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Abstract
In this research, the effect of the Al2O3 abrasive particles on metal removal

rate of the electrochemical grinding machining process was studied. All
experimental works were performed at different voltages (9 and 11.5V), different
feed rates (6.74, 13.63, 22.55 and, 27.44 Ipm), different electrolyte concentrations
(10, 15 and 20 wt. % NaCl), and different depths of cut (0 and 0.1 mm). The
abrasive particles powder weight percentages were varied from 2.5 to 7.5. In order
to study the effect of the abrasive particle powder, the results of the electrochemical
grinding (ECG) were compared with the results of the abrasive electrochemical
grinding (AECG). All experiments were performed for K110 alloy steel. The metal
removal rate was determined by weighing the samples before and after machining,
then dividing by the time of machining. Digital weight balance with 0.001g
accuracy was used. The results revealed that the metal removal rate increases by
increasing the weight percentage of the Al2O3 abrasive particles up to 5 wt. % then
decreases. In addition, the effect of the abrasive particles was decreased by
increasing the feed rate, salt electrolyte concentration and decreasing the depth of
cut. The results of the electrical current show that the electrical current decreases at
a percentage more than 5 wt. % Al2O3.
Keywords: Hybrid electrochemical grinding; Al2O3 abrasive; Metal removal rate
(MRR); Feed rate; Electrolyte concentration; Depth of cut.
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1. Introduction

The electrochemical grinding machining process is a process, which combines
the electrochemical and mechanical action to remove the metal from the surface of
the work-piece. Typically 90% of the metal is removed by the electrochemical
action and 10% by the mechanical abrasive grinding wheel. In this process, the
work-piece is connected to the positive electrode and the conductive grinding wheel
is connected to the negative electrode. The electrolyte is usually a mixture of
NaNO3 or NaCl salt dissolved in water. It is extensively utilized for machining of
cutting tools, medical components, automotive and aerospace components due to its
advantages, such as the absence of thermal damage, good surface finish, high metal
removal rate, and long wheel life [1, 2].

In the electrochemical grinding machining process, especially at high voltages
(8-12V), some residual oxides on the work piece surface is produced during the
machining process and this affects the metal removal rate, by preventing the
reaction to take place with high efficiency. Also, it makes the surface of the work-
piece dull.

Enhancing the efficiency of metal removal rate of the machining processes can
be achieved by applying different cutting action on the material being machined. In
particular, the electrochemical-mechanical action, which is used in the
electrochemical grinding material removal process can be combined with respective
mechanical interaction applied in another unconventional manufacturing processes
such as ultrasonic machining (USM), abrasive jet machining (AJM), abrasive water
jet machining (AWJM), abrasive electrochemical machining (AECM), and abrasive
flow machining (ABFM).

Metal reinforced ceramic materials such as Al-Al2O3, Al-SiC, Al-B4C, and
WC-Co groups are not suitable to machine by the electrochemical (ECM) and
electrochemical grinding (ECG) machining process for two reasons. The first is that
materials are non-conductive while the second is that they are very hard [2-7]

Recently, more interests have been focused on increasing the material removal
rate, and improving the machining accuracy. K. Rajkumar, et al have studied the
effect of using SiC of 50 µm particle size as abrasive in the abrasive assisted
electrochemical machining process, and showed that abrasive assisted electrolyte
aids in removing the precipitates, which gets formed during the electrochemical
machining specially at high voltages. It also removes the burrs from the machining
surface, which results in good surface finish. S.DAS, et al [4], have investigated the
effect of different Boron Carbide abrasive grain diameters of (16µm, 24µm, 34µm,
44µm and 63µm) and abrasive slurry concentration of (50 g/l and 60 g/l) on the
metal removal rate of the USM. The results showed that the metal removal rate
increases as the abrasive grain diameters and concentration increase.

Al2O3, SiC, B4C, and diamond are the common used ceramic abrasive in the
ultrasonic machining process [8]. Alumina as an advanced ceramic material is
advantage with high hardness, corrosion resistance with chemical stability, and low
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density material. These properties make it an ideal material to perform in a variety
of applications including alumina-based wearing parts, biomaterials and armors [9].

This research aims at studying the effect of Al2O3 abrasive powder as an assist
abrasive for the electrochemical gridding machining process on the metal removal
rate at different voltages, feed speeds, depths of cut, and different salt electrolyte
concentrations. On the other hand, solving the problem of machining new
composites materials, which contain non-conductive materials and difficult to
machine by the ECG process, such as Al-SiC and Al-Al2O3.

2. Experimental work
2.1Materials

Alumina powder of 2-3 µm particle size and density of 3.4 g/cm3, which
purchased from “Zircar Co. LTD” USA was used as an abrasive particles. Figures 1
and 2 show the Al2O3 powder and X-ray diffraction of the Al2O3. It is shown from
the X-ray that Al2O3 has a cubic crystalline structure.

Fig. 1 Al2O3 powder

Fig. 2 X-Ray diffraction of alumina powder
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Sodium chloride (NaCl salt) was used as the source of cations (positively-
charged ions) and anions (negatively-charged ions) of the electrolyte.

K110 alloy steel sample of 20 mm thick, 40 mm long, and 30 mm wide was used
as work-piece material. The chemical composition of the used material is shown in
table 1. How did you get the composition?
Table 1: Chemical composition of K110 alloy steel

Element C Si Mn Cr Mo Ni Fe
wt. % 0.38 0.30 1.50 2.00 0.20 1.10 94.52

2.2 Abrasive Electrochemical Grinding Test Rig

All tests were run on an Everite ECG 618 Electrochemical surface grinder fitted
with a 300 A.D.C power source and control panel consists of indicators showing
current, voltage, and feed speed. A 3.73 KW (5 hp) motor is utilized to drive the
spindle. The main parts of the abrasive assisted ECG machine are abrasive
electrolyte tank, electrolytic Pump, cathode wheel, direct current power supply, and
mechanical operation system, which includes cross feed positioning, and manual
table movement. Figure 3 shows the experimental test rig of the abrasive assisted
electrochemical grinding machining process. To make the powder of the Al2O3

suspend in the electrolyte during the machining process, a suitable electrolyte tank
design was used to allow the vanes of the pump to perform this process.

Fig. 3 Schematic diagram of the A-ECG

2.3 Parameters of the study (Test Conditions)

As it is shown in table (2), Al2O3 Abrasive particles concentrations, depths of cut,
electrolyte flow rates, salt concentrations and the voltages were the main parameters
of this study.
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Table 2: AECG process parameters and their levels

parameter values Unit

Abrasive concentration 2.5, 5 and 7.5 wt.% Al2O3 g

Depth of cut 0 (no depth of cut) and 0.1 mm

Electrolyte flow rate 2 l/min

NaCl concentration 10, 15, and 20 wt.% NaCl g.

Voltage (v) 9 and 11.5 Volt

Feed rate (f) 6.74, 13.63, 22.55 and 27.44 Ipm

Based on the weight loss, the metal removal rate (MRR) is calculated by using the
following equation:

3. Results and discussion
3.1Metal Removal Rate of the Electrochemical Grinding Process (ECG)

Figure (4) shows the relationship between the feed rate and the metal removal
rate of the electrochemical grinding machining process at (0 and 0.1 mm) depth of
cut and (10, 15, and 20 wt. % NaCl) electrolyte concentration. All the experiments
were performed at voltage v=9V. It is clear that the MRR increases as the feed rate
increases. Also, the MRR increases as the electrolyte concentration increases. As
the electrolyte concentration increases the negative and positive charges, which
responsible to transfer the electrical current increases, leading to increase the MRR.
It is obvious that the effect of the electrolyte concentration at 0 mm depth of cut is
better than that of at 0.1 mm. This is may be due to decreasing the chance of the
electrochemical action to take place at 0.1 mm depth of cut, where the mechanical
action is increased by increasing the depth of cut. The results show that the MRR
improves as the electrolyte concentration increases from 10 wt. % to 20 wt. % NaCl
at 0mm depth of cut from 2.733 to 4.256 mm at f=6.81 Ipm feed rate and from
3.627 to 5.894 g/min at 27.44 Ipm feed rate. Whereas, at 0.1mm depth of cut it
improves from 3.572 to 4.576 g/min at f=6.81 Ipm feed rate and from 6.278 to
6.903 g/min at 27.44 Ipm feed rate. On the other hand the MRR increases as the
depth of cut increases from 0 to 0.1mm.
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Fig. (4) Variations of metal removal rate (g/min) with the feed rate at different depths of
cut, different electrolyte concentrations and at voltage v=9V

Figure 5 illustrates the same relation between the feed rate and the metal
removal rate at different depth of cut and different electrolyte concentration, but at
voltage v=11.5 V. It is evident form the results that the effect of the feed rat on the
metal removal rate at v=11.5 V takes the same trend of the results at v=9 V as
shown in figure 4. Where, the metal removal rate increases by increasing the feed
rate and the effect of the electrolyte concentration at 0 mm depth of cut is better
than the effect of it at 0.1 mm depth of cut. The effect of the electrolyte
concentration at 0.1mm depth of cut is improved as compared with the MRR at v=9
V, and this is may be due to increasing the electrochemical action as a result of
increasing the voltage from 9 to 11.5 V. At voltage 9 V, the MRR improved from
3.572 to 4.576 g/min at f= 6.81 Ipm feed rate and from 6.278 to 6.903 g/min at f=
27.44 Ipm feed rate as shown in figure 4. Whereas, it increases from 5.332 to 6.816
g/min at f=6.81 Ipm and from 7.896 to 8.754 g/min at 27.44 Ipm.
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Fig. (�) Variations of metal removal rate (g/min) with the feed rate at different depths of
cut, different electrolyte concentrations, and at voltage v=11.5V

3.2Metal Removal Rate of the Abrasive Electrochemical Grinding Process (AECG)
at voltage v=9V
Figure 6 (a, b, c and d) shows the effect of Al2O3 abrasive concentrations on the

MRR of the ECG process at a different depths of cut and different electrolyte salt
concentrations. All The experiments were performed at a voltage v=9V. The figures
from (a) to (d), show that the metal removal rate increases by increasing the Al2O3

abrasive concentration up to 5 wt. % then decreases. They also show that the effect
of the abrasive particles at 0 mm depth of cut is greater than the effect of it at 0.1
mm depth of cut. For example, at the lowest feed rate, figure (a) shows that the
MRR at 10wt. %NaCl and 0mm DOC is increased from 2.733g/min (when no
abrasive particles are applied) to 3.849g/min at 5 wt. %Al2O3 (the difference in the
MRR is 1.116g/min). At the same conditions and at 0.1mm the MRR is increased
from 4.272g/min (when no abrasive particles were added) to 5.098g/min at 5 wt.
%Al2O3 (the difference in the MRR is 0.826g/min). The results at (15 wt. %NaCl)
and (20wt. %NaCl) take the same trend. On the other hand, at the highest feed rate,
figure (d) shows that the MRR at 10wt. %NaCl and 0mm DOC is increased from
3.627g/min (when no abrasive particles were added) to 4.708g/min at 5 wt. %Al2O3

(the difference in the MRR is 1.081g/min). At the same conditions and at 0.1mm the
MRR is increased from 6.278g/min (when no abrasive particles were added) to
6.836g/min at 5 wt. %Al2O3 (the difference in the MRR is 0.558g/min). Also, the
results at (15 wt. %NaCl) and (20wt. %NaCl) take the same trend.

Regardless of increasing the MRR with increasing the electrolyte salt
concentration of the electrochemical grinding process (ECG), the results revealed
that the best effect of the abrasive particles is at 10 wt. % NaCl.
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From the explained results, it can be concluded that the best conditions to
achieve the highest MRR are 10 wt. % NaCl, 5 wt. % Al2O3, and at the lowest feed
rate f=6.81 Ipm. At these conditions, the metal removal rate is increased from 2.733
g/min (when no abrasive particles are added) to 3.849 g/min (when 5 wt. % Al2O3

abrasive particles are added) with improvement percentage 40.8 %.
The gap between the grinding wheel and the work-piece at 0mm depth of cut

is greater than the gap between them at 0.1mm depth of cut and this gives the
grinding wheel the chance to strike the particles in the direction of the work-piece
surface. As a result of hammering the abrasive particles by the grinding wheel, they
acquire high velocity and subsequently high Kinetic energy. Striking the surface of
the work-piece with high force make the particles erode the surface and aids in
removing the precipitates which are formed during the electrochemical reaction,
leading to cracking and fracture of the work-piece surface, resulting into increasing
the metal removal rate.

Lowering the effect of the abrasive particles at 0.1 mm depth of cut may be
related to the number of particles which can be embedded in the machining zone
and share in the cutting during the machining process. At 0.1 mm depth of cut, the
gap becomes minimum and may lead to restrict the particles motion in the
machining zone, leading to decrease in the MRR.
The results also manifest that the effect of the abrasive particles is decreased by
increasing the electrolyte concentration and this may be related to increasing the
oxide passive layer which produced as a result of the electrochemical reaction
during the machining process. As the electrolyte concentration increases, the
electrical current and deposited layer increase. Oxide deposited layer disengage and
consumes a part of kinetic energy of the abrasive particles and leads to a decrease in
the performance of it, leading to decrease the effect of it on the metal removal rate.

Furthermore, the results show that the effect of the abrasive particles
decreases as the feed rate increases. Increasing the feed rate leads to reducing the
time of machining process, so that the effective time of the particles decreases,
which finally leads to decrease in the MRR of the AECG by increasing the feed rate.

Decreasing the effect of the abrasive particles after 5 wt. % Al2O3 may be
due to decreasing the efficiency of the electrochemical reaction. At 7.5 wt. % Al2O3,
the experiments showed that the abrasive hiders the current to pass with high
efficiency, leading to decrease the MRR of the ECG.
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Fig. � Variation of metal removal rate (g/min) of the ECG with Al2O3 wt. % concentration
at different electrolyte concentrations, different depths of cut, voltage v=9 V and feed rates
(a) f=6.81 Ipm, (b) f=13.68 Ipm, (c) f=22.55 Ipm and (d) f=27.44 Ipm
3.3Metal Removal Rate of the Abrasive Electrochemical Grinding Process (AECG)

at voltage =11.� V

Figure 7 (a, b, c, and d) illustrates the effect of Al2O3 wt. % abrasive powder
concentrations, electrolyte concentrations and depths of cut on the MRR of the ECG
at voltage v=11.5 V. It is obvious from all figures (a to d) that the MRR increases
by increasing the weight percentage of the Al2O3 abrasive powder up to 5 wt. %. In
addition, the results show that the effect of the abrasive assist particles on the MRR
of the ECG at 0 mm depth of cut is stronger than its effect on the MRR at 0.1 mm
depth of cut, which is the same effect at voltage v=9 V. Also, they show that the
effect of the Al2O3 on the MRR is decreased by increasing the electrolyte
concentration.

The strongest effect of the Al2O3 at v=11.5 V is at f=22.55 Ipm, 10 wt. % NaCl
and at 0mm DOC. Where the MRR before adding Al2O3 is 4.515g/min and after
adding Al2O3 is 5.559 at 5 wt. % Al2O3. The MRR of the ECG is improved with
percentage 23.1%.

Comparing the results of the MRR at v=9 V with its results at v=11.5V, it can be
concluded that the effect of the Al2O3 at v=9 V is stronger the effect of it at v=11.5
V. At v=9 V (figure a) the difference in the MRR before and after adding the Al2O3

at 10 wt. % NaCl is 1.116g/min at 0mm DOC and is 0.826g/min at 0.1 mm DOC,
Whereas at v=11.5 V the difference in the MRR before and after adding the Al2O3

at 10 wt. % NaCl, is 1.044g/min at 0mm DOC and is 0.812g/min at 0.1 mm DOC.
Decreasing the effect of Al2O3 particle powder at v=11.5V may be due to

increasing the passive layer as a result of increasing the voltage from 9 V to 11.5 V.
Passive layer consumes some value of kinetic energy of the particles that produced
from striking it with the grinding wheel, which leads to decreasing the efficiency of
it.

d
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Fig. � Variations of the metal removal rate (g/min) of the ECG with Al2O3 wt. %
concentration at different electrolyte concentrations, different depths of cut (DOC), voltage
v=11.5V and feed rates (a) f=6.81 Ipm, (b) f=13.68 Ipm, (c) f=22.55 Ipm and (d) f=27.44
Ipm

3.4Effect of the Al2O3 wt. % on the electrical current of the ECG
The experimental results of the electrical current of the abrasive assisted

ECG of K110 alloy steel are presented in Table 3. It is obvious from the table
that the current increases by increasing the electrolyte concentration and the feed
rate. On the other hand, the electrical current is affected by the abrasive
concentration, where it is beginning to be decreased after 5 wt. % Al2O3 addition.
Al2O3 ceramic material is a non-conductive material and the presence of it in the
electrolyte of the ECG process at a percentage over than 5 wt. % hinders the
motion of the ions which leads to a decrease in the current to pass during the
electrochemical reaction, leading to a decrease in the metal removal rate of the
AECG.

d
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Table 3: Experimental results of the electrical current of A-ECG

Depth of cut 0 mm 0.1 mm

Fixed para. NaCl Wt. 10 1� 20 10 1� 20
Al2O3 wt.

v=9V

f=�.81 Ipm

0 95 105 115 105 115 125
2.5 95 110 120 100 120 130
5 90 105 115 105 115 125

�.� �� 9� 10� 90 100 11�

v=9V

f=13.81 Ipm

0 100 110 125 125 120 140

2.5 95 110 125 125 120 140

5 95 110 125 125 120 140

�.� 80 100 110 10� 110 12�

v=9V

f=22.81 Ipm

0 105 120 145 135 135 160

2.5 100 115 150 130 130 155

5 105 120 145 125 125 150

�.� 90 10� 120 110 110 13�

v=9V

f=2�.44 Ipm

0 110 125 155 145 150 190

2.5 115 125 150 145 150 190

5 110 125 150 145 155 185

�.� 9� 110 12� 12� 13� 1�0

v=11.�V

f=�.81 Ipm

0 130 130 160 160 150 185

2.5 125 130 165 155 155 190

5 125 135 160 160 150 190

�.� 10� 120 14� 140 140 1�0

v=11.�V

f=13.81 Ipm

0 135 140 175 160 175 210

2.5 135 145 170 165 180 210

5 130 145 175 165 175 205

�.� 110 120 1�� 1�� 1�0 190

v=11.�V

f=22.81 Ipm

0 150 160 200 185 190 225

2.5 150 155 205 180 185 220

5 160 150 200 175 185 220

�.� 140 13� 1�� 1�0 1�� 210

v=11.�V

f=2�.44 Ipm

0 160 165 210 200 205 245

2.5 155 165 210 205 210 240

5 160 165 205 200 215 235

�.� 14� 1�0 190 190 190 210
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Conclusion

In the present experimental investigation of the alloy steel K110, the effect of
the Al2O3 wt. % abrasive particles on the MRR of the ECG was studied. It was
observed from the analysis of the experimental results that the MRR increases by
increasing the abrasive particles concentration up to 5 wt. % then decreases at 7.5
wt. % Al2O3. At voltage v=9V, the best effect of the Al2O3 wt. % was at f=6.81 Ipm
and 10 wt. % NaCl, where the MRR is improved with a percentage of 40.8%.
Whereas, at voltage v=11.5V the best effect of the Al2O3 wt. % was at f=22.22 Ipm
and electrolyte concentration 10 wt. % NaCl, where the MRR is improved with a
percentage of 23.1%. Moreover, the presence of the Al2O3 in the electrolyte with a
percentage over than 5 wt. % leads to decrease its ability to transfer the electrical
current, which affects the electrochemical reaction and consequently the metal
removal rate of the abrasive electrochemical grinding process.
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