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Abstract: Electrochemical discharge machining (ECDM) is
a well-known process for machining of particulate rein-
forced metal matrix composites (MMCs). However, ECDM
process suffers several drawbacks such as the lower mate-
rial removal rate (MRR), high risks of tool wear rate (TWR)
and relatively poor surface quality, etc. This study pro-
poses a kind of electrochemical discharge grinding ma-
chining (ECDGM) method which employs a special shaped
tool electrode. During the process, not only the can the
hybrid action of electrochemical dissolution, spark ero-
sion, and abrasive grinding improve the performance of
machining MMCs, but also the special shaped of the tool
electrode can be used to discharge the machined debris.
And thus a higher machining efficiency and lower TWR
can be obtained. The performance of developed process
was conducted on machining of SiC particulate reinforced
aluminum workpiece. The role of peak curre+nt, pulse
duration, duty cycle, rotary speed and abrasive grit size
has been investigated on MMR and TWR using the non-
abrasive round electrode, abrasive round electrode, and
abrasive shaped electrode respectively. The experimental
results showed that using the shaped abrasive electrode
for machining MMCs can achieve a higher MRR and lower
TWR, as compared to the non-abrasive round electrode,
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abrasive round electrode. Besides, the orthogonal method
was employed to analyze the relative importance of the
machining parameters on MRR and TWR, it has been ob-
served that MRR is affected by the processing parameters
following the order of rotary speed > peak current > duty
cycle > pulse duration, and TWR is following the order of
peak current > duty cycle > pulse duration > rotary speed.

Keywords: ECDM, MMCs, MRR, TWR, Shaped abrasive
tools, Orthogonal method

1 Introduction

The metal matrix composites (MMCs) are composite mate-
rial with two or more phases. This study mainly focuses
on an important type of MMC materials, SiC particle rein-
forced Al-alloy composites [1]. This SiC particle reinforced
aluminum-silicon carbide (Al/SiC) metal matrix compos-
ites (MMCs) have superior performance in such a way that
is unmatched by most other existing materials, such as
high specific strength, high specific stiffness, excellent
wear resistance, heat resistance [2-4], toughness, corro-
sion resistance [5], low thermal expansion coefficient [6],
etc., which have broad application prospects in aerospace,
automotive, electronics and other fields [4, 5, 7].

Although MMCs have excellent physical and chemical
properties, at the same time, it is also a typical high hard-
ness, high strength, difficult-to-machine material, more-
over, the processing becomes more difficult as the volume
fraction and the size of silicon carbide increases. In partic-
ular, the applications of MMCs in industries are limited due
to the difficulty of secondary processing. Over the years,
the secondary processing of MMCs has been extensively
studied by researchers. However, the research results show
that the existing processing methods are difficult to meet
the requirements of metal matrix composites when taking
high efficiency, high surface quality, and high precision
machining into consideration.
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With the traditional mechanical machining methods,
the problematic machining characteristics are mainly re-
flected in the high risk of tool wear [8], high cost, and
low surface quality [9]. Due to the drawbacks of the tra-
ditional processing methods mentioned above, many ex-
perts and scholars have begun to turn their attention to
the field of unconventional machining processes, using
unconventional machining methods to process metal ma-
trix composites materials, for instance, using abrasive wa-
ter jet processing [10], laser beam processing [11], elec-
trochemical processing [12], Electrical discharge machin-
ing [13] and other special processing methods [14]. How-
ever, there is no risk of tool wear; they have been found
unsuitable for processing these materials effectively at low
cost due to their own limitations. Because of the particular-
ity of aluminum-silicon carbide metal matrix composites,
they still have not overcome such a problem that the sur-
face quality is so poor. The processing accuracy is not high,
and it is challenging to meet the needs of industrial appli-
cations.

Generally, as for MMCs, although the efficiency of EDM
is relatively low, EDM and WEDM have higher processing
precision, what’s more, it can be used to process complex
geometries [15, 16]. At the same time, researchers have con-
ducted many experimental investigations and optimiza-
tions on EDM of MMCs [17, 18]. Even though there are still
many problems coming into existence, it is difficult to re-
move the form of vaporization or melting during the pro-
cessing due to the high melting point of the silicon carbide.
As the processing moves on, the high-melting silicon car-
bide will continue to accumulate on the machined surface,
causing abnormal arc discharge and electrode tool wear. It
is also difficult to meet the actual needs due to the poor sur-
face quality of the machined workpiece [4, 7].

As for ECM, machining efficiency and surface finish-
ing are two critical problems that need to be resolved [19],
while electrochemical discharge machining (ECDM) is an
efficient processing method [20]. In the process of ECDM
machining of MMCs, it can not only obtain a higher MRR
compared to EDM [21], but also the electrochemical effect
in the process can promote the detachment of the silicon
carbide phase and prevent it from accumulating on the ma-
chined surface. Hence, it can effectively reduce the occur-
rence of abnormal arc discharge phenomenon. However,
due to the electrical spark discharge effect, the wear of the
tool electrode during the process is still hard to avoid. Fur-
thermore, its machining precision accuracy and surface
quality have not been substantially improved compared to
EDM [22].

In machining of MMCs, although there is very little
research on this aspect, the grinding effect of abrasive
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grits has been proven to obtain a non-damaged machined
surface and high dimensional accuracy [23, 24]. To fur-
ther improve the surface quality and processing efficiency,
the authors proposed the grinding-aided electrochemical
discharge machining (ECDGM) to machine MMCs using
an abrasive round electrode. The hybrid method combin-
ing the whole advantages of the grinding and ECDM tech-
nologies, it was found that the grinding process can effec-
tively remove the recast material, and the processing effi-
ciency and the surface quality were higher than that of the
ECDM [25]. However, although good surface quality can be
obtained by grinding, the processing efficiency is relatively
low.

This study proposes a method toward synchronous
electrochemical discharge grinding machining (ECDGM)
with a hybrid action of electrochemical dissolution, spark
erosion, and abrasive grinding in the machining of MMCs
employs a special shaped abrasive tool electrode. The pur-
pose of combining the different machining process is to
obtain the better performance compared to separate ma-
chining processes by exploiting the advantages and avoid-
ing the disadvantages of EDM, ECM, and grinding process
in the machining of MMCs. This paper mainly studied the
MRR and TWR, the MRR mechanism and the surface qual-
ity of the machined workpiece will be studied in another

paper.

2 Materials and methods

This work developed a hybrid process that combines EDM,
ECM, and grinding action synchronously on a unique
electrode tool, aiming to improve the material removal

Figure 1: SEM micrograph of the composite.
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rate and reduce TWR. The experiments conducted on
aluminum-silicon carbide MMCs, whose reinforced SiC
have an average particle size of 20 with 20vol%, the mi-
crograph of the composite as shown in Figure 1. The
electrolyte applied for the experimental study is 0.75wt%
NaNOs solution.

The principle of the ECDGM is shown in Figure 2
and Figure 3. In the process of the ECDGM, the material
removal phenomenon can be divided into three phases:
electrochemical dissolution, spark erosion, and abrasive
grinding, which is shown in Figure 3(b) in detail. The elec-
trode tool consists of a conductive metal substrate and an
insulated diamond formed by sintering, the diamond is
partially exposed and serves as grinding abrasive. In the
first phase, the role of ECM action is not just to remove ma-
terials, what most importantly is, more hydrogen bubbles
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come into being, which is more conducive to the forma-
tion of electrical spark breakdown conditions, besides, it
can increase the spark discharge gap of the EDM, which
make the debris easier to discharge. When it comes to the
second phase, the electro-spark erosion occurs, the con-
ductive metal substrate serves as an electrode performing
discharges to remove workpiece materials and simultane-
ously forming the hot recast layer. In the third phase, abra-
sive grinding begins to work, and the exposed diamond
makes contact with the recast layer and softened work-
piece during the abrasive grinding process. The three pro-
cesses are carried out simultaneously. Due to this, a much
higher MRR has been obtained, now, to improve debris
evacuation efficiency, a shaped abrasive tool has been de-
signed, increasing the debris removal gap by adding a flute
on the electrode tool is shown in Figure 3(a).
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Figure 3: Schematic diagram of synchronous hybrid ECDGM: (a) debris discharge using shaped abrasive electrode; (b) partial enlargement

diagram of the ECDGM.
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Self-assembled experimental equipment is employed
for experimental study, which is shown in Figure 4, which
consists of a spindle, servo control system, frequency con-
verter, and a high-frequency pulse power supply. A ro-
tary spindle with a max 24000 rpm is fixed to the Z-axis,
where the electrode is held. In machining, the current
flows through the electric transmission system placed in
insulated polyoxymethylene (POM), which is supplied by
the high-frequency pulse power supply. A servo control
system maintains the gap between the tool electrode and
workpiece. It is using external flushing to experiment. To
improve debris evacuation efficiency, a shaped abrasive
tool has been designed. For the ECDM discharge gap is
about tens of micros, this tool electrode has a volume frac-
tion of 45% of diamond grits of nominal size 120 pm, which
exposing height is about tens of micros. The schematic
diagram of the shape abrasive electrode’s preparation is
shown in Figure 5 (a), which can be divided into three
steps. In the first step, it is sintered at 700°C, an abrasive
round electrode has been obtained, which was provided
by Hangzhou Huhao Technology Co., Ltd. The second step
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Figure 5: (a) Schematic diagram of preparation of shaped abrasive
electrode; (b) Actual photo of the abrasive electrode.
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uses a mold copper electrode with a structure complemen-
tary to the target electrode as the anode and the abrasive
round electrode as the cathode, and then, the mold cop-
per electrode feeds toward the abrasive round electrode
while performing spark discharge. In the last step, finally,
after the feed is completed, an efficient shaped abrasive
electrode has been obtained. Figure 5(b) shows the actual
photo of the abrasive electrode. What’s more, in order to
clearly observe the abrasive electrode’s surface morphol-
ogy, SEM photographs of the abrasive electrode have been
obtained, which is shown in Figure 6.

The role of peak current, pulse duration, duty cycle,
rotary speed, and abrasive grit size has been investigated
on material removal rate (MMR) and tool wear rate (TWR)
using the non-abrasive round electrode, abrasive round
electrode, and abrasive shaped electrode respectively. The
MRR is obtained by dividing the mass difference of the re-
moved workpiece by the machining time, which is given
by:

MRR = u (¢/ min) )

Where M, is the mass of workpiece before machining, M,
is the mass of workpiece after machining, ¢ is the machin-
ing time.

Vioor is tool electrode wear rate and the V;,,; is ob-
tained by dividing the mass difference of the before and
after tool electrode by the machining time, which is given
by:

m

Vigol = "2 (g/ min) @

Where m; is the mass of tool electrode before machining,
m, is the mass of tool electrode after machining, ¢t is the
machining time.

The TWR is given by:

Vtool
TWR = MRR

To study the influence of the input parameters on MRR
and TWR, the role of peak current, pulse duration, duty
cycle, rotary speed and abrasive grit size has been investi-
gated by using the non-abrasive round electrode, abrasive
round electrode, and shaped abrasive electrode respec-
tively. Each experiment was repeatedly carried out three
times in random order, whose average value was used to
analyze. The range of input parameters was determined af-
ter the pilot experiment. Table 1 shows the machining and
input parameters condition. An electronic micro-weighing
balance has been employed to measuring the weight of
workpiece and tool electrode, before measuring it, an ultra-
sonic vibration cleaning machine was used to clean each
specimen for 180 s.

(g/ min) 3
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Figure 6: SEM photographs of the abrasive electrode: (a) Abrasive round electrode; (b) Abrasive shaped electrode.

Table 1: The machining and input parameters condition.

3 Results and discussion

Machining conditions Values
Workpiece Aluminum-silicon carbide 3.1 Influence of abrasive grit size on MRR
Polarity Electrode (negative); Workpiece (positive)
Electrolyte 0.75 wt% NaNO3 and TWR
Machining time (min) 3
Applied voltage (V) 120 In the ECDGM process, to find out which sizes of abra-
Peak current (A) 15, 20, 25, 30, 35 sive grits can achieve higher MRR, experiments of differ-
Pulse duration (us) 24, 48,72, 96,120 ent size of abrasive grits (M100, M170, M320) have been in-
Duty cycle 1:3,1:4, 1:5, 1:6, 1:7, 1:8 vestigated, the smaller the value, the larger the size of the
Rotary speed (rpm) 600, 1200, 1800, 2400, 3000 brasi it
Abrasive grit size (M) 100, 170, 320 a rasfve StIts. . . . .
Figure 7 shows the influence of abrasive grits size on
MRR and TWR for three different sizes of abrasive grits dur-
ing ECDGM of MMCs respectively, while the input param-
eters such as applied voltage = 120 V, pulse duration =
BB M100 ES M170 m= M320 — M100 — M170 — M320
0.15 2.5
2.0
= 0.10}
£ 1.5F
&~ T
T o 1.0F
£ o.0st AN ELRE
% = % 2 09T
0'00 H H L - o_c L 1 L L L
15 20 25 30 35 10 15 20 25 30 35 40
Peak current(A) Peak current(A)
(@ (b)

Figure 7: Influence of abrasive grits size on MRR and TWR (applied voltage = 120 V, pulse duration = 120 ps, duty cycle = 1:5, rotary speed =
2400 rpm).
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120 ps, duty cycle = 1:5 , rotary speed = 2400 rpm. It has
been clearly observed (Figure 7 (a)) that the MRR sharply
increase with increase in current from 15A to 20A, and then
the rate of rise in MRR begins to slow down with an in-
crease in current from 20A to 35A. What’s more, the grits
of M100 has much higher MRR than the other two under
the same experimental conditions. Furthermore, accord-
ing to the result of Figure 7(b), the grits of M100 have much
lower TWR than the other two with increasing of the cur-
rent. When the abrasive grits are larger, the distance be-
tween the workpiece and metal phase of the electrode (i.e.
the machining gap) will be large accordingly. When the ma-
chining gap is larger than the discharge gap, it is difficult to
form a stable EDM process. Therefore, by using large-size
abrasive electrodes, the grinding effect is dominant, and
the impact of Electrical discharge machining gets weak-
ened. Besides, the composite material contains SiC parti-
cles as a component, which is a typical difficult-to-process
material. Therefore, the processing efficiency of the M170
and M320 grits is lower than M100, and the grits of M100
have much lower TWR than M170 and M320. Hence, the
grits of M100 is selected to use to carry out the following
experiments.

3.2 Influence of peak current on MRR and
TWR

Figure 8 shows the influence of peak current on MRR and
TWR for three different tool electrodes during machining
of MMCs, respectively, while the input parameters such
as applied voltage = 120 V pulse duration , duty cycle =
1:5, rotary speed = 2400 rpm. It has been found out in Fig-

#5 Non-abrasive round electrode
88 Abrasive round electrode
&%= Abrasive shaped electrode
0.20
£
E
&
-4
-4
=
15 20 25 30 35
Peak current(A)
(@)
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ure 8(a) that the MRR of the abrasive shaped electrode was
higher (about three times) than that of the non-abrasive
round electrode, and the MRR of the abrasive round elec-
trode was also higher (about 2.4 times) than that of the
non-abrasive round electrode. As for non-abrasive round
electrode in ECDM of MMCs, the MRR increases very slowly
with increase in peak current from 15A to 35A, that’s be-
cause not only the EDM action enhanced but also the ECM
action enhanced with the increase of peak current, lead-
ing to more material removal per unit of time, however, the
debris evacuation becomes difficult due to the limited ma-
chining gap, that’s why the MRR increases with increase
in peak current from 15A to 25A, and the MRR even de-
creases with increase in peak current from 25A to 35A. The
abrasive round electrode has shown a similar tendency in
ECDM of MMCs, namely as ECDGM. Compared to the non-
abrasive round electrode during ECDM of MMCs, the work-
piece is removed by the ECDM and grinding action sepa-
rately with the abrasive round electrode; hence, a higher
MRR can be obtained. Unfortunately, when peak current
increases (more than 20A), a greater energy heat is gener-
ated resulting in removing a larger volume of workpiece
debris as well as the detached grinding grits of the elec-
trode, the machining gap is so narrow that it is difficult to
evacuate the debris, until the workpiece debris and the de-
tached grinding grits are melted to smaller one and finally
are evacuated out, which reduce the MRR. The abrasive-
shaped electrode can discharge a larger volume of work-
piece debris and detached grinding grits with increasing
peak current due to the enlarged debris removal gap of tool
electrode. Consequently, a much higher MRR has been ob-
tained.

Non-abrasive round electrode
Abrasive round electrode
— Abrasive shaped electrode

2.0

0.5

0.c 1 L 1 1 1
15 20 25 30 35

Peak current(A)

40

(b)

Figure 8: Influence of peak current on MRR and TWR (applied voltage = 120 V, pulse duration = 120 ps, duty cycle = 1:5, rotary speed = 2400

rpm).
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It has been observed from Figure 8(b) that abrasive
shaped electrode has much lower TWR compared to the
other two, an average of 32% lower than a round electrode,
and an average of 27% lower than that of the abrasive
round electrode. This can account for debris evacuation.
When the abrasive-shaped electrode is used, the debris ef-
ficiently exhausts the machining gap, and the discharge
process is relatively stable. When the debris is difficult to
remove and accumulates in the machining gap, it is easy
to form abnormal discharge conditions, so the electrode
wear is significant. According to the experimental results
above, we can conclude that a much higher MRR and a
much lower TWR can be obtained with the abrasive shaped
electrode.

EE Non-abrasive round electrode
B8 Abrasive round electrode
B Abrasive shaped electrode

48 72 120

Pulse duration(us)

(@
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3.3 Influence of pulse duration on MRR and
TWR

Figure 9 shows the influence of pulse duration on MRR and
TWR for three different tool electrodes during machining
of MMCs, respectively, while the input parameters such as
applied voltage = 120 V, peak current = 25 A, duty cycle
= 1:5, rotary speed = 2400 rpm. It can be observed from
Figure 8 that the three different electrodes have the simi-
lar tendency in MRR and TWR during machining of MMCs
with increasing of the pulse duration, the MRR and TWR
for three different electrode increases as the pulse duration
increase, that’s because a rise in pulse duration means
more extended time for effective discharge resulting in
more materials to be removed. And the non-abrasive round
electrode has the lowest MRR and the highest TWR among

— Non-abrasive round electrode
Abrasive round electrode
— Abrasive shaped electrode

1.8f
1.5F
1.2}
0.9

TWR

=
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Pulse duration(us)

0.6
0.3

120 144

(b)

Figure 9: Influence of pulse duration on MRR and TWR (applied voltage = 120 V, peak current = 25 A, duty cycle = 1:5, rotary speed = 2400

rpm).

— Non-abrasive round electrode
Abrasive round electrode
— Abrasive shaped electrode

o

-

(5]
T

MRR(g/min)
o
2

I—I—I———l\_\_

0.00 L L L L L L
0 13 14 15 16 1.7 18 19

Duty cycle

0.05F

(a)

(b)

--- Non-abrasive round electrode
Abrasive round electrode
--+ Abrasive shaped electrode

F---3,

1.6 A%

T
g 1.4 I‘\.];

1.2 I‘--g[-_-_L T

1.0 T‘"‘I----I

0.8 L L L L L L

0 13 14 15 16 17 18 19
Duty cycle

Figure 10: Influence of duty cycle on MRR and TWR (applied voltage = 120V, peak current = 25 A, pulse duration = 120 ps, rotary speed =

2400 rpm).
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them. Figure 9 shows us that the abrasive shaped electrode
has the highest MRR, whose average removal rate is about
three times higher than that of the non-abrasive round
electrode, and the lowest TWR among them (about an aver-
age of 29% lower than that of the non-abrasive round elec-
trode), and the MRR and TWR of the abrasive round elec-
trode just between the other two. Besides, it can be seen
from Figure 9(a) that the MRR for abrasive round electrode
is higher than that of the abrasive shaped electrode at a rel-
atively lower pulse duration (less than 48 ps). On the con-
trary (more than 48 ps), on the one hand, that’s because
small volume of materials has been removed at lower pulse
duration The effective machining area for abrasive round
electrode is more significant than that of abrasive shaped
electrode resulting in its MRR increase, on the other hand,
a relatively larger volume of materials has been removed
at higher pulse duration (more than 48 ps), and the debris
evacuation become difficult due to the limited machining
gap of abrasive round electrode resulting in its MRR de-
crease. So we can conclude that it is suitable to use abra-
sive round electrode for machining at lower pulse duration
and use abrasive shaped electrode for machining at higher
pulse duration (more than 48 ps).

3.4 Influence of duty cycle on MRR and TWR

Figure 10 shows the influence of duty cycle on MRR and
TWR for three different tool electrodes during machining
of MMCs, respectively, while the input parameters such as
applied voltage = 120V, peak current = 25 A, pulse dura-
tion = 120 ps, rotary speed = 2400 rpm. It has been ob-
served from Figure 10 that the duty cycle has no apparent
influence on MRR and has a significant impact on TWR for

EZE Non-abrasive round electrode
Abrasive round electrode

e B Abrasive shaped electrode

MRR(g/min)
o o
o =
(5] (=]

0.00

600

1200 1800 2400
Rotary speed(r/min)

3000

(a)
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non-abrasive round electrode, and the two abrasive elec-
trodes have a similar tendency in MRR and TWR during
machining of MMCs with decreasing of the duty cycle. Fur-
thermore, the MRR and TWR for abrasive round electrode
and the abrasive shaped electrode are decreasing as the
duty cycle reduces, for the reason that the smaller duty cy-
cle means less EDM energy and ECM action during single
pulse period resulting in less volume of materials to be re-
moved. Consequently, MRR and TWR decrease.

3.5 Influence of rotary speed on MRR and
TWR

Figure 11 shows the influence of rotary speed on MRR
and TWR for different tool electrodes during machining of
MMCs, respectively, while the input parameters such as ap-
plied voltage = 120V, peak current = 25 A, pulse duration
=120 ps, duty cycle = 1:5 and the rotary speed varied from
600 r/min to 3000r/min. It can be observed from Figure 11
that the rotary speed for the non-abrasive round electrode
on MRR is not significant, but having a substantial effect
on its TWR, the MRR for the non-abrasive round electrode
is increasing slowly as the rotary speed increase. Owing to
the rotation speed increases, the debris between the elec-
trodes is more likely to exhaust the machining gap. There-
fore, the machining efficiency increases with the increas-
ing of the rotation speed. Besides, greater grinding action
can be obtained under a higher rotation speed condition.
Therefore, the machining efficiency of the abrasive elec-
trode is higher than that of the non-abrasive round elec-
trode. Figure 11 shows us that the MRR and TWR for the
two abrasive electrodes have the same trend in the ma-
chining of MMCs, the MRR for the two abrasive electrodes

— Non-abrasive round electrode
Abrasive round electrode
— Abrasive shaped electrode

2.0
1.5F
g 1.0F \I
0.5F
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Figure 11: Influence of rotary speed on MRR and TWR (applied voltage = 120V, peak current= 25 A, pulse duration = 120 ps, duty cycle = 1:5).
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is increasing drastically with the rotary speed increasing.
The TWR for the two abrasive electrodes is increasing from
600r/min to 1200r/min. After that, the TWR for the two
abrasive electrodes has a downward trend, which means
the abrasive electrode is suitable for machining at higher
rotary speed. Hence, a much higher MRR and lower TWR
at higher rotary speed can be obtained. For the reason that
the chip force increase for an abrasive electrode as the ro-
tary speed increase, which means the materials removed
by the grinding action increases.

3.6 Orthogonal experimental study on MRR
and TWR

To optimize the processing parameters, and Lo (3*) or-
thogonal analysis on MRR and TWR for abrasive shaped
electrode has been investigated, the factors and levels for
the orthogonal experimental study has been shown in Ta-
ble 2

Table 2: Factors and levels for the orthogonal experimental study.

Levels g A B C D
‘g (peak (pulse (duty (rotary
w current) duration) cycle) speed)
1 15 72 1:3 1000
2 25 96 1:5 2000
3 35 120 1:7 3000

Table 3 shows the results of the orthogonal analysis on
MRR for the abrasive shaped electrode of ECDGM, accord-
ing to the analysis results, the relative importance of the
machining parameters on MRR follow the order as: rotary
speed > peak current > duty cycle > pulse duration, which
means that to obtain a higher MRR, the rotary speed and
peak current play an essential role in MRR for ECDGM of
MMCs. While the rotary speed is 3000 r/min, the peak cur-
rent is 35A, the pulse duration is 96 ps, the duty cycle is
1:3, a maximum MRR can be obtained, the results of the or-
thogonal analysis are in good agreement with the results
of single-factor experiments.

Table 4 shows the results of the orthogonal analysis on
TWR for the abrasive shaped electrode of ECDGM, accord-
ing to the analysis results, the relative importance of the
machining parameters on TWR follow the order as: peak
current > duty cycle > pulse duration > rotary speed, which
means that, to obtain a lower TWR, the peak current and
pulse duration play a critical part in TWR for ECDGM of
MMCs. While the peak current is 15A, the pulse duration is

DE GRUYTER

72 ps the rotary speed is 3000 r/min, the duty cycle is 1:7,
a minimum TWR can be obtained, which is in good agree-
ment with the results of the single-factor experiments. Be-
sides, the orthogonal analysis results on MRR and TWR of
ECDGM; the higher the rotary speed, the higher the MRR
and the lower the TWR.

Table 3: Results of the orthogonal analysis on MRR of ECDGM.

Series @ A B C D MMR
no § (peak (pulse (duty (rotary (g/min)
Y current) duration) cycle) speed)
1 1 1 1 1 0.036
2 1 2 2 2 0.059
3 1 3 3 3 0.078
4 2 1 2 3 0.092
5 2 2 3 1 0.052
6 2 3 1 2 0.111
7 3 1 3 2 0.097
8 3 p 1 3 0.145
9 3 3 2 1 0.042
lj 0.173 0.225 0.292 0.130 lj =Sum
(level=1)
I 0.255 0.256 0.193 0.267 Ilj = Sum
(level=2)
1] 0.284 0.231 0.227 0.315 1lj = Sum
(level=3)
1j/3 0.058 0.075 0.097 0.043
11j/3 0.085 0.085 0.064 0.089
j/3 0.095 0.077 0.076 0.105
R 0.037 0.010 0.033 0.062

Table 4: Results of the orthogonal analysis on TWR of ECDGM.

Series ¥ A B C D TWR
no ‘§ (peak (pulse (duty  (rotary
Y current) duration) cycle) speed)
1 1 1 1 1 0.294
2 1 2 2 2 0.341
3 1 3 3 3 0.162
4 2 1 2 3 0.718
5 2 2 3 1 0.942
6 2 3 1 2 1.290
7 3 1 3 2 0.949
8 3 2 1 3 1.489
9 3 3 2 1 1.833
lj 0.797 1.961 3.073 3.069 lj = Sum
(level=1)
Ilj 2.950 2.772 2.679 2.580 Ilj = Sum
(level=2)
1lj 4.271 3.283 2.053 2.369 1lj = Sum
(level=3)
1j/3 0.266 0.654 1.024 1.023
11j/3 0.983 0.924 0.893 0.860
j/3 1.424 1.094 0.684 0.789
R 1.158 0.440 0.520 0.234
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Figure 12: SEM photographs of machined debris: (a) Produced by non-abrasive round electrode; (b) Produced by abrasive round electrode;
(c) Produced by abrasive shaped electrode.

5-3400N 15.0kV 13.1mm x120 SE ' 400um 5-3400N 15.0kV 13.5mm x130 SE

S-3400N 15.0kV 13.5mm x130 SE

Figure 13: SEM photographs of machined surface: (a) Produced by non-abrasive round electrode; (b) Produced by abrasive round electrode;
(c) Produced by abrasive shaped electrode.
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Figure 14: Surface roughness of machined surface: (a) Produced by non-abrasive round electrode; (b) Produced by abrasive round elec-

trode; (c) Produced by abrasive shaped electrode.
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3.7 SEM photographs of machined debris
and surface

The SEM photographs of machined debris and are shown
in Figure 12, while the input parameters such as applied
voltage = 120V, peak current = 30A, pulse duration = 120
us, duty cycle = 1:4, it has been clearly observed from Fig-
ure 12 that most of the machined debris produced by the
abrasive shaped electrode (Figure 12(c)) are greater than
that of the abrasive round electrode (Figure 12(b)) as well
as a non-abrasive round electrode (Figure 12(a)), which in-
directly proves that why the MRR for the abrasive shaped
electrode in the machining of MMCs is higher than that of
the other two electrodes, for the reason that the enlarged
debris machining gap of the abrasive shaped electrode can
discharge greater volume of workpiece debris out.

The SEM photographs of the machined surface are
shown in Figure 13, while the input parameters such as ap-
plied voltage = 120V, peak current = 15A, pulse duration =
120ps, duty cycle = 1:4. Figure 13(a) shows us that the ma-
chined surface produced by the non-abrasive round elec-
trode, which is composed of recast layer, electrical spark
crater, and crack. While the machined surface produces
by the abrasive round electrode (shown in Figure 13(b, c)
are some electrical spark crater there, almost no recast ma-
terials, therefore, a relatively good surface quality can be
achieved by using the abrasive electrode. As can be seen
from Figure 14, the surface roughness of the machined sur-
face with the non-abrasive round electrode is large than
the abrasive electrode. These can account for grinding ac-
tion, the surface defects (such as recast materials and elec-
trical spark crater) can reduce. Hence the surface finish
quality can be improved via the abrasive electrode.

4 Conclusions

In this research work, the performance comparison exper-
iment among the non-abrasive round electrode, abrasive
round electrode, and the abrasive shaped electrode has
been experimentally investigated on MMCs taking the in-
fluence of abrasive grit size, peak current, pulse duration,
duty cycle, and rotary speed on MRR and TWR into consid-
eration. The experimental conclusions are summarized as
follows:

1. The grits of M100 has much higher MRR and much
lower TWR than the other two as the peak current
increase from 15A to 35A. Hence, the grits of M100 is
selected to use to carry out the comparative experi-
ments.
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2. Amuch higher MRR and much lower TWR can be ob-
tained by using an abrasive shaped electrode with
the peak current, pulse duration, and duty cycle in-
creasing due to the enlarged debris removal gap of
tool electrode, compared to the other two electrodes.

3. A much higher MRR and lower TWR at higher ro-
tary speed can be obtained because the chip force
increases for an abrasive electrode as the rotary
speed increases, which means the grinding action
increases remove the materials.

4. The relative importance of the machining parame-
ters on MRR follow the order as: rotary speed > peak
current > duty cycle > pulse duration, which means
that the rotary speed and peak current play an im-
portant role in MRR for ECDGM of MMCs; the relative
importance of the machining parameters on TWR
follow the order as: peak current > duty cycle > pulse
duration > rotary speed, which means that the peak
current and duty cycle play a critical part in TWR for
ECDGM of MMCs.

5. The SEM photographs of machined debris show us
that most of the machined debris produced by the
abrasive shaped electrode is greater than that of
the other two due to the enlarged debris machining
gap of the abrasive shaped electrode can discharge
greater volume of workpiece debris out. The SEM
photographs of the machined surface show us that
there is almost no recast layer, and almost no elec-
trical spark crater at the machined surface produced
by the abrasive shaped electrode, hence, a much bet-
ter surface quality has been obtained.
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