molten metal to accumulate in the electrode discharge arca
and the re-solidified block to increase in size and thicken
(Fig. 12a). EDA milling with a microcutting depth had a

a Feed direction

===="> (Turn back direction)

Aerosol
Electrode (—)

Combustion zone

microcutting depth of a single layer. The electrode feed speed
was fast, and the heat source quickly left the ablation area. The
molten metal was long and thin along the feed direction of the
electrode, rendering the re-solidified block particularly thin
and flaky (Fig. 12b).

Conventional ED milling relies on pulse power supply en-
ergy to remove materials. The machined surface had clear
discharge pits and a small amount of re-solidified block
(Fig. 12c¢).

Figure 13a presents the SEM image showing the surface
morphology of the side of the straight groove machined by
EDA milling with a large cutting depth. During processing,
the discharge ablation reaction between the side of the elec-
trode and the side wall resulted in a large number of re-
solidified marks, and the size and thickness of the re-
solidified block were greater than those of the bottom surface.
The SEM image showing the surface morphology of the side
of the straight groove machined by EDA milling with a
microcutting depth is presented in Fig. 13b. During process-
ing, no discharge ablation reaction occurred on the side wall,
and the molten metal produced on the bottom surface passed
through the side wall during removal and partly re-solidified
on the side wall. Therefore, some re-solidified marks were
observed on the surface of the side wall, but they were sub-
stantially reduced relative to those of the bottom surface.

5 Conclusion

In this study, EDA milling with a microcutting depth was
proposed. The cutting depth of a single layer was less than
the discharge gap, and spark discharge mainly occurred at the
end of the electrode. The machining performance achieved
was examined and compared with ED milling and EDA mill-
ing with a large cutting depth. The following are the conclu-
sions drawn from the results of the study.

b Feed direction

S
i

Aerosol
Electrode (—)

Combustion zone

Fig. 10 Schematic of the aerosol medium flow direction and combustion area. a EDA milling with a large cutting depth. b EDA milling with a

microcutting depth
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Fig. 11 Comparison of the shape
accuracy of the straight groove
cross-section. a EDA milling with
a large cutting depth. b EDA
milling with a microcutting depth

Fig. 12 SEM diagram of the
bottoms of straight groove
obtained using three different
methods. a EDA milling with a
large cutting depth. b EDA
milling with a microcutting depth.
¢ Conventional ED milling

Fig. 13 SEM diagram of the side
wall of straight groove obtained
using three different methods. a
EDA milling with a large cutting
depth. b EDA milling with a
microcutting depth
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The machining state of the proposed method included
normal discharge, short circuit, and open circuit. The
short-circuit rate was considerably reduced because of
the microcutting depth and short-circuit self-recovery,
which improved the probability of normal discharge.
Under the same experimental conditions, the MRR of the
proposed method (18.8 mm>/min) was 9.5 times that of
ED milling (1.97 mm®/min) and increased by 62% rela-
tive to that of EDA milling with a large cutting depth
(11.6 mm*/min).

The RTWR of the proposed method (1.26%) and EDA
milling with a large cutting depth (1.33%) were almost
the same.

The tool wear of the proposed method was axial loss, and
the shape of the electrode remained cylindrical. The
cross-section shape precision of the processed straight
groove was significantly improved.

The proposed method is a high-precision machining
technology. The technique improved the shape accuracy
of the workpiece while maintaining high efficiency.
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