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Abstract 

Continuum damage mechanics is a powerful tool for predicting mechanical defects in the final products of metal forming 
processes, including tandem cold rolling. Generally speaking, there are various criteria to predict damage evolution in 
different processes. In the present study, the ductile damage model and the FLD criterion , as two widely used damage 
models, are employed and compared in order to predict strip tearing in tandem cold rolling process. Strip tearing is one of the 
manufacturing issues which can considerably raise the production costs. Therefore, it is necessary to develop an effective 
numerical model to predict strip tearing and analyze the effective factors which are related to this phenomenon. In this work, 
an industrial five-stand cold rolling mill is simulated using ABAQUS/Explicit finite element code. The ductile and FLD 
damage criteria are implemented and utilized to predict damage evolution through the strip. The damage parameters of 
material are determined from experiments. By comparison of numerical results with experimental observations, the more 
accurate and efficient damage model is selected and introduced. Finally the effect of the variations of angular velocity of the 
work rolls on damage evolution is investigated by applying the introduced damage model.  
Keywords: Tandem cold rolling, ductile damage model, FLD damage model, strip�tearing
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1�Forming Limit Diagram 
2�necking instability 
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3�notched tensile specimens 
4 Bridgman 
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�����ÄÌ^��©�Á��{�\Ì�M�É�Z��\Ì�M�µ|»�É�Ì³�Z°]�Z]
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1�Coulomb's law 
2�constant-limit shear stress 
3�ironing 
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ÄÌ^�Ê»�É�Z�|¿Â�����Y�³�ª^����Ä/»Z¿�]�d/ve�,Êf À/��ÉZÅ�É
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Ä�¨«��{�©�Á��|Àf/�Å�ÃY�¼Å�ºnÀa�É��������ÄÌ^/��lËZ/f¿��É�Z/�
Ä»Z¿�]��ZÆq�¾ËY�ÉY�Z]�{Á|v»�ÉY�mY��cZ/�z�»�ÃY�¼Å�Ä]�{�Â¿�É
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�Ìa�ª^�Ê»�©Z¨eY�Ê¿Z»��¹�¿�\Ì�M��ZÌ »�ÊÀÌ]��f»Y�Za�Ä¯�|f§Y

�|�Z]�®Ë�Z]��]Y�]�\Ì�M�1D����µÁ|m��Y�¾ËY�]ZÀ]����z�»
�Ìa�ª^�� Ä¯�d�YÊÀÌ]Ä»Z¿�]�ÉY�]� ,É{|��ÉZÅ�Á�µÁY� {�Â¿�É

¹Á{,�½Z¼Å�Ä¯��Â�Ê»��Z�f¿Yd§�,�º¯�ÄÀÌ�Ì]�\Ì�M��f»Y�Za��Y��e
�Ã{Â]�Ê¿Y�v]�|u�1D��Ä»Z¿�]�Á{�¾ËY��{�ÄnÌf¿��{�Á�{�Â¿�É

Ê¼¿�©Z¨eY�©�Á�Ê³�Za|f§Y��Ä»Z¿�]��{�ZÆq�Á�¹Â��{�Â¿�É��f»Y�Za�¹
Ì]� \Ì�MÄ�¨«� �{� ÄÀÌ�Ê¿Y�v]� �Y|¬»� Ä]� ºnÀa� É��Ã|Ì��

�1D��d�Y� Ã{Zf§Y� ©Z¨eY�Ê³�Za� ÄnÌf¿� �{� Á� ��,�´Ë{� ½ZÌ]� Ä]
�ÌaÊÀÌ]�Ä¯�Y�q�,|Àf�Å��Z³�Z��Ê]�ne�cY|ÅZ�»�Z]�É{|��ÉZÅ
ÄÌ^�É�Z��Ìa�É{�YÂ»��{�Y��Ê³�Za��Â«Á�É{|��ÉZÅÊ»�ÊÀÌ]��
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ÄÀÌ�Ì]���f»Y�Za

�\Ì�M 

ÄÌ·ÁY�d»Zz��É
�©�Á�mm� 

��ÅZ¯�|��{
�¶¯�d»Zz���� 

Ä»Z¿�]�{�Â¿�É
\zfÀ»��

�
� �
� �� Ä»Z¿�]µÁY�É 
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ÄÌ^��lËZf¿�,Ä¿Â¼¿�½YÂÀ��Ä]Ä»Z¿�]�{Á|v»�ÉY�mY�É�Z���{�Â/¿�ÉZÅ
ZÆq�Á�µÁY�¶°���{�\Ìe�e�Ä]�¹����Á��d�Y�Ã|��ÄWY�Y�����¶/Ì·{�Ä/]

¶°��¾ËY��{�µ|»��Y�Ê¼Ì¿�ZÆÀe�½�Z¬e�{ÂmÁ����Ã|/��Ã{Y{�½Z/�¿�Z/Å
d�Y����
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«�¶]Z«�{ÂmÁ�{�Â¿�ÉÁ�Ì¿�Ê]�ne��Ë{Z¬»�Á�É{|��lËZf¿�½ZÌ»�Ê·Â^
Ä�¨«� Ä]��Â]�»� Z�y� �j¯Y|u� Á� {�Y{� Z]� �]Y�]� Á� ºnÀa�É�
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Ê»|�Z]� �Ä�¨«�Ä¯�ÊËZn¿M� �Y�,d»Zz���ÅZ¯��]� ÃÁÔ��ºnÀa�É
�¶¼�Ê¿�ÂeY��Ã|��d^i�Ê]�ne�ÉÁ�Ì¿��Y|¬»�,{�Y{�Ã|Æ���]��Ì¿� Y�

Ã|ÀÅ{�½Z�¿��«YÁ��{�Êf À��{�Â¿��y��{�{�Â¿�ÉÁ�Ì¿��Â¼n»�É
� ÉÁ�Ì¿� ÁÊ¿�ÂeY��{�Â¿� ÉÁ�Ì¿� �Y� �f³��]� ¶Ì·{� ¾Ì¼Å� Ä]� Á� Ã{Â]

�Ìa��·ZyÊ»�Ã|��ÊÀÌ]|�Z]���

�����ÄÌ^���É�Ì³�Z/°]�Z]�{�Â¿�dve�©�Á��{�\Ì�M�É�Z�
�\Ì�M��ZÌ »FLD 

 »� �Y��aÌ�Z��MÌ\��M� µ|»� ,¹�¿Ì\�FLD�»Á{Ì¾� »Ì�Z�
�MÌ\�»Ê|�Z]�Y��{�Ä¯Ë¾�¬veÌª�a�dÆmÌ�Ì]ÀÊ�¿ÃÂvÉ�³�ZaÊ�

»�Äf§�³� �Z°]�©�ÁÊ{Â�� �½Z¼ÅÌ]� 0Ô^«�Ä¯��Â�½Z�³�Z°]�|�Ì�É�
YË¾��M�µ|»Ì\� e�¹�¸f�»ÌÌ¾�¶°��|u��Y{Â¼¿Å{Ê�Y�]É�Ã{Z»É�

»���¿�{�Â»Ê|�Z]�Y��{�Ä¯Ë¾�¬veÌª���Y{Â¼¿|u�¶°�ÊÅ{�Y�]É�
�{ÓÂ§�©�ÁSt14�����YËª�Z»�M�¹Zn¿YË�� eÌÌ¾�{�³Ë|� �Äf°¿É�
¼ÅY��WZuÌd�Y� �{Ë¾�Y��z]Ë¾�Yd�� »�Ä¯Ì�Z��MÌ\�FLD���{
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� ¶^«� Z]� Ä]Z�»���z]���� �»Ê|�Z]� �� ¶°���´¿Â´qÊ��ÂeË��
�MÌ\�Ä»Z¿�]� �{� ©�Á� �{É�� µÁY� {�Â¿���{� �Â¯~»� cZ�z�»� Z]

�µÁ|m���a�ª^�Ì�Ì]ÀÊ��M�µ|»Ì\�FLD�»�½Z�¿�Y�Ê|Å{���
½Z¼Å�Â��Y� �Y� Ä¯Ë¾�¶°����Y� ©�Á� �Â^�� Z]� ,d�Y��z�»

Ä�¨«ÉZÅ��M��f»Y�Za�,{�Â¿Ì\�¿Y|Àq�|��Ê�«��Y�Á�Äf�Y|¿Ä�¨É�
�¬e� ,¹�ZÆq�Ze�¹Á{Ë0Z^�«Z]�d]ZiÊ�·Zu��{� ,d�Y�Ã|¿Z»Ê���Z�f¿Y�Ä¯

»Ê{Á��Ä�¨«� �Y� ©�Á� �Â^�� Z]ÉZÅ�Y�§Y� Á� {�Â¿Ë���¿�¯ÉZÅ�
f�ÔaÌ,®��M� �f»Y�ZaÌ\�Y�§YË��ËÄf§Z�Ä�¨«� �{� ÁÉ��Ä]� ºnÀa

]Ì�f�Ë¾�|��]�{Ây��Y|¬»� �Y��]�ÃÁÔ�Ë,¾� »Ì�Z�FLD��|����Z£M
�MÌ\��¯�»��YÂ¿��Y�Y�É�Áa�©�Ì�]ÌÀÊ�»Ê|À¯�Ä^·��{�ÁÉZÅ��©�Á

�M� �f»Y�Za� �Y|¬»Ì\�{�¿� Y�Ë®�»� ½Z�¿� �¨�� Ä]Ê|Å{�Y� ÁË¾��Z]
]�ne�cY|ÅZ�»Ê�À^»Ê�³{�Ây�­�e��Â«Á��]Ê�Ä^·ÉY���{�©�Á��{
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Ì]ÀÊ�»Ê·Zu��{�{Â�Ê�³�Za�,¶¼���{�Ä¯Ê��Á�����{Y|f»Y��{�©
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3�strain-based forming limit diagram 
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5�multi-stage forming processes 
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