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Fabrication of the AA6061/SiCp composites by the semi-solid 

 formation method based on the powder metallurgi process 

S.M.H. Mirbagheri 

Abstract   In this paper an experiment procedure was conducted to analyze the microstructure of SiC-

particle reinforced Al-MMCs via forming temperatures. In this procedure, first the 6061-alloy powder is 

mixed by 33% SiC-particle reinforced in order to preparation of AA6061/SiCp composite. The obtained 

alloy powder is compressed into a cold die cylindrical mould at a pressure of 10.3MPa. The cylindrical 

samples were heated into an electrical furnace until the liqidus- solidus temperatures range of alloy. Just 

before the samples were transferred to extrusion press, the split die, which was preheated, was placed in 

the container of the extrusion press. The samples were then transferred from the furnace and placed on 

top of the split die and a pressure pad placed on top. A computer data logger then measured parameters 

such as load and extrusion time whilst the die was being filled. Finally, the samples quenched into cold 

water and were prepared for metallography test. Then was investigated the effect of forming temperature 

on the interface of reinforcement particles/Matrix and microstructure of semi-solid forming (SSF) 

samples. Results showed complete die filling was achieved only when the initial sample temperature was 

within the semi-solid temperature range. At temperatures close to the liquidus temperature of the alloy, 

reinforcement clustering and segregated regions of matrix occurred. The microstructures and coherency 

at interface between reinforcement and matrix of the SSF samples appeared to be dependant on the 

formation of aluminum carbide and the precipitation of silicon factors. Tests of the XRD, FEGSEM and 

light microscopy were used to verify the effects of these factors. Therefore based on the obtained results it 

is possible substitute the SSF instead of the HIP stage in the powder metallurgy process, without any 

aluminum carbide at the interface  
Key words  Composite, Powder SiC, Semi-Solid, Extrusion, Casting, Microstructure 
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 K���8� $gC '�2�� ������2�� �, 5$�023��4 5�,  ���/

 5T@@79 hhh  i�@@; j�2@@_� :@@�2; R�@@� 0� `@@>_ ��@@�
Cayonu �� ��%�� .   5-�@* !@�� Q�"U_ '��0 'E �

'�-��9 !F=�%��� E     5��@(_�- - 5�@P�,E :@�2; ��@\�
!� �� `(� ���k; ����� �; !F=�%��  - ��� �% �, ��

Q�2#  � �@���0 � �2/   @� ��@�4��/ !@�2�� . �  K@��
Q�2#  j�(G���N�- �, !�� 5l����� !� +��T9�  $9��

[1].  ���/ $�023��4 ��=2; ]-� �� N29 �����9 A_�- �
  5T@79Metal Matrix Composite (MMC)  !@�  �@���. 
 �0-���$�023��4 5�, �/��  5T79l�#2F% ���/   �����2@=E

� $>�� �� ���E 5c�� !(���(� b�2% $7D ��  j�(G�@�
��  @�C ����� ��g��� ����E 5c�� '0-���   A���@# � 5�

 �2,H �I9 ��� �2�� ���/ .\\G� a����� '�
� ' !@�   �@,
   � ��@��4 $@�2\;0�9 !C��4��/ - �0���� �!���, `(�

   !@@� j�(G�@@�� +��T@@9� K�@@D  �@@��2;m�� !@@P��\ 

 �
8� 2>�� 5��0 -�* �;T��[2] .0�-� K���  Q�\�\G;
 � 5��0    $@�� �@�9�C j�@&�� �@���0 K�� .   '�2@�� ���@�

 n2�; � �� Q�\�\G; K�� `#�*]-� �, '2�� �9�)� 5
  �@���0 �@� ����4 $�2\; 0�9  $@�023��4  5�@, MMC   �@�

 �-�? W���)p ( 2�� �#R%[1,3].  
   0� �4 �&�E �=�\� �-�
�/    �r@�\G; !7@#� 1�,

   �@�=2; 5��@� ��9�� 2>�� 5�����9 �X��� $@�023��4  5�@, 
AA6061/SiCP  $���4 5�2J ��  @� �   '�2@�� 'E �@�4

 ���� �� $>�� �� �����9 !9�F� 5<���]-� �,  a@��� 5
 �2/ 5<�2=��� �����,l�����  � +,�@4�   �V@=  �@s� �@� 

!�     �@� !�@���� �@)�* +,-./ !;�"=�U�0�9 ��
�� ���
jT���(� �,   !(���@��2��; b�2% -H    � �@4 !(����@�
�R% !� t� ��=2; �����9 �,�   2@� T@4���� . ���@��� K�

  K@�� :�2; ��� ��=2; Q�"U_ !(���(� b�2% �"=�U�
� �����9 �=�\�   5�T&�� �� �,�2% �X���.  

  

 [1]ر مبناي شكل ظاهري فازتقويت كنندب MMCي توليد ها روشانواع   1جدول 

 

����4 $�2\; 0�9 �,�u `(�  
 ��=2; �����9MMC   

)�0 �� ����4 $�2\; 0�9 '-T9����( 

���2�/��  ���2�/  

5� ��^v  �(��-w  
 $9��
!�2�L  

1��=�  
���� ��m  5�x  

1��=�  
���� �; 5�!  

⊗  •  •  •  
⊗   +�/!�-��; !
�24z  

•  ×  ×  •  •  
5��VC ��c �� !
��/ {+�2/   

•  ⊗  ⊗  ×  ×  5�C ��8�� - Z�V� � 'T�,|  

•  •  •  ×  ×  -���4� - �2/ '2�� 6278�}  

×  ×  ×  ⊗  ⊗  ~� W�/ - 5�- �J2Y +�2/ph  

×  ×  ×  ×  •  
5^2g� ��F;�- '���� �� 5��VC ��cpp  

1-Mono-filament. 2-Multi-filament. 3-Staple fiber. 4-Whiskers. 5-paticulate. 6-Squeez infiltrates. 7-

Spray coat or co-deposit. 8-Stir mixing & casting. 9-Powder premix/extrude. 9-Slurry coat/hot press. 

10interleaves/diffusion bond. 

× :  !7�D ��Y⊗  j2��� ��Y•:a�-�; ��* �  
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  '�@
� �2� K�� � ��� j�&�� 5�,��4 �"=�U� !@�   �@,
  �@@�=2; 5�,�@@����9 � !7@@#� `@@��DMMC +�@@4�- � 

 5T79 ����0 - ����4 $�2\; Q��^ K�� !GU�!�  �@��� .
�-� K�� 0�       Q��^ K�@� +�@4�- !@���� �@)�* ��@4 �

SiCP E �@@@���0 - <�@@@�=AA6061 �,� 0�@@@� !��T@@@�� $
$�� ���2%�� . a����'�\\G�  '�
�!�   Q�2@#� �,

  - ��@��4 $�2\; 0�9 i��
� `F9 � 52_ ��F;� �&��
����0-�� +��T9� ��    b�2@% 2@>��  ����, �� ����c�

 !@;���* - !(���(�  !@�    4 +��T@9� �@D�� �@��2;�  $@�g
 $�023��4��� ��  "�@# ����4 �"�2; �&���� - 'E !�

2@@� [4,5] .  `@@F9 ��@@F;� �"@@) � !7@@#� `(@@
�
 �����4 �I�0�9 `�(
; �����0 - ����4 $�2\;0�9 �i��
�
     �24V@� i��@
� `@F9 � �@�0 +�4�- r��U� �����2=E

$��[6] .   
;Si3CAlSiC3Al4 )alloyin(34)alloyin( +→+  

  
)K900(;Kmol/KJ885G oo−−=∆  

  
  � 0 �4 �&�E  Q��^34CAl Q�2# ��  �@, �_�-5 
+�   i��@
� `F9 � �T&� !�?-   ��@� �@�  Z2@��
!�  !9�J 0� - ���4Si   `@F9 1��J� {<��=E � ��� `*

   �@�4�; �@� ���E $s7Y �i��
�0�9  �@��(;2�SiAl − 
!�   �@� ����4 $�2\; 0�9 !C��>�m �� !��8� �S� ������

�� ����0 .0�9 ���034CAl \� ���� +,�4 �>�� $�-
!C�2% �� ���  - 0�@9  �@��(;2�SiAl −   'E 1��@J�

    �@7�8� Q�@�? � b�2@% !�P�, ��Y +��T9� �>�
!� 2�[7,8] . �-� K�� 0� D �,   �@� - !(���@��2��; `��

 �D�� ���2�� �4 !(����� 0� 5��C27? 2� N29 +�4�-
!� �4 b�2% +��T9� �>� ���2; 2@� �24V� $�023�. 

 `(�)p (     0�@9 `�(@
; Z�@8� �@S�34CAl   `@F9 �
 i��
�SiC  <��=E � ��Duralcan  '�
�!� �, .  K@��

$�023��4   �2@/ '2@�� �9�)� 0� O/SiC    Z�V@� �@�

<��=EAA6061  $@�� ��� 5�C ��8�� 'E 'T�, -[6] .
=�U�       '�@
� n2@)2� K@�� � ��@� j�@&�� Q�@\�\G; �"
!� �,  5c�� 5��C660o   - �@����9 !�c2J '��0 -

 �I� 0�9 �&�� � !7#� `��D34CAl����, .  K�����@��
 Q��^ W��; '��0 - �����9 5�� +,�4SiC  @���0 �� �

5<��=E  !@�  � �@���2;     !@*��J � !7@#� `@��2D �@7�?0
 ���? 5�,�����9)  �@�9�� 2@>�� 5�,�����9 (  �@7�? 0� -

��� �)�* +,-./ �����9��.  
    0� 5�@@P� �-�C�@@��'�@@\\G�   +��T@@9� 5��@@�

   n2@� �@� �&�� 0� ����0 �� ����4 $�2\; 0�9 !C��>�m
    �@� �@��? 0�@9 �� `�(
; - i��
� `F9 � +�4�-

 ��F;� '�2�D) 0� `@#�* !C��>�m   !�����@� +�@4�- (
��-E '��� �� K8� ��� . �"=�U�5�,��4  K�� '�@\\G�  �

 �@@���0 $@@�023��4AA6061/SiCP  '�@@
�!@@�  - �@@,
 �� 2@?- ���D ���(; [4,9,11] .   �@� �-� �@��(; �

�2@@/ '� Q���@@*SiC  �@@��?0�9 �@@&�� -2SiO �
0�9 ��F;� i��
� `F9    +��T@9� �@���0 - ����4 $�2\;

!� ���� . +��T9� �� j- ���(; �Si ��-Mg    <�@�=E �@�
 ����0!� 5<��=E�� �����2=E ���2��4� +,�4 �� '�2;�  �&�� 0�

 Z�8� 0�934CAl   2@�� 5��C2@7? i��
� `F9 � .
 �2@@I*Mg '-T@@9�  � �����2@@=E ��@@��2��4� +,�@@4 �@@�

0�@@9 �@@&�� 0� 5��C2@@7?34CAl �!@@�  �@@&�� �@@� �@@��2;
Z2�� �, 5SiMg2  +��T9� �&���� - !�8���/ �>�

2�T�� $�023��4 j�(G��� .    Q�@\�\G; �@Y� !@7D !=-
� �2� � 02�, �����0 K�� � ��� j�&�� $>�Si/Mg 

 -�@@* � ��@@�E !@@%��- �� 2@@?- ��E Q-�@@g; L/p 
�2�� ���
�/ ��� .+��T9� ���0Mg  5�� �4 5���\� �;

X2(�= :%�   ��@, +,�@4 �� W-� !@�   �@��2;  $@7D �@� 
 ��0 �� �����9 5�� +,�4zzh  �?� ��P�����  �-R@D
0� 5<��� !�2? 1�# ��    Z�@8� 0�@9 `�(@
;34CAl 

�@@���� 5��C2@@7? .�-� K@@�� 0�   0� �@@)�* +,-.@@/ �
5���\�Mg $�� ��� ��g��� ����0 <��=E � .  
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  ]Duralcan ]6در آلياژ SiCدر فصل مشترك  34CAlاثر مخرب تشكيل فاز  1شكل 

توسط  Al/SiCدر فصل مشترك 34CAlتشكيل فاز مضر ) ب.  SiCروي سطح يك ذره 34CAlوجهي فازشش صفحات ) الف

  TEMميكروسكوپ 

 

  �@@@�=2; 5�@@@����9 �@@@�-� �@@@"=�U� �@@@P� 1�@@@J 0�
$�023��4 5�,MMC  '�
�!�    � a@��� ]-� - �@,

�� 2?- $�023��4 ��=2; $"�#:  !�"�# ]-� !(�
 �2/ 5<�2=���(PM)   5�@P� -]-�  �@,   �@� !@��>� 5
   �@��? 62@78�–   A��@�Semi Solid Forming (SSF) 

[10,12] . '�
� �2/ 5<�2=��� �����9 !����!�  �4 �,
 !�"�# �����923��4 $@�0  �@,   ��24V@� ]-� �@�   r��@U�

`*��� �
�� ��� �� ' `(�)x (!� ����. '��,  �2J 
 � $�� �)�- �4�����9  ��@� ��   �@7*��HIP   ���@\�

 1�F� 5��0 5<���!�  !���� �2FG� $��_ �4 �����
 ���2J ��  +��T9� !�?2; `��_!� �,�   b�2@% �m�C�

 �2FG� {Z27U� ����� 5���%�� - !(���(�   $@� �@�
�� K��, '2��� ������9 K�� 0� ���E �7*!� ����  

   � ���]-� �, 6278� `(� ���k; �� !��>� �4 !�
 ���?–  ����, A���(SSF) K�� �-�G� � <��=E 5�� �

  '�@�, �� W-��=�� - W-��X2(�= 62U% �@��   �@�&��
 ���_!� ��C� �4 5�2J ��     �@��? - A��@� 0� !J2@78�

��2� `�(
; '��T�, .   �@� ��@��4 �� !@�    �@#� '�2@;
 ���? 5�,0�92�� K��"; �� A��� �� . 'T�, :�2; O3�

     +�@; $@G; ��@\�E `@#�* 6278� !��\=� �� !(���(�

 ���_ !���!�  ���? 0�9 �; ��CQ�2# ��  Q��^ l�@>��\; 
    �@�E� $@%�2�(� !C�@�4��/ �@� !����� ��Y - 5-�4 .

 5���% <��=E ���02(��- �&����)  ��@�9�Thixotropic (
���? 0�9 �#� �� ���� �g�� 'E2� �,�2% Q- . �� ��*

 � 5���% <��=E K�� `(� ���k;�=�_ �, Q�"U_ ��.�- 5
 ��=2; !�"�#!� ��2�  . ��=2; 5��� ��� $@�023��4  5�@, 

MMC  ]-� W�@@@�� �@@@� !�"�@@@# W�@@@�\� �SSF   
  �� 2@@@?- a@@@��� �@@@��(; - :pHThixocasting�  

 xHThixoforging  [13,17] . Q��^ ��@@��� �-� ]-� �
���4 $�2\; 5�� '0 �, 0� O/ - �-T9� Z�V� �� �� �
 ��0 �� ���E:%   Q��^ `�(@
; �� �; ������ W-��X2(�=

2� 5���% <��=E ����? .  :@�2; �� `#�* ���% O3�
  ��@
9 $G; 5�C ��8�� ��P��(Die cast)    `@%� �@�

 r��T; �=�_ !@�  �@����� .      �@� $>@�� �@����9 K@�� 5�@�
� !=- $�� �;c�� �2/ 5<�2=���   !=�@�D� ��
9 �2D

 �7*��0�HIP $�� ���4 ����� . �� �� �j- ]-� � ���
���\� ��     :@% 0� �;c�@� !4�@�� �4 �� +,�4 5��
��

���� W-��=�� .    ���@�� Z�V@� 0�@9 '2m $=�* K�� �
  `@#�* ���% �$�� i��� !@�  �@��2;     `(@� �@g* �@�

 2% 5�,�u)    2@� 5��@? �@(��� '-�@� (  Q�2@# �@� 
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i27�  !>"(� 5�,2� ���; .     �@� 5�@��% i2@7� O3@�
 5�P�,E ��\�E - `\��� ��29 ��P�� `%�!�    �@; 2@�

����� �/ �� ��29 �=�_ �sgG� `(� . �� ]-� K�� �
   $@�� �;c�@� ��@
9 !=- ���4 �-� ]-� �� $>�� .  �@��

�7*�� �� $>��HIP   2@� �@,�2% �; K���/ ����� ��
9 .
� �)�* +,-./ � �V= � !�-� K�9�� ��>�   �@4 ���@�,

 -�� c�� ��\�E �, �� K�) � - ���>� c�� ��\�E ��
9
 $=�* 0� - 2� `#�* �* 0� +�� �Z�V� 0�9 ���\� �4

 -2� ���% '2� 50�9 . �2� - K�� �4��m!� ��2;� �
   �@�, +,�@4 Q�@� �� �� �����9 5<��� .0� -� K@��  �

 �4 $�� ��� �� �"�2; !�-� �)�* +,-./ l�@>��\; 
��!�  �����9 ��"� 'E 0�PM �� -!� �P�SSF  $�� . �

   $@�2\;0�9 �2@/ !(���(�  ����� ��)�* �����9 � `#�
����4SiC  <��=E �2/ -6061AA j�&��!� ��C . O3�

 ��24 � `#�* ��2�� - ��� �� W�/ `#�* 6278�
   ��@@� ~� �@@�&�� �@@�� `@@#�9 �@@* �@@;  5�2@@J �@@�   

  

 �4  2@% ��2�� �(��� '-�� A��� 0�9 !4��� �&�� ��   �@�
2%  -���4� ��P�� �� ��\��� �� ���E '�2�� �2� 5��?

    �@��k; �@s� �2@� `(� �� �j�P
�/ �=�_ �� ̀ (@� �  .
 5�� - '��0 `��D - ��� �����2;�����9 K�� � K�������

     ���@�, �@� 5<�@�� - �@, �4 �� �����9  �@� �2@J   `@��_
�s*R� ��, +,�4 5��   �@I� 0�@9 �(��� '-��34CAl 

 ����0 - ����4 $�2\; 0�9 i��
� `F9 �2?- ����E.  
  

����	
 ��  
 c29 O�? 0� 5� ���2��� �=�_ ����� �)�* +,-./ �

13H   �@U_ ��mmzh�   �2@s�� �@�   �@� W�@/   �2@/
   �@@� ��%�@@�- 5��(@@���; $@@�023��4 . O3@@�LL %

�2/SiC   +@�|h   �@�z   %  <�@�=E �2@/6061AA   �@�
 Q��^ :�2�� �0����mµL  :�2;'T�, �,  !@_�� 5  �@�

Q�� pv ���� 6278� �\�_ .    �2@/ !�����@� �@�4�;
 �-�? r��U� <��=E)x (�� -   K�@� 'E �@�&�� �v|x   !@=�

zvx  ��P����� �?�!� ����.  

 

  ]10[در فرايند متالورژي پودر MMCمراحل توليد صنعتي كامپوزيت  2شكل

  

 

  6061AAتركيب شيميايي آلياژ  2جدول 

  

Cr  Cu  Si  Mg  Al �#�$ 

0.04  0.31  0.65  0.96  98.14  wt%  

Blending of modified 6061 matrix 

alloy and SiC particulate 

High energy 

mixing 

Powder 

canning 

Vacuum 

Degassing 

Hot isostatic 

pressing 

(HIP) 

 

De-canning 
Rolling, forging 

or extrusion 

Finished 

Product 
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O3�Lhh �C �=�_ � N29 !��023��4 �2/ 6278� 0� j
 �2@G� �; �� W�/ :�2; - �� ��8�� 5� ���2���� �

 ��5��
9  ��"�MPa5.10  �0���� �� v % �@� ��
9 .
`(�)L (5� ���2��� 5�2/ ��2�� �U_ ��mm zh  �4 ��

 '�@
9 0� O/  n�@g;��   �@� 'Emm vv  ���@��   '�@
�
!� �, .'��,  �2J  � '��0 - �� �� ����� ���\� � �4

   0�@@@9 `�(@@@
; 0� 5��C2@@@7? � !7@@@#� `@@@��D -
�I�34CAl !� ����� .0�-� K�� +���0E  �@,  +,-.@/ 5

   � �@����9 5���@�P� '��0 - �� +,�4 W����� �)�*
-�G��  !*��J N29 <��=E 5��&�� ���  ���@� .  5��@�

  ��@����9 5�� �S� !���� +��@�0E  �@,   �@�  Q�2@# K@�� 
 �4 ���� !*��J��2�� �,  `@>_ ���� W�/ 5� ���2��� 5

    �@�&�� �@�� �@� �?2; �� �'<-���4� ��P�� �� -�- 0�
 5�� 0� ��;�; �� N29 <��=Evzv  ��j�C �, 5xv  �; �?�

 5��zwh ��24 :�2; �?�     !��-�@\� !@(���(=� 5�@,
���2� ~ . !��/-�9 - Z-^ '�(�� �� K�� 5c�� � ���0

��2�� �,      Q�2@# � - $@�� c�@� ���@�� 5� ���2�@�� 5
    5��@? '�@(�� �Z�V@� 0�9 �#� +��T9� �� �� +��T9�

 � 5�? ���E �D�� �4 ��� �,��9 ��2��  '�� ��24
 �,�2%��.     ̀ @/242��; :@�2; �@� 5�@�C �0���� 5���� 

 �U_ �� !(m24 t��2�p  r�D -v !7��  �@��   T@4�� �
  �@� �@@&�� �@@�2�� !�c�@@� �@?- . :@@�2; �@@�2�� 5�@@�

     �@� - 2@� ��@� �@(G� t��2� K�� � �4 !7/242��;
   Q�@DRJ� $@>S ����� �� �� 'E �P�)   Q��@4 `��@�

PLC     $@>S Q��@_ �@�px|  �@���S �@@� ��   ��T@@9� j�@� -
�J2��� (2� ��� `#- ,�2J ��  :>) �;2�3��4 � ���0

!� ��. 0� O/� �(����2�� �,      ��@� !@*��J 5�@,�� �@�
      '�@�0 Q�@� !=�@��&� a�@����0 �@� :�2; �������

 ����� 5����P�v  ��2�� O3� - ��s�; �\�_ l�"��@�   �@�
 �U_ �� 5� �(; - �=�_ `%�mm v  ) �>�� �U_ �����

-���4� ��P�� ( `\���!� �� .�� �4 �(;- �=�_ !@�  0�

'E `(� �)L ( 5��� �4 � - $�� ��� �� +����
 t��2�mmpx!�   �@; �����vph     ��@� j�P@
�/ �@?�

2� .�3  �@� O  ��@�D�    '<-��@�4� ��P�@� �>�@� ��@
9 
(Enefco-5MN) ���2��� ��2�� � 5�  - 5�@��%    �@� �@�

 �=�_ !7#� �sgG� $�� �� �4 t��2� 0� �����) �4
�U_ �� !(��vh n�g;�� -mmLh 2� ( 5��?!�  �@�. 

����� '<-���4� 5-0�� $D��sec/mm L ��� Z�8�� .
 Q����k;��
9    '�@�0 �@� !=��D�  �2@J �@�    :@�2; ��@�0

    `@#- Q�@DRJ� $@>S ����� �� �4 !=���&� a��-���
  !@�G�� - ���%^ �;2�3��4 � �2� ��@
9 –    �@�� '�@�0

!� �� .�P�,!� 2� �/ �=�_ �4�  �24V� !�G�� �2@J �� 
 '�@
� - ��9�c�� !���C��  ��@�,  '�@�0    -��@�4� '�@��/

$�� . � �7#�9R� ��2�� - AU_ 5��VC��� �sG= K�� �
 ��24 ZE!� �� . !=2J $�? � ��2�� !���� �7*�� �

      �2(@�-�(�� {50�@� �@�2�� 5��@� - ��@��� !)�D -
!@@�-��(=� !@@
�-� SEM )FEGSME1524Leo − ( -

K�@@�,  �2@@J  '2@@�0EXRD ���@@� 50�@@� ��@@�E . O@@/
��2�� +�=2/0�  :@�2; !/2(�-�(�� ���%�� ��-�F; �, 

  �@��C�T� � 5�2@� 5��/2(�-�(���!   �@,�  Q��^ �@4 !
SiC � `��_��� ���; ����� $� .  

  
  
  

  

  

  

  

  

سوراخ كف آن و اكسترود گرم از قالبنماي يك لنگه   3شكل

 .)12/75(خمير كامپوزيت  شكلنسبت تغيير  برآوردبراي 

    `@@F9 $@@�g�4 ��8@@
; - �;c�@@� �2@@)- 5��@@�
 i��
�PSiC/6061AA 0� � �@�2��  �@,  �2(@�-�(�� 5
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      :@�2; �!@���4 !@, +@�2/ 0� O@/ �!
�-� !�-��(=�
 !
�-� !�-��(=� �2(�-�(��FEGSME1524Leo − 

���@@@� 5���@@@� ��2@@@F; . ��P�@@@� :@@@�2; �@@@���� �
RayX/Phillips −  T�=�@@�EXRD ]��@@/ - j�@@&��  5�@@,

 0� �@@J2����@@�2�� �@@,  �@@�=2; ��@@����9 a��@@�� `@@�7G; 5��@@�
$�023��4  5�,MMC���� ���; �)�*.  

  
����� ��� �  

��@@�� ��@@��� $�@@�_ K@@�� � $@@>S ��@@��� 0� `@@#�* a
 Q�DRJ�)SystemAquisitionData(�  ����� $�?

$�023��4 ���9�MMC  5�@�=2;�    �@����9 !@JSSF �
+,-./ ��)�* �X��� !� 2� .O3�  T�� ��-�F; ���%��
��2��  �,5���  {!����   Q��^ A@�02; - 5<2@=29�2� �n2�

 ��@@��4 $@@�2\;MMC  ���@@_ !��@@�0��- �@@"=�U� �2@@�
!� ��C .  - N�@g; 5�@,T�=��E a���� ����� �RayX −  �

 5�,0�9 `�7G; 2@?- ��    ���%�@�T�� � ��@�EMMC 
��-E  �� �,�2%. 

  

���( ����  �������� �� ������  SSF   `(�)w (
 ��-�F;��2�� �, 5SSF    � �@=�_ 0� �-�@% 0� O/ ��

  K�@@� ��@@� !@@*��J 5�@@,��% - W-�@@�X2(�= 62@@U
 �@� �� ��� +���0E ]-� $��_ � �4 W-��=��� 

 '�
�!� �, .'��,  �2J  �s*R� �4!�    �2@� � 2@�
� �4 5� ��2��Covzv 2� ��� ~� �����9 !J �SSF 

  �@���� �@/ �� -���4� �=�_ $�� �����2�� .   ���@� !@=-
��2�� 5�,�� � �,Cov}h �zpv  -zwh  �sgG� !�28�

��� �2�� �/ �� �=�_.  5�@�Covzv   -�@*p    �@?�
 $@�� W-��=�� 5�� ��0 .     � �@� K@�� Z�@8��� $@7D

  2@� '<-��@�4� ��
9 �S� � �� +��T9� W����� .  ��@�0
G�� ���k; 0� `#�* 5<��� Q�>� ̀ (@� )   ���@_ 5-�@��

 +�; !�G�� ��0 �U� $*��� �F� '�–  +��@4 =

5��=2; Q���* ��TCmq p ∆= ( '�
�!�  ��
9 �4 �
D� -�* �� �� !����� !=��Cox}   � �@4 �, +��T9�

Q�2# K�� !�  ��=2; Z�V� 0�9 5���\� !�����!�  �@� .
 Q�@@s*R� 0� !@@I"� 2@@?- $@@7D �@@� `@@�D � !@@=-
 �D�� ��� K��, - ��� t� �� +��T9� K�� !,�P
���0E

� ���J�% �   �@=�_ `��4 '���/ �Z�V� 0�9 2?- j�D
� r\G�2
 .�;�2#� ��2�� ���� 5��� �4 � �, �  $@7D

        $@=�* �@&�� !@�"� Z�V@� 0�@9 2@?- - �@� +��T9�
 �$�023��4 5��� 5���%�=�_ �, lR��4    �U@� - ��@��/

��2�� �, $�� ���2%�� !>���� !9�# $�g�4 0� .  ���@\�
 �@� �, � Z�V� T79�  2��; :@�2; ̀ @/24  �@,�  � �@4 !

��2�� �, C�?V2� ��� 5��� �_ �>��G� `�!� ���� .  K@��
��4        2@� ��@_ �@4 b2@F8� 5��T@9� j�@� �� :�2;

   <�@�=E �@��? 0�9 0� �� ����4 $�2\; 0�9 ���? 0�9 �#�
����� �4 �� �, � ����0� �� j�&��.  `4 ���? 0�9 ���0

 0� ��P��,LL   ��@��4 $@�2\; 0�9 ���\� �4 �#�SiC 
$��� �� �,�28� ���4. � `(� ��2�)v (  `@#�*  K@��
��4  '�
� ��!� �, .     �@��? �@�4 :@\9 ��2@�� K�� �

  $@�023��4 � �@���0 5<��=EMMC     5�@� �@�* �@�
$�� ��� ��� ������9.      +��T@9� �@� �@��? �@�4 ���\�

 0� �����9 5��Covzv  �v}h �zpv - �zwh   �@�;�; ��
���\� ��phh �|}/}} �ph/}w - �zw/z|   +,�@4 �#�

!� ���� .4 ��!�  �8
� N29 ��2�� � $_!�  �4 2�
0� ���4 ���? 5�,��4zh   �@#�) 1R%�@�   5�,�@�4

�;c�� ���? (    �@m24 ���@�� 5�@� -�@G� �Copx �
 5�@� K�� !�"�Covzx  !@=�zwh  t� !@�   �@�,)  $@9�

����� �-�G� K�� � !�G�� � .( �V= '�2@�D ��   5�@�
 ����� 5�� ����4 ������9�4 5�2J ��  -�G� K�� �

��C ���_�   - 2@� �,�2% 5��2� ����� ��4   K�@�, �@�
 �J�% �����9  ��@� �@�    0��;c�@� �@��? 5�,�@�4 �zh 

  K���@/ T@�� �����9 5�� �4�#�  $@���;�    �@�9�C j�@&��
$��[15] .  
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565 C
o  590 C

o  615 C
o  640 C

o  

  ��
9 �S� �����9 � !=��D�SSF  ���2�� �, ���; 5
 5�,�� � ���Cov}h �zpv  -zwh    �@���� �@�;�; ��

 5�,-���MN wx/x �hL/L  -Lp/L �� $>S .  5��@� ���
��2�� 5�� � �4 5�C

o vzv    �� �@=�_ $@���2��   �@/  
  

����� -��� ���\� ������MNxh/L  $� ��  �T@? �4 ��E
 +���0E 5�U% !@�  �@��� .  `(@�)z (   Q��@��k; ��2@��

 5�,-������ ��  '�
� �����9 5�� �� ��!� �,.  
  
  
  
  

  
  
  
  
  

  

  

  پس از اكسترودي شكلدهدر دماهاي مختلف  SSFي ها نمونهتصاوير ظاهري   4لشك

  

 

  

  

  

  

  

  

  

  

  

  

 PSiC/6061AAدر كامپوزيت SSFنمودار كسر جامد آلياژ زمينه بر حسب دماي فرايند  5شكل
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  .PSiC/6061AAدر كامپوزيت SSFنمودار نيروي تغيير شكل  بر حسب دماي فرايند    6شكل

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  PSiC/6061AAبراي كامپوزيت SSFنمودار نيروي تغيير شكل  بر حسب زمان  در فرايند    7شكل

  

   `(�)  (�� a����  5�, $� �� ����� 0� ���E
DRJ� $>S��� -���4� ��P�� �� `F�� Q    �@����9 !@J

SSF �
�!� '  �@, .  !@�G�� K@�� ��    5�@,-0�� ��@
9
 -���4� ��P��  Q�2@# �@�     Q��@4 r@��J 0� ��\�@��

��T9� $8�PLC     '�@�0 �@�*�� - `@\��� �;2�3��4 ��
$�� ��� ��� .�,�'  �2J  �,�
� �4 !@�    ��@� 2@�

!�G�� �-�G� 0� �,z/h �;MN}/x  Q�2@# ��  l�@>��\; 
U% n�>�� �* �� O3�- ��9�� +��T9� ��; - !!�   �@��

 A_2� K�� � �=�_ ���0lR��4   �@/ !@�  2@�.  �@7*�� �  
h �;z/h  �� $7DC      'T@8� �@� �@=�_ t��2@�0� ��@� �V

  '�@��/ '2m 2� ��G= Q�>��G� � !����>� ��P��
 $@�� ��
� n-�� 02�, �=�_ .    �@4 �@%E Q�@sG= � -

C o m p a riso n  o f M ax  F illin g  L o ad  w ith  F o rm in g  T e m p era tu re

3 .3

3.0 3

2 .4 2

3 .2

0

0 .5

1

1 .5

2

2 .5

3

3 .5

5 6 0 5 7 0 5 8 0 59 0 6 0 0 6 1 0 6 2 0 63 0 6 4 0 6 5 0 6 60

F o rm in g  T e m p  (d e g .C )

M
a
x
 F

il
li

n
g

 L
o

a
d

 (
M

N
)

Comparison of Extrusion Characteristics

0

0.5

1

1.5

2

2.5

3

3.5

4

5 7 9 11 13 15 17 19 21

Time (s)

R
a

m
 L

o
a

d
 (

M
N

)

SSF@565

SSF@590

SSF@615

SSF@640

www.SID.ir



Arc
hi

ve
 o

f S
ID

��         $%�� � �2/ 5<�2=��� 0� ��g���... 

 

% &�� 

' 

 �=�_���/�  n-�� Q����2�!� 2�  `@��_ ��*�� K�� 0�� �V= 
2� ��- 50��=��- Q�>��G� � !����>� - $��� �2>_.  

  

! (����� ��"��#� ���� ������   ��SSF  '��,  
�2@@@J  �@@@4lR>@@@_ �@@@� �� ��@@@�� 5�@@@, ���2�@@@�� 

!��023��@@4MMC    62@@78� '2@@�� �4��@@�� :@@�2;
!(���@@@(� �2@@@/ �9;0 ��@@@��4 $@@@�2\SiC  Q��^ -

<��=E6061AA {W�/ � ���    ���@� �@��; ��2@G� �; .
 `�D K��$7D ��       5��@�4� 5�@, �@�c '�@� ��@�(�

 <��=E�2/ �U� �� 2?2� �D��!�  2@�   � �@;9  �@����
j�P
�/ �����9 !�"� 5�"�'�� j�C j�P�, �� ��   �@�2C

 T�; 5�, )- 5��D 5���4� ���2/ 0�(  ��� Z-^ �;-0
    �@7U� K@�� - ��@�E� `(� 5-�4 Q�2# �� Q��^ -

 ���k; $=2�� �D�� 2%`(�  �����9 �SSF!� 2� .
 `(@@�)| ( ��-�@@F;SEM  62@@78� �2@@/ �@@� 62@@���

 $�023��4 !(���(���� ��  '�
� �� !@�  �@, .  ��2@F;
�@@=� ('�T@@�� �@@�4��/C � �� 5�2@@/ 62@@78� Q��^ !

 !����C�T�mµphh  '�
�!� �, . Z ��2@F; (  `(@�
!����C�T� � �� Q��^ 5�,�umµph  '�
�!�   - �@,

� ��2F;( �U� �4 <��=E ����0 i��
� `F9 0� 5��2F;
Q��^ :@@�2; 'ESiC  ��@@� ���@@�2/ '�@@
� �� $@@��

!� �, . '�
� Q��^ 5��C �0���� a����!� �0���� �,   �@,
0�ph !=�mµphh  ��k�� $@�� .    �0��@�� � Q-�@g; K@��

 ��2F; � Q��^)|H�=� (�,�
� `��_�  - �@���;  $@��. 
 0� !I"�'�\\G�  ��� �� '�
��0����    Q��@_ �@� Q��^

 Q��7�D � +�����SSF ����P= �U���!� ��.  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

  

فصل مشترك ) ج شكل ذرات) توزيع ذرات ب) الف PSiC/6061AAمربوط به پودر خام كامپوزيت SEMتصاوير   8شكل 

PSiC/6061AA 
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�4 5�2J ��    Q�@� +��T@9� �D�� Q��^ �0���� +,�4
* ��\��� Q���!�  2@� . �-� K@�� 0�    �0��@�� 5��2@� �

Q��7�D 5��� ����� Q��^SSF     �2@�� !@��� +�@/ ��
���[16].    �2@>_ �@� Q��^ n2�; 2?- �)�* +,-./ �

T�; 5�, ��2C '�� Z-^ ��9���E -   ]T@k= �&����
 ���C�T� 5�, ��4 K�� 5�I9 � �m24 5�, ��4 �D��

`(� ���k; $=2�� �!J Q��7�DSSF!� 2��  @� ��� �
    Q��^ j�@�; �@��2�� Z�V@� 0�9 ���\� �4 !J��SiC ��

����� O�% . ���0'��,  �2J   ��2@F; � �4)|H�- Z (
 ���!�      �U@� j�@�; �@4 ��@��4 $�2\; 0�9 Q��^ 2�

�����2/ �� ����0 Q��^ ���� l�>��\;  �0���� 5���  !��@�(�
   �@�4 O�@% �� �@��E ��, ���2�� Z�V�0�9 �C� - ����,� 

 ����� 5�I9 � Z�V�T��� �4 5  �U@�   ��2@F;)|H 
� ( $@�� 2�
��      0� 5��C2@7? �@D�� - �2@�� ^2@g�
= $�023��4 ���% $�=��� - ]Tk!� 2� . '�@�,   �2@J 

��2�� � �4Covzv     � - Z�V@� 0�@9 2@>�4 �� ���
���&� ����� �/ �� �=�_ $���2�� $�=��� +,�4 .  

   ̀ (@@� � 5�2@@� �2(@@�-�(�� ��-�@@F;)} ( �
 5�, !����C�T�zxv *�  5�����2�� �,   � ��@� �@��; 5

 5�,��v}h  �zpv - Cozwh �� � ��� ��� ��9�C �2G�
 �4Q��^ '�2��SiC ��   2@�� �,�@
� ����0 �.  � @�� K

K�-� rJ��� ��-�F;� ��0� - 5<��=E � rJ�@��  ��(���@;� 
 Q��^SiC !� �����. ��2F;)}H �=� ( {���%��T�� 0� �4

 5�� � ��� � j�9 ���k; ��2��C
ov}h   ��@� ��9�C

   ��@��4 $@�2\;0�9 0� !�2% ����� A�02; �$��SiC  �
 '�
� �� ����0!� �, . {���%��T�� ��� �@�2��  �@,  �@��k; 5

`(�   5�@,�� � ��� �zpv -Co zwh   ��-�@F; �
)}H � - Z ( '�
�!�    '�@� 5� �@�2% '�T�� �4 �,

 ����0 0�9) 0� 5��@D rJ���SiC (     5�@� K�@9� c�@� �@�
�����9SSF$�� ��9�� +��T9� � .  +��T@9� 'E $7D ����

�����9 ��
9 �S� � ��SSF    W-�@�X2(�= :@% 5c�� ��
���� rJ��� K�� �� m�� �4  ��T� ����� ��%� 5�� -

   W-�@�X2(�= :@% �� !@�  ��@��� .  Q��^ +���@?SiC 
 �I� rJ��� K���!� ���0 ����    T@4��; ��@��/ `�D �

�2% � +�;�  5�,  ��@� �@� � !@�     �@&�� �>@� �@��2;
2� i�; �D��� 5��� ����� !U�G�. 

    `(@@� ��2@@F;)ph ( �2(@@�-�(�� :@@�2; �@@4
 5c�� �2)-FEGSEM ���k; ��2�� 0�`(� ��  ���

5�� �Cov}h  ��� ���; $@��  '�@
� � !@�    �@4 �@,
Q��^SiC  5���i�@@; �@@, 5�@@��;�� - T@@�� ���@@�� 5
!� ����� . K�� 2?-i�; �, !�  5�I� ����� `��D ���2;

���� ����0 `%�� i�; ��� 5��� . ���(; +��@�0E  �@, 
 �4 � '�
�i�; �, 5 ��  ��� ��!�  '�2;��  '��0 ����4

 1V* �!(���(� 6R�%���2 . 
 

$ ( ����XRD �����  �%�  �%�����  SSF   .  T�=�@�E
XRD0���2�� �,      �@7�8� :���@� ��@�m �@, �SSF 
5���  �I� 0�9 !����34CAl 0�9 -Si   1��@J� {5<�@�=E
'E$9�C j�&�� � .,'��  �2J  ���\� � �4��-E  �C� ��

�����9 '��0- ��   �@I� 5�,0�9 �&�� :���� ����>���0
 i��@
� `F9 � N29PSiC/6061AA    �@,�2% �@���

�� . `(�)pp ( T�=��E a����XRD     ��@�m �@, 5��@� ��
 ��2����� ��  '�
�!� �, .��-�0 +���0E K�� �   5�@,

Bragg  'E � �4 0�934CAl  5�, N�g;) �@�/  �@, ( �@� 
Q�� 5�,phh �|z  -|L  '�
� 2%0� �#�!� �,�   �@�
��;�;�  5�, ��-�0����� /Lp  �h/vv  -h/wh   K�@�"; �?�

�� .�����/ 0� �-�C K�� ���g�     �@�/ �@� �@�T� !7�% �,
SiC !� � ����� �@4 5�2J ��    0�@9 ��8@
;34CAl  0�
0�9SiC ��2� ����� ��!� ��4 .�&�E 0� !=-   Q�Gg@# �4

34CAl Q��^ 0� �@@;T�� ���@@�� �i��@@
� `@@F9 �SiC 
 0� ���4 1R�%� �� ����,ph %!�    ��P�@��� ���@��E '�2@; 

 ���2@@@@�4��g�Phillips � ��8@@@@
; . !@@@@9�J 0�
 '�
� !&�� N�g; 5�, !�����P�!�  Q�2# � �,

 `�(
;34CAl  !�@����Si    0�@9 1��@J� �  ��@� �@� 
����� +���? .       �@� 62@��� ]�@/ �@� �@�/ �V@=Si  T@��

!� ?- ���2; 0�9 234CAl  ���2J ��    '�@�� ��\�@����Y
����� .Si  ��-�0 �w/x|  �?� �# ���� N�g; �#�

 '�
� 2% 0� ��/ -!� �,.  
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SiC 

 

  

 Co640)ج Co615نمونه ) ب Co590نمونه ) الف. هاي تصاوير ميكروسكوپ نوري در بزرگنمايي  9شكل

  

  

  

  

  

  

  

  

  

  

  

در كامپوزيت FEGSEMوضوح بالاي  الكتروني روبشي ترك خورده توسط ميكروسكوپ SiCريزساختار ذرات   10شكل 

PSiC/6061AA سانتيگراد درجه 590تهيه شده در دماي  

% 

20µµµµ

m 

625

×××× 
&�� 

20µµµµ

m 

625

×××× 

' 20µµµµ625

××××

www.SID.ir



Arc
hi

ve
 o

f S
ID

 87    سيد محمد حسين ميرباقري 

  

  

  

  

  

  

  

  

  

  

  

  

  SSFدر فرايند تهيه شده Co640و615، 590، 565هاي دمادر   PSiC/6061AAكامپوزيت   XRDآناليز   11شكل 

  

 `(�)pp ( ��/ �-�G��s��2�  �, 5��� ��w   �@�2��
  '�@
� �� �)�* ��4 � +���0E �2� !@�  �@, .  �@)�-

   +��@�0E � �@�/ n�g;�� '2� �m24 �4 $��XRD 
 ���\� �� 62���� �4 ����Si !� ����.   

   `(� �)pp (    N�@g; �@�-�0 �@� 62��� ���� :%
Si�@@@I� 0�@@@9 N�@@@g; �@@@� 62@@@��� T@@@��_ :@@@% - 

34CAl!� ���� .'��,  �2J  �s*R� �4!�   2@�  5��@�
��2�� - K���/ 5�� � �4 5�  ���k; �;`(� ��� ��  ���

��/  5�,Si-34CAl      - �@���0 0�@9 i��@
� `@F9 �
� ��,�
� ����4 $�2\;!�  2@� . �;�2@#�   - � �@4

����2 ���k; �;c�� 5�,�� � �4 5� `(�  ��@� ��  �@��� 
 ��-�0 !(�T� �w/w|      ��,�@
� !(m2@4 �@�/ �@?�

!� 2�  . ��2�� �2� �SSF/C660o  ��/  ��@� �@� 
� �   0� !@��� �i��@
� `F9 � +�; T4��; 2?- $7D

���k; Q��7�D  �`(�4!�     ��@� `@\��� $@��� $�� ��
$�� . a���� K����,XRD '�
�!�  @,�   �@4  Z2@��

SiMg2 $�� ��
� �,�u ����0 � .    � 0�@9 K@�� ��@�0

 ��-�0p/wh  �?�phh    0� �@�/ - ��@�� Q�@� �#�
� �,�2% '�
� 2% . � K���������2��  �@,  +,-.@/ 5

�)�*� Z2�� ��2P��,SiMg2   ���@� 2@?- .  K��@�
 !(���(� b�2% ��;�; $� ��� ���E   2@?- 0� !@��

0�9 �&�� - !�8� ��/ ����/SiMg2   !@��� �(7� �2>�
    $@�2\; 0�@9 �i��@
� `F9 Z2% !C��>�m Q��_ 0�

 N29 $�023��4 ����0 �� ����4!� ����.  
  

�'(�� )�(*  
pH �2s�� ��   �@��; $@�023��4 PSiC/6061AA    5�@�

 ���k; ̀ (@�  @G� ��    :@% �@� �@�T� �-  W-��=�@�
  2@� �@,�2% �; ������  @m��   �@4 0�  2@?- �@�   '�@�E

5�,0�934CAl -SiMg2  5��C27?!� �����.  
xH �����9SSF  +,-./* � '�@
� �)�  �@4   5�@,��

�@@�2�� �@@,  � ��@@� �@@��; 5v}h �zph  -zwh  �@@?�
 ��P�����!�     '�@� �@/ �@���2;    5��� �2U@� �@� �@=�_

 ��2�� 1R% �� ����4 K��I; �� c�� $�g�4vzv    �@?�
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-� K�� 0�  �����9 5�� ����4SSF� ���� ���2C  ���� 5�
 0� �@@��? �@@�4 �@@4zh 2@@
� �@@��4 �@@#�.  `@@#� �

  �@��? ��4 �� $>�� �����9 5�� �-�G�  Q�2@# �@� 
����P=!�  ���k; !@�   �@�4 � K@�� 0�-�    5�@� '2�@���>�=�4

2� �,�2% ��2� - W��* ����� �����9. 

LH ���%��T�� !����5     �@�2�� �2@� � �@4 � '�
�
v}h �?� ��P�����    ��@��4 $@�2\; 0�@9 Q��^ A�02; �

  1R@% �� �$�� $%�2�(� - KP�, ����� �@�2��  �@, 5
     �@�2% rJ�@�� ��@����9 5�@� +��T@9� �� �4 �P�  - 5�

 Q��^ 0� 5��DSiC 2?- �� !� ���E. 

wH   a��@@�� !@@����XRD    �2@@� � �@@4 � '�@@
�
��2�� �,  !4��@� ��2P��, �K���/ 5�� � ��� ��=2; 5  

  

�2I* �� �4   5�@,0�934CAl -SiMg2    ��@�4 $@=c
���� 2?- . �2� � !=- @�2���  �@,   � ��@� �@�=2; 5

 5�,��zpv  -zwh �?�  ��P����@�    �@&�� $@7D �@� �
��/   5�@,0�9 �'2�0E K�� � �m24 5�,  ��@� �@�   �@�

2?- ���E ��� � 0�� �4�     K���@/ 5�@� '2@� �@���� ��
 �����9 5���SSF  �)�* $�023��4 �!� ����. 

vH 2/ 5<�2=��� 0� !\�g7; �4 N29 ]-� - �,�7(� !
 ���? 6278�–  $@�� A����      �@7*�� 1V@* $@7D �@�

HIP  �����9 '��0 - �� +,�4 ����, ��!�  !�-� ���2;
 �� $>�� �; 5�F�_�]-� �,   �@�=2; A���@# � a��� 5

$�023��4 5�, MMC���� 
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