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 ���5  

 -���� ���	
��� ��./� 0����� �� 123 4� ���5� 6��Al7075  ,��7 �'�� ,��	8 0���� 9�� ��3� 	: ;�#���7� .3� �
)	= ��	4 �3�	: ����

���	: ��*24 123 0	:7 �8�	> ��?@ 0�� 	: �
��A� � ��./� ,��7 ���./� -�
�� �� ���> �B:� C��3 � �D�*  E	: F�G� �0���	: �H�	I E�� �: �

.3� ��  �
)	= ��� �: 0���� ;�#���7�  F�! 7� F�	J�� 6�	
%� � K�.2� �J23 >��	� �: 0����� �� ���?� 123 '� �: �:��
3� C!�L� 6�� 7�

.3� ��*
� 0	
����� M��	  J� ��  	�N �8�	> ��?@ ���3��  �: �%3� ��*:� �� ,�#� ;�#���7� �� 0����� �� �O�� �� �!� 7� P�5
�� $:

0���� : 	���5� Q�I � 3�! �3� � ���	
��� ��./� 0����� �� �� ��	
��� C��3 ����6���� ����: R������� �� ��S
�� �H 7� 	� T� .� �: U24 	�V

�8�	> ��@ 	! ��� �����>	: �+�> �%!� 7� ��	
��� C��3 0�� 	: 0����� �� � J� ;�  �: �� �!T�� ��	4 	�V ?� .�!�� 	
����� 6�	
%T ��W=	�V

X3�� ���%� �� 3� ,��	8 ;�  �! 6�� � �� �: Y4��H 	
����� 6�� 	���5� ���: 	�Z�: �O�� � 4� �: 0����� �� '� 6
 �� 0�	: �� 0��I �: �

���	: [	� �: F��	
�  	: .��: �!��> 	
%� 0���	:���?: '� 0	
���> ���� B����� 0����  07�3@ 0�� 	: ,��B%!���	: [	� �C��3 [	� : X3�� ��?  �0���	:

: ����7 � �O�� \�J� 7� K�> 0����� �� '� 0�	: 0	
����� M��	  � 3� �
)	= R�&�� 123 0	:7 � E	: �)�G� � ;��+I=8A �Ton=50µs�  

Toff=5 µs � V=40v  �P=0 �� ��?�#�� �� 0	
���> ���� �8�� ���5� ��3� 	: �� 3� 1�G�� �: R7Z .��  �%� ]>�  ,���D �: �����V � ���

���?:  ���H ,�B�� �: ����	) �.� �	�.%D �0	
����� M��	  6�� K�/
�� �: � 07�320% .3� �
)�� ���?:  

  

�.2) 0�< 0��=: [	� ���B:� C��3 ���	: �J23 4� �R�������� ���	
��� ��./� 0����� �� �0���	:.  

  

Experimental Study and Optimization of Electric Discharge Machining of Al 7075 alloy 
using the Taguchi Method-Gary  

  

M.Sc., Mechanical and Aerospace Engineering,Malek-e-Ashtar  University of 
Technology Department, Iran 

M. Amiri  

Associate Professor, Mechanical and Aerospace Engineering,Malek-e-Ashtar  
University of Technology Department, Iran 

Sh. Yousefi 

  Abstract 
In this paper, the accuracy of AL7075 electrical discharge machining was investigated. The experimentation 

based on Statistical Design of Experiment methodology was conducted by selecting five process inputs including 
Peak current, Off-time period, Voltage, Discharge time and Polarity with the aim of studying four outputs which 
are Surface roughness, Material removal rate, Over cut and also, Wear of the tool. The purpose of this research is 
access to a final machining part with a desirable surface quality along with the minimum possible deviation from 
nominal tolerances under different parametric settings. The results indicate that the machining quality is 
functionalized directly through the inputs. Interestingly, the figures related to tool wear is considerable lower 
than initial expectation of Aluminum EDM. Selection of machining polarity did not have priority on electrode 
wear here however; other responses were dramatically affected by this factor. Between all of the existed 
parameters in the process, the most influential one was peak current in so far to have a machining with higher 
accuracy and quality, its relevant level must be kept at least as much as possible whereas, in this case, this 
selection will lead to a condition with a smaller material removal rate. Accordance to Grey Relational Analysis, a 
simultaneous calculation performed on the four responses: wear rate , material removing rate, overcut and 
Surface roughness and the parametric treatment for an acceptable machining in terms of quality and time, 
suggested as I = 8A, Ton = 50µs, Toff = 5 µs, V = 40v and P = 0. It should be noted that on the basis of relative 
degrees of gray as the primary and secondary quantitative index optimization, by selecting this parameter, the 
overall performance is improved by about 20%. 

 
Keywords: Tool wear- Material removal rate- Aluminum electro discharge machining- Surface accuracy. 
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1- ���?�  

 ����	) �����	
��� ��./� 0����� ��    R��J
a3� � �
/a3 �

����� �
�%!� ,���@ ����b ,��7 c�D ��     �12a3 �)�a+ �0��a�

	2� 0����� �� 7� Y+�H 0��*:� 4� � ��	
��� R��� �� .3� d

 �����	) 6�����	: 0���	:1 ����	H RB����� '� ��3� 	:-  �#��3

�4	8 �.�3�: � ��./� 0�!2 ��8�:    ���	a
��� ��Ba:� � ��� 6�: ����

�� R�&��  �a4	8 M3�� ��  ��./� 0-	�� .�	�=    ���a�: 0�a�� ��a!

�*24 � ��B:� d�23 �� �� ��Z�:�� ����� ���   �a: ,�a�B%! �� ���

 �� R�&��   �a� ��a  ��/: gh3 � K�N B�� ��	
��� ���� �0�����

�� �
>��  ��B:� C��3 ,���*: ����� 6���� ]1[.  

��  ���	
��� ��./� 0����� ��  	a: ;�5�5J� 	
#�: ,����� �

     	��a3 Ma3�� ,� 0�����a �� �a� Z�: ����: �
/3 �: ���� 0��

        	a
%� � �a
)	= R�a&�� �a3� �a8��� Y�a#� �a: �
�3 0�? ��

5�5J�	�i 0�!-���� 0�� 	: ;���!� 6�� 7� .3� ��  B�	%
�  ��

�
)�� � ������ C���  ��AaD .���� ��8� ����7 6�� �� �%� 0�!

  �� �a� ��� 7� ���H ��8�� �!�=��� �����	� ;��:	&� �6�� 	:

 ;�*24 ���"��� 0����� �� �� ���-������ 0�!��(� P! 0�����

 6
 �� 0�	: j�k� 0�	: .���� ��8�  ���aH �� �>��	� E	: '�

�� 6���� 0���	: ���	: [	� 0���7 ����:  0��al
4� 	S� 7� �� ���

: ,�	5��   � ���a� 6�� 0�� 	: ��� �;��	G 6�%! �: .��� �)	+

      Ua.I �� 0	
a#�: ;�a*��2� 0�����a �� Ua3��� M��	  6
)��

�� .���  

F .L. Amorim et al     R�a������� -�a��� �a��	
��� ��./�

AMP800 :      �a: �a?�� .��� ��	a4 �a3�	: ���a� �� ��� ��	
��� �

 ;�  0�!	
����� �:	&� �*��2�,��	83 �a�./� ,��7 �4�   ��
��a)

�����5 j��	
��� ,��7 �6 ��� ,�#�� � �� ����� �>	@7  C��B)� ��

 ���	a: [	�     ��Ba:� C��a3 C!�a� �  0���	a:8     .a3� 	V�a� ���a�:

���� C��3 C!�� �� ,��	8 ;�  C!�� �6��s%!  �a%&H9 

3� 	V�� ��B:�]2[.  

       �a���	) ��7�a: 	a: ���a� ����%�a  Ua��	� 0��W=	V� u�G��

 ���	
��� ��./� 0����� ��. M3�� �R. Karthikeyan et al 

 �a� ,�#� Q�5J� 6�� 9��
� .)	=��	4 �3�	: ����    �a: �a� �a!�

�+�� ���5� C��B)�Sic    C��a3 ����������� �7�h��� '� ��

s%! �C��B)� ��B:����	: [	� 6��   C!�a� 12a3 �O�� � 0���	:

���:��]3[.  

                                                 
1 Material removing 
2 Discharging sparks 
3 Current intensity 
4 Discharge time 
5 Duty factor 
6 Interval time  
7 Duty cycle 
8 Tool wear 
9 Volumetric relative wear 

Yoshiyuki et al.      �a: Ya��� ���a� ;��N ,�	a� �)�G� �:

0� $��� '�	
��� ��O3 O�10    12a3 a�O�� C��Ba)� �a:11  a: �

 7� ���� 3� ���	
��� ��./� 0����� ��   R�a������� B��	: -����

>��	�]4[.  

A.A. Khan � -�
�� ,��� ��	4 	S��� �:   �a: ���./� ,��	8

��� 7� �
)	= ��	4 C��3 J� ��*:� �3�	:    �a: ��	a
��� 'a� 0�!

6�� .>��	� Y�2
�� $25� 123   � ga� ���� �� K�/
�� �: ���

R	� �Z�) � R�������� � ��	
��� 0�	: 9�	:12 :�    �a*24 ,��a�D   ��a�

   ��	a
��� ���a.8 ���#�� �� C��3 �� ��� ,�#� 9��
� .�  R�&��

7� 	
#�:  ����a8 ���:13       C��Ba)� �a: ��	a
��� C��a3 � a3� ,�

�� C��B)� -�
�� � ,��	8  12a3 �� C��3 	���5� �6��s%! .�:��

      �a: R�a������� 0�����a �� �� ��	a
��� j�aI ���
�� �� � $25�

   ���	a
��� 	a"�� u���� 	��3 �: ��� ��� ��	
��� '� 7� ���O
3�

3� ���5� Y4��H ��]5[.  

Jun Qu et al.  �� ����	) Cylindrical Wire   0�����a ��

 ���	
��� ��./�      9�	a: � �a��:��� g�a8 7� ���a*24 0�� 	a:   �a:

  ���	a: [	a� �� �	� ;��V� ��&�	: P�3 '� 7� ���O
3�   �� 0���	a:

v���	5� 9�	:   u�aG�� 6�� Y��� .3� ��:�:��� 	:�	: ��?@ �����a3� 

3� 9�	: 6���� K�N 0��� � ���	
���]6[.  

Yukup et al.    0�����a �� a�.:�4 0�� 	: ��: 6���� 0�	:

g�-  R�&�� �� .���	� �*��2� ;��O
� 0��� M��	  J� R��.�	:

��� �?�� �M��	� ;�#���7�      � g��a� ��a �� ,�a�7 	
����a� ��

 � ���> ,��714: �� � 	S� �� ��  R�i�� ��� ��
��) '� ;��+

    �a� �a�
)	= �a&�
� ��2��� � ����� ��	4  ;�a� g��a�15  ��  [	a�

���	: 0���	:16  �   ��	a
��� C��a3 [	a�17     ��Wa=	V� 12a3 �)�a+ �

0� M�J� �?�� � ���       �	a�.%D 	a: �a�./� ,�a�	8 � 'a�	
���

3� 	V�� -���� 6�� ���	
��� ��./� 0����� ��]7[.  

 �� 	"�� P?� ����: ���5� ���	
��� ��./� 0����� ��  4�

�� 0����� �� 0��*:� : �7���� FA
>� .� �:  ��
��a� � ��	
��� 6�

E	: �)�G� ,���*: ��  0����� ��18 �� �
>��  0�J�: ��   ��

 .3� K�.2� �%3� �7���� 7� 	
=�B: ��  ����� �	OH ����%!S.  

Singha et al.      Ma3�� E	a: �)�aG� Y4��aH �� ��� ,�#�

  a: ���a������� � ��� 0�!��	
��� �  �a� a3�    �6�a�s%! .�a��

�G� j	
�� 	: ��./� ,��	83� 	V�� E	: �)]8[.  

                                                 
10  Kerosene 
11 Surface integrity 
12 Mild steel 
13 Surrounding body 
14 Pulse on/off time 
15 Pulse duration 
16 Material Removal Rate (MRR) 
17 Electrode wear Rate (EWR) 
18 Overcut 
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Dhar et al. :�V  �7�h��� '� 0����� �� �� �� ���	�

 �� C��B)� �R�������� g�	��� ;��     ��a"� a:�V c	a) �a: g���

 �� �!��> j����: �� E	: �)�G� ��!	
����� 	��3 6
 ��]9[.  

O Belgasam et al.    0�����a �� �� �a� ����� ,�#�AISI 

D3 Tool steel �pulse-on time     Ua��	
: g��a� ;�a  �

 ���� E	: �)�G� j	
�� �� �� �%!� 6�	
#�:]10[.  

     -�a��� 0�� 	a: �a��	
��� �a�./� 0����� �� �Q�5J� 6�� ��

 R��������7075     �
)	a#�� $���a+ �� �	:���	� ���� '� ,���*:

  ��	a4 �3�	: ���� �3� ��  �
>��	� ,� �: 	
%� A�4 �� ����!

�� 6�� .�	�= �: ���    ��aS�� � ;�a#���7� �H�	I E�� 7� ���O
3�

  	
����a� w�� ,�	�   ,�a�	8 0�a���	)x��1  �a�./� -�a
�� �2  ,�a�7 �

g��aa� ��aa ��3�aa ���> ,�aa�7 �4  �C�aa24 ��	aa
���5  0�� 	aa:

�8�	> ���	: [	� Y��  ����	) 0�!    �)�a+ ���Ba:� C��3 �0���	:

���?: '� gh3 .3� �
)	= R�&�� �E	: �)�G� � 123  	: 07�3

�8�	> 0��      K�a.2� 0��a� M��	a  � �a
)	= R�&�� ����	) 0�!

.3� ��  ��?�#��  

  

2- @�A1��4/  

2-1- �42��2 ) B1��4/ C12*� �926� 0*7  

  R�a������� -���� ��*��2� 6�� ��7075 )91% Al, 6.1% 

Mn, 2% Cu�aa*24 ,��aa�*: (  ��a  K�aa/
�� ��a� g�aa8 .�aa��

�� 0��&� g� ��!��	
���	
#�: �� �� � �:   �
*�a+ 0�!�	:���

 ���	
��� ��./� 0����� ��  �a� ���O
3� ,� 7�   ,� ��a*:� � ��a 

 	:�	:mm 25× mm 12   6a�� ����	H � ������� {��> .3�

 j��8 �� �!-����1 .3� ����  

  

D)�� 1- ���O
3� ���� ���� ���B�) {��>]11[ 
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A
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81/2  71  87  635-477  130  Al 7075 

94/8  117  54  1083  391  Cu122 
(electrode) 

  

7075  � R��J
3� �: R�������� -���� '����"@   �� �a� 3� Z�:

       �:�a> �a: �� ��a> �����a� ���a��� � �a()��! {�> 0�!�	:���

 �a� �����	:  �a��]11.[     � �a��� �7��a�� �j�aH 6�aD ��  ��
>�a3 �

                                                 
1 Peak current 
2 Discharge voltage 
3 Pulse-on time 
4 Pulse-off time 
5 Electrode polarity 

 0�aaa!��� �� R�aaa������� �)�	=���aaa
�aaa/�7�:  	aaa
=�B: Z�aaa:

�� �� ]12[ �� u�G�� 6�� .   �a��	
��� �a�./� 0����� ��   �a�

 �a� F��	
� �3� K��
8� Y:�4 	�i ���� ��Z ��8�   �a: ��a 

: ���?� 123 ,�  	�	:7 � 	� 6#> �.0����� �� 7� ���� 3� 

�� 6� �� '� 7� ���O
3� �: ;�#���7� jEDM-204ZNC   �a:

 :�V 0����� �� Q%Dmm 2 ���%� ���%� 0�	:    x�	/
a3� � �a!

 Y�a  �� .�  R�&�� ���  F	+ 0��� ,��7 1    6�a �� 7� ���a%�

~��h3� .3� ��  ���� ,�#�  

��7� R�&�� 7� g���;�# ��5��	  ���	a: [	� 0���	a:  �   C��a3 [	a�

 ��B:� ���� 	:0 ,7� C!�� ���5� ]13[  7� ���O
3� �: M:���)1(  �

)3( 3� ��  ��3�J�.  

)1    (                     3MRR=W / t(mm / min)w wρ  

)2(                          3VEW=W / t(mm / min)e eρ  

)3(                         100 /EWR VEW MRR= ×  

VEW �3 �: 3� 	:�	:�C %&H�  ���	
���Ww   a3� 7� ,7�

 �
)� �� ;�� j�I �� ��� �*24 7������0    a�s%! R	a= �a:��6 

We �	: �
)� �
3� 7� ,7�0  .3� ��	
���t  �� ,��7�����0  �:

4���5  �;A%8 ρAL  �ρcu  �	
:�U �%��	"�� ���"@   � ��a� �*24

� ��	
���� � �:.  

  

  
 E��1- ~��h3� 6� �� 7� ���%�  

                                    
2-2- B1��4/ F*G  

  �
a W= ;��:	&� ��3� 	: 0����� �� 0�!	
����� �Y%D ��

: 	���5� �� �~�:��! 7� ���� 3��� ]/#� �!    6a�� �a: .��a 

 0����� �� �	�.%D '� �: ,��3� ��> �: ��> 	��� 6�� ��8�

�%� 6�%(� �� ���?: �: '��B� �� ���?:.���  

�
� ��8��=��s�� � ���7 0�!	�  	a: P��H 0�!  0�����a ��

 ���	
��� ��./�    0�	a: �� �a:	&� ������
a3� 0�? �� 7� ���O
3� �

�� 	�B=�� ,� �3�	:  6a�� �@�=�� ;�#���7� �H�	I E�� .�7�3

�� P!�	) �� ,����  R�a&�� �: ����	) 7� ������ Y:�4 >��  �� ���

: 0���	G ;�#���7� Y4��H � .��� 3�  
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4  

��       Ya:�4 0�a!	
����� � C��a�7� M��	a  ��a3� 	: C!�L� 6��

 j��8 �� �� j	
��2   ��a  �a+A>    �a��*
� �a����  ��a��18 L 

	��
� ��?@ ��8� .3� ��  K�/
��3    � ;�a#���7� �� �J2a3

 	
�����C�24  �: ��	
���2     �a8�� �a: 	a&�� �� �Y%D �� 123

 Y� 0��7�10 ��      �a� �a�8�� �� d	aI 6a�� K�a/
�� ���   .�a��

  .a3� u�� � 	�i ���  K�/
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�� ��� ��I �:0 �� 	:7 �k� U24 ��0      �a@ 	a=� .a3� 	a
%�

�B)��C 	8�,� � �� ,��7 ��  �� g���	���
� �B)� �:�C  -	a��0 

: ���	:���	0 � �3�TV�	 �� 	: K	/�0 ��O� .���� 123  

  

 D)��3-  ��
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 Control parameters Observed values 
No. I TOn TOff V P EWR MRR OC Ra 
١٢ ١ ۵٠ ۶ ۶٣٩/٠ ٠ ٠ ۵٣٣/٣ ٣/٧٨۵٠٩/٩ ٠  
٨ ٢ ۵٠ ۵ ۴٠ ٠ ٠۵/١١  ٠ ۵/٧٠ ٢٠٩/۵  
١ ٣۶ ۵٠ ٨٠ ٧ ٠ ۴۴/٧  ٠۶/٨١ ۴/٣۵٧ ۵۴/٨  
۴ ١٠٠ ١٢ ۵ ۴٠ ٠ ۴۶/٠  ۶۶/٩١ ۶۶/٣۴۵ ۶۵/٧  
۵  ١۶ ١٠٠ ۶ ۶٠ ٠ ۴٩/٠ ۴۴/١١٠ ۵/٣٠٧ ۶١/٧  
۶ ٨١  ٠٨/٠ ٠ ٨٠ ٧ ١٠٠ ٨/۴٨ ۵/٣٣۶ ۴۶/۶  
١ ٨ ٧۵٠ ۵ ۴٠٢ ٩/٠ ٠ ٠/۵٣ ٩۵۴ ۶٠/٩  
١ ١٢ ٨۵٠ ۶ ۶٠ ٠ ٠۵/٩٩/٩ ٠۴ ۴۶۵ ٢۵/١٠  
١ ٩۶ ١۵٣  ٠ ٨٠ ٧ ٠۴/٣٢/١٩  ١٣۵ ۵/۴٧٠/١ ٨٨۵  

١ ١٠۶ ۵٠ ۵ ۴١ ٠ ۴۵/١ ۶/٣۶ ٢۶۶ ۴٠/٧  
٨ ١١ ۵٠ ۶ ۶١ ٠ ۴۵/١ ۴١/١۵ ۵/٢۴٣ ٢۵/۵  
١٢ ١٢ ۵٠ ١ ٨٠ ٧ ٠۵/١٠ ٠ ۵/٢٨۴ ٣٣/۵  
١ ١٣۶ ١٠٠ ۵ ۴٨٢/١ ١ ٠ ۴۵/۶٣ ۵/٣٢٨ ۴٠/١٠  
١۴ ١٠٠ ٨ ۶ ۶٣ ١ ٠۶/١ ۴٩/١٨ ۵/٢٧٢ ۴۵/۶  
١۵ ١/٢٨ ٧٧/١ ١ ٨٠ ٧ ١٠٠ ١٢ ۶/٣۶٠ ٨۶/٧  
١۶ ١ ١٢۵٠ ۵ ۴٩١/٠ ١ ٠ ۴٢٨ ٢/٣٨۵ ٩٣/٨  
١ ١٧۶ ١۵٠ ۶ ۶٣٢  ٨٩/٠ ١ ٠/۶٧ ۶/٣٣٨ ۵٠/٩  
١ ٨ ١٨۵٠ ١ ٨٠ ٧ ٠۵/٨٢/١ ٠۶ ٢٨٢ ۶۵/٧ 

    

 D)��2- �	 �M ��7��C  

Electrode Copper UNS…… 

Workpiece Al7071  

Dielectric fluid Kerosene 

Polarity (P) Negative/Positive 
Peak current (Ip) 8, 12, 16A 

Discharge voltage (V) 40, 60, 80V 

Pulse on-time (Ton) ۵١ ,١٠٠ ,٠۵٠ µs 

Pulse off-time (Toff) ۵, ۶, ٧ µs 
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�s%!��6 �	:0 ��5� K�/
���	 ?:���  a3 ��� 7� �!	
������j��" 

�� �:�B)S/N� ���O
3� (� ��  ��� .S/N  a�' *� a���  �a���Y 

 : F�	J�� �� 3� ���6 ��5��	 :	&�� ��5� ��	 ���� K�.2�  �!

: ���,� �� ���]14.[  

� ����&� � ��3� 	:�6 X3�� �� Y+� �!0  �a�7��C ) Ra, EW �

OC�: (�
��  ��� ���  Y4��HS/N : � �2:�� ;��+4 : a�,� 

��  ��a    ,� �� �a�yi   ���a5�ith   � Xa3��n     	a! ��	a�� ���a*�

��7��C �s%! .3��6 :�	0     ���	a: ���	a: [	a� Xa3��0   �a��

S/N 	: ��:  �2:��5 .�  �!��> ��3�J�  
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j��84  0�	: g������ B����� 9��
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#=	: FWH ����	) R�&�� x�	> 0�	: �
;A%8  �: 	V����05/0 P 

> �� ��!�#� �Y�.J� 6�� 7� g��� �� �� ,��7 U��	
: �� �� 

  6�	
a#�: � ���: 	V�� 0����� �� 123 ��5��� �� ,��	8 ;�  �

�2:�� 7� ���O
3� �: 6��s%! .����� �� ���#� �+��)1(  P�aS�� �

���?: 0	
�����  	���5� ,� �� �� 0�S/N � ��  Y4��H 	���
� �

�� 123 >��	� 6�	
?: �: �� �� �:  j��a85     �a: .a3� ��a��

 ���5� 6�	
%� 6
 �� 0�	: j��8 6�� �: �8��Ra   �� 6�"��a��

 �� ,��	8 �
���: �0����� �� ,��7 j�I8  	h�� Ua24   �a�k�

 � ���> ,��7µs 6 �� �� ,��7 �µs 50 .��	= K�/
��  

 �:�' 4� ��"��Q � ���6 S���P �� ��?�a#0   6
)	a=	S� �� �

�	� ,��B%!�U  j��8 �� �!	
�����3 ��a�� ,��� ��	4 	S��� �: ��B 

����g�� � ��6 *4��� � �� -�
�� ����&� �'  i 	
����a� a�	  	V�a� 

5
�� 	V� � ���:�P � ���O a�    �	:�a�: �����a� 12a3�6 � a�6  ��aI 

�� ,��� �	� �� O=�U ?:� �a� �� ��?�a#   �	a  ��a �2�  vA��a� 

 �� �: �:�#�11 .����  

  

  

�s%!��6 3�	:� %� ��
)��  j��a8) E	: �)�G�3� ( a�B   �a:

��6 � �Z� �
���  �a��  � �� �a� a�6     ��a� �a*24 ���a�� a��  7�

	
%��6 ��5��	    D�*a  E	a: F�aG��     �� .a3� ��	a� �a:	&� ��

�
��& ��-�
� ��  �� ��?�� ,����9 ��C �:��    ���aH �a� �� 

7���0 .3� ��	� Y%D K�>  

 D)��4- �����B ����g�� �	:0 	:70 123 ( Ra ) 

Source SS DF MS F-
ratio 

P-
value 

PCR 

I 2/27 1 6/13 94/4 032/0 6/26 

Ton 92/37 2 9/18 89/6 013/0 2/37 

Toff 52/0 2 26/0 09/0 911/0 5/0 

P 72/8 1 72/8 17/3 105/0 5/8 

Error 53/27 10 75/2    

Total 9/101 17     

SS: sum of square; DF: degree of freedom; MS: 
mean square; PCR: percentage contribution ratio 
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3-2-�M�+� 8*� �N�O2 H,��/  

j��8 ��6  0�a!	
����� ���3��  0�	: g������ B����� 9��
� �

 X3�� �� 	V���)�G� E	: �� ,�#� Y�.J� 6�� .3� ����  �� �!�

	
: �,��	8 ;�  ��� �� ,��7 0�!	
����� U�� C�a24   ,�a�7 �

      .�a���� �D�*a  E	a: �)�aG� �� �� ���a#� 6�	
#�: � ���>

   7� ,�a�	8 ;�a  � � 6��s%!12    �a: 	ah��16    C!�a� 	ah��

    �a� U�a3 �a*24 0��a*:� 4� �� �� 0	�"%#@   C��Ba)� .��a 

�� U8�� ,��	8 �� ��	=0��	=  ����� E	: �52�� �� 0	
#�:

 ��      ��D�a� 6a�� �!�a  .��	a: 	
#�: U�	/� �: �� �E	: 4� �

 j��8 �� ���?: 0	
���� P�S��7 �� .� �:  

  

 D)��6- �����B ����g�� �	:0 �)�G� E	: ( OC) 

Source SS DF MS F-
ratio 

P-
value 

PCR 

I 17419 2 8710 56/4 039/0 92/20 

Ton 21074 2 10537 52/5 024/0 31/25 

Toff 9072 2 4536 73/2 143/0 89/10 

P 16574 1  16574 68/8 015/0 9/19 

Error 19104 10 1910    

Total 83242  17     

SS: sum of square; DF: degree of freedom; MS: 
mean square; PCR: percentage contribution ratio 

  

 D)��7-  	���5�S/N 0�	: OC 

  

�� ��!�#� �� ��2��%!    6
a �� 0�	a: ��  �a:    j� ��a�� M��	a 

: M��	�) E	: �)�G� X3�� �OC ) ,�a�	8 0�	: 6���� 123 �(I (

 ���?: ,����@ ��P+I1Ton1Toff1  6�� .3� ��  ��?�#��

  j��a8 �� P!�7�� �� ,�%! �: '��B� ����: ,����@3   a3�

  ) 	���a5� 6�	a
%� 0���� ,��	8 ����� Y��� �: ��&�� �� ��A 8 (

) 6�%� ��H 6�	
?: �� 123 0	:7 �3�Ra 35/5 �� (  .� �:

   'a� �a: �:��
3� �� �,��	8 ;�  C!�� �P! �&��� �� $4�� ��

3� ��	� '%� �	
?: 0����� ��.  

  

3-3-�2H�2 B1�� Q*� H,��/  

j��8 �� 8  ���� 0�� 	a: ��Ba:� C��3 0�	: g������ B����� �-

j��8 0�!3 .3� ���� �  

:�	
#�6   �
� �a: ��a:	� ���#� �+�� a�	  	8 ;�a  a�,� 

  ;�	aV� ����a%� .3�  .a+�� � a�6    Y�a ) �a!	
�����2-x  ,�a#� (

�� �!� �B)� �: ���C  7� d�23I2  �:I3 �B)� ��C  a�:���  �a �� 

�3�C � .���� ��	%! �: ���6 �	: u�G��0  	
����� �3Toff �Ton  �

V ��B � P�H� ���.  

  

 D)��8 -  ��B:� C��3 0�	: g������ B�����( EWR )  

Source SS DF MS F-
ratio 

P-
value 

PCR 

I 91/23 2 9/11 16/1 350/0 157 

Ton 41/14 2 25/7 7/0 520/0 22/9 

Toff 6/12 2 3/6  61/0 561/0 06/8 

P 33/2 1 33/2 22/0 646/0 3/15  

Error 041/103 10 34/10    

Total 22/156 17     

SS: sum of square; DF: degree of freedom; MS: 
mean square; PCR: percentage contribution ratio
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��6 Q.2� ��4 0�! S/N j��8 �� 9  �� ��Ba:� �

�	��U 	
�����0 I1P-Toff3Ton1 	
%��6  �a3�C   12a3 �� ��

 .���� '�A)  

  

  

��5� j���8 ���	 S/N   ��a5� ��a5@	!�	  ���a#�: -  �a��%� 

:�	
# ?: 123 �� ��� 	"��#� � �:���   12a3 �a: ���  �a!0 

 D)��5-  	���5�S/N 123 >��	� 0�	:  

Cutting 
parameter

Mean S/N ratio (dB) 

Level 1 Level 2 
Level 

3 
Max-
min 

Peak current *57/16- 93/17 - - 58/19  01/3 

Polarity 69/18- - 36/17 * -- 33/1 

Pulse off-time - 2/18  - 89/17 * - 99/17  31/0  

Pulse on-time - 57/16 *  - 5/17  20- 44/3 

*Optimal level condition.

Cutting 
parameter

Mean S/N ratio (dB)
1 Level  2 Level  3 Level  Max-min 

Peak 
current

-48/89* 75/50 -  - 67/50  86/1 

Polarity - 84/50  -49/37* - 47/1 

Pulse off-
time

-49/35* - 17/50  - 80/50  45/1 

Pulse on-
time

-48/94* 24/50 -  - 13/51  19/2 

 D)��9-  	���5�S/N  0�	:EWR 

Cutting 
parameter

Mean S/N ratio (dB) 

Level 1 Level 2 Level 3 Max-
min 

Peak current 11/49* 47/10  76/2 -  26/14  

Polarity 8/96* 84/3  -- 11/5  

Pulse off-time 34/4  91/5  8/94* 59/4  

Pulse on-time 10/14* 67/3  38/5  47/6  
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��a)

� �� �I�:	��6 ?: ���5�� �a�  �� 	a:0  a8�	>��    .a3� �
a�8	:

� ���*��6 (4�� ��B   �	a: .���� ��a8�0   j��a8 �� j�ak�9  �a: �

8��� �����  1233 �	:0  ���> ,��7� ����?�# �� 3� �� � 

��6 	
%� 	
������6 :�#��� - %���� � F	I 7� ���� ����	"   Qa�I

�����B ����g�� j��8) �I�:	�8�� (��6 	��6 .���� �� ���#�  7�

����	�  123 K�/
��1 ��  1232 �	:0 ��6 ���� \�J� 7� ��
��)0 

7 ;��aaO�aa���0 ��H �� aa �� �aa!��/� j����aa: �� Xaa3�� ����aa� 

�:�
�� ��� � ����  �	a: U3��� 123 K�/
�� P! Y%D ��0 � a�6 

�� �: 3� 6�%� 	
���������	� 3��J�� �3 ���C  ��  ��B:��� 

	
?: .���6 � ��  ~A��6 � ����� u�a8     .a+� ;�	aV� ����a%� �a:� 

� �� �	@ 3� �!	
����� a�6 �� �a��"�    Y�a ) �a!����%�2  �=7�a: (

�	  ������M *4��� �	) 	: P��H��� �� � �:  Y�a  �: �*8�	� �: .

2 �4�� �� ,��� ����?�#    �	a: R�� 12a3 �a� �	�0   ��
��a)Toff 

��: .��  K�/
���	:�6 �	 �M ?:� �a�      �a: ��a: �a!��> 	a:�	:I1P-

Toff2Ton1.  

  

3-4-�92*� Q*� H,��/ 0�29*�  

 j��8 ��10 ���	: [	� 0�� 	: B����� 9��
� ��  ����� 0���	:

�� ��S
�� �� ��2��%! .3�    [	a� �,�a�	8 ;�a  C��B)� �: )�

�� C��B)� P! 0���	: ���	:     Y�a  ,�����	a4 	S��a� �a: .�:��2 �

����� '� 	
����� 6�� �� O= ,�T �3 7� C�: �#��B)� �2> 	�V

aa: ���� 0	aa:�	:� 0��aaI  ���aa5� 7� 0���	aa: ���	aa: [	aa� ���aa5� �aa�

mm3/min  28  ��8  	h��   �:mm3/min 64  ��12  �  	h��

  �: �
��?�mm3/min94  ��16   �u�aG�� 6�� .3� ���3� 	h��

���?: P�S�� ��     0���	a: ���	a: [	a� 0�	a: �� 0�   j��a8 ��11 

�� ��?#� �3� ��  ��?�#�� .� �: �3 �: ������ ���	  ��!	
�����

	
%��6  �� ���#����	: [	� 0���	: ���� ���B  j��810 ��:	� �

 �:Toff �� � �:� .�6   a�*� ,��a:�      �� �a#
�  Ya%D �a� a3�

 �������0 �������R� I �� ��� ��6 � ��O�� ,��7� ��
)�  ,���@

�TV�	 � ��W=��.  

�s%!�6 ��5� 	: P��H ,���4 �: �8�� �:�	 :�#��� - %�� �a� 

 [	� j��8 ��S/N G�� vA�4 ���1 � ��  �����  ,��a�   Ya%D ��

��5��	 	
%�0 �	: ��0 Toff  � 7� .�	a� K�/
��� �	a�    a3� 	a
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��) j	
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.���� j���� �: �� ��B:� C��3 � 0��*:� F�	J�� Y4��H  

���?: Y���� �� 0	
���> B����� E�� 0	�=���: �:   �a�@ 07�a3

 6���@ ,��B%! �:��7�� ��@�=�� �/3���� 6�%� �8�	> �� 
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�� �����	: �� ����	) ��S
�� �
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��  �I]15[.  

) :��aa%D �aa.H	� �� �
aa���: 0	
aa���> B���aa�� R�aa&�� ��I (

j��	�) � 07�3II    ��a3� 	a: 0	
a���> �2:�� U��	G x�	/
3� (

�5�: 	�� �.�	�= R�&�� �;�#���7� 7� ���� 3�  

���� �
���: ��
:�   j�a�	� .��a  �B���a�	� ����� �:	&� 0�!  07�a3
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 D)��10- �����B ����g�� �� 	:0 ���	: [	� ���	:0 (MRR)  
So

ur
ce

 

SS D
F

 M
S

 F
-r

at
io

  P
-v

al
ue

 

P
C

R
 

I 7/12420  2  3/6210 32/10 004/0 9/33 

Ton 5/4751 2 8/2375 95/3 054/0  13 

Toff 2/764 2 1/382 64/0 550/0 08/2 

P 3/12636 1 3/12636 01/21 001/0 5/34 

Error 3/6015 10 5/601    

Total 9/36587  17     

SS: sum of square; DF: degree of freedom; MS: 
mean square; PCR: percentage contribution ratio 

  

 D)��11 -  ���5�S/N �	:0 MRR 

Cutting 
parameter 

Mean S/N ratio (dB) 

Level 1 Level 2 Level 3 
Max-
min 

Peak current 27/27  89/32  38/13* 86/10 

Polarity 36/85* 68/28  - 17/8 

Pulse off-time 42/32  34/0* 89/31  11/2 

Pulse on-time  67/28  04/34  35/59* 93/6 
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����� �3 G� � ��	
��� C��3 [	� ����� B������)�   E	a:  ��a2:

   �a��� ��a �: ���a5� Y4��H �� �
���: j� ���� )expectency (

"the-smaller-the-best"  �2:�� �3� ��  K�/
�� �?�� 0�	:

: ,��3B����	� �  �a���*� ;��+6   �a� �a�	*�     �a2:�� 6a�� .��a 

�� ���� 	! 	���� �: U3��
�: ����� �   �a�� 	a���� 0���� ;��+

]15[  X3�� 6
 �� 0�	: �����	: [	�  0���	:    �a2:�� �0	k���aH

: ,��3	����	� � ����*� ;��+7 �� 	!��.��   

)6            (( ) ( ) ( )
( )

* max

max ( ) min
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i i

i o o
i i

x k x k
X k

x k x k

−
=

−
  

* ( ) min ( )
( )

max ( ) min ( )

o o
i i

i o o
i i

x k x k
X k

x k x k

−=
−

               )7( 

( )*
ix k  ����� ���5� -����- �0	
���> max ( )o

ix k  

 ���5� 6�	
=�B:S/N   � min ( )o
ix k   ���5� 6�	
�@�� S/N 

���� ��2: .3� �j� ( )* 1ix k =  �� 6�	
?:.� �:  

 ���S/N   	���a5� 6�: F�	J�� �� 3� ��  Y���� ���*� '�

���� K�.2� 	���5� � �:	&��: �� �!�� ,����]14[ ��3� 	: .  

    ,�	a� Y4��aH 0�	a: �Q�5J� 6�� F��!� � �@�=�� E�� Q2��

 �)�aG� ���	
��� C��3 [	� ����� B�����   E	a:    	k���aH 0�	a: �

 ,�	����	: [	�  0���	: ��� �S/N  M:��� ��3� 	: U��	
:8 � 

9 �� ��3�J�.��   
The lower the better:      

2

1

1
10log[ ]

n

i
yi

n
γ

=
= − ∑                               )8   (  

The higher the better:      

2

1

1
10log[ ]

n

i
yi

n
γ −

=
= − ∑                        (9) 

�&��� ��γ�  �a� �Z�     �a�� �a: �a��S/N    7� ��a  ��a3�J�

 ���  ��!�#� 	���5�yi  ���5�ith   � Xa3��n     	a! ��	a�� ���a*�

��7� j�a�	� ;��.%D 7� Y+�H 	���5� .3� C�   j��a8 �� 07�a3

12 .3� ��  	!��  

         
 

  

  

  

 D)��12- ���	: [	� �E	: �)�G� �123 0	:7 0�	: 0	
���> B����� 9��
� ��B:� C��3 [	� � 0���	:  

Expt. 
run 

Normalized data  Grey relational coefficient  

Ra OC EWR MRR  Ra OC EWR MRR GRG Rank 

١ 502/0 598/0 368/0  68/0   501/0  554/0  44/0  610/0  53/0  7  

٢ 065/0 0 033/0  0  348/0  333/0  34/0  333/0  34/0  18  

٣ 43/0 631/0 389/0  69/0   467/0  575/0  45/0  617/0  53/0  6  

۴ 336/0 592/0 397/0  73/0   430/0  551/0  45/0  649/0  52/0  9  

۵ 335/0 455/0 408/0  8/0   429/0  478/0  46/0  714/0  52/0  8  

۶ 183/0 567/0 084/0  518/0   380/0  536/0  35/0  509/0  44/0  13  

٧ 552/0 623/0 517/0  58/0   527/0  57/0  51/0  543/0  54/0  5  

٨ 614/0 944/0 033/0  74/0   564/0  899/0  34/0  658/0  62/0  2  

٩ 1 1 000/1  1   000/1  000/1  000/1  000/1  000/1  1  

١٠ 310/0 281/0 603/0  41/0   42/0  41/0  56/0  459/0  46/0  12  

١١ 003/0 172/0 603/0  11/0   334/0  377/0  56/0  36/0  41/0  16  

١٢ 0 364/0 000/0  66/0   333/0  440/0  33/0  595/0  43/0  15  

١٣ 623/0 534/0 643/0  608/0   570/0  518/0  58/0  561/0  56/0  3  

١۴ 181/0 312/0 591/0  18/0   379/0  421/0  55/0  379/0  431/0  14  

١۵ 265/0 67/0 683/0  326/0   405/0  602/0  58/0  426/0  50/0  10  

١۶ 485/0 366/0 519/0  43/0   493/0  441/0  51/0  467/0  48/0  11  

١٧ 543/0 570/0 515/0  629/0   522/0  538/0  51/0  574/0  54/0  4  

١٨ 341/0 351/0 06/0 147/0   431/0 435/0 35/0 37/0  40/0 17  
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 D)��13- �� 6�:�� ����5� �@�=�� B����� M3�� 0��?�#�� 0�!  

 Parameter levels Experimental values Initial 
GRG 

Second 
GRG Exp.No. I TOn TOff V P EWR MRR OC Ra 

2  8 50 5 40 0  05/0  11 5/209 70/5  34/0  41/0  

9 16 150 7 80 0 13/34 32/195 5/488 70/15  00/1  96/0  

  

 �2:�� 7� ���O
3� �: �gh310  �11  0	
���> �2:�� U��	G

)GRC�  �!��> ��3�J� (  

( ) ( )( ) ( )
* * min max

max

, ,0 1,o i
oi

X k X k
k

ξγ γ
ξ

∆ + ∆= < ≤
∆ + ∆

[ ]0,1ξ ∈                                                        )10(  

( ) ( ) ( )* *
oi o ik X k X k∆ = − )11                     (    

min∆  �max∆ �	
:�U 	
�@���6 	
=�B: ��6  ���5�oi∆ 

 .3�ξ 	G�U /#��] � �� .3����&� !�w /3��� � 	:�	"0 

8	��1 � � 3� ��#� �����O� 
3� ��3� 	: F��!��:��  �:

��5� Y4��H�	 ����)�G� ���	
��� C��3 [	� ����� B��  E	: �

�s%!�6  ,�	� 	k���H���	: [	�  0���	: *���6  .3� �� 

�	:��:��6 ξ  ��2:�,���  	:�	:5/0  ��  K�/
��3�.  

��� �8�� �	>� �.H	� ��� 	
���>0 )Grey relational 

grade:GRG �2:�� M3�� (∂ 	*��� .3� ��  

( )* * * *

1

1
( , ) ( ), ( ) ,

n

o i k o ik
X X X k X k

n
β γ

=
∂ = ∑  

1
1

n

kk
β

=
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