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Abstract

A novel hybrid process that integrates end electric discharge (ED) milling and mechanical grinding is proposed. The process is able to
effectively machine a large surface area on SiC ceramic with good surface quality and fine working environmental practice. The polarity,
pulse on-time, and peak current are varied to explore their effects on the surface integrity, such as surface morphology, surface roughness,
micro-cracks, and composition on the machined surface. The results show that positive tool polarity, short pulse on-time, and low peak
current cause a fine surface finish. During the hybrid machining of SiC ceramic, the material is mainly removed by end ED milling at
rough machining mode, whereas it is mainly removed by mechanical grinding at finish machining mode. Moreover, the material from the
tool can transfer to the workpiece, and a combination reaction takes place during machining.
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1. Introduction

Silicon carbide (SiC) ceramic has been widely used in mod-
ern industry. With the exceptional hardness, wear resistance
and high mechanical strength, it is becoming very desirable
for a number of applications such as heat exchangers, gas
turbines, high temperature bearings, seals and furnaces [1-4].
However, the machining of SiC ceramic is difficult and ex-
pensive due to its brittleness and high hardness. Grinding of
SiC ceramic is the primary traditional machining method used
in achieving the desired tolerances and surface integrity, but
the process shows low machining efficiency [5, 6].

To overcome technical difficulties in machining this mate-
rial, nontraditional machining methods, such as water jet ma-
chining, laser beam machining and ultrasonic machining, are
employed [7-9]. They can achieve a fairly high material re-
moval rate, but are often accompanied by some surface de-
fects, which in many cases are unacceptable to a final finished
product, and could undermine the fatigue strength of the final
product. Electrical discharge machining (EDM) is an electrical
spark erosion process which removes the material by means of
a series of recurring electrical sparks between an electrode and
a workpiece flushed with or submerged in a dielectric fluid.
Since there is no direct physical contact between the tool elec-
trode and the workpiece, the process is able to machine any
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conductive component into accurate and complex shapes re-
gardless of its hardness [10-12].

Notwithstanding the advantages of using EDM in machin-
ing SiC ceramic, it is obvious that the problem of low effi-
ciency has to be overcome. Reducing machining time and
maintaining reasonable accuracy has always been of research
interest. Recently, some researches have been made to im-
prove the machining efficiency using EDM milling. The re-
sults show that the material removal rate can be improved
proportionally, but it still can't meet the demand of modern
industrial applications, and the machined surface is poor [13-
15]. Ji et al. [16, 17] developed the electric discharge milling
and mechanical grinding compound process, which uses a
steel wheel with uniformly distributed abrasive inserts in the
circumference as the tool. During this process, electric dis-
charge milling and mechanical grinding occur alternately, and
SiC ceramic can be easily machined. However, the width of
the steel wheel tool is small, and the material removal rate is
still low when machining a large surface area on SiC ceramic.

A novel high speed hybrid machining process that integrates
end electric discharge (ED) milling and mechanical grinding to
machine SiC ceramic is proposed in this paper. The process
employs a turntable with several uniformly distributed small
cylindrical copper electrodes and abrasive sticks as the tool. The
diameter of the tool turntable is larger than the width of the steel
wheel used in references [16, 17], so a large surface area on SiC
ceramic can be machined at one path. The hybrid machining
process shows high machining efficiency, and the material re-
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Fig. 1. Schematic illustration of end ED milling and mechanical grind-
ing of SiC.

moval rate can reach 130.72 mm®/min. In the present study, the
SiC ceramic is machined by the new process to investigate the
surface integrity, including the surface morphology, surface
roughness, micro-cracks, and composition on the machined
surface, under a wide range of machining conditions.

2. Principle of end ED milling and mechanical grind-
ing of SiC

The principle of end ED milling and mechanical grinding of
SiC ceramic is illustrated in Fig. 1. The tool and the workpiece
are connected to the negative and positive poles of the pulse
generator, respectively. The tool is a turntable with several uni-
formly distributed small cylindrical electrodes and abrasive
sticks rotating rapidly around its axis. The tool is mounted onto
a rotary spindle, driven by an A.C. motor. The workpiece is SiC
ceramic blank and is mounted onto a numerically controlled
(NC) table. The machining fluid is a water-based emulsion.

During machining, the tool rotates at a high speed, the ma-
chining fluid is flushed into the gap between the tool and the
workpiece with several nozzles, and the SiC ceramic work-
piece is fed towards the tool with the NC table. As the work-
piece approaches the tool and the distance between the work-
piece and the electrode reaches the discharge gap, electrical
discharges are produced. A vapor bubble forms around this
channel. The surrounding water-based emulsion restricts
plasma growth and makes the plasma energy densities rise to
very high levels. Petrofes and Gadalla [18] showed that the
plasma temperature could reach nearly 40000K and the
plasma pressure could rise to 300 MPa in EDM of conducting
advanced ceramics. The instantaneous high temperature and
pressure plasma cause SiC ceramic to be removed by electric
discharge milling, and a modified surface layer is formed on
the workpiece surface. The following abrasive stick grinds the
modified surface layer. The modified surface layer can be
removed easily by the abrasive stick. A large diameter turnta-
ble with several cylindrical copper electrodes and abrasive
sticks is used as the tool; the tool stick is manufactured easily
and shows low cost, and a large surface area can be easily
machined by the hybrid process. The cylindrical electrodes
and abrasive sticks are fixed on the turntable alternately, the

Table 1. Comparison of experimental results for machining of SiC
ceramic with different processes.

i) |y | TVROD
ED milling 26.51 2.33 106.51
Hybrid machining 38.14 1.07 65.62
Mechanical grinding 4.13 0.43 470.83

machining fluid is flushed into the gap, and the chips are
flushed away easily, which makes the processing stable. In
addition, a water-based emulsion is used as the machining
fluid, so harmful gas is not generated during machining, and
the equipment is not corroded.

Compared with electric discharge (ED) milling and conven-
tional mechanical grinding, the advantage of the hybrid ma-
chining process can be explained as follows. During ED mill-
ing of SiC ceramic, the modified surface layer will form on the
workpiece surface, which makes the subsequent discharge
difficult and debases the workpiece surface quality. During
conventional mechanical grinding of SiC ceramic, the grinding
force is high due to the high hardness of the workpiece, so the
material removal rate is low. During this hybrid machining
process, mechanical grinding removes the softened material
created by end electric discharge milling. Electric discharges
are produced easily on the workpiece surface without modified
surface layer, so end ED milling and mechanical grinding are
mutually beneficial, and the higher overall machining perform-
ance can be achieved. The comparison experiments have been
done, and the experimental results are shown in Table 1. From
these results it is obvious that the higher material removal rate
(MRR), the lower surface roughness (SR Ra) and the lower
tool wear ratio (TWR) can be obtained with the hybrid machin-
ing process in comparison with ED milling alone. Furthermore,
although the SR with the hybrid machining process is a little
higher than that with mechanical grinding, the MRR is far
higher and the TWR is far lower with the hybrid machining
process in comparison with mechanical grinding.

3. Experimental procedures

In the following experiments, the workpiece material was
SiC ceramic, the SiC sample size used for experiments was
130 mm x 60 mm x 20 mm; its physical and mechanical prop-
erties are presented in Table 2. The tool was a turntable with
eight uniformly distributed cylindrical copper electrodes and
cast iron bonded diamond abrasive sticks in the circumference,
as shown in Fig. 2. The copper electrodes and abrasive sticks
are fixed on the turntable alternately and separately. The grit
size of diamond in the abrasive sticks was #120 (grain size =
124 pm); the concentration of diamond in the abrasive sticks
was 100%. The diameter of the cylindrical copper electrode
was 10 mm, the diameter of the abrasive stick was 10 mm, the
diameter of the turntable was 90 mm, and the rotational speed
of the spindle was 3000 rpm. The machining fluid was a wa-
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Table 2. Physical and mechanical properties of silicon carbide ceramic
(Manufacturer’s data).

Item Unit Data
Maximum service temperature °C 1380
Density g/em’ 3.02
Open porosity % <0.1
Bending strength Mpa 250200
Mpa 280 (1200°C)
Elastic modulus Gpa 330 20°0)
Gpa 300 (1200°C)
Thermal conductivity W/mk 45 (1200°C)
Thermal expansion coefficient K'x10° 4.5
Mohs hardness 13
Acid and alkali resistance Excellent

Turntable

Abrasive stick

Copper electrode

Fig. 2. Photograph of the tool used in the hybrid process.

ter-based emulsion composed of 8 mass% emulsified oil and
92 mass% distilled water, which were mixed with a constant
speed power-driver mixer (JJ-2, Jintan Medical Instrument
Factory, China). The flux of the machining fluid was 200
mL/s. The material removal rate (MRR) and tool wear ratio
(TWR) were obtained through measuring the dimensions of
the workpiece and the tool stick before and after machining
with a dial indicator (803-01, Harbin Measuring and Cutting
Tool Group Incorporation, China) and a vernier caliper (202-
01, Harbin Measuring and Cutting Tool Group Incorporation,
China). The surface roughness (SR Ra) was measured with a
surface roughness tester (TR220, Time Group Incorporation,
China). The microstructure of the workpiece surface was ex-
amined with a scanning electron microscope (SEM, JSM-
6380 JEOL, Japan), an X-ray diffraction (XRD, X Pert PRO
MPD, Holand), and an energy dispersive spectrometer (EDS,
JED-2300 JEOL, Japan). All the observed specimens had
been cleaned ultrasonically and dried with a hot-air blower
before the examination.

4. Results and discussion

4.1 Surface morphology of the machined surface

Surface morphology plays an important role in understand-
ing the characteristics of the machined surface. The scanning

©)

Fig. 3. SEM micrographs of SiC ceramic surfaces machined by the
hybrid process at rough machining mode with different tool polarities
under the machining conditions: pulse on-time of 400 ps, pulse off-
time of 300 ps, peak voltage of 150V, and peak current of 75 A: (a)
Tool (-); (b) Tool (+).

electron microscope (SEM) micrographs of the machined
surface at rough machining mode with different tool polarities
are illustrated in Fig. 3. The micrographs reveal the appear-
ance of many craters, droplets and cavities on the machined
surface when rough machining mode is used. These phenom-
ena point out that the SiC ceramic is molten and/or evaporated
by the sparking thermal energy. During machining, sparks are
formed at the electrical conductive phase on the SiC ceramic.
The discharged energy produces very high temperatures at the
point of the spark, causing a minute part of the workpiece to
melt and vaporize. When the current flow ceases, a violent
collapse of the plasma channel and vapor bubble causes su-
perheated, molten liquids to explode into the gap and the di-
electric liquid solidifies the molten material immediately.
However, not all of the molten material can be removed be-
cause of the surface tension, tensile strength and bonding force
between liquid and solid. The molten material remaining on
the workpiece surface is rapidly quenched by the emulsion
and re-solidifies on the workpiece surface to form droplets.
This re-solidifying material simultaneously shrinks after
sparking due to the emulsion cooling. Regions where the mol-
ten material is re-solidified later on do not have enough mol-
ten material to fill in, leading to cavities.
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Fig. 4. SEM micrograph of SiC ceramic surface machined by the hy-
brid process at finish machining mode under the conditions: pulse on-
time of 40 ps, pulse off-time of 2500 us, peak voltage of 90 V, peak
current of 15 A, and positive tool polarity.

It is obvious that the craters and cavities are bigger and
deeper in negative tool polarity, whereas the droplets are more
in positive tool polarity under the same conditions. During the
hybrid process, the tool rotates at a high speed, the discharge
point transfer velocity between the electrode and workpiece is
very high, and the continuance time of the discharge point
between the certain point of the electrode and the certain point
of the workpiece is very short. Because the mass of the elec-
trons is much smaller than that of positive ions, and they can
be accelerated quickly during a short time, the bombardment
effect by electrons is stronger than that by positive ions; there-
fore, the craters and cavities on the workpiece surface pro-
duced by electrons are bigger and deeper. The bombardment
effect by positive ions is weaker, so less molten material can
be expelled during machining, and more droplets form on the
workpiece surface.

The SEM micrograph of the machined surface at finish ma-
chining mode is illustrated in Fig. 4. Compared with Fig. 3(b),
the machined surface is smooth at finish machining mode and
covered by fewer little craters and pockmarks. Moreover,
there are some grinding traces on the machined surface, which
means that the material is mainly removed by mechanical
grinding at finish machining mode.

4.2 Surface roughness

Surface roughness is a critical parameter for evaluating the
machined quality. To determine the effect of machining pa-
rameters on surface roughness of the SiC ceramic, the arith-
metical mean deviation of the profile (Ra) is selected as the
surface roughness parameter and is measured by a surface
roughness tester through averaging five measurements made
stochastically at different positions on the machined surface.

Table 3 shows the experimental results of the surface
roughness with different machining conditions. From these
results it is obvious that the negative tool polarity causes a
poorer surface finish. As mentioned above, the bombardment
effect by the electrons is stronger than that by positive ions

Table 3. Process performance and surface composition with different
machining conditions.

Pulse | Pulse | Peak | Peak

on- | off- | volt- | cur- Tool MRR | SR Fe Cu

(mm% | Ra |Mass | Mass

time | time | age | rent | polarity . N

min m % %
m) | @9 | V) | @) U il I
400 | 300 | 150 | 75 | Negative | 130.72 | 7.62 | 4.20 | 4.45

400 | 300 | 150 | 75
90 | 1200 | 110 | 45
90 | 1200 | 110 | 45
120 | 300 | 150 | 75
40 | 300 | 150 | 75
50 | 300 | 150 | 15
50 | 300 | 150 | 45

Positive | 75.75 | 4.98 | 12.28 | 12.50
Negative | 33.21 | 428 | 1.46 | 1.03

Positive | 1842 | 2.62 | 4.58 | 4.49
110.68 | 6.69 | 1.67 | 1.63
Negative | 60.84 | 491 | 133 | 0.94
Negative | 32.53 | 428 | 021 | 0.34
62.64 | 556 | 1.61 | 1.11

Negative

Negative

during the hybrid machining of SiC ceramic. Stronger electron
bombardment results in bigger and deeper craters, leading to a
rougher surface; therefore, the surface roughness is higher in
negative tool polarity than that in positive tool polarity.

Table 3 also shows that the SR increases with the increase of
pulse on-time and peak current, respectively. This phenomenon
can be explained by the correlation between the surface rough-
ness and the machining parameters as follows [19]:

R, =K1 (1)

max on” p?

where R, is the surface roughness (um), 7,, is the pulse on-
time (ps), Z, is the peak current (A), Ky is the constant, and a,
b are the proportional constants. It can be seen from Eq. (1)
that under a certain machining condition, the R, increases
with the increase of pulse on-time and peak current, respec-
tively; therefore, the SR increases.

Based on the surface roughness values in Table 3, an excel-
lent machined surface finish can be obtained by setting the
machine parameters at a short pulse on-time, a low peak cur-
rent, and positive tool polarity.

4.3 Micro-cracks on the machined surface

Figs. 5 and 6 show the micro-cracks on the SiC ceramic sur-
faces machined by the hybrid process under different pulse
on-time and peak current settings, respectively. During ma-
chining, the thermal impacts of the sparks are accompanied by
a very rapid quench rate of the heated material in the plasma
contact zone. These thermal waves cause expansion and con-
traction of re-solidified and heat affected material, which is
the main reason for the appearance of the micro-cracks. The
SiC ceramic has extreme hardness and brittleness-the gradient
of thermal stress is very large during machining, so surface
micro-cracks are easily generated on the machined surface.
The micro-cracks on the machined surface lead to thermal
spalling of the SiC ceramic, so the removal mechanism in the
hybrid machining of SiC ceramic consists of not just the melt-
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(b)

Fig. 5. SEM micrographs showing micro-cracks on the machined sur-
faces with different pulse on-times under the machining conditions:
pulse off-time of 300 us, peak voltage of 150 V, peak current of 75 A,
and negative tool polarity: (a) Pulse on-time of 120 ps; (b) Pulse on-
time of 400 ps.

ing and evaporation but also thermal spalling.

From Figs. 5 and 6 the number and size of the micro-cracks
on the machined surface increase with the increase of pulse
on-time and peak current, respectively. The phenomenon can
be explained as follows. The amount of electrical discharge
energy conducted into the machining gap increases with the
increase of pulse on-time and peak current, respectively. The
energy density of the electrical discharge in the discharge spot
on the machined surface increases, and the thermal impact and
thermal stress increase, so the number and size of the micro-
cracks on the machined surface increase with the increase of
pulse on-time and peak current, respectively.

4.4 Compositions of the machined surface

Energy dispersive spectrometer (EDS) spectrum analysis is
used to identify the elemental composition on the workpiece
surface generated in different machining conditions. Figs. 7
and 8 show the EDS spectrum analysis of the machined sur-
face and the unprocessed surface, respectively. It can be seen
from Figs. 7 and 8 that the prominent elements on the ma-
chined surface are carbon (C), oxygen (O), silicon (Si), iron
(Fe) and copper (Cu), whereas the prominent elements on the
unprocessed surface are carbon (C), oxygen (O) and silicon
(Si). This means that the migration of material from tool to

©)

Fig. 6. SEM micrographs showing micro-cracks on the machined sur-
faces with different peak currents under the machining conditions:
pulse on-time of 50 ps, pulse off-time of 300 us, peak voltage of 150
V, and negative tool polarity: (a) Peak current of 15 A; (b) Peak cur-
rent of 45 A.
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Fig. 7. EDS spectrum analysis of the machined SiC ceramic surface
under the machining conditions: pulse on-time of 400 ps, pulse off-
time of 300 ps, peak voltage of 150 V, peak current of 75 A, and posi-
tive tool polarity.

workpiece occurs during the hybrid process.

The iron (Fe) percentage and copper (Cu) percentage on the
machined SiC ceramic surface with different machining con-
ditions are presented in Table 3. Under the same conditions
the metal (Fe and Cu) percentage on the machined surface in
positive tool polarity is higher than that in negative tool polar-
ity. This phenomenon can be explained as follows. The elec-
trodes and abrasive sticks contain copper and iron; the elec-
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Fig. 9. XRD patterns of SiC ceramic surface machined under the ma-
chining conditions: pulse on-time of 400 ps, pulse off-time of 300 ps,
peak voltage of 150 V, peak current of 75 A, and positive tool polarity.

trolysis reaction occurs easily in positive tool polarity under
the application of the water-based emulsion, and the removed
tool material is mostly ionized into metallic ion, which can
attach to the workpiece surface easily. However, the electroly-
sis reaction occurs difficultly in negative tool polarity because
the SiC is a nonmetal. Therefore, the metal percentage on the
machined surface is high in positive tool polarity.

Also from Table 3 the metal percentage on the machined
surface increases with the increase of pulse on-time and peak
current, respectively. This is because the single pulse energy,
thermal energy density and discharge explosive force increase
with the increase of pulse on-time and peak current, respec-
tively. Tool material removal is enhanced, and more tool ma-
terial can transfer to the workpiece surface; therefore, the
metal percentage on the machined surface increases.

To study the phase change that has occurred during the hy-
brid process, the X-ray diffraction (XRD) patterns of the ma-
chined surface and the unprocessed surface are presented in
Figs. 9 and 10, respectively. The prominent substances on the
machined surface are copper silicide (CusSi), iron silicide
(FeSi,), silicon (Si), and silicon carbide (SiC), whereas the
prominent substances on the unprocessed surface are silicon
(Si), and silicon carbide (SiC). This indicates that copper sili-
cide (CusSi) and iron silicide (FeSi,) are generated during the
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Fig. 10. XRD patterns of unprocessed SiC ceramic surface.

hybrid machining of SiC ceramic. It can be concluded that a
modified layer forms on the machined surface, and a combina-
tion reaction takes place during the hybrid machining of SiC
ceramic, which can be described as follows:

3Cu + Si = Cu,Si, 2
Fe +28i = FeSi,. 3)

5. Conclusions

(1) A novel high speed hybrid machining process that inte-
grates end electric discharge (ED) milling and mechanical
grinding to machine SiC ceramic is proposed. The process
employs a water-based emulsion as the machining fluid, and it
shows high machining efficiency, good surface quality and
fine working environmental practice.

(2) When rough machining mode is used, the machined sur-
face is rough, and the craters and cavities are bigger and deep-
er in negative tool polarity, whereas the droplets are more in
positive tool polarity under the same conditions on the ma-
chined surface. When finish machining mode is used, the ma-
chined surface is smooth and covered by fewer little craters
and pockmarks. Moreover, SiC ceramic is mainly removed by
end ED milling such as melting, evaporation and thermal
spalling at rough machining mode, whereas it is mainly re-
moved by mechanical grinding at finish machining mode.

(3) As the pulse on-time and peak current increase, respec-
tively, the surface roughness and the number and size of the
micro-cracks on the machined surface increase. Furthermore,
the surface roughness is higher in negative tool polarity than
that in positive tool polarity. Therefore, the positive tool polar-
ity, the short pulse on-time, and the low peak current cause a
fine surface finish.

(4) The chemical compositions of the machined surface differ
from the unprocessed surface due to the diffusion of the tool ma-
terial, and a combination reaction takes place during machining.
Furthermore, the tool material that is transferred to the workpiece
surface increases with the increase of pulse on-time and peak
current, respectively, and more tool material can transfer to the
workpiece surface in case of positive tool polarity, when com-
pared to negative tool polarity under the same conditions.
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