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²}ĊŁí¤ıœŒ¶pŃƉķłĉ½��ħŏŅ»JŁoĳļ�ĢĽģőƉķłĹŌŁ

ÊĢł²}�¦ĩ��ıœļĤŒƊ�ĽōƉ²}ĎYĊłÜ�ÕmÚ0ŃƉ²}ĎYÛ

ßĩmÚŁŀŒįľŁŏŒ7Ê¶pł�@-�ĨŐƉįœŊĽŁNĬ�ïıœļĤŒƊ�ÅË

ĽŃƉŸũŬƃŘŽ TIG ²}Ŗ½ĤĹ²}ĎYÛß�@łĹŌł�ĹŀmÚ0uêŖ��

ĴŒƊ 

²}ĎYÛßł DºøŃƉ²}�[ħŏŅĉ½ÓtŁoĳĹ®_Z Ł�QĴŒƊ

ķłĹŌƉ DÛßŃ�äÀŁ¡�ÛßĨŐśŴŧŞŢżƀsđĲĹ�·�ľŀőƉķłO

Ċ"Ń¡�ĎYÛßŁ¢ĲļÖO0ĴŒįľĨŐƉ��À¶pł,0ĩ¼ĳŒƊķłWÒľ

ĲļƉOĪĬ"ĭļ 2 Ļł´ŁħĤļ�ïıœļĤŒƊ�ĻŃƉ²}ĎYĊŁmÚ0�ÙŖ

«+ĴŒ0RÛsĨŐł�ïƉōĥ��ŃƉ²}µ±ł�.Ŏ²è¥ł�wŀĿŁŏŒ²

}�[¦ĨŐł�ïĽģŒƊįœŐł�ïŖmÚ0�¦ħŏŅ��İľŁŊľŌļ Table 1.1

ŁÈĴƊįœŐł�ĽNĬ�ïıœļĤŒłŃƉmÚ0�Ùł«+ĽģŒ 1-17)Ɗ²}ĊŁm

Ú0�ÙŖ«+ĴŒįľĽ²}ĎY�ł�¼sšŘŬŖK+ıĶŒįľĩĽĪƉ²}ĎYĊ

łÑþ�¼sĩU�ŁŀŒƊŗƀŹůřź8ĎĽŃ Ti, Zr, B1-6)ƉŵŚſŘŬ×ŤŪƄƁŤĐĽ

Ń Ti, AlƉCu7-16)ŀĿŖ²}ĎY�Ł«+ĴŒįľĽmÚÑþ�0ĴŒįľĩH;ıœļĤ

ŒƊįłŏĥŀ²}ĎYłÑþ�0ŁŏőƉ²}ĎYĊłd_Ɖ`pƉępÑł��À¶p

ĩ:�ĴŒįľōÄŐœļĤŒ 4,5,14-16,33-35)ƊıŐŁƉŗƀŹůřź8ĎĽŃƉįłÑþ�0Łŏ

ő²}ĎYł DćÉĽ¼ĳŒ D)œq5pĩ
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®)œ¿¼ĩēSıœŒ 36)ŀĿłH;�ĩģŒƊįłŏĥŁ²}ĎYĊł0RÛsł�ï

ĨŐ7Ê¶pŖ�@ĽĪŒįľĩH;ıœļĤŒĩƉ�ĊĽŃmÚ0�Ùłć(«+ŁŏŒ

��À¶pł,0ōŋŐœ 7)Ɖķłĉ½ŁŃ1"ŀ�ïĩníĽģŔĥƊ 

²}�[¦ĨŐł�ïľĲļŃƉ²}�µ±ĽģŒŗƆşł�.ƉŲƀŤŗƆşƉÇ£�

włĉ½ŀĿĩ�ïıœļħőƉįœŐ�¦ŁŏŒmÚ0-�ľķł¶pŁĻĤļƉ
�ł

ĜŁðĴƊ 
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Table 1.1 Literature reviews for grain refinement of weld metal. 
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1.1. ²}ĎYłÑþ�¼s��  

S. Kou ŃƉŗƆş�.Ŗĉ½ĲĹ TIG ²}Ŗ½ĤĹ Al 8Ďł²}ŁħĤļƉŗƀŹůř

ź8Ď²}ĊŁesıœĹÑþ�ł¼s��ľĲļ 3 ĻňĿx�ĲļĤŒ 37)ƊķłŻŝůť

źŖ�aÀŁ Fig. 1.1 ŁÈĴƊCŃƉ²}Ċ<ÿŖ�aÀŁÈĲĹōłĽģŒƊS. Kou ŐŁ

ŏŒľ²}ĎY�ł�ł¼sŃƉƇiƈ ²è¥<ÿł²èJ¾Ā�ŁħĭŒª0Łŏő¡�

ĨŐĕãĲĹÜ�ÕƉƇiiƈ ²è¥i�ł D�ł�·�łūƄŭſŘŬ�Ïł'ĕƉķĲļ

Ƈiiiƈ  �Eú�¼sŁŏŒľıœŒƊ�Eú�¼sŁĒĲļŃƉ²è¥�Ľł D�ł®

_/ċľ DĄ_Ł�QĴŒĩƉ�āĲĹª0ŁŏŒ¡�Ü�ÕłĕãħŏŅūƄŭſŘŬ

�Ïł'ĕł 2 ´ŁĒĲļŃƉ²è¥�łªł�ŐīħŏŅW©ŁŏőbĪûįıœŒľ~

VıœļĤŒƊ 

 

 

 

 

Fig. 1.1 Schematic illustration of nucleation mechanism of weld metal37). 
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1.2. ²}ĎYÛßłmÚ0ņł²}�[¦ĨŐł4őÛŋ 

²}ĎYÛßłmÚ0ņł²}�[¦ĨŐł�ïŃŗƆş�. 29, 30)ƉŲƀŤŗƆş 25-

28)ƉÇ£�w�½ TIG ²} 18-24)ħŏŅüĚ§z. 31,32)ŀĿĩyĮŐœŒƊįœŐł�¦Ł

ħĤļŃƉTIG ²}ŀĿł²}ìàľŃ$ŁƉ²}µ±�.ƉÇ£�wƉüĚ§z.łĹ

ŌłMĊùåìàĩníľŀŒƊįœŐ²}¦ŁħĤļƉģŒĉ�ÔBĽŃ²}ĎYÛß

ĩÑþ�0ĴŒįľĩŕĨĺļħőƉ²}ĎYĩÑþ�0ĴŒįľĽ7Ê¶pĩ:�ĴŒį

ľĩÄŐœļĤŒƊķłÑþ�0ĲĹ²}ĎYÛßłÕgŃƉŗƀŹůřź8ĎĽØ 30 µmƉ

SUS310S ĽØ 100 µmƉSUS444 ĽØ 200 µm ĽģĺĹƇTable 1.1ƈƊ��ĽƉ7Ê²}¦ł

Ñþ�0ĴŒ��ÔBŁħĤļƉ²}ųƆŭĩ�œŒƉ²}�Ĕĩ¼ĳŒŀĿł?ĞōģŒ

ŏĥĽģŒƊ
�ŁŗƀŹůřź8ĎƉŜƆŤŪŮŘŬ×ŤŪƄƁŤĐŀŐŅŁŵŚſŘŬ×ŤŪ

ƄƁŤĐŖ½ĤļƉ�āł7²}¦ŁŏőkŐœŒÛßŁĻĤļāŇŒƊ  

 

1.2.1  ŗƀŹůřź8ĎŁħĭŒ�ï  

²}µ±łŗƆş�.ŁĻĤļŃƉS. Kou ŐŁŏő Al 8Ďł TIG ²}ŁħĤļ�ïı

œļĤŒ 29)Ɗ²}�Ł TIG ŗƆşŖ²}ąé�:ŁWĲļFÂŊĹŃ^éŁ�.ƉŊĹŃ

�Ć.ıĶŒįľŁŏő²}ĎYł DÛßłsđ�:ĩL0ĴŒƇFig. 1.2ƈ. Fig. 1.2 (a)

Ńă]ł TIG ²}Ɖ(b)Ń²}ąé�:ŁWĲļFÂŁŗƆşŖ�.ĲĹI8ł²}ųƆ

ŭëĘÛßŖÈĲļĤŒĩƉŗƆşł�.ŁjĥŏĥŁ�·�ĩçéĲļĤŒįľĩŕĨŒƊS. 

Kou ŐŃƉįłÛßerL0ĩ D)œq5pŁ�ĦŒfěŁĻĤļōõ�ĲļħőƉŗƆ

ş�.ŁŏŒ�·�erL0ŀŐŅŁ²}ĎYÛßłÑþ�0Łŏőq5pĩ
�ĴŒį

ľŖH;ĲļĤŒƇFig. 1.3ƈƊ 

ġ ġ ġ ġ ġ ġ  
             ġ ġ  (a)                                  (b) 

Fig. 1.2 Grain structure on weld bead surface of Alloy 5052 weld: (a) No arc oscillation.  
(b) Transverse arc oscillation at 1.0 Hz and 1.9 mm amplitude.29) 
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ŲƀŤŗƆşŁŏŒmÚ0ŁĻĤļƉN. Karunakaran Ő 26)Łŏő Al 8Ďł TIG ²}Łħ

Ĥļ�ïıœļĤŒƊN. Karunakaran ŐŁŏŒľƉŲƀŤŗƆşŁĴŒįľĽ²è¥łŴƆş®

_ĩ
�ĲƉ²}Ċł�2Ą_ōĄĬŀŒįľĨŐƉ²}ĎYÛßĩmÚŁŀŒľH;ıœ

ļĤŒƊŲƀŤŗƆşŁŏŒmÚ0-�ľĲļŃƉ��À¶pĩă]łŗƆş²}Ł¢ĲļƉ

bcdıĩ 12.5 %Ɖ�Ņĩ 25 %É_:�ĴŒľîŕœļĤŒƊŊĹƉF. Matsuda Ő 25)ŃƉÑ

þ�0ņłŲƀŤ<§�łfěŁĻĤļõ�ĲļħőƉŲƀŤ<§�Łĉ�ŀ��ÔBĩ

ģŒľŕĨŒƇFig. 1.4ƈƊ 

 
Fig. 1.3 Effect of arc oscillation pattern in solidification cracking in welds of alloy 5052 

made with a low oscillation frequency of 1.0 Hz.29) 

 

 

 
Fig. 1.4 Pulsed current wave-form and macrostructure of bead surface in various case of 

pulse conditions.25) 
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Ç£�wŁŏŒmÚ0ņł-�ľĲļ F. Matsuda ŐłÅË�ŖģĮŒ 18,19,21)ƊÇ£�w

�½ TIG ²}ĽŃƉ²è¥Ŗ©œŒŗƆşĖ©ľÇIł:ĪŁŏő²è¥Ł�w*Ŗ�Ħ

ŒįľĩĽĪŒƇFig. 1.5ƈƊF. Matsuda ŐŃġ Al 8Ďł TIG ²}ņÇ£�włĉ½Ŗéĺļ

ĤŒƊÇ£�wĽŃƉÇIł<§�ħŏŅd_Łŏő²è¥ĩ�wıœŒĩƉ²}ĎYł

mÚ0łÉ_ĩķœŐł��ŁŏőL0ĴŒįľŖx�ĲļĤŒƊıŐŁƉF. Matsuda Ő 21)ŃƉ

Al 8Ďł D)œq5pŁĻĤļ Holdcroft óğŖ½ĤļƉÇ£�wŁŏŒmÚ0ł-

�Ŗõ�ĲƉ²}ĊŁ¿¼ĲĹ)œłąXŖƉÇ£�wŁŏőmÚÑþ�ľŀĺĹ²}Ď

YĝGŁħĤļv%ĽĪŒįľŖÈĲĹƇFig. 1.6ƈƊŊĹƉO&Ő 22)ŃƉFish-bone óğŀŐŅ

Ł Trans-varestraint óğŁŏőƉAl 8ĎłÇ£�w�½ TIG ²}ŁħĤļ D)œq5

pĩ
¬ĴŒƉľĤĥÅËÜ�ŖÈĲļĤŒƊ  

 

 

Fig. 1.5 Schematic illustration of principle of electromagnetic stirring.18) 
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�āĲĹŲƀŤŗƆşƉŗƆş�.ƉÇ£�wŁŏŒÑþ�0łŻŝůťźľĲļŃƉ²è

¥ĩ�wıœŒįľŁŏŒ²è¥iÏł D¾Ę&�ŁħĭŒūƄŭſŘŬ�Ïł'ĕŎƉ

�Eú�¼sŁŏŒōłľ~¯ıœļĤŒƊ¶ŁƉ²è¥ĩ1"Ł�wıœļĤŒĹŌŁ²

è¥iÏŁħĤļÛsÀć�ĩ¼ĳŒįľĽ�¼sĩ�ąıœÑþ�0ĲŎĴĬŀŒľá

ĦŐœļĤŒƊ 

 

 

 

 

Fig. 1.6 General appearance of weld bead surface showing macrostructural change caused 
by electromagnetic stirring applied on the way of welding.21) 
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1.2.2  ŜƆŤŪŮŘŬ×ŤŪƄƁŤĐŁħĭŒ�ï  

­ÿŐŃƉŲƀŤ TIG ²} 27)ŀŐŅŁÇ£�w�½ TIG ²} 23)ŁŏőŜƆŤŪŮŘŬ×

ŤŪƄƁŤĐ SUS310S ł²}ĎYÛßłmÚ0ŁĻĤļ�ïĲļĤŒƊ 

­ÿŐŃƉŜƆŤŪŮŘŬ×ŤŪƄƁŤĐ SUS310S ŁħĤļŲƀŤ TIG²}Ŗĉ½ĲƉÕ

g 100 µm łÜ�ÕŖkļĤŒƊŲƀŤŗƆşŁŏŒ²}ĎYłÑþ�0ŃƉŲƀŤŗƆş

łŴƆşĖ©ŎŷƆŤĖ©ł¢ƉŲƀŤ<§�Ł�QĴŒľıœƉŎŃőĉ#ŀ��ÔBĩ

ģŒľıœŒƊķłŻŝůťźľĲļƉŲƀŤ<§�Łŏő²è¥ĩ�zĴŒįľĽ²°ł©.

ĩ³ĲĬŀőƉ²è¥ D¾ĘĽłūƄŭſŘŬł²ĕĩ¼ĳƉķœĩķłŊŊ�ľŀőÕ·ł

Ü�ľŀŒľĲļĤŒƊ+ĦļƉ²è¥ł D¾Ę&�ĽłÛsÀć�2ŁŏőÕ·��ĩ

¼sĴŒįľŀĿŁĻĤļōî3ĲļĤŒƊįłŏĥŁŲƀŤ TIG ²}ŁŏőmÚ0ĩĈsı

œŒľîŕœļĤŒĩƉÑþ�0ĴŒ��ÔBŁħĤļƉŬƄŰƀ·łÌ¨ƉűƄŴƄŠŀĿ

ł�Ĕĩ¿¼ĲļĤŒƇFig. 1.7ƈƊ 

ŊĹƉ9ĳĬ­ÿŐŃƉÇ£�w�½ TIG ²}ŁŏŒŜƆŤŪŮŘŬ×ŤŪƄƁŤĐ

SUS310S²}ĎY�łÑþ�0Ŗ�ïĲļĤŒƊÇ£�wŖĉ½ĴŒįľŁŏőkŐœŒm

ÚŀÜ�ÕŃØ 100 µm ĽģőƉŲƀŤ TIG ²}ľ9É_ĽģŒƊķłŻŝůťźŃ²è¥

Ŗ�wĴŒįľŁûAĴŒįľĨŐƉŎŃőūƄŭſŘŬł²ĕŁŏŒ�¼sľ²è¥łd%�

wŁľōŀĥ D¾Ę&�ĽłÛsÀć�2łKOŁŏŒ�¼sĩyĮŐœļĤŒƊĲĨĲƉ

M. Malinowski-Brodnicka Ő 24)łÜ�ĨŐŃƉÇ£�w�½ TIG ²}ŁħĤļōƉ²è¥

łd%Àŀ�wŁŏő²è¥ĩ�œŒŀĿł?ĞĩģŒŏĥĽģŒƇFig. 1.8ƈƊO&Ő 22)ŃƉ

Fish-born óğŀŐŅŁ Trans-varestraint óğŁŏőƉSUS316 ł²}ŁÇ£�wŖĉ½Ĵ

ŒįľŁŏő D)œq5pĩ
¬ĴŒľĲļĤŒƊ 

 

Fig. 1.7 Typical solidification structures of longitudinal sections in pulsed TIG welding 
under various pulse frequency.27) 
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ıŐŁƉ­ÿŐ 31)Ń²è¥ŁüĚ§z.Ŗ	�ıĶŒįľĽ²}ĎYłÑþ�0Ŗóŋ

ļĤŒƊŲƀŤ TIG ²}ƉÇ£�w�½ TIG ²}łŏĥŁƉüĚ§z.	�ĴŒįľĽ²

}ĎY�ŁÑþ�Ń¼sıœļŃĤŀĤĩƉ²}ĎYłŦƀÛßĩmÚŁŀŒįľĩÆô

ıœļħőƉįœŁŏő²}ĎYłbcd_ĩ:�ĴŒįľĩŕĨĺļĤŒƇFig. 1.9ƈƊ 

 

 

Fig. 1.8 Transverse cross-sections of welds obtained in the presence of a constant axial 
magnetic field for different values of the field strength.24) 

 

 
Fig. 1.9 Sectional views of columnar grain perpendicular to the growth direction in weld 

metal made with ultrasonic vibration and no vibration.31) 



Ð 1Îġ Þö 

 10 

1.2.3  ŵŚſŘŬ×ŤŪƄƁŤĐŁħĭŒ�ï  

­ÿŐ 32)ŃƉŵŚſŘŬ×ŤŪƄƁŤĐ SUS444 ł TIG ²}ŁħĤļƉüĚ§z.Ŗ	�

ĲĹƃŘŽŖ²è¥ņľ{�ĴŒįľĽ²}ĎYÛßłmÚ0Ŗ�ïĲļĤŒƊüĚ§z.

	�ŁŏŒÜ�ÕŃØ 200 µm ĽģőƉ²}ĎYĊ�PŁmÚŀÑþ�ĩesıœŒľH

;ıœļĤŒƇFig. 1.9ƈƊįłüĚ§z.Ŗ	�ĲĹ²}ĎYÛßŁWĲļbcóğĩéŕ

œļħőƉüĚ§z.ŀĲłI8ł²}ĎYŁWĲļƉd_ł:�ŃģŊőŋŐœŀĤōł

łƉ`pŃæĲĬ�@ıœŒľH;ıœļĤŒƊ 

ŵŚſŘŬ×ŤŪƄƁŤĐłI8ĽŃƉTable 1.1 ŁÈĲļĤŒĩƉmÚ0�ÙŖ«+ĴŒį

ľĽ²}ĎYłÜ�ÕgŖ 50 µm É_ŊĽmÚ0ĽĪŒįľĩŕĨĺļĤŒƊįłÜ�Ł¢

ŇŒľƉüĚ§z.	�Łŏő²}ĎY�PŁ¼sĴŒÕg 200 µm łÑþ�ŃƉmÚľ

ŃĤĦŀĤĩƉ²}ĎY�PŁÑþ�Ŗ¼sĴŒįľŁŏŒ��À¶pł�@Ń�hĽĪ

ŒľáĦŐœŒƊ 

 

 

 

Fig. 1.9 Micrographs of the top view of weld metal made without and with ultrasonic 
vibration using various welding speeds.32) 
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1.3. �ÅËłÁÀ  

Table 1.1 ŁÈĲĹŏĥŁƉ²}ĎYÛßłmÚ0ĩ�ïıœļħőƉÑþ�0ĲĹ²}

ĎYł��À¶pŃ:�ĲļĤĹƊŊĹƉŗƀŹůřź8ĎƉŤŪƄƁŤĐŁħĤļ²}Ď

YŖÑþ�0ĴŒįľĽ D)œĩv%ĽĪŒįľŀĿōÈ>ıœĹƊ+ĦļƉ²}ĎY�

ł�·�łv%ŎmÚ0ŁŏőƉ²}ĊłüĚ§|�óğŁħĭŒ�Ĕ�!pĩ:�Ĵ

Œ 38,39)ľıœļħőƉ²}ĎYŖmÚ0ōĲĬŃÑþ�0ĴŒįľĽNĬł¶p�@ĩŋįŊ

œŒƊ 

ŸũŬƃŘŽ TIG ²}ŁħĤļŤŪƄƁŤĐł²}ĎY�ŁmÚŀÑþ�łesĩÆô

ıœĹƊTable 1.1 Ľ�ŐĨŀŏĥŁƉ²}ĎYłmÚ0�¦ľĲļŸũŬƃŘŽ TIG ²}ĩ�

½ıœĹ�ŃŀĤƊŸũŬƃŘŽŶƂŦŤ 40-56)ĽŃƉ¡�²èŃ�µ±ĽģŒŗƆşƉ«+ƃ

ŘŽł²èŃƃŘŽĖ©ŁŏŒţžƆƀ+µŁŏőķœĸœ¸Í%lĴŒįľĩ6âĽģŒƊ

ŸũŬƃŘŽŶƂŦŤŖ TIG ²}ľ�½ĲĹŸũŬƃŘŽ TIG ²}ŃĠâ¹ƅĠ=ú²}¦Ľ

ģőƉŗƆşĖ©Ŏ²}Ą_Ł¸ÍĲļ²ÃĎYčŖñSĽĪƉ
�µƅ
\Čŀ²}ĩ

ĈsıœŒ 43,45)ƊŊĹƉĠâ¹ƅĠ=ú²}ĩ6âŀŸũŬƃŘŽ TIG ²}ŁħĤļƉ²}

ĎYÛßłmÚ0ŊĽōĩĈsıœœńƉė]Ł�-ŀ²}¦ľŀőĦŒƊķįĽ�ÅËĽ

ŃƉŸũŬƃŘŽ TIG ²}Ŗ½ĤĹŤŪƄƁŤĐ²}ĎYÛßłmÚ0uêłÆÍŖÁÀľ

ĴŒƊ 

�ÅËłŵƂƆŨżƆŬŖ Fig. 1.10 ŁÈĴƊŊĵŸũŬƃŘŽ TIG ²}ŁŏŒmÚŀÑþ

�łesľƉŸũŬƃŘŽ¶�ł��ĽģŒƃŘŽĖ©łĒ�ŁĻĤļ SUS310S ŀŐŅŁ

SUS430 Ŗ½Ĥļõ�ĲĹÜ�ŖÐ 2 ÎŁÈĴƊıŐŁƉmÚÑþ�es�:Ŗ�ÆŁĴ

ŒĹŌƉÐ 3ÎĽŃƉ7²}��ľmÚÑþ�łes·rŖõ�ĲĹƊÐ 4ÎŁħĤļŃƉ

ŸũŬƃŘŽ TIG ²}ŁŏŒmÚ0ŻŝůťźŖmÚÑþ�es�ł�ÜÛßŀŐŅŁŸũ

ŬƃŘŽĂÝ�łÛßL0ĨŐ�ŐĨŁĲĹƊÐ 5 ÎĽŃƉmÚ0ŻŝůťźŁOĪĬfěŖ

3ŉĴăĖýĕłfěŁĻĤļõ�ĲƉ�ŶƂŦŤŁŏőesıœŒmÚÑþ�ł�ĉ0

ŁĻĤļ�ïĲĹƊÐ 6 ÎĽŃƉŸũŬƃŘŽ TIG ²}ŁŏőesıœŒmÚÑþ�ł÷¶

pŖò�ĲĹƊ 

įłŏĥŁŸũŬƃŘŽ TIG ²}ŁŏŒ²}ĎYÛßłmÚ0ŻŝůťźŖ�ŐĨŁĲƉ7

²}��ŁŏŒmÚÑþ�esÔBħŏŅķłesxďŖkĹƊķĲļƉŸũŬƃŘŽ TIG

²}ŁŏőesıœŒmÚÑþ�ł�½pŖÈĲƉT�[ĉ½ņłxďŖ�ŐĨŁĲĹƊ 
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Fig. 1.10 Flow chart of this study. 
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Æ 2Äę ę ŝŤƀŽŝā¡rĀX�ĺgÐËÑÖbm 

 

 

�ívĵĻƄųţŦſőŸ TIG¡rĹŅŇ¡rĀX�ĹbmĨŉňgÐĸÇó�ŌgÐËÑÖ

ĶÀīňƅŕƁŝŤŨőŦÍŝŤƀŽŝā SUS310S ĺ¡rĀX�ĹgÐËÑÖĺbmġŁņŉİ

�
ŌEĹƄŀĬųţŦſőŸ TIG ¡r§�ĺ�
ĵěňſőŸĐ�ĶgÐËÑÖĺbm¨lŌ

ì�ĩİƅĨņĹƄSUS310S ĺ�
Ō0ÙĹĩĴƄ"@ŷƁŧĺ²ĸňůœźőŦÍŝŤƀŽŝā

SUS430 ĺ¡rĀXĹTĩĴgÐËÑÖĺbmŌêŁİƅ¡rĀXĺyđãSĠņƄgÐËÑ

ÖÿŌ¿īyđgÐ,ªŌ�QĩƄſőŸĐ�ĶgÐËÑÖĺbm¨lĺć�Ō}ņĠĹĩİƅ 

 

 

2.1. RĖz� 

2.1.1  �ê�wğŅĽêĖ¦ 

��ĹĻƄŕƁŝŤŨőŦÍŝŤƀŽŝā SUS310S ğŅĽůœźőŦÍŝŤƀŽŝā SUS430 Ō

�¯ĩİƅ�)ſőŸĹĻĮŉįŉ JIS Z 3321 YS310SğŅĽ YS430ƂĚ1.2 mmƃŌ¯Ĝİƅ,N

ÑmŌ Table 2.1 Ĺ¿īƅ¡rêĖ¦ĺb¨Ō Fig. 2.1 Ĺ�aµĹ¿īƅêĖ¦ŚőŞĻ 50 

(w)×100(l)×12(t) mm ĶĩƄêĖ¦\z9�LĹą�ä` 40º, ą�_ý-d 2 mmĵą��Ĩ 6 

mmĺ UCą�)YŌ{ĩİƅ 

 

Table 2.1 Chemical compositions of base metal and filler wire (mass%). 

 

 

Fig. 2.1 Schematic illustration of specimen. 

Material C Si Mn P S Ni Cr Mo Cu Fe
SUS310S 0.05 0.59 0.84 0.022 <0.001 19.19 25.33 - - Bal.
SUS430 0.04 0.24 0.52 0.031 0.005 0.12 16.19 - - Bal.
YS310S 0.048 0.39 1.60 0.018 0.002 21.49 26.09 - - Bal.
YS430 0.009 0.41 0.39 0.021 0.003 0.20 16.81 0.02 0.02 Bal.
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2.1.2 ę ųţŦſőŸ TIG¡r�
 

¡r�
Ō Table 2.2ĹƄųţŦſőŸ TIG¡r�ĺ�a?Ō Fig. 2.1Ĺ¿īƅTIG¡rĵĻƄ

ſőŸĻ¡rz9&zŅŇ÷ÓĨŉňĺġ�ÝµĵěňġƄ�ºÃĹğĤňųţŦſőŸ TIG ¡r

ĵĻƄųţŦſőŸŰžşŝĹŅŇ)¥ĨŉİſőŸŌ¡rz9ezŅŇ¡Þ�ľĶ÷ÓĩİƅųţŦ

ſőŸ TIG ¡rĵĻƄſőŸĐ�ĹŅŇ³®īň½±ĺcĒĠņŏƁŗĺ½�:Ģġ®ĪňƅĮĺ

½�:ĢĹŅňſőŸĺ�OQ÷ÓŌüĤňİłƄſőŸľ�ÓīňĐ�ĺ�kĻƄųţŦſőŸŦ

ƁŢ�ŌČ�Ƅ���Ōċ�ĶĩİƅFig. 2.1 Ĺ¿īŅĝĹƄŏƁŗĄĻą�_ýĠņĐ��Åŀ

ĵĺñĎƄſőŸ÷Ó�×ĻƄą�_ýĵĺĐ��hŌ/£ĶĩſőŸ�Åýġą�_ýĹrī

ň�×ŀĵĺñĎĵàĩƄ¡Þ�ez�Ō�ĶĩİƅŀİƄſőŸ÷Óä`Ļą�_ýđĶſőŸ

Ćĺä`Ķĩİƅ 

SUS310SğŅĽ SUS430ĵ¡r�
Ļ²ĸňġƄ�ĸ¡r�
ĶĩĴ¡rù` 0.5 m/min, ŏ

ƁŗĐ� 250 A, ŏƁŗĄ 3 mmƄſőŸ÷Óù` 5.0 m/minĹèQĩİƅ¡rĄĻ 90 mm ĶĩƄ

¡rąM 30 mm ĺ�×ĠņQ[ýĶĸňŅĝĹĩƄQ[ýĵĺŏƁŗĐAĻ 10.5 V ĵěĲİƅſ

őŸ÷Ó�
ĻƄSUS310S ĺF7ĻſőŸ÷Óä` 30, 45ºƄſőŸ÷Ó�× 0, +1 mmƄøĐñ

Ď 57 mmƄSUS430ĺF7Ļ 45ºƄ+1 mm, 35 mmĹĮŉįŉèQĩİƅſőŸĐ�ĻƄSUS310S

ĵ 105�144 AƄSUS430ĵ 140�174 AĺÉ>ĵ¡rĩİƅſőŸĐ�ĻŬżŝ�bĶĩƄŬżŝ

;� 100 HzƄſőŸűƁŝĐ� 0 A ĶĩİƅĮĺ�bŌ Fig. 2.3 Ĺ�aµĹ¿īġƄøĐ(7Ō

¿ī DutyƂøĐ~ĆŌ;�ĵĉĩİ�ƃĻ 30 %ĶĩİƅĸğƄſőŸĐ�ĻƄĐAĹItĩĴ�Q

<ĹŅŇŚƀŰŻƀŘ;�u 5000 Hzĵç�ĩƄR*�ĹtÈĩİ�Ō�¯ĩĴĜňƅ 

 

Table 2.2 Welding conditions of hot-wire GTAW. 

 

SUS310S SUS430
Welding speed, m/min 0.5

Arc current, A 250
Arc voltage, V 10.5
Arc length, mm 3

Wire feeding speed, m/min 5.0
Wire feeding position, mm 0, +1 +1
Wire feeding angle, deg. 30, 45 45

Power supply distance, mm 57 35
Wire current, A 105~144 140~174

Pulse of wire current, Hz 100
Duty, % 30

Shielding gas(Ar), l/min 20
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Fig. 2.2 Schematic illustration of hot-wire GTAW. 

        

 

Fig. 2.3 Pulse shape of wire current. 

 

2.1.3 ę ėù`ŭťŕŖŶźĹŅň¡r¬îĺ4â, 

ųţŦſőŸ TIG ¡r�ĺgÐÇó�ĺbmĶ¡r¬îĺć�Ōì�īň¶µĵƄėù`ŭ

ťŕŖŶźŌ¯ĜĴ¡Þ�;õĺſőŸq�¨lŌ4â,ĩİƅėù`ŭťŕŖŶźŌ¯Ĝİ4â

,ĺRĖ!¸Ō Fig. 2.4 Ĺ¿īƅėù`ŭťŕŖŶźĻƄ¡rz9ĹTĩĴxłezĠņ¡Þ�

;õĺſőŸ÷Ó¨lŌ4â,ĵĢňŅĝĹè×ĩİƅŏƁŗ¡r�ĺ4â,ĻƄŏƁŗ�ĺcĒ

ŃěŇ¡Þ�;õĺĘ}ĸ�ŌfňĦĶġďĩĜƅĮĦĵƄůŎőūƁŖţŰŻƀŘa 980 nm.�Ą

-U�ŽƁś³p<Ō¤}ĶĩĴ�¯ĩƄ�NůŐżŠƁĹĻƄ980 nmƂFWHM: 10 nmƃūƀŧŬ

ŝůŐżŠƁŌ�¯īňĦĶĵŏƁŗ¡r�ĺ¡Þ�;õŌ4â,ĩİƅ 
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Fig. 2.4 Appearance of in-situ observation system. 

 

 

2.1.4 ę ¡rĀXÑÖãSz� 

¡rŭƁŧQ[ýĵÑÖãS¯êwŌ 10 mm Ćčĵ 3 yđ2fĩİƅÑÖãS¯êwĻƄ

Ú�º¾ÏĹĴº¾eƄË` 1, 6 µmĺšőŸŷƀŧŲƁŝŦ1Ľþ,ŴŘũŜŒŵÊ�Ō¯ĜĴ

­¾ĩƄăđ
�ĥŌßĲİƅăđ
�ĥeƄSUS310SĺF7Ļ 10 %ŜŹŒþ�¡�ĹŅŇĐå

ÛĕƄSUS430 ĺF7Ļ 20 %«�ĸņĽĹ 10 %þ, Cr�¡�Ō¯ĜĴĐåÛĕĩƄ¡rĀX

ÑÖŌ¬$ĩİƅÛĕeĻƄ�NĔgăŌ¯ĜĴ¡rĀXĺyđãSŌßĲİƅŀİƄSEM-

EBSD Ō¯ĜĴ¡rĀX�ĹbmĨŉİgÐĸÇó�ĺÒ�z�Ōå�ĩİƅ 

¡r�
ħĶĺgÐĸÇó�ĺbm¨lŌé�īňİłĹyđgÐ,ªŌQØĩİƅFig. 2.5

Ĺ�aµĹ¿īŅĝĹƄ¡rĀXýĺđÂŌ A1Ƅ¡rĀX�ĹbmĨŉňgÐĸÇó�ĺđÂ

Ō A2ĶĩĴƄyđgÐ,ªŌç�ĩİƅ  

 

ę ę ę ę  
Fig. 2.5 Definition of fine grain ratio in weld metal. 
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2.2. ŕƁŝŤŨőŦÍŝŤƀŽŝā SUS310SĺgÐËÑÖbm 

2.2.1  ¡rĀX�ĹbmĨŉňgÐËÑÖ 

ŕƁŝŤŨőŦÍŝŤƀŽŝā SUS310SĹğĜĴƄ¡rù` 0.5 m/minƄŏƁŗĐ� 250 AƄſ

őŸ÷Óù` 5.0 m/minƄſőŸ÷Ó�×+1 mm, ſőŸ÷Óä` 30º ĶĩƄſőŸĐ� 120 AĹŅ

Ň¡rĩİF7Ĺ¡rĀX�ĹgÐĸÇó�ġbmĨŉİƅĮĺ¡rĀXĺyđÑÖŌ Fig. 2.6

Ĺ¿īƅFig. 2.6 (a)Ļ�NĔgă°�Ƅ(b)Ļ¡rĀXýĺ EBSDå�ĹŅŇfņŉİ IPF�Ō¿

ĩĴĜňƅ?�ĹĻgÐÇó�ēDŌ»Õĵ>ōĵĜňƅFig. 2.6 (a)ŅŇƄgÐÇó�ēDġ�ô

µ^É>Ĺ¡rĀXĺ�LĹbmĨŉĴĜňĦĶġŋĠňƅĮĺyđgÐ,ªĻÎ 30 %ĵěňƅ

ŀİ IPF�ĠņƄgÐÇó�ēDġĮĺ�¡rĀXĹ�ĿgÐĵěňĦĶġŋĠňƅFig. 2.6 (a)Ĺ

´�ĵ¿ĨŉňgÐÇó�G±ĺnK?Ō Fig. 2.7 Ĺ¿īƅFig. 2.7 ĠņƄ°�Z�ĠņĻ��

ĠņmĄĩİĶŁņŉň�¨�ġŁņŉňġƄ5�ĹáņŉňgÐÇó�ēDĵĻƄĮĺ�¨�Ķ

Ļ²ĸĲİÒ�z�Ō�ĩĴğŇƄ]BÒ�ËdĻÎ 15 µmĵěĲİƅ�eĦĺÑÖŌgÐËÑ

ÖĶÀīňƅ 

 

 

 

 
       (a) Optical microscope image.              (b) IPF image of (a). 

Fig. 2.6 Cross-section of weld bead by using hot-wire GTAW process, EBSD analysis result 
of the weld bead and positions of fine equiaxed microstructure into the weld bead. 
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Fig. 2.7 Boundary between the fine grain and columnar structure from base metal. 

 

 

 

2.2.2 ę gÐËÑÖbmĶſőŸĐ�ĺć� 

gÐËÑÖġãSĨŉİ¡r�
Ō0ÙĹĩĴƄſőŸĐ�ŌI,ĨĭĴƄgÐËÑÖĺb

m¨lŌãSĩİƅ¡rù` 0.5 m/min, ŏƁŗĐ� 250 AƄſőŸ÷Óù` 5.0 m/minĺ�
ĺ

ŃĶƄſőŸ÷Ó�×+1 mm, ſőŸ÷Óä` 45º ĶĩƄſőŸĐ� 105~144 A ĺÉ>ĵfņŉİ

¡rŭƁŧJãŌ Fig. 2.8Ĺ¿īƅ¡rŭƁŧJãĠņƄſőŸĐ� 120�144 AĺÉ>ĵ¡rŭ

ƁŧàđĺŻţŰżÕġ�ŉĴĜňġƄĜĬŉĺſőŸĐ�ĹğĜĴŃƄŪƀŮƀŘńŝŬţŠĸķ

ĺ¡r�ĊĻŁņŉĬƄOQĩİ¡rĵěňĦĶġŋĠňƅFig. 2.9 ĹƄėù`ŭťŕŖŶźĹŅŇ

fņŉİ6ſőŸĐ�ĵĺ¡Þ�;õĺ4â,+°ĺ�řŴŌ¿īƅ?�ĹĻƄRÕĵĐ�Ƅ»

Õĵą�Ƅ�£ĂÕĵ¡Þ�Ƅ	£ĂÕĵſőŸŌ¿īƅ6ſőŸĐ�ĵĺſőŸq��×ĻƄ

ſőŸĐ� 105~115 A ĵĻƄſőŸĻ¡Þ��&zľĶŏƁŗĹ9ĠĲĴ÷ÓĨŉĴĜňƅſőŸ

Đ�ġ 120 A ĹĸňĶƄ¡Þ�Ĺq�Ĩŉň·&ĵſőŸĹò,ġŁņŉ¡Þ��ĺeÅĹſő

Ÿġq�ĨŉĴĜňƅĮĩĴƄſőŸĐ�ġ 125 A ��ĹĸňĶƄſőŸġKĢģ �ĩƄ¡yŌ�

Ĝĸġņ¡Þ�ľĶyÔµĹ÷ÓĨŉĴĜİƅĮĺ¡yĺÁ`ĻƄſőŸĐ�ĺ�|Ĺ�ĜH)

ĩİƅ 
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ĦŉŀĵĹ¿ĩİ6ſőŸĐ�ĹğĤň¡rŭƁŧyđ!¸Ō Fig. 2.10Ĺ¿īƅ?�ĹĻƄ»

Õĵ¡rĀX�ĹbmĨŉİgÐËÑÖēDŌ>ōĵĜňƅſőŸĐ�ġ 105�115 AĺÉ>ĵ

ĻƄgÐËÑÖĻ¡rĀX_ýĹbmĨŉĴĜňƅſőŸĐ�ġ 120 A ĹĸňĶƄĮĺbm�×

Ļ¡rĀX_ýĠņ�ýľĶI,ĩƄ¡rĀX_ýĹbmĨŉİF7Ĺ�ĩĴƄgÐËÑÖġ

^É>ĹbmĨŉĴĜňƅſőŸĐ�ġ 125 A ĹĸňĶƄĮĺbm�×Ļ¡rĀX_ýƄ�ýĺ

Įŉįŉĵ¼ëĨŉİƅĦĺ�9ĻƄ130, 144 A ĹğĜĴŃ8�ĵěňƅ6ſőŸĐ�ĹğĤňg

ÐËÑÖÿĺI,Ō Fig. 2.11 ĹƄſőŸĐ�ĶyđgÐ,ªĺć�ĶĩĴ¿īƅ?ĹĻƄ3 yđ

ãSĹŅŇfņŉİyđgÐ,ªĺ]B�ĸņĽĹ�KƄ�V�ŌŔźƁūƁĵ¿ĩĴĜňƅ?

ŅŇyđgÐ,ªĻƄſőŸĐ� 105�115 AĺÉ>ĵĻƄſőŸĐ�ġ�|īňĹúŉĴ�Wī

ňƅĮĩĴƄſőŸĐ�ġ 120 AľĶH)īňĶƄyđgÐ,ªĻj¢ĹH)ĩƄ�KĶĸňƅĮĺ

yđgÐ,ªĻÎ 40 %ĵěĲİƅĨņĹƄſőŸĐ�ġ 120A Ġņ�|īňĶƄyđgÐ,ªĻ

 Ľ�WĩƄyđgÐ,ªġKĢģļņĳĜĴĜňƅ 

Fig. 2.9 ĺ4â,�ĵáņŉİſőŸ÷Ó¬îĹĻƄſőŸĐ�ġI,īňĦĶĹŅňſőŸ�

`ĺI,ġć�ĩĴĜňĶÙĞņŉň 45,55)ƅĦŉĻƄſőŸĐ�ġ 105 AĠņ�|ĩĴƄ120 Aĵſ

őŸĹò,ġŁņŉƄĨņĹſőŸĐ�ġ�|īňĶſőŸĹ¡yġ®ĪİĦĶĠņŃ%yĵĢňƅĦ

ĺŅĝĸÒ�ĠņƄgÐËÑÖĺbmġſőŸĐ�ĺI,ƄĳŀŇſőŸ�`I,Ĺï=ĩİſő

Ÿ÷Ó¬îĹKĢģcĒŌ3ĤňĶs�ĩİƅ 

 

 

 

Fig. 2.8 Appearance of weld bead with each wire current on SUS310S by hot-wire GTAW. 
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Fig. 2.9 Observation images obtained by high-speed camera with each wire current on SUS310S. 
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Fig. 2.10 Cross-section of weld bead and position of fine grain in weld metal 

at each wire current on SUS310S. 

 

 

 

Fig. 2.11 Relationship between wire current and area ratio of fine grain in weld metal on SUS310S. 
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2.3. ůœźőŦÍŝŤƀŽŝā SUS430ĺgÐËÑÖbm 

2.3.1  ¡rĀX�ĹbmĨŉňgÐËÑÖ 

ůœźőŦÍŝŤƀŽŝā SUS430ĹğĜĴƄŏƁŗĐ� 250 A, ¡rù` 0.5 m/min, ſőŸ÷

Óù` 5.0 m/minƄøĐñĎ 35 mm ĶĩƄſőŸĐ� 166 Aĵ¡rĩİF7ĺ¡rĀXĺyđÑ

ÖŌ Fig. 2.12 Ĺ¿īƅ?ĹĻ»ÕĵgÐËÑÖŌ>ōĵĜňƅFig. 2.12 (a)ĺ¡rĀX�ĹĻƄ

ÌKĸ�¨�ġáņŉňġƄ¡rĀX�Lĺ»Õĵ>ōıēDĹgÐËÑÖġbmĨŉĴĜňƅ

yđgÐ,ªĻÎ 30 %ĵěĲİƅFig. 2.12 (b)ĻƄ(a)ĺgÐËÑÖ�Lĺ´�ĵ>ōı�×ĺ

nK°�ĶĮĺ8�×ĹğĤň EBSD å�Ġņfņŉň IPF �Ō¿īƅSUS430 ĹğĜĴŃ¡r

ĀX�ĹgÐĸÇó�ġbmĨŉĴğŇƄĮĺËdĻÎ 68 µmĵěĲİƅ 

 

(a) Cross-section of weld bead (Broken line indicates fine grain). 

 
(b) OM image and IPF map at fine grain part. 

Fig. 2.12 Fine grain microstructure in weld metal on SUS430 by hot-wire GTAW process. 
(Wire current: 166 A, Power supply distance: 35 mm) 
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2.3.2  gÐËÑÖĶſőŸĐ�ĺć� 

ůœźőŦÍŝŤƀŽŝā SUS430ĹğĜĴƄŏƁŗĐ� 250 A, ¡rù` 0.5 m/minƄſőŸ÷

Óù` 5.0 m/min, øĐñĎ 35 mm ĺ¡r�
ĺŃĶĹƄſőŸĐ�ŌI,ĨĭĴfņŉİ¡r

ĀXĺyđÑÖŌ Fig. 2.13 Ĺ¿īƅyđÑÖ�ĹĻƄgÐËÑÖēDŌ»Õĵ>ōĵĜňƅſ

őŸĐ� 140�159 A ĵĻgÐËÑÖġ¡rĀX_ýĹbmĨŉĴĜňƅĮĩĴƄ166 A �Ĉĵ

Ļ¡rĀX�ýĹĴgÐËÑÖġbmĨŉĴĜňƅŀİƄ¡rŭƁŧyđb¨ĻƄſőŸĐ�ġ

H)īňĶĶŃĹƄ#b¨ĹĸňƅſőŸĐ�ĶyđgÐ,ªĺć�Ō Fig. 2.14 Ĺ¿īƅſőŸĐ

�ġ 140 AĠņ�|īňĹĳŉĴyđgÐ,ªĻŋĬĠĹ�WĩĴĜňƅſőŸĐ� 159 Aĵy

đgÐ,ªĻ�VĶĸňġƄĨņĹſőŸĐ�ġ�|īňĶƄyđgÐ,ªĻH)ĩĴĜňƅ�K

ĺyđgÐ,ªĻ 174 AĵÎ 35 %ĵěňƅſőŸĐ� 174 A ŌðĞňſőŸĐ�ĵĻƄſőŸ¡

yĹŅŇ¡rĵĢĸĠĲİƅ 

ĦĺŅĝĹůœźőŦÍŝŤƀŽŝā SUS430 ĹğĜĴŃƄ¡rĀX�ĹgÐËÑÖġbmĨŉƄ

ſőŸĐ�ġ�ĜF7ĹĻgÐËÑÖĻ¡rĀX_ýƄėĜF7ĹĻ�ýĹbmĨŉĴĜİƅ

ŀİyđgÐ,ªĻƄſőŸĐ�ĺH)ĶĶŃĹ�Wĩ�VĶĸňġƄĨņĹſőŸĐ�ġ�|īň

ĶĶŃĹH)īň�9ĹěĲİƅĦĺŅĝĸſőŸĐ�ĹiĪİgÐËÑÖĺbm�×ğŅĽyđ

gÐ,ªĺ�9ĻƄSUS310S Ķ8�ĵěĲİƅ 

 

 

Fig. 2.13 Cross-section of weld bead at each wire current on SUS430. 
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Fig. 2.14 Relationship between wire current and area ratio of fine grain in weld metal on SUS430. 
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2.4. Òæ 

ŕƁŝŤŨőŦÍŝŤƀŽŝā SUS310S ğŅĽůœźőŦÍŝŤƀŽŝā SUS430 ĹğĜĴƄų

ţŦſőŸ TIG ¡r�ĹŅŇ¡rĀX�ĹgÐËÑÖġbmĨŉİƅųţŦſőŸ©Üĺ�
ĵě

ňſőŸĐ�ŌI,ĨĭgÐËÑÖĺbm¨lŌãSĩİĶĦŊƄgÐËÑÖĺbmĻſőŸĐ

�Ĺć�ġěňĦĶġs�Ĩŉİƅ��Ĺ�Äĵfņŉİ¹áŌöĿňƅ 

1) ųţŦſőŸ TIG ¡rĹŅŇP�ŕƁŝŤŨőŦÍŝŤƀŽŝā SUS310S ĺ¡rĀX�Ĺg

ÐĸÇó�ġbmĨŉİƅĮĺgÐËÑÖĺËdĻÎ 15 µmĵěĲİƅ 

2) ųţŦſőŸ TIG ¡rĹŅŇůœźőŦÍŝŤƀŽŝā SUS430 ĹğĜĴgÐĸÇó�ġbm

ĨŉİƅĮĺgÐËÑÖĺËdĻÎ 68 µmĵěĲİƅ 

3) 6ſőŸĐ�ĹğĜĴgÐËÑÖġbmĨŉİ¡rŭƁŧJãĻƄ÷ÓĨŉňſőŸĺo+

ĹiĪĴJãġ�ŉňĦĶġěňġƄīĿĴĺ�
ĹğĜĴ¡r�ĊĺĸĜ�ôµ��ĸ

ŃĺĵěĲİƅ 

4) gÐËÑÖĺbm�×ĻƄſőŸĐ�ĹŅŇI,īňƅſőŸĐ�ġ�ĜF7ĹĻ¡rĀ

X_ýƄėĜF7ĹĻ¡rĀX�ýĹgÐËÑÖġbmĨŉİƅſőŸġ¡yīňŅĝĸſ

őŸĐ�ĵĻƄ¡rĀX_ýğŅĽ�ýĵgÐËÑÖġbmĨŉƄyđgÐ,ªĹļņĳ

Ģġáņŉİƅ 

5) SUS310S ğŅĽ SUS430 ĹğĜĴƄſőŸĐ�ĶyđgÐ,ªĺć�ĠņƄyđgÐ,ª

ĻſőŸĐ�ĺH)ĶĶŃĹ�`�WīňġƄĨņĹſőŸĐ�ġH)īňĶyđgÐ,ª

Ļj¢ĹH)īňƅĮĩĴſőŸĐ�ġėģû'Ĺ)¥ĨŉňĶƄſőŸĻ¡yĩƄSUS310S

ĵĻyđgÐ,ªġ `�WĩƄSUS430ĵĻſőŸġ¡yĩİ�
ĵĻ¡rĵĢĸĠĲİƅ 
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� 3�È È T����PW�ªé'ðÚy[i�êQÄ 

 

 

ČĄĆđÿč TIG y[éÎËäy[¹HéPW×úùT����ëĖđÿčÂtéöøPW�

�Ė¸Ð<$Øßėg�åëĖČĄĆđÿč TIG y[éöùT����PWê�.ü×÷é¨�é

X]ÚùßóéĖSUS310Sü�ËäĖþēĂÂtĖy[³NĖđÿč±�³NÎöìđÿč±��

�ü<$×ÜĖđÿč±��ªè÷ìéaÃT�$�ê<$üd÷ÏéØßė 

 

 

3.1  CÆbs 

3.1.1  È �§h`Îöì§Æ| 

phéëāēăąĈÿĆ�ăąĒĐăºåÊù SUS310S üĖđÿčéë JIS Z3321 YS310SĔÉ

1.2 mmĕü��Øßė$@�Wü Table 3.1é�Úėy[§Æ|êP~ë Fig. 2.1é�Øßė 

 

3.1.2  y[i� 

y[i�ü Table 3.2é�ÚėČĄĆđÿč TIGy[i�êmO1ë Fig. 2.2é�Øß²øåÊ

ùėT����PWé'ðÚ+y[i�êQÄü©kÚù��åĖþēĂÂtĖy[³NĖđÿ

č±�³NÎöìđÿč±���ü<$×Üß~VåĖđÿčÂtü¶B<$×ÜßėþēĂÂ

têQÄåëĖþēĂÂtü 200, 250, 300 A æ<$×ÜĖy[³Nü 0.5 m/min, đÿč±�³N

ü 5.0 m/minĖđÿč±���ü+1 mm æ�AéØßėy[³NêQÄåëĖy[³Nü 0.3, 0.5, 

0.7 m/min æ<$×ÜĖþēĂÂtü 250 AĖđÿč±�³Nëy�¹H¸Ð�AæèùöÌy[³

NÖæé 3.0, 5.0, 7.0 m/min æØĖđÿč±���ü+1 mm æØßėđÿč±�³NêQÄåëĖđ

ÿč±�³Nü 3.0, 5.0, 7.0 m/min æ<$×ÜĖþēĂÂtü 250 AĖy[³Nü 0.5 m/minĖđÿ

č±���+1 mm æ�AéØßėđÿč±���êQÄåëĖđÿč±���ü 0, +1, +2 mm æ

<$×ÜĖþēĂÂtü250 AĖy[³Nü0.5 m/minĖđÿč±�³Nü5.0 m/minæ�AéØßė 

y[¹H��¥Dë 2.1.4é�Øß²øåĖy[AI·öø��¥D�§`ü 3â(SØĖa

ÃT�$�üwAØßė 
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Table 3.1 Chemical compositions of base metal and filler wire (mass%). 

 

 

 

 

 

Table 3.2 Welding conditions. 

   

 

 

 

 

 

 

 

 

Material C Si Mn P S Ni Cr Co Fe
SUS310S 0.05 0.73 0.83 0.024 <0.001 19.20 24.88 0.13 Bal.
YS310S 0.048 0.39 1.60 0.018 0.002 21.49 26.09 - Bal.

Welding speed, m/min 0.3, 0.5, 0.7

Arc current, A 200, 250, 300

Arc voltage, V 9.3~11.7

Arc length, mm 3

Wire feeding speed, m/min 3.0, 5.0, 7.0

Wire feeding position, mm 0, +1, +2

Wire feeding angle, deg. 45

Power supply distance, mm 57

Wire current, A 70~159

Pulse of wire current, Hz 100

Duty, % 30

Shielding gas(Ar), l/min 20
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3.2  +y[i�êQÄ 

3.2.1 È þēĂÂt 

þēĂÂt 200, 250, 300 AêÝúÞúåS÷úßy[ċēćaÃ��ü Fig. 3.1é�Úėa

Ã���éëĖT����Å6ü��å0ýåËùė+þēĂÂtéÎËäĖđÿčÂtÐ�Ë

8,éëĖT����ëy[¹HM·éPW×úäËùėþēĂÂt 200 A åëĖđÿčÂt

124 A åy[¹H�·éPW×úĖđÿčÂt 124 A �¾éÎËäôy[¹H�·éT���

�ÐPW×úäËùėñßĖđÿčÂt 124, 133 A ê8,éëĖy[ċēćë�P~åÊùėþē

ĂÂt 250 Aê8,åëĖđÿčÂt 120 Aåy[¹H�·éPW×úĖ125 A�¾åëĖy[

¹H�·ÎöìM·éT����ÐPWØäËùėþēĂÂt 300 Aê8,ëĖþēĂÂt 200, 

250 A êöÌéT����Ðy[¹H�·éPW×úÛĖđÿčÂtê<$éö÷ÛT����

Ðy[¹H�·éPW×úäÎøĖđÿčÂt 140 A åëĖy[¹HM·éĆĒĉď~ên¿Ð

ò÷úùė 

 

 

 

 

Fig. 3.1 Cross-section of effect of arc current at each wire current. 
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Fig. 3.1 êaÃ¥DöøS÷úßaÃT�$�ê<$ü Fig. 3.2 é�Úė1�éëĖ3 aÃê

¥DÏ÷S÷úßaÃT�$�êJ4�Îöìf>ĖfF�üĀĎēĊēå�ØäËùėT��

��ÐPW×úßđÿčÂtê�0ëĖçêþēĂÂtéÎËäô 90�150 A �åÊøĖïð<

$ëèËėþēĂÂt 250 AåëĖđÿčÂtÐ 105 AÏ÷�cÚùææôéaÃT�$�ëuG

ØĖđÿčÂtÐ 120 AéèùæaÃT�$�ëUzé;"Úùė×÷éđÿčÂtÐ�cÚùæĖ

aÃT�$�ë�ìuGØäËùėþēĂÂt 200 Aê8,ĖđÿčÂtÐ 93 AÏ÷ 117 A ñå

�cÚù¼åĖõëøaÃT�$�ëuGØĖfFæèùėđÿčÂt 124 AéèùæaÃT�$

�ëU;ØĖf>ê� 45 %æèùėÝú�¾ëaÃT�$�ë=GuGÚùôêêĖÝêaÃT

�$�êuGê�NëĖþēĂÂt 250 AïçåëèËėþēĂÂt 300 AéèùæĖþēĂÂt

200, 250 Aéò÷úùöÌè�đÿčÂt�0åêaÃT�$�êuGëèÒĖđÿčÂt 118 A

åaÃT�$�Ðf>æèøĖÝú�¾ëaÃT�$�ëuGØäËùė×÷éĖ+þēĂÂtå

aÃT�$�Ðf>ü�ØßđÿčÂtëĖþēĂÂt 200, 250, 300 AêÝúÞúå 124, 120, 

118 A æèáäÎøĖÝêf>êaÃT�$�ëþēĂÂtê;"ææôéuGØäËùė 

 

 

 

Fig. 3.2 Relationship between arc current and area ratio of fine grain in weld metal. 
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3.2.2 È y[³N 

y[³N 0.3, 0.5, 0.7 m/minêÝúÞúåS÷úßy[ċēćaÃ��ü Fig. 3.3é�Úė+

aÃéëĖT����Å6ü��å0ýåËùėÕúñåê�jæ-lĖđÿčÂtÐ�Ë8,

éëĖT����ëy[¹HM·éPW×úäËùė+y[³N 0.3, 0.5, 0.7 m/minéÎËäđ

ÿčÂt 97, 120, 139 Aêi�åT����Ðy[¹Hê�·éPW×úäËùėÝú�¾êđ

ÿčÂtåëĖT����ëĖy[³N 0.3, 0.5 m/min ê8,éëy[¹H�é^3ØäÎøĖ

y[³N 0.7 m/minê8,éëÝêññy[¹H�·éPW×úäËùė 

Fig. 3.3êaÃ¥DÏ÷S÷úßaÃT�$�ü Fig. 3.4é�Úė1éëĖaÃT�$�êJ

4�è÷ìéf>ĖfF�üĀĎēĊēåÝúÞú�ØäËùė+y[³NéÎÓùaÃT�$

�ê<$�.ëĖđÿčÂtÐ�cÚùéâúäĖaÃT�$�Ð�NuGØĖ×÷éđÿčÂ

tÐ�cÚùæaÃT�$�ëUzé;"ØĖÝêR�ìuGØäËùėñßĖT����ÐP

W×úùđÿčÂtê�0ëĖy[³N 0.3, 0.5, 0.7 m/minêÝúÞúå 77�140, 105�144, 116

�154 A æ�èùėaÃT�$�Ðf>æèùđÿčÂtô>ÑÒ<$ØäÎøĖy[³N 0.3, 0.5, 

0.7 m/minêÝúÞúéÎËä 97, 120, 148 A æèøĖf>êaÃT�$�ë 23, 40, 47 %æy[

³NÐ³Òèùéâúä;"Úùė 

 

 

 

Fig. 3.3 Cross-section of effect of welding speed at each wire current. 
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Fig. 3.4 Relationship between welding speed and area ratio of fine grain in weld metal. 
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3.2.3 È đÿč±�³N 

đÿč±�³N 3.0, 5.0, 7.0 m/minêÝúÞúåS÷úßy[ċēćaÃ��ü Fig. 3.5é�

ÚėaÃ���éëĖT����Å6ü��å0ýåËùė+đÿč±�³NéÎËäT��

��ëĖđÿčÂtÐ�Ë8,éy[¹HêM·éĖÇË8,é�·éPW×úäËùėđÿč

±�³N 7.0 m/minêđÿčÂt 148, 155 Aêy[ċēćë�P~æèáäÎøĖT����ë

y[¹H�·éPWØäËùė 

Fig. 3.5 êaÃ¥DåS÷úßaÃT�$�ü Fig. 3.6 é�Úė1éëĖaÃT�$�êJ

4�è÷ìéĀĎēĊēåaÃT�$�êf>ĖfF�ü�ØäËùė+đÿč±�³NåT�

���ÐPW×úßđÿčÂtê�0ëĖđÿč±�³N 3.0, 5.0, 7.0 m/minêÝúÞúå 70�

101, 105�144Ė125�155 AåÊùėđÿč±�³N 3.0Ė5.0 m/minê8,éëĖÕúñåê�j

æ-lĖaÃT�$�ëĖđÿčÂtê�cææôé�NuGØßRéĖ;"ØĖÝêR�ìuG

Úù�.éÊùėđÿč±�³N 7.0 m/min åëĖ�ËđÿčÂt�0éÎËäĖđÿčÂtê�

céöùaÃT�$�êuGëò÷úèËėØÏØĖaÃT�$�ëĖđÿčÂtÐ 140 A Ï÷

148 A íÇÒèùæUzé;"ØäËùėaÃT�$�Ðf>æèùđÿčÂtëĖđÿč±�³

N 3.0, 5.0, 7.0 m/minêÝúÞúå 94, 120, 148 AåÊøĖÝêf>êaÃT�$�ë 8, 40, 47 %

æđÿč±�³NÐ³ÒèùÕæå;"Úùė 

 

 

 

Fig. 3.5 Cross-section of effect of wire feeding speed at each wire current. 
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Fig. 3.6È Relationship between wire feeding speed and area ratio of fine grain in weld metal. 
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3.2.4 đÿč±��� 

đÿč±��� 0, +1, +2 mm êÝúÞúåS÷úßy[ċēćaÃ��ü Fig. 3.7 é�Úė

aÃ��éëĖT����Å6ü��å0ýåËùė+đÿč±���éÎËäĖT����

ëĖđÿčÂtÐ�Ë8,éy[¹HM·éPW×úäËùėđÿč±���+1, +2 mmåëĖđ

ÿčÂt 120, 123 AéÎËäĖT����Ðy[¹H�·éPW×úäÎøĖđÿč±���+2 

mméÎËäëĖđÿčÂt 128 A�¾éÎËäôĖT����ëy[¹H�·éPW×úäÎ

ø�P~ċēćåÊùėèÎĖđÿč±��� 0 mmåëĖT����Ðy[¹H�·éPW×ú

ùÕæëèÒĖđÿčÂt 120 A éÎËäq®�L�0éĖT����ëy[¹Hê�·éPW

×úäËùė 

Fig. 3.7êaÃ¥DéöøS÷úßaÃT�$�ü Fig. 3.8é�Úė1éëĖaÃT�$�ê

J4�è÷ìéf>ĖfF�üĀĎēĊēåÝúÞú�ØäËùė+đÿč±���éÎËäĖ

T����ÐPW×úßđÿčÂtê�0ë 90�150 A æïð�ØËėđÿčZ��� 0 mmê

8,ĖđÿčÂt 90�115 A ê�0éÎÓùaÃT�$�éëïð<$Ðò÷úèËėđÿčÂ

tÐ 120 A éèùæaÃT�$�ëUzé;"ØäËùėñß 120 A �¾ëđÿčyaÐzØÒ

��èy[ÐåÑèÏáßėđÿčZ���+1 mm åëĖđÿčÂtÐ 105 A Ï÷ 115 A íæ;

"ÚùéâúäaÃT�$�ëuGØĖ120 A éèùæaÃT�$�ëUzé;"Úùėđÿč

Ât 120 A éÎËäaÃT�$�Ðf>æèáß�¾ëĖđÿčÂtê;"é	ËaÃT�$

�ëuGØäËùėđÿč±���+2 mmåëĖ108 AÏ÷ 120 AíæđÿčÂtÐ;"Úùéâ

úäaÃT�$�ëõëøuGÚù�.éÊùėÝêR 120 A �¾åUzéaÃT�$�Ð;

"ØĖđÿčÂt 128 Aåë 50 %ü¬ÍĖÝêRêđÿčÂtê�céöùaÃT�$�êuG

ëò÷úèËė×÷éĖ+đÿč±���åaÃT�$�Ðf>ü�ØßđÿčÂtëĖđÿč±

��� 0, +1, +2 mmêÝúÞúå 120, 120, 128 A æïð�ØÒĖf>êaÃT�$�ë 29, 40, 

51 %åÊøĖđÿč±���Ð;"Úùéâúä;>Úùė 
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Fig. 3.7 Cross-section of weld bead at each wire feeding position. 

 

 

 

Fig. 3.8 Relationship between wire feeding position and area ratio of fine grain in weld metal. 
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3.3  T����PWéEÚùy¢ræđÿčZ�~Vê½� 

Fig. 3.9 ëĖþēĂÂtĖy[³NĖđÿč±�³NÎöìđÿč±���êÝúÞúêi�

åf>êaÃT�$�ÐS÷úßy[�ê*¤$��åÊùėFig. 3.9 (a)Ï÷ĖþēĂÂt 250 

AåëĖđÿčÐy¢r�êR�é5ú�ÐøèÐ÷Z�×úäËùÕæÐûÏùėþēĂÂt 200 

A åëĖþēĂÂtÐuGØßßóy¢rÐ�FØĖđÿčÐy¢rR�é5ú�ÐøèÐ÷Z

�×úäÎøĖþēĂÂt250 Aåò÷úùöÌèy¢:�ëd�é� åÑèËėþēĂÂt200 

A ê8,éf>êaÃT�$�Ĕ45 %ĕæèøĖy[ċēćë�P~éèáßė�bĖþēĂÂt

300 AåëĖþēĂÂt 200, 250 AéqîĖy¢rÐY>ØäËùÕæÐûÏùėÝêßóĖđÿč

ë-ÙöÌéy¢ríZ�×úù�!å5ú�ÐáäËùôêêĖy¢r�êq®�!béĖy

¢:�æÊù�Nê¼Àü�àèÐ÷±�×úäËßėFig. 3.9 (b)Ï÷Ė+y[³Nü<$×Üß

8,åëĖđÿčë5ú�Ðøy¢ríæ±�×úäËùl?Ðò÷úùėy¢rP~ëy[³

Nê;"ææôéĖy[b.Rbé»Ò
ìäÎøĖÝúé	Ëy¢r�íêđÿčêZ���

ë<$ØĖy[³N 0.5 m/min ü7xéòùæĖy[³N 0.3 m/min åëy¢r�R�éđÿč

ÐZ�×úĖy[³N 0.7 m/minåëy¢r�êq®�!béđÿčÐZ�×úäËßėy[³

N 0.7 m/minê8,éf>êaÃT�$�Ĕ47 %ĕæèùÐĖ�°êþēĂÂtê8,êöÌè�

P~ċēćåëèÏáßėFig. 3.9 (c)Ï÷Ė+đÿč±�³NéÎËäaÃT�$�Ðf>æèù

8,éëĖđÿčëõëø5ú�Ðøy¢ríæZ�×úäËùėđÿč±�³N 7.0 m/minåëĖ

þēĂÂt 200 Aê8,æ-léĖđÿčÐy¢r�êR�é5ú�ÐøèÐ÷Z�×úäÎøĖ

đÿčÐÝêññ�2ØäËùöÌéòÍùėđÿč±�³N 7.0 m/min ê8,éf>êaÃT�

$�Ĕ47 %ĕæèøĖy[ċēćë�P~æèáßėFig. 3.9 (d)Ï÷Ė+đÿč±���éÎËäf

>êaÃT�$�æèù8,êđÿčê±�ëõëø5ú�ÐøèÐ÷y¢ríæZ�×úäË

ùėđÿč±��� 0 mm åëĖđÿčëy¢:�æÊù�Nê­ÁüôáäZ�×úäËùėđÿ

č±���+1 mm Îöì+2 mm êđÿčÂt 123 A åëĖđÿčÐ5ú�Ðøy¢r�êR�

éZ�×úäËùėđÿč±���+ 2 mmêđÿčÂt 128 AåëĖđÿčê5ú�ÐøÐ¡ØÒĖ

đÿčëy¢r�êR�éZ�×úÝêññ�2ØäËùöÌéòÍùėđÿč±���+2 mmĖ

đÿčÂt 128 AéÎËäf>êaÃT�$�Ĕ51 %ĕæèøĖy[ċēćë�P~æèùė 

çêy[i�éÎËäôĖđÿčÐy¢r�êR�í5ú�ÐøèÐ÷Z�×úù8,éaÃ

T�$�ëf>æèøĖþēĂÂtĖy[³NĖđÿč±�³NÎöìđÿč±���êÝúÞú

åf>�ë 45, 47, 47, 51 %åÊáßėÕê�jÏ÷ĖT����ëĖđÿčêZ�~VĖ}éđÿ

čÐ5ú�Ðøy¢r�êR�íæZ�×úù8,éPW×úõÚÒèùæ Í÷úùė 
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(a) Effect of arc current. 
 
 

 

(b) Effect of welding speed. 
 
 

 
(c) Effect of wire feeding speed. 

 
 

 

(d) Effect of wire feeding position. 
 

Fig. 3.9 Visualization images at each welding condition. 
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3.4  T����PW�ª 

þēĂÂtĖy[³NĖđÿč±�³NÎöìđÿč±���êÝúÞúêQÄü©kØß�

jĖaÃT�$�ëđÿčÂtéöø<$ØĖÝêPW��ê<$�.ëïð�ØËÕæÐûÏ

áßė+i�åêaÃT�$�é7ãÑĖČĄĆđÿč TIG y[éÎÓùT����PWêßó

ê¶oy[i��0ü_�Øß�jü Fig. 3.10 é�Úė+y[i�éÎËäaÃT�$�Ð

10 %ü¬ÍßÅ6ü«9ØĖ�aÃT�$Å6æØßėÝê¶o�0ëĖþēĂÂtêuGĖy

[³Nê;"Ėđÿč±�³Nê;"Îöìđÿč±���ê;"ææôéY>ØäËùÕæÐû

Ïùė 

đÿčëy¢ríæZ�×úùµ�åþēĂéöø"{×úùėñßĖþēĂÂtê;"éöøĖ

y¢r�vNô�cØäËùæ\wåÑùėþēĂÂtê;"éöùaÃT�$�êuGëĖÕ

êþēĂéöù"{Îöìy¢rvNê�cÐ½�ØäËùôêæ Í÷úùėy[³NÐ<$

ÚùæĖy¢r�éÎËäđÿčíê�{Ð<$ÚùėþēĂÂtÎöìđÿč±�³NéÎË

äĖaÃT�$�Ðf>æèù8,éëđÿčëy¢r�êR�éZ�×úäËßėy[³NÐ

´Ë8,éëđÿčëy¢r�R�éZ�×úĖy[³NÐ³Ë8,éëđÿčëy¢r�!

béZ�×úäËßĔFig. 3.9 (b)ĕėØÏØèÐ÷ĖaÃT�$�Ðf>æèùêëĖđÿčÐy¢

r�!béZ�×úäËùy[³NÐ³Ë8,åÊáßėÕúëy¢rê�2³NêQÄéö

ùæ Í÷úĖy[³NÐ³Ë8,éëy¢r�!bíæZ�×úßđÿčÐy¢r�åU³é

�2Ėy[³NÐ´Ë8,éëy¢r�R�éZ�×úßđÿčÐy¢r�å%�é"{×ú

ßÕæéöùæ Í÷úĖy¢r�åêđÿčíê�{ê<$éöáäôT����¸Ð<$Úù

æ\w×úùėđÿč±�³NÐ;"Úù8,éaÃT�$�Ð;"ÚùÕæé½ØäëĖđÿč

íê&�e¼ÊßøêþēĂÎöìy¢rÏ÷ê�{Ð��ÚùÕæèçê£/ÐÊùÐĖđÿč

êZ�¸Ð;"ØäËùÕæôaÃT�$�ê;"é�Ðáßæ Í÷úùėđÿč±���üþ

ēĂÏ÷ÁØßÕæéöùaÃT�$�ê;"ëĖđÿčíêþēĂÏ÷ê�{ÐuGØßÕæĖÝ

ØäK
@�éy¢rêRbíæZ���Ð<$ØßÕæÐÊÔ÷úùė 

��ê�jÏ÷Ė"{±�×úßđÿčüĖþēĂÎöìy¢r�Ï÷ê{ü)ÓéÒÒèùö

Ìéy¢r�êR�é±�ØĖđÿčê±�¸ü;õÚÕæéöøT����ëPW×úõÚÒè

ùæ Í÷úùė 
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           (a) Effect of arc current.                         (b) Effect of welding speed. 

 

          

         (c) Effect of wire feeding speed.                (d) Effect of wire feeding position. 

 

Fig. 3.10 Change of adequate area of fine grain formation with each welding conditions. 
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3.5  �¦ 

SUS310S ü�ËäT����PW�ªíêþēĂÂtĖy[³NĖđÿč±�³NÎöìđ

ÿč±���êQÄü©kØßė+y[i�éÎËäS÷úßy[ċēćéEØäaÃ¥DØĖ

T����PW�.üSßėÝØäĖ*¤$#�Ï÷S÷úßđÿč±�~Vê<$Ï÷þēĂ

ÂtĖy[³NĖđÿč±�³NÎöìđÿč±���ÐT����PW�ªí�ÍùQÄü

d÷ÏéØßė 

1) y[i�ÖæêT����êPW�.ë<$ÜÛĖT����ëĖđÿčÂtÐ�Ë8,

éy[¹HêM·ĖÇË8,é�·éÝúÞúPW×úßė 

2) +y[i�éÎËäĖaÃT�$�Ðf>æèù8,éëĖđÿčëy¢réZ�×úù

�!å5ú�ÐøĖy¢r�êR�êy¢:�¯�é±�×úßė 

3) aÃT�$�ëĖþēĂÂt 200 AĖđÿč±�³N 7.0 m/minĖđÿč±���+2 mmê

ÝúÞúå 45, 47, 51 %åÊøĖy[ċēćë�P~åÊáßėy[³N 0.7 m/minéÎÓù

aÃT�$�ë 47 %åÊáßėÕê8,éëy[ċēćë�P~åëèËė 

4) gy[i��0éÎËäëĖT����ëf>åy[¹H��ê� 50 %éÎËäPW×

úĖy[ċēćë�P~åÊáßė 

5) T����ëĖ"{±�×úßđÿčüĖþēĂÎöìy¢r�Ï÷ê{ü)ÓéÒÒèùö

Ìéy¢r�êR�é±�ØĖđÿčê±�¸ü;õÚÕæéöøPW×úõÚÒèùæ Í

÷úùė 
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ã 4áł ł �îéð÷z�ƟƃƗƍƞŨċ� 

 

 

4áŦŊŇšƯÃ�Ĭn�Ũ�îéð÷z�Ũ�ħÃ�¤�èLũ�ŸŋŦŕŜŌƯ�î

éð÷z�ƟƃƗƍƞũ��Ţņźư�îéð÷ŽÃ�Ĭn�Ŧ6¦ÔŦz�ŗź�ŢŚŨƟƃ

ƗƍƞŨċ�ũ�A­ŢņźưŚőŢ¢áŢũƯ�îéð÷z�ĥàŨÃ��ŨÃĂ¶Ž�,

¹ŦŷŹ-òŕƯÃĂ¶)ŦŊŏźð÷Y8ŽĊgŕŜư  

 

 

4.1  fŀ�¹ 

4.1.1   �Ē£�ŊŷŬĒŀÈ 

³£ŦũƂƬƌƒƖƀƔëƌƒƪƧƌĭŢņź SUS310SƯƩƀơŦũ JIS Z3321 YS310Sƭń1.2 

mmƮŽ�ÎŕŜư8að�Ž Table 4.1ŦÞŗưÃ�Ŧ�ÎŕŜĒŀÈũ Fig. 2.1ŦÞŕŜư 

 

4.1.2  ł »� SnŊŷŬµ�,¤� 

»� SnŊŷŬµŦŷŹ�îéð÷z�ĥàŽ-òŕŜĶŨÃ�¤�Ž Table 4.2 ŦÞŗưÃ

�Ģv 0.5 m/min, ſƬƅĹº 250 AƯƩƀơĠóĢv 7.0 m/min ţŕšƩƀơĹº 132, 147 AŦ

hŕš�,fŀŽăŞŜưƩƀơĹº 132, 147 AũƯŚŻśŻ�îéð÷ŌÃ�ĬnuĨƯ�Ĩ

Ŧz�œŻźÃ�¤�Ţņźư 

 

Table 4.1 Chemical compositions of base metal and filler wire. 

 

Table 4.2 Welding conditions of quenching by liquid-tin or water. 

 

Material C Si Mn P S Ni Cr Co Mo Cu Fe
SUS310S 0.05 0.73 0.83 0.021 <0.001 19.20 24.88 0.13 - - Bal.
YS310S-(1) 0.048 0.39 1.60 0.018 0.002 21.49 26.09 - - - Bal.
YS310S-(2) 0.05 0.48 1.59 0.022 0.001 21.12 26.18 - 0.08 0.10 Bal.

Welding speed, m/min 0.5 Wire feeding angle, deg. 45

Arc current, A 250 Power supply distance, mm 57

Arc voltage, V 11.7 Wire current, A 132, 147

Arc length, mm 3 Pulse of wire current, Hz 100

Wire feeding speed, m/min 7.0 Duty, % 30

Wire feeding position, mm +1 Shielding gas(Ar), l/min 20
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4.1.3  ł �îéð÷z�ĥàŨ�,fŀ�¹ 

�îéð÷z�ĥàŨÃĂ¶HĝŨ.NÌĖŽ-òŗźŜŴŦƯ»� Sn ŵŕŎũµ�,¹

ŢÃĂ¶Ŧ�&œŻŜÕ}ŨƩƀơŊŷŬÃĂ¶Ũð÷Ũ-òŽĒųŜư�,¹Ũ¬xMŽ Fig. 

4.4 (a)ƯfĶŨ�,fŀ�ŨÃ�ĨŨ«_Ž Fig. 4.4 (b)ŦÞŗưTable 4.2ŦÞŕŜÃ�¤�ŢƯ

ÃĂ¶ŌdrĨŦ2ĦŕŜ�ÅŢÃ�Ž�¯ŗźţD�ŦƯ(a)ŦÞŗŷňŦƯƩƀơĹº 147 A

ŨUCũ»� Sn ŽƯƩƀơĹº 132 A ŨUCũµŽÃ�Ĩ}�ŷŹÃĂ¶ŮţºŕŜưťŊƯƩ

ƀơĹº 132 AŨUCŢŵ»� SnŦŷź�,Žf�ŕŜŌƯ»� SnŦŷŹÃĂ¶Ō�ŕºœŻƯ

ÃĂ¶ŦƩƀơŌ�&œŻŜĨ0Ũ�,ð÷ŌĊgŢōťŋŞŜŜŴµ�,ţŕŜư-òœŻŜ

Ã�ƙƬƕŋŸũƯÃ�ƙƬƕ�]Ũö�ĻŽ?~ŕƯįĻ��ŐŕŜ}Ư10 %ƊƢƁĩµÃ»

ŦŷźĹċüĿŽăŞŜưð÷ĊgŦũ%aľ�įŽ�ÎŕŜư 

 

 

(a) Schematic illustration of quenching method. 

 

 

(b) Visualization images at each frame during quenching. 

Fig. 4.4 Quenching by liquid-tin and water during welding at fine grain formation. 
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4.1.4  ł ƜƑƔƩƀơĠó¬�5Çfŀ 

�ğŨ�,fŀŷŹƯ�îéð÷Ō5ÇĠó�ŨƩƀơŨð÷Y8ŦŷŹz�œŻźţ��œ

ŻŜưŚőŢƯƩƀơŨð÷Y8ţÀvŨĳ�Žĕ§ŗźŜŴŦƯƜƑƔƩƀơ TIG Ã��ŦĠó

œŻźƩƀơÀvĎÁŽĺ�ČxÀvĎÁŦŷŹĒųŜŌƯÇÂŌſƬƅŢņźŜŴŦÃĂ¶Ğ

!ŨƩƀơŨ°ÜťÀvĎÁŌKĸŢņŞŜưŚőŢƯFig. 4.5 ŦÞŗÕ�ġĹ5ÇąøŽć�

ŕšƯƩƀơŽġĹ5ÇŕťŌŸĠóŕƯƜƑƔƩƀơ TIGÃ��ţDäŨƩƀơ5ÇÊ�Ž�ŹƯƩ

ƀơ)Ũð÷Y8Žĕ§ŕŜưƩƀơŽbdŕšġĹŗźŜŴ�ČĨŦũƜƑƔƩƀơąøŦ�Î

œŻźƇƪƏƅƔƐƑƛŽ�ÎŕŜưœŸŦƯĠó�ŨƩƀơŨ�7ŽbdœřźŜŴƎƤƝƑƅƄƀƕ

Ž�ÎŕŜưƎƤƝƑƅƄƀƕŦũÀvĎÁŨŜŴŦƌƥƑƔŽ 4şđŏŜư 

Table 4.3 Ŧfŀ¤�ŽÞŗư�îéð÷z�¤�ŋŸƯƩƀơĠóĢv 5.0 m/min, ġĹę

ķ 57 mmŢƩƀơĹº 94, 102, 109 AŨ¤�ŦhŕšƩƀơÀvŽĎÁŕŜưÀvĎÁŦũƯÁ

dhĖŌß7ŕƯŋşŚŨƉƀƍŌń1.2 mm ţĺrŦkœŇőţŋŸĺ�ČxÀvĎÁąøŽ�

ÎŕŜư�ÀvRŢņźƎƤƝƑƅƄƀƕŨƌƥƑƔŨ�øũ�iÀvĎÁąøƯġĹ�øŨŁÀv

Rũ
ÿ�iÀvĎÁąøƭ�Į A =ÆƮŽ�ÎŕŜ 57-59)ưÀvĎÁ�ŦũŁÀŦ5ÇœŻŜ

ƩƀơŨĩ8ŽĴ¯ŗźŜŴƯŁÀŦ5ÇœŻŜƩƀơŨ��ŋŸ TIG ƔƬƐŽÎŇš Ar ƄƌŽ

ºŕŜưArƄƌŨºīƫOũfĶŨ�îéð÷z�¤�ţD«Ư20 l/minƯ0.3 MPa ţŕŜư 

 

    
    (a) Appearance of wire heating device.                 (b) Measurement point. 

Fig. 4.5 Filler wire heating device for measuring wire temperature distribution. 

Table 4.3 Experimental conditions of filler wire temperature measurement. 

 

Wire feeding speed, m/min 5.0
Power supply distance, mm 57

Wire current, A 92, 102, 109
Pulse of wire current, Hz 100

Duty, % 30
Shielding gas(Ar), l/min 20
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4.1.5  ł Ʃƀơð÷*Ì5Çfŀ�¹ 

�ğŕŜfŀò¦ŋŸ�îéð÷ũƩƀơ)ŨmĨÃĂÌĖŦĳ�ŌņźőţŌ�ÁœŻŜư

ŚőŢƯŚŨmĨÃĂÌĖţƩƀơð÷Y8Ũĳ�Žĕ§ŕŜưFig. 4.6 ŦƩƀơŽ��ŨÀvŮ

ţ5ÇAûťƩƀơġĹ5ÇąøŽÞŗưőŨąøũƯƜƑƔƩƀơ·(ŊŷŬÙāçŦŷŹª�

œŻšŊŹƯ5ÇœŻźƩƀơũ� ŨƇƪƏƅƔƐƑƛŦŷŹNdœŻƯġĹœŻźưƇƪƏƅƔƐƑ

ƛŦNdœŻŜƩƀơũƯƜƑƔƩƀơĹÂŦŷŹƋƢƬƦ5ÇœŻźư5ÇĨŦũÙāçŽđŏƯ

ŚŨ�Ů ArƄƌŽº&œřźőţŢ5ÇœŻźƩƀơŨĩ8ŽĴ¯ŕŜư 

mĨÃĂÌĖŨċ�ŨŜŴŦ�ÎŕŜfŀ¤�Ž Table 4.4ŦŲţŴšÞŗư5Ç�Ĳ 1.0�

10.0 sŢƩƀơĹº 32�100 AŨèLŢħeƩƀơŽ5ÇŕŜư5ÇŗźƩƀơİũƯ5Ç}Ũ,

;ĢvŦ{ļŽ�ŉźŜŴŗůšŨ¤�Ţ 65 mm ţŕŜưŲŜƯAr ƄƌŨºīũ 5�10 l/min ţ

ŕŜưƩƀơĹºŨƘƦƌH¡ŊŷŬ DutyũƜƑƔƩƀơ TIGÃ�ţD«Ţ 100 HzŊŷŬ 30 %ţ

ŕŜư5Ç�ŨÀvĎÁŦũƯ¢fŀŨ5ÇĢvŽù�ŕƯ
ÿ�iÀvĎ3ąøƭ�Į A =

ÆƮŽ�ÎŕŜ 54-56)ư�ţŕšƯ5Ç�Ĳ 1.0 sƯƩƀơĹº 82 AŢ5ÇœŻŜƩƀơŨÀvĎÁò

¦Ž Fig. 4.7ŦÞŗưFig. 4.7 (a)ŊŷŬ(b)ũŚŻśŻƚƬƅÀvŦŊŏź
®$ÀvÏ#ţŚŨ

Àvo±ŽÞŕšŇźư
®$ÀvÏ#ŋŸƋƢƬƦ5ÇœŻŜƩƀơŌP�Ŧ5ÇœŻšŇź

őţŌżŋźưŚŨÀvo±ŋŸƚƬƅÀvŌ 1210 ºCŢņŞŜưŲŜ,;Ģvũì 150 ˚C/sŢņ

ŞŜư5Ç¤�ŒţŦÀvĎÁŕƯƚƬƅÀvŽĎÁŕŜư 

mĨÃĂÌĖŦ>űŗ5ÇĢvŨ{ļŽĕůźŜŴƯ5ÇĢv 133, 225, 445, 1415 ºC/s Ţ

mĨÃĂŌÓÍŗźÀvŲŢ5ÇŕƯ5ÇĢvţmĨÃĂÌĖŨĳ�Žĕ§ŕŜư 

ŲŜƯ�îéð÷z�Ũ<Jţťźò�é)ŢŨmĨÃĂÌĖŨēîŽ��ŗźŜŴƯ��

ŨfŀŽăŞŜưņŸŋŖŴƩƀơŽƚƬƅÀv 1223�1387 ºC ŲŢŨĲŨBÀvŦ 1 sĲŢ5Ç

ŕƯ,;ŗźƭ�®5ÇţIŭƮưŚŨƩƀơŨĄĻŽ 0.4 mm àvÚÝŕƯò�éÐŽÌ/œřƯ

œŸŦ�øŽÉdŗźŜŴOÒŽ��ŗźưŚŨ}Ư*ŬDƩƀơŽì 1450 ºC/sŢmĨÃĂŌÓ

Íŗźì 1450 ºC ŲŢ*5ÇŕƯ,;ŗźư�}ŦƯOÒ�øŦCżřšð÷ĊgŕƯ�®5Ç

�ŨéÐţmĨÃĂWÐţŨ´ĜŽăňư 
 

Table 4.4 Heating conditions. 

 

Heating time, s 1.0, 3.0, 6.0, 10.0
Wire current, A 32~100

Pulse of wire current, Hz 100
Duty, % 30

Shielding gas(Ar), l/min 5~10 (0.3 MPa)
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Fig. 4.6 Appearance of joule heating device. 

 

 

 

(a) 2D temperature distribution image. 

 

(b) Thermal history by two-color thermometer. 

Fig. 4.7 Temperature measurement result of filler wire joule heating 
obtained by two-color thermometer. 
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4.2  �îéð÷z�ţƩƀơŨĳ� 

4.2.1   �,¹Ŧŷź�îéð÷z�ĥàŨ-ò 

�îéð÷Ōz�œŻźÃ�¤�ƯſƬƅĹº 250 A, Ã�Ģv 0.5 m/minƯƩƀơĠóĢv

7.0 m/minŨƩƀơĹº 132, 147 AŦhŕš�,ŕŜò¦Ž Fig. 4.8ŦÞŗưFig. 4.8 (a), (b)ũŚ

ŻśŻƩƀơĹº 132, 147 AŨ�,.Nð÷ŨÃĂ¶�ĞŨö�Ļ+×ŢņŹƯ�îéð÷Ō

Ã�ĬnuĨŊŷŬ�ĨŦz�œŻź¤�ŢņźưM�ŨÛõũƯ�îéð÷Ũz�ĽRŽÞ

ŕšŇźưFig. 4.8 (a), (b)ŦŊŇšƯ�îéð÷Ũz��øũÑťŞšŇźŵŨŨƯŇŘŻŨ¤�

ŦŊŇšŵ�îéð÷Ō½5ƩƀơŋŸģôŕšz�ŕšŇźőţŌżŋźư 

Fig. 4.9ŦƯFig. 4.8 (a)ŊŷŬ(b)�Ŧ(i)�(vi)ŢÞŕŜ�øŨ�[ð÷ťŸŬŦ½5ƩƀơŨ1

¡ð÷ŽÞŗư�îéð÷ŌÃ�ĬnuĨŦz�ŕšŇźUCƯ(i)ŢũƩƀơŨ1¡ð÷Ŧ´

ŕš�îťäě�ŽFŗźư(ii)ŢũƯ(i)Ŧ´Ĝŕšê[ťò�éŌĊgœŻƯœŸŦ(iii)ŢũƯê

[ťò�é)ŋŸm�ÔŦÃĂŕŜÒĚŌÜĔœŻźƭFig. 4.9 (b)ŨM�ŨØ:�øƮ60-63)ưł

(iv)ŢũőŨÃĂĨ0ŌX[ŕƯ	ųŽqŬŜò�éŽFŗźưőŻŦhŕƯ�îéð÷ŌÃ�

Ĭn�ĨŦz�ŕšŇźUCƯ(v)ŢũƯ(iv)ŢĊgœŻŜŷňť	ųŽqŬŜò�éţƯŶŶtŴ

ŨmĨÃĂĨ0Ō�,œŻ©�îťð÷ţťŞŜĨ0ŌÜĔœŻźƭFig. 4.9 (c)ŨØ:ƮưŲŜƯ

(vi)Ţũ�îéð÷Ōz�ŕšŇźư 

��Ũð÷Ċgò¦ŷŹƯ9ÃĂÊ�ŨƩƀơŌÃĂ¶Ŧ�&œŻźőţŢƯ�îéð÷Ōz

�œŻšŇźőţŌ�ŸŋţťŞŜưŗťżŝƯƜƑƔƩƀơƛƨƎƌŽħÎŕŜ½5ƩƀơũÃĂ¶

ŦĠóœŻźĥàŦŊŇšƯƋƢƬƦÇţÃĂ¶ŋŸŨÇƯſƬƅŋŸŨÇŦŷŹ5ÇœŻƯŚŨ

ÀvũƯĂÅĞ!ŲŢĦŕšŇźŜŴƯFig. 4.9ŦÞŗ1¡ð÷Ž�ŗźƩƀơũŚŨÀv0pŦ

�Ŗš Fig. 4.9ŦųŸŻźŷňťð÷Y8ŽŜŤŹƯ(v)ŦųŸŻŜŷňť9ÃĂÊ�ŨŲŲc'ŦÃ

ŏōźőţťŎ.NŕƯ�îéð÷ţťźţùŉŸŻźư 
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(a) Fine grain formed at bottom of Weld metal (Wire current: 132 A). 

 

 

(b) Fine grain formed at upper of weld bead (Wire current: 147 A). 

Fig. 4.8 Freeze microstructure images during forming fine grain obtained by quenching method. 
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(a) Microstructure on each position shown in Fig. 4.8. 

 

(b) Local melting of (iii). 

 

(c) Rapid solidification microstructure of (v). 

Fig. 4.9 Microstructure evolution in filler wire to fine grain. 
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4.2.2  ł 5ÇĠó�ŨƩƀơ)ð÷Y8 

�îéð÷z�¤�ŦSŠōƯġĹęķ 57 mm, ƩƀơĠóĢv 5.0 m/minŢƩƀơĹº 94, 

102, 109 AŨ¤�Ţ5ÇœŻŜƩƀơŽ�iÀvĎŊŷŬ
ÿ�iÀvĎŦŷŹfÁŕŜò¦Ž

Fig. 4.10 ŦÞŗưM�ŦũƩƀơŨ»ÖõÀvŊŷŬNÖõÀvŽÞŕšŇźưMŷŹƯġĹ�

ø 57 mmŢŨƩƀơÀvũƯƩƀơĹºŨX5Ŧ�Ň��ŕšŊŹƯƩƀơĹº 109 AŢũƯ»Ö

õÀv�ĞŦĦŕšŇźưŚŨĶŨƩƀơŨ5ÇĢvũ 2046 ˚C/s ţĺrŦ�ĢŢņŞŜư 

Fig. 4.10ŨƩƀơĹº 109 AŢĂÅĞ!ŲŢ5ÇœŻŜƩƀơŨð÷Ċgò¦Ž Fig. 4.11Ŧ

ÞŗưFig. 4.11 (a), (c)ũŚŻśŻ5ÇœŻŜƩƀơŨB�øŦŊŏź%aľ�į#ţ EBSDċ¥

ŦŷŹ~ŸŻŜ IPF #Ư(b)ũ 52 mm Ũ�øŨ�[+×ŢņźưFig. 4.11 (a)ŋŸƯƩƀơũ5Çœ

ŻĠóœŻźĥàŦŊŇšġĹęķ 39 mmŨ�øŢ�îťò�éŽFŕšŊŹƯœŸŦ5ÇœŻ

źőţŢê[ťò�éŮţY8ŕšŇźưFig. 4.11 (b)Ũ 52 mmŨ�øŢũƯð÷+×�Ũê[ò

�éŨ)ĨŦŊŇšmĨÃĂŌÍŖšŇźưĂÅĞ!ŲŢ5ÇœŻšŇź 57 mm ŢũƯmĨÃ

ĂŌĤų	ųŽqŬŜò�éţťŞšŇźưőŻũƯFig. 4.9 ŢÞŕŜð÷Y8ţD«Ũ"EŢņ

źưŲŜƯ1¡Ŧì 15 µmŢņŞŜò�é|ũƯFig. 4.11 (c)Ũ IPF#ŋŸƯĂÅĞ!Ũ 57 mmŨ

�øŦýźŲŢŨĲŢ[ōŎY8ŕšŇźőţŌżŋźư 

IPF #ŋŸ~ŸŻŜò�é|ţƩƀơŨ�øŽÀvŦ�æŕŜƩƀơÀvţŨĳ�Ž Fig. 4.12

ŦÞŗưò�é|ũƯ5Ç4 15 µmŢņźŌƯ800 ˚C�ĞŋŸkœŎťŹ^ŴƯì 900 ˚CŢ 9 µm

ţ�kţťźưŚŨ}ŨÀvŨ��Ŧ�Ňé|ũ[ōŎťŹƯ1350 ˚C �ĞŦš�[Ũ 22 µm ţť

ŹƯĂÅĞ!ŦĞŠŎţ*ŬkœŎťŞšŇźư1¡ŨƩƀơð÷ŦũZŎŨV�ūŘųŌj&œ

ŻšŇźőţŋŸƯ800 ˚C�ĞŋŸŨé|Ũ¾lũƯ5ÇŦ�ň*ò�ŌÍŖŜŵŨţ�gŢōźư

őŨőţũ Fig. 4.9 (a)ŢÞŕŜŷňŦƯ5Ç4ŨƩƀơŨò�éŌƩƀơŨİ��EŦ�ŬšŇź

őţŶƯFig. 4.11 (c)ŦŊŇšƯƩƀơ�ø 30 mm�ĞŌì 710 ˚CŦÖyŗźŌƯFig. 4.11 (c)Ũ

30 mm ŢŨ IPF #Ţũò�éŨÿŦƆƤƓƬƊƣƪŌĊgœŻźőţŋŸŵĆ�ŏŸŻźưŲŜƯ

SUS304ŨOw£ŦŊŇšO�ËŦ�`ŗźŌƯ*ò�ı^Àvũ 700�900 ºC ţTGœŻšŇ

ź 64,65)ưFig. 4.11 (c) 35 mmŨ�øũ 829 ºCŢņźŌƯ*ò�éŌĉŸŻšŊŹƯőŨTGţŰű

DàvŨÀvŢņźőţŋŸŵƯƩƀơ5ÇŦŷŹ*ò�ŌÍŖšŇźőţŌżŋźư1350 ˚C ��

ŋŸŨé|Ũ¾lũƯ52 mm Ũ�øŦųŸŻźŷňťê[ò�é)ŨmĨÃĂÌĖŦ�Ňò�

éŌ0�œŻŜőţŦŷźţùŉŸŻźưŷŞšƯƜƑƔƩƀơĠó�ŨƩƀơũƯ5ÇŦ�ŇƯ*ò

�Ưé�İŊŷŬmĨÃĂŨð÷Y8ŽĘőŕšŇźőţŌżŋŞŜư 
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Fig. 4.10 Temperature distributions with each wire current during hot-wire feeding. 
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(a) Microstructures in heated filler wire at each position. 

 

 

(b) Local melting microstructure on 52 mm. 

 

 

(c) IPF images at each position. 

Fig. 4.11 Microstructure evolution in filler wire obtained by hot-wire feeding simulation. 
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Fig. 4.12 Relationship between temperature and grain size in filler wire. 
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4.3  �îéð÷z�ƟƃƗƍƞ 

¢Ã�¹ŦŷŹz�œŻź�îéð÷ũƯſƬƅĹºŨ¾lƯÃ�ĢvŨX5ƯƩƀơĠóĢ

vŨX5ŊŷŬƩƀơĠó�øŌX5ŗźŦşŻšz�œŻŶŗŎťźưœŸŦƯFig. 4.8 Ũ�,

ò¦ŋŸƯƩƀơŋŸģôŕš�îéð÷Ōz�œŻšŊŹƯmĨÃĂŕŜƩƀơŌ9ÃĂÊ�Ţ

.NÐĻŦĦŗźőţŢ�îéð÷Ōz�œŻźőţŌżŋŞŜư 

ƜƑƔƩƀơ TIGÃ�Ŧŷź�îéð÷Ũz�ƠƓƦŽ Fig. 4.13Ŧ¬xÔŦÞŗưƩƀơĹº

Ō�ŇUCƯFig. 2.9ŦųŸŻźŷňŦƯ5ÇœŻŜƩƀơũÃĂ¶)Ũ´ĜÔ4�Ŧ�&œŻźư

ƩƀơũÃĂ¶)ŢſƬƅŊŷŬĂ»ŋŸŨÇŦŷŹ5ÇœŻźŌc'ŦÃĂŗź4ŦÃ�Ĭn

uĨŦŊŇšƯ5ÇœŻŜÀvŦ�ŖŜò�é|Ũ�îéð÷ţŕš.NŗźưƩƀơĹºŌX

5ŗźţƯ5ÇœŻŜƩƀơũƯÃĂ¶�&�ŨÀvŌ��ŕƯſƬƅŊŷŬĂ»ŋŸŨÇŦŷŹ

ÃĂ¶)ŦšÃĂŗźŜŴ�îéð÷ũz�œŻťŇưœŸŦƯƩƀơĹºŌ��ŗźţƯĂÅ

Ğ!ŲŢ5ÇœŻŜƩƀơŨÀvũÃĂ¶ÀvţäŕŎťŹƯFig. 4.11 (b)ŦÞŕŜŷňťmĨÃĂ

ð÷ţťŹQŻ�ŌŹťŌŸÃĂ¶)}âŨÃĂWÐĞ!Ŧ�&œŻƯſƬƅŊŷŬÃĂ¶ŋŸ

ŨÇŽņŲŹ@ŏźőţťŎ9ÃĂÊ�ŨŲŲŢ.NŗźưőŨUCƯ9ÃĂÊ�ŨƩƀơŌÃĂ

¶)ŨĂ»ţ¼ŔŹCżťŇŜŴŦƯ�îéð÷ŌÃ�Ĭn�ĨŦtèLŦżŜŹz�œŻźư

ŕŜŌŞšƯ¢Ã�¹ŢŨ�îéð÷Ũz�ũƯƜƑƔƩƀơƛƨƎƌŽħÎŕŜĶŨƩƀơŨÃ

ĂÌĖŦ�`ŕŜÉ�ŨÌĖŢņźţùŉŸŻźư 

őŨŷňťz�ƟƃƗƍƞŋŸƯÃ�Ĭn�Ŧ�îéð÷Ž�ħŦz�ŗźŜŴŦũÃĂ¶Ů

ţĠóœŻźƩƀơ)ŨmĨÃĂĽRŽ�[œřƯſƬƅŶÃĂ¶ŋŸŨÇŦŷŹƩƀơ)ŨmĨ

ÃĂĽRŌc'ŦÃŏŧŷňŦÃĂ¶Ũ}âŦƩƀơŽ�&ŗźőţŌ ŲŕŇţ�ÁœŻźư 

 

 

Fig. 4.13 Schematic illustration of fine grain formation mechanism by hot-wire GTAW. 
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4.4  Ʃƀơð÷Y8ĥàŢŨmĨÃĂÌĖ 

Fig. 4.11 (b)Ũ%aľ�į#ŋŸƯƩƀơũ5ÇœŻźĥàŢƯM�ŦØ:ŢÞŗò�éÐţ

ũÑťźé)ŢmĨÃĂŽĘőŕŜƈƬƌƔéÐ 66,67)ŌĊgœŻŜưőŨmĨÃĂÌĖũƯ¢Ã

�¹Ţ�îéð÷Žz�ŗź�ŢŨ�şŨĪĈťÌĖŢņźŜŴƯŚŨmĨÃĂÌĖŦşŇš

ĕ§ŕŜư 

Fig. 4.14ũƯ5ÇĢv 133, 225, 445, 1415 ˚C/sŢmĨÃĂÀvŲŢ5ÇŕŜƩƀơð÷ŽÞ

ŕšŇźư5ÇĢv 133, 225 ŃC/s ŢũéÐŋŸmĨÃĂŌÍŖšŇźư5ÇĢvŌ 445 ºC/s Ţ

ũƯŰţžŤŨmĨÃĂŌéÐŦ¸ŞšÍŖšũŇźŌƯîŎĉŉźò�éÐţ\ŎmĨÃĂŕŜ

�øŦĀsŨŘŻŌųŸŻźư��Ư5ÇĢv 1415 ºC/s ŢũƯé)ŢmĨÃĂŌÓÍŕŜƈƬ

ƌƔéÐŌĊgœŻźưőŻŸŨò¦ŋŸmĨÃĂŌÓÍŗźU�ũƯ5ÇĢvŦ�`ŕƯ5Ç

ĢvŌĢŎťŻŪƯŚŨU�ũƯò�éÐŋŸò�é)ŦYżźőţŌżŋźư 

SUS310S ŨÃ�Ç{ļĨŦŊŏźéÐŨmĨÃĂÌĖũƯ¿ĝŸ 60)ŦŷŹēîť¨ďŌ5

ŉŸŻšŊŹƯŚŨ
ĈJũƯéÐß7Ŧ�ňÃė$íŨ sweep-up68,69)ŦŷŹéÐŦÃė$íŨ

Ä8ŌĘőŹƯĂÅŌ��ŗźőţŦŷźţTGœŻšŇźưÃė$íŨÄ8ŦŷŹmĨÃĂŌÍ

ŖšŇźŨŢņŻŪƯFig. 4.12 ŦÞŕŜŷňťð÷Y8ĥàŦŊŇšŚŨÄ8ĨŌz�œŻšŇ

źŵŨţ�gŢōźưŚőŢƯmĨÃĂð÷Ũé|Ō 17 µmŢņźőţŋŸƯé|ŌDäŨƩƀơ1

¡ð÷ŨéÐƭFig. 4.12 ŨŅƮŢŨÃė$íŨÄ8ŌőŨmĨÃĂÌĖŦĳżŞšŇźţùŉŜư

Fig. 4.15ũƯƩƀơ1¡ð÷ţŚŨD�ŨƩƀơŽ5ÇŦŷŹmĨÃĂœřDŖ�øŢŨð÷ŽĊ

gŕŜ1¡ð÷ţmĨÃĂŨĳ�ŽÞŗưMŦũƯ5Ç}ŨmĨÃĂÏ#�Ŧ1¡ð÷ŨéÐ

ŽÛõŦšÞŕšŇźưMŋŸ�ŸŋťŷňŦƩƀơ1¡ð÷ŨéÐţ5Ç}ŨmĨÃĂå�Ō

�þŕšŇťŇőţŌżŋźư��Ũò¦ŋŸƯ1¡ð÷éÐŦŊŏźÃė$íŨÄ8ũ�îé

ð÷z��ŨmĨÃĂŦÕ�ÔŦũĳ�ŕšŇťŇőţŌżŋŞŜư 

ŚőŢƯFig. 4.12 ŨƩƀơ)Ũð÷Y8ŋŸƯé�İĥàŦŊŇš~ŸŻźƩƀơð÷ŌmĨ

ÃĂÌĖŦ{ļŕšŇźţùŉƯ4.1.6ŦĐŕŜƩƀơð÷*Ì5ÇfŀŽf�ŕŜưFig. 4.16ũƯ

�®5ÇŦŷŹ~ŸŻŜƚƬƅÀv 881�1431 ºC ŨƩƀơð÷Ţņźư�®5ÇŢ~ŸŻŜƩƀ

ơð÷ũƯ963 ºCŢ*ò�ŌųŸŻƯ*ò�} 1387 ºC ŲŢũé�İŕšŇźőţŌżŋźưŚŨ

} 1415 ºCŢé)ŋŸmĨÃĂŌÍŖšŊŹƯőŨŷňťð÷Y8ũ Fig. 4.11ŨƩƀơð÷Y8ţ

D«Ũ"EŢņźưFig. 4.17ũƯFig. 4.16Ũé�İĥàŨƚƬƅÀv 1223, 1310ŊŷŬ 1387 ºC

Ũð÷ţŚŨD�øŽ
®5ÇŦŷŹmĨÃĂœřŜð÷Ž´ĜŕŜò¦ŢņźưFig. 4.15 ţD

«ŦƯBÀvŢŨò�éÐţmĨÃĂWÐŽ�řšÞŕšŇźư1223 ºC ŦŊŏźò�éÐũƯ



ã 4á �îéð÷z�ƟƃƗƍƞŨċ� 

 55 

mĨÃĂð÷Ŧ´ŕškœŎƯ�úũ�þŕšŇťŇưŕŋŕƯ1310 ºCŨò�éÐũmĨÃĂW

ÐţŰű�þŕšŊŹƯ1387 ºCŨò�éÐũƯmĨÃĂWÐţ*ŬŘŻšŇźư 

�ĐŨ¨ďŋŸƯé)ŦŊŏźmĨÃĂWÐũƯ*ò�ï�}ŋŸŨé�İĥàŦŊŏźé

Ðß7�ŨŇŘŻŋŨÀvŢŨéÐ�øŦÖyŗźţ�ÁœŻźưŗťżŝƯ¿ĝŸ 60)ŦŷŻŪƯ

éÐß7�ŦÃė$íũƯéÐŦ sweep-up œŻźőţŢÄ8œŻéÐŢmĨÃĂŽĘőŗţT

GœŻšŇźŌƯ¢fŀŢũƯņźÀv�ĵŦťźţƭFig. 4.17Ũ*Ì5ÇfŀŋŸũ 1310 ºC�

ĞƮƯÄ8œŻŜÃė$íŌé)Ŧ?Ź²œŻŜÊ�ŌÍŖšŇźţ�gœŻźưŚŨò¦Ưé)

ŨÃė$íŌÄ8ŕŜ�ĂÅWÐŋŸmĨÃĂŌĘőźŜŴƯò�éũê[8ŕšŇźŵŨŨƯ

mĨÃĂ}ũ�îťò�éţťźŵŨţùŉŸŻźưőŨŷňťmĨÃĂÌĖũ©ŴšĢŇĢv

Ţ5ÇœŻźƜƑƔƩƀơÉ�ŨÌĖţùŉŸŻźư 

 

 

 

Fig. 4.14 Local melting locations at each heating rate. 
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Fig. 4.15 Relationship between initial microstructure of wire and local melting. 

 

 

 

 
Fig. 4.16 Microstructure evolution at simulated wire heating. 
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Fig. 4.17 Relationship between wire microstructure at each temperature 

during grain growth and local melting. 
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4.5  òč 

SUS310S ŦŊŇšƜƑƔƩƀơ TIG Ã�ŦŷŹz�œŻź�îéð÷ŦşŇšƯŚŨz�Ɵƃ

ƗƍƞŦşŇšĕ§ŕŜư�îéð÷z�ĥàŨÃ�ĨŽ»� Sn ŵŕŎũµ�,¹ŦŷŹ-òŕ

ð÷ĊgŕŜưœŸŦƯƜƑƔƩƀơĠó¬�5ÇfŀťŸŬŦƩƀơ*Ì5ÇfŀŽăňőţŦŷ

ŹƯƜƑƔƩƀơĠó�ŨƩƀơð÷Y8ƯmĨÃĂÌĖŮŨ5ÇĢvŨ{ļťŸŬŦmĨÃĂ

z�ĥàŦşŇš¨ďŽăŞŜò¦Ž��ŦĐŗư 

1) Ã��ŨƜƑƔƩƀơŌÃĂ¶Ŧ�&œŻźå�Ũ�,ð÷ŽĊgŕŜò¦Ư�îéð÷

ũƩƀơŋŸģôŕšz�œŻšŇŜőţŋŸƯ�îéð÷ũƩƀơŚŨŵŨŢz�œŻźő

ţŌżŋŞŜư 

2) Ʃƀơ5ÇfŀŋŸƯƜƑƔƩƀơĠóœŻźƩƀơũƯŚŨ5ÇÀvŦ�Ŗš*ò�Ưé�

İŊŷŬmĨÃĂĥàŽñš9ÃĂÊ�ŦťŹƯÃĂ¶Ŧ�&œŻc'ŦÃŏźőţťŎƯ

ŚŨŲŲ�îéð÷ţťŞŜư 

3) �îéð÷Ũz�ũƯƜƑƔƩƀơƛƨƎƌŽħÎŕŜĶŨƩƀơŨÃĂÌĖŦ�`ŕŜÉ

�ŨÌĖŢņŞŜưƩƀơĹºŌ�ŇUCƯƩƀơŌÃĂ¶)Ţc'ŦÃĂŗź4ŦÃ�

ĬnuĨŦš.NŗźőţŢ�îéð÷Ōz�œŻŜưƩƀơĹºŌŁŇUCŢũƯĠóœ

ŻŜƩƀơũƯ9ÃĂÊ�ŢÃĂ¶}âŨÃĂWÐĞ!Ŧ�&œŻźŜŴƯÃĂ¶)Ũ»

Öţ¼ŔŹCňőţťŎÕŝŦ.NŕƯÃ�Ĭn�ĨŦ�îéð÷Ōz�œŻŜư 

4) ƩƀơŌ9ÃĂÊ�ŢÃĂ¶ŮţĠóœŻ.NŗźőţŢ�îéð÷Ōz�œŻźőţŋŸƯ

ÃĂ¶ŮĠóœŻźƩƀơ)ŨmĨÃĂĽRŽX5œřƯſƬƅŊŷŬÃĂ¶ŋŸŨÇŦŷ

ŹƩƀơŨmĨÃĂĽRŌc'ŦÃĂŕťŇ¤�ţŗźőţŢ�îéð÷ĽRŌ�[ŗźţ

�ÁœŻźư 

5) Ʃƀơ)Ũê[ò�é)ŦŊŇšmĨÃĂŗźőţŢò�éŌ0�œŻšŇŜưmĨÃĂ

å�ũƩƀơ)Ũð÷Y8Ũé�İĥàŨéÐß7�Ŧz�œŻƯņźÀv�ĵŦťźţ

ò�é)Ŧ?Ź²œŻźţ�ÁœŻźưőŨŷňťÌĖũƯ5ÇĢvŌì 1400 ºC/s Ũ�Ģť

5ÇŦŊŇšŨųĊgœŻŜőţŋŸƯƜƑƔƩƀơƛƨƎƌÉ�ŨÌĖŦŷŹò�é)ŦŊ

ŇšmĨÃĂŌÍŖźţùŉŸŻźư 
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ŀķĺŇĮŃ TIG �r�ėĥĨf¶²·¼`lłĲļĶŁĬÌ¶ėÎ�ćĎĔĄĪŌ*�ØºĆ

ĩĨŇĮŃĘ·¼G-ė�KćĒf¶²·¼ÿ`lĆĩĒúĎō�ėŌWß�ÂćĎŇĮŃ·¼

ÿN�ė�Ă$ĨĄĔĖā!>ćĒúĎĄĔĖĕþĦŌØºĆĩĨŇĮŃ�ēĘWß�ÂòBÿw

ïf¶-�ėaðĬ�üĨĔs�ĆĩĨōĆĦėŌWß�Â�Ðÿ*�Û^ė�KćĒúĎĄĔĖ

ĕþĦŌ*�Û^ĘG-ėĥħWß�Â·¼Ę²bÿG-ćŌ�rãX�ė`lĆĩĨf¶²·

¼Ę²bģG-ĉĨĔ¾üĎō�ėŌ²læÛ^ÿÛúĿİŅĮĺ´ĵĸňņĵäēęÚíÒìÿ

G-ĉĨĄĔėĥĨ*�Û^ĘG-ÿŇĮŃ·¼ĘG-ėIĀāaðĉĨĔ¾üĦĩĨōČĄēŌ�

®ēęŌf¶²·¼`lė1ĞĉŇĮŃ��^#ZĖĦĚė*�Û^ĬG-ĉĨĄĔÿēĀĨÚ

íÒìĘaðėĐúĒÎ�ćĎō 

 

 

5.1  �Ë�výĥĚQõx� 

5.1.1  ÷ �Ë�výĥĚËõ� 

��ėęıŉĵĸĻĮĺ´ĵĸňņĵäēùĨ SUS310SŌĿİŅĮĺ´ĵĸňņĵä SUS430 ĬŌ

ŇĮŃėę JIS Z 3321 YS310SĖĦĚė YS430Ŋø1.2 mmŋĬČĩčĩ¡úĎō-L·lĬ Table 

5.1ė¬ĉōËõ�ę Fig. 2.1ė¬ćĎ UAç�Ëõ�Ĭ�¡ćĎō 

 

5.1.2  ÷ �r�
 

�r�
Ĭ Table 5.2ė¬ĉōSUS310SýĥĚ SUS430ėýúĒŌ�rÛ^ 0.5 m/min, ĭŉ

ĳí� 250 A, ŇĮŃØºÛ^ 5.0 m/minŌŇĮŃØº�½+1 mm ĔćŌÚíÒìĬ 35, 57, 85 mm

ĔG-ĆċĎōSUS310SŌSUS430ĘČĩčĩēŇĮŃí�ę 84�159 AŌ81�182 AĘ±<ē�

rćĎō�r�Ę�Â�d¯�×ĘŇĮŃ�Â�ÐĬŌöÛ^ĽĹıĲłŅėĥħÆRćĎō�r

æę 90 mm ĔćŌO[ßĥħ 10 mmèêē 3wïĘ·¼ÆR¡ĘËõ�Ĭ3ećĎōËõ�ę

åï
�ădŌSUS310S ĘD7ę 10 %Ĵńįá���ėĥħíÇ¿ôŌSUS430 ĘD7ę 20%

��ėĥħ¿ôć�rãX·¼Ĭ�"ćĎō·¼ÆRėę�LófåĬ�¡ćŌwïf¶-�Ĭ

�OćĎō 
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5.1.3  ŀķĺŇĮŃØº�t*�Qõ 

��r�ėĥħ`lĆĩĨf¶²·¼ęŌŇĮŃØº�Ę�^#Zė�û·¼G-ėIĀāa

ðĬ4ĂĨōČĘĎĢ SUS310SŌSUS430ėýúĒŌÚíÒì 35, 57, 85 mmėSćĒŌŀķĺŇĮ

ŃØº�t*�QõŊ4.1.4ñŋĬÃďĎō 

SUS310SēęŌŇĮŃØºÛ^Ĭ 5.0 m/min�OĔćĒŌÚíÒì 35, 57, 85 mmėýúĒŇ

ĮŃí�ĬČĩčĩ 132, 109, 93 AėÊOćŌŇĮŃĬÂ�×�ğē*�ćĎōSUS430ēęŌŇĮ

ŃØºÛ^ 5.0 m/min�OĔćŌÚíÒì 35, 57, 85 mmĘČĩčĩēÚí�½ēĘ�^ÿ 1300 

ºC ĔĖĨĥûėŇĮŃí�ĬÊOćĎōČĘëĘŇĮŃí�ęŌÚíÒì 35, 57, 85 mm ĘČĩč

ĩē 135, 108, 93 AēùďĎōĖýŌSUS430ēģÂ�×�ğē*�ĉĨĄĔĬËĠĎÿŌ*�Ćĩ

ĎŇĮŃĔÚíßĔÿ�§ćĒćğûĎĢėMOćĎØºÿēĀĖþďĎĎĢŌ1300 ºC ğēĘ*�

ĔćĎō 

*�Øº�ĘŇĮŃĘ�^É�ėęŌuT�^ÉĖĦĚė	ÀuT�^ÉĬČĩčĩ�¡ć

Ďō*�ĆĩĎŇĮŃęŌŇĮŃ�gßğē©«dŌ�Lófåėĥħ·¼ÆRćŌSEM-EBSD ė

ĥħ¹~²bĬ�OćĎō 

 

Table 5.1 Chemical compositions of base metal and filler wire (mass%). 

 

Table 5.2 Welding conditions. 

 

Material C Si Mn P S Ni Cr Co Mo Cu Fe
SUS310S-(1) 0.05 0.59 0.84 0.022 <0.001 19.19 25.33 - - - Bal.
SUS310S-(2) 0.02 0.66 0.90 0.021 <0.001 19.20 24.85 0.14 - - Bal.
SUS430 0.04 0.24 0.52 0.031 0.005 0.12 16.19 - - - Bal.
YS310S-(1) 0.048 0.39 1.60 0.018 0.002 21.49 26.09 - - - Bal.
YS310S-(2) 0.05 0.48 1.59 0.022 0.001 21.12 26.18 - 0.08 0.10 Bal.
YS430 0.009 0.41 0.39 0.021 0.003 0.20 16.81 - 0.02 0.02 Bal.

SUS310S SUS430
Welding speed, m/min 0.5

Arc current, A 250
Arc voltage, V 10.6
Arc length, mm 3

Wire feeding speed, m/min 5.0
Wire feeding position, mm +1
Wire feeding angle, deg. 45

Power supply distance, mm 35, 57, 85
Wire current, A 84~159 81~182

Pulse of wire current, Hz 100
Duty, % 30

Shielding gas(Ar), l/min 20
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5.2  ÚíÒìĘað 

5.2.1  ŇĮŃ�^#ZĘG- 

ÚíÒìĘG-ėĥĨŇĮŃ�^#ZĔWß�ÂòBėĐúĒŌSUS310S Ĭ�ėùăĨō

SUS310SĘÚíÒì 35, 57, 85 mmĘČĩčĩėýúĒŌŇĮŃí� 132, 109, 93 Aē*�ćĎ

D7Ę�^#ZĬ Fig. 5.1ė¬ĉō=ėęŌQ�ĆĩĎ�^Ĭ¬ćĒúĨō=þĦŌ6Úí�½ė

ýúĒŌŇĮŃ�^ÿ�Ë�ĘÂ��×ğē*�ĆĩĒúĨĄĔÿīþĨōğĎŌĄĘ�^É�¹

�þĦŌeĦĩĎ*�Û^ęŌÚíÒì 35, 57, 85 mmĘČĩčĩē 3419, 2028, 1360 ºC/sēù

ħŌĕĘÚíÒìėýúĒģî[ėiÛĖ*��
ēùďĎō*�ĆĩĎŇĮŃĬ�Lófåė

ĥħ·¼ÆRćŌ6ÚíÒìėSćĒWß�ÂòBĬ�OćĎ¹�Ĭ Fig. 5.2 ė¬ĉōĄĩĥħŌ

ÚíÒìĬæāć�^#ZĬ»ĤþėĉĨĄĔēŌWß�ÂòBÿF*ĉĨĄĔÿīþĨōćĎÿ

ďĒŌÚíÒìĬæāĉĨĄĔėĥħŌĥħf¶²·¼òBÿF*ĉĨĄĔÿ�cēĀĨō 

 

Fig. 5.1 Temperature distributions during hot-wire feeding at each power supply distance. 

 

 

Fig. 5.2 Local melting range at each power supply distance. 
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5.2.2  ıŉĵĸĻĮĺ´ĵĸňņĵä SUS310S 

ÚíÒì 35, 57, 85 mm ēŇĮŃí�ĬÞPG-ĆċŌwïf¶-�ĘG-ĬÎĜĎō6Ú

íÒìėýúĒeĦĩĎwïf¶-�ĘG-Ĭ Fig. 5.3 ė¬ĉō=ĥħŌ6ÚíÒìėýúĒŌ

ĄĩğēĔ8�Ōwïf¶-�ęf¶²·¼`lÿĠĦĩĎŇĮŃí�±<ėýúĒŌŇĮŃí

�ÿ�zĉĨĄĔē�yF*ćŌČĘd�VĉĨ�9ėùĨōÚíÒì 57 mm ĘŇĮŃí� 120 

A ēwïf¶-�ÿ�IĔĖħŌČĘdę 40 %ēùďĎō6ÚíÒìėýúĒŇĮŃÿÓ-ćĒ

ØºĆĩĨ�
ēĘ�Â�;ÖĘ5Å-¢�Ĭ Fig. 5.4 ė¬ĉōwïf¶-�ÿ�IĔĖĨÚ

íÒì 57 mmŌŇĮŃí� 120 AēęŌ.#ė*�ĆĩĎŇĮŃÿ�Â��Ęd¯ėq�ĆĩĒ

úĨō35 mmēęŌŇĮŃęq�¦(ē@ĩ�ÿďĒúĨģĘĘŌ�ÂE£ĥħ�Õ¥(xėq�

ĆĩĒúĨō85 mm ēęŌŇĮŃĘ@ĩ�ÿħÿÁćāŌ�Â�ėq�ĆĩĨ(ėi�ė@ĩ�ÿ

ħŌ�Â�ėq�ĆĩĊ�Â�dxē!>ćĒúĨō 

ÚíÒìĬæāćØºĆĩĨŇĮŃĘ�^#ZĬ]ăĒWß�ÂòBĬF*ĆċĨĄĔēwï

f¶-�Ę9�ĬËĠĎÿŌ�IĘwïf¶-�ęÚíÒì 57 mm ēµ 40 %ēùďĎōFig. 

5.4 ė¬ĉ5Å-¢�þĦŌŇĮŃ�¯ĘWß�ÂòBĘF*ĔĔģė)j��òBģFIćĒ

úĎōÚíÒì 35 mmēęŌŇĮŃ�Ę�^#ZÿiYėĖħŌ)j��òBÿ�ğďĎĄĔēŌ

ŇĮŃĘ@ĩ�ÿħÿÔ�Ćĩ�Â�d¯ěØºĆĩĖþďĎōČĩėSćĒŌ85 mmēęŌ�^

#Zÿ»ĤþėĖħWß�ÂòBÿoIćĎĎĢėŌ)j��òBÿoÿħŌ�Â�ėq�Ćĩ

Ĩ(ėŇĮŃĘi�Ė@ĩ�ÿħÿĠĦĩŌ�Â��d¯ěÞ$ėq�ĆĩĖþďĎōČćĒ 57 

mm ēęŌŇĮŃ�Ę�^#ZĔČĩėhĈĎ)j��òBėĥĨŇĮŃĘ@ĩ�ÿħĘĎĢėŌ

ŇĮŃÿ�Â��d¯ėq�ĆĩĒúĎōĄĘĥûĖŇĮŃ�^#ZėhĈĎ�Â�ěĘŇĮŃq

�ĘĆĩxģf¶²·¼`lėaðĬ�üŌ¹�¥ėŌ��r�
ēęÚíÒì 57 mmē�I

Ęwïf¶-�ĔĖďĎĔ¾üĦĩĨō  
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Fig. 5.3 Relationship between power supply distance and area ratio of fine grain in weld metal. 

 

 

 

Fig. 5.4 Visualization images at each power supply distance. 
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5.2.3  ĿİŅĮĺ´ĵĸňņĵä SUS430 

6ÚíÒìėýúĒeĦĩĎwïf¶-�ĘG-Ĭ Fig. 5.5 ė¬ĉō=ĥħŌwïf¶-�

ĘG-ęŌ6ÚíÒìėýúĒŌŇĮŃí�ÿ�zĉĨĄĔē�yF*ćŌČĘd�VĉĨ�9

ÿÍĢĦĩĎōwïf¶-�ęŌÚíÒì 35, 57, 85 mmėýúĒČĩčĩŇĮŃí� 174, 127, 

100 A ėýúĒ�I�ĬĔĨōğĎ�IĘwïf¶-�ęŌÚíÒìĘ�VĔĔģėF*ćĒýħŌ

ÚíÒì 35 mm ÿģďĔģIĀāŌµ 35 %ēùĨō6ÚíÒìēĘŇĮŃØº�ÐĬ Fig. 5.6 ė

5Å-¢�ē¬ĉō=ėęŌ6ÚíÒìėýúĒŇĮŃÿ@ĩ�ÿħ�Â��ėq�ĆĩĨ�


Ĭ¬ćĒúĨōÚíÒì 35 mmēęŇĮŃq��½ĔČĘ�ÂE£ÿþĖħr×ćĒúĨōćþ

ćŌÚíÒì 57, 85 mmĘD7Ō35 mmĘD7ė�ćĒŇĮŃĔ�ÂE£ĘèėùĨ­^Ę\ÿ

ĠĦĩŌŇĮŃę�Õ¥(xėq�ĆĩĒúĎōğĎŌÚíÒì 85 mmĘD7Ō�Â�q�¦(

ēŇĮŃĘ@ĩ�ÿħÿHVĠĦĩĨģĘĘ SUS310SĘĥûĖŇĮŃp+ŊFig. 5.40�ŋęĠĦĩ

Ėúō 

ÚíÒìĬæāĉĨĄĔēŌŇĮŃ�ēĘWß�ÂòBĬF*ĆċĨĄĔēŌwïf¶-�ÿ

F*ĉĨĔ��ćĎōćþćŌSUS430ēęŌÙēÚíÒìÿ¨āĖĨD7ŌĐğħWß�ÂòBÿ

�āĖĨD7ėwïf¶-�ÿF*ćĎōĄĩęŌFig. 5.6 Ę5Å-+¢þĦŌŇĮŃq��½ÿ

é�ćĒúĨģĘĔ¾üĦĩŌÚíÒì 35 mm ėýúĒ�ģ�ÂE£×�ėŇĮŃÿq�ĆĩĒ

úĎĎĢēùĨĔ¾üĦĩĨō 

 

Fig. 5.5 Area ratio of fine grain in weld metal at each power supply distance. 
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Fig. 5.6 Relationship between wire feeding and weld pool at each power supply distance. 
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5.3  ÚíÒìąĔĘŇĮŃ�·¼G-Ĕf¶²·¼²b 

5.3.1 ıŉĵĸĻĮĺ´ĵĸňņĵä SUS310S 

f¶²·¼`lěĘÚíÒìĘaðĔćĒŌWß�Â·¼âĔę&ėŌ*�Û^Ęaðÿ

¾üĦĩĨōf¶²·¼`lłĲļĶŁÿŌ²læÝ­ēĘWß�Â�ÐėĥĨģĘēùĨĎĢŌ

*�Øº}Ę*�}èŌĐğħ*�Û^ėĥħWß�Â·¼Ę²bÿG-ćŌ�rãX�ė`

lĆĩĨf¶²·¼Ę²bĘG-ėĐĖÿĨĔs�ćĎō 

Fig. 5.1ė¬ćĎ6ÚíÒìėýúĒÂ�×�ğē*�ĆĩĎŇĮŃėSćĒ·¼G-ĬÆR

ćĎ¹�ĬŌÚíÒìĔŇĮŃ�Ę6�½ėýĂĨ²bĘé�ĔćĒ Fig. 5.7ė¬ĉō6ÚíÒì

ėýúĒŌ*�ØºĆĩĨÝ­ēŌŇĮŃ·¼ę ¹~Ō²læýĥĚWß�ÂĬ¸Ē²bÿU

ĆāĖďĒúĨō6ÚíÒìēĘŇĮŃ6�½Ę�^ŊFig. 5.1 0�ŋĬ¡úŌŇĮŃ6�½ēĘ�

^Ĕ²bĘé�Ĭ�ĢĎ¹�Ĭ Fig. 5.8ė¬ĉō=ĥħŌ6ÚíÒìėýĂĨ·¼G-ęŌŇĮŃ

�Ę�^ėĥĨ²bĘIUėG-ÿùĨģĘĘŌ ¹~ŌWß�ÂçJ�^ėęùğħG-ęĠ

ĦĩĖúō 

6ÚíÒìėýĂĨŇĮŃ�ĘWß�Â·¼Ę²bĔ�rãX�ė`lĆĩĎf¶²·¼

Ę²bĬ Fig. 5.9 ė�ÕĘĎĢėğĔĢĒ¬ĉō 6ÚíÒìēĘWß�Â·¼Ĕf¶²·¼Ę

²bęŌÚíÒìÿF*ĉĨėĐĩĒF*ĉĨ�9ėùďĎōğĎŌŇĮŃ�ē`lĆĩĨWß

�Â·¼Ę²bÿŌ�rãX�ė`lĆĩĨf¶²·¼ė�Ĝf¶ēùĨōćĎÿďĒŌŇĮŃ

�ē`lĆĩĨWß�Â·¼ęÚíÒìėĥħG-ćŌ/�Â�kĔĖħ�rãX�ē!>ĉĨ

ğēė²bÿF*ĉĨĔ¾üĦĩĨōğĎŌ*�Û^ĬÛāĉĨĄĔėĥħŌf¶²·¼ęĥħf¶

ėĖĨĔsRēĀĨō 

 

Fig. 5.7 Microstructure evolutions in wire at each power supply distance. 
Relationship between power supply distance and grain size at each position. 
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Fig. 5.8 Microstructure evolutions in wire at each power supply distance. 
Relationship between temperature and grain size. 

 

 

 

Fig. 5.9 Comparison with grain size of local melting in wire and fine grain in weld metal. 
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5.3.2 ĿİŅĮĺ´ĵĸňņĵä SUS430 

SUS430 ĘŇĮŃ�·¼G-ėĐúĒŌÚíÒì 35 mm ĘD7Ĭ Fig. 5.10 ė¬ĉō=ęŌŇ

ĮŃØºÛ^ 5.0 m/min, ÚíÒì 35 mmŌŇĮŃí� 135 A ėýúĒ*�ĆĩĎŇĮŃĘ6�

½ėýĂĨ·¼Ę EBSD Ç�ēeĦĩĎ IPF �ēùĨōĄĩĥħŌSUS430 Ę%�·¼ęŌ(a) 23 

mm Ę�½ēĠĦĩĨĥûĖ?_·¼Ĭ:ćĒúĨÿŌ*�ė�ú 24 mm Ę�½ē ¹~ćĒú

Ĩō25 mmĘ�½ėýúĒę ¹~ÿN�ćŌČĘdę 35 mm ğē²læćĒúĨōĄĘĥûĖ¹

~²bĔŇĮŃ�½ĔĘé�ĬÚíÒìąĔėğĔĢĒ Fig. 5.11 ė¬ĉō6ÚíÒìėýúĒŌ

*�ÿÜġĝĕ¹~²bęIĀāĖďĒúĨōğĎŌúĊĩĘÚíÒìėýúĒģľŉĳ�^ę

1300 ºCėÊOćĒúĨģĘĘŌľŉĳ�^ēĘ²bęÚíÒìÿæāĖĨĝĕIĀāĖďĒúĨō 

6ÚíÒìėýúĒ�rãX�ė`lĆĩĎf¶²·¼Ę²bĬ Fig. 5.12 ė¬ĉō=þĦ

{ĦþĖĥûėŌÚíÒìÿ¨āĖĨĄĔēf¶²·¼Ę²bÿ�VćĒúĨōSUS310S Ĕ8�ėŌ

Fig. 5.11 ė¬ćĎ6Úí�½ēĘ�^Ĕ¹~²bĔĘé�Ĭ Fig. 5.13 ė¬ĉō=�ėęŌ�r

ãX�Ęf¶²·¼Ę²bĬ¤nē¬ćĒúĨōŇĮŃ�Ä}Ę?_·¼Ĭ:ĉĨ SUS430 ęŌ

*�ė�úŌ800 ˚C �×þĦ ¹~ĬJĢĨō ¹~dęŌi�ė²læĉĨōSUS430 ėýú

ĒģŇĮŃÿ�Ë�ĘÂ�×�ğē*�ĆĩĨD7ėWß�Âÿ ĈĨĄĔęªÍćĒúĨÿŌ

SUS310S ēĠĦĩĎĥûĖŌČĘd²bÿUĆāĖĨ�ÐęÑĄďĒúĖúĔ¾üĦĩĨōSUS430

Ę¹�ĬĠĨĔŌ8�Ę�^ēĘ¹~²bĬ�ÕćĎD7ŌÚíÒìÿ¨úĝĕ¹~²bÿUĆ

úōÚíÒìėþþīĦĊŌŇĮŃĘľŉĳ�^ę 1300 ºCėÊOćĒúĨĘēŌÚíÒìÿ¨ú

ĝĕŌ*�}èÿ¨āĖħŌ²bĘ³I-ÿm'ĆĩĒŌĄĘĥûĖ¹�ėĖďĎĔ¾üĦĩĨō 
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Fig. 5.10 Microstructure evolution in filler wire at each power supply distance. 

 

 
Fig. 5.11 Relationship between power supply distance and grain size. 
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Fig. 5.12 Grain size of fine grain at each power supply distance. 

 

 

 

 

Fig. 5.13 Effect of power supply distance on fine grain formation on SUS430. 
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5.4  ¹È 

SUS310S ýĥĚ SUS430 Ĭ¡úĒŌf¶²·¼`lłĲļĶŁėCđĀŌÚíÒìĘaðĬ

Î�ćŌwïf¶-�ĘG-Ĭ�ÕćĎōğĎŌÚíÒìĘG-ė�ûŇĮŃ·¼G-ĬÆRćŌ

*�Û^ÿf¶²·¼Ę²bě�üĨaðėĐúĒ��Ę¹ÏĬeĎō 

1) SUS310S Ĭ¡úĒÚíÒì 35, 57, 85 mmĘČĩčĩēÂ�×�ğē*�ĆĩĎD7Ę*

�Û^ę 3419, 2028, 1360 ºC/sēùħŌĕĘÚíÒìėýúĒģiÛĖ*��
ēùďĎō 

2) ÚíÒìÿæāĖĨėĐĩŇĮŃ�Ę�^,àę»ĤþėĖħŌŇĮŃ�ĘWß�ÂòB

ęF*ćĎōćþćŌSUS310S ēęŌŇĮŃ�Ę)j��òBģoÿĨĄĔþĦŌ�Â��ė

ŇĮŃĬMOćĒq�ĉĨĄĔÿēĀĊŌwïf¶-�Ę9�ėęĐĖÿĦĖþďĎ. 

3) SUS430 ĘD7ėęŌÚíÒìĬG-ĆċĒģŇĮŃq��ÐėIĀĖG-ęĠĦĩĊŌÚ

íÒìÿ¨úD7ėwïf¶-�ÿ9�ćĎō 

4) SUS310S ýĥĚ SUS430 ėýúĒŌ6ÚíÒìėýúĒ`lĆĩĨŇĮŃ�ēĘWß�Â

·¼ęÚíÒìÿ¨āĖĨŌĐğħ*�Û^ÿF*ĉĨD7ėUĆāĖĨōĄĘ�9ę�r

ãX�ė`lĆĩĨf¶²·¼Ę²bėģ2|ĆĩŌÚíÒìĬ¨āÊOćĎD7ėĥħf

¶Ė·¼ěĔG-ćĎō 
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ŉŰŦŚŞƍƁƄƗŶƑ TIGÃ�ŞŬů�íèï÷|�ƏŹƇžƎŞŗŀřē©ŌƜ�íèï÷

ş|�Ņ3ÆġñŋŰůƗŶƑ&şï÷]7Ş�cŌřŀůŉśŅ�ŭńśŝŖœƝ¡ƌƖſŽŚ

ŠƜŵƙŻĵ¼ƜÃ�ĤvƜƗŶƑġñĤvŃŬŢƗŶƑġñ�øŞ�ōř�Ķ�í7Êų]7

ŋŐůŉśŅŚņƜģĵĚĳŞŬŮ�íèï÷şè~ŪĿůáv0�AúŚĿůŉśŅŲńŖœƝ¡

ãŚŠƜƍƁƄƗŶƑ TIGÃ�ºŞŬŮ|�ŋŰů�íèï÷ş¯ªÔÈ�ƜļÁ2Ű�ŝŭŢŞ

ęķ»ĢĦ�Şŗŀřē©ŌœƝ 

 

 

6.1  �đ¢�ŃŬŢđĻ�º 

6.1.1  Ľ �đ¢� 

�íèï÷şÈ�Đ�Ş�ÌŌœ�đ¢�ş7dï�ų Table 6.1 ŞßŎƝ´¢ŞŠŸƙŽ

ƂƆŶƄêŽƂƘƕŽĬ SUS310S ųƜ¿3ƗŶƑŞŠ JIS Z 3321 YS310Sƚľ1.2 mmƛųÌŀœƝC

È�đĻŞŃŀř�ÌŌœ�đ¢�ŠÑŝŖřŃŮƜ´¢ŞŠ 3 âƜ¿3ƗŶƑŞŠ 2 âųÌŀ

œƝCđĻŞŃŀř�ÌŌœ´¢Ɯ¿3ƗŶƑş7dï�ŠƜ�ĠŎůđĻ�º&ŞĎŎģŮŚ

ĿůƝ 

 

 

 

Table 6.1 Chemical compositions of base metal and filler wire (mass%). 

 

 

 

 

Material C Si Mn P S Ni Cr Co Mo Cu Fe
SUS310S-(1) 0.05 0.73 0.90 0.024 <0.001 19.20 24.88 0.13 - - Bal.
SUS310S-(2) 0.03 0.68 1.02 0.016 <0.001 19.20 25.06 0.02 - - Bal.
SUS310S-(3) 0.02 0.66 0.90 0.021 <0.001 19.20 24.85 0.14 - - Bal.
SUS310S-(4) 0.05 0.59 0.84 0.022 <0.001 19.19 25.33 - - - Bal.
YS310S-(1) 0.05 0.48 1.59 0.022 0.001 21.12 26.18 - 0.08 0.10 Bal.
YS310S-(2) 0.048 0.39 1.60 0.018 0.002 21.49 26.09 - - - Bal.
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6.1.2  Ľ ƊƁŹƙŽÝŋđĻ 

´¢ŞŠ Table 6.1 ŞßŌœ SUS310S-(1)ųƜƗŶƑŞŠ YS 310S-(2)ųőŰŒŰ�ÌŌœƝđ

ĻÇŠ Fig. 2.1ŞßŌœƝƊƁŹƙŽÝŋđĻŞ�ÌŌœÃ�ĩ�ą¤
ų Table 6.2ŞßŎƝå

3 ãşƗŶƑġñĤvş}ĸńŭƜŵƙŻĵ¼ 250 AƜÃ�Ĥv 0.5 m/minƜƗŶƑġñĤv 7.0 

m/minŚƗŶƑĵ¼ 123, 148 AŚ�ŭŰůÃ�īmŞiŌřÝŋųē©ŌœƝƗŶƑĵ¼ 123 AŠ

Ã�īmuĩƜ148 A Š�ĩŞ�íèï÷ŅőŰŒŰ|�ŋŰů¤
ŚĿůƝƊƁŹƙŽÝŋÂ

e�øŠƜ123 AŚ�ŭŰůđĻÇŚŠ�íèï÷Ņ|�ŋŰřŀŝŀÃ�īm�ĩƜ148 Aş

đĻÇŚŠ�íèï÷Ņ|�ŋŰœÃ�īm�ĩŞŃŀřƊƁŹƙŽÝŋų?�ŌœƝ 

 

6.1.3  Ľ xyđĻ 

´¢ŞŠ SUS310S-(1)ųƜƗŶƑŞŠ YS 310S-(2)ųőŰŒŰ�ÌŌœƝÃ�đĻÇŠ Fig. 2.1

ŞßŌœƝxyđĻÌÃ�đĻ��ą¤
ų Table 6.2ŞßŎƝå 3ãşƗŶƑġñĤvş}ĸ

ńŭŵƙŻĵ¼ 250 AƜÃ�Ĥv 0.5 m/minƜƗŶƑġñĤv 7.0 m/minŚƗŶƑĵ¼ 123, 148 A

ş¤
ŚÃ�ŌœƝƗŶƑĵ¼ 123 A şYDƜÃ�īm�ĩńŭ�íèï÷şŝŀĩ+ųƜƗŶ

Ƒĵ¼ 148 A şYDƜ#řŅ�íèï÷śŝůŬŁŞxyđĻÇų��ŌœƝxyđĻÇ|Éų

Fig. 6.1ŞßŎƝ 

 

          Table 6.2 Welding conditions. 

Ľ Ľ Ľ Ľ Ľ Ľ    Ľ Ľ   Ľ  

                                                    Fig. 6.1 Tensile specimen. 

Welding speed, m/min 0.5
Arc current, A 250
Arc voltage, V 11.7
Arc length, mm 3

Wire feeding speed, m/min 7.0
Wire feeding position, mm +1
Wire feeding angle, deg. 45

Power supply distance, mm 57
Wire current, A 125, 148

Pulse of wire current, Hz 100
Duty, % 30

Shielding gas(Ar), l/min 20
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6.1.4   Ã¢�ñw Trans-VarestraintđĻ 

ƍƁƄƗŶƑ TIG Ã�ŞŬŮ|�ŋŰů�íèï÷ş*P2Ű�@�ŞiŎů}ĸŞŗŀřƜ

Ã¢�ñw Trans-VarestraintđĻųÌŀřē©ŌœƝ 

´¢ŞŠ SUS310S-(4)ųƜƗŶƑŞŠYS310S-(1)ųőŰŒŰ�ÌŌœƝđĻÇ|ÉŝŭŢŞÃ

�¤
ų Fig. 6.2ƜTable 6.3ŞőŰŒŰßŎƝİ!Š Fig. 2.1ŞßŌœ Uİ!đĻÇśE¬ŞƜ

Ã�¤
Š 2 ãş�íèï÷|�¤
ų=ùŞŌřŃŮƜİ!¾ŋŠ 1 ƉŽÃ�śŝůŬŁŞď

eŌœƝTrans-VarestraintđĻŚŠÃ�ĩăĶŞÓËŎů2ŰųĐ�ŎůœũƜƗŶƑĵ¼ 115 A

Š�íèï÷ŅÃ�īmăĶƚ�ĩƛŞ|�ŋŰů¤
ŚĿůƝƗŶƑĵ¼ 109 A Šµĝşœũ

ş¤
ŚĿŮƜ�íèï÷ŅÃ�īmuĩŞ|�ŋŰů¤
ƜŗŦŮ�íèï÷ŅÃ�īmă

ĶŞ|�ŋŰŝŀ¤
ŚĿůƚÃ¢�ñw Trans-Varestraint đĻ�ºŞĲŌřŠƜ�ĭ B =ÅƛƝ 

Trans-VarestraintđĻ�ŠƜÃā·JĞŞÓËŌœ2Űų SEMŞŬŮĈgŌƜÃāZÎńŭş

2Ű+qųē©ŌœƝC¤
ŞiŌřƜ
ÿ�jÁvčÂųÌŀřÃā·��şÁv+qųÂ

eŌœƚŵƙŻÃ��şÁvčÂŞŗŀřŠ�ĭ A ų=ÅƛƝ 

 

 

 

 

 
Fig. 6.2Ľ Schematic illustration of specimen for Trans-Varestraint test. 
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Table 6.3 Welding conditions of Trans-Varestraint test. 

 

 

 

6.1.5  Ľ U|Ã�2ŰđĻ 

�íèï÷|�ŞŬůļÁ2Ű�05§ųē©ŎůœũƜ�íèï÷|�¤
ŃŬŢ�þ

Ôŝ TIGÃ�ŞŃŀř U|Ã�2ŰđĻųf�ŌœƝ 

´¢ŞŠ SUS310S-(2)ųƜƗŶƑŞŠ YS 310S-(1)ųőŰŒŰ�ÌŌœƝ�ÌŌœđĻÇ|É

ų Fig. 6.3 ŞßŎƝ150ƚwƛ×200ƚlƛ×25ƚtƛ mm şĬ¢ŞƜİ!uĩ9~ 2 mmƜİ!ĉv 40ºƜ

İ!¾ŋ 12.5 mmş Uİ!3pų�ŌœƝŉşİ!|ÉŠƜFig. 2.1ŞßŎÃ�đĻÇśE¬Ś

ĿůƝŝŃƜİ!�øŝŭŢŞŽƓƁƄsæŞĲŌřŠƜJIS Z3157 - U|Ã�2ŰđĻŞĹōœƝ 

Ã�¤
ų Table 6.4ŞßŎƝTable 6.4 (a)Š�íèï÷Ņ|�ŋŰŝŀ�þÔŝ TIGÃ�¤


Ɯ(b)Š�íèï÷Ņ|�ŋŰůƍƁƄƗŶƑ TIG Ã�¤
ŚĿůƝ�þÔŝ TIG Ã�¤
śŌ

řŠƜÃ�Ĥv 0.1 m/minƜŵƙŻĵ¼ 150 AƜŵƙŻį 3 mm śŌƜƗŶƑġñĤv 0.6 m/minƜƗ

ŶƑġñĉv 45º śŌƜÃ�ĥĂ�Fńŭĵ«×�ŞƗŶƑųġñŌœƝ�íèï÷Ņ|�ŋŰů

ƍƁƄƗŶƑ TIGÃ�¤
śŌřŠƜŉŰŦŚşÃ�¤
ųWŞƜÃ�Ĥv 0.5 m/minƜŵƙŻĵ¼

250 AƜŵƙŻį 3 mmƜƗŶƑġñĤv 5.0 m/minƜƗŶƑġñĉv 45ºƜƗŶƑĵ¼ 123 AƜƗŶƑ

ġñ�ø+2 mm śŌƜÃ�ĥĂ�F��ŬŮƗŶƑųġñŌœƝÃ�įŠƜ�¤
śŪİ!|Éś

�ÌŌœ TIGÃ�¸%şĲ�ńŭ 60 mm śŌœƝ 

 

 

Welding speed, m/min 0.5
Arc current, A 250

Arc length, mm 3.1
Wire feeding speed, m/min 5.0
Wire feeding position, mm +3
Wire feeding angle, deg. 45

Power supply distance, mm 57
Wire current, A 109, 115

Pulse of wire current, Hz 100
Duty, % 50

Shielding gas(Ar), l/min 20
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Fig. 6.3 Specimen for hot cracking test. 

 

 

Table 6.4 Welding conditions of hot cracking test. 

 

 

 

 

(a) (b)

Welding speed, m/min 0.1 0.5

Arc current, A 150 250

Arc voltage, V 9.6 10.7

Arc length, mm 3 3

Wire feeding speed, m/min 0.6 5.0

Wire feeding angle, deg. 45 45

Wire feeding position, mm 0 +2

Power supply distance, mm - 57

Wire current, A - 123

Pulse of wire current, Hz - 100

Duty, % - 30

Shielding gas(Ar), l/min 20 20
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6.1.6  Ľ ęķ»ĢĦ�đĻ 

ęķ»ĢĦ�đĻŚŠƜ_nÕÃ�ò�ųÌŀœƝđĻiĕśŌřŠƜƍƁƄƗŶƑ TIG Ã�

ŞŬŮ|�ŋŰœ�íèï÷ųGŨ_nÕÃ�ò�ĩśƜ�þÔŝ TIG Ã�ŞŬŮ|�ŋŰœ_

nÕÃ�ò�ų�ÌŌœƝ 

´¢ŞŠ SUS310S-(3)ųƜƗŶƑŞŠ YS310S-(2)ųőŰŒŰ�ÌŌœƝ_nÕÃ�ò��ą

ŞÌŀœđĻÇų Fig. 6.4 ŞƜÃ�¤
ų Table 6.5 ŞőŰŒŰßŎƝ¥< 15 mm śŌƜİ!ĉ

v 20ºƜİ!¾ŋ 10 mmƜİ!9~ 2 mm ş U İ!đĻÇų�ÌŌœƝ1nÖŠÃ�Ĥvų 0.5 

m/min, 2, 3nÖŠ 0.3 m/min śŌřƗŶƑġñĤvŠ 5.0 m/min ś�eŞŌœƝęķ»ĢĦ�đ

Ļ�ş­wOų Fig. 6.5 ŞßŎƝęķ»��ş�ċbŞŠƜ®»��»į 5.0 MHzƜìbhº

10×10 mm ŚƜÃ�ò�ŞiŌř�ũ 45º �Fńŭęķ»ųÃ�ò�ŞiŌřÅjŌœƝ�ċb

ńŭġ�ŋŰœęķ»şÃ�ò�ĩųģĦŌœ×�ş�°»ƜŃŬŢőş�°»ŅĄĶŞř>

jŌ'vđĻ�ĄĶŞ/ħŌœ
°»şőŰŒŰşzvųÂeŌœƝ 

 

 

 

Table 6.5 Welding conditions for multi-pass welding. 

 

 

 

 

 

 

1st layer 2nd layer 3rd layer

Welding speed, m/min 0.5 0.3

Arc current, A 250

Arc voltage, V 9.3~11.7

Arc length, mm 3

Wire feeding speed, m/min 5.0

Wire feeding angle, deg. 45

Wire feeding position, mm +1

Power supply distance, mm 57

Wire current, A 120

Pulse of wire current, Hz 100

Duty, % 30

Shielding gas(Ar), l/min 20
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Fig. 6.4 Specimen for multi-pass welding. 

 

 

 

Fig. 6.5 Schematic illustration of ultrasonic wave test. 
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6.2  �íèï÷ş¯ªÔ�ė 

6.2.1  Ľ ƊƁŹƙŽÝŋđĻ 

ƊƁŹƙŽÝŋđĻŞ�ŌœÃ�Ɗƙƅ�Ķų Fig. 6.6 ŞßŎƝ�Ķ(Ù�ŞŠƜ�íèï÷

ĺVųĘÜôŚNŴŚŀůƝƗŶƑĵ¼ 123 AŚŠÃ�īmuĩƜ148 AŚŠ�ĩŞőŰŒŰ�

íèï÷Ņ|�ŋŰřŀůƝƊƁŹƙŽÝŋčÂ�øŠƜƗŶƑĵ¼ 123, 148 AşőŰŒŰŚ�ŭ

ŰœÃ�īmĩş�ĩŞŃŀřf�ŌƜ��ĶŞŠƊƁŹƙŽÝŋÂe�şQÒŅ²ŖřŀůƝ 

ÝŋčÂð§ų Fig. 6.7 ŞßŎƝ�íèï÷ų ŎůĺVųčÂŌœƗŶƑĵ¼ 148 A şY

DƜÃ�īm�ş�íèï÷ĩştSÝŋŠë 170 HVŚĿŮƜ´¢Ýŋ 160 HVŞµŤř ń

Şļŀ�ųßŎƝ��Ɯ123 AŚÃ�Ōœò�ş�íèï÷ųGŦŝŀÃ�īmĩştSÝŋŠ

ë 147 HV ŚĿŮƜ�íèï÷ĩŠ�íèï÷ŚŝŀÃ�īmŞµŌřë 20 HV ļŀÝŋųß

ŌřŀůƝ 

 
Fig. 6.6 Cross-section of weld bead using Vickers hardness test. 

 

 

Fig. 6.7 Vickers hardness distributions with each weld metal. 
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6.2.2  xyđĻ 

xyđĻ�ştĂĩş�Ķï÷ų Fig. 6.8ŞßŎƝOŞŠƜ�íèï÷ĺVųĘÜôŚNŴ

ŚŀůƝOŬŮƜƗŶƑĵ¼ 123 AŚŠ�íèï÷ŠŧŭŰŏƜ148 AŚŠtĂĩ�ĶşťśŴŜ

Ş�íèï÷Ņ|�ŋŰřŃŮƜőş2DŠtĂĩ�Ķşë 80 %ŚĿŖœƝ 

Fig. 6.8 ŞßŌœƗŶƑĵ¼ 123Ɯ148 A şï÷ų ŎůxyđĻŞiŌřxyđĻųĂŖœ

ð§ų Fig. 6.9ŞßŎƝtĂĩŞë 80 %ş�íèï÷ų ŎůđĻÇş�`ĀĪŅ 3.4 kN Ś

ĿůşŞiŌƜ�íèï÷ų ŌŝŀđĻÇŠ 3.1 kN ųßŌƜÜ��ŢŠőŰŒŰ 47.3Ɯ41.6 %

ŚĿŖœƝ��şð§ńŭ�íèï÷G ŞŬŖřƜÜ�ĀĪƜ�ŢśŪŞF�ŎůŉśŅŲńŮƜ

�íèï÷ų 80 %GŨYDşzvƜ�ŢŠőŰŒŰ 10Ɯ14 %F�ŌřŀůƝ 

 

 

Fig. 6.8 Microstructure of evaluation part of tensile test with each specimen. 

 

 

Fig. 6.9 Result of tensile test with each specimen. 
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6.3  �íèï÷|�ŞŬů*P2Ű�@� 

6.3.1  Ã¢�ñw Trans-VarestraintđĻ 

Ã�īm�ş*Pï÷ų�í7ŎůŉśŚ*P2Ű�@�Ņ�ÀŎůśČŲŰřŀůœũƜ

ƍƁƄƗŶƑ TIG Ã�ŞŃŀř�íèï÷Ņ|�ŋŰœÃ�īmŞŗŀřŪÃ¢�ñw Trans-

VarestraintđĻųÌŀř*P2Ű�@�şĐ�ųđŧœƝ 

Ã¢�ñwƄƒƘŽƈƕŽƄƕŶƘđĻŞÌŀœÃ�¤
ų Fig. 6.10ŞßŎƝOŞŠƜƗŶƑĵ

¼ 109, 115 AşőŰŒŰŚ�ŭŰœÃ�ĩ�ĶśăĶşï÷ųßŌřŃŮƜ�íèï÷ųÜôŚ

ßŌřŀůƝƗŶƑĵ¼ 109 A ŚŠƜ�íèï÷ŅÃ�īmuĩŞ|�ŋŰřŀůƝőşăĶï

÷Š´¢ńŭÃ�īm�aŞFńŁ¨É�śÃ�īmĩ�aŚŠæĜ�ŅĈgŋŰůƝƗŶƑĵ

¼ 115 A ŚŠƜ�íèï÷ŅÃ�īm�ĩŞ|�ŋŰřŃŮƜăĶï÷ş`ĩ+Ņ�íèï÷

ŚĿůƝ 

Trans-VarestraintđĻŚŠÃ�īmăĶŞÓËŌœļÁ2ŰųÌŀřļÁ2Ű�@�ųĐ�

ŎůŉśńŭƜƗŶƑĵ¼ 109 A Š�íèï÷ş}ĸŅŝŀƍƁƄƗŶƑ TIG Ã�¤
ƜƗŶƑĵ

¼ 115 A Š�íèï÷Ņ|�ŋŰůYDşƍƁƄƗŶƑ TIG Ã�¤
śŧŝŌřƜőŰŒŰş*

P2Ű�@�ųĐ�ŌœƝ��ƜĎĠşçÏ7şœũƜƗŶƑĵ¼ 109 Aş�íèï÷ŅÓËŌ

ŝŀƍƁƄƗŶƑ TIG Ã�ųģrÃ�¤
Ɯ�íèï÷Ņ|�ŋŰůƗŶƑĵ¼ 115 A ų�íè

ï÷|�¤
śőŰŒŰàŎůƝ 

 

 

 

 

Fig. 6.10 Cross-section of weld bead and weld bead surface at each wire current. 
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Fig. 6.10 ŞßŌœ¤
ŞiŌřÃ¢�ñw Trans-Varestraint đĻųf�ŌƜÃā·JĞş2

Űų SEMĈgŌœ��ų Fig. 6.11ŞßŎƝFig. 6.11 (a), (b)ŠƜőŰŒŰģrÃ�¤
, �íè

ï÷|�¤
şð§ŚĿůƝOş��ŅÃā·ŚĿŮƜÃāZÎųÜôŚßŌƜÃā·JĞŞÓ

ËŌœ*P2Űş�øųÐBśśŪŞßŌřŀůƝģrÃ�¤
ŚŠƜŜş2ŰŪÃāZÎŞi

ŌřµĝÔT×�FŞ2ŰŅÓËŌřŀůŬŁŞŧŭŰůƝ�íèï÷|�¤
ŚŠƜÃāZÎ

ŠÃā·1�ŞŃŀřŠÞĒŎůŉśŅŚņœŅƜ�íèï÷Ņ|�ŋŰůÃ�ĩ�aŞŃŀ

řŠ Fig. 6.11 (b)ŞŧŭŰů¬ŞƜÃāZÎş-.ŅMĴŚĿŖœƝŀŏŰş¤
ŞŃŀřŪƜÃ

ā·�äŞÓËŌœ�`ş2ŰŠÃ�ĩ�aŞÓËŌřŃŮƜģrÃ�¤
ŚŠ2ŰÐB 14Ɯ

�íèï÷|�¤
ŚŠ2ŰÐB 11 ŚĿŖœƝőş�íèï÷|�¤
ŞŃňů�`2ŰŠ

�íèï÷|�ĩŞÓËŌřŀœƝC¤
ŞŃŀř�ŭŰœ2ŰÜĶųĈgŌœð§ų Fig. 

6.12Ɯ6.13ŞßŎƝFig. 6.12ş2ŰÜĶŅƃƘƅƒŶƄ|�ŚĿůŉśńŭƜģrÃ�¤
ŚÓËŌ

œ�į2ŰŅƜ*P2ŰŚĿůŉśŅŲńůƝ��ƜFig. 6.13 ŞßŎ�íèï÷ĩŚÓËŌœ2

ŰÜĶŠèÎÜ\|�ųßŌƜŋŭŞőşÜĶŞ½ûşcRŅÞĒŋŰœƝ 

 

 

 

  

         (a) Hot-wire GTA welding.          (b) Fine grain condition by hot-wire GTA welding. 

Fig. 6.11 SEM images of solidification crack distribution around weld pool 

at each welding condition under augmented strain 2.7 %. 
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Fig. 6.12 Fracture surface of No. 14 crack as shown in Fig. 6.11 (a). 

 

 

 

(a) Enlarged image of No.11 crack at fine grain part. 

 

(b) Trace of liquation cracking. 

Fig. 6.13 Fracture surface of No. 11 crack as shown in Fig. 6.11 (b). 
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Fig. 6.11 ŞßŌœÃā·JĞş2Űş+qųÜĶ|�.Ş Fig. 6.14 ŞßŎƝOŠƜÃāZ

Îńŭ*P2ŰŦŚşĚĳś*P2ŰįŋųßŌřŀůƝFig. 6.13 şð§ńŭƜ�íèï÷|�

¤
ŞŃŀř�íèï÷ĩŚÓËŌœ2ŰŪ*P2Űś-.ŌœŅƜģrşƃƘƅƒŶƄ|�ų

ßŎ*P2ŰśŠ8.ŌřßŌřŀůƝŋŭŞƜFig. 6.11 (b)ş2ŰÐB 4�21ş2ŰŞŗŀřŠƜ

ÃāZÎŅ-.ŚņřŀŝŀœũÃāZÎńŭşĚĳŠ��ŞďeŌœƝFig. 6.14ńŭƜģrÃ

�¤
ŞŃŀřÓËŌœ*P2ŰŞµŌřƜ�íèï÷|�¤
ŞŃňů*P2ŰŅįŀŉś

ŅŲńůƝŋŭŞƜ�íèï÷ĩŞŃŀřµĝÔ`ņŝ*P2ŰŅÓËŌřŀůŉśŅŲńůƝ 

 

 

(a) Hot-wire GTA welding. 

 

 
(b) Fine grain condition by hot-wire GTA welding. 

Fig. 6.14 Cracking distribution around weld pool at each condition. 
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Ã¢�ñw Trans-Varestraint đĻŞŃŀřCšŏŧ�Ś�ŭŰœ*P2Ű�Ɯó*P2Ű

įŋŃŬŢ�`*P2ŰįŋŞŗŀř Fig. 6.15 ŞŦśũřßŎƝģrÃ�¤
ŃŬŢ�íèï

÷|�¤
śŪŞƜ*P2Ű�Ɯó*P2ŰįŋŅšŏŧ�ş��śśŪŞ[3ŌřŀůƝ�`

*P2ŰŠƜ�íèï÷|�¤
ŞŃŀřŠE¬Şšŏŧ�śśŪŞ[`Ŏů�FŞĿůŅƜ

ģrÃ�¤
ŚŠŜşšŏŧ�ŞŃŀřŪEávşįŋųßŌřŀůƝŦœƜCšŏŧ�ŞŃŀ

ř�íèï÷|�¤
ŚÓËŌœ�`*P2ŰŠŜŰŪ�íèï÷ĩŚËōřŀœƝFig. 6.14

ŞßŌœŅƜ�íèï÷|�¤
ŚŠƜ�íèï÷ĩŞŃŀřµĝÔ_Ň*P2ŰŅÓËŎů

�FŞĿŖœŉśńŭƜ�íèï÷|�¤
şCšŏŧ�ŞŃŀřó*P2Ű�ŞiŎů�í

èï÷ĩŚş*P2Ű�ş2Dų Fig. 6.16 ŞßŎƝOŬŮƜ�íèï÷|�¤
ŞŃŀřÓË

Ōœ*P2Űş9���Ņ�íèï÷ĩŞŃŀřÓËŌřŀůŉśŅŲńůƝ 

 

 

 
Fig. 6.15 Relationship between augmented strain and crack number and length. 

 

 

Fig. 6.16 Cracking ratio on fine grain part at fine grain condition. 
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ŉŰŦŚşð§ńŭƜ�íèï÷|�¤
ŞŃňů*P2Ű�Ɯó2*P2ŰįŋŠģrÃ

�¤
śEávŚĿŮƜ�`*P2ŰŞýŖřŠƜ�íèï÷|�¤
ŞŃŀřįŇŝů�FŞ

ĿŖœƝőŌřƜ�íèï÷|�¤
ŞŃŀřÓËŌœ*P2Űş9���Ņ�íèï÷ĩŚ

ËōřŀœŉśŝŜųěŦłůśƜ�íèï÷|�ŞŬů*P2Ű�@�ş�À5§ŠŧŭŰŝ

ŀŬŁŚĿůƝőŉŚƜC¤
ŞiŌřƜ2ŰŅËōůÃā·�ä�ğşAć7ŃŬŢ
ÿ�jÁ

včÂºŞŬŮÁvo±ų?�ŌœƝFig. 6.17 (a)ŠCÃ�¤
şÃā·�äşAć76ÍƜ(b)

Š
ÿ�jÁvčÂŞŬŮ�ŭŰœÃ�ĩ�aŞŃňůÁv+qųßŌřŀůƝFig. 6.17 (a)ŞŠ

ÜôŚÃāZÎųßŌřŀůƝFig. 6.17 (b)ş 0 mm ŠƜģrÃ�¤
ŚŠÃāZÎ�øųßŌ

řŃŮƜ�íèï÷|�¤
ŚŠÃā·�äţ�"ŋŰůƗŶƑş��ųőŰŒŰßŌřŀůƝ

(a)ńŭƜģrÃ�¤
ŚŠƗŶƑŅÃā·&1�Ş�"ŋŰřŃŮÃāZÎŅ�ÞŞ-.Śņ

ůŅƜ�íèï÷|�¤
ŚŠÃā·&ş�äŞƗŶƑŅ�"ŋŰřŀůœũÃ�ĩ�aŚŠ

Ãā½ŅÞĒŚņŝŀƝ(b)ńŭƜģrÃ�¤
ŚŠÃāZÎńŭÃ�ĩ��Şńňř�đ¢�

şāÄ�ğńŭ);Ōřŀů¬bŅŲńůƝ��Ɯ�íèï÷|�¤
ŚŠƗŶƑ��ńŭë 3 

mmŞńňř 1300 ºCávş�ÁĺVŅÞĒŋŰƜőş�õūńŞ);ŌřŀůŉśŅŲńůƝ 

�íèï÷ş|�ƏŹƇžƎŞŬůśƜÃā·ţś�"ŋŰůƗŶƑ&ŞŃŀřlĩÃāŎů

ŉśŚ�íèų|�ŌƜ9ÃāÉ�Ś*PŎůŉśŚ�íèï÷śŝůŉśńŭƜÃā·ţś�"

ŋŰœ�ÄŚŠ�íŝð�èşJNŞlĩÃāŞŬŮËōœ½ûŅcRŌřŀůŪşśùłŭŰ

ůƝőşœũƜFig. 6.17 (a)ŞßŎŬŁŝ�íèï÷|�¤
ŚŠƜÃ�īmăĶŞ�íŝð�è

ślĩÃāŞŬů½Ņ$cŌřŀůĺVŅ|�ŋŰřŀůŪşśùłŭŰůƝŦœƜFig. 6.17 (b)Ş

ßŌœÁv+qńŭāÄğ�ŦŚ3ÆŋŰœƗŶƑş�"�øńŭ��Şńňř�ÁĺVŅ|

�ŋŰřŀůŉśŅßKŋŰœƝ��şŉśńŭƜ�íèï÷ĩŚÓËŌœ*P2ŰŅƜƗŶƑ�

"�øŚş9ÃāÉ�ńŭ�íèï÷Ņ|�ŋŰůĦáŚƜ�íŝð�èıŞcRŎů½ûŞ

¹ŖœŪşŚĿůśùłŭŰůƝTrans-VarestraintđĻŠÃ�î	śE�Şz0ÔŝšŏŧŅÚı

ÔŞĖĀŋŰůœũƜ�íèï÷Ņ|�ŋŰůĦáŚ ńŞcRŎů½ûŞ¹Ŗř2ŰŅËōƜ

*P2ŰÓËĺVş�`ŞöŅŖœŪşśùłŭŰůƝŬŖřƜƍƁƄƗŶƑ TIG Ã�ŞŬŮ|�ŋ

Űů�íèï÷ş*P2Ű�@�şĐ�ºśŌř Trans-VarestraintđĻųĨÌŎůŉśŠ�Ĩ{

ŔśùłŭŰůƝ 
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(a) Visualization images around weld pool at each condition. 

 

 

(b) Temperature distribution on center of weld bead. 

Fig. 6.17 Temperature measurement result and visualization images at each condition. 
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6.3.2  U|Ã�2ŰđĻ 

Ã¢�ñw Trans-Varestraint đĻŚŠƜ�íèï÷ş*P2Ű�@�ųĐ�ŚņœśŠČł

ŏƜfÃ�Ş:Ōœ2ŰđĻųÌŀů�ĆŅĿůśùłœƝőŉŚƜü�£UşÃ�2ŰđĻų

f�ŌœƝ 

U|Ã�2ŰđĻŚşÃ�Ɗƙƅ^Ĉų Fig. 6.18ŞßŎƝFig. 6.18 (a), (b)ŠőŰŒŰ�þş

TIG Ã�ŃŬŢƍƁƄƗŶƑ TIG Ã�ŞŬŮÃ�ŋŰœŪşŚĿůƝOŞŠƜ2ŰđĻ�ş�ĶĈ

gŌœ�øų 1�5 ŚßŌřŀůƝÃ�Ɗƙƅ^ĈńŭƜ�¤
ŞŃŀřÃ�ƊƙƅăĶŞ2ŰŠ

ŧŭŰŝŀƝŝŃƜŻƕƙƀĩŞÓËŌřŀů2ŰŞĲŌřŠƜiĕśŎů2ŰśŠÑŝůœũĐ

�ŌřŀŝŀƝ 

2ŰđĻ�ŞCÃ�Ś�ŭŰœÃ�Ɗƙƅ�ĶĈgð§ş��ų Fig. 6.19 ŞßŎƝ�þş

TIG Ã�ŞŬů�ĶŞŠ�íèï÷ŠŧŭŰŝŀƝƍƁƄƗŶƑ TIG Ã�ŞŃŀřŠ�íèï÷

ŅÃ�īm�ĩŞ|�ŋŰřŃŮƜ5�ĶĈgŞŬŮ�ŭŰœ�Ķ�í7ÊştSŠ 31.7 %ŚĿ

ŖœƝ5 �ĶĈgşð§ńŭƜFig. 6.19 ŞßŎ�ĶşŬŁŞƜŜŕŭş¤
ŞŃŀřŪ2ŰşÓË

ŠĈgŋŰŝńŖœƝŉşð§ńŭŠ�íèï÷|�ŞŬůÃ�2Űş�05§Š�ŭńśŝŭ

ŝńŖœŅƜ�íèï÷ų|�ŎůŉśŞŬů2ŰşÓËŪŧŭŰŝŀŉśńŭƜf�pţşƍƁƄ

ƗŶƑ TIG Ã�ŞŬů�íèï÷|�şĨÌŞŬŮ*P2Ű�@�ŅļŦůŉśŠÈ³ŝŀśù

łŭŰůƝ 

 

 
(a) GTA welding without fine grain. 

 
(b) Hot-wire GTA welding including fine grain. 

Fig. 6.18 Appearance of weld bead after U-groove weld cracking test. 
 



å 6ãĽ �íèï÷şĔÈ� 

 89 

 
 
 
 

 

Fig. 6.19 Cross-section of weld bead at each welding process. 
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6.4  �íèï÷ş_nÕÃ�ò�ţşĨÌ 

6.4.1  _nÕÃ�īmï÷ţş}ĸ 

¡Ã�ºŞŬŮ|�ŋŰů�íèï÷ş¯ªÔ�ėŅF�ŎůŉśƜŋŭŞ2Ű�@�Đ�

ð§ŬŮf�pţşĨÌŅAúŚĿůŉśŅßKŋŰœƝőŉŚƜ�íèï÷ų_nÕÃ�ĩţ

ĨÌŌœYDşÃ�īmï÷ţş}ĸŞŗŀřē©ŌœƝ 

ƍƁƄƗŶƑ TIG Ã�ŞŬŮ�ąŌœ_nÕÃ�ò�ş�Ķś EBSD Ċ¦ð§ų Fig. 6.20 Ş

ßŎƝFig. 6.20 (a), (b)ŠőŰŒŰ�íèï÷Ņ|�ŋŰřŀŝŀ¤
ś�íèï÷Ņ|�ŋŰ

œ¤
ŚĿůƝC�ĶŞŠƜCnşZÎųÜôŚßŌƜ�íèï÷|�ĺVų�ÄĮôŚNŴ

ŚŀůƝC�ĶŞŃňů EBSD Ċ¦�øŠƜCnŊśŞ1nşÃ�īmï÷ųWŞŷƋƀźżƐ

Ɣ�įŎů¨É�sųčÂŎůœũŞÃ�īmĩş�aśŌœƝőş¨É�sųčÂŌœð§

ų Fig. 6.21 ŞßŎƝ�íèï÷şŝŀ_nÕÃ�şCnŞŃňů¨É�sŠƜn�Ņ[łůŊ

śŞ[3ŌřŀůƝ��ƜCnŞŃŀřÃ�īm�ĩŞ�íèï÷ų|�Ōœ_nÕÃ�ò�

ŚŠƜ¨É�sŞ]7ŠŧŭŰŝŀƝ 

_nÕÃ�ŚŠƜ1nşÃ�īmï÷ŞWŘŀř°nşÃ�īmŅ|�ŋŰůƝőşœũ

,nńŭ�înŞńňřÃ�īmï÷Šé`7ŎůƝŉŰŠƜFig. 6.21ŞßŎ Fig. 6.20 (a)şð

§ńŭŪĄ�ňŭŰůƝŌńŌŝŅŭƜÃ�īm�ĩŞ�íèï÷ų|�ŋŐœYDŞŠ�íè

ï÷ųŪśŞŷƋƀźżƐƔ�įŎůœũƜÃ�īmï÷şé`7ŠŧŭŰŝŀƝŉşŬŁŞƜ_

nÕÃ�ŞŃŀřŠƜ�íèï÷ųÃ�īm�aƜőŌř�ĩŞ|�ŋŐůŉśŞŬŮƜ�íè

ï÷őşŪşş|�ś�íèï÷ųWŞŌœ¨É�şË�ŞŬŮƜÃ�īmï÷ų�í7Ŏůŉ

śŅAúśŝůśùłŭŰůƝ 
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(a) Multi-pass weld joint without fine grain. 

 

(b) Multi-pass weld joint including fine grain. 

Fig. 6.20 Application of fine grain for multi-pass welding. 
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Fig. 6.21 Columnar structure width at each layer in the multi-pass weld joint. 
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6.4.2  ęķ»ĢĦ� 

_nÕÃ�ţ�íèï÷ų|�ŎůŉśŚÃ�īmï÷şé`7Ņ�0ŋŰůŉśŅßKŋ

ŰœƝÃ�īmï÷şé`7Šęķ»ĢĦÈ�ų��ŋŐůŉśŚÛŭŰřŀůƝőŉŚƜ�í

èï÷|�Ņęķ»ĢĦÈ�Ş�łů}ĸŞŗŀřē©ŌœƝ 

ęķ»ĢĦ�đĻð§ų Fig. 6.22ŞßŎƝęķ»ĢĦÈ�đĻŚŠƜđĻÇş¥<ŅĆ¶

ŋŰůœũ Fig. 6.22 (a)ŞßŎŬŁŝ�íèï÷ųGŨ_nÕÃ�đĻÇų�ąŌœƝ#�ş�

Ķ�í7ÊŠë 20 %ŚĿůƝFig. 6.22 (b)ŞßŎŬŁŞƜ�íèï÷ų ŌŝŀđĻÇŞŃňů

ęķ»ş�°ĢĦÊŠ 31 %ŚĿůşŞiŌřƜ�íèï÷ų ŎůđĻÇŚŠ 55 %ųßŎƝŦ

œƜ
°ĢĦÊŞŃŀřŪ�íèï÷ų ŎůđĻÇŠ 43 %Ɯ ŌŝŀđĻÇ 8 %ųßŎŉśń

ŭƜŀŏŰŞŃŀřŪ�íèï÷ų ŎůđĻÇş�ŅƜļŀęķ»ĢĦ�ųßŎŉśŅŲńůƝ

ŉŰŦŚŞÃ�īmş¨É�ş|�ŝŭŢŞé`7Ņęķ»ĢĦ�ų47ŋŐůŉśŅXIŋŰ

řŀůƝ¡ƌƖſŽŚŠƜFig. 6.21ŚĠŤœŅƜ�íèï÷ŞWŘŇ¨É�Ņ|�ŋŰůƜ�íè

ï÷ųG ŎůŉśŞŬŮ¨É�ş2DŅÀkŎůƜŋŭŞ�íèï÷őşŪşŅ|�ŋŰůŉś

ŞŬŮęķ»ĢĦ�ş`sŝ�LŞŗŝŅŖœśùłŭŰů 38,39)Ɲ 

 

 

      

(a) Cross-section of multi-pass weld joint.            (b) Result of ultrasonic detection test.  

Fig. 6.22 Effect of fine grain in multi-pass weld joint on transmissivity of ultrasonic wave. 
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6.5  ðČ 

�íèï÷şÝŋƜxyzŋƜ�Ţæş¯ªÔÈ�ųē©ŌœƝŋŭŞƜ�íèï÷|�ŞŬ

ůļÁ2Ű�ųĐ�ŎůœũŞÃ¢�ñw Trans-Varestraint đĻƜU |Ã�2ŰđĻųf�Ō

œƝ�íèï÷ų_nÕÃ�ţĨÌŎůŉśŞŬůÃ�īmï÷ş]7Ɯőş�íèï÷ų 

Ŏů_nÕÃ�ĩşęķ»ĢĦ�ųē©ŌœƝ��Şőşð§ųĠŤůƝ 

1) �íèï÷ĩştSÝŋŠë 170 HV ŚĿŮƜ�íèï÷ŚŝŀÃ�īmĩştSÝŋ

147 HVŞµŌřë 20 HVļŀÝŋųßŌœƝ 

2) tĂĩş�íèï÷ĺVŅ 80 %śŝůxyđĻÇŃŬŢ�íèï÷ų ŌŝŀxyđĻ

Çş�`ĀĪƜÜ��ŢŠ 3.4, 3.1 kNƜ47.3, 41.6 %ŚĿŮƜ�íèï÷ų ŎůŉśŚ�`

ĀĪŃŬŢÜ��ŢŅF�ŌœƝ 

3) Ã¢�ñw Trans-VarestraintđĻųf�ŌœŅƜƍƁƄƗŶƑ TIGÃ�ŞŬŮ|�ŋŰů�í

èï÷şƏŹƇžƎŝŭŢŞ Trans-VarestraintđĻş�ėŞŬŮƜ�íèï÷|�ĩŞŃŀ

ř_Ňş2ŰŅĈgŋŰœƝőş2ŰÜĶŠƜ�íèï÷|�ĦáŞŃňů�íŝð�è

ıŞcRŎů½ûŞ¹ŖřËōřŀůśùłŭŰƜőşăĶŠ½72Űş¬ØųHŌřŀœƝ 

4) Ã�īmş�ĩŞ�íèï÷Ņ|�ŋŰů¤
şÁv+qŠģrşÃ�ŚŧŭŰůÁv

+qśŠÑŝŖřŀœƝ�íèï÷|�¤
şÁvŠƜāÄğ�ŦŚ3ÆŋŰœƗŶƑş

�"�øńŭë 3 mm��ŞńňřƜë 1300 ºCş�ÁĺVŅ|�ŋŰřŀœƝ 

5) U |Ã�2ŰđĻųf�ŌœŅƜƍƁƄƗŶƑ TIG Ã�ŞŬŮ�íèï÷ų|�Ōœ¤
Ş

ŃŀřÃ�ĩŞ2ŰŠÓËŌŝńŖœŉśńŭƜƍƁƄƗŶƑ TIG Ã�ŞŬŮ�íèï÷ų|

�ŎůƌƖſŽŚļÁ2ŰÓËşƓŽŻŅļŦůAú�Š�ŀśùłŭŰůƝ 

6) �íèï÷ų_nÕÃ�ò�ŞĨÌŌœśŉűƜ�íèï÷ųWŞŌř¨É�Ņ|�ŋŰ

ůYDŞŠƜ¨É�şé`7ŅŧŭŰŝńŖœƝ 

7) �íèï÷ų|�ŌœÃ�ĩşęķ»ĢĦÊŠƜ�íèï÷ų ŋŝŀ TIGÃ�ŞŬŮ|

�ŋŰœÃ�ĩŞµŌřļŀ�ųßŌœƝ 
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� 7�Ú Ú §_ 

 

 

�bË@£¨øP¢!ù�bÉøut��TĊ(�æëĆĪìøP¢!Z°ôçòĩTIG �

b÷ęġđĩ�wd\ĩ¼Ôz` öõĊ��éĆ=�ĩ�bË@�÷P¢!�¡Ċ|�éĆ

=�áöæćòÜĆáĩP¢�¾jLX÷ăĆ�bË@£¨ø[m�öP¢!ùĩđĕĥĢđÌ

÷ßÜòùP¢!�¡|��3÷ùÇXóâòÜöÜøá��óÛĆĪm��óùĩĜĔĖĤČ

ğ TIG�b÷ăą�bË@�÷P¢ö�¾jøLXá³<æćîåôĊ$äĩĜĔĖĤČğ TIG�

bĊ�Üî�bË@P¢!Z°ø��Ċ��ôçîĪ 

ĎĦđĕėČĖ�đĕĥĢđÌ SUS310S öĄû÷ĚčĠČĖ�đĕĥĢđÌ SUS430 ÷ßÜòĜ

ĔĖĤČğ TIG �by÷ăą�bË@�÷P¢�£¨áLXæćîĪP¢�£¨ø�Nùĩ

SUS310Sßăû SUS430øìćíćó  15ĩ68 µmóÛïîħFig. 2.6 ô 2.12ĨĪ�đĕĥĢđÌ÷

ßÜò�bË@�÷LXæćĆ£¨ôçòùÒD÷P¢óÛąĩĚčĠČĖ�đĕĥĢđÌ÷¬ï

òùP¢!�¡ø|��ç÷ĩP¢!�¡Ċ|�çî0&ô'�øP¢�£¨áLXæćî

ħ� 1�ôv¿ĨĪ 

ĎĦđĕėČĖ�đĕĥĢđÌ SUS310S ÷ßÜòĩĜĔĖĤČğ TIG�b÷ăąLXæćîP¢

�£¨ø�æĩIJKæĩ
ûùĩP¢�£¨óöÜ�bË@£¨÷vçò(�çòÜîħFig. 

6.7 ô 6.9ĨĪSUS310Sóùĩ�b�÷��éĆÙ~�ćĩ�÷�-�ćá*×ôöĆåôàĄ�n

�¥H Trans-Varestraint µØĊ:gçîĪçàçĩTrans-Varestraint µØø�bÉ÷�Î�÷K

��öúêÿá¹®æćĆôÜÝµØøTºôP¢�£¨LXø�QàĄĩP¢�£¨ø�-

�ćV$TĊ�n�¥H Trans-VarestraintµØ÷ăą´�óâöÜåôá�)æćîħ6.3.1ĨĪìå

ó:�b�ø]o�W÷ÀÜ U L�b�ćµØĊ:gçîáÙ~�ćù��çöàïîħFig. 

6.19ĨĪP¢�£¨LXĊ4A��b÷È�çĩìø¼ÔzÂÆT÷ðÜòĩ�­�ö TIG�b

÷ăąLXæćî4A��bôv¿çîôåĈĩ�bË@Éø¼ÔzÂÆ�á5E÷e+çòÜ

îħFig. 6.22ĨĪìø²,ôçòùĩP¢�£¨ìøāøøLXĩP¢�£¨LX÷ăĆr�j�

&ø}>ßăûP¢�£¨÷/ñãr�jøLX÷ăĆôªÞĄćĆħFig. 6.20 ô 6.21ĨĪåøăÝ

ö�T¶s¤qàĄĩĜĔĖĤČğ TIG �b÷ăąLXæćĆP¢�£¨øk�Tá�)æćî

ħ� 6�ĨĪìøP¢�£¨LXøĞďĘĒĝôçòùĩ��øăÝóÛĆĪ 

S�y÷ăąĩĜĔĖĤČğ TIG �bøP¢�£¨LXp	óø�b�Ċ�¤çĩ£¨³<ç

îĪ�bË@øFÉöĄû÷�É÷P¢�£¨áLXæćĆ�p	÷ßÜòĩP¢�£¨ù|
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�ĤČğàĄÅ¦çòLXæćòÜîħFig. 4.8ĨĪĤČğàĄP¢�£¨þóø£¨Ċ³<çîôå

ĈĩK�B÷ăą
±æćîĤČğø�l£¨ùĩĜĔĖĤČğěģēđ÷ăĆĤČğÑ{÷ăĆĤČ

ğ�ø~G�C÷Rèò2!çĩ�¤jĩ�XÍçîOĩ¤j��÷ßÜò?É�¯Ċ»åé

ħFig. 4.12ĨĪ?É�¯÷ăąP¢ö¤j�ôöïîĤČğùĩ8�÷�¯éĆåôöã"�¯�W

ó�¯x÷Á¥æćĩSÄ÷�-éĆîĀĩP¢�£¨áLXæćĆħFig. 4.9ĨĪçîáïòĩĜĔ

ĖĤČğ TIG�b÷ăĆP¢�£¨LX�¸ùĩĜĔĖĤČğěģēđĊÈ�çîÏøĤČğ£¨2

!÷�6çòÜĆôªÞĄćĆĪæĄ÷ĩĎĦđĕėČĖ�đĕĥĢđÌ SUS310S ÷ßÜòùĩĤČ

ğ�ø£¨2!ó�èĆ¤j��óø?É�¯�¸áP¢�£¨LX÷5âã;�çòÜĆĪ

ìø?É�¯�¸Ċ����:Ø÷ăą¶sçîôåĈĩ�XÍÆ�÷ßäĆ¤j��ø� ÷

ôāöÝ sweep-up�¸÷»,çòĩ¤j��÷?É�¯�YáóâĆôªÞĄćĩåćùĜĔĖĤČ

ğěģēđøăÝöSÄ��ø0&÷øÿ�èĆ�¸óÛĆôc�æćĆħ� 4�ĨĪ 

ċĦĐÑ{ĩ�bÄGĩĤČğÁ¥ÄGßăûĤČğÁ¥�©öõø�bp	áĩP¢�£¨

LXü�ÞĆMÕĊ¶sçîĪ�bË@�øP¢�£¨LXÊĊ�éfÓP¢!�ùĩċĦĐ

Ñ{ø}>ĩ�bÄGø1�ĩĤČğÁ¥ÄGø1�ßăûĤČğÁ¥�©ø1�÷ăą(�é

ĆħFig. 3.10ĨĪåćùĩĜĔĖĤČğ TIG �b÷ăąLXæćĆP¢�£¨øĞďĘĒĝàĄĩ�¯

xüô��Á¥æćĆĤČğüøċĦĐßăû�¯xàĄø��á}>éĆ0&÷P¢�£¨á

LXæćĂéãöĆôªÞĆåôáóâĆħ� 3�ĨĪ 

P¢�£¨LXĞďĘĒĝàĄĩÃÑ½ÐáÍãöĆåô÷ăĆ?É�¯Ö.ø1�÷ăąf

ÓP¢!�á(�éĆôªÞĄćîĪçàçĩSUS310S óùĩ?É�¯Ö.ø1�÷ăĆ�T�

�Ö.ø^5÷ăą79çîĤČğÁ¥áóâêĩSUS430 óù�U÷#çÃÑ½Ðá�Ü0&

÷fÓP¢!�á1�çîħFig. 5.3 ô 5.5ĨĪþîĩP¢�£¨øLXĞďĘĒĝàĄĩÃÑ½ÐĊ

2!æëĩ��Á¥æćĆĤČğø��ÄGø2!÷ăąP¢�£¨ø�Ná2!éĆôªÞî

ħFig. 5.9 ô 5.12ĨĪSUS430 ù�XÍÄGáÄÜîĀĩ��ÄGáÄÜ0&ðþąÃÑ½Ðá�

Ü0&÷P¢�£¨áăąP¢÷öïîĪSUS310S óùĩSUS430 ýõø�N2!ùÿĄćöÜ

āøøĩ��ÄGáÄãöĆ0&÷ĩĂùąP¢�£¨ùăąP¢÷öïîħ� 5�ĨĪ 

åøăÝ÷ĜĔĖĤČğ TIG�by÷ăą SUS310S öĄû÷ SUS430ø�bË@�÷P¢�£

¨øLXá%«óÛĆåôáĉàïîĪìøLXùĜĔĖĤČğÁ¥iøĤČğø���WöĄû

÷�¯x�üøĤČğa��©÷ăąĩP¢�£¨ø�©ĩÊßăû�NĊ2!æëĆåôā%«

óÛïîĪæĄ÷ĩP¢�£¨øut�Tºø(�öĄû÷4A��büÈ�çî0&ø·�

Tá(�çòÜîåôöõàĄĩm�b÷ăĆ�bË@£¨øP¢!øk�TáhĄàôöïîĪ 
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į AŅ Ņ �ù�`ÀqĉÁºŧÄ�ūŧĥÑ 

 

 

 

1. ðĈ 

Ä�ĨŧÀqŨƯÄ�ĨŧË�ż��ƯųŔŎŨ�ÁŖŸśŲŧĩĂŤƙƥƢƬƏšņŸưÄ

�ĨŧÀqĉÁťŨƯy¤ŋŶ�ćrÀqĉÁºŧ�ŞšņŸÉļ_Ō�ÑœŹŠŊŷƯÄû

¸ŊŵŪÄ�ÉwĿĨŧÀqe´ŧ6zť�ÑœŹŠŇŸưŔŋŔƯĜoƯƨƬƉÄ�Ťţŧ�

ÉƯ�!ŤÀqe´ż�ŖŸÄ�ºŌSŎĥÑœŹŞŞņŸŌƯőŹŶŧÀqĉÁšÉļ_ż�

ÑŖŸO<ŨƯËťƯĉÁ�Æŧ~æ�ŧ�œŌDŁŢŤŸưĽ�ćÀqĉÁºŢŔŠ�`Àq

ĉÁŌĥÑœŹŠŇŸ 70-80)ư�`ÀqĉÁŨƯÉļ_ť¶ŔŠÄ�Ïēż
œŤŇƯ~æ�Ōń

ŇőŢŌË{ŢŔŠ�ŐŶŹŸŌƯÁ[_ēŧþľ�ÌƯÀqk 72,73)ť~ŕŠTōŎQ-ŖŸ�`

Îż³àť��ŖŸ}ĂŌņŸŤţŧDŁŌņŷƯ]ÀŋŶûÆůšŧÀqkť_ŔƯœŶťĽl

ťÍŇŀLš¾ÚƯIÚŌ�XŖŸÄ�ĨŧÀqe´ż��ŖŸőŢŨFĻšņŸưËťƯſƬ

ƅÄ�ťŊŇŠŨƯſƬƅ�ŧwĿż7ŏŸśŲƯ�`ÀqĉŧÄ�ĨÀqĉÁūŧĥÑŨŋ

ŤŷĵŶŹŸ 75-77,79)ư�ĜšŨƯ�`ÀqĉŢ�ƜžƁƘƬżî<Řś�`ÎŧwĿżÇĄšōŸ

½ÅK�ƜžƁƘƬÀqĉŤţųıÖœŹŠŇŸŌƯőŹŨ�ćrÀqĉÁťņśŸ 81)ư��Ưő

ŹŶŧÀqĉÁŢŨ(ťƯ�`ÀqĉÁŢ=®ťƯ�`ż)ÑŔś�ù�`ÀqĉÁºŧĥÑ

ŌčŰŶŹŠŇŸ 82-88)ưőŧ�ù�`ÀqĉÁºŨƯÁ[_ēŧ�`�ŋŶĜ�Ŕś�»İż6

zŔƯřŧ�`tq¶ŵŷÀqç$œŹŸưŵŝŠƯ�`ÀqĉÁšDŁŢŤŸ�`ÎŧĘ³Ō�

ĂŢŤŸưőŧé�œŋŶƯÄ�ŧ%ĪťŊŇŠų�ĜĥÑŌčŰŶŹŠŇŸưŔŋŔŤŌŶƯĉÁ

œŹŸÀqŧ³àœŴĉÁ»İĦ�ŤţťĳŖŸ�ĬŊŵŪÀqŧWu�ťŞŇŠŨņůŷĒ

đœŹŠŇŤŇŵňšņŸư 

őőšŨƯ�ù�`ÀqĉÁºŢƄƢƥƎƪƈƬŢżîŰ<ŻŘŸőŢšÄ�ĨŧÀqe´ż

ĉÁŔƯřŧ³àœŊŵŪzŶŹśÀq%jŧWu�żĐªŔśưřŔŠƯőŹůšſƬƅ�ŧw

ĿťŵŷřŧĥÑŌħŏŶŹŠōśſƬƅÄ��ūŧ�ù�`ÀqĉÁºŧĥÑżčŰƯřŧW

u�ż«ČŔśư 
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2. �č¢�4Ū\Ń�º 

2.1 �č¢�ŊŵŪčŃÊ 

�č¢�ťŨì Niƭ99.9 %ƮŤŶŪťƃƬƌƓƗƁƕêƌƓƪƨƌĮ SUS310S żÑŇśưřŧ

-Yî�ż Table 1ťáŖưčŃÊvÌŨƯ50(w)×110(l) mmƯ¥1Ũ 2, 3(t) mm ŢŔśư 

 

2.2 ĉÁ»İŧĦ� 

�ù�`ÀqĉÁťŊŇŠ³àŤÀqĉÁżŖŸťŨƯÄû¸AěŋŶŧR
ŧŤŇĥ&

Ť»İżĦ�ŖŸ}ĂŌņŸưřőšƨƬƉÄ��ŧÄû¸Aěŧ%�%¦żüŝśưFig. 1 ť

SUS310Sŧ%�%¦ï¨żáŖưH�ŧ\ñŨƯÄû¸AěŧÉ�`żáŔŠŇŸŌƯřŧ 300

�1100 nm ťŊŇŠ 500�600 nmŊŵŪ 750 nm
ĜťŊŇŠĭ�íťĕEŔś��ñƌƞ

ƅƕƧŌą^œŹś 89)ư őŧŵňŤñƌƞƅƕƧŨÀqĉÁï¨ťTmŤďiżůŦŎŊřŹŌņ

ŸśŲƯ500�600 nmŊŵŪ 750 nm
ĜżħŏŸŵňťĉÁ»İżĦ�Ŕśư 

 

Table 1 Chemical compositions (mass%). 

 

 

 

Fig. 1 Result of spectroscopic analysis on SUS310S during laser welding. 

Material C Si Mn P S Ni Cr Mo Fe
Pure Ni - - - - - 99.9 - - -

SUS310S-(1) 0.03 0.49 0.39 0.022 0.007 20.38 24.84 - Bal.
SUS310S-(2) 0.05 0.68 0.82 0.023 <0.001 19.21 25.16 0.17 Bal.
SUS310S-(3) 0.05 0.68 0.82 0.023 <0.001 19.19 24.73 - Bal.
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2.3 ÀqĉÁÿô 

ÀqĉÁť�ÑŔśÀqĉÁÿôż Fig. 2ťáŖưFig. 2 (a)ŨƯ1ŞŧƛƬơƌƝƦƒƏƬƯ2

Şŧ�YêŊŵŪ 2 9ŧńĢqƛƔƃƄƢƥŋŶ­�œŹŸư2 9ŧńĢqƛƔƃƄƢƥŨ= œ

ŹŠŊŷƯÄ�ĨŋŶŧ�`�ŨƛƬơƌƝƦƒƏƬťŵŷ�%œŹƯřŹŚŹŧƨƪƍť6ŷ
ŏ

ŶŹŠŇŸĉÁ»İŧÔŤŸƜƀƧƏƬżġŔŠƯřŹŚŹŧńĢqƛƔƃƄƢƥťŵŷ�`tq

ŧÔŤŸÒ�ŌċįœŹŸưőŧĉÁ»İŒŢŧ�`tqżċįŔś 2 ŞŧÒ�żÑŇŠ8Ą-

ŔśŀLŧÀqżç$ŖŸưxĝŖŸŌƯFig. 2 (a)ŧƊƌƓơżÑŇŠÄ��ŧÀqĉÁŌ8ö

šņŸőŢŌáCœŹśŧšƯ��ŧÀqĉÁÑƄƢƥż�ÑŔśưFig. 2 (b)ŨƯ1 ŞŧƨƪƍŢ 1

9ŧƄƢƥťŵŷ­�œŹŠŊŷƯƄƢƥ¡� ĨťŨ�ŞŧƛƬơƌƝƦƒƏƬƯ2 ŞŧƜƀƧƏƬ

ƟƧƐƬŊŵŪ 2 ŞŧƎƪƈƬŌ úœŹŠŊŷƯ2 ŞŧƎƪƈƬťŵŷzŶŹśÒ�ŋŶÀqż

ç$ŖŸưFig. 2 (c)ŨƯFig. 2 (b)ť�ŞŧƎƪƈƬżĞ+Ŕś­ģťŤŝŠŊŷƯ2ŞŧƎƪƈƬ

šÀqĉÁŔŞŞƯµŷŧƎƪƈƬťŊŇŠÄ�Ĩŧ8Ą-Ò�żzŸőŢŌšōŸư 

 

 

(a) Temperature measurement system using two high-speed cameras. 

      
       (b) Two-sensor camera.                        (c) Multi-sensor camera. 

Fig. 2 Temperature measurement device for each experiment. 
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2.4 ƨƬƉÄ��ŧÀqĉÁ�º 

ƨƬƉÄ��ŧÀqĉÁ�ºż Fig. 3 ťáŖưFig. 3 (a), (b)ŨƯřŹŚŹƨƬƉÈ`�>Ţ

Ä�ÀqÁ[�>Ō=�ŧþľą^ƯƨƬƉÈ`�>ŢÀqĉÁ�>ŌčŃÊż�Ű_ťŤ

ŸĀľą^šņŸưÄû¸AěŧÀqżīdŋŶŧ�`�ťŵŷç$ŖŸ�ù�`ÀqĉÁº

šŨƯƨƬƉÄ��ŧƚƤƬơŴƨƬƉŧ5`�Ũ³àŤÀqĉÁżFĻťŖŸưFig. 3 (b)ŧĀ

ľą^šŨƯƨƬƉŧ5`�ŴƚƤƬơŧwĿżÇĄšōŸųŧŢõŉŶŹŸưřőšƯ¡�ºť

ŵŷzŶŹŸÀqĉÁï¨ż«ČŖŸĹťĀľą^ż\�ŔśưůśƯ\ĹŧÄ�Ïē8Ą-�

ŧÀqĉÁŧWu�ż«ČŖŸśŲť Fig. 3 (a)ŧþľą^żüŝśư 

 

 
(a) Topside observation. 

 

 

(b) Backside observation. 

Fig. 3 Observation method during laser welding. 
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2.5 ſƬƅÄ��ŧÀqĉÁ�º 

ſƬƅÄ��ŧÄû¸xäŧÀq%jŧĉÁżčŰśưīdŧ�`�żzŸőŢšÀqç$

œŹŸ�ù�`ÀqĉÁºšŨƯſƬƅÄ��ŧſƬƅ�ŧśŲť³àŤÀqĉÁŌFĻšņ

ŸưFig. 4 ťſƬƅÄ��ťÀqĉÁÑƄƢƥťċįœŹŸ�`�ż°r×ťáŖŌƯÀqĉÁ

ÑƄƢƥťċįœŹś�`ęq�NŨƯſƬƅ�ŊŵŪÄ�īdþľŋŶŧ�`�ŌĩÕœŹŠ

ŇŸŢõŉŶŹŸưřŧśŲƯſƬƅÄ��šzŶŹś�`ęq�NŋŶƯſƬƅ�ŧęq�N%

żiŔsōƯÄ�īdþľŋŶŧ�`ęq�NŧŰż6ŷ$ŖőŢšƯÄ�ĨŧÀqĉÁŌ8ö

šņŸŢõŉśưőŧŵňŤ¬�ťMşōÀqĉÁżčŰśư 

        
Fig. 4 Schematic illustration of heat radiation received by camera sensor. 

 

2.6 Ä�£�ŤŶŪťÀqĉÁ£� 

Table 2 Ũì Ni żÑŇśƨƬƉÄ�ĨŧÀqĉÁ£�šņŸưÀqĉÁťŨƯFig. 2 (a)ťá

ŖƊƌƓơż�ÑŔśưzŶŹŸÀq%jŧ³àœż«ČŖŸśŲťì Ni ż�ÑŔśư�w�º

Ũ Fig. 3 (b)ŧĀľą^ŢŔśưÄ�Ģq 0.4 m/minƯƨƬƉ$* 2.5 kWŧƋƣƌƕƜƂƬƄƌšĀ

ľą^šōŸŵňĔġÄ�ŢŔśưÀqĉÁť�ÑŔś»İŨƯ710, 975 nm ŢŔƯ710 nmƭ/�

m:10 nmƮƯ975 nmƭ/�m: 56 nmƮŧƘƪƖƙƌƜƀƧƏƬż�ÑŔśư 

Table 3, 4ŨƯ�YƜƀƧƏƬĦ�ŌÀqĉÁū�ŉŸwĿżĐªŔśO<ŧÀqĉÁ£�š

ņŸư�č¢�ťŨ Table 1ťáŖ SUS310S-(1)żÑŇśưÀqĉÁťŨ Fig. 2 (b)ťáŖ 2Ǝƪ

ƈƬƄƢƥƯ(c)ŧƠƧƑƎƪƈƬƄƢƥż�ÑŔśưą^�ºŨĀľŢŔśưÄ�Ģq 0.4 m/minƯ

ƨƬƉ$* 1.6 kW ŧƋƣƌƕƜƂƬƄƌŧĔġÄ�£�ŢŔśưƘƪƖƙƌƜƀƧƏƬťŨ 650, 

673, 700, 800, 810, 925 nmŧ 6âłż�ÑŔśư  

Table 5 ŨƯ¡Ä�ťŵŷĉÁœŹŸÀq%jŧWu�«Čť�ÑŔśÀqĉÁ£�šņŸư

�č¢�ťŨ SUS310S-(2)żÑŇśưÀqĉÁťŨƠƧƑƎƪƈƬƄƢƥż�ÑŔƯÀqĉÁ�

ºŨ Fig. 3 (a)ŧþľą^ŢŔśưÄ�Ģq 0.2, 1.0, 1.5, 2.0 m/minŧřŹŚŹšĔġÄ�ŢŤŸ
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ŵňťƨƬƉ$*żĐ�ŔśưÀqĉÁťŨ 650, 800 nmŧƘƪƖƙƌƜƀƧƏƬż�ÑŔƯ¡\Ń

ťŊŇŠŨÄû¸ŧxäż8Ą-ŖŸØ×š 980 nm ŧƘƪƖƙƌƜƀƧƏƬżÑŇƯÄ�Ĩť

_ŔŠ 980 nmŧ»İż�ŖŸƨƬƉÈ�ż�ÑŔśư;Ä�ĢqťŵŷzŶŹśÀqe´ŋŶ!

0Ģqż6zŔƯ;Ä�ƛƬƖþľťŊŏŸƔƪƖƥƁƕ�²ſƬơĲĸżÁ[Ŕśư 

Table 6ťŨſƬƅÄ��ŧÀqĉÁ£�żáŖư�č¢�ťŨ SUS310S-(3)żÑŇśưÀq

ĉÁťŨƠƧƑƎƪƈƬƄƢƥż�ÑŔƯſƬƅ�ŧwĿż+BŔŠÀqĉÁżüňśŲčŃÊ

þľŋŶĉÁŔśưÀqĉÁ�ôŨƯÄû¸ŧxäŢŔśư 

Fig. 2ťáŔśÀqĉÁƊƌƓơŊŵŪ�ĝŧÀqĉÁš�ÑŔś�YêŨƯFig. 5ťáŖ¯

Ã�ÂťŵŷĘ³œŹśƏƪƆƌƓƪƥƪƝżÑŇŠƯÛÀqŧ�`tq¶ż6zŔƯřŹżMť

Ä�ĨŧÀqżç$Ŕśư 

 
 
 

Table 2 Temperature measurement of pure Ni using measurement system shown Fig. 2 (a). 
          (a) Welding conditions.                   (b) Observation conditions. 

     

 
 
 
 

Table 3 Temperature measurement of effect of difference of wavelength using two-sensor camera. 
          (a) Welding conditions.                   (b) Observation conditions. 

     
 

 

 

Wavelength of Fiber laser, nm 1070
Laser power, kW 2.5

Welding speed, m/min 0.4
Laser spot diameter, mm 0.5

Shape of penetration Full penetration
Laser irradiation angle, deg. 30

Shielding gas(Ar), l/min
Topside 50

Backside 50

Measurement position Backside

Band-pass filter 710
(FWHM: 10nm)

975
(FWHM: 56nm)

Flame rate, fps 200
Resolution, pixel 800�600

Magnification 2.2�(0.01mm/pixel)

Wavelength of Fiber laser, nm 1070

Laser power, kW 1.6

Welding speed, m/min 0.4

Laser spot diameter, mm 0.5

Shape of penetration Full penetration

Laser irradiation angle, deg. 30

Shielding gas(Ar), l/min
Topside 50

Backside 50

Measurement position Backside

Band-pass filter, nm

(FWHM, nm and 

Transmissivity, %)

673 (11, 87)

810 (10, 50)

925 (34, 65)

Flame rate, fps 90

Resolution, pixel 640×480

Magnification, µm/pixel 9.24
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Table 4 Temperature measurement of effect of difference of wavelength using multi-sensor camera. 
          (a) Welding conditions.                   (b) Observation conditions. 

        

 
Table 5 Validity of temperature measurement by multi-sensor camera. 

          (a) Welding conditions.                   (b) Observation conditions. 

   

 

Table 6 Application two-color thermometer to temperature measurement during arc welding. 
            (a) Welding conditions.              (b) Observation conditions. 

       

 

Fig. 5 Tungsten-ribbon lamp calibrated by standard illuminant. 

Wavelength of fiber laser, nm 1070
Welding speed, m/min 0.4

Laser power, kW 1.6
Laser spot diameter, mm 0.5

Shape of penetration Full penetration
Laser irradiation angle, deg. 30

Shielding gas (Ar), l/min
Topside 50
Backside 50

Measurement position Backside

Band-pass filter, nm
(FWHM, nm and 

Transmissivity, %)

650 (13, 85)

700 (13, 80)

800 (12, 90)

Frame rate, fps 50

Resolution, pixel 640�480

Magnification, µm/pixel 5.00

Wavelength of fiber laser, nm 1070

Welding speed, m/min 0.2 1.0 1.5 2.0

Laser power, kW 1.6 1.85 2.25 2.5

Laser spot diameter, nm 0.4

Shape of penetration Full penetration

Laser irradiation angle, deg. 30

Shielding gas (Ar), 
l/min

Topside 50

Backside 15

Measurement position Topside
Welding speed, m/min 0.2 1.0 1.5 2.0

Laser power, kW 1.6 1.85 2.25 2.5

Band-pass filter, nm
(FWHM, nm and Transmissivity, %) 

650 (13, 85)
980 (50, <50)
800 (12, 90)

Frame rate, fps 50
Resolution, pixel 640�480

Magnification, µm/pixel 12.7 6.51

Arc current, A 150
Arc voltage, V 9~10
Arc length, mm 2

Welding speed, mm/s 3.0
Electrode diameter, mm 3.2
Shielding gas(Ar), l/min 20

Electrode extension, mm 12

Measurement position Topside

Band-pass filter, nm
(FWHM, nm and Transmissivity, %) 

650 (13, 85)
-

800 (12, 90)
Frame rate, fps 50
Resolution, pixel 640�480

Magnification, µm/pixel 13.00
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3. �²�Àq%jŧ6zŢ«Č 

3.1 ì Ni żÑŇśƨƬƉÄ�ĨÀqĉÁ 

2 9ŧńĢqƛƔƃƄƢƥťŵŷ�wœŹśÒ�ż<�ŔƯ�²�Àq%jÒ�ū$*Ŕśï

¨ż Fig. 6ťáŖưÀqç$ť�ÑŔś<�Ò�Ũ 710, 975 nmŧƘƪƖƙƌƜƀƧƏƬżġŔŠ

zŶŹŠŇŸưÒ��ťŨƯßñšI¾ÓľżáŔŠŇŸư<�Ò�ŋŶÀqQ�œŹś�²�

Àq%jŨƯ800�1800 ºC ŧèGš$*œŹŠŇŸư<�Ò�ŊŵŪ�²�Àq%jÒ��ŧ

Ä�ƛƬƖ�Uŧ Line 1šáŖÀq%jż Fig. 7ťáŖưH�ťŨƯì NiŧûÆżßñšáŔ

ŠŇŸư±ėŧ 0 mm ŨI¾ÓľżáŖŌƯI¾ÓľŧÀqŌì Ni ŧûÆŢŭŮ�÷ŔŠŇŸ

őŢŌŻŋŸưőŧï¨ŋŶƯÄ�ĨŋŶŧ�`żƛƬơƌƝƦƒƏƬťŵŷ%fŔƯ;ĉÁ»İŧ

ƘƪƖƙƌƜƀƧƏƬżġŔŠƎƪƈƬť7�œŹśÒ�żÑŇŠƯ�ù�`ÀqĉÁºťMş

ōÀq%jŧ6zŌ8öšņŸőŢŌáCœŹśư 

 

Fig. 6 Superimposed image and 2D temperature distribution on pure Ni. 

 

Fig. 7 Temperature distribution on line 1 shown in Fig. 5 on pure Ni. 
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3.2 ńA»Ďa+ÉÿôťŵŸÀqĉÁŧWu� 

őőšŨƯœŶťńA»Ďa+ÉÿôżÑŇŠ¡ĉÁťŵŷzŶŹŸÀqż«ČŔśưFig. 8 (a)

ŨƯì NičŃÊť6ŷ
ŏŶŹśÉļ_Ĝ�ŧ8Ą-�šņŸưFig. 8 (a)ŧ�ôż�|ŢŔŠń

A»Ďa+Éÿôťŵŷ+ÉŔśưÉļ_ŧ$*Ţ�ù�`ÀqĉťŵŷzŶŹŸÒ�Ũ= œ

ŹŊŷƯzŶŹś�²�Àq%jÒ��ťßñšáŖÉļ_ĨŧÀqŢÉļ_ŧÀqŢż¶Ę

Ŕśư 

ńA»Ďa+É�ŧÉļ_ÀqŢ�ù�`ÀqĉÁťŵŷzŶŹŸÀqŧĳ�ż Fig. 8 (b)

ťáŖư�ÀqťŤŸŢīdŋŶŧÉĚ`ŌbœŎŤŸśŲƯ�ù�`ÀqĉÁšŨĥ³ŤÀq

ĉÁŌFĻťŤŸőŢŋŶƯ1000 ºC ��ŧÀqĉÁŨüŝŠŇŤŇưůśƯ1450 ºC �ĴšŨì

Ni ŧûÆżĖŉŸőŢŋŶƯčŃÊŌÄûŔŔůňśŲťÀqĉÁšōŤŋŝśưřŧśŲƯHť

Ũ 1000�1450 ºCŧèGŧï¨żáŔŠŇŸưHŵŷƯÉļ_ÀqŢ�ù�`ÀqĉÁťŵŷzŶ

ŹśÀqŌŵŎ�÷ŔŠŇŸőŢŌŻŋŸư 

 

(a)Ņ Measurement area on thermocouple. 

 
(b) Relationship between thermocouple and two-color thermometry. 

Fig. 8 Validation of temperature obtained by two-color thermometry 
using high frequency induction heating device. 
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3.3 �YƜƀƧƏƬĦ�ťŵŸÀq%jŧũŶŞō 

őŹůšťì Ni żÑŇŠ�ù�`ÀqĉťŵŷzŶŹŸÀqżì Ni ŧûÆŤŶŪťÉļ_

ŧÀqŢ¶ĘŔƯ¡ĉÁºťŵŷzŶŹŸÀqŧWu�żáŔśưőőšŨ�ù�`ÀqĉÁť

ŊŇŠ�ÑœŹŸĉÁ»İť¼ØŔƯĉÁť�ÑŖŸ 2 »İŧiŊŵŪƘƪƖƙƌƜƀƧƏƬŧ

Ħ�ťŞŇŠõ^ŖŸư 

2ƎƪƈƬƄƢƥżÑŇŠ 673/810Ư673/925Ư810/925 nmŧřŹŚŹŧĉÁ»İŧî<Řťŵ

ŷzŶŹś<�Ò�ŊŵŪřŧ 2 ²�Àq%jÒ�ż Fig. 9 ťƯƠƧƑƎƪƈƬƄƢƥżÑŇŠ

650/700, 700/800, 650/800 nm ŧřŹŚŹťŵŷzŶŹś<�Ò�Ţřŧ�²�Àq%jÒ�ż

Fig. 10ťáŖưŤŊ Fig. 9, 10Ũ=ŕÄ�£�ťŵŷ6zœŹŠŇŸưHťŨƯI¾Óľżßñš

áŔŠŇŸưÀqŧ$*èGż 1000�1800 ºC ŢŔŠƯ<�Ò�ŋŶ�²�Àq%jż$*Ŕśư

;Ò��ŧ Line 1ŧÀq%jż Fig. 11ťůŢŲŠáŖưFig. 11 (a), (b), (c)Ũ 2ƎƪƈƬƄƢƥť

ŵŷzŶŹś 673/810, 673/925, 810/925 nmŧî<ŻŘƯ(d), (e), (f)ŨƠƧƑƎƪƈƬƄƢƥťŵŷ

zŶŹś 650/700, 700/800, 650/800 nmŧî<ŘťŊŏŸ Line 1ŧÀq%jšņŸưHŵŷƯÀq

%jŧũŶŞōŌĉÁ»İŧî<ŘťŵŷQ-ŔŠŇŸưőŧÀqŧũŶŞōŢĉÁť�ÑŔś 2

»İŧĉÁ»İiŧĳ�ż Fig. 12ťáŖưHŵŷƯĉÁ»İiŌTōŎŤŸťŞŹŠÀqŧũŶ

ŞōŌ¿cŔŠŇŸőŢŌŻŋŸưŵŝŠƯĉÁ»İiżTōŎŖŸőŢšZ[ŔśũŶŞōŧcŤ

ŇÀq%jż6zšōŸư 

�ù�`ÀqĉÁºŧÐđ�ƯĉÁť�ÑŖŸ 2 »İŨĜ�œŘŤŏŹũŤŶŤŇŌƯFig. 

12 ťáŔśÀqĉÁŧï¨ŨƯğťĉÁ»İżTōŎŖŬōšņŸŢáCŔśưőŹťŨƯĉÁť

�ÑŔśƎƪƈƬŧË�ƭ�qƯķĐƮƯ�YƜƀƧƏƬŧĠĤÎƯ/�mŌĳ�ŔŠŇŸŢõŉŶ

ŹŸưFig. 13 ť¡ĉÁš�ÑŔśƎƪƈƬŧ�qŢĉÁ»İ�ôżƜƀƧƏƬŧ/�mƯĠĤÎ

ż+BŔŠáŖưĉÁ»İi 50 nmƭ650/700 nmƮŧî<ŘšŨƯƎƪƈƬ�qŊŵŪƘƪƖƙƌ

ƜƀƧƏƬŧĠĤÎŌńŎƯ/�mŌÍŇőŢŋŶƯřŹŚŹŧĉÁ»İšŧ�`tqż�àť

�ŉŸőŢŌšōŠŇŸųŧŢõŉŶŹŸưŔŋŔŤŌŶƯ\ÁťŊŇŠŨ�ųÀq%jŨũŶŞŇ

śưőŹŨƯřŹŚŹŧĉÁ»İťŊŏŸ�`ŌƎƪƈƬťŵŷċįœŹƯřŧ$*�żMťÀ

qQ�œŹŸőŢŌĳ�ŔŠŇŸŢõŉŶŹŸưƎƪƈƬż�ÑŔŠŇŸśŲÁ[_ēŋŶŧ�`

�NŨſƗƩƆƔƬƏŢŔŠšŨŤŎƯƔƋƏƧƔƬƏŢŔŠċįœŹŸƭ¡ĉÁťÑŇŶŹśƎƪ

ƈƬŨ 8bit ķĐšņŸƮưřŧśŲƯ2 »İŧ�`tq¶ťŵŷÀqç$œŹŸ�ù�`Àqĉ

ÁšŨƯſƗƩƆƫƔƋƏƧQ��ŧĺ�-ďiŧwĿżtŎ7ŏŸŢ�ÁšōŸưŵŝŠƯĉÁ

»İiŌbœŇ 650/700 nm ŧO<ťŨƯřŹŚŹŧĉÁ»İťŊŏŸ�`�ż.%ťzŸőŢ
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ŨšōŸ£�šņŝśŌƯ��`tqŧiż�àťŢŶŉŸőŢŌšōŤŇśŲƯÀqĉÁï¨Ō

ũŶŞŇśųŧŢõŉŶŹŸưřŔŠƯĉÁ»İiŌ�ųTōŇ 673/925 nm šŨƯ;ĉÁ»İť

ŊŇŠ�`tqiż�àť�ŉŸőŢŌšōśőŢŌƯÀq%jŧũŶŞōż¿cœŘŸőŢťò

ŌŝśŢõŉŶŹŸưŔŋŔŤŌŶƯ925nm ŧƘƪƖƙƌƜƀƧƏƬŨƎƪƈƬ�qŌ�ŇŀLƯŋ

Ş/�mŌpŇśŲťÀqĉÁťŨVůŔŎŤŇŢõŉŶŹŠŇŸưŔŋŔƯƎƪƈƬ�qŧ�œ

ż/�mšāňőŢšÀqĉÁť}ĂŤ�`tqżzŠŇŸŢ�ŉŸőŢųšōŸưŵŝŠƯ¡ĉÁ

ºťŊŇŠ³àŤÀqĉÁż\�ŖŸśŲťŨƯ�ù�`ÀqĉÁºť5ŖŸŌƯƎƪƈƬŧ

%ĆöťĥŔś�`tqŧiżzŶŹŸĉÁ»İŧî<Řżõ�ŖŸŬōšņŸŢĈŉŸưřŧ

ĹťƎƪƈƬŧ�qŌ�ŎŤŸŵňŤO<ťŨƯƘƪƖƙƌƜƀƧƏƬŧ/�mŴĠĤÎżĐ�Ŗ

ŸőŢš_~ŖŸőŢŌ8öšņŷƯ}ŗŔųÍŇ/�mŧƜƀƧƏƬżĦ�ŖŸ}ĂŨŤŇŢõŉ

ŶŹŸšņźňư 

 

 
Fig. 9 Superimposed images and 2D temperature distribution images 

by two-sensor camera at each wavelength combination. 
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Fig. 10 Superimposed image and 2D temperature distribution images 
by multi-sensor camera at each difference of measurement wavelength. 
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             (a) 673 and 810 nm.                          (b) 673 and 925 nm. 

 

       

            (c) 810 and 925 nm.                              (d) 650 and 700 nm. 

 

      

            (e) 700 and 800 nm.                               (f) 650 and 800 nm. 

 

Fig. 11 Temperature distribution on line 1 with each combination on SUS310S. 
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Fig. 12 Effect of difference value of measurement wavelength on temperature distribution. 

 

 

 

Fig. 13 Relative response of sensor and transmissivity and FWHM of band-pass filter at each filter. 
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3.4 !0ĢqŢƔƪƖƥƁƕ�²ſƬơĲĸŧĳ� 

ƠƧƑƎƪƈƬƄƢƥťŊŇŠ 650/800 nm ŧ»İŧî<ŘťŵŷũŶŞōŧcŤŇZ[Ŕś

ÀqĉÁŌ8öšņŸőŢŌáCœŹśưřőšƯ650, 800 nmšÀqĉÁżŔŞŞƯµŷŧƎƪƈ

ƬżÑŇŠ8Ą-,Òż6zŔśưœŶťƯ�ù�`ÀqĉÁťŵŷzŶŹś!0ĢqŢƔƪƖƥ

Ɓƕ�²ſƬơĲĸŧĳ�ŋŶƯÀqĉÁŧWu�ż«ČŔśư 

;Ä�ĢqťŊŇŠÄ�Ĩŧ8Ą-ŢÀqĉÁż=�ťüŝśï¨ż Fig. 14 ťáŖưH�

ťŨßñšI¾ÓľżáŔŠŇŸư;Ä�ĢqťŊŇŠƯƨƬƉÈ�ƭ980 nmƮżÑŇś8Ą-

ŋŶƯÄû¸Aěż�Üť�ŉŸőŢŌšōŠŇŸư8Ą-,ÒŢ=ƇƠŧÀq%jż 1000�

1800 ºCŧèGš$*ŔŠŇŸưřŧÀq%jŨƯI¾Óľť¹ňŵňŤåÀ%jŢŤŝŠŇŸưH

�ťáŖ Line 1 �ŧI¾ÓľŋŶŧÀq%jżÄ�Ģqťŵŷ�ĲťQ�ŔśÄ�ĢqŒŢŧ

!0�ñż Fig. 15 ťáŖư;Ä�ĢqťŊŇŠƯ!0�ñŨ 10 §ŧ�²�Àq%jŋŶzŶ

Źś!0�ñżnJŖŸőŢš·ŲŠŇŸư±ėŧ 0 sŨI¾ÓľżáŔƯH�ťŨ SUS310Sŧ

ûÆżßñšáŔŠŇŸư;Ä�Ģqŧ!0�ñŋŶzŶŹś!0Ģqż Fig. 16 ťáŖưFig. 

15ŋŶƯ!0ĢqŨ SUS310SŧûÆŋŶnýĉçťŵŷç$œŹśIÚñÀq 1286 ºCĲżÙ

ñĜ�ŖŸőŢš·ŲŠŇŸưÄ�ĢqŧP+ŢŢųť!0ĢqŨĢŎŤŷƯÄ�Ģq 2.0 m/min

ťŊŇŠŨƯë 4500 ºC/s ŢĽlť�ĢŤ!0ĢqšņŸőŢŌŻŋŸư 

;Ä�ĢqšzŶŹśÀqŧWu�ż«ČŖŸśŲƯ!0ĢqŢƔƪƖƥƁƕ�²ſƬơĲĸ

ŧĳ�żĐªŔśư;Ä�ĢqšzŶŹśÄ�ƛƬƖþľŧ©Ì��<Ĩŧîóż Fig. 17ťá

ŖưH�ťŨƯßñš©Ì��<ĨżáŔŠŇŸưÄ�ĢqŌP+ŖŸťŞŹŠƔƪƖƥƁƕ�²

ſƬơĲĸŌbœŎŤŝŠŇŸưőŧ©Ì��<Ĩ
ĜŧƔƪƖƥƁƕ�²ſƬơĲĸżĉÁŔś

ï¨ż Fig. 18ťáŖưÄ�ĢqŌP+ŖŸťŞŹŠƯƔƪƖƥƁƕ�²ſƬơĲĸŌbœŎŤŝŠ

ŇŸőŢŌŻŋŸư 

�²�ÀqŋŶzŶŹś!0ĢqŢÄ�ƛƬƖþľîóŋŶ6zŔśƔƪƖƥƁƕ�²ſƬơ

Ĳĸŧĳ�ż Fig. 19ťáŖưHťŨƯĜ��ñżáŔŠŇŸŌƯƔƪƖƥƁƕ�²ſƬơĲĸŌ!

0Ģqŧ-1/3 	ť¶�ŔŠŇŸőŢŌŻŋŸưy¤ŵŷƯ"IÐđšŨƯƔƪƖƥƁƕ�²ſƬơĲ

ĸŌƯ!0Ģqŧ-1/3 	ť¶�ŖŸőŢŌN@œŹŠŇŸ 90-94)ưŵŝŠƯ¡\ŃťŊŇŠzŶŹś

Àq%jŧWu�ŌáCœŹśï¨ŢŤŝśưřŔŠƯ¡ĉÁºżÑŇŸőŢšƯ!0Ģq 4000 

ºC/s żĖŉŸĽlť�gŤÀq%jżųŞÄ�Ĩŧ�²�Àq%jŧĉÁŌ8öšņŸŢĈŉ

Ÿư 
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Fig. 14Ņ Visualization and 2D temperature distribution images at each welding speed 

by multi-sensor camera. 
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Fig. 15 Thermal history from liquid-solid interface at each welding speed . 

 

 

 

Fig. 16 Relationship between welding speed and cooling rate. 
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Fig. 17 Solidification microstructure at center of weld bead. 

 

 

 

Fig. 18 Relationship between welding speed and secondary dendrite arm spacing. 
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Fig. 19 Relationship between cooling rate and secondary dendrite arm spacing on SUS310S. 
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3.5 ſƬƅÄ��ŧÀq%j 

őŹůš�ù�`ÀqĉÁťŵŷzŶŹśÀqżƯƔƪƖƥƁƕ�²ſƬơĲĸŢ!0Ģqŧ

ĳ�ŊŵŪńA»Ďa+Éÿôťŵŷ«ĊŔƯzŶŹŸÀq%jŧWu�ŌáCœŹśưřőšƯ

ſƬƅÄ��ŧÄû¸AěŧÀqżƯ2.5ťċŔś¬�ťMşōÀqĉÁż\�Ŕśư 

ſƬƅÄ��ťzŶŹś<�Ò�ż Fig. 20 ťáŖưFig. 20 ŨƯÀqĉÁŧśŲŧ 650Ư800 

nm ŧ»İšzŶŹśÒ�ŧ<�Ò�šņŸưHŧhŋŶƯſƬƅ�ŊŵŪīdŧÉ�`ż?ű

Ò�ƯſƬƅ�ŧŰŧÒ�ƯřŔŠſƬƅ�żĶ2ŔśO<ŧ<�Ò�żáŔŠŇŸưHťŨƯI

¾ÓľżßñšáŔŠŇŸưH�ŧ Line 1�ŧ 650, 800 nmŋŶzŶŹŸ�`ęqŧ%jż Fig. 

21ťáŖưFig. 21 (a)ŨſƬƅ�ŊŵŪīdŧÉ�`ż?ŽŜ�`ęqŤŶŪťſƬƅ�ŧŰŧ

�`ęqżƯ(b)ŨſƬƅ�ŧ�`ęq%jż�TŔśHżřŹŚŹáŔŠŇŸưFig. 21 (b)ŵŷƯ

ſƬƅŋŶŧÙ�×Ť�`ųŔŎŨſƬƅ�ŧÄ�īdþľšŧ5`�ťŵŷƯĉÁżüŝśLine 

1 �šƯ10�50 ůšŧèGš�`ęqŌƎƪƈƬťċįœŹŠŊŷƯſƬƅ�ŊŵŪřŧ5`�

ŧwĿżÇĄšōŤŇőŢŌŻŋŸư 

;ĉÁ»İťŵŷzŶŹś�`ęqŋŶſƬƅ�ťŵŸ�`ęqżiŔsŇŠƯLine 1 �ŧÀ

q%jżç$Ŕśï¨ż Fig. 22ťáŖưŞůŷ Fig. 22 (a)ŨƯFig. 20ŧ:ťáŔśÒ�ŵŷzŶŹ

śÀq%jšņŸưH�ťŨƯI¾ÓľżßñšáŔŠŇŸưÀqŨ 800�1600 ºC ŧèGš$

*ŔŠŇŸưůśH�ŧ Line 1ŨƯFig. 20ťáŔś Line 1 Ţ=�ôšņŸŌƯřŧÀqe´ż Fig. 

22 (b)ťáŖưHŧ±ėŧ 0 sŨI¾ÓľżáŔŠŇŸưůśH�ťŨƯ=Ä�£�šÉļ_ťŵ

ŷzŶŹśÀqe´ųáŔŠŇŸưHŵŷƯI¾ÓľŧÀqŨƯ�ù�`ÀqĉÁťŵŷzŶŹś

ÀqŤŶŪťÉļ_ťŵŷzŶŹśÀqŢųť SUS310S ŧ�č¢ŧûÆŢŭŮ�÷ŔŠŇŸőŢ

ŌŻŋŸưœŶťƯLine 1 �ŧÀqe´ŢÉļ_ťŵŷzŶŹŸÀqe´ųŭŮ�÷ŔŠŇŸưFig. 

22 (b)ŧ Line 1ŧÀqe´ŵŷƯSUS310SŧûÆŋŶ 1200 ºCĲšÀqe´żÙñĜ�ŔśO<

ŧ!0ĢqŨë 426 ºC/sšņŝśư 

 

Fig. 20 Superimposed images around weld pool backward during arc welding. 
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3.4 ťŊŇŠ SUS310S żÑŇŠzŶŹśƔƪƖƥƁƕ�²ſƬơĲĸŢ!0Ģqŧĳ�ż3õ

ťƯFig. 22 (b)ŧſƬƅÄ��ŧÀqĉÁï¨ŧWu�ż«ČŖŸśŲƯÄ�ƛƬƖþľ�Uŧ

îóżą^Ŕśưřŧ�żFig. 23ťáŖưîóą^ŧï¨ƯƔƪƖƥƁƕ�²ſƬơĲĸŨë 7.11 

µm šņŝśưřőšƯ\ÁœŹś Line 1 �ŧ!0ĢqżMť Fig. 19 ťáŖ!0ĢqŢƔƪƖƥ

Ɓƕ�²ſƬơĲĸŧĳ�rŵŷƯƔƪƖƥƁƕ�²ſƬơĲĸżĉçŔśŢőźƯ7.59 µm ŢŤŷƯſ

ƬƅÄ��ŧ line 1�ŧ!0ĢqŋŶĉçŔśƔƪƖƥƁƕ�²ſƬơĲĸŢ\ÁŔśƔƪƖƥƁƕ

�²ſƬơĲĸŌŵŎ�÷ŔŠŊŷƯſƬƅÄ��ťŊŇŠųĥ&Ť#Ðż�ŖőŢťŵŷƯ�ù

�`ÀqĉÁºťŵŷ�²�ÀqĉÁŌ8öšņŸőŢŌáCœŹśư 

 

 
(a) Radiation intensity including arc light and only arc light. 

 

(b) Effect of arc light and reflection of arc light on weld bead surface. 

Fig. 21 Radiation intensity on line 1 shown in Fig. 20. 
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(a) 2D temperature distribution calculated from right image shown in Fig. 21. 

 

 

(b) Temperature distribution on line 1. 

Fig. 22 Temperature around weld pool backward during arc welding. 
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Fig. 23 Microstructure on weld bead surface during arc welding. 
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4. ïĈ 

ńĢqƛƔƃƄƢƥżÑŇś�ù�`ÀqĉÁťŵŷƯƨƬƉÄ�ŊŵŪſƬƅÄ�ťŊŏŸ

Äû¸xäŧ�²�Àq%jż6zŔśưì Ni ťŵŸÀq%jŧ«ČƯĉÁ»İŧî<ŘƯ"

IÐđåŋŶzŶŹŸÀq%jťŞŇŠĐªŔśư��ťƯ¡ÞãťŊŇŠzŶŹśÝăżċŖư 

1) 29ŧńĢqƛƔƃƄƢƥżÑŇŠì NiŧƨƬƉÄ��ŧÄû¸AěŧÀq%jż6zŔ

śư8Ą-,ÒŋŶ'(ŔśI¾ÓľŧÀqŨƯì NiŧûÆ 1453 ºC Ţ�÷ŔŠŇśư 

2) ì Ni żÑŇŠńA»Ďa+ÉÿôťŵŷƯ�ù�`ÀqĉÁœŹśÀqŢÉļ_ŧÀq

ż¶ĘŔśư1000�1450 ºCŧèGš¶ĘŔśŌƯ�ÀqŨøŎ�÷Ŕśư 

3) �ù�`ÀqĉÁťŊŇŠzŶŹŸÀq%jŧũŶŞōŨƯĉÁ»İŧî<ŘťŵŷQ-

ŖŸư¡ÞãšŨƯĉÁ»İżĜ�ŔŠĦ�ŖŸO<ť¶ŬŠƯĉÁ»İiżTōŎŖŸő

ŢšÀq%jŧũŶŞōŨbœŎŤŝśư 

4) �ù�`ÀqĉÁšŨĜ�Ŕś 2 »İżĦ�ŖŸ}ĂŌņŸŌƯÀqĉÁť�ÑŖŸƘƪ

ƖƙƌƜƀƧƏƬŨƯƎƪƈƬŧ�öƭ�qƯBit �åƮųõ�ŘŦũŤŶŗƯ}ŗŔųÍŇ/

�mƯńŇĠĤÎšņŸ}ĂŨŤŇư 

5) !0ĢqŢƔƪƖƥƁƕ�²ſƬơĲĸŧĳ�ŋŶƯÄ�ƛƬƖ�Uŧ©Ì��<ĨšŧƔ

ƪƖƥƁƕ�²ſƬơĲĸŨƯ=ŕŎÄ�ƛƬƖ�Uŧ!0Ģqŧ-1/3	ť¶�ŖŸï¨ŢŤ

ŷƯ�ù�`ÀqĉÁťŵŷzŶŹŸÀq%jŧWu�ŌáCœŹśư 

6) �ù�`ÀqĉÁťŵŷſƬƅÄ��ŧ�²�Àq%jŧ6zżčŰśưÀqĉÁŨƯſ

Ƭƅ�ŊŵŪſƬƅŧ5`�żĶ2ŖŸőŢšüŝśưzŶŹśÀq%jŨƯÉļ_ťŵŷ

zŶŹśÀqe´ŢŵŎ�÷Ŕśưůś!0ĢqŢƔƪƖƥƁƕ�²ſƬơĲĸŌƨƬƉÄ�

šzŶŹś"IÐđrŢŵŎ�÷ŔŠŇśőŢŤţŋŶųƯ�ù�`ÀqĉÁťŵŷſƬƅÄ

��ŧ³àŤÀqĉÁŌ8öšņŸőŢŌŻŋŝśư 
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�ņ BŚ Ś Í©�Ă{ Trans-VarestraintĤŘÄŽYíà²ğ 

 

 

1. ąĝ 

ƖƾƞƢƦƔƤùƞƢƽƺƞŅŽÍ�ŸžÍ�ĿżßØŭƍ/V7ƎţSŔŹŻƍǂŰŽ	Ÿ

ƈǁ/V2¦ŢƋƖƾƞƢƦƔƤ=äŸ/Vŭƍh(ƖƾƞƢƦƔƤùƞƢƽƺƞŅ SUS310Sž/

V7Ǝ�E�ţřŞŹŪƎǁŨƎƅŸż_ťĩĨŪƎŷŞƍ 95-104)ǂ/V7Ǝžǁ/V§¦żšŞ

ŷ�ûÓ%ýţÏ:ūŲ�ĕÐĕÈŹǁŰŽ/VĿżØŬƍ/VCĈſŮƆŽ��ţ�Ùŭƍ

ŨŹŸßØŭƍǂŨƎƅŸŽéðŢƋǁ/V7Ǝţ P, SŽ�őƑ}ťEŦƍŨŹǁƅŲƺƾƛÍ�Ž

µŻřĹÍ�«�żšŞŷžÍ�Ŀ	ażMŢŴŷ�ňūŲ®Ô¢Ž�KĿŸŽ¼ÜÈĐŽ

�őƑEŦƍŨŹŻźţZNŪƎŷŞƍǂŰŽ/V7Ǝ�E�Žģ��ÄŹūŷǁ�¬Ɗƌǁđ�

ªWŽÍ�7ƎĤŘƉ Varestraint ĤŘǁFish-born ĤŘǁHoldcroft ĤŘŻźţ�ÙŪƎŷŞƍ

ƿôǃòŚ BÑǀǂ¤ĴŸžǁŰŽ[ělÄŹ U WřĹÂ)ƑĀKůŲŰŽ[ěl U WřÊ7Ǝ

ĤŘŻźţ�Ųż�°ŪƎŷŞƍ 100)ǂŰƎƋŽéðā­Ž	ŸǁÍ�ńoĀĉƑ�þõı¢:

ŭƍŨŹŸ/V7ƎßØƑ�5ŸŤƍŹŞŴŲ9­ţZNŪƎŷšƌƿô 1 òBÑǀǁÍ�ńoĀ

ĉƑ�þ:ŭƍŨŹżƊƍŰŽ�59­ţĦƇƋƎŷŞƍǂūŢūǁ�ĵūŲĤŘ�Äžǁđ�ª

WĤŘ�^žǁƲƹƤƷƽÍ�ƑÙŞŲģ��ÄŸŝƌǁjōŽÍ�	ŽÖĪŹžÞŻƍǂŰŨŸǁ

Trans-VarestraintĤŘżmūŷjÍ�ƑľÙūŲÍ©�Ă{ Trans-VarestraintĤŘƑ²ğūǁƮơ

ƤƼƔƴ TIGÍ�żƊƌÍ�ńo	ż��ŪƎƍ�þøĀĉţřÊ7Ǝ�ż�Šƍ�őżŵŞŷ

ħ¯ŭƍŨŹƑâàŹūŷYíà²ğƑĖŴŲā­żŵŞŷĠŭǂ 

Trans-Varestraint ĤŘƁƼƔƴĶĂƑľÙŭƍŨŹžǁÞ©Í�ńoĿģ�ţk żŻƍǁj

Í�	ŽÍĕÀ*żšŦƍÍĕÀŽmÅǁ�ÔšƊƀ.?ļïƑ,ÖŸŤƍŻźǁŨƎƅŸżŻ

ŞjÍ�	Ž7Ǝ�E�ţģ�ŪƎƍŨŹŹŻƍǂ¨ŒŸžǁSUS310S ƑÙŞŷÍ©�Ă{

Trans-Varestraint ĤŘƑj�ūŲǂÍ�ÄżžǁƼƔƴƑÍ��M6�ŢƋĶĂŭƍĸvŽ TIG

Í�ŻƋƀżƮơƤƼƔƴ TIGÍ�ƑÙŞŲǂƼƔƴĶĂĘĊƑ Trans-VarestraintĤŘ¸ƁL¦ū

Ų�ǁÍ©�Ă{ Trans-Varestraint ĤŘƑj�ūǁÍĕÀOĳżßØūŲ/V7ƎƑělūŲǂ

ŪƋżÍ©�Ă{ Trans-Varestraint ĤŘţëñŪƎŲ[KǁŨƎƅŸŽèĚŹŽŋĺ�żĒPţ

�ŲƎƍŸŝƏşǂŰŨŸǁ�¬ŢƋÙŞƋƎŷŞƍƲƹƤƷƽÍ�żƊƍ Trans-Varestraint ĤŘŹƈ

¾ĲūŲǂ 
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2. �Ĥ©�šƊƀjŘ�Ä 

2.1 �Ĥ©�šƊƀĤŘÒ�Ô 

½©żžh(ƖƾƞƢƦƔƤùƞƢƽƺƞŅŸŝƍ SUS310S ƑǁÉ8ƼƔƴżž JIS Z3321 

YS310Sƿś1.2 mmǀƑŰƎűƎ�ÙūŲǂŰŽ:fĀ�Ƒ Table 2.1 żîŭǂÍ©�Ă{ Trans-

VarestraintĤŘŸ�ÙūŲĤŘÒƑ Fig. 2.1żîŭǂÍ©Ƒ�ĂŭƍŲƇǁĤŘÒżžŉ&8q

Ƒ�ūŲǂĤŘ�ÄžǁTrans-Varestraint ĤŘżYŶťŲƇǁÍ�ÿ�¡ŽſŮƆīēŽōżÍ

ĕÀ�óţĤŘÒ	aŹŻƍƊşżǁŉ&žĤŘÒ	aƊƌ 9 mm6�ƅŸ8qūŷŞƍǂŉ&�

ÔžǁUŉ&Źūŷšƌǁ1ƨƞÍ�ŸŤƍŉ&ŹūŲǂ 

 

 

Table 2.1 Chemical compositions of base material and filler wire (mass%). 

 

 

 

 

Fig. 2.1 Schematic illustration for trans-varestraint test. 

 

 

 

 

 

Material C Si Mn P S Ni Cr Mo Cu Fe
SUS310S 0.05 0.68 1.04 0.020 <0.001 19.63 25.13 - - Bal.
YS310S 0.05 0.48 1.59 0.022 0.001 21.12 26.18 0.08 0.10 Bal.
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2.2 Í©�Ă{ Trans-VarestraintĤŘ�Ä 

Í©�Ă{ Trans-VarestraintĤŘĘĊƑ Fig. 2.2 żîŭǂFig. 2.2 (a)ž¶{Uǁ(b)žjōŽ

ĤŘÒOĳŽ-åŸŝƍǂÍ©�Ă{ Trans-Varestraint ĤŘĘĊžǁTIG Í�ƜƞƢƱǁƶƾƘ

šƊƀƬƽƣƓƽƙƫƻơƘżƊƌ´�ŪƎƍƿĸvŸžƼƔƴĶĂūŻŞŲƇƼƔƴĶĂĘĊžŻ

ŞǀǂFig. 2.2 (b)żƆƋƎƍƊşżǁ
Ƈŉ&8qŪƎŲĤŘÒžǁÍ�ĿţƬƽƣƓƽƙƫƻơƘ

Ž	aŹŻƍƊşż�óƑƯƹƤŸViŪƎƍǂÍ�ƑŉcūǁÍĕÀ�óţĤŘÒŽ	aż4Ľ

ŭƍŹL¡żÍ�ţ ¹ūǁŝƍ£ÕƑƈŵƂƽƣƓƽƙƫƻơƘƑ�ÐżƶƾƘţĔ�ŭƍŨŹŸǁ

Í�ĿƁŹæŊàżǁ}5àŻſŮƆƑīēūǁřÊ7ƎƑßØŪůƍǂÍ�ĿżīēŪƎƍſ

ŮƆ�žǁƞƤƻƾƘŃŹƬƽƣƓƽƙƫƻơƘ�ŐŽ£Õ<�żƊƌÁƅƍţǁ¨jŘŸ�ÙūŲ

ƬƽƣƓƽƙƫƻơƘŽ£Õ<�ŹſŮƆƚƾƝżƊƌĞËŪƎŲ£ŧīē¡ŽĤŘÒ	ażš

ŦƍſŮƆ�żŵŞŷž Table 2.2żîŭĸƌŸŝƍǂ 

Í�ž Fig. 2.2 (b)żĠūŷŞƍƊşżǁ6�żÍ�ţGčŹŻŴŷšƌǁĸvŽ TIG Í�Ÿž

(�)ŸîūŲ-åH�MƁǁƮơƤƼƔƴ TIG Í�Ÿž(�)ŸîūŲ-år�MƁŹÍ�ƑĖŴŲǂ

Trans-Varestraint ĤŘŸžÍĕÀOĳżßØūŲ7ƎƑělŭƍŲƇǁÍĕÀƁŹĶĂŪƎƍƼ

ƔƴŽŌAţ�ęŹŻƍǂƼƔƴŽŌAžǁTIG Í�ŸžƼƔƴĶĂĘĊŽķĶġiǁƮơƤƼƔƴ

TIGÍ�ŸžƼƔƴŏÅƑÙŞŲƼƔƴÍ�żƊƍƈŽŹūŲǂŰŽĥþżŋūŷž��ŽƊşŸŝ

ƍǂTrans-Varestraint ĤŘŸžǁÍ�ÿ�ŵƅƌƒƾƘÆ|ŹƃƄL¡żƶƾƘţĔ�ŭƍǂ¨é

ðŸ�ÙūŲ Trans-Varestraint ĤŘ¸żšŞŷžǁřĹyƪƣƖƗƲƷŸëĦūŲŹŨƏŰŽsž

¤`Ÿƈ 0.005 sŸŝŴŲǂÍ©�Ă{ Trans-VarestraintĤŘŸžƼƔƴĶĂĘĊƑ^ĿĘĊŹū

ŷ�Ŧ8ŠƍŨŹŸƼƔƴŽĶĂƑGčŹūŷšƌǁƼƔƴŽĶĂžƒƾƘÆ|ŹL¡ż ¹ŭƍƊ

şżġiŪƎŷŞƍǂūŢūŻţƋǁƼƔƴĶĂ ¹ŢƋķĶƅŸž¸±àżĖƐƎƍŲƇǁÍĕ

ÀŢƋƼƔƴƑŌAŭƍŲƇżž_nŽ¡ŊƑ�ęŹŭƍǂřĹyƪƣƖƗƲƷżƊƍŹǁƼƔƴķ

ĶƅŸŽ¡Ŋžú 0.22 s ŸŝŴŲǂTrans-Varestraint ĤŘŸžæŊàŻſŮƆƑīēŭƍŨŹŸ

7ƎƑßØŪůƍŲƇǁƼƔƴŌAżž;1Żŀ�ţ�ęŸŝƍǂTIG Í�Ž[KżžǁƼƔƴţ

Í��M6�ŢƋĶĂŪƎƍŨŹŢƋǁÍĕÀ�óŽ7ƎßØĿƁŽ�őžnŻŞŹċŠƋƎƍ

ŲƇǁ_nŌAż¡ŊƑęŭƍţķĶġiżƊƌŌAƑĤƆŲǂ��ŸǁƼƔƴƑ��ŢƋĶĂ

ŭƍƮơƤƼƔƴ TIG Í�ŸžƼƔƴŌAŽĻzţǁÍĕÀ�óŽ7ƎßØĿż�őƑ�ŠƍŹ

ċŠƋƎƍŲƇǁƒƾƘÆ|ŹL¡żƼƔƴĶĂƑ ¹ŭƍţǁƼƔƴŏÅƑÅūăŦƍŨŹŸǁƼ

ƔƴƑÍĕÀŢƋÍ�ŪůǁŌAŭƍŨŹŹūŲǂ 
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(a) Schematic illustration of trans-varestraint test. 

 

 

(b) Actual image of experiment. 

Fig. 2.2 Wire feeding type trans-varestraint test. 

 

 

Table 2.2 Loading conditions of trans-varestraint test for 5(t) mm. 

 

 

 

Specimen thickness, mm 5

Radius of bending block, mm 400 200 125 70

Augmented strain, % 0.8 1.9 2.8 4.3
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2.3 Í�«� 

Trans-VarestraintĤŘ¡ŽÍ�«�Ƒ Table 2.3żîŭǂTable 2.3 (a)ž TIGÍ�ǁ(b)žƮơƤ

ƼƔƴ TIGÍ�«�ŸŝƍǂŰƎűƎŽ«�żšŦƍƼƔƴĶĂÔ�Ƒ Fig. 2.3ż¶{UŹūŷî

ūŷŞƍǂFig. 2.3 (a)żîŭƊşżǁTIGÍ�ŸžÍ��M6�ŢƋƼƔƴƑĶĂūŲǂƮơƤƼƔƴ

TIG Í�Ÿžǁ(b)żîŭƊşżǁƼƔƴž��ƊƌÍĕÀƁŹĶĂūŲǂ�«�żšŦƍƼƔƴĶ

Ă�ĊžǁÍ��MƑYÌŹūŷŏ³ã�Ƒ@ÐŹƆŻūÍ��M��!ƑºŹūŲǂ 

 

 

Table 2.3 Welding conditions of trans-varestraint test. 

          (a) GTAW conditions.                   (b) Hot-wire GTAW conditions. 

      

 

 

       

(a) GTAW situation.                   (b) Hot-wire GTAW situation. 

Fig. 2.3 Schematic illustration of wire feeding situations. 

 

 

Welding speed, m/min 0.1
Arc current, A 130

Arc length, mm 2.5
Wire feeding speed, m/min 0.76
Wire feeding position, mm -2
Wire feeding angle, deg. 45
Shielding gas(Ar), l/min 20

Welding speed, m/min 0.5
Arc current, A 250

Arc length, mm 3
Wire feeding speed, m/min 3.8
Wire feeding position, mm +3
Wire feeding angle, deg. 45

Power supply distance, mm 57
Wire current, A 97

Pulse of wire current, Hz 100
Duty, % 30

Shielding gas(Ar), l/min 20
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2.4 ģ��Ä 

Trans-Varestraint ĤŘŸžǁÍ�ÿ�ŹL¡żÍĕÀOĳżſŮƆƑ}5àżīēŭƍŲƇǁ

ÍĕÀOĳżřÊ7ƎţßØŭƍǂTrans-Varestraint ĤŘŸģ�ŪƎŷŞƍÍ�7Ǝž
ż/

V7Ǝǁz���7Ǝţ�ŧƋƎƍţǁŨŨŸž SUS310S żšŞŷSŔŹŻƍ/V7ƎƑDƌ�

şŨŹŹūŲǂ 

Trans-Varestraint ĤŘ�žǁÍĕÀÛŐżßØūŲ/V7ƎƑĭ¯Wŏdŕ�ŇƿSEMǀżƊ

ƌělūŲǂělā­ŢƋǁ/V7ƎŽ�ǁ¤`ňŪŻƋƀżĄ7ƎňŪƑËiūŲǂĸvŸžǁ

ŰŽ/V7ƎŽ¤`ňŪŢƋÍ�ĿŽÊyp»ƑÙŞŷ/VĎ�ÊyœXƿBTRǀƑö0ŭƍŨ

ŹŸǁ/V7Ǝ�E�ƑĩĨŭƍţǁ¨ŒŸžÍ©�Ă{ Trans-Varestraint ĤŘ�ÄŽYíà

²ğżŹźƅƍŨŹŢƋǁſŮƆ�Ź7Ǝ�ǁ7ƎňŪŽŋ�ŽƆƑÙŞŷĤŘ�ÄŽb~�Ƒ²

ĢūŲǂŻšǁ¨�ņżšŦƍ SUS310SÍ�ńoĿŽĀĉÖ0žǁČ¿éìüżƊƌéì�ǁƠ

ƔƴƳƽƥƭƾƞƤŻƋƀżŁ:ưƙƧƜƕƱ÷§ƑÙŞŷ×ìŪƎŇŐ��ūŲ�ǁ10%ƜƵƕ

Ł¿ÍÈżƊƌŏĜďŖūŲǂ 
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3. Í©�Ă{ Trans-VarestraintĤŘā­ 

3.1  ÍĕÀOĳŽ/V7Ǝ1t 

SUS310SŽ TIGÍ�żmūŷÍ©�Ă{ Trans-VarestraintĤŘƑĖŴŲā­Ƒ Fig. 2.4żî

ŭǂUžǁJſŮƆ�żšŞŷ�ƋƎŲſŮƆīē�ŽĤŘÒ	aŽÍĕÀOĳŽÍ�ƪƾƥ

^ěƑîūŷŞƍǂŨƎƋžƼƔƴĶĂżƊƌŉ&ƑÍ�ūŷŞƍţǁÍ�ÿ�ŹL¡żƼƔƴƑÍ

ĕÀŢƋķĶūŌAūŷŞƍŲƇǁÍĕÀżƼƔƴžƆƋƎŻŞǂ 

Trans-VarestraintĤŘ�ŽÍ�Ŀ�ŐŽ�ŹūŷǁīēſŮƆ� 2.8 %Ÿ�ƋƎŲÍ�ńo�

Ő-åƑ Fig. 2.5żîŭǂUżžǁÍ�ńoÛŐƑêĆŸîūŷŞƍǂƼƔƴĶĂżƊƌŉ&Í�

ŪƎŷŞƍţǁ�áţŻťÍ�ĿėŐŽřŪţ½©ėŐŹ�µŸŝƍŨŹţƐŢƍǂŨƎƊƌǁÍ�

ńożīēŪƎƍſŮƆţǁ�¬ŽƲƹƤƷƽÍ�żƊƍ Trans-Varestraint ĤŘŹLŬƊşżÍ�

ńoĿƁīēŪƎŷŞƍŹ�ËŸŤƍǂ 

Fig. 2.4żîūŲſŮƆīē�ŽÍĕ\ÛżßØūŲ7ƎƑělūŲā­Ƒ Fig. 2.6żîŭǂ

Fig. 2.6 (a), (b), (c), (d)ŽŰƎűƎžſŮƆ� 0.8, 1.9, 2.8, 4.3 %Žā­ŸŝƍǂU	żžǁſŮ

Ɔīēã6ŽÍĕÀÛŐƑêĆŸǁ/V7ƎßØ�ĊƑç>Ÿ7ƎÝIŹŹƈżîūŷŞƍǂU

Ɗƌ/V7ƎţÍĕ\Û(�żßØūŷŞƍŨŹţƐŢƌǁƅŲŰŽ�žſŮƆ�ţřťŻƍƃź

]8ūŷŞƍǂƅŲǁſŮƆ�ũŹŽÍĕ\ÛžǁŰƎűƎŸ_n�ƎŷŞƍţǁźŽſŮƆ�ż

šŞŷƈ¾Ĳà+�ÔƑîūŷŞƍǂŻšǁFig. 2.4, 2.6 żšŞŷǁÍĕÀ*ĿżƘƺƾƟ7Ǝţ

ßØūŷŞƍŨŹţƐŢƍţǁ¨éðŸžģ�mĪ^żŝŲƍŲƇĩĨūŻŞǂ 

 

 

 

Fig. 2.4 Appearance of weld bead after trans-varestraint test. 
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Fig. 2.5 Cross-section of weld bead after Trans-varestraint test under augmented strain 2.8 %. 

 

 

 

    

          (a) Augmented strain: 0.8 %.                    (b) Augmented strain: 1.9 %. 

 

    

          (c) Augmented strain: 2.8 %.                   (d) Augmented strain: 4.3 %. 

Fig. 2.6 SEM images around weld pool backward after trans-varestraint test. 
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3.2  īēſŮƆ�Ź/V7Ǝ�ǁňŪŽŋ� 

ſŮƆīēżƊƌÍĕÀOĳżßØūŲ/V7Ǝ1tƑ Fig. 2.7żîŭǂFig. 2.7 (a), (b), (c), 

(d)ŽŰƎűƎžſŮƆ� 0.8, 1.9, 2.8, 4.3 %Ž/V7Ǝ1tUŸŝƍǂUŽ·ıžǁFig. 2.6	

żîŭ/V7ƎÝIǁćıžLŬť Fig. 2.6 żêĆŸîūŲÍĕ\ÛŢƋŽİŎŸŝƍǂU	ż

ž/V7ƎňŪƑĬuŸîūŷŞƍǂźŽſŮƆ�żšŞŷƈǁ/V7ƎžÍĕ\ÛĆŢƋ�i

ŽİŎƑ�ųßØūŷŞƍǂŨƎžǁÍĕ\ÛĴ"ŸŉFūŲ7ƎżÍĕÀŢƋÍĕÈţÅ'ŭ

ƍŨŹżƊƍƩƾƸƽƙżƊƍƈŽŹċŠƋƎƍǂJſŮƆ�żšŦƍ¤`/V7ƎßØ�ĊžÍ�

ńo	ażšŞŷßØūŷšƌǁ¤`/V7ƎžſŮƆ� 0.8, 1.9, 2.8, 4.3 %ŽŰƎűƎŸ No. 

5, 9, 12, 14ŸŝŴŲǂſŮƆ�Ź7ƎňŪǁ7Ǝ�Žŋ�Ƒ Fig. 2.8żîŭǂUƊƌǁſŮƆ�ţ

]8ŭƍżŵƎŷ/V7Ǝ�ŻƋƀżĄ/V7ƎňŪǁ¤`/V7ƎňŪţ]8ŭƍ#Mżŝ

ƍţǁīēſŮƆ�ţú 3.0 %ŢƋžŗQŭƍ#MżŝŴŲǂ 

 

    

          (a) Augmented strain: 0.8 %.                    (b) Augmented strain: 1.9 %. 

    

          (c) Augmented strain: 2.8 %.                   (d) Augmented strain: 4.3 %. 

Fig. 2.7 Solidification cracking distributions at each strain. 
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    (a) Number of cracks.           (b) Total crack length.        (c) Maximum crack length. 

Fig. 2.8 Relationship between augmented strain and number and length of solidification crack. 

 

 

3.3  Trans-VarestraintĤŘŹŽ¾Ĳ 

ŨƎƅŸżjÍ�Ƒ¶�ūŲÍ©�Ă{ Trans-VarestraintĤŘƑj�ūŲǂŰŽā­žǁ�¬

ŹLµżǁſŮƆ�Ž]8ŹŹƈż/V7Ǝ�šƊƀŰŽňŪţ]8ūŷŞŲŨŹŢƋǁ�¬ŹL

µżÍ©�Ă{ Trans-Varestraint ĤŘżƊƌ/V7Ǝ�E�Žħ¯ţGčŸŝƍŨŹţîRŪƎ

ŲǂūŢūŻţƋǁjÍ�	Ž/V7Ǝ�E�Ź�¬ÄŽƲƹƤƷƽÍ�żƊƍ/V7Ǝ�E�ż

mŭƍĜłżŵŞŷž��ŸŝƍǂŰŨŸǁƲƹƤƷƽÍ�żƊƌ Trans-Varestraint ĤŘƑj�ūǁ

6ĵūŲÍ©�Ă{ Trans-VarestraintĤŘŹ¾ĲūŲǂ 

Í©�Ă{ Trans-Varestraint ĤŘżÙŞŲÍ�«�żƊƌ
ƇÍ�ūŲÍ�ńoĿƑƒƾƘ

ŏÅ 130 AǁÍ�Ĺy 0.1 m/minǁƒƾƘň 2 mmŽ«�ŸƲƹƤƷƽÍ�ūǁTrans-VarestraintĤ

ŘƑĖŴŲā­Ƒ Fig. 2.9żîŭǂFig. 2.9 (a)žīēſŮƆ� 2.8 %Ÿ�ƋƎŲÍĕÀOĳŽ/

V7ƎělÚ$ŸŝƌǁU	żžÍĕ\ÛƑêĆŸǁÍĕÀOĳżßØūŲ/V7ƎƑç>Ÿ

ÝIŹŹƈżîūŷŞƍǂFig. 2.9 (b)żžǁÍĕÀOĳŽ/V7Ǝ1tƑîūŷŞƍǂFig. 2.9 (b)Ţ

ƋǁFig. 2.6ǁ2.7 żîūŲÍ©�Ă{ Trans-Varestraint ĤŘā­ż¾ūŷǁ/V7ƎţÍĕ\Û

ĆŢƋßØūŷŞƍǂŰŽ/V7Ǝ�ž 25ǁĄ/V7ƎňŪž 7.65 mmǁ¤`/V7ƎňŪž

0.59 mmŸŝƌǁÍ©�Ă{ Trans-VarestraintĤŘā­Źŝƅƌ`sŻŞā­ŸŝƍǂŨŽŨŹžǁ

Í©�Ă{Trans-VarestraintĤŘżƊƌǁÍ©Ƒ�ĂŭƍjōŽÍ�żšŦƍÍ�ńoŽ/V7

Ǝ�E�Ƒģ�ŸŤŷŞƍŹċŠƋƎǁ��µŜŻÍ�©�Ž/V7Ǝ�E�Ƒģ�ŭƍŽż

¥ÙŸŝƍŹċŠƋƎƍǂ 
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 (a) SEM image around weld pool backward.          (b) Solidification cracking distribution. 

Fig. 2.9 Result of trans-varestraint test by arc welding on weld bead. 

 

 

 

4. ƮơƤƼƔƴ TIGÍ�ƁŽľÙ 

ƮơƤƼƔƴ TIGÍ�ƑÍ©�Ă{ Trans-VarestraintĤŘżľÙūīēſŮƆ� 2.8 %Ÿ�Ƌ

ƎŲÍ�Ŀ^ěƑ Fig. 2.10żîŭǂ6ĵƅŸŽ TIGÍ�ŹžƼƔƴŽŌA�ÄţÞŻƍţǁÍĕ

À�óƑ�ŪŮż Trans-VarestraintĤŘţŸŤŷŞƍŨŹţƐŢƍǂ 

Fig. 2.10 żîŭÍ©�Ă{ Trans-Varestraint ĤŘ�ŽÍ�Ŀ�ŐƑ Fig. 2.11 żîŭǂUż

žǁÍ�ńoŹ½©\ÛƑêĆŸîūŷŞƍǂƮơƤƼƔƴ TIG Í�żƊƌŉ&ƑÍ�ŪƎŷŞƍ

ţǁFig. 2.5 żîūŲā­ŹLµżǁ�áţŻťÍ�ĿėŐŽřŪţ½©ėŐŹƃƄ�µŸŝƌǁ

�¬ŽƲƹƤƷƽżƊƍ Trans-VarestraintĤŘŹLµżſŮƆţīēŪƎŷŞƍŹċŠƋƎƍǂ 

Fig. 2.10 żîūŲſŮƆīē�ŽÍĕÀOĳżßØūŲ/V7ƎƑ SEM żƊƌělūŲā

­Ƒ Fig. 2.12żîŭǂFig. 2.12 (a)žǁÍĕÀ�óżßØūŲ7Ǝěl¡Ž SEMÚ$ŸŝƍǂU

żžǁÍĕ\ÛƑêĆŸîūǁÍĕ\ÛżÃŴŷßØūŲ/V7ƎƑÝIŹŹƈżîūŷŞƍǂ

Fig. 2.12 (a)ƊƌǁÍĕÀ�ÔţÇÎÔŸŝƌǁſŮƆīē�MżmūŷxĖżßØūŲ/V7Ǝ

ţƆƋƎƍǂFig. 2.12 (b)żžǁJ/V7ƎŽňŪƑÍĕ\ÛŢƋŽİŎŹŹƈżîūŲ/V7Ǝ

1tƑîūŷŞƍǂUƊƌǁÍ�ńo	aŽƆŻƋŮÍĕ\ÛżÃŴŷ(�àż`ŤŻ/V7Ǝ

ţßØūŷŞƍŨŹţƐŢƍǂ¤`/V7ƎžǁFig. 2.12 (a)żîūŲ/V7ƎÝI 19 ŸŝŴŲǂ

ƅŲǁƮơƤƼƔƴ TIG Í�żšŞŷƈÍ©�Ă{ Trans-Varestraint ĤŘţGčŸŝƍŨŹţƐŢ

ƍǂ 
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Fig. 2.10ŽÍ�Ŀ^ěšƊƀ Fig. 2.12 (a)Ž SEMělŢƋǁÍĕÀƑ�ŪŮżƼƔƴ��Ķ
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Fig. 2.10 Appearance of weld bead after trans-varestraint test by hot-wire GTA welding. 

 

 

Fig. 2.11 Cross-section of weld bead by hot-wire GTAW 

after Trans-varestraint test under augmented strain 2.8 %. 
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(a) SEM image around weld pool backward. 

 

 

(b) Solidification cracking distribution. 

 

Fig. 2.12 Result of trans-varestraint test by hot-wire GTA welding under augmented strain 2.8 %. 
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5. āĝ 

řÊ7Ǝ�E�ģ��ÄŽ�ŵŸŝƍ Trans-Varestraint ĤŘƁƼƔƴĶĂƑľÙūǁjÍ�

Ƒ¶�ūŷǁSUS310S Ž/V7Ǝ�E�Ƒħ¯ūŲǂÍ©�Ă{ Trans-Varestraint ĤŘŽYí

à²ğŹūŷǁTIGÍ�ǁƮơƤƼƔƴ TIGÍ�	Ž/V7ƎßØÔ�Ƒělūǁ�¬ŽƲƹƤƷƽ

Í�Ź¾ĲūŲǂ��żǁ¨éðżƊƌ�ƋƎŲèĚƑƅŹƇƍǂ 

1) TIG Í�ƑÙŞŷ Trans-Varestraint ĤŘƑj�ūŲǂÍĕÀŢƋŽƼƔƴŌAžƼƔƴĶĂ

ĘĊŽķĶġiżƊƌĖŴŲǂ¨éðŸ�ÙūŲƼƔƴĶĂĘĊžÍ�ÿ�ŢƋķĶţŉ

cŭƍƅŸú 0.22 s ŽĻzţŝƍţǁÍ�ĿŽ^ěŢƋÍĕÀ*Ž�ƎžŻťgiūŲĤ

ŘţĖŠŲŹċŠƋƎƍǂ 

2) TIG Í�żšŞŷßØŭƍ/V7ƎŽ�ǁňŪžǁſŮƆ�Ž]`ŹŹƈż]8ŭƍ#M

żŝŴŲǂŰŽ/V7Ǝ�šƊƀňŪžǁīēſŮƆ�ţú 3.0 %ƑįŠƍŹƃƄŗQūŲǂ 

3) TIGÍ�żƊƌ��ŪƎŲL�Ā�ŽÍ�ĿƑƲƹƤƷƽÍ�żƊƌ Trans-VarestraintĤŘƑ

ĖŞǁTIGÍ�żƊƍā­Ź¾ĲūŲǂ7Ǝ�šƊƀ7ƎňŪż`ŤŻsžƆƋƎŻŢŴŲǂ  

4) ƮơƤƼƔƴ TIGÍ�ƑÙŞŷ Trans-VarestraintĤŘƑj�ūŲǂƼƔƴŌA�ÄžǁTIGÍ

�ŹžÞŻƌǁƼƔƴŏÅżƊƍƼƔƴŽÍ�ŹūŲǂ��ŪƎŲ/V7ƎţßØŭƍÍĕÀ

�óżšŦƍÍ�ĿŽ�ƎžŻťǁgiūŲĤŘţĖŠŲǂ 

5) ¨éðŸ�ÙūŲƮơƤƼƔƴ TIGÍ�Ž[KżžÍĕÀţÇÎÔżŻƌǁƺƾƛÍ�Ž[

KŹLµǁ/V7ƎţſŮƆīē�MżmūŷxĖżßØūŷŞŲǂ  
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