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Abstract— Wire EDM is a non traditional machining operation process in which complicated profiles are cut by the help of 
a wire by the mechanism of heat from electrical sparks by the help of dielectric fluid, distilled water or de-ionized water. Gear 
cutting is a complex profile in which small miniature gears are cut by the help of wire for manufacturing of high quality gears 
through preliminary experimental investigations. The proposed work deals with the micro-structural analysis and 
optimization of high quality gears having input parameters as Pulse on time (Ton), Pulse off time(Toff), wire feed rate (WF) and 
wire tension (WT).The objective is to optimize the process parameters that is MRR and kerf width of fine pitch spur gears 
made of stainless steel and study their micro-structural analysis. The gear has a base diameter of 28.19mm, face width 
5.23mm, addendum diameter 36.66mm, pitch circle diameter 30mm and a pressure angle of 20⁰.The Wire is made of brass 
and has a diameter of 0.25mm.The values of MRR and kerf width of the gear obtained by the experiments were optimized by 
using Principal component analysis (PCA). Micro-structural analysis is also studied during this process. 
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I. INTRODUCTION 
 
Wire EDM is a process in which electric current is 
used to cut the conductive materials producing a 
smooth surface requiring no further polishing or 
finishing. The principle behind this mechanism 
involves a single stranded cutting wire submerged in a 
dielectric fluid by removing the unwanted material 
from the work-piece by the help of electrical sparks. 
The wire cut type machine emerges in the year 1960 
for the purpose of making tools and dies from the 
hardened steels. The first commercially available NC 
machine builded as a wire-cut EDM machine was 
produced in the USSR in 1967 by David H. Dulebohn's 
group in the 1960s at Andrew Engineering Company 
[1] for milling and grinding machines. A wire-cut 
EDM machine using the CNC drawing plotter and 
optical line follower techniques was produced in 1974. 
Dulebohn later used the plotter of previous CNC 
program to directly control the EDM machine, and the 
first CNC Wire EDM machine was produced in 1976. 
The tool electrode is basically a wire. In order to avoid 
the erosion of the material, the two spools are being 
wounded by the wire, so that the active part of the wire 
is being constantly charged. To obtain a desired shape 
in the Wire EDM, proper Wire EDM codes should be 
given to the machine in order to cut the metal. Wire 
EDM is programmed to cut very intricate and delicate 
shapes by controlling the axis movement. The two 
guides that is the upper guide and the lower guide 
move independently along the X-Y plane controlled 
by the CNC. The upper guide can also move in the 
direction of Z-U-V axis giving rise to the ability to 
control the axis movement and cut the tapered shapes 
materials. Wire EDM is commonly used in the 

materials having low residual stress. While cutting the 
material, many sparks were observed at one time. This 
is due to the fact that actual discharges occur more 
than thousand times per second in the range of 
1/1000000 of a second or less. During this small range 
of period of spark discharges, the volume of the metal 
removed mainly depends on the required surface 
finish and desired cutting speed.  
   Flushing is important to achieve a stable machining 
condition. Wire EDM uses distilled water as dielectric. 
The heat of each electrical spark is expected at around 
15,000° to 21,000° Fahrenheit, flushes away a tiny bit 
of material that is melted and vaporized from the 
work-piece. These particles (chips) are flushed away 
from the cut with a flow of de-ionized water through 
the top and bottom flushing nozzles. The water 
prevents heat build-up in the work-piece. The use of 
water as dielectric also permits widening of the 
spark-gap to minimize the short circuit resulting in 
high cutting speed. In addition to that it has a good 
wire electrode cooling effect and its vapors are 
nontoxic. Generally by increasing the spark energy, 
one can achieve an increase in the cutting rate. Wire 
EDM leaves no burrs and provides a good surface 
finish. To obtain the optimum results of cutting rate 
and job accuracies, the machining parameters should 
be properly set. 
    Wire EDM has a wide range of applications which 
includes the creation of blanking punches and metals, 
extrusion dies and tool fabrication. Wire EDM serves 
as an integral part of cutting process and serves for 
many industries in making components like mold/die, 
energy, aerospace, automotive, medical, industrial 
and micro manufacturing. 
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  Gear cutting is an important phenomenon in the wire 
EDM process. It is a machining process for the 
creation of gear. Gear cutting process includes 
hobbing, broaching, grinding and milling. Gears are 
the key components in various devices such as motors 
and pumps ,electronic  and  home  appliances , 
business  machines, automotive  parts, timing  devices 
, sophisticated toys ,etc. Brass, bronze, Aluminum, 
Stainless steel are the most commonly used material 
for these gears [2], [3]. A gear is a rotating machine 
part which meshes together with other gears having 
cut teeth or wheels, in most cases with teeth on the one 
gear being of identical shape, and often also with that 
shape on the other gear. The quality of a gear is 
defined in the German standard DIN3962, based on 
the amount of deviations in its micro-geometry by a 
value ranging from 1 to 12 [4]. Some 
worth-mentioning work include the use of a 
combination of neural network and simulated 
annealing by Tarng and chung [5], Taguchi’s L18 
orthogonal array by Liao and huang [6], a 
combination of grey relational analysis and Taguchi’s 
L18 Orthogonal array by Huang and Liao [7], 
Taguchi’s L16 Orthogonal array by Ramakrishnan 
and Karunamoorthy [8], a combination of Taguchi 
method and genetic algorithms by Mahapatra and 
Patnaik [9], and a combination of response surface 
methodology and desirability analysis by Kanlayasiri 
and Jattakul [10]. Nihat Gogun and Tosun [11] 
studied the kerf and material removal rate in wire 
electrical discharge machining based on Taguchi 
method. It describes an investigation on the effect and 
optimization of machining parameters on the kerf 
(cutting width) and material removal rate (MRR) in 
wire electrical discharge machining (WEDM) 
operations. Kapil Gupta and Neelesh Jain [12] studied 
the on micro geometry of miniature gears 
manufactured by Wire EDM. 
 
II. EXPERIMENTAL WORK 
 
According to the literature review the authors have 
concluded that the Wire EDM is capable of producing 
both miniature and high large quality spur gears. The 
Wire EDM process parameters such as Pulse on time 
(Ton),Pulse off time (Toff),Wire Feed Rate (WF),Wire 
Tension (WT) ,Servo voltage (SV),Water pressure 
(WP),Input current (IP) can be set up in the machine. 
The present work deals with the manufacturing of 
miniature spur gears of AISI 304 stainless steel of 2 
mm thickness from a rectangular stainless steel plate 
of 10 cm width and 10 cm in length. A Wire (usually 
brass) diameter of 0.25 mm is taken for the experiment 
and the work-piece is set in the Ecocut CNC Wire 
EDM machine using Distilled water as dielectric 
fluid.  
    The present work is carried out by taking four input 
parameters that is Pulse on time (TON), Pulse off time 

(TOFF), Wire feed rate (WF) and Wire tension (WT) at 
three different levels. The values and ranges were 
chosen according to the literature survey and 
appropriate machine constraints. 

 
Fig. 1 Machining of AISI 304 Stainless steel in the shape of a gear 
 

Table I. WEDM input parameters used in the 
experiment 

 
Input 

Paramete
r 

Symbol Units Level 

   I II III 

   
Pulse on 

time 
TON     µs 108 110 112 

Pulse off 
time 

TOFF µs 53 55 57 

Wire 
Feed 
Rate 

WF m/mi
n 

3 4 5 

Wire 
Tension 

WT Kg-f     5 6 7 

 
The gear figure is obtained from the suitable 

software by giving pitch circle diameter, required 
number of teeth and pressure angle. Total nine sets of 
experiments were conducted (L9 Orthogonal array) 
and the response parameter that is Material Removal 
Rate (MRR) and Kerf Width were calculated after the 
completion of experiments. 

 
Table II. Gear values specified in the experiment 

 
Gear Specifications 

Gear Material AISI 304 Stainless steel 

Pressure angle 20⁰ 

Profile cut Involute 

Number of Teeth 9 

Tooth Width 5.23 mm 

Base diameter 28.190 mm 

Addendum diameter 36.66 mm 
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Apart from the variable parameters, the other 
machining parameters such as Water Pressure, Peak 
voltage, discharge current and servo voltage is kept 
constant. 

A. Calculation of MRR and Kerf width 
  Material removal rate is the process of removal of 
material from the work-piece during machining 
operation in order to achieve a desired shape. Wire 
EDM machine removes the unwanted material by 
the help of spark discharges produced by the electric 
current. 
   The maximum material removed from the 
work-piece is that is MRR is calculated by the 
following formula 
 

 MRR=K.t.VC.ρ  Kg/min                                 (1)                                                   
   

     Where K is the diameter of the wire, t is the 
thickness of the work-piece, VC  is the cutting speed in 
mm/min  and ρ is the density of the work-piece 
material which is equal to 0.00000785 kg/mm3. 
 
    Cutting speed can be calculated as  
 
VC = 60.L/t m/min                                                                  (2)                                                                                                                                                              
                         
Where L is the Cutting length in mm and t is the time 
in seconds 
 
Kerf width is the width of the material removed during 
the cutting operation. In Wire EDM, the Kerf width is 
generally higher than the Wire diameter. After the 
completion of the machining operation the width of 
the material is to be viewed under the microscope to 
get the required image and by the application of a 
suitable software, the image is measured in order to 
get the distance of the Kerf width. Kerf Width is 
measured in mm. 
 

B. Microscopic structure of gear after cutting 
operation 
Fig. 2 shows that the cutting is not uniform 
everywhere. This is due to the fact that voltage 
increases gradually resulting in the increase in the 
spark energy which leads to an increase in the Kerf 
width. 

 
Fig. 2 Microscopic Image of gear at 15X optical zoom 

III. ANALYSIS OF RESULTS 
 
The experiment is carried out by using L9 orthogonal 
array and by varying the values of the process 
parameters, the response parameters that is the 
Material removal rate and the Kerf width was 
calculated. In order to obtain a good result, the 
Material removal rate should be maximized and the 
Kerf width should be minimized. The MRR obtained 
in the experiment is in Kg/min which is converted to 
g/min for the given set of data. 
 
Table III. Output responses obtained in different runs 
  

 
 
C. Optical image of gear and analyzing its 
microstructure 
 
After conducting the experiment and measuring the 
Kerf width, one set of teeth has been cut to analyze and 
study its microstructure. The cut teeth are placed 
under the microscope and several optical images were 
taken at 100X and 400X zoom. Below are the various 
images of cut teeth of second gear set.  

 

 
Fig. 3 Microscopic image of cut gear at 100X optical zoom 

 

 
Fig. 4 Microscopic image of the cut gear at 400X zoom 
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Fig. 5 Microscopic Image of the cut gear taken at the bottom side 

of the surface at 400X optical zoom 
 

 
Fig. 6 Image of the gear at a side of the top surface at 400X zoom 

 

      
Fig. 7 Optical image of the left side surface at 400X zoom 

 
In order to see the various layers or the thickness or the 
heat affected zone (HAZ) of the work-piece material in 
Wire EDM, the image should be taken at the nearest 
possible surface side of the cut. It is because after the 
cutting operation, all these layer formation or HAZ 
occurs at the side or interface of the cut. Required 
polishing operation is done at 1200 grade and 1500 
grade emery paper with the addition of diamond 
polishing in order to see the microscopic image of the 
gear. Fig. 3 shows the optical image at 100X zoom. 
Some damages can be seen during the cutting 
operation. Fig. 4, Fig. 5, Fig. 6, Fig. 7 shows the 
microscopic image at 400X zoom. The following 
figures shows that there are some holes produced near 
the surface of the cutting. Fig. 7 shows that there are 
some non uniformity of cutting during the machining 
operation. This is due to the facts that increase in the 
pulse on time results in increase in the cutting speed 
and therefore the movement of the wire is slightly non 
uniform during the cutting process. Change in the 
current and voltage is also a factor in non uniformity 
of the wire. For better improvement of study, after the 
completion of cutting process, the material should be 

first scanned in optical microscope without prior 
polishing and then should go to Scanning Electron 
Microscope (SEM) for better viewing. 
 

D. Energy Dispersive Spectroscopy of Stainless 
steel 

    Energy Dispersive X-ray spectroscopy sometimes 
called as EDS or EDX is a technique for analyzing 
experimental analysis or chemical characterization of 
a sample.  It relies on an interaction of some source 
of X-ray excitation and a sample. 

 
Table IV. EDS of Stainless steel 

 
Element Weight % Atomic % 

Cr  K 15.88 16.96 
Fe  K 71.09 70.01 
Ni  K 13.03 12.33 
Total 100 

 
EDS of Stainless steel is done in which chromium 
weight percentage is found to be 15.88% , Iron weight 
percentage is found to be 71.09% and Nickel weight 
percentage is found to be 13.03% in the Kth cell. 
 
IV. MULTI OBJECTIVE OPTIMIZATION OF 
PARAMETERS USING PCA 
 
Optimization method is a technique to analyze and 
obtain the best possible outcomes for a given set of 
results. Principal component analysis (PCA) is used to 
explain the variance-covariance structure of a set of 
variables by linearly combining the original variables. 
In this paper this technique has been used to optimize 
the output responses of the process parameters. The 
purpose of the optimization is to maximize the 
material removal rate and minimize the Kerf width 
using PCA. 
  

Table V. Optimization of process parameters 
 

SL No Nij MPI 
 MRR KW  
1 1.33 -0.080 0.73 
2 1.32 -0.090 0.72 
3 1.20  0.204 0.78 
4 0.98 -0.420 0.39 
5 0.90 -0.500 0.31 
6 0.74 -0.470 0.23 
7 0.266  0.266 0.26 
8 0.514 -0.110 0.24 
9 0.612 -0.612 0.09 

 
E. Steps for calculating PCA 

PCA is a statistical procedure that uses an orthogonal 
transformation to convert a set of observations of 
possibly correlated variables into a set of values of 
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linearly uncorrelated variables called principal 
components. The steps involved in the PCA are a. 
Normalization of process parameters b. finding out 
the Pearsons Correlation Coefficients c. finding out 
the individual PCA and d.  Calculation of Multiple 
performance index (MPI). 
 
V. RESULTS AND DISCUSSION 
 

F. Effect of process parameters on MPI 
 

 
Fig. 9 Main Effect plot diagram for Multiple Performance Index 

 
Fig. 9 shows the Main effect plot diagram for Multiple 
Performance Index. The highest values of graph 
indicate the best results for the combined outputs. 
From the above figure the highest value of TON is at 
108 µs, TOFF is at 53 µs  Wire feed rate at 5 m/min and 
Wire tension at 7 kg-f. So the combination is 
108-53-5-7. The combination is not in the table for 
which a confirmatory test is done to get the best 
combined output values for the given set of data. 
       With the increase in the Pulse on time and Pulse 
off time, MPI decreases. This is due to the fact that 
larger values of voltage and current leads to the 
increase in the spark discharge energy resulting in the 
further increase of cutting speed which finally leads to 
the different values of Kef width and MRR. With the 
increase in the Wire feed rate and Wire tension, MPI 
increases. This is because of the fact that the more 
discharge energy is being drawn by the wire per unit 
wire length at low wire feed rate. 
 

G. Interaction plot for Multiple Performance Index 

 
Fig. 10   Effect of Process parameters interaction on MPI 

 

Interaction plots are often used during ANOVA or 
DOE. It is seen from the figure that there are some 
interactions between Pulse on time and wire feed rate 
and Pulse on time and Wire tension. This is due to the 
fact that the responses at different levels of process 
parameters for a given level of parameter values are 
not parallel. 

H. Contour plot for Multiple performance index 
 

  
Fig. 11   Contour plot of MPI with Pulse on time and Pulse off 

time 
 
Contour plots are used to describe the relationship 
between the variables. The darker region indicates 
high MPI values which reveal that MPI is highest at 
TON 112µs and TOFF 55µs. 
 

I. Surface plot for Multiple performance index 
 

 
Fig. 12 Surface plot for MPI with Pulse on time and Wire feed 

rate. 
Fig. 12 shows a 3D surface frame model between TON 
and WF. This plot reveals that MPI is highest in the 
region TON 108 µs and WF 3 m/min. 
 
Table VI. Response table for Multiple Performance 

Index (MPI) 
 

Level TON TOFF WF WT 
1 0.743 0.460 0.400 0.376 
2 0.310 0.423 0.400 0.403 
3 0.196 0.366 0.450 0.470 

Delta 0546 0.093 0.050 0.093 
Rank 1 2 4 3 

 
From the response table it is clear that the significant 
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parameter is Pulse on time followed by Pulse off time, 
Wire tension and Wire feed rate. 
 
CONFIRMATION TEST 
 
The optimal combination setting has been determined 
from the graph. This is the last step to predict and 
verify the improvement of the process parameters. The 
change in the percentage of MPI with the predicted 
and experimental value for the optimal combination is 
being calculated. 
 

Table VII. Result for confirmatory test 
 

Optimal Machining parameters 
 Predicted Experimental 

  
     
Level 

TON1TOFF1WF3WT3 TON1TOFF1WF3W
T3 

S/N 
ratio 
for 

MPI 

4.7106 3.4805 

 
Confirmatory test shows that the S/N ratio for MPI in 
predicted has an error of 3.92% than experimental. In 
other words, the experiment results confirm the prior 
design and analysis for optimizing the machining 
parameters. 
 
CONCLUSION 
 
Following are the conclusions made based on the 
experimental work and analysis of results. 
 
1) Pulse on time is found to be highly significant 
followed by Pulse off time, WT and WF. 
2) The variation of Kerf Width Is due to the change in 
the peak voltage and peak current resulting in a 
change of discharge energy and cutting speed. 

3) The maximum material removal rate occurs at low 
Pulse on time and high Pulse off time, Wire feed rate 
and Wire tension. 
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