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ABSTRACT 
ECAE is defined as metal forming processes in which a very large plastic strain is imposed on a bulk process in order to 
make an ultra-fine grained metal. In this research, the plastic deformation behavior and the grain size of polycrystalline 
aluminum, in ECAE process, is predicted by using the Bezier method and the upper bound theory. Also, the effects of inner 
corner radius, the die angle and the angle of outer curved corner on strain, strain rate and grain size is studied�and then is 
simulated. It is found that deformation rate decreases with increasing the die angle,� the outer curved corner angle and the 
inner corner radius�A good agreement is found between the simulation results with various experimental data. 
 
Keywords:�Equal Channel Angular Extrusion, Bezier Method, Upper Bound Theory, Plastic Deformation                
Behavior, Simulation 

                                                           
 

����|��Y��ZÀ��Z¯ a.narooei91@gmail.com ���
����ZË{Zf�Y����Â´z�Za�Ã|À�ËÂ¿�ghodratollah.roudini@eng.usb.ac.ir���
����ZË{Zf�Y� k.narooei@gmail.com��

mailto:a.narooei91@gmail.com
www.SID.ir


www.SID.ir

Arc
hive

 of
 S

ID

��� ��|¸m�,�|Ì·Âe�Á�dyZ���Z�§YÂÅ�®Ì¿Z°»�Ä»ZÀ¸�§���Ã�Z¼��,��½Zf�]Ze�,���� 

���Ä»|¬»��
�½Â//r¼Å�{YÂ//»�Ê//°Ë�Ì§�Á�Ê°Ì¿Z//°»�[Â//¸�»��YÂ//y��Y�É�ZÌ//�]

���Á�½|/��ÄfÌ/�Ìf�Ôa�aÂ��dÌ/�Zy�,ÓZ]�¹Z°vf�Y��Ã�/Ì£���½Â/Å�»
Ä¿Y{�Ã�Y|¿Y�Ê»�ZÆ¿M�ÉZÅ�ZfyZ�Á�°Ì»��Ë���ZÌ�]���ª/Ë����Y�Ä/¯�|�Z]

|ÀËY�§�ÉZÅ�ÌÌ¤e��µZ¿Z¯��{�½�Á�f�¯Y�Ä¸¼m��Y�|Ë|��®Ìf�Ôa�¹�§
½Z�¼Å��Y{�ÄËÁY���Ä]Ê»�d�{|ÀËM�������¾ËY��Z�Y��Y�Ê°ÌeZ¼���
¶°���{�|ÀËY�§���Ê»�Ã|Ë{½Z¼Å��{Â��\·Z«�d�Y��z�»�Ä¯��Â�

��Ê/¸yY{�ÄËÁY��dve�Ä¯��]Y�]���¬»�t���Z]�µZ¿Z¯�Á{��Yĭ���Ä/ËÁY��Á
�Êm�Zyᤂ�d�Y�Ã|��¶Ì°�e�,|¿{�¯�{�Ây�]�ºÅ�Z].��

��

��
��¶°�����|ÀËY�§��Y�Ê°ÌeZ¼��ECAE���

��

�����]�,�Á��¾ËY��{�d¬Ì¬u��{Ä��½Z/°»Y�,É{Z ]Y�cY�ÌÌ¤e�¹|��d¸�
����¾/ËY��Y�®/Ë��/Å��{��{�Y{�{ÂmÁ��Za�¾Ë|Àq�Ê���{�|ÀËY�§��Y�°e

�Za�¿�¯�,ZÅÊ»�{ZnËY�Ä¿Â¼¿��{�ºÌ���®Ìf�Ôa�ÉZÅ���Y�Ä/¯�{Â�
�¾ËY�ªË���¿�¯�ÌÌ¤e�,ZÅ�Ê»�w��¹�§����Ê/´¿Y{�Ë��Ä/]��/nÀ»�Á�|Å{
Ê»��ZfyZ�{Â�����µZ´��Y|f]Y�����µZ���{������½�Á�f�¯Y��Á�

ÄËÁY��µZ¿Z¯��{������¶°/���/ÌÌ¤e�{Z/nËY�ÉY�/]�Ä/ �«��{�Y��½Z�¼Å��Y{
]�|Ë|��®Ìf�ÔaÄd§�³��Z¯�������{�½�Á�f/�¯Y�|ÀËY�§�dÌ¸]Z«�Z»Y��

ÄËÁY��µZ¿Z¯Y�¸§�|Ì·Âe��{�½Z�¼Å��Y{���,�/Ë���ZfyZ/��Z]�ÉZÅ�ZÌ·M�Á�c
�ÌyY�ÄÅ{��{�¦Ì·Á�Ä¯�������Ä/¿Y{�Ë��ÉY�/]�Y���Á��¾/ËY��¿Y�Z/°¼Å�Á

Ä]�Â¿Z¿�|u��{�cY�¸§��ZfyZ��½{�¯�|��¦�¯�|¿{�]��Z¯���µ|»����ÉZ/Å

                                                           
1- Equal Channel Angular Extrusion (ECAE) 
2- Segal 
3- Valiev 

����/ÌÌ¤e�Ê´¿Â/´q�tË�/�e�dÆm�É{ZË��Ê�ZË������{�Á�{YÂ/»��{�¹�/§
�������{�½�Á�f/�¯Y�|/ÀËY�§�¾Ì/u��{�Ä/¿Y{�Ã�Y|/¿Y�cY�ÌÌ¤e�|¿Á��ÄnÌf¿

ÄËÁY��µZ¿Z¯���Ê/��]��¿�/¯�µZ´���d�Y�Ã|��ÄWY�Y�½Z�¼Å��Y{
Ä]{ÂmÁ�]�Y��Ä �«��{�Ã|»MÄ]��Ë��c�Â�Ä{�ÁM�d�{���

2cot .
2




 
  

 
 ��� 

��d/§�´¿��/�¿��{�Y��Ê¿Á�Ì]�Ä�Â³�ÉZÀv¿Y��iY�,�¿�¯�Ä^�Zv»��{�ÁY�
�����Ê¼Ë�¯�Á�Ê¿YÂËY����Êm�Z/y�Ä�Â³�ÉZÀv¿Y�Ä]�ÄmÂe�Z]�,É�ÅZ�

�Ä�]Y�]�®Ìf�Ôa��¿�¯�ÉY�]�Y���Ë�Ä�µÂ���{�Ä �«��{�Ã|»M�{ÂmÁ
��|¿{Â¼¿�ÄWY�Y�¹�§�ÌÌ¤e��

1
2cot .

23tot




   
    

  
 ��� 

�����|/ÀfyY{�a��¿�/¯��/]�Êm�Z/y�Á�Ê¸yY{�ÉZËYÁ���iY�Ê���]�Ä]�ZÆ¿M
��˹���� 

�����ÂË��¶°���Z�Y��]�Ê·|»��¿Y�Z°¼Å�Á����Ê/��]�ÉZÅ|/¿Z]�É�/Ì³
��ËÓZa�Ê´¿Â´q�¶Ì¸ve�ÉY�]���Ä^/�Zv»�½Á|/]�|ÀËY�§�µÂ���{�Ä¿Y{

Ã{Â¼¿�Ä����Ä¿Y{�Ã�Y|¿Y�cY�ÌÌ¤e�|¿Y�������
�����®ËZ]��¾Ë�f�Y�Á��]Ä��Ê·|/»�½Z�¿Y�Z°¼Å�®¼¯�Ä]�Ä¿Z³Y|m��Â�

]Z¿�ÄfÌ�¿Y{��Z�Y��]ÄÊËZm�Ìa�ÉY�]�ZÅÄ¿Y{�Ã�Y|¿Y�ÊÀÌ]��¹ÂÌÀÌ»Â·M
µZ¿Z¯��{�½�Á�f�¯Y�|ÀËY�§��{��·Zy�ÄËÁY�¿{Â¼¿�ÄWY�Y�½Z�¼Å��Y{��|

�Ä¸u�»��Y�Y��{YÂ»��Zf§��ZÆ¿Mǿǿǿ����Y�/«�Ê���]�{�Â»�Êfz��Z¯�| ]�Ä]
��������/�¿��{�Ê·Â¸/��É�ZfyZ/��Y��{YÂ/»��ZfyZ/��Z/Æ¿M�,�«YÁ��{��|¿{Y{

Ä]Z¿�Ä¯�|Àf§�³ÊËZmµÂ¸��¾ËY�Ã�YÂË{�Á�½Á�{��{�ZÅÄf§ZË��Ë�Âe�ZÅ|¿Y��Á
]�Z]��b�Ä�{Á|/v»�½Z¼·Y��Á��É�Ì³�Z¯������Y��Ä/¿Y{�Ã�Y|/¿Y��/Ë�Âe�,

µ|»|¿{Â¼¿�É�Z���������²¿ÂÌÅ�����lËZf¿�ªÌ¨¸e��Y��¿Y�Z°¼Å�Á
�����Ê/���]�d/Æm�Ê·|/»�,{Á|/v»�½Z¼·Y��Á��Z]�ÄfÌ�Ìf�ÔaÂ°�ËÁ
�����Y�Ê/�Z¿�É�ZfyZ/�Á�°Ì»�cY�/ÌÌ¤e�Á�Ä �«�¾´¼Å��Ì£�¹�§��ÌÌ¤e

Ä//ËÁY��µZ//¿Z¯��{�½�Á�f//�¯Y�|//ÀËY�§�µÂ//���{�,½M��{�½Z//�¼Å��Y{
Êfz���¿�¯��ËY�����|¿{Â¼¿�ÄWY�Y������Ê¼Ë�¯�Á�ÊËÁ�Z¿��É�ÅZ/�

Ä¨·R»�����{�®Ìf/�Ôa�¹�/§��/ÌÌ¤e�|ÀËY�§��{�Y���¿�¯�w�¿�Á��¿�¯�ÉZÅ
����Ä/]�Z/]�½Z/�¼Å��Y{�Ä/ËÁY��µZ¿Z¯��{�½�Á�f� Ȳ�µÂ����É�Â/Xe�É�Ì³�Z/¯
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