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Ú 1  cdefgXmIEhi CNTs/Alj�kl 

�I�ÛÜÚ 

Fig.1  Schematic illustrations of closed-cell CNTs/Al foam 

precursor by multipass friction stir welding process 

P�����+|}ÈÉ~#� CNTs 6r���ª

«���?@+�>���!âpqV[CDJ Al

��+6J Al ��
/�DKL�CD CNTs/Al r

����st=ª
]u=ª-.6�Ò<�   

������	
�

���������	
��
CNTs/Al��������

������ 

b 2c`|æçå$ 800 r/min_�%ÝÞ½¾!

'CD CNTs/Alr���jV�� vòî9�wb

Bx¥y:+ÝÞäæçå$| 800 r/min+!âå$

300 mm/min�_�%!â�+CNTs/Alr���jV

�!z� /]{+|,
ÒD}�~�(����

q����+���©3·¨/�+Ö×!ze¸©

í�/�+gé�/'+:9D}��� 

b 3c`|æçå$ 1000~1300 r/min_�%ÝÞ

½¾!'CD CNTs/Al r���jV�� vòî

9�wbBx¥y:+!âæçå$6CD CNTs/Al

r���jV�� on^"�?@+êÆjV��

 on/��üýî9��ÝÞäæçå$| 1000 

r/min+!âå$ 300 mm/min�_�%!â+�b 3a

c`+CNTs/Alr���jV�� ÙÆ]��×E+

��^'�á������|æçå$ 1000 r/min�+

½¾on���©¨+ê�������Aí�Ùî

>$+�FD}(û
���on� 

b 3b�:}ÝÞäæçå$ 1200 r/min+!âå

$ 300 mm/min GHI_�%!â' CNTs/Al r��

�jV��vòî9�wbBx¥y:+g�ÝÞä

æçå$~�+jV�� :9
Òá��D}+E

F� ~�î;ÙÆá������ÝÞäæçå$

~�+½¾�¦�©¨~�+ADC12�Q,ÝÞä%

åæç�>I+��í�Ùî-��~�+Ö×l� 

 

 

 

 

 

 

 

 

 

Ú 2  ~��� 800 r/minÝÞßcdefgà CNTs/Alj�k

l�I�©pá�Äâ 

Fig.2  Surface morphology of CNTs/Al foam precursor by mul- 

tipass FSW at a rotation speed of 800 r/min 
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Ú 3  1000~1300 r/minÝÞßcdefgà CNTs/Alj�kl�I�©pá�Äâ 

Fig.3  Surface morphologies of CNTs/Al foam precursor by multipass FSW at different rotation speeds: (a) 1000 r/min, (b) 1200 r/min, 

and (c) 1300 r/min 
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Ú 4  1800 r/min ÝÞßcdefgà CNTs/Al j�kl�I

�©pá�Äâ 

Fig.4  Surface morphology of CNTs/Al foam precursor by mul- 

tipass FSW at a rotation speed of 1800 r/min 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ú 5  ÝÞßcdefgà CNTs/Alkl�I�¸¹pÄâ 

Fig.5  Cross section morphologies of CNTs/Al foam precursor by 

multipass FSW at different rotation speeds: (a) 1000 r/min 

and (b) 1200 r/min 
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Ú 6  1000 r/minãcdefg CNTs/Alkl�I�¹p SEMÄâ� EDS�� 

Fig.6  SEM image (a) and EDS maps of the relevant elements in the CNTs/Al precursor foam by multipass FSW at 1000 r/min: 

(b) C, (c) Al, and (d) Ti 

a 

100 µm 

b 

c 

d 



� 8�                              7  8,Vhi CNTs/Alj�klcdefgXm��                          Ô2849Ô 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ú 7  1200 r/minãcdefg CNTs/Alkl�I�¹p SEMÄâ� EDS�� 

Fig.7  SEM image (a) and EDS maps of the relevant elements in the CNTs/Al precursor foam by multipass FSW at 1200 r/min: 

(b) C, (c) Al, and (d) Ti 

 

 

 

 

 

 

 

 

 

 

 

Ú 8  cdefg|^~��� CNTs/Alkl��-®ä�åÊ� 

Fig.8  T-t relationship curves of CNTs/Al foam at different rotation speeds of FSW: (a) 1000 r/min and (b) 1200 r/min 
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Ú 9  · 650 ¼®�k|^®ä CNTs/Alj�kl¸¹p��Äâ 

Fig.9  Cross-section morphologies of CNTs/Al composite foams fabricated at 650 ¼: (a) t=8 min, (b) t=15 min, and (c) t=18 min 
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Ú 10  · 680 ¼®�k|^®ä CNTs/Alj�kl¸¹p��Äâ 

Fig.10  Cross-section morphologies of CNTs/Al composite foams fabricated at 680 ¼: (a) t=8 min, (b) t=15 min, and (c) t=18 min 
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Ú 11  · 700 ¼®�k|^®ä CNTs/Alj�kl¸¹p��Äâ 

Fig.11  Cross-section morphologies of CNTs/Al composite foams fabricated at 700 ¼: (a) t=8 min, (b) t=15 min, and (c) t=18 min 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ú 12  · 680 �®�k 15 minà CNTs/Alj�kl TEMÄâ 

Fig.12  TEM morphologies of CNTs/Al composite foam (a) and 

CNTs in the foam (b) fabricated at 680 ¼ for 15 min 
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Fig.13  Relationship between porosity and foaming time of CNTs/ 

Al composite foam at different foaming temperatures 
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Fig.14  Relationship between average pore diameter and foaming 

time of CNTs/Al composite foam at different foaming 

temperatures 
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Fig.15  Compressive stress-strain curves of the pure Al foam and 

CNTs/Al composite foams with various porosities at 

quasi-static strain rate of 0.01 mm/s 

 

�����Al����	
��CNTs/Al
��������� 

Table 1  Stress values of pure Al foam and CNTs/Al composite 

foams with different porosities 
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Study on Friction Stir Welding Process of Closed-Cell CNTs/Al Composite Foam 
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Abstract: A new preparation process for closed-cell CNTs/Al composite foam based on friction stir welding was proposed. The 

microstructure and elemental composition of the CNTs/Al composite foams with different rotation speeds (1000~1300 r/min) were 

analyzed by scanning electron microscopy (SEM) and energy dispersive analysis (EDS), respectively. The temperature distribution of the 

CNTs/Al precursor foam was studied by infrared thermometer and numerical simulation. The mechanical properties of pure Al foam and 

the CNTs/Al composite foam with different porosities were compared and analyzed by the quasi-static compression test. The results show 

that when the rotation speed of the stirring is 1000 r/min, the surface of the CNTs/Al precursor foam is smooth and dense. Simultaneously, 

a blowing agent TiH

2

, a stabilization agent Al

2

O

3

 and reinforced phase CNTs are uniformly distributed on the cross section of the 

composite foam. The comparison between the foaming temperature of 650, 680 and 700 °C shows that the optimum foaming condition is 

680 °C for 15 min. Then the pore structure is uniform and mainly consists of circular pores, the maximum pore diameter is 0.48 mm and 

the structure of CNTs in the composite foam is relatively complete, which is well combined with the Al matrix. Infrared thermometer and 

numerical simulation temperature field show that the temperature gradually decreases with the increase of the distance to the center of the 

stirring head, and the peak welding temperature is located in the stirring head which exhibits a bowl-shaped distribution. The stress-strain 

curves of the CNTs/Al composite foam show the deformation characteristics combining brittleness and ductility at room temperature. 

When the porosity is 30.5%, the yield stress and platform stress values of the CNTs/Al composite foam are the largest. Compared with that 

of the pure Al foam, the yield stress of the CNTs/Al composite foam is increased by about 2~2.8 times, and the platform stress is increased 

by about 1.4~2.9 times. 

Key words: friction stir welding; CNTs/Al composite foam; microstructures; mechanical properties 
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