
  
Abstract—Material removal rate (MRR) is an important aspect 

on an electrochemical machining. Because its process relies on 
chemical process, its rate of machining depends only upon its atomic 
weight, its valence, the current density, and the time of machining. 
To know the effects of different workpieces to the MRR, experiments 
have been conducted on various workpiece materials using 2 mm-
diameter of brass electrodes. Workpiece materials are 1 mm 
thickness of brass, stainless steel, and aluminium. The machining 
time is kept constant for all materials. The results show that the 
average MRR of brass is 2.96 x 10-4 g/s, stainless steel has MRR 2.54 
x 10-4 g/s, and MRR aluminium is 7.9 x 10-5 g/s. For 6 mm of brass 
electrode, the MRR is 5.74 x 10-4 g/s and 2.53 x 10-4 g/s for 1 mm 
thickness of stainless steel and aluminium respectively. 
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I. INTRODUCTION 
LECTROCHEMICAL machining is classified as 
unconventional machining. It is based on an anodic 
dissolution during electrolysis [1]. It relies on the work of 

Faraday who has found if two metal electrodes are submerged 
in an electrolyte and connected to a DC source, metal particles 
are depleted from the anode and then plated on the cathode. If 
the electrolyte flows at sufficient rate, it will prevent the metal 
particles from deposition on the cathode and flushes them 
away from the machining area. 

Since the anode workpiece dissolves electrochemically, its 
rate of dissolution or machining depends only upon its atomic 
weight, its valence, the current density, and the time of 
machining, as stated by Faraday’s laws of electrolysis [2]. The 
rate is not affected by the hardness or other mechanical 
properties of the materials. 

The metal removal is done by electrolytic action. The shape 
of the workpiece is mainly determined by the shape of the tool 
and by the tool movement towards the workpiece. The metal 
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removal rate depends on the applied current density and the 
gap width. 

Theoretically, MRR of an alloy (a) can be calculated using 
the following equation [4]. 

 

        (1) 
where;  

 A : atomic weight (g) 
 Z : valence of element  
 X : proportion of element by weight  

 

       (2) 
where; 

 MRRg : material removal rate in grams per unit time 
η : current efficiency (%) 
I  : current (ampere) 
E  : electrochemical equivalent (g) 
F  : Faraday’s constant i.e. 96500 A.s 

 

II. RESEARCH METHOD 

A. Electrodes and workpieces 
Workpiece materials are 1 mm thickness of brass, stainless 

steel, and aluminium whereas the tool electrode is 2 mm-
diameter of brass rod, as shown in Fig. 1.  
 

 
Fig. 1. Brass rod electrode 

 

B. Operating conditions 
A setting of parameters used in the experiment is shown in 

Table I. It shows that the voltage is kept constant at 15 volt 
during the experiment whereas the current varies as needed. 
Some of the settings follow a reference [3]. 
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TABLE I 
OPERATING CONDITIONS USED IN THE EXPERIMENT 

No. Setting Variable Amount 

1   Applied voltage (V) 15 

2 Current (A) 

Brass  
min. 0.40 

max. 3.95*) 

Stainless Steel 204 
min. 0.58 

max. 1.13 

Aluminium 1100 
min. 0.64 

max. 1.09 

3 Salt solution 
(NaCl) 

Concentrate (%) 15 

Flow rate (m/s) 6 

4   Tool speed (mm/s) 2.98 x 10-2 

Note: *) spark(s) has observed 
 

C. Experimental Procedures 
The machining is done by applying voltage between the 

tool electrode and the workpiece. The electrolyte flows in 
machining area at a flow rate of 6 m/s. The machining is 
started by setting the gap width of 0.5 mm between the 
electrode and the workpiece. Machining lasts for 4 minutes 
and then the electrode moves 0.89 mm toward the workpiece 
for 30 second. After that, the machining continues for 1 more 
minute. The total machining time is 5.5 minute for each 
material. As soon as the machining has completed, the applied 
voltage is then switched off and the brass electrode is retracted 
from the machining area. 

 

D.  ECM Machine  
A custom built ECM machine is used during the experiment 

as shown in Fig. 2. The machine is actually a hybrid die-
sinking ECM-EDM machine. It has 3 axes that can be 
controlled individually through a computer or a PLC. The 
ECM has its own electrolyte circulating system and machining 
area, separated from the EDM.  

 

 
Fig. 2. ECM machine used in experiment 

III. RESULTS AND ANALYSIS 
All materials are machined at the same condition and the 

results are shown in Table II. A comparison between the 
materials in a graphical form is shown in Fig. 3. 

 
 

TABLE II 
AVERAGE MRR FOR 2 MM DIAMETER OF BRASS ELECTRODE  

No Type of  Material 
Average steady 
current density 

(A/mm2) 

Average 
MRR 

(x 10-4 g/s) 

1 Brass  0.30 2.96 

2 Stainless Steel 204 0.28 2.54 

3 Aluminium 1100 0.23 0.79 

  
 

 
Fig. 3. Comparison of MRR 

 
Fig. 3 shows the comparison among these three materials. 

Brass has the highest MRR amongst the three materials, 
followed by stainless steel, and aluminium. The average 
steady current needed during machining is varied between 
0.71 and 0.93 A. Since diameter of tool is 2 mm and the 
average steady current is known, the average steady current 
density can be calculated as shown on Table II. According to 
the result, the higher average steady current applied, the 
higher MRR acquired.  

The holes produced after machining on brass, stainless 
steel, and aluminium are shown in Fig. 4. It is clear that 
among these three materials, only brass that has not produced 
a hole through the material. The brass need more time to 
create a hole. It needs around 11 minutes to produce a hole 
through 1 mm thickness of brass.  

Apart from that, the ECM of brass using brass electrodes, 
using the setting as mentioned before, often creates sparks. 
The sparks affect the results of machining, as shown in Fig. 
4.(a). The current required is also much higher at that time 
than the ECM of stainless steel and aluminium. 
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          (a)       (b)      (c) 
  Fig. 4. Hole machined using ECM on workpieces of  
            (a) brass (with sparks) (b) stainless steel (c) aluminium 
 
 
 A correlation analysis has been done. The results show that 
the average steady current density has a strong positive 
correlation with the MRR, and the value of correlation 
coefficient (r) is 0.995. The result of correlation analysis 
completely described on Table III. 
 
 

TABLE III 
CORRELATION ANALYSIS BETWEEN AVERAGE STEADY  

CURRENT DENSITY AND AVERAGE MRR 
 

Correlations 
 VAR00001 VAR00002 

VAR00001 
Pearson Correlation 1 .995 
Sig. (2-tailed)  .062 
N 3 3 

VAR00002 
Pearson Correlation .995 1 
Sig. (2-tailed) .062  
N 3 3 

 
 

 A further experiment has been done by changing the 
diameter of the electrode. With 6 mm-diameter of brass 
electrode, an aluminium and stainless steel has been 
electrochemically machined using the setting as shown in 
Table IV. The current varied between 1.11 – 2.84 A for the 
stainless steel and 1.25 – 2.78 A for aluminium, which is 
higher than the current required when machining using 2 mm 
electrode. This is because the surface area of the electrode on 
a 6 mm electrode diameter is larger than its area on a 2 mm 
electrode diameter.  
 

TABLE IV 
OPERATING CONDITIONS USED IN 6 MM BRASS ELECTRODE 

No. Setting Variable Amount 

1 Applied voltage (V) 15 

2 Current (A) 

Stainless Steel 204 
min. 1.11 

max. 2.84 

Aluminium 1100 
min. 1.25 

max. 2.78 

3 Salt solution 
(NaCl) 

Concentrate (%) 15 

Flow rate (m/s) 6 

4 Tool speed (mm/s) 2.98 x 10-2 

 

An experiment has been done using the 6 mm-diameter 
tool to know the effect(s) of tool diameter on MRR. For the 
same duration of machining, i.e. 5.5 minutes, the hole 
produced using 6 mm brass electrode on a 1 mm aluminium is 
not a hole-through as shown in Fig. 5. From Table V, for the 
same machining time, the tool diameter has effect to MRR. 
Using 2 mm-diameter tool on aluminium, the average steady 
current density is 0.23 A/mm2 and gives MRR 7.9 x 10-5 g/s. 
With 6 mm-diameter tool, the average steady current density 
is just 0.08 A/mm2 but the MRR is higher, i.e. 2.53 x 10-4 g/s. 
For stainless steel, the MRR is 2.54 x 10-4 g/s and 5.74 x 10-4 
g/s for 2 and 6 mm diameter of electrode, respectively. It is 
also clear that using a larger electrode diameter, the average 
steady current is bigger and hence the MRR is higher. 

 
 

TABLE V 
COMPARISON OF AVERAGE MRR FOR DIFFERENT  

ELECTRODE DIAMETER 
Dia-

meter 
(mm) 

Type of Material 
Average 
steady 

current (A) 

Average steady 
current density 

(A/mm2) 

Average 
MRR 

(x 10-4 g/s) 

2 
Stainless steel 204 0.88 0.28 2.54 

Aluminium 1100 0.71 0.23 0.79 

6 
Stainless steel 204 2.19 0.08 5.74 

Aluminium 1100 2.15 0.08 2.53 

 
 

 
 
Fig. 5. Hole produced with a brass electrode of  

                       (a) 2 mm and (b) 6 mm diameter on aluminium 
 
 

The results from the experiment are validated through a 
theoretical calculation of MRR. Stainless steel 204 mainly 
consists of iron (68.5%) and the rest materials are chromium, 
manganese, and nickel [5]. Meanwhile, aluminium 1100 
mainly consists of aluminium (99%) and the rest materials are 
copper, manganese, silicon, iron, and zinc [6]. Using the 
current drawn during the experiment and it is assumed that the 
efficiency of the process reaches 100%, the calculations give 
maximum MRR of stainless steel 204 around 3.2 x 10-4 g/s 
and 8.1 x 10-4 g/s, for 2 mm and 6 mm diameter of electrode 
respectively, whereas for the aluminium 1100 the maximum 
MRR is around 1.0 x 10-4 g/s and 2.6 x 10-4 g/s for 2 mm and 
6 mm diameter of electrode respectively. The MRR from the 
experiment is smaller than the maximum MRR calculated 
using the theoretical method. 
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IV. CONCLUSIONS 
MRR on electrochemical machining has been observed. 

The type of material has effect to the MRR. On average, MRR 
of brass is 2.96 x 10-4 g/s, stainless steel has MRR 2.54 x 10-4 
g/s, and MRR aluminium is 7.9 x 10-5 g/s. The ECM has been 
done initially using 2 mm of brass rod electrode and 1 mm 
thickness of workpiece material. For 6 mm of brass electrode, 
the MRR becomes 5.74 x 10-4 g/s and 2.53 x 10-4 g/s for 1 mm 
thickness of stainless steel and aluminium respectively. 
Furthermore, there is a strong positive relationship between 
average steady current density and the average MRR with the 
value of correlation coefficient (r) is 0.995. 
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