
� 48�    � 3�                               ��������	                                Vol.48,   No.3 

2019�      3�                      RARE METAL MATERIALS AND ENGINEERING                    March   2019 

�����2018-03-05 

���	����	
��
�51405358���������������
�U1564202�������
��� !"�
��#$�

%�B17034��&'()*+,-./0123456789:;<�2017002� 


��
�=>?@A@1983 �B@CD@EFG@HIJKL���KM�N@OP HI 430070@QRS027-87856733@E-mail: 

zhilihuhit@163.com 

 

��������	
��
������� 

 

���

1,2

��  �

1,2

���	

1,2

�
  �

3

 

 (1. TU��VWX!"OPY45678@OP HI 430070) 

(2. ��VWX!"OPYZ[���\@OP HI 430070) 

 (3. HI]O�N@OP HI 430212) 

 

�  ��^_[`abcdef 2024g�
hijklmnopqrs@trmnuvwxyz�{|&@}~�7

����/�z�pq�mnbcL�rmn������f�����pq��@mnt������X�@?�

���bc���_����bc ¡��¢ 0.1 mm£@mn?����¤demn¥[@��¦§��x��¨b

c ¡L¦ 0.1 mm£@mn©��¦ª�bcdefl«x�t¬­®¯���X�@mn°±?����bc��

�_���@�bc²Lr®¯f³´�µ¶·¸���f¹º�»¼�½¾Ts¿©��¦�bcdefl«x� 

����g�
hijklmn��������wxyz�½¾ 

�������TG146.21       ������A        �����1002-185X(2019)03-0892-06 

 

��������	
��
�����	



��������������������
   

!

[1,2]

"#$%&�'	
(
)�*+ 10%�,-.

/012 6%~8%�34*+ 13%���
56783

9:.�;<=�"���>?@:AB�C
7DE

FG�HIJKLMINEOPQJKGENRST

UVWXYHZ���[\]^���_`"��a

b���[\^c�defgh�ijklm(FSW)

�no�p�qr[\nos:t)E2.Em\u

vwExyzWt{"|}�~?��� FSW�#$

���������E����E���DE���

�W���K�#$���������7��n�

#$F���@5����� FSW����m�� 

NR¡�V¢E£¤¥W¦§

[3,4]

�p¨¦§����

��NRHZ¤¥©�ª«¬�­�*+�D®�7

L¯°�7"X±�#$��� FSW\²��¤¥«

¬³´�µ?��� FSW¶m·��¸������

¹�ºg~»" 

�¼¤D®n�:½¾®¿µ@©À�#$�

1913��Unger

[5]

Áa�x`G·�:�ÂÃÄV�Å

�D®ÆÇÈÉ"1921��Êd®¿ Griffith

[6]

9Ë�

�7�ÌµÍÎEÏÐWÑ� !©À�¼¤ÈÉ"

1948 ��Irwin

[7]

µ Griffith �ÒÓ©À�ÔÕ�Ö©

�7�×4/Ø7�×4/ÒÓÙ�?�Ú !�Û

Ñ�ÜÝ"2013��Þßà

[8]

#$�á Tvm\\²

� ¤¥�DB�Xâ"ãä%&�åæ�Kç�D

B�Xâ:~"2015 ��èéê

[9]

#$� Ti-6Al-4V

���Åë�¯°¤¥«¬À�"ãä%&�ìíî

ïL¤¥«¬�/E�DB�Xâ=ðñ�òóK~

J"|}�~?¼¤D®n��#$��5ôõEÍ

ÎWÑ� !�¼¤ö¿�EáW�Ú !�ÛÑ�

¼¤"|}��Ú !�Åë�ÜÝ>?K÷øùú

û�ü�ýX#$F�"�¶mþø��: È®¿

µ@©À�#$�2004����G� RaymondW�

[10]

#$���m�þønoµK÷øùãä���"#

$	��þønoµ¶m·
��v���K÷øù

Æ�:½G���"2007����� PandaW�

[11] 

�

\�
�6{����m�[\������m��

�7L���ãä	�øù�ãä��ÛÇ"2003��

��®¿ Fujii

[12]

#$���m\�K�¶m\²�

D®�7L¼���"ãä%&�m\�Kµ¶m\

²�D®�7L¼�����½G"2010���d�

Garware

[13]

W�#$� 5754 ��� FSW \²���

 L� ¯°À��	�¶m\²�2!¯°!"2

?# "2014��Ìd� Jolu

[14]

W�#$����%

�C
$L%&ð'µ 2198 ���¶m\²�� 

L¯°�7���"	�(���C
$�)*��

L%&ð'µ¶m\²D®�7:��"|}�~?



� 3�                                 =>?ÀSg�
hijklmn��bc������                       Á893Á 

��� FSW #$��µ+5m\���KL,-µ

�7����. V¢¦§µ?¶m\²�¤¥«¬

³´/0#$" 

12�Ú(3·©À¤¥«¬ÈÉ��54?O

Å��¯°¤¥«¬ÈÉ�5:67ë��K���"

X±��7�?���Û�r¤¥«¬ÈÉØç12

á¶m·þø8M�>?á�9:¶m·���\²

È� 3 Â;<�7Ù�?���¶m·�����¶

m·2�¶m=NRHZv>�³?�V¢¦§�V

¢¦§µD®�7���AG�X±@AB�þCÆ

Û�D:V¢�¶m\²ø��#$¤¥«¬³´Ø

��ab�E^c�FD:V¢¦§���� FSW¶

m·�#$µ+��µD:V¢�¶m\²©À�Ò

�G
LÈ;4H=��þC�ÆÛ�D:V¢�¶

m\²È;:`Iø��f�JþC:`Iø�#$

�V¢Gwµ?\²K¤¥«¬³´���"­�L

HM"��� FSW¶m·��¸����N�" 

���������	
���

h�9G��DÛ?�OP��¤¥Q�¤¥R

���DB�Xâ"9G��DÛ?�4�ST5

[15]

:

U 1�¤¥V9G!WD�nWX¤ØU 2�(±nW

�!W�DYZ[÷=�¤¥\]«¬"9G��D

¼¤Û?�: 

( )

c o s

2

3 c o s

2 2

r

K

r

θ

σ θ

Ι

= −

                (1) 

( )

c o s

2

1 c o s

2 2

K

r

θ

θ

σ θ

Ι

= +

               (2) 

cos

2

sin

2 2

K

r

θ

θ

τ θ

Ι

=

                    (3) 

�^�E�S_�0�` 

( , )

0

K

σθ

θ

θ

Ι

∂

=

                     ( 4 )

a

¤¥�X¤nWç¤¥��bc�dX¤c θ

0

"� σ

θ

�%Yoe10fg���oe12fOP��` 

sin 0K θ

Ι

=

                            (5)a

o��r�<Whi�θ�chi�K

I

� I���DB

�Xâ"a

(¤¥�jk�=�? θ=0"¤¥�X¤nWç

¤¥��bc� 0"X±�f�ÒÓOP0�(¤¥

�jk�=@�VlmnnWX¤" 

���������

����������

©ÀÛ�r¤¥«¬ÈÉ=�op�#$µ+5

�m�� 1000 mm/min�ij²��Èq� 1400E1500

L 1600 r/min�m\���K�m\� 3� 2024��

�¶m·��±���K�\²¡�V¢¦§�@V

¢�<Èq� 0.5E1.0L 0.4 mm�¶m\²V¢Gw

rs 1 Jt"uvf�OAw������ uvr

s 2 Jt"¯°uxop�uxµ+5V¢��9G

�¶m\²�¯°uvrs 3Jt" 

¯°uxh� INSTRON1341 yz{� !ux

|�̄ °ux}�~��DM� R=0.1��/� 12 Hz�

�DGwÈq� 70 L 60 MPa�#$\²¯°D®�

7"h� Fotric �eI����ux�uv¼¤�ð

7��×4�#$¼¤K�ìí�+" 

�����	
��
 

2.2.1  ����� 

>?¶m\²s:ºg&¹�D®�7���)

{�X±\²:`Iþø=� FSW\²�È�m�;

(WNZ)EI|��;(TMAZ)EI��;(HAZ)F�#

 ;(BM) 4 Â;<������ !Ú�"WNZE

TMAZ L HAZ ���Èq� 8E1 L 3 mm�È;ø

�F�V¢ç� nW���~Jrs 4Jt"�W 

 

 

 

 

 

 

 

 

 

� 1  FSW������ 

Fig.1  FSW hole size: (a) 0.5 mm, (b) 1.0 mm, and (c) 0.4 mm 
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Fig.2  Tensile specimen dimensions 
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Fig.3  Fatigue specimen dimensions 
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Fig.4  Finite element partition model and relationship between 

hole and direction of the drawing 
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Table 1  Mechanical properties of welded joints 

Alloy E/GPa 

σ

s

/MPa σ

b

/MPa v 

WNZ 72.4 108 378 0.33 

TMAZ 72.4 99 359 0.33 

HAZ 72.4 72 293 0.33 

BM 72.4 90 338 0.33 
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� 2  Paris �� 

Table 2  Paris parameters 

Alloy E/GPa 

v 
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Fig.5  Simulation and test force-displacement curves and fracture  

image of the FSW joint 
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Fig.6  Energy-displacement curves of quasi-static numerical  

simulation    
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Fig.7  Relationship of cycle number and fatigue stress of the joints 
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Fig.8  Fatigue crack propagation process 
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Fig.9  Temperature rise of the fatigue test fracture 
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Fig.10  Fatigue numerical simulation of energy curve 
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Crack Propagation Law of Holes in Aluminum Alloy Friction Stir Welding Joint 
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Abstract: Based on the partition modeling of the FSW joint with holes for 2024 aluminum alloy, the influence of the joint hole size on 

crack propagation was studied by experiments and finite element simulation. The results show that the mechanical properties of the joint 

increase with the decrease of the hole size under quasi-static service conditions. When the hole diameter is less than 0.1 mm the mechanical 

properties of the joint are basically the same as those without the defect and the fracture occurs in the heat affected zone. The weld nugget 

zone (WNZ) with hole defect fractures when the diameter of the hole is larger than 0.1 mm. The fatigue properties of the joint increase with 

the decrease of the hole size under the condition of fatigue load, and the sensitivity to the load decreases gradually with the increase of the 

hole size; there will be a temperature rise in the fracture and the fracture always takes place in the WNZ with the hole defect. 

Key words: aluminum alloy FSW joint; crack propagation; partition modeling; temperature rise 
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