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?�*�@ A�
�� /� %B*����� �(�C�0 @� #��D�,� �� �E�F�6 ��� /� %���� /�� )ECAE(�"� IJ0 /� �?�K L�  ?�K*� ?��6 ���/Cu Al  M�

<�N  ��, �O�
 #�� ����6 <�N P�Q��,� * #��� ��!������R �,/�� .T���@C U���
 �V��W ����*@ #@��
� ?� &,� %C ��O� ��  &O�

/��W #��
 * &��XY ?�K ���R  �� ��?�K A�J6� %�Q�� ���� ��Z�6  �
/�=R .� ����*@ T��	0� �� ?� V�6�6 ��� ?� �V��W �N/�[ ?��R * ��[�

�� T��	0� <�N ��!�� ���� ?
��,C IQ� ���\6 ���� . ]/*�!� /� ��� ?�K ���R��W * +�(����C ?� ^� &��XY &O�
 T��� �� ?Q����/�
<�N ��[�� ?�*�@ ���=>�� K��  �*/ .?� ��(_��  �Q�B���0/�� &���� &[�(� /�`(�L��"� IJ0 aQ,*�Q�� b,�6 &�Q� c�d, �

���/�e6 f�,��� �Y��/ A�� M� * ����R ?'��d� �"�*/ �
*��Q T�> ���� &�Q� M�
�Q� ���  L��"� IJ0 &�'Y* �(��?�K �� ?g�/� 
&,� #����R.  

  
 
01�� ��&2# ���:  

?�K &�@�h��� ���  ���, <�N?�*�@ A�
�� /� %B*����� %���� /��+�(����C � / ^�  
Keywords: Laminate composite, Cold welding, ECAE, Aluminum/Copper. 

  

1-���4�  

A�, /� ?�K �(i &[�, ��[� ���  @� #��D�,� �� �	�0 ��� 
 * ?N�6 I��W ]��)�J[ ?� ?N�6 �� ��, <�N ����(�C�0

?� �J�(�  @� ?� ������� * �Q���Q�� ��Q�
�Q� j��[ /� ��0
�� %�"
 ��[ &,� ?�0�R /��W ?N�6 �/�� ��(�� ]1[.  

?�  ��� /��<�N  <�N m�	N� ��� +6� ?� +6� �
�� M� ��!�� ��,
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<�N o��
� @� ?� &,�  ���N &��� �/��(SSW) @� * #��� 
?_X�/�6 /��/�[�� �
K�� �� �� ����.� ;6 �;� ?N�; �R� ��/�e6 ?  

 #��"0 �$��Q� ?� ��, &��� /� �	�0 	��6 p��� qd, *�
 * #�� ���r �

C L��"� IJ0 /� �	�0 �
�� ��
�� ?� qd, *�

�� #��� ��, <�N �$���� �
��]2[ .  
 ���� �/�e6 /�
i �#��D�,� �/�� �(�C�0 o�
 f�,� �� %�(��6

<�N ��!�� P	�
�Q� %���  ?g�/� ��FF�� b,�6 	�0 *� ��� ��,
��d, +��0 �/�e6 I��� ?� &,� #����R]3[ �, �/�e6 �

�B�
�]4[�s�D
 A�J6� �/�e6 �]5[��!� /��O6 �/�e6 * ]6[ 
&,�.  

��  � ���� ��d, +��0 �/�e6 f�,�?  ��
�� ��(i %��C ��N*
+6� ����  @� ���� #@��
� ?� 	�0 M� ���25nm+6� ?�   	�0 ���

� �
�� ��!�� &
N ��6� ��� ���*��
 �6 �
�� M��	
 �$��u �Z
�
�� vW�*]7[.   

?�K &�@�h��� �*/* �� %��	��  ��6 ?�K �IQ� ���\6 ?Fd(� ?� ��
?� ��d,��   �� #�� ��!�� ?�K �� * ������ ?�K �
��6

#���C ]����� f�� ��`
 ��d, �@�,  ?������ L�6 ����� �/��
�Q� * 	��6 	�0 *)virgin metal (L�6 ��� @� ����@  %C ���

�� �*����� ��� . %�"
 P	�
�Q� @� �(�C�0 ��� ]����"� EO�
#���  IQ� /� #��)1 (�� �*��> �(�]8[ �(� �
(6 * �	�0 #@�6 E�

?
��,C IQ� ���\6 @� ^> ?�)threshold deformation(  ���r
�� &��� �(���[ &��[� <�N ��!�� /� ��
��]9.[  

          L�6 ��� �Q� 	�0 �IQ� ���\6 ������ /� P	�
�Q� ��� E��d�   /� ��
 IJ;;0 /� f�;;O�� ���;;� * ��d;;, ?;;�K ]�;;'dW �;;� f�;;�6 �;;Z�

   %�/�;;[ <�;;N �g�;;
��6 * #�;;� #��;;�C �L��";;� &;;,� @� �/ 
��  ��� .              	;�0 �?
��;,C �;� @� /=;R * IQ� ���\6 %�	�� T��	0� �� 

       #��;� E��(� �*/ ��0�� %���N �� 	��6        ]�;'dW x��;�� /� ?;� ��
   � #�/�[ f�� ?�K?  #��C ��N*          IJ;0 I��F� &�, 	��6 	�0 �� ��
�

� �/ �	�0 �
�� * ?�0�� f��6 L��"�? �� ��N* �/*C.  
  

�����������p6 �6� ?���p����� V�O����O���� yp\�� A  
  
  
  
  
  
  

IQ�)1:(<�N L��"� IJ0 vdF�  ��,@� �6K�� /�   
 I��� ?
��,C IQ� ���\6 (af�� ?�K ]�'dW  #�� �/��  

 (b* #�/�X
 <�N #���C ?��> 	�0   
 c (#�/�[ <�N �Q� ?��> 	�0]8.[  

  
?�   &,� /�`(� �  <�N ?� ���     M�(Q6 @� IOW ?�� �(i @� ��,   ��;�
X�    #�;� #��D�;,� �D��  &;,� . ;�?      �;� A�;z� %��;(�    ���/�;� @� %��;6


 ����(�C�0;"0 ��/�;[�� @� T"� * /�;��� P�
 V��W I]10[.  
 @� �;;;0��  #@*�;;;��   K�;;;� P�Q��;;;,� �;;;� ���;;;� �;;;���6 &;;;
N � 

<*/ ��� SPD  �;�  &��;,  &0�";�>  #��;�
   �;
� * /�  A�;�   /=;R 
@� &��� ���$"���@C  ?�  ��'()  �� �(���]11[.  

�(�C�0   %B*���;��  /�  A�;
��  ?;�*�@ /��  %��;�� )ECAE (   @� �;Q�
A*����    ��� ���6<*/ �� � ?  �� /��� �*/. M�   ?
��
  @� P�!
�   �;�� 

 �(�C�0 %*/� �O��W  �;�  c�;�  #��;, *  ?;�*�@  �;�[��) � (*  ?;��R 
�N/�[) �( /� IQ�) 2 (%�"
   #���  #�� &,� .   

            �;W ���;�� A�;
�� /� ?;
��
 V;��W ��� /�  �;� /�    b;,�6 * ��;�R
?O(,      �� #�
�/ �F0� A�
�� ?� �� ��� .      /� ?
��
 ?� b���� ��� &�6

       �;� ���\6 %*�� %C vdF� qd, ?Q����      +;[ ��;� ��;
��    /� %�;�
�� �/�* V��W ?,�(� ?� ?��� ��K�� T
�� �F0� A�
�� ���]12[.  

 f�>�� /�O� )N( @� V��W  VO,   ��;!��  �/��;F�   T
�;�  /�  #��;�  
�� ���./��F�  T
�� ��� &,� ?O,��� I��W ��@ ?d��/ @� ]13:[  
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2-6&478 ��	   

���� �/�� #��D�,�  /� E�F�6  �Y�� I���  ?��6 ���� @� ^(N 
 ^� |��[  �/�!6 )OFHC (  #�� I�
C+�(����C*1100 AA 

�� ���� .V���6  ������� � j��[  �Q�
�Q� ��'�� *  m�	N� }�0 
/� A*�N) 1( ?g�/�  #�� &,� .g	N ]��  ~����  ?� V��W ���  �/�� 

#��D�,� 	�
  /� A*�N ) 2( #��C &,� .   
V��W ^(N  �K�0 @� ��SPK����R y�X�
�  .V��W ?O(, * ��  ���

���� /� �$�� ?�����0C 960� ? +�
 ]��  ]����� &�6 &��,
�
�� ��, ��*/ b��� /� ^h, * �(�0�R /��W Ap�
� . ]�����

 ���� /� 	�
 &X>@��0C180 x�r * 45����R A���� ?F�W� .  
&[�,  ���  V��W  �� #��D�,�  @� �����  *� ?Q6  ��Y  #��,  %���
  

]����� &[�, � %�Q��  �/�[  %��� ?
��
  /� ]/�)  %�����R 
 /� V��W  �/ ^>  @� �(�C�0  ECAE +���0  �� �@�, .<*/ 
 #���C �@�,  qd, � I���  ���i ����@  * ��f  �/�� ?�  %��(�  M� 
 <*/  ?(�
�  /� &[�,  �	�0*� ���  +�(����C /^�  c�d�  �� ����.  

����  ���  /�� ����� ?
��
 ���  ���(����C ��� *  ?� ?��,*  ��,� 
 �"��� #��  ���!� *^> @� f�� �
@  ?
��
 �� �/�* P���  ��,� 
 P*�  �
��.  

f�� ]����� �/����  #��D�,�  @� M�  f��  ���,  ����/�[  �� 
�dW 70 ���� ��� �� +�, ��� ��K�0  �� �dW 4/0 ���� ��� &�6 

&��,  �
�/*�  600 /*� /� ?F�W�  * /��F� �*�"�>  2 ���� ��� �� 
?�
�Z &0�R ]/�) .   
���  �(�C�0 ����  @� ��� %���  ?�K ���  �����  ��d,  * ��(_�� 

 ��!�� ?�K  /�� &X,  ��6 �*/  qd, � &
N  ��!�� <�N /� ��, 

IJ0 L��"� ���  ?�K �� ]/�) &0�R.�����

  ?���� /� 
�*����� ?��6 ��� B��
�� #��  ��� ?
��
  @� /��W ��0�R  M�  ?�K  

���(����C  /�(�  M�  ?�K  ���  �� &�� V,�(� �� ?�
6.   
 ��� ?
��
 ��  b,�6  M�  #�$�,�  /�"0 ����� �� &�0�r  50 �6  * �� 

,&�� mm/min 20 &�6 ����*@  .��X�   f�> M� ��
�*����� �
����R.  

  @� ��D��, %�O���� )MoS2 ( ?�  IQ�  ��h,�  &
N  �Q
�*//�  
c�d,  A�
��  /� I����  .��X�  #��D�,� �� .  ��(_��T���@C  

P�Q��,�  ����  � &
N  �,/�� �D��  P�Q��,�  �
��  �?  /��
?�0�R ��.  

 ?� /�`(� /���,  �
�Q�	P  <�N ��, /� �(�C�0 %B*�����  /� 
A�
��  ?�*�@ /�� %����  /� &�@�h��� ��� ��	�0 c�d,  IJ��  * 

?�K (� � #��  +�(����C  * ^�  /� v��F�  .��X�  b,�6 
 ��Q,*�Q��  �
*��Q���/�� B���* ��  kv 20  �/�� �,/��  /��W 

�0�R�(.  
 ��(_��  �� #��D�,�  @� I���6 �R EDS &����  ]�	�0  �*����� 

#��  @� L�6 �� * ��!�� #��  �� �*/  c�d,  L��"�  /� ���  
���\6  IQ� �/�� ����@/�  /��W &0�R. /� ��� E�F�6 @� <*/ 

@�Q�* ���� ��X,*�Q�� �!(, qd, vdF� ?
��
 �� b,�6 
#�$�,� ��X, U(, Reichelt A��MD-4000 &�6 /�� g 60 /� 
��� S5 #��D�,� ��.  

  

A�� 
(mm) 

&��XY  
(mm) 

P�Q��,�+���6 
(MPa) 

V���6 ������� o�
 #��� 

45  9,10,11,12 34 99Al ,0.6Si ,0.2Cu  +�(����C-1100  

45 2,3,4,5 68 99.9Cu  ^� |��[ �/�!6#�� I�
C -OFHC 

  A*�N)1 :(]��)�J[ ?��6 ��� ?��*� �0�J� 
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  ���)� :( ����	 
� �
���	� ������ �����
����� ���� 
��)(ECAE]��[. 

  
3-;.�<� � =���>   

����	 ��� ���	�  
 IQ� /� #�� %��� P	�
�Q� ?� ?N�6 ��)1 (<�N ��!�� ����  ���,

��[ ]�'dW  �(�C�0 @� ^> ������ ?�K #��ECAE �Q��� 
?�0�R �`
 /� IQ�#��  ���6 ?� ?N�6 �� *  IQ� ���\6 @� �

C

�� �`(0�)  M��,K� IQ� ���\6 I��F� /� M��,p> ���R .
����  &
N &�Q� +��	��� A���
 T
�� �/�e6 @� V�6�6
T�> #�� #��D�,� ]�'dW ��� v�@�6 #��
 �(�� &,�.  

M��� b���� ��� &�6   &�6 %����'�� ?� ?����* ������ ���
�� ��[ &�Q� �� *� �
�� .�? W* ?� ���
 @� T�� �

C �dW ��

 M��� qd, �� ���� &
N ���,�/ /� &�Q� ����� &��XY
�� ]/�) ���R )IQ�3-.�� (��� ��� /� *  /� &�Q� ]/�)

�� �/ ������ M��� /��� �� ���� ?�D) ���,�/ ��� 
)IQ�3-y.(  

?�D) T
�� b���� &�6  �
��@ ���[� IQ� ��  %�	�� ?�
 T
��xo!�K ;� ������ ?;� ?;� T
� &�Qtl!� ;6 ��,�; L�  

  
  
  
  
  
  
  
  
  
  
  
  

IQ�)3:(  &��� /� IQ� �Q��� ������ ]�'dW .��X� &�Q� �� *�
).�� ( �%C &��XY ?� &O�
 M��� �dW %��� ��"��)y ( %��� ��"��

%C �dW ?� &O�
 M��� &��XY  
  

�� ��!�� ���R .���� �
� %�	�� V�6�6  �� �"
�� �� +!� ���*
@� &�6/�O� ������ ?�K:  

)2(         
0

2

0 0

2
0

)1(1
.

..
E

E
ddu ttl

yoyoxoxo

tl tl
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+� IQ� ���\6 ?� ?N�6 �� ?�O�� �� ?��> 	�0 %��@  T
�� %��6

� �/ %C ��`
?  ]/�)tl
m

xm E
E �� ).( 0	�� ? �/*C &,� .�� �=�  %��6

���
 ���'6 �/ L�6 @*�� ?
��,C ��:  
)3(                                                                           

xm

xmtT
�

�
�

	  

 ?� &,� ��s ?� P@KE0 �Em* xmt!� ?  �
�� A*�� �$
��� V�6�6
 ?��> 	�0 �""� ��)� T
�� ��(_�� * ?��> 	�0 * ������ ?�K

�� �(��� . b��*/ ?� ?N�6 ��)1 ( �6)3 ( �� �"
�� �B�
� %�	��
 �(�C�0 ��� ����� +!� ���*ECAE E��d� route-A 

@� &�6/�O�:  
)4                                                        (

0).1(
....
E

ENuTU Nmt
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�
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A�� A�
���N*�[  
(mm) 

A�� A�
�� ��*/*  
(mm) 

A�
�� vdF� qd,  
(mm2) 

 ������ T
��
�O��F6 

�  

(0) 

� 

(0) 

55 125 14×14 1 0 90 

55 125 14×14 0.8 20 90 

55 125 14×14 0.6 0 120 

  
  
  
  
  
  
  
  
  
  

            IQ� )4:( ]�'dW &��XY * ��!� ��� ]����\6  
                  ��[�� ����*@ V���� ?�,��> ������   

                         �� .��X�  #�� ?g�/� A�� f�,�  
  

A�� ?� ?N�6 �� �0�� @� � ���? ��C &,� ���, b,�6 #
��FF��]15 [�� �� �/ ��d, �R��"� %�	�� %��6  %�	�� V��

����� L��"� IJ0 - ���
 ?O,��� #�
���W�� 	�0:  
)5                                                            (

hdh
fS n

n 24)1(2
��

�
	  

 ?d��/ ��� /�n * ]�'dW T����[ V6��� ���'6 fn ��!� ��� 
 M��� &��XY �� ������n

h
2��  ���� .���� �� V�6�6  %��6

 ��� L��"� IJ0 �B�
� ?� ?N�6 �� �/ �"
�� �B�
� %�	��
?� 	�
 ?��> 	�0 * ����� � ��@ IQ�? �/*C &,�:  

)6                                                                     (S�U om .=  
  

  
  
  
  
  
  
  
  
  

         IQ� )5:( P��R��� �*��
 %B*�����-�*�"�> �
�> ����  
        &�@�h��� Al/Cu /� �O��W ��I�0*�> 900=�*  00=�  

  
 ����� ]�'dW ���'�� ����F� ?��*� ����> &��� /� E�F�6 ��� /�

 +�(����C)Al2O3( �h=d=50nm#�� ?�0�R �`
 /�  &,�.  
�0 j��[ ?� ?N�6 ��  A�� /� #��D�,� �/�� �Q�
�Q� * �Q�	

A*�N /� ?� #�� ?g�/� )3 ( IQ� E��d� �#����R ?g�/�)4 ( ��
 b��*/ @� #��D�,�)4 ( �6)6 ( �(�C�0 ���ECAE ?�*�@ �*�� �6 

0120M��� �dW * &,� +��� P*� &�Q� ��   ������ ���
��
 ���\6  ��[�� ?�*�@ T��	0� �� �Q��* �(�)-Phi" ( ��
� &�Q��� V��� A*  ?� �dW &O�
 �� ������ ]�/s * ���R

�� #�(���> ���"�� &��XY �
��.  
/� IQ� )5( ���J6 �Q�6��� @� �*��
 %B*����� �� V�� 
"�>;�*� >;�
� ���� �;&�@�h�� �0;�	 �;� &O�
 &��XY ?�K ��  

A*�N2-]�JX"����'��V��W����/�� #��D�,�E�F�6 ��� /�    
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���*  /��F�  ?
�"
  &���  
(J/m2) 1.39 m-o�  L��"� IJ0 �B�
�/Al2O3 Al 

MPa 2548-1.63(T-273) c�   �/�"0 P�Q��,�Al2O3 

MPa 258.6-0.166(T-293) t�   �""� P�Q��,�Al2O3 
---  0.27+9.2×10-5(T-293) �   %�,C�> V��YAl2O3 

GPa 374.6-0.154(T-293) E0  �
�� A*��Al2O3 

GPa  72.2-3.56×10-3(T-273)-9.2×10-5(T-
273) Em  �
�� A*��Al  
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IQ� )6 :(6���Z �
#� /��W ��0�R ?�K �� /� &�@�h��� ���  

 Al/Cu &�6 ����*@ ��[�� * ��(�
� �N/�[ .��X�  
  
 ^� ?� +�(����C 0.27 ���� V��W �� I�0*�> °=90 � * °=0 � 

%�"
 #��� #�� &,�. ?Q
�(_�� ?`�p� �� ��� �*��
 
%B*����� �� T��	0� �*�"�> �
�> �? U�/�6 K�� �� �*/ )@� ?dF
 

O ?� F
?dA .(��� T��	0� �? ?d,�* &��� %�,C ?��*� &�@�h��� 
�	�0 %*/� V��W �� ���� * /� ?���� %�	�� T��	0� *��
 �? /�� 

�
�
R�
 ����@� ?�0�� �6 ?Q(�� ?� ?dF
 B �� �,/ .��� T��	0� �/ 
�� %��6 �? I��� ��!�� ?Fd(� #��� &�
�� ./� �� ]/�) ^> @� 

?dF
 B �*��
 %B*����� ?� F
?d C ����[ ��,/ .I��� ��� �
*/ 
&��*��� A�
�� ?��
�Z V��W �� ���� ?� �!(� ?� �/�0 
&�@�h��� �� ���R ./� vW�* /� ������ &��� �&�@�h��� 

b���� L�Qd)� �Q�6��,� ���D�Q� &,�.  
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IQ�) 7:( 6���Z &O�
 &��XY �K? �� /� &�@�h��� Al/Cu  

 �� �*��
 %B*����� ���� V��W ��� �� I�0*�> ]*�D��  
  
 �Q��* �� &0�"�> �(�C�0 ���\6 IQ�� b���� �Q���(�� V��� 

#����R * ���� &0� ���
� /� *��
 �� ��� )@� ?dF
 B ?� C.( 
��� @� ?dF
 C �6  D �� �*��
 %B*����� ����!� �� ��
 ���') 

����� �� #�*	0� ���?�  �6 ��
�
� �(�C�0 ?���� �� ����. T(6 
+���6 K���6 ?�K ��� ���@�h��� &X, #�� /� A�
�� �N*�[ 
&O�
 ?�K ?� ��� ���@�h��� ?� /� A�
�� @�(� ?��*� ���\6 IQ� 
?�0��
 ��
�����  T��	0� �!�/�6 �*��
 %B*����� �� ���R .
�����

 �*��
 %B*����� +��	��� ~���� ?� ?dF
 E �? %��(� �*��
 

?�)�� /� �`
 ?�0�R �� ���. /� Q�I )6( 6���Z ��N? ���N %�Q� 
���R/��W ?�K  #�� ��s &��XY &O�
 �� ���� �*��
 %B*����� 

���� V��W ��� �� I�0*�> ��� .��X� ?g�/� #�� &,�.  

A*�N)3:( �Q�
�Q� * �Q�	�0 j��[ @� �[�� Al *Al2O3 ]14.[  
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IQ�) 8 :(����F� ��$
��� ��X,*�Q�� @�Q�*Hv(kg/mm2) @� IJ0 L��"� ?
��
 �*����� #�� @� �O��W �� 900=� * 200=� Q�6��� c�� /�@� � &�@�h��� ��� 
 ���

 #�� �*�����).��(Al-Cu*)y(Cu-Al  

  
  
  

  
  
  
  

 
).��)                                                            (y)                                                                  (�(  

 
IQ�) 9 :(���J6 �hQ,*�Q�� @� vdF� A�J6� ?
��
 ��� �*����� #�� �� V��W ��� .��X�  

).��( 900=�-00=��) y( 900=�-200=� *) �( 1200=�-200=�   
  
 �� ?N�6 ?� ��� IQ� �� %��6 &0��/� �� T��	0� ?�*�@ ��[�� 
)�(?�O�  ��Z�6 ?�*�@ ?��R ��(�
� �N/�[)�:Psi(� �*��
 

%B*����� T��� �� ����]21 *16[. ?�O�� P@K ?� ��s &,� ?� 
 b���� ��� &�6TF
 ?�*�@ ��[�� V��� �� ����]18[. @� 

�0�� �� /��W ��0�R ?�K �X,��  ���/� ]/*�!� ?�*�@ ��[�� 
)&��� Al/Cu (�*��
 %B*����� T��	0� �� ����.��(_��  

IQ� )7( �$
��� ��� &,� ?� �� T��	0� &O�
 &��XY ?�K ��� 
�*��
 %B*����� T��	0� �� ���� ?� ��� �
*/  ���').��X� 

6���Z ����*@ I�0*�> V��W �� ����.  
/� IQ� )8( v�@�6 ��X,*�Q�� #@��
� ���R #�� @� IJ0 

L��"� &�@�h��� ��� ?�K �� Al/Cu * Cu/Al �� &O�
 

?�K �� &��Z 0.27 �*����� #�� b,�6 �O��W �� ����*@ =900 � 
*=200 � #��C &,� .%��� �� #���"� ?�/�� ���� %�	�� �X,� 

�
��@ ?� ?�K ��� /� ]/*�!� ?�*�@ ��[�� /��W ?�0�R �&,� 
T��	0� �� ���� .��*�J6  �
*��Q�� aQ,*�Q��~����  ?� IJ0 

 L��"� ?
��
 ��� ���@�h��� Al-Cu  �/�O�  @� V��W  ���
.��X� 	�
 /� IQ� )9(  %�"
 #���  #�� &,� .?Q
�(_��  ?`�p� 

�� ����R �� %��6 &0��/� ?� �"�����  �$�,��> /� IJ0 
L��"� ?�K  ���@�h��� ���?� ~���� ?
��
 �/�O� �� �O��W @� 

>;�0*�;I° 90=� *°20=�� ;? �
;�� �;? ?�K ��� /� 
]/*�!� ?�*�@ ��[�� ?�0�R /��W &,� �����.~�O6/� ��� /�  

IQ� )10 -.��(  ~���� ?� qd,  ���  ?
��
 #�� �(� ?�K 
/��	� �� ����.  

Bonding 

Delamination area 
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V��W @� #�� �*�����  .��X� �,�(� I�0*�> �� ���  

  
%��� ?�/��  #���"�  �� ��� �� �*/  qd,  ^� ?QO� 

 #����R ��   @� L�6  ��N* �/�� ?�  ���  L�6 �� /� ]�
N 
 .��X�  I�Q"6 #�� �
� .��'�  @� �

C ?� /�� I��W  �
N�6  /� 

A��  * �(
> ��/ #���  * ��'�  �$�� /� ��'�� Mi�� �6 �W�� 
 #�
�� �
� .��� /� ?dF
  �r�(�� ���  qd,  �*/  ?�K  ���(����C 
 )IQ�10 -y( ����J6  ]*�D��  @� ����  ����r #��� �� ��� .

bF0  M�  L�6  �� /� vW�*  M�  /��� /� b,*  ���J6 
#��� �� ���. ��(_�� @� ?���F�  ������J6��  ���J6 ?� ~���� 
?
��
 ?��"� �/�O� @� �O��W �� ����*@ ��  1200=� * 200=� 

�;� 6;%�� �/�;&0� �;? %�	�� 6;L� �;�� d,;�� �;? I��� ���;A�   
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IQ� )12:( ]����\6 �
�� V��X6 ���� ��  &��XY &O�
 V�  
?�K ?�K @� ]*�D�� %����i *� /� �� +�(����C * ^� ���  

  
T
�� ���� /� ?
��
 ��[� /���� T��� ?�0�� &,�)IQ�10 -�(.  

�����

 IQ� ?� ?N�6 �� )11 (��  T��	0� �� ?� ���
 %��� %��6
�V��W �N/�[ ��(�
� * ��[�� ����*@ * ���!6 U���
 ?� ?N�6 �� 

�? C ���R/�� �/��C 	���
ANOVA  .�'�6 %�Q��<�N 
)failure propensity( T��	0���  ���� .?� P@K ?�O��  ?� &,� ��s
6��Z�� /���� ~�O6/� ��� /� ��[�� ?�*�@ T��	0� ��Z  �`(� �6

�� �,/ .6 @� I)�� U���
 �0�� @�� #��
 * &��XY &O�
 ��Z
?�K ���R/��W  IQ� /� �
�� P�Q��,� �� ��)12 (�"
 #��� %

#�� &,� .�� ?`�p� ?Q
�(_��  &��XY &O�
 T��� �� ���



 �,/�� �������/�>IQ� �Zu� N �Y��/ A�� ?g�/� * ����< &�@�h��� /� ���=> ��� ?�K * ��...                                                                                               31  
 

 

?�K  b���� &�6 |[K�� ��� ?�K &��XY T��� �� ��
[�� ?�*�@ ]/*�!� /� ?�K ��� ���R/��W; ���  �/��W�� %�Q��

<�N ��,%B*����� �*��
 T��� +�����  )IQ�7( T��	0� �
?�0�� &,�.  

 IQ� ?� ?N�6 ��)6 (/� vW�* T��� ���
� /� ?�*�@ ��[�� � 
VO, T��	0� #��� �� /� �*��
 %B*����� �� ���R .�=� 

��  %��6 ?!��
 &0�R ?� �� #��D�,� @� V��W ���� �� @*���� � 
Mi�� * � ?(�
� %B*����� ?�K ��� �� ?�������� ����> 

%�Q�� ��=> �� ����. ��(_�� ?�0�� E��d� ��� �� T��	0� &O�
 
&��XY ?�K ��� �*��
 %B*����� T��	0� ?�0�� &,�. ��� 

T��	0� �? I��� ����@� T(6 A��'� %p�, &�@�h��� �	�0 &,� 
?� �? /�� #��� ?� T(6 +���6 ?�K &X,  ���?����* 

&,�]23*22 .[ �0�� @� ���A�J6�   �O�
I�Q"6  #��  /� �(�C�0 
ECAE �� �/  %��6?�  *� I���  ��(�C�0&�
�� ?����*  .I���  A*� 

 %�	��  �R��"�  ��d,  )���'6 * #@��
�  L�6 ���  I�Q"6  #��  (
* I���  P*�  %�	��  �*��
 ������  �� c�d,  b�O(�  #��  �� ���� .

 %�	�� ��,�/ ��� /����=> <�N ?�*�@ * ��[�� ?�*�@ T��	0� �� 
 ��)� I��� ?� ������ T
�� T��� ?� ?N�6 �� �N/�[ ��(�
�

�6 %�� @�� /�L  ?� ��0�� �Q� ]�	�0 �*����� * �Y�� ���
<�N ��!�� &
N �$��Q� &�, �� ��, �� T��� ����� ���� 

IQ� )11( * )12 .( &
N ������ T
�� T��� �� U���
 ���
��d, �R��"� %�	�� T��	0�)surface expansion( /�"0 * 

������ IQ�) 7 (�����

 * IJ0 /� V,�(� �$�,��> P�� 
L��"� IQ�) 9-� (�/�� &F��d� . T��	0� I��� ��(_��

�� �/ ��� ?�K &��XY T��� �� �
�� P�Q��,�  %�	�� ?� %��6
?�K L��"� IJ0 /� �6K�� ������ T
�� &�
�� ~���� �� . /�

 ���\6 ?Fd(� ������ /� @��
 �/�� T
�� ����� �*��
 �� vW�*
� ��'��, IQ�? �� &,� ���� * ��C ��
 A���� %��@ V�6�6 *

<�N ��O
� &
N ���=>�� T��	0�  ����]24.[  o�Y�� ���

 ?�*�@ ]/*�!� /� ��� ?�K ���R/��W &��� /� |[K��
 ��[�����X, U���
 ��   L��"� IJ0 x���� ����
 @� �!(,

�/�� ���[ �
��X�� A�J6� .�?  �(�C�0 /� ��� /��ECAE *� 
�� #��� ��X, T��	0� VN�� %��	�� I��� �
�� . &�X


�?
�� @�� E��� @� �"X� P�Q��,  @�� ��(�C�0 ��� /� ?� &,� ��
?
�� ��Qi�� #@��
� �� �/	� ?�*�@ ���  ?d��/ E��� @� * ��!��

Hall-Petch�� ��X, T��	0� ����  �
�� . P�Q��,� ��(_��
���!��
 ?���
�� T��	0� E��� @� �"X� � ?� &,� ��?  I���

T
�� ?�K /� ���@ M��,p> ���  �� ?d��/ E��� @� * ��!��
��X,/��)���!��
 ?���
�� /*=!� �� P�Q��,� T��	0� �� ( ����

�� �"X� P�Q��,� ���R]25 .[�� b���� ��� &�6  %��6
L�6  ������ +��0 &�Q� @� ���
 �/ ���"�� #�� @�� ���

f�� b,�6 ?��*� #�� &X, /�� ?�K �*/ � �/��?  ?d,�*
 �(�C�0 ��� ?��
�Z ��X,ECAE� �Q� ]�	�0 %B*����� &
N 

&��� /�`�
� ��0�� .<�N #���> I���6 /� ���=> ?� ?N�6 �� 
?�K c�d,  IQ� /� ?Q
�(_�� �#�� �(�)10-y( #��� 

�� ?�K qd, /� L�6 ��0�� /� ����  ?Fd(� *� �#�� �(�
�? �� +"i �/�[ .�Q�  ?Fd(�  /��W ?�0�R  /� &�,  &,�/  %C  ?�  

��/��  ��d,  ��*/  * �$��N�� ���  �/	�  �� ���� * ��$�� 
 ?Fd(�  /��W ?�0�R  /� &�,  ai  /��� ?�  ��/��  ��d,  #��6  * 

?�O��  �� �$��N�� ����  .��r  * �Q��>  IQ�  �� ����.��  f�,� 
P�!
�  	���
C EDS /�  E��(� ��� �)/� ��6�  ^�  /� ?dF
  a vW�*  

/� ?Fd(�  ��*/  42 �)/� * /� 
?dF b vW�*  /� ?Fd(�  #��6  5/2 
�)/� #@��
� ���R  ��.vW�* /� �(�*/   ?Fd(�  &,�/  �/��� ���
  

@� ����F�  *�����%B  L�6 @� ���  ��d,  �� ���� .���� V�6�6 
IQ� ���\6 ?
��,C �� @� /=R b���� &�6)1=� n( �� V��W ���� 

°90=�-°0=�  �� �*/  d,�c  /� �Z� �R��"�  ����  
?���!� ��  @� L�6  I�Q"6  �� ��� * f��6  	�0 �Q� �*����� 

#��  @� ��  P���  @� ���  L�6 �� /� IJ0  L��"� � �� �
��6 �!(� 
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?�  ��!�� <�N ��, ���  ���  *� qd,  ���R .?R/ ���  ��D, 

��N�� /� ?Fd(�  c /� IQ�  )10- y( 	�0 #@�6  �*����� #��  @� 
�(i L�6  �/ %�"
  �� ��� ?�  /� f��6  �� qd,  /*�!� ��!�� 

A�J6�  #���  * �� �*/  qd,  �W��  #�
�� &,�  . ?Q���� /� <�N
���=>> ;� �/ �(���;� ,�;Q� f�; I)11 ( *)10- �( ��  ���� %��6

 ?
��,C �� @� ����� IQ� ���\6 &�6 #�� �*����� &�@�h���
)0.6=� n (�� �O��W %*/� °120=� -°20=� �R��"� �)/� �� 

���
 ?`�p� 	�i�
 ��d,. ��d, +��0 �/�e6 ?� ?N�6 �� 
�? <�N P	�
�Q� %��(� �� ��,  IQ� ���\6 ��N* I��� %��6

 T��� * ?
��,C���=> <�N?�K ���   ���\6 %�	�� T��� �� ��
��� ?�N�6 �/ IQ�]26 .[/� A�� ?� ?N�6 �� vW�* /� /� #�� ?g�

IQ�)3 (*)4( ?
��,C �� ��@ �)o120=" # (�?  �R�(���> I���
&��XY ?� �dW �K�� &O�
 �� ������ ]�/s ) ��� &0�

 &��XY �� ]�'dW ��!�h/2 &��XY ?� ]�'dW ?� &O�
 h( �
%�Q�  �Q� ]�	�0 %��,/ &
N ��d, &���(� *�Q�� ���

�� T��� �

C %��� @� ��0�� ����.  
  
4- �@&�> A��&  
1-6 @� V��W ��[�� ?�*�@ ?Q(�� ?� ?N�6 ��� ?� &O�
 ��6K�� ��Z

 /��/�[�� %B*����� �*��
 T��	0� /� �N/�[ ��(�
� ?�*�@
&,� �� �=�?  ?�*�@ ��� Mi�� ��[�� ?�*�@ �� �O��W ���R/��

 ���\6 /� ����� %B*����� �*��
 ?� @��
 &
N ?(�
� ��(�
�
&�@�h��� IQ�  �� �	�0*� ��� ?� I�
 * +� ?��������<�N ��, 

&,���
�.  
2-� �N/�[ ��(�
� ?�*�@ T��	0�?  V��Y %���
 �*��� ?d,�*

� �Q��* &,� ?(�
� %B*����� �*��
 ����@��� L�Qd)�?  I���
�Z�� T
�� .�'�6 <�N ��!�� &
N  ?�*�@ ��� T��� ���,

�? V��W /� #��*  ��`
 �/	� ��[�� ?�*�@ �� ����090 @� �20�  ?00 
 �IQ� ���\6 ?
��,C �� @� /�O� �����=> <�N ��O
� �/ 

�� �"X�.  

3-?�K &��XY &O�
 T��� ��  @� +�(����C ?� ^� ���56/0 ?�
17/0 ���[�� ?�*�@ ]/*�!� /� ��� &X, ?�K %��� /��W * 

%B*����� �*��
 �O�
 T��� +������ ���=> <�N �*�� �6 3 
�� T��	0� ����� ���� .  

4-��!�� <�N  ��� ��, ?�K  P	���� �� #��"�   %�� %����  ���  
��d, �*/  ���� +�  L�6 ��!��  T
�� b,�6   ��W��� 

�� �N/�[ ��(�
� ?�*�@ �� #�� ?g�/� A�� f�,�°120A���� �  
IJ0 /� /�"0 L��"�  ?�K  � ��? %�� �*����� /�`(� ]�	�0  #@�6   

����@ qd, %��� @�  L�6  %��@ * �� ?(�
�  ����  ��'� /�  +�   /��W 
��0�R ]�	�0  #@�6  #�� �*�����  ����  � ? %��C ��N* ����
��>   

�	�0 ?
��
 /�O� ��  A�
�� /�  �N*�[  ��  ����. 

  
5- C����  

[1]. R. F. Tylcote, "Investigation on pressure welding", 
Brit. Weld. J, 5, 117-134, 1994. 
 
[2] R. Dixon "Introduction to solid state welding", 
ASM Metals Hand book, Vol.6, pp.140-142. 
 
[3] .N. Bay, "Cold welding part 2, process variants and 
applications", Metal construction, 486-490, 1986. 
 
[4] N. Bay,"Cold welding: part 1, Characteristic, 
bonding mechanisms, bond strength", Metal 
construction, 369-372, 1986. 
 
[5] P. Bilmes, A.C. Gonzales, J.C.Cuyas,"Barrier 
interlayer in explosive cladding of aluminum to steel", 
Metal construction, 113-114, 1988. 
 
 [6] H.Granjun, "Fundamental of Welding Metallurgy", 
Abginton publishing, Cambridge, pp.1-25, 1991. 
 
[7] J. Parks,"Recrystallization welding",Welding 
Journal, 209-221,1953. 
 
[8] N. Bay, "Cold welding characteristics and bond 
strength", J. Material construction, 18, 369, 1986. 
 
[9] H. Kreye, K.Thomas,"Electron microscopic 
investigation on bond mechanism of cold pressure 
welding", J.welding and cutting, 29, 249, 1977. 
 
 



 �,/�� �������/�>IQ� �Zu� N �Y��/ A�� ?g�/� * ����< &�@�h��� /� ���=> ��� ?�K * ��...                                                                                               33  
 

 

[10] P.K.Wright,D.A.Snow,"Interfacial conditions in 
cold pressure welding ", Metals Technology, 24, 1978. 
 
[11] V.M.Segal," Materials Processed by simple shear", 
Mater.Sci.Eng.A.197,157-164,1995. 
 
[12] V.V.Stlyarov, R.Lapovok,"Effect of back pressure 
on structure and properties of AA5083 alloy processed 
by ECAP", Journal of Alloys and Compounds, 378, 
233-236, 2004. 
 
[13].Y.Iwahashi, Z.Horita, M.Nemoto, 
T.G.Langdon,"Principle of equal channel angular 
pressing for the processing of ultra-fine grained 
materials", Scr.Mater.35, 143-146,1996. 
 
[14] G.V.Samsonov, "Oxide Hand book", IFI/Plenum 
Data corporation, New York, NY, 1982.  
 
[15] Y.J.Lin,Y.Z.Zhou,"Modeling of oxide break up 
during forging of reactively gas-atomized aluminum 
powders", Metall.Mater.Trans.A, 36, 177-186,2005. 
 
[16] R.E.Goforth,K.T.Hartwig, L.R.Cornwell,"Severe 
plastic deformation of materials by equal-channel 
angular 
extrusion(ECAE)",in:T.C.LOWE,R.Z.Valiev(Eds.),Inv
estigations and application of severe plastic 
deformation, Kluwer Academic Publishers, Dordrecht, 
The Netherlands, 3-12,2000. 
 
[17] H.Cui,"Computational modeling of equal channel 
angular extrusion", Ph.D.Dissertation, Department of 
Mechanical Engineering, Texas A&M University, 
College station, TX, 1996. 
 
 
 
 
 
 

[18] J.Alkorta, J.G.Sevillano, "A comparison of FEM 
and upper-bound type analysis of equal-channel 
angular pressing (ECAP)", J.Mat.Process.Technol.141, 
313-318, 2003. 
 
[19] B.S.Altan, G.Purcek, I.Miskioglu, An upper-bound 
analysis for equal-channel angular extrusion, 
J.Mat.Process.Technol.168, 137-146, 2005. 
 
[20] D.N.Lee, "An upper-bound solution of channel 
angular deformation", Scr.Mater, 43, 115-118,2000. 
 
[21] C.J.Luis Perez, "Upper bound analysis and FEM 
simulation of equal fillet raddi angular pressing", 
Model.Simul.Mater.Sci.Eng, 12, 205-214, 2004. 
 
[22] H.Danesh Manesh, A.Karimi Taheri,"Theoretical 
and experimental investigation of cold rolling of tri-
layer strip", J.Matr.Process.Technol, 166, 163-172, 
2005. 
 
[23] M.Movahedi, H.R.Madaah-Hosseini, 
A.H.Kokabi,"The influence of roll bonding parameters 
on the bond strength of Al-3003/Zn soldering 
sheets",Mater.Sci.and Eng.A,243,215-221,2008. 
 
[24] J.Yong, P.Dashu, L.Dong,"Analysis of 
superplastic forming processes using a finite-element 
method ", J.Mater.Process.Technol, 105, 32-37, 2000. 
 
[25] K.O.Ishi, Z.Horita, M.Furukawa,"Optimizing thre 
rotation conditions for grain refinement in equal-
channel angular extrusion", Metallurgical and Materials 
Transactions, 29, 2011-2013, 1998. 
. 
[26] H.Danesh Manesh, A.Karimi Taheri,"Study of 
mechanisms of cold roll welding of Aluminum alloy to 
steel strip", J. of.Mat.Sci. and Tech, 20, 1064-1068, 
2004. 

  



 

 


