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Abstract

The working mechanism of the tool electrode in grinding-aided electrochemical discharge machining (G-ECDM) of metal matrix
composites process has been studied in this paper. A series of experiments have been conducted to study tool electrode clogging
and damage under different processing conditions. Moreover, the grit volume fractions and average grit height of the G-ECDM
tool electrode have been studied to discover the working mechanism of the tool. The experimental results have shown that in the
G-ECDM situation, though it is possible for the grinding effect to cause tool clogging, the clogged materials may be removed by
the polarity spark effect and thus a stable processing condition can be obtained. Moreover, the tool life of G-ECDM is much
longer than that of ECDM. The reason for this phenomenon could be that the binding materials between the diamond grits of the
tool surface are potentially protected by the clogged materials during the process.
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1 Introduction

Metal matrix composites (MMCs), as a combination of two or
more constituents in which a relatively soft and ductile metal
phase acts as “matrix” and a hard and brittle dispersive mate-
rials acts as reinforcement phase [1], have been widely used in
modern engineering and industries, including but not limited
to aerospace, electronics, automobile industries, and medical
applications [2—5]. This is primarily due to their high specific
strength and stiffness, good elevated temperature properties,
and excellent wear resistance [6—9]. Indeed, both the physical
and mechanical properties of MMCs are in many respects
superior to those of their monolithic counterparts. However,
the unique properties that make them appealing to use may
prove to be hurdles to shaping these materials effectively.
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Thus, the successful implementation of these advanced mate-
rials is still largely dependent on how cost-effectively the com-
ponent can be fabricated and transformed to the required final
shape. It is accepted that MMCs are in general much more
difficult to machine than their monolithic counterparts, wheth-
er or not conventional or unconventional techniques are used
[10, 11]. This causes no surprise, since most of the reinforce-
ment phases are hard ceramic materials and are harder com-
pared to most commonly used carbide and high-speed steel
(HSS) tools, and because of this, cubic boron nitride (CBN),
chemical vapor deposition (CVD), and polycrystalline dia-
mond (PCD) tools are often required [8, 12]. Apart from the
extreme hardness of most of the reinforcement phases, the vast
differences in physical, chemical, and mechanical properties
between the metal matrix and the reinforcement phase have
positioned MMCs as a group of notoriously difficult-to-
machine materials.

In the field of conventional machining, though the amount
of research studying the grinding of MMCs is much less than
for turning, drilling and milling, etc., its research value is of
significance because normally a good surface finish with less
damage can be obtained using grinding [10, 13-15].
Unconventional machining techniques, such as laser [11, 16]
and water jet [17, 18] machining, can achieve a fairly high
material removal rate but would often be accompanied by
some serious surface and subsurface defects which in many
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cases are unacceptable to the final finished product and could
undermine the fatigue strength of the final product. Moreover,
these two machining methods are not ideally suited to 3-D
shaping purposes. Among the many unconventional machin-
ing methods, electrical discharge machining (EDM) [19-21],
wire-EDM [22-24], and electrochemical machining (ECM)
[25, 26] as well as their hybrid forms like electrochemical
discharge machining (ECDM) [27], ultrasonic vibration
EDM (UEDM) [28], and powder mixed EDM (PEDM) [29,
30] are perhaps the most promising processes for shaping
MMCs when the quality of surface finish and flexibility of
shaping geometry are considered. Notwithstanding the merits
of these two kinds of machining methods, there are still prob-
lems which need to be solved and improvements to be made
before they can be effectively utilized for shaping MMCs.
The main problems encountered in EDM of MMCs are low
machining rate [19, 31], high risk of tool breakage [23],
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entrapment of debris in the gap [32], and the presence of
various forms of defects at the machined surface [19, 33].
On the other hand, close dimensional control is one of the
most important issues that needed to be addressed in ECM
[34]. These are mainly caused by the non-conducting nature
of the ceramic reinforcement phase and often the segregation
of the ceramic phase. The problems intensify as the extent of
the ceramic phase increases. When employing the electro-
chemical discharge machining method, though the material
removal rate can be much higher than that of EDM and
ECM, the machined surface quality still needs to be improved
and the tool electrode wear problem also needs to be solved
[35].

Based on the above discussion, the authors propose a
novel hybrid process combining the advantages of the
grinding effect and the ECDM effect, namely the
grinding-aided electrochemical discharge machining (G-

Table 1 Major specifications of
the experiment equipment

X-axis

Electrical
source

Y-axis Z-axis Spindle Electrolyte bath

Travel (mm)

Repeatability position 5
accuracy (p1m)
Position accuracy (pm)

Speed (rpm)

Gripping range (mm)
Power (kW)

Peak current (A)

Voltage (V)

Pulse duration (ps)

Duty cycle

Maximum liquid level (mm)
Medium

Circulator flow (L/min)

250

250 100

15 2
0-20,000
0 0.5-10
1.5
0.5-100
20-120
4-400
1:1-1:10
200

Deionized
water

Electrolyte
0-20
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Fig. 2 SEM image of the
diamond-reinforced layer of the
tool electrode

X100 100pm

ECDM) process to machine MMCs [36]. It was found that
during the process, not only can a high material removal
rate and good surface quality be obtained but also a low
tool electrode wear rate can be achieved.

In order to discover the tool electrode working mechanism,
this paper focuses on studying the tool performance of G-
ECDM process. Other aspects of the study, such as the de-
tailed material removal mechanism and spark generation
mechanism, will be presented in a separate paper.

2 Materials and methods

Figure 1 shows the actual in-house built experimental equip-
ment. Some major specifications of the experimental equip-
ment are given in Table 1. To facilitate the study of the G-
ECDM process, the experimental setup allows the number of
electrical pulses to be preset.

The MMCs employed in this study was a particulate-
reinforced aluminum 6061 with 10 vol% Al,Oz (10ALO).
The material was in the form of rolled plates with the
reinforcement particles having a nominal size of 21 pum.
According to the working principle of the G-ECDM pro-
cess, an appropriate steel drill tool with its surface

Table 2 Processing conditions for the study of tool surface condition

Diamond

reinforce layer

08 30 SEI °

reinforced with diamond grits of nominal size 120 pum
has been designed. The diameter of the composite drill
tool is 26 mm; the surface diamond-reinforced layer is
about 100 pum thick (Fig. 2).

A 2.5 wt% NaNOj; electrolyte was used for the G-ECDM
and ECDM experiments, while deionized water was used for
the EDM experiment. Other processing parameters can be
found in Table 2.

During the course of G-ECDM of MMCs, if the grinding
debris cannot be removed in time, some could adhere to the
cathode-tool surface and when the trapped debris or chips
between the diamond grits have increased to a certain amount,
short-circuiting occurs. A schematic drawing showing grind-
ing debris trapped in the tool is presented in Fig. 3. It is be-
lieved that EDM sparks could remove the clogged material
that is trapped on the tool surface, and if the clogging materials
can be removed by the EDM effect in time, stable machining
conditions can be maintained. With this in mind, a computer-
ized control system has been designed in this study. At the
start of the process, the tool and the workpiece will be adjusted
to a suitable processing position. Then, the tool will be fed
with an initial set speed. If no unstable condition is encoun-
tered, the feed speed can be progressively increased to in-
crease the grinding effect. Obviously, the amount of the

Processing conditions A B C D E F G H

Processing mode Grinding G-ECDM G-ECDM G-ECDM ECDM ECDM ECDM EDM

Peak current (A) - 35 35 35 35 35 35 35

Applied voltage (V) - 80 80 80 80 80 80 80

Pulse duration (us) - 48 48 200 48 48 48 48

Media 2.5% NaNOs 2.5% NaNO; 2.5% NaNO; 2.5% NaNOs; 2.5% NaNO; 2.5% NaNO; 2.5% NaNO; Deionized water
Duty cycle - 1:7 1:7 1:7 1:7 1:7 - -

Spindle speed (rpm) 1500 1500 1500 1500 0 0 0 0

Processing time (min) 1 30 60 30 3 5 - -
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Fig.3 Schematic diagram of machining debris trapped between diamond
grits

clogging materials between the diamond grits increases corre-
spondingly with an increase in the grinding effect. Though the
increased amount of the clogging materials can facilitate the
protection of the tool electrode from damage by the EDM
effect, once these clogging materials which cannot be re-
moved by the EDM effect in time have increased to a certain
amount, short-circuiting would occur. Short-circuiting condi-
tions are detected by monitoring a sudden drop of the

processing voltage. When a short-circuiting is encountered,
the tool will retract instantly and the feed speed will be re-
duced automatically to weaken the grinding effect. With this
computerized control system, a balance between the clogging
materials protection effect and EDM cleaning effect can be
reached.

3 Results and discussion

3.1 A study of the clogging and damage
of the G-ECDM tool electrode

Figure 4a—c shows the surfaces of the tools after direct grind-
ing without the ECDM action (Table 2 condition A), G-
ECDM for 30 min (Table 2 condition B), and G-ECDM for
60 min (Table 2 condition C), respectively. This section may
be divided by subheadings. It should provide a concise and
precise description of the experimental results and their inter-
pretation as well as the experimental conclusions that can be
drawn.

Figure 4a shows that without ECDM, the abrasive tool is
easily clogged by the soft matrix metal and the problem of tool

~ Y

(b) 20kv  x100 100pum 10 50 SEI

X300 50pm

(c) 20kv 10 50 SEI

Fig. 4 SEM photographs showing the tool surfaces after machining the MMC under a processing condition A, b processing condition B, and ¢
processing condition C
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Fig. 5 EDS mapping of Al of the direct grinding tool surface. a An image of the tool surface after 1 min of grinding. b Mapping of Al

clogging is severe, even only after 1 min of grinding time, all
the grits are covered by machining debris. However, tool clog-
ging was hardly observed on the tool after 30 min G-ECDM
of the MMC (Fig. 4b). An SEM-EDS mapping of aluminum
element on the surfaces of the direct grinding tool (Fig. 5) and
the G-ECDM tool (Fig. 6) confirms that the chips are Al-based
and therefore belong to the workpieces. This clearly demon-
strates the tool cleaning effect from EDM sparks.

In the presence of ECDM, even after G-ECDM for 60 min,
only a small amount of debris can be found on the tool (Fig.
4c). Moreover, there is no sign of serious damage at the inter-
face between the diamond grits and the binding material.

However, occasionally, microcracks can be observed on
the G-ECDM tool surface (Fig. 7) (the processing conditions
are given in Table 2, condition D). This is likely to be due to
EDM sparking occurring near/at the chip-diamond grit

Fig.6 EDS mapping of Al and Ni of the G-ECDM tool surface. a An image of the tool surface after 30 min of machining. b Mapping of Al on the tool. ¢

Mapping of Ni on the tool
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Fig. 7 SEM photography of the G-ECDM tool surface where
microcracks are found (processing condition D)

interface. Therefore, if the amount and the volume of the
clogged material are small and the arc energy is large, high
thermal stresses could develop and result in thermal cracking.
To avoid such a problem, further study is required to establish
the condition where, on one hand there are enough chips to

protect the tool electrode from excessive thermal stresses,
while on the other hand a stable machining condition is
maintained.

To further give support to the theory that machining chips
can provide protection to the tool electrode in G-ECDM, a
series of ECDM experiments were conducted (Table 2
processing conditions E and F).

Figures &, 9, and 10 show the tool surface originally, and
after a machining time of 3 and 5 min, respectively. It was
found that for the case of 3 min processing time, with the
removal of the Ni, many abrasive grits fell off from the tool
surface (Fig. 9); while for the case of 5 min processing time, it
is clear that more Ni has been removed and almost all of the
abrasive grits were detached (Fig. 10). This clearly shows that
EDM sparks could seriously damage the tool and remove the
Ni binding material at this stage.

To study the relative strength and proportion of the ECM
effect and EDM effect in the G-ECDM process, single-pulse
experiments have been conducted by employing deionized
water and electrolyte as the working medium respectively
(Table 2 conditions G and H). Obviously, only the EDM effect
exists in deionized water medium, while both an EDM and

Fig. 9 EDS mapping of Ni and abrasive grits of the tool surface after 3 min machining (processing condition E). a Image of the machined surface. b Ni

mapping. ¢ Grits mapping
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Fig. 10 EDS mapping of Ni and abrasive grits of the tool surface after 5 min machining (processing condition F). a Image of the machined surface. b Ni

mapping. ¢ Grits mapping

ECM effect exist in the electrolyte medium. The single-pulse
crater volume in both media was measured using a 3-D optical
device (Alicona IFM G4). Five measurements were taken to
get an average for both processes, and the relative standard
deviation (RSD) of the measurements is within 2%. It was
found that the crater in electrolyte medium is approximately
31 x 10° um® which is about 20% smaller than the one ob-
tained in deionized water medium (39 x 10° um?®) (Figs. 11

(a) 20kv x100 100um 18 30 SEI

a0

S0 -
FO -
&0

=1 '

404

17 30 SEI

(@)-20kV___ X100  100pm
Fig. 12 Single-pulse crater produced in electrolyte. a SEM photography. b Morphology of the crater

and 12). This is mainly due to the fact that during the process,
the pulse energy is roughly divided into two parts, the ECM
energy and the EDM spark energy. And under these experi-
mental conditions, though the mechanism for the energy dis-
tribution is still not completely certain, almost 20% of total
pulse energy is used to produce the ECM effect.

Compared to such rapid tool wear in the case of ECDM, G-
ECDM exhibits a different property. For the case of G-ECDM, it

(b)

Fig. 11 Single-pulse crater produced in deionized water. a SEM photography. b Morphology of the crater

1.0838mm
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was found that even, after a machining time of 30 min, the Ni
layer still remains on the tool (Fig. 6). So, once again, this
demonstrates that the Ni layer on the G-ECDM tool surface
has been protected by the clogged material between the diamond
grits. This means that the tool life of the G-ECDM tool would be
governed by tool wear of the diamond grit and not so much by
the ECDM action on the metal phase of the tool. It is therefore
believed that good tool life is expected of the G-ECDM process.

Fig. 13 Re-constructed surface L
topologies of a original tool, b

tool after machining the MMC s I
under processing conditions B, 100
and c tool after machining under S0~
processing conditions C

-=Z0
-0
-=0
i =1n]
—-100
-1z0
-1<40
-1s0
-150

MM
2.1578mm

. ,
S0 -
=0
=0
20
u}

20
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3.2 A study of the grit volume fractions
and the average grit height of the G-ECDM tool
electrode

Figure 13a—c shows the re-constructed surface topologies
of the original tool surface, the tool after G-ECDM for
30 min (processing condition B), and G-ECDM for
60 min (processing condition C), respectively. The average
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Average grit height (um)

Original Tool B C

Processing conditions

Fig. 14 Average grit height measured of the tool for the various
processing conditions

diamond grit heights measured for these three conditions
were 48 um, 51 um, and 56 um, respectively (Fig. 14).
The results show that the longer the processing time, the
higher the grit height. It is believed that during G-ECDM,
though the binding Ni layer of the tool is protected by the
clogged material between the diamond grits, some material
would still be removed by the ECDM action. The diamond
grit volume fractions for three conditions were measured to
be 0.55, 0.48, and 0.46 respectively (Fig. 15). Although
there was a relatively large decrease in grit volume after
30 min into the machining, further machining only caused
a very mild reduction. The relatively high detachment rate
of diamond grit at the early stage of the machining is be-
lieved to be due to the fact that some grits were not well
bonded to the Ni binding layer, and as a result, those loose
grits detached from the tool. After the run-in period, the
grit volume fraction hardly changed. This also leads to the
conclusion that though some Ni binding material on the
tool surface was removed by the ECDM action, most of
the diamond grits remained firmly bonded by the Ni ma-
trix. This means that the tool life of the G-ECDM tool is
primarily governed by the tool wear of the diamond grits
itself.

0.6 1
0.55
0.5
0.45
0.4
0.35

Grit volume fraction

0.3

Original Tool B C

Processing conditions

Fig. 15 Grit volume fraction remaining on the tool for the various
processing conditions

4 Conclusions

(i) In G-ECDM, though the grinding action could cause tool
clogging, the clogged material could be removed by the
action of electrical discharging; thus, a stable processing
condition might be maintained. On the other hand, the
clogged material also provides protection to the tool; thus,
long tool life is expected of the G-ECDM process.
Therefore, a good balance between tool cleaning and tool
protection must be reached so that the G-ECDM process
can be operated effectively.

(ii) Although there was a relatively high detachment rate of
the diamond grits at the early stage of the machining, the
grit volume of the tool appeared to become rather stable
after the run-in period. This means that the tool life of the
G-ECDM tool is primarily governed by the tool wear of
the diamond grit itself.
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