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Abstract

In order to improve the machining characteristics, rotational electrode has been widely used in machining micro holes in electrical
discharge machining (EDM). In the current work, a high spindle speed EDM was employed for machining holes, and the effect of
the rotating speed on the material removal rate, electrode wear, and the taper of the hole was studied. Fluent software was used to
simulate the flow field of the working gap medium at different rotating speeds of the tool electrode, and the velocity field of the
working gap medium and the distribution of the discharge debris particles in the working gap at different rotating speeds of the
tool electrode were investigated. The results show that increasing the rotating speed of the tool electrode brings higher removal
rate and lower electrode wear and taper of the hole. This is because increasing the rotating speed of the tool electrode can promote
the flow velocity of the working gap flow field, and the efflux velocity of working liquid containing discharge debris particles is
speeded up.

Keywords Micro electrical discharge machining - Non-contactelectric feeding - High electrode rotational speed - Material removal

rate - Electrode wear

1 Introduction

With the development of aeronautics and astronautics, the
demands of the fuel injection system of aero-engine and the
blade air film cooling holes are increasing [1, 2]. Electrical
discharge machining (EDM) is one of the common methods of
micro hole machining. However, with the increase of the ma-
chining depth of the micro holes, the discharge debris particles
produced in the process cannot be removed from the working
gap in time. It is easy to cause localized discharge or even
short circuit, resulting in difficult processing. In order to im-
prove the machining performance of micro holes in EDM, the
removal efficiency of the discharge debris particles in micro
hole machining must be improved. At present, researchers
have adopted many methods to promote the removal efficien-
cy of the discharge debris particles, such as the combination of
electrode rotation, ultrasonic vibration auxiliary, electrode
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jump motion, or the injection and suction flushing method
using tubular electrode [3].

Soni et al. [4] and Cyril et al. [5] conducted micro hole
machining using the rotating tool electrode in micro EDM.
The results showed that the tool electrode rotation could im-
prove the material removal rate significantly. However, the
tool electrode rotational speed used in the above study was
limited to hundreds of revolutions per minute. Tong et al. [6]
and Zhang et al. [7, 8] introduced the ultrasonic vibration to
the workpiece in micro drilling EDM, which improves the
material removal rate. But the micro-amplitude vibration of
the workpiece was realized by applying high-frequency sine-
wave voltage to drive a piezoelectric (PZT) actuator, which
increased the complexity of the device. Masuzawa and
Heuvelman [9] studied the electrode jump motion in micro
drilling EDM. The results showed that using the electrode
jump could improve the speed of the medium fluid in the
gap. But the frequent electrode jump in unit time would reduce
the discharge time. The injection and suction flushing method
using tubular electrode [10, 11] can make the medium of the
working gap flow faster. However, micro EDM is based on
micro electrodes, and considering the limits of its electrode’s
scale, these methods could not be used in micro EDM when
the diameter of the electrode was less than dozens of microns.
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Some researchers [12—15] used flatted electrode, helical elec-
trode, or other special-shaped electrodes in combination with
electrode rotation in micro hole machining. Through these
measures, the removal of the discharge debris particles, which
will improve the stability of the discharge state and achieve a
higher machining speed, can be promoted. However, it takes a
lot of time to machine the special-shaped electrode itself,
resulting in a decrease in productivity.

Zhang et al. [16] studied the effect of tool electrode rota-
tional speed on the machining efficiency. The results showed
that the machining efficiency increased as the spindle rotation-
al speed increased. Since the power supply brush on, the spin-
dle increased the vibration and the wear of the spindle at
higher spindle speeds; the maximum speed used in the study
was only at 15000 rpm. However, the vibration caused by the
contact of the brush with the rotating spindle will have a cer-
tain influence on EDM. Therefore, this experimental result
cannot be completely considered as a pure evaluation of the
influence of the spindle rotational speed.

In this paper, a micro EDM method using non-contact elec-
tric feeding based on the principle of electrostatic induction
feeding method [17-19] is used to realize the non-contact
feeding to the tool electrode. It makes no contact point and
force on the spindle, which can ensure that the spindle rotation
accuracy is always stable. In order to determine the influence
of the high rotational speed of the tool electrode on the ma-
chining characteristics of micro holes, a micro hole machining
experiment with different depth was carried out at different
rotational speeds of the tool electrode. In order to explain the
influence of the rotating speed of the tool electrode on the
machining characteristics, the simulation model of the work-
ing gap medium at different rotating speeds of the tool elec-
trode was established. In addition, the velocity field of the
working gap medium and the distribution of the discharge
debris in the working gap at different rotating speeds of the
tool electrode were analyzed.

2 Micro hole machining with high spindle
speed

2.1 Experimental equipment

Micro EDM using non-contact electric feeding is based on the
principle of electrostatic induction feeding method. Figure 1
shows the equivalent circuit of micro EDM using electrostatic
induction feeding method. It consists of a pulse power supply
V, a feeding capacitance C;, and a working gap equivalent
capacitance C,. During the electrical discharge machining,
charge transfer occurs between the feeding capacitance C,
and working gap equivalent capacitance C, [17].

Figure 2 shows the high spindle speed micro EDM system
[20]. The tool electrode was fixed to the tool electrode holder
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Fig. 1 Equivalent circuit of micro EDM using electrostatic induction
feeding method [17]

which was held by the chuck of the motorized spindle (EM30-
S6000 of NSK). The tool electrode holder was electrically
isolated from the spindle by an insulation pipe and rotated
with a rotational speed up to 60,000 rpm. Non-contact electric
feeding to the tool electrode was realized using the electrostat-
ic induction feeding method. A cylindrical feeding electrode
was aligned coaxially to the tool electrode holder to form a
capacitance C; in between.

Furthermore, a ring-shaped non-contact voltage probe was
installed coaxially to the tool electrode holder in a similar
manner to the feeding electrode as shown in Fig. 1. This is
because drilling was difficult with constant feed speeds of the
tool electrode. To avoid short circuiting, the working gap volt-
age was measured by the non-contact measuring method to
control the gap width using a newly developed servo feed
control system [20].

2.2 Preparation of micro electrodes

There are mainly two methods to machine micro electrode
online, wire electrical discharge grinding (WEDG) and block
electrical discharge grinding (BEDG). A larger discharge area
in BEDG leads to the larger capacitance between the tool
electrode and the block electrode, which can obtain lower
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Fig. 2 Experimental setup
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working gap voltage according to the principle of the capacity
coupling. So, it is beneficial to machining micro electrodes
with this method.

Figure 3 shows BEDG using non-contact electric feeding
method. In the experiment, the block electrode was fixed on
the tank and the tool electrode did servo feed/back motion in x
direction. Figure 4 shows the micro rod machined by BEDG
under conditions shown in Table 1.

2.3 Experimental method

Micro holes were drilled on a tool steel plate with thickness of
20 pm, 100 wm, and 200 um. The diameter of the tool elec-
trode was #164-167 um, which was prepared by BEDG.
Machining conditions were shown in Table 2.

2.4 Experimental results and analysis

2.4.1 Influence of rotating speed of tool electrode on material
removal rate

The material removal rate was obtained by dividing the vol-
ume of the hole by the machining time. Figure 5 shows the
relationship between the rotating speed of the tool electrode
and the material removal rate. It can be seen that the material
removal rate improves as the rotating speed of the tool elec-
trode increases. The material removal rate with 20-pum depth
of hole is greater than that with 200-pm depth of hole. This is
because when the depth of the hole is 20 pm, the discharge
debris particles hardly accumulate in the working gap due to
the flushing. Under the regulation of the servo control system,
it can always be in a good discharge state. When the depth of
the hole was 20 um, the growth rate of the material removal
rate gradually decreased with the increase of the rotating speed
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Fig. 3 BEDG using non-contact electric feeding method
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Fig. 4 Micro rod machined by BEDG with spindle rotational speeds of
60,000 rpm

of'the tool electrode. However, when the depth of the hole was
100 um or 200 um, the growth rate of the material removal
rate increased with the increase of the rotating speed of the
tool electrode. In addition, when the depth of the hole is
200 wm, the material removal rate at the tool electrode rota-
tional speed of 60,000 rpm is 6.3 times higher than that at
1000 rpm. However, when the depth of the hole is 100 pum,
the material removal rate at the tool electrode rotational speed
0f 60,000 rpm is only 2.2 times higher than that at 1000 rpm.
Therefore, the higher rotating speed of the tool electrode has a
better effect on improving the material removal rate during
deeper hole machining.

2.4.2 Influence of rotating speed of tool electrode
on electrode wear

The electrode wear ratio was obtained by dividing the elec-
trode volumetric wear by the workpiece volumetric removal
in unit time. Figure 6 shows the influence of the rotating speed
of the tool electrode on the electrode wear ratio with different
depth of the hole. It can be seen that when the depth of the hole
is 20 um, the increase of the rotating speed of the tool elec-
trode has little improvement in electrode wear ratio. When the

Table 1 Experimental

conditions Parameter Value
Amplitude (V) 400
Frequency (MHz) 2
Duty factor (%) 50
Feeding capacitance C; (pF) 13
Spindle speed (rpm) 60,000
Feed speed (nm/s) 0.3-0.6
Dielectric EDM-oil
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Table2  Experimental conditions 454
—a— Depth of hole 200pm

Parameter Value

~ —e— Depth of hole 100um
Amplitude (V) 400 % 40 —=— Depth of hole 20um
Frequency (MHz) 2 g
Duty factor (%) 50 g
Feeding capacitance C; (pF) 13 g
Spindle speed (rpm) 1000-60.000 35
Workpiece Tool steel g
Feed speed (pum/s) 3 § ]
Dielectric EDM-oil -

depth of the hole is 100 um or 200 um, the electrode wear
ratio decreases with the increase of the rotating speed of tool
electrode. The deeper the hole is, the more effective the reduc-
tion of the electrode wear ratio by increasing the rotating
speed of the tool electrode is.

2.4.3 Influence of rotating speed of tool electrode on taper
of micro hole

Figure 7 shows the inlet and outlet of micro holes at different
tool electrode rotation. The inlets of the machined holes with
the rotating speed of 1000 rpm and 60,000 rpm are shown in
Fig. 7a and c, and the outlets are shown in Fig. 7b and d,
respectively. It can be seen that the diameter of the inlet ob-
tained by the rotating speed of 1000 rpm is larger than that of
the inlet obtained by the rotating speed of 60,000 rpm.
However, when the spindle speed is 1000 rpm, the diameter
of the outlet obtained by the rotating speed of 1000 rpm is
smaller than that of the inlet obtained by the rotating speed of
60,000 rpm.

Figure 8 shows the diameter of the machined holes at the
speed of 1000 rpm and 60,000 rpm, respectively. When the
rotating speed is 1000 rpm, the diameter of the inlet is 6.26 um

10000+
" 8000+
=
L
£ 6000
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=S —a— Depth of hole 20pm
£ 2000+ —e— Depth of hole 100pm
= —a— Depth of hole 200um
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Rotating speed of tool electrode(rpm)

Fig. 5 Relationship between rotating speed of tool electrode and material
removal rate
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Fig. 6 Influence of rotating speed of tool electrode on electrode wear
ratio with different depth of hole

larger than the diameter of the outlet, and the taper of the hole
is about 0.067. While the rotating speed is 60,000 rpm, the
diameter of the inlet is 4 um larger than the diameter of the
outlet, and the taper of the hole is only 0.04. Higher rotating
speed of the tool electrode can get micro holes with smaller
taper. So the machining accuracy of the holes obtained at high
spindle speed is better.

3 Simulation analysis of working gap flow
field

In order to clarify the specific reasons that the material remov-
al rate, electrode wear, and taper of the hole can be improved
by increasing the rotating speed of the tool electrode in micro
hole machining, a working gap flow field was simulated. The
effects of the rotating speed of the tool electrode on the work-
ing gap flow field and the distribution of discharge debris
particles in the working gap were analyzed.

3.1 Establishment of simulation model

The geometric model of micro hole machining with high elec-
trode rotational speed is shown in Fig. 9. The figure shows the
geometric relationship among the high-speed rotating elec-
trode, the workpiece, the working fluid medium, and the
way of the flushing liquid. It is assumed that the working fluid
enters from the nozzle and flows out from the outlet of the
medium.

3.2 Mathematical model of fluid
The following assumptions are made for the working gap flow

field in this paper: (1) the working gap fluid is an incompress-
ible continuous medium, (2) when the flow field is stable, the
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Fig. 7 Inlet and outlet of micro
holes at different tool electrode
rotation
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physical quantities of the flow field are only related to the
spatial coordinates but not to the time, (3) considering the
effect of liquid and electrode rotation, the heat generated by
the discharge is easier to disperse, so the influence of temper-
ature field on the flow field is neglected. Based on the above
assumptions, the continuity equation and momentum conser-
vation equation of the working gap fluid in micro hole ma-
chining are established.

vV =0 (1)
1%
pgr = PE-Vp+pav (2)

where, Vis a vector differential operator, V is the velocity of
the fluid, p is the density of the fluid, 4 is fluid viscosity, F' is

b) Outlet (1000rpm)

Fig. 8 Diameter of machined 180
holes at the speed of 1000 rpm
and 60,000 rpm
;E:; 175+
2
£ 170
Gy
S
k>
2 165-
a
160~
Inlet Outlet
a) 1000rpm

d) Outlet (60000rpm)

the volume force, P is the fluid pressure coefficient, and A is
the Laplace operator.

3.3 Model of discharge debris particles

The discharge debris particles in the working gap were affect-

ed by the working gap fluid, and their motion followed

Newton’s second law. The motion equation of the discharge

debris particles is expressed as,

dv -

—P:FD(V_VP)'Fg(pP—p)'FF (3)
dt P

where Fp(V—Vp) is the drag force of the discharge debris

particles and its coefficient F is expressed as,

180 0.08
_ 0.07-
g_ 175+
= o 0.064
o Q
2 1701 % 0.051
G =
o 5}
B & 0.04
2 1651 =
3 0.03+
a
1604 0.02-
Inlet ~ Outlet 1000rpm 60000rpm
b) 60000rpm ¢) Taper of hole
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Fig. 9 Geometric model of micro hole machining

18,UCDR6
D= "~ 5
24d>pp

(4)

where d), is the diameter of the discharge chip, Vj is the dis-
charge debris particles speed, pp is the discharge debris parti-
cles density, pis the fluid dynamic viscosity, Cpis the drag
coefficient, and R, is the relative Reynolds coefficient of the
discharge debris particles.

3.4 Setting of flow field model

In the model, the diameter of the tool electrode was @200 pum,
the inlet pressure of the liquid was 0.1 MPa, the outlet pressure
was 0, and the actual measured discharge gap was about 4 pm.
In micro hole machining, the flow velocity of the medium was
greatly influenced by side flushing and the high-speed rotation
of the tool electrode, so the influence of turbulence on the flow
field in the working gap was considered. Considering the

Fig. 10 Main surface of model

Flushing position< =7

computational efficiency of the model, a standard turbulence
model k£ — e was selected.

Because the workpiece selected in the process of the ex-
perimental machining was tool steel, steel was selected as the
material of the discharge debris particles. In order to facilitate
the study, the selected diameter of discharge debris particle
was set to @0.5 um. The spray type of the discharge debris
particles was chosen to spray from the surface, and the bottom
of the model is jet surface according to the machining charac-
teristics of micro holes. The initial velocity of discharge debris
particles was (0,0,0), and the mass flow rate was the material
removal rate of the workpiece, which was set at 5000 um?/s.
Figure 10 shows the main surfaces of the working fluid in this
model. In micro hole machining, the tool electrode is always
in a rotating state while the workpiece is always in a stationary
state. Therefore, the surface of the working fluid in contact
with the electrode is set to a rotating wall, and the surface of
the working fluid in contact with the workpiece is set to a
stationary wall. The surface of the working fluid that is in
contact with the air is set to a free surface, which is set to a
symmetry condition. In the simulation, it is assumed that the
collision between the discharge debris particles and the wall is
elastic collision, and there is no energy loss in the collision
process. In the experiment, the medium was kerosene, so
kerosene-liquid was chosen as the physical property of the
fluid.

3.5 Analysis of working gap flow field
3.5.1 Simulation results

Figure 11 shows the flow velocity cloud map at the location of
B, and B, at A-A section at different rotational speeds. It can
be seen that with the increase of the rotating speed of the tool
electrode, the flow velocity of the medium in the B position
increases obviously. In the position of B, it is found that the
velocity of the fluid in the side gap increases gradually as the
rotating speed of the tool electrode increases.

Free surface (Symmetry)
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Table 3 shows the velocity of the medium at the Bs. It can

Fig. 11 Flow velocity distribution

be seen that with the increase of the rotating speed of the tool
electrode, the velocity of the B along the axial direction of the
tool electrode increases gradually.

Table 4 shows the velocity of the medium at the By. It can
be seen that with the increase of the rotating speed of the tool
electrode, the velocity of the B, along the axial direction of the
tool electrode increases gradually.

Figure 12 shows the distribution of the discharge debris
particles in the flow field after the simulation of 1 ms when
the rotating speed of the tool electrode are O rpm, 1000 rpm,
20,000 rpm, and 60,000 rpm, respectively. When the rotating
speed of the tool electrode is 0 rpm, the discharge debris par-
ticles are mainly concentrated at the bottom of the discharge
gap due to the unrotation of the tool electrode. When the
rotating speed of the tool electrode is increased to 1000 rpm,
most of the discharge debris particles are still at the bottom,
but a small part has entered into the side gap. When the rotat-
ing speed of the tool electrode reaches 20,000 rpm and
60,000 rpm, a large number of discharge debris particles have

entered into the side gap from the bottom, and some of the
discharge debris particles have gone from the side gap into the
free liquid. This shows that higher tool electrode rotation can
effectively remove debris particle in the gap between the tool
electrode and the workpiece. The discharge debris particles
remove rapidly from the gap, which can effectively reduce
the occurrence of abnormal discharge in the working gap.
The decrease in the probability of occurrence of abnormal
discharge can improve the machining efficiency, reduce the
electrode wear, and obtain micro holes with smaller taper in
micro hole machining in EDM.

3.5.2 Analysis of debris in the bottom gap

From the above flow field simulation analysis, it can be seen
that the bottom gap flow field has a velocity gradient.
Therefore, the discharge debris particles are subjected to the
Saffman force F, which is perpendicular to the direction of
motion. Its calculation equation is as follows:

Fs = 1.61d2(pp) "> (V=V,)|av fdy|'/* (5)

where, V is the velocity of the fluid, V), is the velocity of the
discharge debris particles, p is the density of the fluid, p is
fluid viscosity, d,, is the diameter of the discharge debris par-
ticles, and | dV/dy| is the velocity gradient of the fluid.

In addition, since the fluid rotates with the tool electrode at
a high speed, the debris is subjected to the drag force F,; of the
fluid (the direction is consistent with the direction of the dis-
charge debris velocity), and the expression is as follows:

Fy=0.5CpA,p(V-V,)* (6)

Since the flow field is turbulent, the drag coefficient Cp, =
0.44. A, is the projection of the debris on a plane perpendic-
ular to the direction of motion. Since the discharge debris

particles are spherical particles, so A, = 0.257rd127. Bring Cp
and A, into the Eq. (6) to get Eq. (7),

Fq=0.055mpd?(V=V,)’ (7)

Table 3 Velocity of B; Table 4 Velocity of By
Rotating speed (rpm) Velocity of B3 (m/s) Rotating speed (rpm) Velocity of B4 (m/s)
Total velocity Velocity components Total velocity Velocity components
along the Z axis along the Z axis

0 0.000623 0.00061 0 0.000183 0.00017

1000 0.00436 0.00144 1000 0.00167 0.00055

20,000 0.0208 0.0079 20,000 0.00374 0.00142

60,000 0.0816 0.0213 60,000 0.0127 0.00332
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b) 1000rpm

a) Orpm

¢) 20000rpm d) 60000rpm

Fig. 12 Discharge debris particle distribution in the gap at different
rotational speeds

Lietal. [21] and Alajbegovic et al. [22] showed that in the
turbulent model, as the fluid flow velocity V increases, the
value of (V — V) gradually increases. Therefore, as the rotat-
ing speed of the tool electrode increases, the Saffman force F
and the drag force F,; gradually increase. Since the bottom
working gap fluid rotates as the electrode rotates, there is a
velocity gradient along the axial and radial direction of the
electrode. Therefore, the Saffman force F; has components
F, along the axial direction of the electrode and F, along
the radial direction of the electrode. Because the discharge
debris particles follow the flow of the fluid in the bottom
gap, the drag force has components F;; along the axial direc-
tion of the electrode and F;, perpendicular to the A-A section.
In addition to the above forces, the discharge debris particles
are also affected by their own gravity mg and buoyancy £
Therefore, the force of the discharge debris particles in the
bottom gap is shown in Fig. 13. In the figure, F} = F; +
Fu+Fpbr=Fp, Fs=mg Fy=Fp.

Fig. 13 Force diagram of discharge debris particles in the bottom gap

@ Springer

Fig. 14 Force diagram of discharge debris particles in the side gap

As the rotating speed increases, the Saffman force F and
drag force F; increase, and the values of Fy, F,, and F in-
crease. Therefore, the difference between F; and F; increases,
and the discharge debris particles move upward with the fluid.
The resultant force between F» and F4 increases, and the dis-
charge debris particles are more likely to move away from the
bottom gap. That is to say, by increasing the rotating speed of
the tool electrode, the discharge debris particles in the bottom
gap is more likely to enter the side gap and the velocity at the
time of entering the side gap is greater.

3.5.3 Analysis of debris in the side gap

Since the side working gap fluid rotates as the electrode ro-
tates, there is a velocity gradient along the radial direction of
the electrode. Therefore, the Saffman force Fy is along the
radial direction of the electrode. The drag force F; has com-
ponents F;; along the axial direction of the electrode and F,
perpendicular to the A-A section according to Table 4.
Therefore, the force of the discharge debris particles in the
side gap is shown in Fig. 14. In the figure, F'; = Fiyy + Fjp
Fy=F, Fs=mg, Fy=Fp.

As the rotating speed increases, the Saffman force Fy and
drag force F; increase, and the values of F, F,, and F in-
crease. Therefore, the difference between F; and F; increases,
and the discharge debris particles move upward with the fluid.
That is to say, by increasing the rotating speed of the tool
electrode, the discharge debris particles in the side gap is more
likely to remove from the side gap.

However, when the electrode rotation speed is less than
1000 rpm, the velocity component of the flow field in the
vertical direction in the side gap is very small. Therefore,
when the electrode rotation speed is low, the influence on
the removal of the discharge debris particles is small. When
the electrode rotation speed is 60,000 rpm, it can be seen from
Table 4 that the velocity component in the vertical direction of
the B, point in the side gap is about 20 times than when the
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electrode rotation speed is 0 rpm. Therefore, the high electrode
rotation speed is more favorable for removing the discharge
debris particles from the side gap.

4 Conclusions

A micro hole machining experiment with different depth and
the velocity field of the working gap medium and distribution
of the discharge debris particles in the working gap were in-
vestigated at different rotating speeds of the tool electrode.
Conclusions of this research are shown as follows:

» With the increase of the rotating speed, the material re-
moval rate, the electrode wear ratio, and the taper of the
machined holes would be improved.

* The higher rotating speed of the tool electrode had a better
effect on improving the material removal rate and the
electrode wear ratio during deeper hole machining.

* The flow field simulation results of micro hole machining
at different rotating speeds of the tool electrode showed
that the higher rotating speeds of the tool electrode were
beneficial to the removal of the discharge debris particles
from the gap and in improving the stability of the machin-
ing process in micro hole machining.
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