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 1  5A06!"�#$%� 

Table 1  Chemical composition of 5A06 aluminum alloy (ω/%) 

 

 

 

 

 

 

 

 

 

 

 

 

¨ 1  GH©b�mª«¬­¨ 

Fig.1  Schematic of sample directions and selected points 
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� 5A06����Âµ�% 

*�µ� 2N} 100 mmOPQ���,*+ð

£ 60 mm×50 mmµ����&��QR���ï�
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¨ 2  75®,¯°¨ 

Fig.2  Geometric figure of diffraction principle  
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�¶%®�'�� HUBER ��,����®���

6!m��' 4~15 keV�4�FG@H×VA�2 mm×    

1 mm�����'¾�+| ψ

0

~N 0°~120°%tul

|Rß���
�2�u����,WfN&£�s

����&|��!m' 7.0 keV�λ=0.177 nm�j±

���)' 92º%��}�'¾�+|~N,$���

��D¢&£ Al@311AD¢���±�|¤ 9 ;Ý

�����,' 5°�10°�15°�20°�25°�30°�35°�

40°�45°@j��'Ý� X�­Rµ�¡¢��A%O

P�Qlm±�|��®�¹��§S' 0.02°� l

�,¡�±9' 2 s% 

1.4  ���� 

×��Úµ�¢'EFG­�����µ�ð£

}�'=����@TDA}�����£,�Úµ�

¤S�' 60 mm�Ò�' 10 mm%'¤Q�d¥,i

45���bµ�¦��' 3 Ð���d�� 3 §�
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4ª«d���i4(L�i4�i4ò&�¬­®

i4ò�nf¯&� W1.5 ,°±i4fÃ�²µ�

¡¢4³�´µ±¶·i4%b�´µµ�L����

��¸=� ¡ 2×!%  

��}~'2¬[NL�¹º���±9'

20~30 s�°d��sm»o¼½¡¢O¾,sn�g

�pqî¿¡¢�VÀµ�¡¢O¾,ÁÂ�Z�Ã

Ä(åæÃlµ�¡¢�"#µ�ÅaK% 

1.5  ���� 

���,��lµ��Æê~¼,ÅÇ��}

~�®�'È�lµlm®��:��IN,�É'

401MVD ¶¥¥>ÅÇ��þ�bµ�i4��Úç

��£.�,ÊË�%���ÂÌ�Í�'¤êµ»

Î�HWWX&' 200 g�HW±9' 15 s�êµ'Ï

ÐÑÒ<%¥>��lm}�'=����@TDA}

�����¼-&'ÓR�$��(�ÓR�$ ±   

45 mm&'lm(��Blµ*+ROP�Qlµ*
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� 5���Ölm�°d£<¢Ö% 
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� 2  ������ 

Table 2  Etchant composition 

Composition HF HCL HNO

3

 Distilled water 

Volume/mL 1.5 2 1.5 95 

Z� Zeiss Auriga ×Ø�½ÙÚH���ÛÙE

Ü@FIBA¼,ÝÕ�E½£�=Þß
@EBSDAp

µ�¡¢²l9'L���%&£,*+'��9

@weld zone, WZA�6789@heat affected zone, 

HAZA��Â9@base metal zone, BMZA3;9',l

µ$%bÂÃL����µ�sÔ' 10 mm¨10 mm

¨2.5 mm�tu�Úç��£.�L�f��()i

4�Ehi4�����,
��à��� EBSD }

~lµ�à,DEsÔ5£��úp� �Â,¡¢

,�@áâL�«l% 

2  ����� 

2.1   !��"# 

p����Bã�ÂÃ,>�ç� D 3 ×!�

B¼D 3a ¼ó¥��ä���9 WZ 56789

HAZ¼9²2�W�å,9'�j9'/æ'3�9

@fusion zone, FZA�ç/'3�­�Ò�)' 400 µmè

D 3b'6789 HAZ5�Â9 BMZ���ä�2(

����é�Á�� 6,78�Ô��;9',�

òT:J�b»Î% 

2.2  ��$%&'� 

2L� EBSD
�±�Z�®�p�àL�¤�

���� D 4 ×!,>�ç�D%êD¼���£

�� �Âñ��9�67895�Â9,DEáâ% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¨ 3  Cem±²³k¥K_[YZ 

Fig.3  Microstructure of weld zone (a) and base metal zone (b) 
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¨ 4  CDtk_[YZ�µ 

Fig.4  Microstructure of welded plate: (a) weld zone, (b) heat affected zone, and (c) base metal zone 
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DEE�Ú»ïs�ðCÁ�� � ¼� 6,&

��DEHI¤SsèD 4bë�6789@HAZA�B

DE�Ô�E��ò' 2~15 µm�ðCÁ�âñ¤� 

6òU�HI¤¹Çg?D�ijDEóÔ% 

pÛD 4a 5 4b ��ä�DEFGÚ»�s�?

�D 3a¼�9'¼9��W»Î�å,3�­�Ù�

p��9�6789��Â9,*+�£��� VPPA

� ,6789Ò��ÚÛBô� }~�å�6õ

üö¼�6Ü÷��
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ø�J�óS�}§ã'DE²21ùÉ£�% 

&£��9@WZA�6789@HAZA��Â9@BMZA

lµ$úD,(111)D¢L��@���ÁD 5,úD�

�äü���9@WZA�6789@HAZA²2�|,

�@�ä�@�ò�'û(��Â9@BMZAü²2ó

¥,ýþ��#¯,ý����@?@% 

2.3  ����"# 

2µ�¡¢�ï�@TDA}�lm��¥>��

�ò D 6×!%���­I�ñ¥�ü V<���

ê���­à|�;9'���9@WZA���³�

6789@HAZA��Ö��ñ���Â9@BMZA

��Ö	>
³Y�|% 

lm����Ï¼-,��Ö' 853 MPa���

Ö2(���Ï¼- 2.5 mm����³Ö 820 MPa�

ðCi'��¥>��R MgUmJK�v�û1 Mg

Um,ñ�B¥>��çñ���iCÁ� Mg �


2��¼�í.�K&��2� ¥9�<=,3�

¼ Mg �
²2�| �,��´�¤¥>��,N
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�� ��-�¥>��
³�ó¥
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¨ 5  CDtkuJ¶·=¨ 

Fig.5  Pole figure of welded plate: (a) weld zone, (b) heat 

affected zone, and (c) base metal zone 
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2.4.1  ������ 

b�;Ý���lm��,���L������
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7×!%ÁD 7��ä��=����@TDA}�ñ�

(���¼- 10 mm�lm$,����� Gauss�

<��L���Ò~|�±��*��º»�Ô���

���������<�'���RØÙ X �­��

,����<ÚÛ��ÎHÉ�,� Û% 

2.4.2  ����	��
� 

b�� LD5 TD}��;lµ$, 2θÖþ��

� sin

2

ψ�Z� Origin b 2θ R sin

2

ψ ,vßL��� 

 

 

 

 

 

 

 

 

 

 

 

¨ 6  ^_`aST¨ 

Fig.6  Microhardness distribution 

 

 

 

 

 

 

 

 

 

 

 

¨ 7  ¸¹ºF¨ 

Fig.7  Fitting figure of the peak value 

­���%�Â9�6789, 2θ-sin

2

ψ vß�­

 D 8 5D 9 ×!%êD¼��äü��Â9��

$ü�!"�#%?� EBSD 
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�%Êc��plm?e,78b¥¦%��9
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�l� 5A06���¡¢OP�Q�ï�@TDA

5?�@LDAOP�Q�ò D 10×!�2;}��

��&OP�Q.�p/�ò�2¼-Ð*;''

“M”<%TD}���s��Qü�2(���¼-$

8 mm,6789�sÔ' 75.79 MPa�2��9@WZA

ü�¤sÔ' 159.34 MPa,�sê�Q%�·%Ê�

�äü���9@WZAª,ï�OP�QCê�Q�

Á��9@WZA�6789@HAZA�(,9'ª�

OP�QÀ�Áê�Q�('��Q�ú���sÖ�

jdÀ§N
ú2(�� 22 mm��)% 

Á�ÂÃ2� ©*�V�QXF�²2OP�

�Q�´�OP�Q`+À§ñ���,���|Æ
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¨ 8  TD9G«K�»6>ºF 

Fig.8  Plots of point linear fitting across the weld (TD): (a) base 

metal zone and (b) heat affected zone  
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¨ 9  LD9G«K�»6>ºF 

Fig.9  Plots of point linear fitting along the weld (LD): (a) base 

metal zone and (b) heat affected zone  

 

 

 

 

 

 

 

 

 

 

 

¨ 10  LMNOST 

Fig.10  Residual stress distribution 
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2.6  ������ 
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¨ 11  X56759QLMNO�^_`a¼6ST 

Fig.11  Residual stress and microhardness curve distribution    

        measured by synchronous radiation X-ray diffraction 
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56789@HAZA´�¤Û��Q�ò,<=% 

2ï�@TDA15~40 mm�OP�Q,JKCi

'�Â9@BMZA��M²2OP��Q%��±N

I,OP�QÆÇR��� ¼�d��,ê;m

�v%?�d��ê;mËs±�<�J<9b� 

ÌÍ�ÂªÐ�j±¡JR@JÂÃ�HI<�A

ø�¡JÁ���R�Bæ9, CDQ,&�Aø

m�Ô�@JÂÃ<�Aøm�s�
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Fig.12  Residual stress and microhardness curve distribution 

measured by normal X-ray diffraction  
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Fig.13  Residual stress error curves measured by of normal X-ray  

diffraction 

 

3  �  � 

1) VPPA � 5A06 ���OP�QÚ��#¯

�,Û�NO�Û�NOC2� � ¼�ÂÃâñ

6òU´�,�Q=>5�ë,)Ù&�P¾&�N

NI,% 

2) � �Á�� 6NIOP�Q�2 TD}�

ñü�¤sÔ' 75.79 MPa ,�s��Q5    

159.34 MPa,�sê�Q�2 LD}�ñü�¤sÔ

' 132.33 MPa,�sOP��Q5 89.38 MPa,�s

OPê�Q��Ö�Q¢QR� 5A06���Sx���

�?�ç�DEsÔ5�ò��ä���9@WZA5

678@HAZA9Ò��å�VPPA� ��,"#¤

� p�Â,78�'
y��ûTµ��^5È·% 

3) ¾§¿� X �­��ö÷lmOP�Q�B�

G��Ý�Þ�s���lmÔ"É$���,���

�<É��¾ØÙ X�­��lmOP�QÚÛ¶·Î

�|���,OP�Q�ò%ÊR¥>���ò%ÊÎ

J��lm?e���C��lmOP�Q,��/0% 

 

����    References  

[1] Laamouri Adnen, Sidhom Habib, Braham Chedly. Interna- 

tional Journal of Fatigue[J], 2013, 48(2): 109 

[2] Han Liang(� Á), Zhang Hui(Â Ã), Zhang Wangfeng(ÂÄ

¹) et al. Rare Metal Materials and Engineering(£#
¤k

¥�¦§)[J], 2017, 46(1): 221 

[3] Ghosh Swati. Materials & Design[J], 2011, 32(7): 3823 

[4] Clifford S, Jansson N, Yu W. Composites Part A[J], 2006, 

37(4): 538 

-60 -40 -20 0 20 40 60

-120

-60

0

60

120

�

S
t
r
e
s
s
/
M
P
a

Position on  the Weld/mm

Longitudina l stress

Transverse str ess

Hardness

80

90

100

110

120

130

 
H
a
r
d
n
e
s
s
,
 
H
V
/
�

1
0
 
M
P
a

-60 -40 -20 0 20 40 60

-180

-120

-60

0

60

120

�

�

S
t
r
e
s
s
/
M
P
a

Position of  the Test Point/mm

 Transverse stress

 Longgitudinal stre ss



¢212¢                                          £#
¤k¥�¦§                                            � 48� 

 

[5] Guo Junkang(ÅÆÇ), Wu Yunxin(ÈÉÊ), Hu Yonghui(ËÌ

Í). Light Alloy Fabrication Technology(ÎF
�¦�8) 

[J], 2010, 38(4): 31 

[6] Ma Changxun(ÏÐÑ), Wu Yunxin(ÈÉÊ), Guo Junkang(ÅÆ

Ç). Hot Working Technology(g�¦¦Ò)[J], 2010, 39(24): 5 

[7] Chen Yuan(ÓÔÕ), Zhou Shangqi(²�Ö), Han Xianbing(�

×Ø). Journal of Chongqing University(ÙÚ���Û)[J], 

2002, 25(1): 40 

[8] Guo Fei(Å Ü), An Ning(Õ Ý),Wu Siyu(ÈÞß) et al. 

Nondestructive Testing(àáâ9)[J], 2017, 39(7): 65 

[9] Sun Guangai(ãäå), Chen Bo(Ó æ). Nuclear Techniques 

(ç�8)[J], 2007, 30(4): 286 

[10] Wang Dewu(èéê), Liu Jianfei(ëìí). Chinese Physics 

C('�+, C)[J], 1995(5): 473  

[11] Ganguly S, Stelmukh V, Edwards L. Materials Science & 

Engineering A[J], 2008, 491(1–2): 248 

[12] Ganguly S, Fitzpatrick M E, Edwards L. Metallurgical & 

Materials Transactions A[J], 2006, 37(2): 411 

[13] Owen, R.A, Preston. Materials Science & Engineering A[J], 

2003, 346(1): 159 

[14] Webster P J, Hughes D J, Kang W P et al. Journal of Strain 

Analysis for Engineering Design[J], 2001, 36(1): 61 

[15] Okoro C, Levine L E, Xu R. IEEE Transactions on Electron 

Devices[J], 2014, 61(7): 2473 

[16] Song Sheng(î �), Cui Yingxin(ïðñ), Yang Kun(ò ó) 

et al. Journal of Synthetic Crystals(ô¦uõ�Û)[J], 2013, 

42(12): 2515 

[17] Zhang Jin(Â ö), Li Feng(÷ ¹), Zheng Lin(ø �) et al. 

Journal of Mechanical Engineering(pù¦§�Û)[J], 2013, 

49(2): 28 

[18]. Non-Destructive Testing-Test Method for Residual Stress 

Analysis by X-ray Diffraction( ú û N O 9 G ü ý ) 

EN15305-2008[S]. 2008: 4 

[19] Zhang Jianqiang(Âìþ), Zhang Guodong(Â��), Zhao Haiyan 

(���) et al. Transactions of the China Welding Institution 

(CD�Û)[J], 2007, 28(6): 5 

[20] Wang Xingjun(���), Huang Wenrong(�	
), Wei Qilong 

(��
) et al. New Technology & New Process (Ê�8Ê

¦Ò) [J], 2006(10): 42 

[21] Li Huitong(÷��). Metallograph of  Metallic Materials(


¤k¥
X¨�)[M]. Beijing: China Machine Press, 2006 

[22] Fang Bowu(b�ê). The Residual Stress of Metal in Hot and 

Cold Processing(
¤�g�¦KLMNO )[M]. Beijing: 

Higher Education Press, 1991 

 

Research on Measurement of Residual Stress of Welded 5A06 Aluminum Alloy Based on 

Synchrotron Radiation Diffraction Technology 

 

Han Yuelin

1

, Qi Junfeng

2

, Cai Quan

3

, Yang Guanghui

1

, Yang Bin

1 

(1. University of Science & Technology Beijing, Beijing 100083, China) 

(2. Beijing Satellite Manufactory Company Limited, Beijing 100080, China) 

(3. Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China) 

 

Abstract: The residual stress on surface of variable polarity plasma arc (VPPA) welded 5A06 aluminium alloy sample was measured by 

synchrotron radiation X-ray diffraction, and the distribution of residual stress on the surface of the sample was obtained. The generation and 

evolution mechanisms of weld zone, heat affected zone and base metal area were analyzed in combination with metallurgical 

structure observation, EBSD and microhardness tester. The results indicate that the weld zone of VPPA welded 5A06 plate shows coarse grains,  

while the grains in the heat affected zone are small; the residual stress presents an "M" shape: the weld zone is compressive stress, and the heat 

affected zone is tensile stress. There is a maximum tensile stress of 75.79 MPa and a maximum compressive stress of 159.34 MPa in the 

direction vertical weld (TD) and a maximum tensile stress of 132.33 MPa and a maximum compressive stress of 89.38 MPa in the direction 

parallel to the weld (LD). Compared with the trend of the residual stress measured by traditional X-ray instrument, the distribution trend of the 

residual stress of the synchrotron radiation diffraction measurement is more consistent with the variation trend of the microhardness of the 

sample in different welding areas. The experimental results show that the synchrotron radiation X-ray diffraction measurement has better 

consistency in residual stress data than the traditional X-ray instrument. 
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