
���
Copyright © 2015 JFE Steel Corporation. All Rights Reserved.

Abstract:
High-frequency electric resistance welding (HFW) 

steel pipe is used in high-grade pipelines and energy 
field. To address the significant need for weld seam reli-
ability, we have developed welding technology, high sen-
sitivity ultrasonic inspection technology, and quality 
assessment technology for HFW pipe. HFW phenomena 
were visualised dynamically using a high-speed video 
camera. Furthermore, an HFW numerical analysis 
model was constructed to develop optimization technol-
ogy of HFW conditions and the homogeneous heating 
technology of the weld zone. The Charpy fracture transi-
tion temperature of the weld metal of the developed steel 
pipe was −90°C showing the high absorbed energy 
value at cryogenic temperature. Furthermore, real-time 
continuous detection technology of the oxide of the weld 
zone was developed by a point converging tandem beam 
ultrasonic inspection method. This technology achieved 
high sensitivity 10 times or more than that of the con-
ventional method. It was possible to detect the oxide 
which decreases the toughness of weld metal. It was suc-
cessfully achieved to guarantee the stabilized quality 
covering full length in the weld zone. By the evaluation 
test using a full-body pipe, it became clear that the 
developed steel pipe does not cause the brittle fracture 
at the low temperature environment of −45°C.
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+LJK�IUHTXHQF\� HOHFWULF� UHVLVWDQFH� ZHOGHG� �+):��
VWHHO� SLSHV� KDYH� PDQ\� H[FHOOHQW� SURSHUWLHV�� VXFK� DV� D�
FOHDQ� VNLQ� VXUIDFH� DQG� DFFXUDF\� RI� VKDSH� GLPHQVLRQV��
7KH�PDWHULDO�GHVLJQ��PDQXIDFWXULQJ�SURFHVVHV��DQG�TXDO

�
,Q� RUGHU� WR� LPSURYH� ZHOG� VHDP� WRXJKQHVV�� LQ� WKLV�

UHVHDUFK��WKH�ZHOGLQJ�EHKDYLRU�RI�+):�ZDV�FODULILHG�E\�
GLUHFW� REVHUYDWLRQ� RI� +):� ZHOGLQJ� SKHQRPHQD� DQG�
QXPHULFDO� VLPXODWLRQV�±���� 7KH� PRYHPHQW� EHKDYLRU� RI�
PHWDO�R[LGHV�LQ�WKH�PROWHQ�VWHHO�DQG�WKH�PRUSKRORJ\�RI�
WKH�R[LGHV��ZKLFK�DIIHFW�WKH�PHFKDQLFDO�SURSHUWLHV�RI�WKH�
+):�VHDP��ZHUH�FODULILHG��$V�D�UHVXOW�RI�D�GHYHORSPHQW�
RI� WKH� KRPRJHQHRXV� KHDWLQJ� DQG� PHOWLQJ� WHFKQRORJ\��
HOLPLQDWLRQ� RI� R[LGHV� WKDW� IURP� GXULQJ� +):� ZDV� SUR�
PRWHG�� ZKLFK� PDGH� WKH� &KDUS\� LPSDFW� WRXJKQHVV� OHVV�
WKDQ� í���&� DV� D� GXFWLOH�EULWWOH� WUDQVLWLRQ� WHPSHUD�
WXUH�������

,Q�RUGHU�WR�JXDUDQWHH�WKH�WRXJKQHVV�RI�WKH�+):�VHDP�
RYHU�WKH�HQWLUH�OHQJWK��D�FRQWLQXRXV�UHDO�WLPH�LQVSHFWLRQ�
WHFKQRORJ\�IRU�R[LGHV�WKDW�UHPDLQV�LQ�WKH�ZHOG�VHDP�ZDV�
GHYHORSHG�� 2QOLQH� GHWHFWLRQ� GXULQJ� SURGXFWLRQ� ZDV�
DFKLHYHG�E\�GHYHORSPHQW�RI�DQ�XQSUHFHGHQWHG�XOWUDVRQLF�
IODZ�GHWHFWLRQ�V\VWHP��UHDOL]LQJ�TXDOLW\�LQVSHFWLRQ�RI�WKH�
HQWLUH�OHQJWK�RI�WKH�+):�VHDP��±����

)XUWKHUPRUH�� DQ� HYDOXDWLRQ� WHVW� XVLQJ� D� IXOO�ERG\�
SLSH�FRQILUPHG�WKDW�WKH�GHYHORSHG�SLSH�VHFXUHV�WKH�ORZ�
WHPSHUDWXUH� WRXJKQHVV����� :LWK� WKH� LQQRYDWLRQV� PHQ�
WLRQHG� DERYH��+):�VWHHO� SLSHV� RI� -)(�6WHHO� KDYH� EHHQ�
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High Reliability Technology of the Weld Zone of  
High-Frequency Electric Resistance Welding Linepipes�
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DGRSWHG� LQ� H[WUD�ORZ� WHPSHUDWXUH� HQYLURQPHQWV�� VXEVHD�
SLSHOLQHV��DQG�RWKHU�VHYHU�DSSOLFDWLRQV�

7KLV�SDSHU�SUHVHQWV� DQ�RXWOLQH�RI� WKH�+):� WHFKQRO�
RJ\��D�QRQGHVWUXFWLYH�HYDOXDWLRQ�WHFKQRORJ\��DQG�D�TXDO�
LW\� DVVHVVPHQW� WHFKQRORJ\� IRU� +):� VWHHO� SLSHV�� ZKLFK�
DUH�HOHPHQW�WHFKQRORJLHV�IRU�WKH�GHYHORSHG�SLSH�

��� 'HYHORSPHQW RI +): 7HFKQRORJ\

���� 9LVXDOL]DWLRQ 7HFKQRORJ\ �
IRU +): 3KHQRPHQD

+):� VWHHO� SLSHV� DUH� PDQXIDFWXUHG� E\� UROO� IRUPLQJ��
+RW�UROOHG� VWHHO� VKHHWV� DUH� UROO�IRUPHG� LQWR� D� FLUFXODU�
VKDSH� E\� IRUPLQJ� UROOV�� VXEVHTXHQWO\�� WKH� ERWK� HGJH�
IDFHV�RI�D�KRW�UROOHG� VKHHW�DUH�KHDWHG�XS� WR� WKH�PHOWLQJ�
SRLQW� E\� KLJK�IUHTXHQF\� HOHFWULF� UHVLVWDQFH�� WKHQ� SUHV�
VXUL]HG�DQG�ERQGHG��)LJ� ����

)LUVW�� LQ� RUGHU� WR� YLVXDOL]H� WKH� ZHOGLQJ� SKHQRPHQD�
DQG� FODULI\� WKH� KHDWLQJ� DQG� ZHOGLQJ� EHKDYLRU� RI� +):��
+):�SLSHV�ZHUH�PDQXIDFWXUHG�E\�ODERUDWRU\�SLSH�ZHOG�
LQJ� HTXLSPHQW� ZLWK� KLJK�IUHTXHQF\� LQGXFWLRQ� KHDWLQJ�
VLVWHP�� DQG� WKH� ZHOGLQJ� SKHQRPHQD� ZHUH� REVHUYHG��
3KRWR �� VKRZV� DQ� LPDJH� ZKLFK� ZDV� FDSWXUHG� IURP�
LPPHGLDWHO\�DERYH�E\�D�KLJK�VSHHG�FDPHUD��7KH�FRQYHU�

JHQFH�SRLQW��9��LV�DSSUR[LPDWHO\��� PP�XSVWUHDP�IURP�
WKH� FHQWHU� RI� WKH� VTXHH]H� UROOV�� DQG� WKH� HGJH� IDFHV� DUH�
FRPSOHWHO\� PHOWHG��$W� WKH� GRZQVWUHDP� RI� WKH� ZHOGLQJ�
SRLQW��:���H[FHVV�PROWHQ�VWHHO�URVH�DQG�SLOHG�XS�RQ�WKH�
ZHOG�VHDP�GXH�WR�SUHVVXUL]DWLRQ�E\�WKH�VTXHH]H�UROOV�DQG�
³PROWHQ� VWHHO� SRRO´� ZDV� JHQHUDWHG�� 7KH� PROWHQ� VWHHO�
VROLGLILHG�DERXW��� PP�XSVWUHDP�IURP�WKH�FHQWHU�RI�WKH�
VTXHH]H�UROOV�

9LVXDOL]DWLRQ� RI� +):� SKHQRPHQD� FODULILHG� WKH� IDFW�
WKDW� PHOW� ZHOGLQJ� LV� SHUIRUPHG� DQG� WKH� PROWHQ� VWHHO�
VROLGLILHV� ZKLOH� SUHVVXUL]LQJ� SURFHVV�� %DVHG� RQ� WKLV�
NQRZOHGJH�� DQ� +):� QXPHULFDO� DQDO\VLV� PRGHO� ZDV�
GHYHORSHG�FRQFHUQLQJ�WKH�KHDWLQJ�EHKDYLRU�EHIRUH�WKH�9�
SRLQW�� DQG� WKH� SKHQRPHQRQ� RI� PROWHQ� VWHHO� PRYHPHQW�
XQGHU�SUHVVXUL]DWLRQ�DIWHU�WKH�:�SRLQW�

���� 1XPHULFDO $QDO\VLV 7HFKQLTXH �
IRU +): 3KHQRPHQD

8VLQJ� D� QXPHULFDO� DQDO\VLV� WHFKQLTXH�� D� QXPHULFDO�
DQDO\VLV�PRGHO� RI� WKH�+):�ZHOG� VHDP�ZDV�GHYHORSHG��
DQG� WKH� EHKDYLRU� RI� +):� ZDV� FODULILHG�� +):� SURFHVV�
FDQ� EH� EURDGO\� GLYLGHG� LQWR� KLJK�IUHTXHQF\� LQGXFWLRQ�
UHVLVWDQFH�ZHOGLQJ�DQG�KLJK�IUHTXHQF\�FRQWDFW�UHVLVWDQFH�
ZHOGLQJ
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LQJ�SRLQW� LQWR�D� ODUJH�QXPEHU�RI� WZR�GLPHQVLRQDO�PRG�
HOV��,QLWLDOO\��D�WZR�GLPHQVLRQDO�PRGHO�RI�D�FURVV�VHFWLRQ�
RI� WKH� HOHFWURGH� LV� SURGXFHG�� DQG� HOHFWURPDJQHWLF� DQG�
KHDW�FRQGXFWLRQ�ILQLWH�HOHPHQW�DQDO\VLV��)($V��DUH�H[H�
FXWHG�� 6HFRQG�� DQ� DGGLWLRQDO� WZR�GLPHQVLRQDO� PRGHO� LV�
SURGXFHG�DQG�VLPLODU�HOHFWURPDJQHWLF�DQG�KHDW�FRQGXF�
WLYH�)($V�DUH�H[HFXWHG��7KH�WHPSHUDWXUH�GLVWULEXWLRQ�DW�
HDFK�SRVLWLRQ�MXVW�EHIRUH�WKH�ZHOGLQJ�SRLQW�LV�FDOFXODWHG�
E\� UHSHDWLQJ� WKLV� SURFHVV��$W� WKH� ZHOGLQJ� SRLQW�� HODVWLF�
SODVWLF�)($�VWDUWV��7KH�PHVK�RI�ERWK�SLSHV�LV�WUDQVIHUUHG�
KRUL]RQWDOO\� ZKLOH� NHHSLQJ� WKH� WHPSHUDWXUH� GLVWULEXWLRQ�
DW� WKH� ZHOGLQJ� SRLQW�� DQG� WKH� GHIRUPDWLRQ� EHKDYLRU� RI�
WKH�ZHOGLQJ�SRUWLRQ�LV�DQDO\]HG�

,Q� WKH� DQDO\VLV�� DQ� HODVWLF� SODVWLF� VWUXFWXUDO� DQDO\VLV�
PHWKRG�E\�WKH�WUDQVLHQW�UHVSRQVH�DQDO\VLV�ZDV�XVHG��$Q�
+):� VLPXODWLRQ� V\VWHP� FRPELQLQJ� HOHFWURPDJQHWLF��
KHDW� FRQGXFWLYH�� DQG� HODVWLF� SODVWLF� )($� PHWKRGV� ZDV�
GHYHORSHG�� DQG� WKH� GHIRUPDWLRQ� EHKDYLRU� RI� WKH� +):�
VHDP� ZDV� FODULILHG�� 7KH� UHODWLYH� SHUPHDELOLW\�� VSHFLILF�
KHDW�� HOHFWULF� UHVLVWDQFH�� HQWKDOS\�� WKHUPDO�FRQGXFWLYLW\��
VWUHVV��DQG�WKH�<RXQJ¶V�PRGXOXV�RI�WKH�SLSH�DUH�XVHG�DV�D�
IXQFWLRQ�RI�WHPSHUDWXUH�

7KH� HIIHFWV� RI� WKH� IRUPLQJ� FRQGLWLRQV� DQG� ZHOGLQJ�
FRQGLWLRQV� RQ� +):� SKHQRPHQD� ZHUH� LQYHVWLJDWHG� E\�
XVLQJ� WKLV�DQDO\VLV�PHWKRG��$V�H[DPSOHV��)LJV� �� DQG���
VKRZ�WKH�HIIHFW�RI�ZHOGLQJ�VSHHG�RQ�WKH�HTXLYDOHQW�SODV�
WLF� VWUDLQ� GLVWULEXWLRQ� FRQWRXU� PDSV� DQG� VWUHVV� GLVWULEX�
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���� 6\VWHPL]DWLRQ IRU 2QOLQH $SSOLFDWLRQ DQG 
([DPSOH RI )XOO�/HQJWK (YDOXDWLRQ

$V�DQ�HTXLSPHQW�FRQILJXUDWLRQ� IRU�FRQWLQXRXV�VFDQ�
QLQJ� RI� +):� VWHHO� SLSHV� LQ� WKH� SURGXFWLRQ� SURFHVV�� D�
SUHFLVH� VHDP� WUDFNLQJ� WHFKQRORJ\� ZDV� GHYHORSHG� WR�
HQDEOH�WKH�SUREHV�WR�WUDFN�WKH�ZHOG�VHDP�SRVLWLRQ��ZKLFK�
YDULHV� LQ� WKH� FLUFXPIHUHQWLDO� GLUHFWLRQ� GXULQJ� SLSH� SUR�
GXFWLRQ��7KH�ZHOG� VHDP�SRVLWLRQ� LV�PHDVXUHG� EDVHG� RQ�
WKH�WHPSHUDWXUH�GLVWULEXWLRQ�E\�WKH�VHDP�WUDFNLQJ�V\VWHP�
XVLQJ� WKHUPDO� LPDJHV�� DQG� WKH� VHDP� WUDFNLQJ� V\VWHP�
DOLJQV�WKH�SRVLWLRQ�RI�WKH�DUUD\�SUREHV�WR�WUDFN�WKH�VHDP��
WKHUHE\� DFKLHYLQJ� VWDEOH� RQOLQH� GHWHFWLRQ�� )LJXUH ���
VKRZV� DQ� H[DPSOH� RI� GHWHFWLRQ� ZKHQ� WKH� PHFKDQLFDO�
SURSHUWLHV�RI�WKH�ZHOG�]RQH�ZHUH�GHJUDGHG�LQWHQWLRQDOO\�
E\�GHFUHDVLQJ� WKH�ZHOGLQJ�KHDW� LQSXW� WR� ORZHU� WKDQ� WKH�
RSWLPXP� YDOXH�� 7KH� UHVXOWV� GHPRQVWUDWH� WKDW� WKH� H[LV�
WHQFH�RI�GLVWULEXWHG�PLFURVFRSLF�R[LGHV�FDQ�EH�GHWHFWHG�
ZLWK�KLJK�UHOLDELOLW\�

$V�GHVFULEHG�DERYH��LW�KDV�EHFRPH�SRVVLEOH�WR�GHWHFW�
DQG� GLVSOD\� WKH� GLVWULEXWLRQ� RI� R[LGHV� LQ� UHDO� WLPH� E\�
FRPSOHWH�GHWHFWLRQ�WKURXJK�WKH�WKLFNQHVV�DQG�LQ�WKH�ORQ�
JLWXGLQDO� GLUHFWLRQ�E\� D�QRQGHVWUXFWLYH� LQVSHFWLRQ� WHFK�
QRORJ\�� UHDOL]LQJ� HQWLUH�OHQJWK� TXDOLW\� DVVXUDQFH� RI� WKH�
ZHOG�VHDP�

ORZ�WHPSHUDWXUH�WRXJKQHVV�PXVW�EH�GHWHFWHG��7KHUHIRUH��
VDPSOHV�VOLFHG�IURP�WKH�ZHOG�VHDP�ZHUH�LQYHVWLJDWHG�E\�
XVLQJ� D� KLJK� VHQVLWLYLW\� XOWUDVRQLF� &�VFDQ� WHVW� ZLWK� D�
IRFXVHG� SUREH�� 7KH� UHVXOWV� UHYHDOHG� WKDW� PLFURVFRSLF�
R[LGHV�ZLWK�D�VL]H�RI�VHYHUDO�μP�H[LVW�LQ�D�VFDWWHUHG�GLV�
WULEXWLRQ�LQ�WKH�+):�VHDP��DQG�DUHDV�ZLWK�D�KLJK�LQFOX�
VLRQ�GHQVLW\�LQIOXHQFH�ORZ�WHPSHUDWXUH�WRXJKQHVV�

)XUWKHUPRUH�� DEVRUEHG� HQHUJ\� LQ� WKH�&KDUS\� LPSDFW�
WHVW�ZDV�FRPSDUHG�ZLWK�YDULRXV�KLJK�VHQVLWLYLW\�&�VFDQ�
HYDOXDWLRQ� UDQJHV�� )LJXUH ��� VKRZV� WKH� FRUUHODWLRQ�
EHWZHHQ�WKH�XOWUDVRQLF�HFKR�OHYHOV�DQG�DEVRUEHG�HQHUJ\�
ZLWK� YDULRXV� XOWUDVRQLF� HYDOXDWLRQ� UDQJHV�� $EVRUEHG�
HQHUJ\�LQ� WKH�&KDUS\�LPSDFW� WHVW�FRXOG�EH�HYDOXDWHG�E\�
WKH�XOWUDVRQLF�HFKR�DPSOLWXGH�ZLWK�WKH�RSWLPL]HG�KLJKHVW�
VHQVLWLYLW\� IRFXVHG�EHDP�VL]H��ZKLFK�ZDV�DERXW�� PP���
,Q�RWKHU�ZRUGV��WKH�GLVWULEXWLRQ�RI�WKH�PLFURVFRSLF�R[LGH�
LQFOXVLRQV� WKDW� DIIHFW� ORZ� WHPSHUDWXUH� WRXJKQHVV� ZDV�
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ILFLDO� GHIHFW� LQ� WKH� +):� VHDP�� 7KH� UHVXOWV� VKRZHG�
WKDW� WKH� IUDFWXUH� SUHVVXUH� RI� WKH� GHYHORSHG� SLSH� LV�
VXIILFLHQWO\� KLJKHU� WKDQ� WKH� YDOXH� SUHGLFWHG� E\� WKH�
%DWWHOOH�SUHGLFWLRQ�IRUPXOD�
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