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Abstract 
Today, Production in the shortest possible time, with the lowest cost and highest quality is the one of the most important criterions in 
the industry. Tube hydroforming (THF), because of its unique feature, increasingly used in military, industries, automobile 
manufacturing, aerospace, and bicycle industries. Most tube hydroformed parts are produced by a multistage loading process which 
the suitable loading condition in THF with regard to internal pressure and axial feeding should be designed to improve formability 
and to avoid failure modes on the final hydroformed product. This study deals with the procedure for the determination of the proper 
loading path in THF using a fuzzy logic control algorithm, which avoids the failure of the tube due to excessive induced strain 
during the forming process. For this purpose, Mamdani fuzzy control algorithm was used in conjunction with Abaqus FEA code for 
simulation of the THF process. The wrinkling measurements and the thickness variation obtained from simulation are used as input 
in fuzzy control and fuzzy control outputs are used to set the loading path. A controlled algorithm is designed to maximize the 
expansion of the tube and minimize the thickness variation of the wall and wrinkling at the same time. The numerical results were 
verified and validated by conducting experiments where a good agreement was obtained between the experimental results and 
simulations.  
Keywords: Tube hydroforming; Load path; Fuzzy logic; Wrinkling; Thickness variation. 

 

1 - ���C�  

 1���� ���
K� �� a�<B  �9 1��� T�6 8�	9 a>��/ 8�	�� �7�	��

�
 	D��	Z  :�� .
/�8����   ������ A���	 ����= ����  T����
� ���6

 N�G� 8�	9 �� �����	 � � �L ��= �7�D � 
?� �87�/����K I���4 ����

�
 	-�� 7� ��� A���	 ����= .
6�� �=��K ���J� 8�=����	  :�	�

T�6 =�  � a�<B��  8�	9 I��� >�9 ����9 ��-  7� ���?
/� T��6 �� �6�9

T�6T�6 �9 �<B  �=� S/�� �(�� :�� 7� 	�R �9 
/� :�;� �� ���=

����	  g��3
� ����� 8�=R a�3YZ ����� 8�	9 ����	  :�� .�6�9 :�;�	�

 �7�� 1��9.�/ 17�  ��9 ��?�
  1�M �;0� I���4 �� >�9�L ��=  �

�
�9 �B�K h��	B� �� 87�/����K ����� 8����� �N ���6�9]1 �� .[

���� 7� ���?
/� P�5�= ���� A���	 ����= ���� �� 7�� 1��9 8�=  8�=

 ���6 8���6�X�;d�  �� �������  N�;C� � �BK�� ��-  7� ���?
/� �9 1���

 T�6 �9 �8��G� 8�	���	?O  Q��Z������ 8k������ :�� �� .���/ 

�� g)O QB4  N��/ .� � ��6�9 1���C  .�) ���/���/  U�V
�� (P	�

�� �9 ^�	H 7� ���� � ��6  8	�D���[= 1��7  8�=�	�� � �BK�� ��- 

 �BK�� T�6 �8��-  8��G��	?O Q��Z �� ��K �9 �� :���� � >�9 8�=

] �	�D2T�6 8�	�� 1���39 �BK�� ��-  7� �0�� ������4 �� .[  �� �=�

:�� N�H  �B�K T���9 �3YZ 
�?�� � �/��= ���6 ���?
/� ����	 

�� ���G� �1� 8�= 
;�Z �K	9 �� ���� ������ 1�6 27��   �)� .��	D

�� ���� ����� 8�0
�� �� 	9 8��G� 8�	�� .� N�;C� �9 �9 ����� �� �
O�� 

TK�� �9�� 1��	X Q��Z �	?O ]3 7� ���� �� .[[0� 	� :�� 8�=	
����� :�

  ����	  8��G� ��)\� � �BK�� ��-N�;C� ��6  ���� 8�0
�� �� ��

��  N�;C� 	��� �	
����� �� :�� 7� 8����;� ]��;� .� .�6�9��	� 

)�� ������ (8��)D��9��6 ]4�9 .[ �3YZ Q/��� T�6 �9 �9��
/� ��J��

��6 N�;C� � W�	3� p�K U�M��M .� �� 8��)D��9 	��� 
���9 �� �



 

 

09�
�� 

8
7�

/
 

�
�

�	 
��)

D�
�9

8 
�	

  �
�

�
�� =�

�	
 �

��
�

A
�

 ...
 

94  

��/���� 8��)D��9 	� �9��C ��b�� qC�9 
�D����	M T��Z 7�1� 

�	��D��2 ]��;� �� �3  
�?�� �9 8� �3YZ �9 �9��
/� P�C � �3YZ ��

 P7> .�6 �=��K 	b�� 	J���	�r �9  a�3YZ 8�	9 8��)D��9 	��� 
/�

 ���� ��)\� � ��-  N�;C� 7� ���� A���	 ����=�-�T�  ���67�  ��D���

8	J� ��� 
/� :�;� 
0X 8��3
� 8�=1���� 
/� �9  	���

��)D��98 ) .�6�9 �
6�� ��X� (��-  	9�	9 �� ���� ��)\��]�  	��� ���9

 7� ��� �����	  S��	6 7� p�K �C�;b� .� 8�	9 Q/��� 8��)D��9

s�<9 	� :�]��M �= �� ���� A���	 ����= �� �9 WB
V� 1�ddG� .�6�9

�09 � ���� A���	 ����= ����	  �/�	9 8�06�� 7� ����	  :�� 87�/ ��

]��� �
K��	� 87�  ^Y�� �B;X 7� WB
V�16 -5] 1����;= � :���  .[5 [

���?
/� �9 (�� 7� �=���09 8  �� Q/��� 8��)D��9 8�=	��� �87�/

 �� ���09 8��)D��9 8�=	��� WB
V� (�� �� 7� ���?
/� �9 � �3��Y�

WB
V� 	��� ��M (�� 	= �� 1��� .���	� �O�	H  �9 hu/ � �/�	9 ��

 7� ���?
/�BG�T�  ���6 � �9	b� c��
�  ���09 	��� ���G� 8�<X� 87�/

 7� ���?
/� .���	� ��0�-�� ��(�� �= 87� ��;6�= �B;X  	5��

(�� �= ���?
/� �9 1�ddG� 7� �K	9 �� ��9 ��7�  8�=	��� �O�	H �9 1�

 �� ��9= ����	  1����;= � ��= .��
K��	� A���	 ����]6 7� ���?
/� �9 [

(��   8	
����� �O�	H 1�97P	� ��< �  h����(APDL) 8�=	��� :��3� �

 �� 8��)D��9�9 ��J�� T�6 
�B9�Z ���09  ����	  �� 8	�)�

= 8��)D��9 8�=	��� �O�	H 
0X �0�� .���	� �O�	H �A���	 ����

 8��)D��9 	��� �� ��
9� ���09Q�O	9  v��� � �BK�� ��-  8�	9 �� 1��7

 27�� ���d� 8�� 	9 �� �=	��� :�� 	�wx� hu/ � ���	� ��0�-�� 8��G�

���6 7� ���?
/� �9 A���	 ����= ����	  �� �D�6  ���G� 8�<X� 87�/

 8��0�-�� 	��� �� :�� 1��� 7� �� ���09 8��)D��9 	��� � �3��Y�

 � �9���9�C .���	� :��3� 1����;=]7 [ ��� �9 .�
�k [
���5�� Q��	� 7�

 .� .�
�k [
���5�� �M	D .���	� ���?
/� ���G� 8�<X� 8�=�� 7�

���09 �3��H U�V
�� P<����� ��/� 	9 �b
�X (��  ��� 
/� ^BY� 8

�9��7�� ���7 ���3� �� [
���5�� :�� Q��3� 7� �=  � 8��V
 � .�6�9 1����;=

]87� 8��)D��9 	��� 87�/ ���09 
0X [ (�� 7� �� !/�� yY/ (�� -

[
���5�� 8�=  ���09  :�� .���	� ���?
/� ��	D �� U��G� ���	d� 87�/

 N�� .� 1��� ^��Y� ��/� 	9 (��0X���M�X�� �  	9 :���� 8��8  

����  ���G� 8�<X� a��/�G� 7� ���?
/� �9 �� 
/� ���
/� !/�� 8�=

 � �=	�\
� 8�	9�� �0� �9 N�� :�� 1�	� ���09 
��� 
/� ���.  � �6��

 1����;=]9 8�= ���� A���	 ����= ����	  �/�	9 
0X <�� [

 (�� :�� �� .���	� ���?
/� �b���� ��	�� [
���5�� (�� 7� P��������

 �0����
9� �� ��	�� �� 8k	�� N��3� �� g�= I9�� [
���5�� 8�	9 �� �6�9

��	�� 7� ���?
/� �9 � ��	� W�	3�� ���d� ���7 8�= �� g�= I9�� ���;

 .���	� zV-�1� �=  ��6 A���	 ����= �3YZ :�9 �B4�  �� g�= I9��

 ���;� ���d� � ���	� W�	3� Q��Z �1� ��  �3YZ {��Y�� :�	
-�9 1�;=

�� Q��Z �	?O �9 �� �6�9
/� �9  � 1����K�� .������ 1����;=]10 <�� [

���	� ���?
/� �b���� ��	�� [
���5�� (�� 1�;= 7�  ����9 �X ]��< � 8

 ��- �9 a��4  1�-� �0�� c��
� .���	� ���?
/� ���/�� ��-  .� 7� �YK

 �
V/ ]�	� 	w� �9 �X�� �9 �� �����X� �9  ���-  1�/�� 	w� �� ����

                                                             
1wrinkling 
2bursting 
3buckling 

 ���� P��G
/��< �]�   �� �9�� ��
� �9 1� �b�Kx� :
K���� 	� 27��

D�6 ��-  �9 
��� 8�� �	09 ]��< � � ���� �� � (�Z .�6�9 �� �YK

 �] 1����;=11�/�	9 �� [������K �9 �� WB
V� a�3YZ ��K 8�= 8�=

 8�	9 � ��	� [��d� �<b�1� �=  ���� ��5�����X� �9  �9 hu/ ������

 I9�� 7� ���?
/� 1��� �X�� U��3 �3YZ 	= 8�	9 �� 8��)D��9 	��� 8�

������K :�� �� ���� ��	Z �=���
 	D �9  Q�	d� �9
/�  � �X .������

]]�����;=12 �9 ��D7�/ �� �Z��Y�� 8��)D��9 	��� �O�	H (�� .� [

 ���?
/���	J�  �0�� 87�  ����� N	
�� �����Y9 ����	� �e��� 87�  ^Y��

 a�3YZ 8�	9 �E�� ��Y9 � ���� A���	 ����= ����	  8�0�DE�� ��/�	9

 87�  ����� N	
�� :��|;= ��6�9 �� ���
/� 1��d
� ���3� T��6 �0��

�� ����	  8��)D��9 �BO	� �� 8���� �0X�� T9�Z 	b�� 	�� :�� ���6�9

 :�� �� �YK 8��)D��9 �9 
��� A���	 ����= ����	  	
09 T�BG� �9

�� ����	  � 8� .��	D.� ������ ]13 ��9 N	
�� [
���5�� (�� �9 [

 a>�F�� A���	 ����= 8�	9 ���09 8��)D��9 	��� �87� T  �� T�6

 .���	� :��3�1� �=  	J��� �
/�� a��F9 �� 1�;�� 87�/ ���6 :�� ��

N	
�� ���O 1���C �9 �� �D����	M � �
 	D  g}
K� 1� ���3� ��

�3��Y� :�� �� .���	� U�V
�� 
/� 1�;�� ]�	�  8�	9 p�K 	��� .�

 a>�F�� �����T .�6 �e��� T�6  1����;= � 8�;G� 	5�� ^�dG� ��

]14 [[
���5�� (�� �D����	M ���O N	
�� �9 �� 87�  ��9 N	
��  �

 8�	9 �D���	����� �= �9 8��G� 1��d
� 8��� ���	9. 3� �D����	M ���

 p�FV� � ���9 �-�� (�� 7� �D���	� ����� �=.��9 8��G� 1��d
� 8  

 	�r 8���<� �9 �X�� �9 87�  N	
�� [
���5�� �6 1��9 �|�� �9 �X�� �9

;= � ��6 N	
�� ������� :��|[= 1��7  7� ���:~;Y� 	� �:�	/I�  :�	�

 �Q/��� 	�(�� :� 8�=����	  N	
�� 
0X �=T�6 
/� �=�.  :�� ��

�/�	9  7�[
��/ ���;� ��
�
/� ���� A���	 ����= ����	  N	
�� �� �

 �� ��6 ���?
/�	F9 
3��H :
6�� T��� �98 � 	��?�8  :����Z 7�

������� �9�D ��H��	
 [
��/ ���= 8����
-��  ���6 ���?
/� [�;F�

 :��|;= [
��/ :������8 ���9 a��Z �>�9�� ���9 � ������� 	= �9  ��

���� ��M a��48 ��M � X�	K� ���� ��M �8  ��. X�	K ������-

7�/8��6.  ����	  �� 8��)D��9 	��� 87�/ ���09 ^�dG� :�� ��

 WB
V� 8�=���3� ��/�	9 87�  ^Y�� 7� ���?
/� �9 ���� A���	 ����=

 8�	9 8���X ���3� :��|;= � 1��/�	����� �� ��;� �
��V_

 ���?
/� � W�	3� T� �	� Q�6 (�� ���� 	9 �� ���� �D����	M� �

 87�/ ���6 7� ���?
/� �9 � ���	D.��6 �� P�b�� ����	  :�� 

  

2 - �3.D� E���)��F.��A ,  

2-1 - G��H; ���E�  

] IX	� �� �� ��Y��;=17 ������
/� ��/�	9 
/� ��6 ���6� 1��9 [

 7� ����� 
��V_ :�	
;� 1�<��80 �� .��6 	
;� ���� ����� 
��V_ %

 
��V_ ���3� ��_�� :�;= ��/�	9 <�� �/�	9 :�� ���9 a��4  �Y9��

)1 W�	3� (�� ��	D.  

)1(  
�� =

1 −
�ℎ�	


�ℎ	


1 − �ℎ�

 

 1� �� ��thmin  �P�D 	= �� 
��V_ :�	
;� thin  ������ 
��V_

thp  .�6�9 �� �
��V_ 
��� �O1�;= ��H  �� ���Y9�� )1 zV-� (


��� 1�M ����	  8��
9� �� 
/�Error! Bookmark not 



   

95 

 
95 

;O�
�_

��
 

�_
�

�
�

 

6

�
���

� 
9 y

��4
 �

���
�

 

95  
 

defined.
��
��

����
  .� 	9�	9�� �6�9 �� �� 	?4 	9�	9 � ��6��5�=�  ��

 
�����
��

����
   �9th�  ���d� �����
/� ^�H �� �8/0 �� ��/� ��6�9

 �� ���� �� .� ���d�� ���� ��9 a���C � 	5�Q/��� 	� ���d� :���  	?4

.�6�9 �� .� 1� ���	G9 ���d� � ���9 ����	  8��
9� �9 `�9	� �� 
/� 

  

2 -2-   ���E�
1��A*.?  

���3� 1��� 7� 1��9 ��;B� 
BC �9 �D����	M 8�	9 WB
V� 8�=

 1��d
� A���	 ����= �� ����	  ��� 
BC �9 :��|;= � �/��= (��

.�6 U�V
�� Q�6 ���3� ��6�9 �� �
��� ��\� Sd  ���3� :�� 
�}C 	

 ���d� �� � ��Z� 1���C �9 �� Q�6� ��� �D����	M 8�	9 ���<� �)� �����

 �� 1� 1��
9 �� 
 �� 
/� �;� 8���3� �9 �1� �� 	��\� �9 
/� 7���

 ���3� �� :�� 7� .��;� N�;C� �� 1� 87�  N	
�� �� � �	� ��/�G�

-�9 �D����	M �M 	= �� ��	D �� W�	3� a��4 :�� �9 �D����	M 	


Q�6 g}
K� ��6�9 N��� 8�	9 .�6 �=��K 	
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 1� �� ������
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 �B4� 9:� ��-�9 6Q�  ����;� 6 .�6�9 �� Q�1�;= ��H  T�6 7� ��

1 ) �Y9�� �� �=� �� 1�-� c��
� �/�	9 
/� zV-� <��2 (�� ����� 

 �� �D����	M 1�<�� ����Z T9�Z a��F9��] 9��.��� � 
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����A �L�  .� �/N��A*.?
1�� 
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 ����� 8�	9N	
�� �����  ��3� ���/	9 1���� �9 �� ����	  87� �3YZ � 8

 � 1��/�	����� 8�	9 8���3� ���9 .��6 ����� Q��Z �9 g}
K� :�	
;� �9

 ��;� 1�<�� ���3YZ  �B4�  :�	
-�9 ��� :�� 8�	9 .��;� W�	3� Q��Z �9

 ��6 �� �
 	D 	J� �� ��;� ���3� 1���C �9 Q��Z 7� ���� �X��K yY/

 ���9 a��4 �� W�	3� 	�7:��	D  

)3(  �- = 1 −
./0

./0	


 

��  �Y9�� :�� ��con  7� ���� �X��K yY/ �B4�  :�	
-�9 g	3�

 � ����	  7� P�D 	= �� Q��Z ������./0	
  �X��K yY/ �B4�  :�	
-�9

�� ����	  P�D :���� �� Q��Z ������ 7� ���� .�6�91�;= ��H  �JO}� ��

�� ��	D  ���JG�  ��������d� �-  � ���9 	?4	= � �M�d�� �-  .� �9

 �9 8	� T��� ��Y9 �� Q��Z T�6 �3YZ � ��6 	
-�9 ��;� ��6 .��<�

�� ��K�	�D. 
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�� ���O 8��)D��9 S��	6 �9 ���� A���	 ����= ����	  � �6�9

 � U��C �����D�������  �� 
��V_ ]=�� � �D����	M ����� �=1� �= 

�� {�?�� 7� ]=�E� :�� �� ����	  :�� a}�-� � U��C I � 
0X .�
 �

 (���6��  �d��Y� 87�/9 .� .;� �N	
�� �����  ^Y�� ��/� 	9 ��

 T;C 87� ��  ������?
/� ��6  � 
��V_ ]=�� (�� :�� �� .
/�

 � �D����	M�|;= 1�<�� :�T�6 D 1���C �9 �3YZ 8	�3� N	
�� �=���

 ����G� �����  �����	 �� N�H �6�� �BO	� 	= �� ���G� �<X� 87�/ 

��/�G� ��6  ���
K� �� �N	
�� �����  ���� ��	Z 87� ��  �X�	K �� ��6

N	
�� �����  � �BK�� ��- �b9�X �� 8��G� ��
/� �9  ��� (�� .����

���6 �� 
/� a��4 :�� �9 �9 ���� A���	 ����= 87�/P�D �= ����9 8

 [��d� ����7 .M���� ��6 �9 ��H8 ��  1�;�� N�� ����	  8��
9� ��

 �9 ���G�P�D �=����7 .M�� 8∆�8��-  �∆2 8��G� ��)\� �∆3. 

 �9 ��	6�6��  ����	  87�/��  8�	X� 7� �39 .����6��  87�/

X�	K�  7� P7> 8�=�6��  87�/�
 	D ��6 ) �D����	M 1�<�� �Iw �(

) 
��V_ ]=��It1�<�� � ( ) 1��/�	����� �� ��;�It �9 �X�� �9 �3YZ (

3� 8�=���	3��W ��6  �9 � ��6 ��/�G�N	
�� �����  ���� 87� ��  .��6

�N	
� ����� � Q�	_ �� 87� � 8�	9 �)\��� 8��G�(α)   8	5�� �

�	9�BK�� ��-  8(β)  ��)\� � ��-  �b�
� �� � ��	� ��/�G� �� ����

) �Y9�� �� �� ��Y��;= �39 �BO	� 
0X �� 8��G�4 ��6 ���� 1�-� (

 ��/�G� �
/��.��� � 

)4(  
�	�4 = �	 5 ∆� 

2	�4 = 2	 5 6∆2 
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�6�� 7�/ �	X� ���X ��-  � 8��G� ��)\� �1��7 �9 ����	  8�� ��6  :��

TO�	�  � ��6 ��	���9 ��] �� ��� ��  �� ��K P7> ���0� T�6 �3YZ

 T�6 �� N	
�� :�� �;� ���� .�	�592 ����� .
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�9 a��4  1��9 ���97 	�\
���  8�	9 ���97 	�\
� .��6Iw  T�6 ��3 

 1�-���� ���6  .
/�1�;=  �� ��H T�6 :�� ���� ��=�-� ��6 

a���C ��0M �9 �D����	M zK�6 "[� �B�K1
(VL)" �"[�(L)

2
" �

"S/�
�3  (M)"  �"���74
"(H) .��	D �� 1��9 7� 	5�� 8�=	�\
� P�;� 

 zK�6 �B;X
��V_ 	��\�  :��|;= � 1��/�	����� zK�6 �

�X�	K N	
�� 8�=�9�X T��6 �� �����8��G� ���X)F (�BK�� ��-  � 

)P (��  <�� �6�9 �� �� ��Y��;= 
���9 ��T�6 8�= 4  ��7  1�-�

���� ��6 �
/  1��9 ���97 8�=	�\
� Q�O	9��6  ���1� �  �=" �B�K

[�(VL)" �"[�(L)" �"S/�
�(M)"  �"���7(H)" ��.�6�9  ���3�

1� 
�/��O ��/� 	9 ���97 8�=	�\
� a����C � �=� �6�9 T��� �9 �}�� �

� ����� ��X� 1��/�	����� a�;��d� ���3� �� 
�/��O ������ 1��� 

�9 �� a�;��d� ���3�  a��4"[�(L)" �"S/�
�(M)" � "���7(H)"  ��
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1Very low 
2Low 
3Medium 
4High 
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�� 7� ��;� �������� ���?
/� ��� 7� 	5�� ��� ���6

P�Z �= :��3� [0� ����9 81���Z � �=� �6�9 �9 ����� �� �� :����Z :�� .

 ��b�� �� � ��	
�D �9	b� 8�0-���7� P�b��N�� 7�/ � ���G� ��<X� 8

 .��	D T4�O ����	  8��C T�BG��9 1���C N���  1�-� �9	b� a�-���7�

 1��/�	����� �� ��;� ���3� �|���M ��=� ��"[�"  	��\� ���3� � �6�9

 
��V_"[� �B�K"  �D����	M ���3� �"���7"  ���b9�X ��5�� �6�9

 8��G�"[� �B�K"  �BK�� ��-  �"���7" ��6 U�V
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���9 .7� 

���b��  87�/ 87�  ������8 N	
�� 8�= 8�= zK�6 ��3� �����

 8���� Q��	� �9 1��/�	����� � (
��V_ 	��\�) �D���	� ��D����	M

 ���3�4 �4  �3  ���97 a���C��  ���6�9�	9��9N	
�� 8�	9 :� �����48 

1���Z .���� ��X� 1���Z 8�=	J�����  N��X ��1  �2 4 �9 �4}K a��

����� .
/� ��6 X�	K ����� 8�	9� �=8 N	
�� ������ \
� �9 8�=	�

���	�5 T9�Z ��  8�	9 [0 ABAQUS�6 T���� ��� � <�	� (�� 7�

R 8�	9 P	X87� 	� ���?
/� 87�/ 
/� ��6.  �� �X�	K :�� hu/

�P	� ���
K �6 ��< ��� 7�/ � ��	Z� �	�D �9 ���b9�X � ��-  YK a��4� 

 7� �X�	K ���d� P�D 	= ��N	
������� P	� ��  ��< �ABAQUS 

� ]��< �� �9��. 
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4 -1- /2�E�� 
� Y�� * I�9:9 * L9�V 
 1��d
� a��F9 ���� A���	 ����= ����	  �/�	9 :�� ���6��  87�/

 h�X � ��39� 8�	9 .
/� ����	D� ���� ] IX	� 7� Q��Z18 [���?
/� 

���� �X��K 	YZ  �� ���	D38.1 mm  ���� N�H �200 mm  
��V_ �

 1�3.18 mm  .�6 �
 	D 	J� ���|;= T�6 �� :�8  Q��Z ��39������ 

a��/�G� 1��7 ]=�� 8�	9.
/� ��6  8�	X� ��6��  ����� 1��9 87�/

 
�B� �9�B~��  ���� �BBKQ��Z ��6  ���� ��9 a��4  �� 8��G� 1��d
�

 Q��Z :��|;= ���6 �
 	D 	J��9 a��4  7� �;�� � �6 �	  QB4

	D N�� ���� � Q��Z���.  

 ���� h�X����P�������� ^�dG� :�� �� ���?
/� ���� [���6063 –

T4   :;��= �
V/ ��� ����� �Y9�� 7� 1� ������� ��
 � �� �6�9 �� �

σ = 89̅ 
  1� ���<�  � ������� 
9��w 7� �K	9 �� ��� �� 8�	��

 ������
/� ^�H[ASTMB557]  N��X ��3 ]
/� ��6 �����18 .[

 ����	 �9 a��4 Dynamic-Explicit �6��  2��Y4� Q�	_ � 87�/

] IX	� ^�H Q��Z � ���� :�918 [05/0 ���	D �	 . 
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F*��3- ]/:U 
U.�  

���
� * 

3N�5�:94 ^���  6063 –T4[18]  

۶٨  ) [�B�� ]��MPa( 

٢٧٠٠   ���5M(kg/m3) 

٣٣/٠    1�/��� 
���ν 

٩/۶٨ .�
/>� N���(Gpa) 

٢/٢۶۵ K (MPa) 
١۶۶/٠ n 

 
4-2 - ���9/ _:� * ,��� Z� �,-.� `3/.� �,�/01���  

 Q��Z 	9 ���;C� 8�=��Z�9 ���4 �
 	D 	J� �� 
9�w �� 1� �� 
/� �

 �C�36 � ���H 8�
/�� �� Q��Z � ���� �� ��X�� 1��d� T���9 .
/�

 TG� �� ���� S/� � �	� N�� 1��� �� �� ���� � Q��Z [
-= .� �0��

 ���H � �C�36 8�
/�� �� �0�� �� 
/� ��6 ��d� 8��H P	 ����=

��� �-K	M 
�	O �=��G� :�� N�O � �
6�� 
�	O �� .�6�9 �
6

 T�69  1�-� ���;C� 87	� S��	6 � 8��)D��9 ��G����� ��6  .
/�

 ^�H 8��)D��9 	���] IX	�18 [�9 a��4 .� �BO	� � :���� ��-  � 8

 N��X �� � ���94 ����� .
/� ��6  1�;�� ���CAX4R 
��O �� 

Explicit  �9��G� 1��d�8 ]�� ���;C� 
��V_ 8�
/�� �� 1�;�� ���3� �

4 �  N�H 8�
/�� ��100 1�;�� T� ���3� �� �6 �	  �=400  ��C

�� .��6  N�� 7� Q��Z � ���� :�9 2��Y4� 1�	� N�� 8�	9 :��|;=

;B�Q �6 ���?
/� �� P�b�� S�G� 8��� �� ����	  � ����� :;_ ��6

	
����� 	��/�9 �= ]�� a��4] .�6 �
 	D 	J� �� �	 18.[   

  

  
I
�9- * ,-.� `3/.�  #���34.5 ,-�� ��P� �2 ,�/01��� �: 

  

4-3 - 
	�� ��P�X/  

 �� ��Y��;= ��6 ���� �3/�� ���G� ��<X� N�� �b�/ ���
C� 
0X

 T�6 ��10  a�	��\� �9 `�9	� 87�/ ���6 c��
� 
/� ��6 ���� 1�-�

] IX	� �9	b� c��
� �9 N�H �O�� �� ���� 
��V_18 ��6 ����d� [

 c��
� �� ��=� �� 1�-� c��
� :�� �/�	9 .
/��6��  c��
� �9 87�/

�Y�� 8���� �9	b� 8�YK S/�
� �9 ����Z T9�Z � U�K {�18  �� �4��

 ���� <�	� 7� �B4�  �9 
��V_ a�	��\� �����O �� �6�9 �� 	���d�

.��� �� �H ������ 

  

 
I
�10- �C�3�� R ��a/. ��� G��H;3b P��� -��, �.	  *
]18 �2 [

���/�, 9:c
 �E8V 

 F*��4- �  ,�/01��� .���  ��<.� ,/ 

1��7  0  1  

��-  (MPa)  0  50  

8��G� ��)\� (mm)  0  9,79 
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5-1- ��.�Q*� 
3/��A 
  

 N	
�� �� �=� �� 1�-� �= T�BG� c��
�P�b�� ��6  ���;� 8�	9


��O �=�9 <X  2��Y4� Q�	_ ���d� 1� �� �� �
��O6/0  ��6 U�V
��

 .
/� �
 	D ��	Z ��K ��	
�� ���O �� ���0� �3YZ � ���9 ^ �� 
/�

 a�3YZ ���;� �� ��3�T�6 �
 	D  ����G� �� 
��V_ :�	
;�

100% -80 T�6 �D����	M 1��9 a�3YZ � ���9 ���� ����� 
��V_ %

�� k���� 8�	9 8��)D��9 	��� .��
 	D P������6063  ��� ��℃ 20 

 
��V_5/2 ��B�  ��36 	
��6�D �=) 820�9 (��B�  Q�	_ � 	
�

 2��Y4�05/0 �9 a��4  	�7�9 
/� ����  �� ����	  :�� T� 1��7 .
/�

T�6 8	�D392/0  ��;� ���3� 1���� �� � ����w98/0 ���3� �

 
��V_ 	��\� ���3� � 	?4 �D����	M43/0 ��� 
/� �9 .  

�Y��;= 8�= T�6 8�=����;� �� �11  ��14  ��6�9 �� ��=�-� T9�Z

 :N�� �BO	� :�	�D �� a��4 �BO	� �/ �� ���� A���	 ����= ����	 

 �BO	� P�/ �BO	� � ����	  �;�� :P�� �BO	� ������ T�6 	��\�

 1�M N�� �BO	� �� .	J� ���� �/��= �9 ���� 8	�D T�6 � 1��/�	�����

�� :���� ��-  �6�9�� �D����	M ��b�� qC�9 ��G� ��)\� ]��< � -

 � 8��G� ��)\� � ��-  �BO	� :�� �� .��	D�|;=�: 3����  �9 ��;�

�� ]��< � 
9�w Q�6 8�= T�6) �9��11  �12 �� ����� �9 �X�� �9 .(

 �BO	� :��]�� �= �� .�
/>� ����G� �� ���;C� 8�0-�	� � ��6�9

 1�-� ��K 7� �;� a�	��\� 
��V_ � ����	d�����  ���� �� �Z�9 
9�w

 T�6)12 �BO	� :�� �� (	d� ����25/0  �BO	� �� .�	9 �� 1��7 ����w

 .�
/}� ��O�� �� � ���/� [�B�� �9 ���� A���	 ����= ����	  P��
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