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Abstract 
The aim of this study was to investigate the effect of equivalent strain amount on evolution strength of commercially pure copper 
produced by equal channel angular pressing (ECAP). For this purpose, two ECAP dies with channel angle (∅) 90o  and 110o, and the 
angle associated with the arc of curvature (ψ) ~37o  were designed and manufactured. The equivalent strain at each pass of ECAP 
process is reduced by 25% for ECAP die with ∅ = 110ᵒ compared to ECAP die with ∅ = 90ᵒ. The cylindrical shaped commercial 
pure copper in the same condition undergone ECAP process at room temperature up to eight passes through two dies, and then the 
obtained mechanical properties using hardness and compression tests were measured and their changes reported. The obtained re-
sults showed that the maximum value of strength and hardness of copper were measured about 390 MPa and 74.9 HB respectively 
after applying the fifth pass by using ECAP die with ∅ = 90ᵒ. On the other hand, the better mechanical properties were observed in 
the material produced by ECAP die with ∅ = 110ᵒ. The maximum values of hardness and strength of copper after the eighth pass by 
using ECAP die with ∅ = 110ᵒ was achieved about 77.5 HB (approximately 51% of the initial sample) and 424 MPa (approximate-
ly 63% of the initial sample) respectively. According to obtained results for commercially pure copper produced by ECAP, it can be 
concluded that the more enhancement mechanical properties such as hardness and strength can be achieved by reducing the applied 
strain in each pass about 25% and also by increasing the ECAP-ed passes. 
Keywords: Severe plastic deformation, Equal channel angular pressing, Equivalent strain, evolution strength, commercially pure 
copper. 
. 
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3Electrolytic Tough Pitch 
4 Back pressure 
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 �� �� �� a�=��>� ���� �- �4�� �-��9 N�R�� a�I�IO� 	]���   ?��IIO�

Z��X 0�����0 �- ���7 ���T	- M°90       P����G H�I� �)�� ��	�� ���x
�/�

   (�� ��- M������ ���� N��O
/� P���� ���� 	- Z��X �/��7ECAP 

 �	n�3 j�IO� �=��>� ��/� .
/� L:�� 5��wF7	�AB�    H�	�� ����I�

 ����	  0� �E3	� 	7 �� ���FG�ECAP  P���� ���� 	-   U�� N��O
�/�

�� M��R� S��T.�9�-    

  

2- .7��31 K:� : 6)F�  

 ����� 5���G �- �	1E�� a��^ �- M��R� S��T U� 0� j�IO� ?�� ��-

  C���4 �� 5� ����F��9 Z��	� �� ����	; ���x
/� �=��>� ���� M1 

.
/� ��9 �����  

8:��1- �*+�,� 6�F� B� �7����	 L�/'�  

	i�G Mg  Cl  S  Ca  Sn  Sb  Cu  

^��

 �

�0��  

47/

0  

026/

0  

025/

0  

02/

0  

006/

0  

007/

0  

44/

99  

  

��:� ��q�� �- ��
-� �����F� M ����	  N�R�� 
:4 Z/��� M�7

ECAP 	- (5D�	
��� ��O�) ���[ M�
/�� �� M�����9�� a��EFG �

���F� .
 	; a��^ ����� �	1E�� M�� 	>X �- ���705/0-16 �E�� � 	
�

 ���	I� C�[65 �E�� \/�� 	
�.���9 ��:� M�����9�� a��EFG �- 

��q��  ����	  N�R��ECAP�� � Z��X �- K>I� � �	;  ���T	- M����0

°90 �°110 ��	F7 �- <� ���/ �3�	[ � �
T�/ �9 .C���� K>I� -

Z��X �4�	T � M���� M�7 �- 	-�	- �:�� 	>X � ���- M�	��� �705/0+16  

�E��  � 	
�����0 MM��O��  �� 	7 �4��T	-�	- Z��X °37∼ �� .�9�-

Z��X 
T�/ 
:4 ��� �	/ ��`-� �p�  U�4 0� M���� ��71.2510 

�i62� 0� .���	; e�6
���� �p�  ?�� 0��- M 
���I� �- 5���

 .��F� ���9� �	/ ��� a�=>X 
T�/ 
:4 5� Mp�- ����- ����>^�

Z��X�� �7 M���ᵒC 800 a�� �- 80 �I�X� a��EFG 
O� C.O�� 

��	X �
 	; � Uc/ �� ?��� \�O� �	/ a��EFG .�����	; 
6�0�- 

`�� �� �� M���ᵒC 250  �ᵒC400 a�� �- 120 �I�X� N�R�� 
 	; � 

�
6/ ���3 48 C����C  Z��X ���7 ��R��  �9.  0� ���/ U�4

 ��� �	/ �p� 1.2080  �- M���9�	� a��EFG \/�� � ��9 e�6
��

Z��X �- Z/��
� � N0p ��=-� .���	; M�����9�� �7���/ �� M���ᵒC 

960 a�� �- 30 
O� �I�X� C.O�� a��EFG ��	X �
 	; � Uc/ �� 

\�O� ?��� �	/ a��EFG .���	; 
6�0�- �� `�� �� M���ᵒC 210 

�ᵒC 420 a�� �- 60 �I�X� N�R�� 
 	; �
6/ � ���350  C����

C �� ���/ ��R��  ����	  .�9ECAP \/�� ��1
/�  �	�Gotech 

 
� 	� �-100 M��� �� ?� � z��� �- 
G	/ 
-�A 1 �E��	
� 	- ����A 

N�R�� ���	;.  P�92 Z��X 5�2� �	� ��1
/� ��	F7 �- �� ���/ � �7

.�7� ��  
  

  
?
	 2- L+�M  �5ECAP  ��N��6 �)'�5 �� �O�� :P'�  

  

M��R� S��T U�  �� 	]���38 Z��X 5��� �E3	� 0� ���x
/� �- �7

 	���BC .
 	; ��	X ���9 <�
/.� P�9 	��b� 
O� �- ��q�� 

H7�� 	A� v��>^� 0� <� W�� N�  5�-�^ �- 5���G 5������ ���x
/� 

�9.  P�93 ���F� M�7��9�����  ����	  0� U� �� Z��X �� 	7 \/��

ECAP �� 5�2�.�7�  
  

  
 ?
	3- ��F�� ��� ;�5��	��+F�  K:� ��ECAP L+�M Q�F�;�5              

° 90 ∅ = : °110 ∅ =.  
  

H���0� �
6/ �- �E�/�M ��1
/� �
6/ d�/ P-�X PF3 C�� 

HLN-11A N�R�� M�	- .�9 N�R�� H���0� ��
6/ ���F� M�7

ECAP  P�9 j-�>� ��94 �- �E�/�M ��1
/� (	-  (	- �F�/

���� �R�/ �
6/ � ��9 �- (�� P��	-  ���� 5�2� m�I� M�� 	-

N�R�� ��9 
 	;.  ?�1���� ���F� 	7 M�	-�- 
/� ����  M	�; �0���� 0�

14 .�9 ��O� �
6/ ���I� 5���G �- �>I�   
  

∅ = Z��X°90  ∅ = Z��X°110  

 ������:1����/ 

���/ 

ᵒ110 ∅ = ᵒ90 ∅ = 



 

 
 

���
FO

�
?

�
 

u��
G�

�� 
F3

�� 
��E

:-
�

E�E
T 

P
�ET

 �
 �

 

337 

?
	 4- �F#���F�� K'� ; ;�5ECAP  ��T� U�0� ;FN+) : ��	

����  
  

M�	- N�R�� H���0� 0� ��2   ��1
/�Zwick-155944 �-    
� 	�

KN600 �	:- �
 	; �9 .H���0� �� ��2  M���� \�O� �- 
G	/ 

2/0 �E��	
� 	- �- ����A �4�� �- ������
/� ASTM-E9 N�R�� ���	; .

��
T�/`�� ���F� ��� M�7��9�����  M��� ���/�	��� \/��

���/�	��� � 5�	���^ 
�	9 
T�/ � �	;���
� ���	
���  �2-��

P��; ������1 )FE-SEM C�� (Hitachi-S4160  �=��>� ����

���F� .
 	; ��	X ����T (	- 5D�	
��� ��O� 	- ��FG M�
/�� �� �7

�E�/�- �H���� M  �- ������� M���(�� �- �4�� ������
/� M�7

PI�^ � �	;���
� ���F� Uc/ .�����	; M���PI�^ M�7 �� ��9 M���

 M�
O� C�EO�2 N	; M� a���	� �L�/�
� 4 �E��	
�� C�EO� W��9� 

��	E�  � L��/8 �E�� 	
�� ��/� ����3 <���x��/2  �0���� .���9

�����>T ���T	- (�� �- \/�
� M3 .���	; ��/�O�  
  

3- V#� : W7���  

P�9 M�75  �6  N��O
/� � �
6/ a�	��b� Z��	� �- L�E�����F� -

 M�7��9�����  (�� �-ECAP  �� ��Z��XM�7°90 ∅ =  �°110 

∅ = �� 5�2� ����	  N�R�� P3�	� ���=� Z�3 	- � �
6/ .��7�

 N��O
/����F�M  .
/� ��9 ����� ����I� M�	- `�� (	x^ ���) �����

�- ��E� ��[5�F7 ��[ �� ��7�2� �����F� N��O
/� � �
6/ ��9 -

 M�7��9����� U� Z��X �� 	7 \/�� 0� ����	  ECAP �� H��` � -

��FG a��x� ��� .�-��M��  ������� a��^�iT a�	��b� ���� �����F� -

 M�7��9����� (�� �- ECAP �� ��7�2� d��
� �/�	- .��9

5��0��� 5�2� ��2  � �R�/ �
6/ M�77� N�R�� 0� P�X �� ��

 ����	 ECAP  ���� M��R� S��T U� L�E�� N��O
/� � �
6/

�=��>��  	-�	- Z��	� �-HB 4/51  �260  ��	X �- .
/� C��/���1�

 ����	  
O� ���� 5���ECAP  Z��X 5���°90 ∅ =  � �
6/

 � �
 �� H��` � �
/��� ��[ �- d�� ��� �� ����F7 5� N��O
/�

 	-�	- Z��	� �- ��9 M	�; �0���� ���I� 	]���3HB 9/74  �390 

�� C��/���1��9�-. ���F� L�E�� N��O
/� � �
6/ a�	��b� ���� M�7

��9����� Z��X \/�� °110 ∅ =  Z��X �- ����I� ��°90 ∅ = 

���- a��x
� o.��� �- M��[ ��  ����	  �E3	� 
27 C�FG� �-ECAP �

�� H��` � ����F7 L�E�� N��O
/� � �
6/ � �
6/ 	]���3 .�-��

 N��O
/� L�E���- 
/� ����  Z��	� �-HB 5/77  �424  C��/���1�

M	�; �0���� .�9 

                                                      
1Field Emission Scanning Electron Microscope 
2Etching 
3linear Intercept 
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4High angle grain boundaries 
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1 Dynamic recrystallization and Dynamic recovery 
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��9 
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H�	� � ��� 	7 �� a��x
� M�7�	�Th M0�/ �� W�X� �- �:�� �������

�� C���� �� ����x
� M�7���� ������� f��T.����  

 P�98  (�) �� (y��)�	��i ���/�	���  0� M�����
T�/`��  t>/

�Ox^) 5D�	
��� ��O� 	- ��FG (�n	G M � ����� ���F����F� M�7 

��9�����  ����	  �E3	� <� C�FG� 0� U�ECAP �� 5�2� �� .��7�

5�F7 ��[ �� ��7�2� �����F� ��
T�/ ��9���� M���� ����� M M�7

@��=
� 
9��1 �0���� �- \/�
� M28 .
/� 5�	���   �- <� C�FG�

 ����	   ���ECAP  Z��X \/��°90 ∅ = ��
T�/`��  ��� ���F�

�- a�9  
O�	�AB�  �
 	;��	X ���FG� H�	��- M��[ ��  ��
T�/

��p ��p ���2�2 )ELS(�  ��
T�/ .
/� ���:� Z��� ��
T�/ELS  �-

 H�	� C�FG� �- ���� ��4�99/0 C��4 �- �=4�	�)2 ?1F7 o���	I� (

 	-�	- o���	I� 5� ���� �0���� \/�
� � ���-8 5�	��� �� 
�E� .�9�-

 ��
T�/��9�����  ��� ��1  �-��
T�/`�� �- 
/� ���� �0 \/��  �

H�����F7 ]22[  C�FG� 0� U�1  ����	  ���ECAP  M�� 	- U�

 M��R� S��T�- �E�/�  Z��X°90 ∅ = �- j-�>���� 0M��� ����.  

 H�	� C�FG� �- �� 	[ 0�74/0 �- �>/��  ����	  �E3	� <� N�R��

ECAP  Z��X \/��°110 ∅ =  �- ��
T�/ Lq� M���� ���� ��4�

 ����� �^�T�- M��[ �� ���� 0� �F� LR3 �- ��	F7 ���2� M�7

���� 7�2� 5� 5��� Lq���� �/��7 P�9 �- ���7�� ��.��9  \/�
�

 	-�	- o���	I� ���� �0����14  �0���� � P�9 �- �4�� �- .
/� 	
��	���

����  �
6/ � N��O
/� �- �:�� ����I� � ���� ��4� �- M�7��
T�/ M

�- 
/� ����  ����	  ��� <� C�FG� 0� U�ECAP �� �R�
� 5���

 ��
T�/ �� 
 	;ELS  ���F� �� ���� ��4� �-��9����� �- �E�/� 

 Z��X°90 ∅ =  .
/� ��9 �
6/ � N��O
/� 	
2�- H��` � Z4��

 �E^� N`����� �� 
/� 	�h 5���9N��O
/� �26-  ����	  �[

ECAP  ����� M�7 ���R-�� ���1Y �[�	 � H��` � ���� 	- ������7 

.
/� ���
/�  ����	  C�FG� �-ECAP ���R-�� ���1Y �- �4�� �- �7

H�	� ��R��.� M�7�E^�  H7�� � ���0 ����- <�
/����0	� M �� �7

���� ��R�� 	A��� H��` � �:4�� P-�X 5�`�� �- ���4 M�7 ?�� .�-��

 \/�� �E������ ���� 5����F7 �]18[ �/�	- �[ M�7��
T�/`�� 

�
 �� P�9 	��b� S��T U� �- �E�/�  ����	 ECAP  \/��

 ���1Y 5�2�� .
/� ��9 (��`; M���G ���	
��� ���/�	���

���R-�� N�R�� �E3	� <� 0� U� ���� 
9�� ��
T�/ �- U� M�	- �� �7

 ����	 ECAP  ���3 ��2 -m 1014×6/1 C�E/ 5����73  �2 -m 

1015×5/1 ������ ��C�E/ M�74 ��	� (��`;  � �0 .���

 H�����F7]23[ ���R-�� ���1Y `�� �- M��R� S��T U� M�7

 ����� N��O
/�260  ����	  C�FG� 0� U� �� C��/���1�ECAP  �

�- 5� N��O
/� H��` � 377  ���3 �� C��/���1�2 -m 1015×5 

��0 ?�F6� .���  

 ���R-�� �0���� 0� H�- H��` � o�/�/� ����� Z4�� �75�9  
�	3

������ \/�� �:��C�E/ �� �7 ���R-�� M�7 ��4� �-����  ?��	-��- ��9

 H�	� 	A� �� N��O
/� � �
6/�
6/5 �� H��` � �- .�-��P�9 M	�; 

���� ��� �� `�� ����- M�7 P��G ����� M�7N��O
/� �26-  N`����� 0�

                                                      
1Conventional coarse-grained 
2 Elongated laminar substructures 
3Within cells 
4Cell walls 
5Strain hardening 

 � M��
T�/ a�	��b� N`����� �- �:�� 
�	3 5�9 PxX � ���R-�� �����

�� ���� 	��b� ���� �0����.���   

P�9 M�79 � (y��)�- (�) � Z��	� 	��i� FE-SEM �
 	; ��9 0� 

K>I� �n	G ���F�M�7 ��9����� \/�� Z��XM�7°90 ∅ =  �110° 

∅ =  ��� �� M�74  �8 �� 5�2� ����7�. 5�F7 ��[  ��7�2� ��

��  C�FG� 0� U� ��94  ����	  �E3	�ECAP  Z��X �� 	7 \/��

b���a�	 �- ���� �0������� L2Y�;	  ���-�- M��[ �� �0����M ������7  �-

�I� �- �4���L ����M�7 ��� 
9���� �2� ��P �G�FR�M� ���� 0�M�7 

��` b� C�FG� 	A� ����	 
/.� P�9�< �9���q3.� P-�X H7�� M�

��
 �����` � �- .�H 
/.� H�	���< �E^� M 0	����� ��9 	
�Y�� �7

� �- 	R�� �����R ��
T�/UFG ���� 5��� ����9.  0� U�4  �E3	�

�	  C�FG���� ECAP  \/��Z��XM�7°90 ∅ =  �°110 ∅ =  �-

 ��
T�/ �- S��T U� Z��	�UFG ���� �0���� \/�
� �- M216  �

345  	
�����
/� �- .��� ��
T�/`�� ��9�����  Z��X \/��°90 

∅ =  Z��X �- ����I� ��°110 ∅ =  0� M���0 ����- LR3 M���� �

���� M�7 ���F� �
6/ � N��O
/� �)� ���- 	
F� �0���� �- `�� ����-

 ���4 5� \/�� ��9����� .
/� �����T	- M	
2�- ���I� 0�   

�` � �-�H  P3�	�ECAP  ��8 ���� ������7 I� �����  ���� 5���

�9 P^�3 ���� .����0	� ��R�� �- �4�� �-�- M�7 H7�� 	A� �� ��F9

 � ���� �0���� ���9H���� M	�)�  ����3 C�EO� �- �:�� ���0 ����-

 M�7	��i� �� ~�� ���/ �3���)7-� �7- (� �0���� \/�
� �u��� 5����

����� 	��� �����  ���� �0���� ?�1���� Z��X �� ���� �0���� a�	��b� �)�

��9 (��`;  ?�1���� .
/��0���� ����  ��
T�/	����
��  U�

��9����� \/�� Z��XM�7°90 ∅ =  �°110 ∅ =  ��� ��8  �-

 Z��	����3 109 �92 � 	
�������9�-.  ���� �0���� �� ���R�� 0�

��
T�/`�� ��9�����  C�FG� \/��8  ����	  �E3	�ECAP �- �E�/� 

 Z��X°110 ∅ = �- 
���  Z��X°90 ∅ =  �0���� 0� M	
F�

 U� ������� f��T �)� 
/� �����T	-��9�����  � �
6/ P��X 0�

/��
 �� M	
2�- H��` � N��O
 .���  

���F� N��O
/� ���:- ���� ��� M�7��9����� Z��X \/��°90 ∅ = 

 ��� 0�5  �=- �-	AB
� ����� 0� M���I� � ��9 yX�
� �;���9 N	� M

�� �
/�� 5� �
6/ � N��O
/� 0� �- .��9P�9 M	�; ����z�  M�7 -

`�� ���=��  ���- ���R-�� M���0 ���I� M��3 �� 	
����� �^ ��Y �3 ��

�;8�� 0�) ��
T�/ M�7UFG ��9�����  ����	  \/��ECAP 


/�]23 -17[.
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 ?
	9-  '7F]�FE-SEM  B� ���A�� _7� 3)��	��+F�  (b+) Q�F� P��4-  L+�M°90 ∅ =   (a P��4- L+�M °110 ∅ =  (c P��8-  L+�M°90 ∅ =  

 (6 P��8- L+�M °110 ∅ =

���R-�� ����� 0��� M	�;�E4 ���4 M�7 ���1Y L:/ ?��	-��- .���

���R-�� �� ���3 �� �
 �� H7�� �
6/ � N��O
/� H��` � �� �7

����0	� L:/�- �4�� �- �7  ��� 0� ���� �0���� �R���� H7��4  ��8 

�� 
-�A o���	I����� LR3 H��` � �- � 	[ 0� .���� 5��� `�� ����- M�7

 ��
T�/UFG  (W��9� 
��3) ��T ���:� ���I� �- 5� 5�9 <��`� �

�� ��T ���I� 	]���3 �- �
6/ � N��O
/�P�9 ����I� �- .�/� M�7

7-  � y��7- 
/� tn�� o.��� �e ���� LR3 �� 5��� `�� M�7

 ��
T�/UFG ��9����� Z��X \/��°90 ∅ =  o�/�/� � ���- 	
2�-

�� ��T ���:� ���I� �- 	� K�	/ P3�	� ����� �-.�/�  H�	� C�FG� �-

���R-�� ���1Y ���� H��` � �[ 	
2�-���� LR3 � �7  �- `�� M�7

 ��E�� M�	- \��	9 � �
 �� H��` � ?�F� ���I� 	]���3 ��R�

��������21  �- �4�� �- <�
/.� P�9 	��b� ?�3 ��� H��` � 	A� ��

�� ���:� ���� N��O
/� H��` � .��9 U� �
6/ � N��O
/� �R�
���

 S��T��9����� Z��X \/��°90 ∅ =  ��� 0�5 �� H7�� �=- �- -

����� W�X�) �-���;���9 N	� M �������� ��R� ��E�� 	A� �� .( �
���

����� W�X� �/�	- �� �;���9 N	� S��T U� ������� f��T M�7

��9�����  (�� �-ECAP  ��9 (��`; `�� 5�IIO� 	1�� \/��

��	-�� � ��-�� .
/�22 ]24[  S��T U� ������� ��
 � �/�	- �[

 M��R��- �E�/�  C�FG�16  ����	  �E3	�ECAP  �� ����� (��`;

 ��� �� L�E�� H�� ����F74 �� H��` �0� .�-��  ���4  �=- �-

 ���� 5�2� ��T 0� ���/�� ��
 � L�E�� H�� a�	��b��- M��[ ��  0�

 ���4  ��6  ��� 0� � H7�� L�E�� N��O
/�6  ��7  Uc/ � H��` �

 ��� ��16 �� H7�� �F� ����- ���I�.�-��  � ����3

H�����F7]25[  M��R� S��T U� L�E�� N��O
/� �� ����� (��`;

 C�FG� �[10  ����	  ���ECAR23 ��� �� �7  ���I� 	]���3 �-

 ��� 0� Uc/ � ���/� ��T8  ��10 �� H7��.�-��  

���F� N��O
/� �� W�n�� ?�� �- �4�� �- M�7��9����� 	AB
�  0�

��
T�/`��  � �E^�3��
T�/`��  ��T `�� �E^�3	AB
� 	� 0� ���FG� H�

 ����) ��9 ��R�� C��=� H�	� ��	�Th M0�/ �� �)� �
/� (5� 5���

 �/�	- �w��� ?�� 0� �� N��O
/� a�	��b�.�	� �>-�� ��/� 	- M3 

���F� �� ��9 ��R�� C��=� H�	� P3�	� ���=� Z�3 	- ��7ECAP 

 	���I� � ��/�O��- 
/� ����  C��4 ��2  .���	; �u���  

 ����	  N�R�� �-ECAP� 	7 �� �E3	� H�	�99/0  �74/0  Z��	� �-

���F� �� M�7��9����� Z��X \/�� M�7°90 ∅ =  �°110 ∅ = 

                                                      
21Dynamic recrystallization 
22 Cobos and Cabrera 
23Equal channel angular rolling 

 ��R�� �� ��9a�	�AB�  	- ����x
���
T�/`�� �� �:�� .���);

�- M��[ ��  �-��� <� �[ 	
2�- H�	� C�FG�� ��
T�/`�� ?1F7 	� 

 M��
T�/ MD��� ��� �-��p ��p  5� K�[ �- � ��9 P^�3 ���2�

.
/� 	
2�- N��O
/� � �
6/ H��` � 5�`��  �-�	�Th M0�/  H�	�

97/3  �92/2  C�FG� �[ Z��	� �-4 Z��X \/�� ��� M�7°90 

∅ =  �°110 ∅ =  ��
T�/UFG  S��T U� 5����- 
/� ���� 

 ����� Z�/ 	
2�- H�	� �	�Th �� a��x� ?�� �-UFG  LR3 �-

p�-���� 0� �� M�7z�  ���=��  �� 
/� 
EG ?�F7 �- .
/� ����	; `��

 ��� ���F� N��O
/� � �
6/4 Z��X°90 ∅ =  Z��	� �-HB5/13 

 �62  ���F� 0� C��/���1���9�����  \/��Z��X° 110 ∅ =  	
2�-

.
/� �	�Th �- ���I� �- H�	� M95/5  ���� �S��T U� 5���

 N��O
/� � �
6/ ���:- �2��` � C��=� H�	� �� � ��9 yX�
�94/7 

�� ��T �- ���`� M������ �)� .�	�; H�	� �� 
 	; �R�
� 5���

 C��=�95/5  ����F7 ������� f��T ���:- ���� �� �x>G �>I�

 .
/� U� `E  M�	- N��O
/� � �
6/  

 ��� ���F�4 Z��X° 90 ∅ = � �- �
6/ � N��O
/��	�Th M0�/ 

 ���I�96/4  H�	� 	]���3 �- 
� 	� ����� �- � ���/� ��T C�FG�

 ����	 ECAP  �	�Th ���� �� W��9� ���I� �- H�	��� �- .��9

���� 0� M����- LR3 ��4� �- �4�� M�7 ����- ��
T�/ 5��� `��

UFG  H��` � � ���F� 	A� �� P�9 	��b� ����	  ?�3 a��	3 �4��

��O
/� H��` � N5�  \��	9 �W��9� ���I� �- H�	� �	�Th `�� �

 � ���� ��4� �- �������� ��R� ��E�� ?
/��� W�X� �- M�	- ��/���

�� H7�� �
6/ � N��O
/� 5� K�[ �-.�-�� ���s/ �F� �R��� �� ?

 ���9 �	>� 5�;�����T ?7h �� 
/�"���F� M�	- z�x�� ?�� �	Y�7 

 �����9����� \/�� Z��X° 110 ∅ = �F��
 �"  <� Z��X ��

�� �
9�); }O- �- ���/ ���2� 
� 	� .��9N��O
/� M	�)�  `E 

 ����	  �[ U�ECAP �� �� ?�=� LR3 �- @	� <� �- 5���

 P-�X �-� �- e� 5��	4 ����� ���� 	7 �[ ���FG� H�	� � ���� 
���

 e� 5��	4 �-� �e� 0� @	� 5�9 	� N�1�7 �� 	;� .
/� L�q��

��9 C	
��  PX��3 �- @	� LR3 P� ����� L[.� ��R�� �� M�O� �-

�� 	� ?�F� e� 0� H�- e� 5��	4 �-� 	;� ��� ��9

 د ج ب ا�ف
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8:�� 2-  6)�*� L�4 '� 86�*� .�'/ '76�0�?4)'�  ��71'2 >���)ECAP  

(���) P3�	� ���=� 1  2  3  4  5  6  7  8  

 �� ��9 ��R�� C��=� H�	����F� �7 Z��X \/��°90 ∅ =   99/0  98/1  98/2  97/3  96/4  95/5  95/6  94/7  

 �� ��9 ��R�� C��=� H�	����F� �7 Z��X \/��°110 ∅ =  74/0  46/1  19/2  92/2  65/3  39/4  11/5  84/5  

   

 �9�- �0�����- M��[ ��  	� @	� LR3 P� �:�� �� ���� L[.� ��R��

�F� @	� 5�	�- �- e� 0� M���I� ��E- ��9�� a	�.��9  

 `�� � ����0 H�� ?�� �-����I�M H�	�M�7 C��=� �� ��� 6 

�E3	�) M�	- (��9 0��� �;���9 N	� ����� �� M� Z��X° 90 ∅ = � 

��� 8 Z��X M�	- °110 ∅ = ��5��� 
9�� 5�Gh� ��  	���I�

�	�Th M0�/  �� H�	�84/5  C��=� H�	�)	As��� ( Z4�� �����

 �E3	� 	7 �� 	;� C�3 .��	; N��O
/� �
/��� H��` �5/12  0� �^��

 C��=� H�	� ���I� P�	As�  �[ ��8  C�FG� ��� ���F� �- ���

 5�`�� ��	�N��O
/� M	�)� �� H��` � 5� 5��	4 �-� C	
��) �-��

 d��
� �- �4�� �- .(e��- 
/� ���� �� H7�� �- ��� 
 	; �R�
� 5���

�	� ����	  0� �E3	� 	7 �� ���FG� HECAP  5�`�� �-25  ��^��

 ���3 ��� 
27 0� U� S��T U� 5��� ��9 P^�3 N��O
/�71 

�� H��` � C��/���1� �-��.?��	-��- M�	- ����� U� S��T N��O
/� �- 

\/�� 	
2�- ����	  ECAP �� 5��� H�	� ���FG� �� 	7 �E3	� �� 
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