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L : Significant development period of arc welding
S - I

Fig.1.1 Evolution of invention and development of arc welding processes
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Metal Sheath metal

Flux

(1) Solid wire (2) Flux cored wire

Fig.1.2 Comparison of gas shielded arc welding wire (Sectional structure)
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Fig.1.3 Progress of FCW into the welding field’s market in Japan

(Trend of welding consumable production volume in Japan)
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IMERHERCTE D Z L3 b T, LnL, A YHICEREND Ca®Ba D7 w1k
WRRIRIRIEIX, 7 T v 7 AL L CREENE NI, 7— 7 REMERE— Rk ED
RN Z BT D LRIFEC, SolA7e & RRBIEE~OBEAICIIR#EEL -0 T
HoT,
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—

[=]

(=]

=
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1 100
Charpy Absorbed Energy (J)

Oxygen Content Amount (ppm)

Oxygen Content Amount (ppm)

Charpy Absorbed Energy in Welded Metal at — 60°C (J)

500 450
0 | |
0 0.5 1.0 0
Mg Content Amount (mass %)

(a) Effect of Mg content in FCW
150 -
= Adding Amount (mass%)
| ] .
= Mg : 0.52
g
=
22 Ti=0.20wt. %
g 100 - 1i=0.40wt.%
=
=
= Ti=0.60wt.%
= Ti=0.08wt. %
S
2 Ti=0.70wt.%
- i=0.03w
2 50 1 1i=0.03wt.%
= Ti=0.80wt.%
=
@)
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O 1 1 1
0 0.01 0.02 0.03

B Content in Wire (wt%)
(b) Effect of Ti-B addition to FCW
Fig.1.4 Effect of Mg content and Ti-B addition on FCW for low temperature service
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AR, KUR, 77 X~ OO DIRERFERFIC/FE L, HAIZLTHLE>TWD, o, Z0DiR
FE53Ai b 10,000°CBOEIRD 77 X~ 2,000°CITfEOEM, = L CTER, &Med CILHFIC
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FNF =L THRFTENTEY, MENCBEDLIBHROE /)& LTk, A7 7 A~vKii(E
7). BFEmKES, OB, DEINRFETFTOLND,
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@ Whlith—7 — 2 7T A< [ TEMREA A 1 K 2 S A el
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(a)Flat position (b)Upward position (45 degree)

Fig.1.5 Schcmatic illustration of mechanical balance in GMAW Process
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AT KD RNFHIRF ORI ST, BWRBITOZEOBHARDOIEL WoToEBT O
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WCRELSET DI LITRD, & VDI, AREEY DOm0 - FFME & B & |
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SH, 2O ENEBRFIC X DIRE CAMER EOEER A D= XL Th D & OB
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B 7ETIE,
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TTNBEERIET D,

12



B1E fEim
« RGO &

* AWFFEIZ B DUk DORFSE & R

< RHFGEO B
« ARG SLORERK

EHH

SR

28 GMAW 28T 2@ EEilib oKk OWIE & £ D5
- KR ORI EEGR & BEFRIC L 5 FiE
- Andreas OFVEIC K DR OWIETT1E & PIE & 224 4%
- i O RS2 & SR EE A~ D

F3WE FH =YK FCW & osim bt~ 7 EHES

s PUEOSLIN RSN BT D T — 7 FIHR O£
G OREIRINC X DR ORIERR ) &£ —L R
« 7T v 7 AR K DIEHEBAT O R EN

%6 m8 KIEMAHM T # =% FCW OMERE & b
AR M F % =¥ % FCW OB% - £k
— R HENE L ARIE U AME OB L ARZEME DO REIR—
- BAYE S VAR A 7 % =7 5% FCW D 1EE
- BIgE SRR IS F % =¥ % FCW O3 1E & 5 Bl

FAR FHX=YRFCW HEHEREO U AN RETHRITREOR

N S RNDESE FEIES

- BEITTRININORN R

- R CHEIC K D EEND, V, P)
* FRALHI R £ D 528

28R

BEE FH=YRFCWHEESED CAMIIKIET I 7 afilifo
- FRF ORI K DR & 28)

* SRIZ XK % Nb,V D)

C IEW R KO ORI LA - 2R

Bz
B

PR RS DIERE & B A

s =

HTE M

Fig.1.6 Outline of the thesis
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B2E GMAW IZB T 2 REHORERIIOBIE & £ DZEH)
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W7 — 7 FHAIC BT DIREA | OWYEIL, R OBATIZRECIE R L OFRE; O ki /e
E Dz %@%ﬁzéoﬁ_\mﬁi%@%TKiof\7—7$fmﬁﬁ@ﬁﬁ%%k
ELIEATHZERMBINLTWD, 2D, HAL—/V T — 27 % (Gas Metal Arc
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T-& LTS, e AemlE a2 175 2 LlC k0 BE LTEIRHEAT 2 ZBLT 2 B0 Ml
BRENTETND 8D, LnLABRRL, ZOEMKLWMEE, 725 NNCEDEBOREIZS
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TN D2, EwfEE L TRAMIZERmIEN ZHIE - Hlk U7 RS 5 13 T2,
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DI DFM 23 TN D, R WM RE S RET 5 L B2 b D RIEERS
T — 7 BR[O OB CERIET 5 2 & 2 REt L. AWFEIZI T 2 FKim ok )l
TEDFEER L REEIZIRDIETHED 5,

Tbb, O: 7Y K7 AJ.M.Andreas) 5 23T 7= FiEEZ BB L TEIRD» O RKERE
FSKICBIT AR TOERERE, @ @ OOFEE IR Ar FHFEKIZEH T D6 Ni d6 L O
Fb%ﬁmﬁﬁbfﬁiwﬁ\@:®®@wﬁ?~5%%%@@mkiom%@%ﬁ%ﬁm
SCHRTE & bl U CHE DD D L S &5, 2 LT, &2, @ : Ar FHKHIZ CO2 T A
HIRGEIEHZ LT, MiFe VA YORMERI~D T —/V RHTADEE, OFIATHLE - H
E - R E1T O,

2.2 RERNOHUEHEHR & FEFHEICLDFIE
KRS 2 PES 2715213, OFfE, ORKIGETE, @M - P - F#E5] & LTk,

@R E, OWHERE, OBMEE REEAOHTENERTEHINTVD, £/, 2
N DORIET LT, SRR, WRME, WA 7 772 EOmiR TORERIAEIS HIGH S
NTWD, AWETIEEIEDOHEETH LWHEOREIZEM T Zf)ﬁfﬁbﬁ@?fbéﬁﬂﬁiifc‘: L
T. %5 (Pendant Drop 1%, RBREEIRTE & H VY 9)EEIRT 2,

T AT, B ICRRTE LRI OTIRDS, B ERERNC L 2 BEEIOANT o ATHR
ESNDFHEZISHT 26D T. BEENTITZ 77 AOXEZHNTEHEATE S 889, Zo0
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PIEEZ, BEABIZB O TR Ol LR O B RmEO b D HH =RV ¥ —

DOEEZRET S LICE D KRS 2R 5 FIE T, ERR O i & JEFH & DJE )
EZhERODHY T - 77T ADA(Young-Laplace formula) M3 % 4 DT, &K D
FEH & T RO BB 21T > CREIENERHET 5,

Fig.2.1 IR T LI ICEBENELRT D —OOMFRERLZAT HME TRIN, REZITS

A TRIMTIET ZE AP DAFAE L TV 2356 IRIRIRH O R RIS T b3R5 2
ENRTE, Y 7 (T.Young)X° 7 77 A(P.Laplace) D% %2 85,80 |2 ST, IRD KL 5 IZEH
T&E %,

AP =y (Ri + Ri) (Young — Laplace D) (2.1
ZZ T,
P = REO MK S 5 ) [Pa)
Y = SmaEs (EmEES) [N/m]

RiIBEIO Ry = HiED ~ o0 FE/2 8 m]
)iz
TR D FRRO 723 CEBRIREEIC H 5 &AL, T X TOKEERRIMH < TE T O 058
DnEHIZ bs%?kiwi‘ﬁj‘ua“éo

27 dzy sin ¢ =V p g++ 7 (d2)2P (2.2)

= R OBk D KRR [m]

= JERR L E OO Edeg.]
SRR O A FE[m?)

= ki & SRR D F A kg/m’]

= HIINEE [m/sec?]

%b<e§~]

) o
Fig.2.1 Definition of each variable in Young-Laplace formula
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KRS y OFE T, MEHE OS2 HE LT, (2. & Q2R EMAGHE TH Z
EMTED, ZORE, BIEERFHOREIX, X > TUXEE ORGSR Fig.2.2(@)12 7~
T LI 7%, ZHRO" QI LA R E R T 2 ERIROBEEE B9 5 2 & A ECFIICITE
HEns, L, EBEOBERRICITSOINEE DWW L EBMERT 5720, 1570
BVDNAT U ZPMER SN D RIC AR Y | Fig.2.20)d) D 3 /8% — U RNEHT 5 2 & a3k
BREICBiECX B,

Theoretical Line

/ Wire
Pendant Drop
(a)Numerical solution  (b)Actual drop 1 (c) Actual drop 2 (d) Actual drop 3
of pendant drop No constriction No constriction One constriction
No inflection point One inflection point One inflection point

Fig.2.2 Relation between theoretical pendant drop shape and reality
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FEFED GMAW T—IIIZ 1.6mm ¢ DV A YOLEEBEL, 7 A YISO EHEIZEH
TN ENEEERENDOHLOEE, Yo7 777 20X EHWT, 26.7°CIZH T Btk
D F R 71(0.0717N/m) . # (1000 kg/m3) % HC, IR 2 5l at 5 L2/ R %
Fig.2.3(a)i2 7”7,

X T, EAEIIRKEET O DICES TR, FmC OREALTICEBE SO
B & SR HEFREMX T o 1,2,3) L, ThEiz s &, REEED L, SO kEL< 72
DRI E S b L RO 5), 1~5 O S CTOWRHIR OFAEFH O#E 5 % Fig.2.3(b)
2R,

FEEEOBEAKFEN S, REEIEZRD DI121E, Fig2.830)D L 5 ICHEFE cEF & &k
a7y A NERD, HIERICEE L7 Fig.2.20)QoWnFnromk s a8+ 560
ERLTREBNZRD D Z L1202, ZOBMEFFEIZL 2 HEEIRERIZ DS DRE
Tl bl=, REETEHOFHE X D00 IEHIC D,

120
Water .

r—100 | Surface tension: 0.0717 N/m 4 ‘/7 .
= Density: 1000 kg/m3 N
£ Wire diameter: 1.6mm 3 . .
— 80 | . .
o \ o .
€ . R
S5 60 | 5 ot - s
= . .
S o *
> 40 | \ R “0
g- 1 ‘0“ ’."
} .
a 2 | \/ /

0 L I , . |

0 1 2 3 4 5 6

Drop height [mm]

(a) Relation between suspended droplet length and droplet volume

1 2 3 4 5
(b) Calculated droplet shape at each point from 1 to 5

Fig.2.3 Calculation results of droplet shape using Young-Laplace formula
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2.3 TV RULTRALDFELLDEEESDORIEFIE

2.3.1 TYRULTALDFE

AR D 2.2 THTO, BAEFHRIC K DIEMER FIEICK L, BRI ROBEIZ X -
T, fMEICEHE y 2 RDDTFENT > L7 A(J.M. Andreas) 52 & » THRE X T
% 8384, ZAUTIRMEIEIRDD 2 EEFO-HEZFHNT 52 LT, RERNERDODL LD TH
%o I OFYEITIE I O 28 ih i & O TR IRIRETE IS X o THEUER AR LB X 0 Rk
NEPETHHDOTHD,

Tihbb, ZOFELYL S - T T T AORITE SN TN DA, Fig.2.4@)I2RT40< |
BT T O WA N 28 B S DB I OACE R AR L CTRET 5.

% R O ERITZEdh O TR TH D DT,

2. D=,

L%,

R2AXZZDPDEEZRAL, FHEENEZRD, KiEEy ZTROXTEZLOND,

Vog

2
. X
2mx smzp—T

Z 27T,

sing =%
ok die

y=422% (2.3)
7272 L.

ZORZFE TR LGRERDH LD LT D702, RO 2 DDOHIRDH 5,
WA 1) R IC =2 GERem) O&MmNAH 5 2 &
IR 2) WERD O OEHORELZ R TEHZ L

I T, b AEHORKNEROMBHEL LIZBE ., SESIEEO R TOfRITER
HDED p 3, IR BEENTCRIE R OAEZ O ST L,

p= %" — goz (2.4)
QDA EQAHXEAMAGDOED &

y(1/R"+1/R) = %y —goz (2.5)

BRI OR IR EICBN T, T7F 20X Tl RO R KAE & K/AMED 2 >0
FHENFET D, LL, Fig.24@IRT L O Ao @FR (FUER) OMREETHOGEIC
TEMERFET D, 2O, AAIOMFEREBIRE S22 LN TE S0, Kk
NOFHERFY TR TREATE L Z LT D,

18



ZIT, M OTIRES b L RERT) y OB E L TR E2RE)AD LS ITES,

__ gob?
p= - (2.6)

ZHBHDRDOREE &, /Ny 2 7 4 — A(F.Bashforth) & 7 % & A(J.C. Adams) D 5 F
TR 7] & B % 87.89),
Thbb, QORXELETHET, BL&b LOFMREKE L TOREEDy ZEHT
X5, BELIZ b OWTNORFIETFIZE - T, WK OB O EfMEN OHEIZRET D
FEFTINETDOE ZAEES, RiEE) %KD 5T DITIEFE—HKI#E O 2 D ORI 2
HThD,

Z 2T, WREIZIRIE o DR 5K THE SNICEROLE G225 Z &Ik - Tl
HTHZLmMTED, DFD, Fg25_$¢W<ﬁLﬁ@Lé@@&\%@E%%Wﬁ@
JEEH NS & o TATE O mOBELRds) DI S T, WiHERERILTX 5,

S=ds/de (2.7)

AFEIZRBNTIE, 207 FLT ALOFECE T 528 mA xS LT, Fig2.5 loxR
TIRYCFH OERE D FELRHOREE 2R L FHEL LTRHNT 5,

ZIT, BBLV S IHKHFIKIC L 2B TH L0, b OMEE AV TQR.8AD
LY ICHoflxEHETE, HIZS OBe LTRIETE 2,

H=p(%) (2.8)

2.6) X% 2.8 LHAEDLE T, QIOXUICLVEHEI yITOWVWTRDLZENTE D,
Thbbh, WHOGEENLREENOMEERET S0, SOREEE LTo H Owid(1/H)
D% T > RLT A5 5757 Table 2.1 89 L U TR+ A2 LW TX 5,

gob? gtf(ole)2 _ go(de)? (
2.9)
de
N

y:

T7bb, QIORICLARAEEHNOHIEMEIZ., 7o RL7raxbizkiul S ofEke LT
O HOEZHNTRO LD, ik, BEEHREICES LT, 7EROMFSE 887922 HS\ T,
Sﬁ#%ﬂH@ﬁ%%mTé%@T%éo

AW TR, 26 0BG LIS T 28R T, RiliED vy 2RO D 2 & 2aTT

Do T h, kil Lrcan < BEEEH AR GUERD) OBAI1, Ao dh =5 2 HIR
KRE LT, REBEHOFHFERE TNV TRETE 2 FEEZRTT 5,
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Table 2.1 Arithmetic Tabulation of H-S Function for Pendant Drops

S 0 1 2 3 4 5 6 7 8 9
0.70 0.797 | 0.795 | 0.792 | 0.790 | 0.787 | 0.785 | 0.782 | 0.780 | 0.777 | 0.775
0.71 0.772 | 0.770 | 0.767 | 0.765 | 0.762 | 0.750 | 0.757 | 0.754 | 0.752 | 0.749
0.72 || 0.747 | 0.744 | 0.742 | 0.739 | 0.737 | 0.735 | 0.732 | 0.730 | 0.727 | 0.725
0.73 0.722 | 0.720 | 0.718 | 0.715 | 0.713 | 0.711 | 0.709 | 0.706 | 0.704 | 0.702
0.74 || 0.699 | 0.697 | 0.695 | 0.692 | 0.690 | 0.688 | 0.685 | 0.683 | 0.681 | 0.679
0.75 || 0.676 | 0.674 | 0.672 | 0.670 | 0.668 | 0.665 | 0.663 | 0.661 | 0.659 | 0.657
0.76 || 0.655 | 0.652 | 0.650 | 0.648 | 0.646 | 0.644 | 0.642 | 0.640 | 0.637 | 0.635
0.77 || 0.633 | 0.631 | 0.629 | 0.627 | 0.625 | 0.623 | 0.621 | 0.619 | 0.617 | 0.615
0.78 0.613 | 0.611 | 0.609 | 0.607 | 0.605 | 0.603 | 0.601 | 0.599 | 0.597 | 0.595
0.79 0.593 | 0.591 | 0.589 | 0.587 | 0.585 | 0.583 | 0.581 | 0.579 | 0.577 | 0.575
0.80 0.573 | 0.571 | 0.570 | 0.568 | 0.566 | 0.564 | 0.562 | 0.561 | 0.550 | 0.557
0.81 0.555 | 0.553 | 0.551 | 0.550 | 0.548 | 0.546 | 0.544 | 0.542 | 0.540 | 0.539
0.82 || 0.537 | 0.535 | 0.533 | 0.532 | 0.530 | 0.528 | 0.528 | 0.524 | 0.523 | 0.521
0.83 || 0.519 | 0.518 | 0.516 | 0.515 | 0.513 | 0.511 | 0.509 | 0.507 | 0.506 | 0.504
0.84 0.502 | 0.501 | 0.499 | 0.498 | 0.496 | 0.494 | 0.493 | 0.491 | 0.400 | 0.488
0.85 || 0.486 | 0.485 | 0.483 | 0.482 | 0.480 | 0.479 | 0.477 | 0.476 | 0.474 | 0.473
0.86 || 0.471 | 0.470 | 0.468 | 0.467 | 0.465 | 0.464 | 0.462 | 0.461 | 0.459 | 0.458
0.87 || 0.457 | 0.455 | 0.454 | 0.452 | 0.451 | 0.450 | 0.448 | 0.447 | 0.446 | 0.444
0.88 0.443 | 0.441 | 0.440 | 0.439 | 0.437 | 0.436 | 0.434 | 0.433 | 0.431 | 0.430
0.89 || 0.429 | 0.428 | 0.426 | 0.425 | 0.423 | 0.422 | 0.420 | 0.419 | 0.418 | 0.417
0.90 || 0.415 | 0.414 | 0.413 | 0.411 | 0.410 | 0.409 | 0.408 | 0.406 | 0.405 | 0.404
0.91 0.403 | 0.401 | 0.400 | 0.399 | 0.398 | 0.396 | 0.395 | 0.394 | 0.393 | 0.391
0.92 || 0.390 | 0.389 | 0.388 | 0.386 | 0.385 | 0.384 | 0.383 | 0.382 | 0.381 | 0.379
0.93 0378 | 0.377 | 0.376 | 0.375 | 0.373 | 0.372 | 0.371 | 0.370 | 0.369 | 0.368
0.94 || 0.366 | 0.365 | 0.364 | 0.363 | 0.362 | 0.361 | 0.359 | 0.358 | 0.357 | 0.356
0.95 || 0.355 | 0.354 | 0.353 | 0.352 | 0.351 | 0.350 | 0.349 | 0.348 | 0.346 | 0.345
0.96 || 0.344 | 0.343 | 0.342 | 0.341 | 0.340 | 0.339 | 0.338 | 0.337 | 0.335 | 0.334
0.97 || 0.333 | 0.332 | 0.331 | 0.330 | 0.329 | 0.328 | 0.327 | 0.326 | 0.325 | 0.324
0.98 0323 | 0.322 | 0.321 | 0.320 | 0.319 | 0.318 | 0.317 | 0.316 | 0.315 | 0.314
0.99 || 0.313 | 0.312 | 0.311 | 0.310 | 0.309 | 0.308 | 0.307 | 0.306 | 0.305 | 0.304
1.00 || 0.303

ds - de
de H
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(DEquation of the droplet surface
curve (outwardly convex):

@ Equation of the droplet surface
curve (convex inside) :

@Tangent

*1)Terms of star mark on the tangent line @
is, second order differential equation y of
the equation of the droplet surface

y=f (x)=0 with a point.

*2)These points are inflection points,

where the radius of curvature become .

(a) Liquor bottle type

*3)Equation of the curve of the droplet surface is
convex outwardly.

And, the inflection point does not exist.

(b) Dress pin type

Fig.2.4 Method of the plane of inflection
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Fig.2.5 Method of the selected plane

232 TV FRULTRSLDOFEDREMME

Fig.2.6 (. ~A 7 m Xy MIH T AELRIEE L, St IR % TE R S8 2 JE R
OREE L | e RIS N DO GEEThHh D, 7 AEDHMRZ L - T, Bl
DU OB TEATOTARCZE DR S OF )RR 5, TofERE LT, EikLZS
LHOEIZERS D Z L ERLTVND,

RN O Hy SR

Micropipette

T
= W

Glass tube

“

Suspended
! (b)Tube size 1.52mmgq (c)Tube size 1.95mme

(a) Experimental procedure of suspended droplet

Fig.2.6 Experimental procedure and observed suspended droplet
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ZIZT, 7Y L7 AL 0FEOHEMAHIR 1,22 E LT, #HTE5 S & H DD
AR T 5, T70bb, FEEO GMAW TZHINL VA YL LT, 1.6mm ¢ DHH %
MEL, Fig.2.83 TIHEMERZEE L0 LFRKIC, Y7 « 777 2A0RUTL W IERHE S
& S OMEORRERERFE Lz, ZOMEEE Fig.2.7 1277,

0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55

ds/de

S=

N Range:
AY

H value is obtained from Andreas’ table

y

Andreas method

S ratio’s range:0.700-1.000

T T T T 1

0.001 0.002 0.003 0.004 0.005

Droplet length [m]

Fig.2.7 Relationship of droplet length and diameter ratio S [Pure water]

Fig.2.7 TIZKFRAITR L2 S O#iPH0.7000-1.000) TO I, H ODENEEY . FDfHE
ERAVWTORICE W REENOMEEZRD D Z L3S, TOKEHEICEI Y, REED
ZRDIZOFER%E Fig.2.8 IZ77,

,TE, 8.00E-02
> 7.00E-02 nappropriate range : @
Fa) for Andreas method using S
6.00E-02 S
®  5.00E-02 -
=] N Appropriate range
X 4.00E-02 o ; —for-Andreas-method-using S—
: i
8 s / Outof range
2.00E-02 - 4
o 1
Q ; i
gg 1.00E-02 1
1 i
¢ 0.00E+00 O I : , , ,

0.00E+00 1.00E-03 2.00E-03 3.00E-03 4.00E-03 5.00E-03 6.00E-03

Droplet length [m]

Fig.2.8 Relationship of droplet length and surface tension [Pure water]

FIRIZB T 2MAKOERmIFNOMIMEEZBET 5L, T LT ALOFEIZKL HEEA
FHOWEFET Fig.2.8 (2T a1< . 1.6mm ¢ D H T AEDLAITHHRE S8 3.2mm %
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M8 Z - EIR CIXREE S y OFHREMEIE 0.0700 N/m LA EE 72> CEMRREENHKD H O
D, TNLLF OKRE ORI OE 1%, BlfR CHH - 7288 0 X 5 125 Y 72 i ik 71 O]
ERERDPIF ORI, T R T ZAOFEOEHEFHAINS O NN E 72D Z L3
LAY

SO, TY RUT AL ERABROIY #lAHE LT Ny 2 T 3 —ART X LAALH, S
HEZ7 Y FLT7AL0HF LD RBERRDTEY 9, ZOICHRE 2 AV TR
BT, BMEFHE TR LI I, Fig2.9 loRTam Fah, BIRAIEIC L 55
R y OFFFEAEIX 0.0715-0.0719N/m & 72V | Fig.2.8 LV Lk DR EES OBEAEIZIT
<ORBEMM EL Tz, W LTHIREFR» S S H 28 CRER 12 3K
PR, SEICHETE L RFETHY 2D, KOERFEEHOEM (72.75 mN,/ m , at
20C) SHEEL T, 2RV DOBRWHETHETE L Z LN ERST,

8.00E-02

Wire dia.=1.6mm ‘/—\
100602 9000000 0 0 ¢ o 0
<
fr——

6.00E-02 *
—_
E ¢ Appropriate range
E 5.00E-02 * for Bashforth-Adams method ||<ing S
> *
c
S N
U 4.00E-02 *
< -
o N
Q
O 300602 *
© >
%+ >
- +
3 R
(%] ’0

200602 rs Pure water |

Ry
4
1.00E-02 /
*
0.00E+00

0.00E+00 1.00E-03 2.00E-03 3.00E-03 4.00E-03 5.00E-03 6.00E-03

Droplet length
[m]

Fig.2.9 Relationship of droplet length and surface tension

U723 T KDOERHRINZ DO T, AWFFEICB T DHMEER &7 > FLT 25O FiE
(2 & DA R S ORTE ST ED ERE b BERETRIEC L 2 M e ZkimE ) OREEX
B LT S AL, BN 2B U CERY S Z LI L0 EICHE & < EREE) O
MEZHEST D ZENMRETHDL ZENHLMNE RS T,

233 TV RULTRALDFEIZXL BMADORERSOHEIE
2.3.2 HTIRARZfEHE /2T > LT A DD FIEITHES < fEEIEIC T, KOEHES % K

L N=15 CTHIE L7z, #5R% Table 2.2 [Z~7, ZDBEOBLZEDO—H]% Fig.2.10 |Z7~7,
K D FEERFE O FRPHKIRE 26.7°CICIB 1T 2 RKEHK /1L 0.07T1TN/mCCHEEED TH Y . 4
B OWERE R OFEIE 0.0732N/m 1FEE LV H00mD Tlikd 528, kI < | 1B
IR EREOWEFEE L TRLYTHDL EELLND, £, REEHOEM & HIE
EDOFIRFEZE S /NE Do 72T 6.72%), F7-. % BMCURIE & oETIERL, E
BRAE D) & 8T TRl L7256 T FEBEEEIT 0.0759N/m, FAE S O X L%
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5.9%. FEUE(ESE1T 0.004 N/m CTdho7-, b DFERENS . A5 CiT- - EBRIC L 53
AR OWEMILEEEOEH T —Z Tholc bz b, 2B, EPITKHE S 2B LV'8
DRFEL > TWDHDIE, S EA<0.700 L7xo7=728, T2 KL T A LOEFRREHIAS
ThHhorZ b, WEME LTI LD TH D,

Table 2.2 Measuring results of water surface tension using a droplet suspension
method by Andreas et.al.

No Droplet length | Surface tension |lIdeal surface tension | Relative error
' z [mm] Y [N/m] Yiat 26.7°C [N/m] [%]

1 3.553 0.0679 0.0717 5.300

3 3.609 0.7120 0.0717 0.697

4 3.870 0.0796 0.0717 11.018

5 3.944 0.0725 0.0717 1.116

6 3.740 0.0796 0.0717 11.018

7 3.851 0.0756 0.0717 5.439

9 3.609 0.0756 0.0717 5.439

10 3.814 0.0758 0.0717 5.718

11 3.702 0.0764 0.0717 6.555

12 3.795 0.0793 0.0717 10.600

13 4.000 0.0840 0.0717 17.155

14 4.074 0.0754 0.0717 5.160

15 4.093 0.0732 0.0717 2.092

Avg. 3.820 0.1251 - 6.716

T, INGDORIEICHT- - T,

Observation example : No.5
S = ds/de =0.741
- y = 0.0725 [N/m]

Fig.2.10 Observation example of suspended pendant drop

~

L L CIERBGE L MIEREOW ST 2 58T D4

ENH D, FBFRAEL LTI BEAFMICKH L TH 7 AERHEICRE SN TWD Z &I/
B L, MERE~OIRE LT, ERIRZ WY A2 T, de & ds OfEA IEREICFHI T
DNTIEBZNRN S R, W OMRZEEIIC LT, i OB1% % Fig.2.6 © L 572
IEmE R T3 <, Fig.2.10 (TR L0 RtOLIEIC X DMEHOREIC LY de & ds DfEZ

HES D,
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2.3THE TOMRFNI LY . M OFRRFHESINE E LT, WEEEOEEA~D T R%E
mKt@ﬁMﬁ&#ﬁﬁf&é L EMERR Uz, & 2T, YENIEEE MAG RO EREY
A VIR ET HETHEICISHA LT, @R 7T — 7 FHKICRB T ORI IES 2 05E
5L BRI D,

2.4.1 BHIEVAY

EIROT — 7 FRFHRIZEB T, Rl L 724 B o FEE D ORIEIZ NL,Fe O#i4)E YV
y%v4%%%wéo%n%hmmﬁﬁv4?@mgi\mﬁﬂFF%wm%wthm3
Ni=99.99mass% Dt D% AV 5

2.4.2 FEBREE
23HTHRAEL 727 & FL T A 6 OREKEE L AW T, EEEO GMAW OFEHIRHA T
OPEZHIEL, Fig2 11 IR SN EEEZZLE LI, T7bb, 74 7 =T I3k
DT A ¥, M= TN TIA4YE2Ey FL, 2O8RYA VY EHRE LT — IV T A%
9, TOET, &R VA YORE EICX v T AT UoEEEMmE U CRE L, 8~20A O
HHCEREZIML CT— 7 2 RESE, VA YEEBEML CGREEFEKT 5, LT, 7T—7
%% #I1Z CCD A A 7 Tk 2 st L CITIBIR 2 HET 5, Z OIBIRD BRI O
BIICEHT 2, 83, =V KA RIEM Ar T ATHIET 5, &KIZ, #li Fe VA YIC
owfwwwﬂvbﬁx%ﬂEArkffjﬁx EHEOH L CO2 &Ly Ar-20%C02 <
100%CO2 THEBR L, ¥ —/b N AR L 2L HRT 5, . RinEITIREID
KF L CELT 2 DT, RFEBRTIE, E%&@%mf@ﬂmﬂ*@%héo%_f\%m#
OUNRPER G OWRENEICAZ E B2 BILD 2 EREHNRIEIC X0 & O L) E %
CCD 1 A 7 T L CHIET 5, 723, Z OEBREREZ HW-HEHETORSITED S
IR TICH T DFHIZ S PEIZ OV TR, RERICK DHIET — # 2850 A & O Heigg iz
XV MFRET D,
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2.4.3 RIEHIE

2.4.3.1 WHOIRE

WM OREICE U TR L ZEEEFHE X, BN T 7 07 OERNZHES O
EGE LT, ZFEEHOKEEORELNGIRELZNET 5 FIETHY . A TlX 950nm &
980nm DFRAMEIR DI K 28R L THIET 5,

TIG torch

Wire Two-color

anode pyrometer with
+ CCD cameras
Power
SOUFCE
Tungsten
cathode

Function generator

Fig.2.11 Diagram of experimental procedure

2.4.3.2 WRHROREIES
GMAW B COBMOEREIENEZ TV FLTALDOFEICELY TIG T —27HTUA Y

ZUR LT BRI 2 A S L THIL T 100msec % OB IR 2 =8 L A T THse
L. Z0 & & DO ZRE LT, (2.9 X 2EBHEEIC LY WEE s L TR
Do

2433 BREROBRE

SRR ORMEENIE, BEOFERREN ENMOLN TS 9, ZhiL, Felim
IRIRPHSR CRESR & BRI m e TR R 3 L OVATR N T4 U D Fe L RSR D RAY,
ZORMBENEEBEEZRIFTT 2O THD, £ T, BEgioER v vro ) v R AL
LCOMEHER L, IRE L TR E 20 WO REEN ZRE L= OB L= A Y4
EOWMBEE N L CHET 5, 2B, BEEOWNEIZY 7 VR H OB HFEIZ TR
EL., Bk - BROPEE Bt BHRUETR) 2 HVWClIET %,
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2.5 EBRER

2.5.1 ¥R ORE

TSRS RHE TIHIE LA R, Fig.2.12 (CBIEM Z2ond & 9 e £ i O 1R 4 A
DPE S ATz, W OREIREIZRITINC RV | WEEEIRE OV ZNERE LT 5 &
THINE % 100msec DR O FEHJIEE 1 IH Fe T 2100K. il Ni THJ 2300K T - 7= 95.96),

mE200-2400
2000-2200
m2300-3000
2600-2800
2400-2600
2200-2400
2UUU=2200
1800-z000
miso0-1200
m1400-1500

Fig.2.12 Measurement results of the average surface temperature

of the droplet in the case of pure Fe
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2.5.2 BHOBMRE

BT A ¥ & ZDORMWOMFE R L Fig2.13 (TR, RREDHER DU A ¥ I Hisk
T VR DRERE T > TV DT EO OHHERIEZ. 100%Ar ¥ —/L KOEA | Ar-20%C02 D
AL 100%COz2 DHFEDNTNTYH, #i Fe UA YRAEERIO NNV & L THT HHEERIC
e R ORI LT e, BERSEEZ S R 100%Ar > —/b R OIEER{LIR
K[ROERT — 7 FTIE, VA YORMB E L CORIEWPETE L IIEEEND EEZD
N5, 72121, BRFENENTFET D Ar-20%C02=° 100%C02 D2 —/v KA ZAEMETIX, 7
— 7TV oo VTR SN BFER, FOWH~MRAL CTEEENEINLIZEEZEZ b
Do WTIUIC L THIEMOMBRITIV A Y V7 DMEET DEEFEL Y LI LT,

80
B Oxygen Content (ppm)

Oxygen Content (ppm)

Wire | 100%Ar  Ar+20%CO2 100%CO2

Initial bulk Solidified droplet

Fig.2.13 Result of oxygen analyses
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2.5.3 UA YEMRIIBELCBEROREES

Mgk, MNi OBV A YOREENEZME LT, £z, M Fe VA4 ¥ TlIv—L
KA AZ, #i Ar 7207 T/ <, Ar+20%C02 DA & O EE CTHRAFNCHIE L7z is R %2
Fig.2.14 (2777,

.

— 200 'Y

E— ‘ ‘

=z N

c 150 'Y

]

Avg.=1.86[N/m]

: 1.00

8

5

N o5

Drop length [mm]
(a) Surface tension of pure nickel wire
2.00
L
1.80 =
L Avg.=1.53[N/m]
* *
1.60 L 3
. e " * Ar100[%]
¢
¢ S

i, A A & A Ar-20[%]CO,

g
o
o

o
)
S

:mA—l 2
———Avg.=1.06[N/m]

=4
N
o

Surface tension [N/m]

0.40

0.20

0.00 T T T T T
4.0 4.2 4.4 4.6 4.8 5.0

Drop length [mm)]

(b) Surface tension of pure iron wire

Fig.2.14 Surface tension of pure iron wire and pure nickel wire at a high temperature
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figk DR E RS OFEIMEIT 1.63N,/ m THEAMEITKT DA ITHR K T+24.2%,
—26.1% ThoTz, W=y rVOREEOFEEIT 1.86N,/ m THEEMEIZXT HiAEIT
RARTH11.83%, —13.2%& 727,

ER D DFRFAR T 20% D CO2 Z A LI IEMERIR I B W CERE IR 02 b2 JE
L7=2Z8Cix, REEADMAr TAD—/L FH XY LK TTHZ En@BoOLNT, —#
BRI REL, S — AR 23T 5 RETEMEDORIEICREE S D, FRIZ O, S, Te,
Se e EDHN AT U HRITPOSBIZBS SUG L, F LS REBHEETSEDLZ L85
NTW5, L7EER->T, COz2 D 20%BAIZE > TERmEIPMETT 5B HE & LT, FHEX
OIS EF U, IRHEEICHRESRET DL ENEZOND, B, 29 LEBRHKEICLD
FKAEHOZLICET 2 ERLIC OV TiE, 1873K 2B 2 K HES L EFEE L OBERe
(2.10) XTRFT LI R TOWENHLLINLD 97,

vy =1870—825log(1+210wt%0) (mN/m) (2.10)

AHFSE T O [FRE OB BTld, # Ar o —/L FIZHE LT, 20%C02 iR A L 5Bk &

D¥ENNZ, 35> 0.0004mass% DIINT, £HESOETIEL 0.47N/m TH Y . ZHiE,
(2.10) KOFHEIZ L D v ZEIEGEI 0.02N/m) LV b KRIBIZKE D oTo, T, BEESHE
THNIZH— TR L TV DO TIEZRLS , WHREICBBERILEN TETUA YICEEL
ERO R T OREBEINN TR oTebDEZEZLND,

2.6 BE

T, AR TRO LN T v KL T AOFIEIC X 5 FEEBIE O Y PEREE
EBEEAT S, Fig2.15 (TP ~ DRI EIZ X 2 REIRIINTOWNT, 16Kk H DBFED
51 94.97,98,99,100100 2 SR RSB IR E DI NN LV LFEORERI R IR TV D, TR0 5,
D EOVERRIC L IREEGE (S ORmIRD % KIFIIK T S5, 20840 Fig.2.16 |-
FEMIZRE T <, v — b KA ZAHIZ CO2 WFETET A AT, FIHR T OMERFE D IEN L5-
L. iR A~ OWEHE O BRSPS E S, RERERIDBOT LIk b0eBEI BN
%o LT o> T, Fig214 (/R LTy —/v RHADZERIZ X DMk T A Y ORI BIT 5%
HIESIDENE, /L RHT R CO BNEFEEND T EITL - T, BESENHML, i
RIENCIBRENRAE LT, RERDOER TSI EH I SNTRERICL D LBETE D,

Fig.2.16 (2, > —/V RH AT CO2 & N D IEBE DY A OV i ORI % e L 721
ZoR Y, MR IS F RN AN LD REPBEES R TWD Z b IHETICBRE NS
WMERmMICIWELTWDZ ENEMIT LD,

UEDZ &t REESIOEMIIX, ILal Uik ThLBANREIEELTVD
DR TEILENWR D,

B, e TERGELT, JISZ 332 ITHESND YY) v RUA Y
(YGW11,YGW12 72 E)i2iE, C,Si,Mn,Ti 72 EDILENRMINTND DN, Zhb DItk
ZDHDIZRHEMORMEIRINC L DEEIL, VA XICHRIMEN TV D ETIIEREENIC
FREWBERIESRNEEZBND 102, UL, C,SL,Mn,Ti W b lesE & ofifn o
BMWILETH Y, TIODOITRERNEH~DOIEROR AN A et L CTEMOBEELZ NS
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T, FOXRMMEHERELELT D, ZOZEN, KTV U v RUA ¥ OEB/EEMEICTRN
FTEPEEHELTWEHBEO1SEE 2N,
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A

® 1)Haiden ,Kingery (1570°C)

® 2)Esche, Peter (1550°C)

Present work

under pure Ar gas

0 3)Kazakevitch, Urbain (1550°C)

Present work

under pure Ar+20%COz gas
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Fig.2.15 Influence of oxygen on the surface tension of molten steel

0.08

Fig.2.15 (21X Fig.2.18 & Fig.2.14 (/8 L= ARFFRORBRAE R 277, M Ar > — /L KD
B2~ T Ar-20%C02 > —/L ROFRFS T T, #ERIFIE L 0 b KR OREME MK
VEIZY 7 FLTWA, Ziud Fig.2.16MICRT & 912, MRS S D RO
BHREBGET LD THDL EEZLND,
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i i y

Droplet
Surface oxide film

Ar gas atomosphere CO:z gas mixture atomosphere

(Lower oxygen pressure) (Higher oxygen pressure) B Droplet surface

(2)Image of droplet surface (b)Observation of droplet surface

in COz gas containing atmosphere

Fig.2.16 Surface tension lowering due to COz increase in atmospheres

%k )Oxygen in the shielding gas atmosphere is absorbed on the droplet

surface.And, the surface tension gets lower.
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2.7 $EE

GMAW O = iREFHK CORmMPMEICE L, E&HEEE L THE CREO®EWREIES
DOREFEERE LTz, ZOREMEE, BT HFIROKMAK T, WIZEIROA IR CHRELE - il
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Laser transmission source

camera
i B3100)

Fig.3.1 Experimental procedure for vertical upward welding with FCW and solid wire

Table 3.1 Welding condition for vertical upward position

Wire Current Voltage Welding Shielding gas Electrode
diameter speed manipulation
1.2mm 140-250A 17-25V <180cm/min Ar-20%COz2 Straight
25 0/min
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(a) Applicable condition map of welding current and welding speed

(b) Bead appearances at F1,F2,F3 points

Fig.3.2 Feasible operation range with flux cored wire
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Fig.3.3 Feasible operation range with solid wire
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Fig.3.4 Droplet transfer phenomena of flux cored wire and solid wire
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Fig.3.5 Phenomena on the molten pool of flux cored wire and solid wire
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Fig.3.6 Bead formation process by flux cored wire and solid wire
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(a) Welding by flux cored wire (b) Welding by solid wire

Fig.3.7 Schematic illustration of droplet transfer and molten pool during welding
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Fig.3.8 Influence of oxygen content on surface tension of molten steel.
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Table 3.2 Heat source variables used in numerical simulation

(Image of spray transfer region)

Total heat input 6000 W
Welding current 200 A
Radius of heat input distribution 8.0 mm
Peak value of arc pressure 1000 Pa
Radius of arc pressure distribution 5.0 mm
Arc length 3 mm
Wire diameter 1.2 mm
Wire feeding speed 0.13 m/s
Frequency of droplet transfer 100 Hz
Drop temperature 2800 K
Drop speed 100 cm/s
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Fig.3.9 Numerical simulation of molten pool in vertical upward position by MAG Welding.
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Fig.3.10 Feasible operation range of MAG welding in vertical upward position predicted by

calculation.
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Fig.3.11 Differential Thermal Analysis of titanium oxide flux (Powder of rutile ore)
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Fig.3.12 Flux pillar during flux cored arc welding

48



-

Droplet pushed up by
the arc pressure

Droplet formed "at the

wire tip

Flux pillar

(a) Flux cored wire (b) Solid wire

Fig.3.13 Appearances of the wire tips after welding
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Table 4.1 Outline of trial FCWs

Valuables Observing point of experiment result
Deoxidizing elements Improvement of toughness
Group 1 . . )
(Si,Mn,Ti,Mg) by reducing oxygen content
v generating elements Improvement of toughness
Group 2 . .. :
and Ti, B by fining crystal grains

Improvement of toughness by reducing
the grain boundary segregated element P
Improvement of toughness by reducing
the impurity elements Nb and V

Group 3 | Content of P

Group 4 | Contents of Nb and V
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C,Mn,Ni, 72 &6 NIHEERPLOMILICN RN H D & Evd Ti-B EHERIMEL > T, AW & SR ®
M5 DAEERIC T, AR O U AMEO[ LS FTRENE D % iR 5,

IN—731FPBEEILEIET-RAIEFCW T2 WSRO P EEZIHT L Z LIk - T,
U AMELAELEE O ATREME 2 fEs8 35, FCW [ZEMA T2 7 7 v 7 AR L SHBUANEE Ol 705 5 |
RESBICHLELENI M E LTOPOBRELZELSETND,

JN—7" 41X Nb,V &2 ZL S W72 EFCW ThH D, FX¥=YRFCW OEERT T v 7 A
JFEHCH 2 VT VIR T 2 RGP O Nb & V 2835 Z &ick > T, CAME
B EEGETE DNENEHRT D, TH=FYRFCW D7 7 v 7 AFEFETh /LT VLA D
225, Nb,V ZARERE L CEOER RO H FCW i L T\ 5,

4.2.2 RBRITiE

4.2.2.1 BEFRHB IV SR &4

AW TIE, 4.2.1 IHTHBAZ3E FCW(1.2mme, 4 7 /v—7 20 )%, Ar—20%CO2 DIk
H A A% LT, Table 4.2 [C/RTAHESIFIC T2 L CRBRICHE T 5, JISZ 3313:2009 [#K
8, maRHH R MRIRASA T — 27 7 v 7 AAND U A Y ICHELL T, RE 20mm, &S
330mm ORI T, Fig.dl [T LBV DRGELIEEELZTT O, GO EESR)HR
Bk 2 ERL L CIRE SR OMERE A T T 5, £ 7o ULl IC KR RS T PWHT & LT,
Table 4.2 FTE:IZ/RT SR 2 M7, ZiL b DEEHABRICHW R ICIE, JIS G 3126 12 THE S
L5 SLA325B #2481 & &2 U o T3 Ty,
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Table 4.2 Welding and SR conditions

Polarity | Wire dia. Current Voltage Welding speed Heat input Preheat/Interpass
temperature
DCEP 1.2mm 270-280A 30+2V 25-30cm/min 18kd/cm 100-150°C
[Shielding gas] [Stress relief condition]
Ar-20%COq Holding temp.: 620~ 680 °C
950/mn. Holding time:2~20 h
Heating & cooling rate: =55 °C/h
for SR for As Welded
20 15 100 300301 100 1520
Charpy Impact Chemical Analysis
gﬂsti it _p(;es!-Piece e (Spark-OES, 0O-N) Charpy Impact Test Piece
r 45 deg. 45deg. . 5mm
Deposited 5 |5 R \ﬁ
Metal / 10 T \ 10 T
1 N i \ O 20 -] % -1 20
Base Micro L Chemical 112 Micro \ 10 l \ 10 i
Plate Srimc.f?re Alrm{ysis Sf{'ucn.ilre

1 1 1 12 12 jisz3111
i i
Welding Direction i i

Fig.4.1 Positions of specimens for mechanical test and chemical analysis
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4.2.2.2 ¥ ¥V E—EHERERI L OMLEHRS

Ty R OEE T, E& LU TREEMEIOR Y JIS THRE SN TV HIRE (—60°C)
ICCEMET 5, BT D/ v FOBITHBE S AL DB NS T A0, JFEEO 5 HH
R ERD IO, TR X =T 0bmm D/ v FT 5L LETY, B, ThE
NOBRNE FCW (Z L 5 EBE R O OALE X B AR O RO /N S WG 8 g &
T 5,

4.3 FEBRER
4.3.1 WEEEROICFERS

HEMERBRIC N D 4 70— 20 EORSE FCW 12 X % WA &J8 DL 13 Table 4.3 (275
FHIH L AR o7z, ks, RPITIIART The b RAFRIKIR CAMEZ 7R L7 R OMRIZ OV T

HEL LT D,

Table 4.3 Chemical composition range of all deposited metal by testing wires(mass%)

Element C Si Mn P Ni Ti B Nb 4 0
Range. 0.90 | 00040 | Tr. [00290 | Tr. | <0.005 | <0.002 | 0.044
(Min.~Max.) ~157 | ~0.019 | ~3.20 | ~0.0800 | ~0.0055 | ~0.025 | ~0.023 | ~0.090

Optimal 0.04 0.32 1.31 0.0080 0.95 0.0420 | 0.0030 | <0.005 [ <0.002 | 0.044

432 FHZ=Y% FCWHBEERBDO CAMIIKIETHBREOE
FH =Y % FCW I L 28R OBFEE L UAMEORBRERET 2 DIZi-> T,
9. 4.2.1 HORIE FCW &2 W T, BFREICHE L TR TRE/AR K EE T 5, T7hbb,
7T AT D DG, WERE OB OEWIRINIEER OB AT L D IREBHE L~ DR & R
Lz, ZOfERG1% Fig.4.2 1772, Mg, Si. Mn [ Z#EHEEBICKE 2 ERBO NS,
o, VATYPICEEN LB IILHEDEHBRSBRARIIKITTIRMONRE 7T 7 D& TR
T 5 & TOMEOHHEIX Mg(200.3) >Si(178.6) >Mn(58.9)DJIE L 720 . Mg AiRMEH 7=V
DIRFEF R DR B RE L 2o TS,
ZORBEORE, NSORMBETHED FCW ~OFNEZHET L Licky, FHX=Y%
FCW D4 T, 450ppm F2E £ TORESBIMEAEDOIKBIITRETHD Z LBRFLNTH D,
I, T H DR EDOIRFIC LD CAME~ZIRIZOWT, 3 1E FCW IZ L 28 #EE T Ol
FEE—60CTOY Y L E—RINT R L —DRE% Figd.3 1T LT, BEGRT OME RS
BT HZ &Ly, KBCAMNE LM ETHZ EDRHERTE,
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Oxygen Content in Weld Metal (ppm)

Oxygen Content in Weld Metal (ppm)

500

Gradient:—178.6

400 -
tﬁﬁ
1 | |
0 0.5 1.0 1.5
Si Content in Wire (mass% )
(a)Effect of Si addition
T [ [
600 -
]
500 L) -
400 | §
::5?".
1 1 1
o 0.5 1.0 1.5
Ti Content in Wire (mass% )
(c)Effect of Ti addition

Oxygen Content in Weld Metal (ppm)

Oxygen Content in Weld Metal (ppm}

500

400

Gradient:—58.9

1.0 2.0

Mn Content in Wire (mass% )

(b)Effect of Mn addition

L4
P

Gradient:—200.3

0

|
1.0

0.5
Mn Content in Wire (mass% )
(d)Effect of Mg addition

1.5

Fig.4.2 Influence of metallic components in flux on oxygen content in weld metal with

titania based flux cored wires
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1] T T T

70

50

Charpy Absorbed Energy at —60°C (J)

0 ! ! !
400 500 600 700

Oxygen Content in Weld Metal (ppm)
Fig.4.3 Influence of oxygen content on notch toughness of weld metal by titania based flux

cored wires

4.3.3 F¥=%% FCW A& B D UAMIZ%IZT Mn,Ni,Ti,B DE

Mn,Ni Xy Eoc# & LT, —RAICEHESE O AsLRAZIKNTSE T, CAMRn Licghi
WD EINTWD, EOWERIADHHIMES ﬁiwmw?&:?%FmN@@@éE_ﬁ
LCHMERTHZ L2 HMICRBRZIT O, 7B, 2RO DIRINIEEDOFEL T 5 72O
72 4.2.1 HORE FCW 1%, 4.3.2 HTHRE OR RS b7z 500ppm FELLT £ T, E#ESED

MEREZEM TELUA VYORGHEI—2LLTND,

Fig.4.4(2)(b)IZ AW TOE#ER O UAMEICKIFET v Ao Mn,Ni OB %2, B4R
OO S(E Y I —AH S H)~ORBEL L HIRT, EHESRDBREL ~ILOENTF X
=F¥YRZFCW TH->ThH, Mn,Ni DL TCEDOIWMENH HFREE TIE, BERM ET25Z &N
ﬁ?ﬁ I C& 5, LML, IRNENHLIREZBEZD L, BHEGBORNMEMENLTHZLICLD T

ELILESE N E T TV D,

eI % 3 O T BRE B O U AMSGED FiETIE, Bif L7 y AROSTROBMDIZ T,
Ti-B OEAUINC & 2 5 Ri i b — i ThH 5, T7b b, Ti O Ti B L 54 —=A
TFA NRINTO 7 =74 MEERIERE, 7V =B OA =27 F A MRUR~DORITIZ L 5 W)
r7 =74 MERMGER %2 0F 72 CAMEERERMA T O TWD 19, KIFJE Tk
Fig.4.4Q@IZRTEY . TNOMROHMAN, WHEEBETOMEEN/HBD THWT X =Y %
FCW | kmf%ﬁ@f&é LERMR LI, Thbb, 77 v 7 AL LT FCW FlZE &I
EENDICTFZ ALY, TFEELTO T NEHESRBICHREELF X =Y H FCW Tiid
DM, EDHIT, AT X ORI LV RHESGRE~SEEL TI &2 EMEE T, Tid BO
FCW F~OIRMOEEHFHE Lz, BEEOBWTF X =Y % FCW ([Z L 2E#EBROLEGT
HoTH, Ti & B ORBIIFRERIZ CAMEICK L THRMTH -T2, £/, TOPRITHEHMT
FREL TR, BEARMEINDZ LIk THEL Y, WxEROEERMBH SN LA
HHEIZANTH D Z ENBO LT,
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Charpy Absorbed Energy at — 60°C (J)

PLETIE, 7% =YY% FCW E#EE&EO UAMICE LT, AW AR T 2R R 2k R T &
Too LOALZRD G, FEHETICTB W T AW A2 T2 < | B EMEIEY O IE SR O 1Ew I
%, BHESBIC SR 2T 2 ERERINDI LAV HDH, £ 2T, Figdd 2T AW fLERTR
T 2EIR U AE 2R L2 IRRRE Ol IE AR & ST B ORI
OMEREZMEE LIz, #EHRI1T Figd.b5 IR T L9212, SRICEWEFELWEAMELILEZAE L, 20D
FERIE, K, FX =T % FCW 23 SR O S AL, A CE ozl L& L

TV,

Chemical Composition (mass%)

. C ¢ 0.03~0.05
St ¢ 0.35~0.50
Ni+ 1.36~1.67
Ti * 0.05~0.08
B 0.0015~0.0040

(HV: 163)

0.5 1.0 1.5 2.0 2.5
Mn Content in Weld Metal (mass® )
(a) Mn content

Charpy Absorbed Energy at — 60°C (J)

100

Chemical Composition (mass% )

T C + 0.d~0.05
8¢ 0.32~0.47
Nit1.32~1.36
Ti + 0.04~0.08
B 0.0005~0.0040

(HV: 209) \.

(HV: 167)

1.0 2.0 3.0

Ni Content in Weld Metal (mass% )
(b) Ni content

with titania based flux cored wires

)

Charpy Absorbed Energy at —60°C (J)

he

® Ay Welded
W : SR (6207 % 2hr)
@ : SR (6207C X 8hr)
= 1SR (6207C X 20hr
&
Z
oot
g
5
=
w
=
Z 50
-
=
)
&
0

-60 —40 -20

Test Temperature (°C )

stLTC. SR %t L7=H&

100

50

OB : 15~40ppm

W B : Free

Chemical Composition
(mass% )
C 10.05~007
Si 1 0.31~037
Mn: 1.26~1.44
Ni + 1.201~1.63

003 004 005 006 007 008 0.09

Ti Content in Weld Metal (mass %)
(c) Ti and B ontent

Fig.4.4 Influence of Mn,Ni,Ti, and B contents in flux on Charpy impact value in weld metal

Fig.4.5 Influence of stress relief treatment on notch toughness of weld metal with

conventional wire
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434 FEZ=YR FCWHBHEBDO CAMIIKIETT P OFE

RIGIRFR I T DMLY HIR DA I 0 B BHI AW S D844, S0, W0 P &F
BT, EFESIAOND X HITRD | wHEEETO P &2 0.02mass% &z 5 Z &3 7e<
7p o T& Tz, % Z T, [PI<0.02mass% DFFHIZB W C ISR T O P & & UAMEDOREERZ 4.2.1
HORNEFCW 2 W TR L7z, 2l 2O—H D P &0 EL R T 2I12H720 | ALk 4.3.2
HPB LU 433 HTHONTREHEL L EEICHE R BN LT A PR E LTS, fER
% Fig.4.6 |2 AW 114k & SRATEE DL AT/ T TRy, AW R TlE, 4 =Y % FCW OyE#:
EROYE S P O UAMERN IR TH L Z L RRBOLND, L, SRABEIND
BElcid, PEAMKEL TH CAMEEDONRITIAE oW ER E R o T,

O Ar Welded
= 150t ® SR(620°C X 2hr)
=
2

|
2 100
—
=
- © 8go
2 s0f O
2 g8 o8
- Ce
= ° O
= $ ] °
o
.D, | | |
0.010 0.015 0.020

Phosphorus Content in Weld Metal (mass®)
Fig.4.6 Influence of P content on notch toughness of weld metal with titania based

flux cored wire under AW and SR conditions

4.3.5 FHZ=%% FCW E#&E D U AHIZKIET Nb,V OF

ATl 4.3.4 THE COMGTC, WHESRBT OfEFE R, Mn,Ni,/TL,B &, P &, Ofl#lic k> T AW
HEED CAMEIZRAALTE D Z RSN E o7, LrL, 060 UAMER BTN,
WHERRIC SR A S 2B acid, BEFARIKIE CAM AR T 2 Z I3 TERVEV I FER L
S TCW5b, 22T, RETIE, S6ARLIMBHIE LTF X =T:% FCW OEEASRBICRHEMICE £
NARME L TONDVIZEH L THEEZHED 5,
Fig.4.7(@)%. 7% =¥Z FCW IZNE& &N 5 Nb,V & L F/LEA D S BERSEIIC LY BRV - 4.2.1
IR EME FCW &2 FIO TR L 723288 12OV T, Nb & Voo & CAMDORGE R L=
HLDOTHDH, AW ik E SR EERO(IICEB N TEH, Nb & V O&ENb+1/2V) 230 7200 % LK
CAMEDREND & OFERZTRLTWD,

Fig.4.7(b)IZ1Z Nb & V OBOEKEGHEZ B Z /o 12F Z =¥ % FCW LR Y A ¥ DO¥EHESe
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JB&D U AN KITTTEA O SR RO BEZRT, WHEGETO Nb & VORZIERIMR 2%
A, JAE SRk 2 S22 2 ERE O b,

O As Welded
150 | B SR (620°C X 2hr)

100

50

Charpy Absorbed Energy at —60°C (J)

0.01 0.02
Nb+V/2 (mass% )
(a)Amount of Nb,V in weld metal

O Nb+V2=0.002 (mass %)
150 |- B Nb+V2=0.025 (mass%)

O
O

100 |
o 20O

P=T(20+logt)

(b)Tempere parameter of SR conditions

H
O
O

‘k\%\ﬁ

Charpy Absorbed Energy at —60°C (J)

(% 10P)

Fig.4.7 Influence of Nb and V on notch toughness of deposited metal.
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4.4 EH

4.32~435H TR CEZAFED T N—T N5 HAME FCW I L5 BRER NS, T4
=¥ % FCW I L AEHE RO U AR Eic oW Tk, KEEZHEL, Mn,Ni/Ti,B OHIETI,
K PAIIC L D2 FIET, AW HERICB O TIRITR D b D DD, SR AR TIE U AN E
DRITBO LR Do, — ., BWHEERTO NbV OGHEEZEIE-H E FCW IZ X
HRREHERNSIE, N,V 2T 5 2 LI2 LV, SR % 911 TH CAMALEAE LW iRiES
BREOND ZERERTETCND

ZZ T, 4.2.1 ® Table 4.1 IR T#HIEFCW IC L DEHEEBEO CAMEICEI LT, &9, AW
DLAEIT, SR O CAMREBEICHRNH o722 LITOWTHELET S, KIZ, SR 2% T

BAIZIE, Nb,V BEOKEZ L7 fE FCW (2D &, CAMSEDOREND - ZHHIC SN T
MREtE1T 90

4.4.1 KEERRILOZFE

4.4.1.1 B&kw

FCW (MM e im &R T ORWIBHERIC L 5 CAME~OREICE L Tk, —BMicT 2=
Y% FCW |2 K D iEHaEOmHF &I A& <. [0]=700~1000ppm FRETH L Z 13 FH
TS, ZL T, RO ZOEWEBEENRUFR CAMELF[IZKS LTWLIERTHL EE
LN TET,

Fig.4.8 |Z Fe-O @ 2 JLRIRAER] 120120 255978, HRIZ Ty -Fe 5 M o -Fe [CEETE 2
fesds X, 20ppm BRELU T CTHHZ L 2R L TWD, LN T, BESRETICIFEET D KE
Gy DEEHRIL, B2 EONTEM DTG TIHAE L, WESROIEHEL T, CAMICEREL X
ELTWbHEEZILND,

Fe—x0O P =1bar
1800

1700+
1600+
- BCC A "\

1300 \ Vi
1200

Fcc /.
1100 /

/

[

1000
900
800

-

600 LI B | P R LI B | LIS B T 1 T
. 0 0.002 0.004 0.006 0.008 0.010
€

o/

mass %
Fig.4.8 Phase diagram for Fe-O binary alloys

Temperature, C
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RT In Po; (kJ/mol)

AGo=

4.4.1.2 PRRE L ENTTR OB FME

AR D Fig.d.2 IR Lo IINIEHRIC L - T, RBF LIS ROZR N A U Bl 2B 58T
%, Fig.4.9 |IZKMEPRY DR 1mol 7=V OFEREH =3 /L ¥ — - iEE X (Ellingham
diagram) %~ 9", KEEFLIZEIR D H - 7= Mg,Si,Mn ORE{LY AR OFEAER B = R /L ¥ —IX,
ALERDERRDGE(T AL A~ ~vHZA b, v T XZ A FOEED LT 5 &L, KT
MERHEZS K 0 RE 72~ A FAPNATE L TR Y, BFEE ORISR Fe L b@mnZ &b
MNoh, Thebb, Wit EESROREZ 1500C L RET 5 &, BEEkOFEER =L ¥
— () 1%, $9—250kd/mol, £tk OIS RIL. Fig.d.2 O X OMExHED 5
Mg(200.3)>Si(178.6) >Mn(58.9), 1500°C TOEELH LRk

h 107" —]

6Fe+02—2Fe 1072 —|

Fe :
— 250

Mn
— 3500

Si
— 3550

Mg :
— 750

——————————————————————————————————

s e e it e T * namt b e

A S-S I S ——

————tmem e

B SRR ST et EET R SEETs e
]

—1200 i
0 200 400 600 800 1000 1200 1400 1600
M : Melting Point of Metal Temperature("C)
B : Boiling Point of Metal poztatm) \10—100\10—&: \IO—m \10—50 \10—12 103N 10~
M| : Melting Point of Oxide

Fig.4.9 The Ellingham Diagram for selected oxides
(Source : Bulletin of the Iron and Steel Institute of Japan 1(11), 847-853, 1996-11-01)
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DRet1 (AGOM) DOxHEIX. Mg(750)>8i(550)>Mn(500)>Fe F-#J(250) Th v . Ti R IE
FEFAER LT H58H & LT Figd.2 OfERICHESEDL T LN TE D,

Flo. Fe BRALMODER & 2 b&JERRALMER & DRESE (AGo%re— AG0M) 7 HHELLT
t. Mg>Si>Mn DNETEESE & OBFIED < . BERZIRDOEWHE DOV THREETE 5,
PLERASTE 72 BRNAEOBE % Table 4.4 (2527, 723, Ti OB L TiE, Mg,Si,Mn
DEAEEFERROBEBN TE o722y, ZHUT THZ FCW 12, 2T 7 ApiE BHIZ TiO:
EEMTE LT, VFIUVA OB EZZRICERIZO LB DbND,

Table 4.4 Deoxidation effect of each element on the basis of the Ellingham diagram

. . .. Ability diffi
Deoxidation effect | Oxide generzttlon ability fromlolytiydel foi]ifl;l:iin
(Gradient) (AG m] [ AG se— AG ]
[ppm/mass%] [kJ/mol] lle/moll
Mn 58.9 500 250
S1 178.6 550 300
Mg 200.3 750 500
(Absolute value)

4.4.1.83 BIEORNED LD CAEKT
Fig.4.10 |2/, Fig.4.32H\ T, —60°CT 42J D ¥ L B —RIN T 3L ¥ — %Rk LB
73 700ppm DO F ¥ =Y % FCW 548 D3 v /L B —ERER i O ki 2 74,

~ (o A

15.8kY 18pm WD 1mm

(b)Observation by Scanning Electron Microscope

Fig.4.10 Fracture surface of Charpy impact test piece with Titania based FCW weld metal
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Fig.4.10(@)/ T EARBEKSE, Fig.4.10(b) 1T EAEAE 7% SE (Scanning Electron Microscope,
PIF, SEM &FES) ICXDBEHITH D, R OMHEND V=" Z— i85 T, AR
HEROES EHE SN EHEZ2BE9 5 L. Fig4d.100)I277 L 0 72, BN sRIRoNED N
MR CELLEENHoT,
Fig.4.11 |2/%, Fig.4.10(b) CHIR CTE BN BRI D &, BFE L OB OmWTHEE
KBRIZH T LT D TH D, Ti,Mn,Si 72 EOBEBIM TH D Z L DR TE 12,

CPLevel C Level 0 Level

1744 677 711
1656 l 634 l 666
1568 592 622
1480 550 5717
1393 507 533

1305 465 488
1217 423 444
1130 380 399
1042 338 355
954 296 311
867 253 266
779 211 222
691 169 177
604 126 133
516 84 88
428 42 44
341 0 0
Ave 1151 Ave 47 Ave 36

SiLevel TiLevel V Level

228 190
213 178 I
199 166
185 154
171 142
156 130
142 118
128 106

95

83
71
59
47
35
23
11

0

6 Ave

" MnLevel FeLevel NbLevel
132 467 43

l 123 438 I 40
409 37

380 34

OO NNWWER BRI~ ~

352 32
323 29
294 26
266 24
237 21
208 18
180 16
13
10
8
5
2

5 0
M Ave 11

Fig.4.11 Surface analysis observation of ruptured spherical inclusion

Zi 5 Figd.10 & Figd. 11 OBIERER G, BREDEVEROT ¥ =Y % FCW OE#Ee
BHIC L BIAFET 2L R NTEM D, BRI ICHN CTRAESICR VG561 H
D, ZOZEMRRCAMLZERLS T -HERoTNDHEEZLNLD,
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4.42 BETBRBWMORR

4.3.3 TR LTZBERMONFEBET 272010, P—F BN 72X > TREPFREK

(Mn,Ni,/Ti,B) OEEZ KD Aes BRENA~DRELZFHET D, vAKITLHETH2 Mn,Ni & #
BN FEORKZ W TiL,B TORFHERZ, TNE1 Fig.d.12 B X0 Fig.4.18 IZR- 7, 728,
P—F IV TOFE EOIEAE L UL A531%, Table 4.5 12 BASE & LT3 & 912 C-Si-
Mn-1.5Ni-Ti-B %20, {(KEHAMOEEeE & L Clfeg ek & 3%, £ LT, Mn:0.70-
2.50mass%. Ni:1.50-3.50mass%. Ti:0.025-0.100mass%. B:0.0030-0.0100mass% @ 4 jt3%
BNRT A= L LU CHAEEIT> TS, ZIZT, fitihlcs Lz BPW &k, —F W7 D=
VY RRIFA=EZD1OTHY, B, P, WHELZKT, BPWECC)=1 &y mHENRN
1 TCRBRVIBEHDHIRE, DFED, vy FeDa Fe & WIOEENBRGETHZEEZERL, ZORKE
DIREN A LRESZTRT D TH D, F—FHN 7 OFHEKRET, LER->T, BPW=1T
DIRFEZALINREVIZ EBRIITCHRIC L D A BRI T ~OREDBRENZ L EZEH®T 5,

Table 4.5 Study range by thermocalc observation(mass%)

C Si Mn Ni Ti B N
BASE 0.04 0.50 1.30 1.50 0.025 | 0.0030 | 0.0050
Scope range of 0.70 1.50 0.025 | 0.0030
chemical components ~2.50 | ~350 | ~0.100 | ~0.0100
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785C

Mn=2.50mass%

Parameter of fraction,phase,and weight, BPW

(a)Test result of Manganese (Mn=0.70—2.50mass%)

N o

770°C

Ni=3.50mass%

Parameter of fraction,phase,and weight, BPW

N/

N

830C

Mn=0.70mass%

TEMPERATURE_CELSIUS

<

N

820C

Ni=1.50mass%

:f TEMPERATURE_CELSIUS

(b)Test result of Nickel (Ni=1.50—3.50mass%)

Fig.4.12 Test results of austenitic former elements by thermocalc observation
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\TiZO.IOOmass%

Ti=0.025mass% —

Parameter of fraction,phase,and weight, BPW

AN TEMPERATURE_CELSIUS

(a) Test result of Titanium (Ti=0.025—0.100mass%)

D

B=0.0030mass%

\5‘5‘

Parameter of fraction,phase,and weight, BPW

'\ B=0.0100mass%

i

AN TEMPERATURE_CELSIUS
LD

(b)Test result of Boron (B=0.0030—0.0100mass%)

Fig.4.13 Test results of grain refining elements by thermocalc observation
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Fig.4.12 ({ZR940< . v AERRTEHE O Mn,Ni 13l 5 & bEMBEEZHMESE S &, Ars ZEREA
BPW=DRHFORA(E)TRTLIIEFLTWD, LR ->T, 4.3.37HD Fig.d.4 TR
FE O, Mo, Ni i & HITIMEDOBEIMItE-> T, AsZREADMEEERIZEEI L, o —Fe T
HIFORBMN R E F - T, MRS EAL TEERM ELZbnEEZ N, —FH,
Mn,Ni & b IZHMEIZ L D ¥ % /b B — RN = 0L — (TR A BLAL 2 O, INE OB
IZfE> T, RFY & Ceq & LA, BHESRBOMPERMEL LT, CAMERTEES
WENMHN 2D ThDH LEZLND, £io, Mn OHA L, BERE(LZT T3k, 5
BREL FORMTEREIFOEES & FREIZ M-A Constituent (Bik~ /L7 A RO H R
HELTWDHELEZLND,

wiZ, Fig.4.13 1R L7Z TLB IIEOEENC L5V —FH L7 TOFEERTIL, Ars s
3R EEL L TRy, L2 -> T, Ti,B @ U AN B~ Fi%, Mn,Ni & 138 F 72
D, Wbps Ti-B OEERMNFIZ L D CAMBGERDECTbDEEZE2bND, TDT &
11, Fig.4.4@I2HB W\ T, BiMEEI2, Ti BB T U AR ED SRR T EFENR Do
Tl ENBLEMTHND,

Lk, R TCTEEZEEITEOUINC LD UAMELETIEIL, AR O Fig.d.b TRLUEML
AW TEHBRP S L OD, SR B S5 EITARFEEITRVGRNT ERH L
Thbd, D7, —EANICHERIRELL T T{THiL5D SR & W\ D % OBULEEC U AMES
IERECTWDZ L E2EETDH L AV A 7 ILOHITE TRBRERICEIZA T 2N E B rE 5,
ZD7®, SRICE D CAMESLOBEIL, BVERIZL > TAELD PR SICL 2R, &
B WNTREN~ DI ERAL D O 70 EWCIRIN N & 2 Al REME N B 2 b D,

443 BEEBRFTOPIZIDE

—fRIZ P, SIEIITHAR, [EAH M OEERREHE 2 RIE ST, RfYRr 2 L5 <, CAatk
SMEIAEICEEEL B IET 2 ENMbRTWD,
AWFFETH | Bk 4.3.4 D Fig.4.6 b, EHEEET OV O®AZIKET 5 & (P& :
0.004~0.019mass%) . > v /LB —HRT 2L X — L AW Tixm L7z, L2L. SR &#fEd
L PEICED UAME~DEEZITRS —HRITE) -T2, 72, AWIZHRT, SREDOT ¥ /L
E— I R L F—DOHERME S 3 L <R 2o TV D,

IO EiE, P ORRA~ORHITICE LT, AW OAIEL, B/ XADEY A 7 L OFETP M
PIRETIMLCTEZ TR vy 7 &4, ZOBMIEP BENRZWVIEEF LI RDS5bDLEZ LN
%, TD=, PEOKREILZ AW ORBELSB DY v L B —RIN T %)L X —% [ L+ 5 DICH)
ThdeEZ2bND, —FH. SROGEIL, PIRFIZE o THERITHRR A H 572012 PR
FITRAE TOBEZE T LT, AR THEERTEICES>TWLbDLEEILND, £DD
\Z SR %2 7=8A1%, [P1=0.004—0.019% D% TIX, b &b & OEHEEEORMHO P &D
ZEIZEADLT, Yy BRI R X~ HFLIEL RoTDIbDEEXHND,

P ORI FURATZENCE L T, MNSIE, P & RBRICRIURIT 2 E T W S L oMAEFENZ%
B L= B A mAT B R 122129 % | SEMERIREE 7S T e < FEEHRIRAE & CHRER U 7= BiER 124126012 0k
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SXEELTWA, RET Mt OB E LT, P OEHESE T ORI ATBe 7 i IR L g
DX TEZ BN TS,

cEexp(AGP/RT)
1+CLexp(AGP /RT)+C5exp(AGS /RT)

Cepp(t) =

AGP = AGE + BCSN(t — At)
7272 L,
Cs" : P DA ACs" : P DY
Cs* : S DHIHIRE ACs" : P DY
B MORFUYRT LR TH D S & DFHAAEIIRE
R SRUAREE

LMo T, PIZIEH LT, SOREL T LE LA, P OEESET ORISR &
L CORKRFIREIL, P OWMIRE CBP REWEERELS 2D &2k b,
S OHEHRNT OFERIC LUE, P OB A 7 U X DRIRRENTIR. AW OEA1E, P ER
EWE R RITE b Ve, CAMRERETHD Z E2EETE 5, —J. SR DL,
FET ERt & B, PAKIFUTRITT 5D+ TH Y | WITAEERBIZEE L TR &
Mgt S5 DI 5 72 EHHRT RICE > T\ 5, 2078, 410 P Oks#iFEP=0.004
~0.019mass%) CTld, HHEERTO P BEOZEIII PO LT CAMETR E TR 2o Tnd &
Ezohb,
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444 BHEEBRTONDLVICLEE

Fig.4.7 \Z TINb+1/2V] & W\ 5 R & I CIR B4 IR OB PERE 2 37 L 7228, 24U,

Nb,V O EZE LT B RALH TH 0 | Tt L CEESR O & b S8, #ErtREIc 2
ZRIETEDOBRIESNTND, Thbb, AT ORZEEIZKNT, VIENb D 1/2 &
ExoNb72®, [INb+1/2V]IE W S EINREARE A DU T8R4 48 O A ORI H v 72
LOTHD,
Table 4.6 % Nb,V 23fF AT S 2 &5 2 50 5 MRS % 1mol AT 5 72 OIC L EE
72 Nb,VOEZFEHLEZLDTHD, Nb i, Fe-C ROHF B TiE, 255 NaCl 4o Nb
RACM DB HILD & LTS OWE 2008350 77 77 —(G.Brauer)X° L v % —(R.Lesser)
5ix. 20 Nb BAbOAb2E# R Z NbCx(0.7<X<0.92) TH L T\ 5 127128 —J5 V [T\
TIETFEL R, o VICET 2RI E LT, a-_re DIEHEERORFHHFIZIBWNT ViCs
AL s LT D 129,

I OFATHEONEZEE 2 Nb & VOZhEhOHHIcHr 3 2 REMREH E 1mol
AR BT DI E /2 EE Nb & VOERELTIRE 221 OFBRICELEI L TV, iR E LT,
Nb & V ORAL O B Z R HEE L LT, [INb+1/2VIA Yy TH v Ak L 7= Fig.4.7 12T,
Nb+1/2V DI L - T, SR L DOWEHEESBEORFHO CAMENMET 325 Z &%, Nb &V olRik
PFTHIC X Db R THDHZ L 2RETL LD EEZLND,

Table 4.6 Required Nb and V for unit precipitation

Atomic Atomic Atomic | Typical carbonete Required mol Requlrefi
. . . for mass/unit
radius weight number for precipitation e
precipitation | carbonate(g)
NbCx

14 2. 41 /4 116.1
Nb 6 pm | 92.90638 (0.7<x<0.92) 5 6
\Y 134 pm 50.9415 23 V3Cy 4/3 67.8
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4.5 S

F X =Y % FCW I L BEHEERO U A KT TIHRMITE DRI OV T, AW & SR TO
U AR OFE 7 AR U AMED L E2 4 U nF Z =% % FCW OEHEFHICE D 5 51 5
L LT T of#HE ST,

(1) 7% =% % FCW |[ZR I REHERTORmWERRIL, BRELOBMOEWITHE Y
AXHIIMAZZ 2k D, 450ppm FREE CIRBTE 5, 70, 2 OME RO EIC
L0, AW TO CAMRITEE LTz, ed. BEIE L ENR2WiEEeRhoBE I, Bk
WA L CRATICHTE & 72> THBL. & % b B —EEREaERI O B O F AR R &
RHEGELHD L EHER L,

(2) v AERIEH MoNi & U A ¥ HICIRIT 5 2 L1280, RO A ERALIET ST
R BAE L. CAMER T ESE5 L0 5 MORBULEIL, BREOHNF ¥ =T A
FCW OBEESBEOLEGH AW AR TIIARI TH o7, LirL, SRAERTIER, &< CAME
YEOHRNSTD HIIRPoT, Eo, ZOFREIL TI-B OWARINC X 558 b RETH

ST,

(3) BHERETICEAIND PICEAL, AW OA1X, BHESRET O P MEWIZE U A
WET D, LorL, SRS NI HEITIE, WHEEET O P BEOMERIC L 5 UArsEw)
RIFA NIRRT,

(4) F4% =% % FCW I[ZF 72V FVELAICH KT 2 Nb & Vi, EESRICRbIAENT
Y3tr. AW & SR OfTROMHEETY UAM A S LS 7, £72, N,V OfHEIC LY, SR %
T AR BT L U AL L E U7,

(5) vy B —EBERERE OB ORKIEICIE, BRER LRS- LBEZ LN LML RITE

WOBENPHER TE T2, TDID, BBEENEWIERDT ¥ =% FCW OIEEEBIZEHEK
FIET DA RN, IRIR CAMENMELS 5 —KERoTnD EEZ BNT-,
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BEE FH=FVYRIIT v I AAVTA VYHEEEBO CAEICKRIET I 7 olifioR

5.1 f&5

PR, HRARER - =X X —OFTEE KL & I, LPG ° LNG 72 Eii kA A B
MiE e, FEmH CHEE T DUEERE 72 £ B LW EREE TEM S 2 S E ) AR T
VXL REOE AN L TV D, 2 HITIE, GRSV EBMES R S,
EEANTARIR U A2 BB 2720 DM B i TIEA RO 6N TE e, b DEER
MHD=—RZx LT, BEATEINRIEEER BEM L2172 D #M e S LT,
FL=XYRZFCW BREZHINDL LI TETWD, LInLRnsb, F¥4 =YY% FCW (Z
1. FORBEEBEOEIR AR+ EITW A2 W0EERH Y | BARN 72 EREd EI R D
HILTW Tz,

29O LIk 2 87 AMFIE TIETF Z =¥ 5% FCW IZ X D888 0 U AR Rt
L COIIERRARM TRz X 7 w ik R T RE LR LR OV HA TV D 12
AR D 4 Tl FFEILEOFEBIIL > TAEL DL I 7m0 ZRIZHOWNTHRET LT,
Z LT, K2, 77 =V5% FCW OFEESBICFHBHORBEENHWN & &, A& LT
NbVAZEATLHZ e, RIRCAMEZLILESE DR E RS> TWNDLZ EEZHLNILTE
7=

Z 2T, AETIL, BHESRET OmEZHE EOKRESS Nb,V ofiifil & I 7 v flfkoHE 4 A
L. X7 ufllfkoz®gn s CAMEm EA~odERZHE Lz, DUFICIRYMATENEE £
L5,

5.2 HEAMEIE X URRGIE

52.1 RMEZ7F7 v 7AAVTAY

R DR B L - THARBRE L IEHENELT 2 Z MRV b Tz
18), REETIX, MEROEHEMEE (BWET — 7k, V7 ~—U7 — 7 EEME, 17
Vy RUALYE) IV H, XA EVBEREZAGT HTF ¥ =Y% FCW 58RO U Ak
B LT, B L BEE21TH, & $ 45D Table 4.1 TR L7Z27—7 1 O#RE FCW
EHWCHEESRZFR L, SL,Mn,TLMg °ZD 7 =17 v A O&EG e & OS] &
DT T w7 ARG EIINL T, "RER i TIRIEFRL 213D CAMEE~DRIR L
7 1 ARk O BIR & AT 5,

WIZ, ZN—7"4 D NbV GH R L S EEERORBR TIL, 7% =75 FCW D
FHT T w7 RAFEEOERLT X VIEETH BT VEAITIE. 0.5mass%iEED Nb & VD
IR ER STV DED, ZAEBEBEIICOIRAUTE TIRBLZ 7 7 v 7 22 TR
F FCW Z{FH{ L C, Nb,V BORLRLEHESRZHER L, SR 2272550 LAMEE X
7 BRI OWTRETT 5. 7ok, FAEICHE LIRS R O IE, 2 THYZ FCW ©
JIS Hit& T 5 Z3313/T 55 6 T1-1 M A-N3 [ZHET HHiH & 35,
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522 RERFE

5.2.2.1 WHEFRMHB L USR &4

5.2.1 TH T 723 1E FCW % VT, JIS Z 3313:2009 #kEM, =58 7180 K OVMEIE FH 6 H
T—UET T 7 AN TUA Y] \ZHERLL T, %4 %O Table 4.1 38 LU Fig.4.2 |2/~ T
WHESHT T Ar—20%CO02 DIRA T A2 HWT, BEELEIEEA1T O, 72k, FM 1T JIS
G 3126:2009 [ZHUE S 417 SLA325B T, #/E 20mm, & & 330mm DOl 2 LN~
U T3 AT,

5.2.2.2 ¥ % /L E—ERRERG L OYLERS

ER L 7cipeemin o, I 7 nBlasslhl, vy L e —mEREBR A, 225 NS bRk
o HT RRER F7n E A FERBR OB 2 Y 0 H U CHERE AR 5,

TRV E—EERERBRIL, R LT DM B OZY JIS B THE S LTV S —60CIT
TEET S E LI, virs X B RV XF— %2607 5 BN 5 —40C, —20CTHHE
g5, 7B, BB D/ v FAEIL, B SACEABEEL/ NS T 50, FUER
DEAEBAERE RS L5112, TRELVZ—FA4 250 bmm O/ v FF5 LE{TH,
iz, ENENORE FCW I K DR RO T, A/3— 7 BRI o hriE
(SPARK-OES, i##5> h3y 7 QUITTITV, O & N O IEARTENE B A fin#fig s
WZE01T 9,

5.2.2.3 AR HMIILHRE Nb,V OZEFRE

AWFFECIERNRE 4 BB T, F4 =V % FCW SR ORIZHRHMMH TH 5 Nb,V
D UCAMESDEEBZONTHEL, AW & SR DR OEMEFICBW T, WSRO
Nb,V D72 0 ME E R CAMERS N D Z L AR L T 5 130,

Z 2T, RETIIFEC N,V OB OFEZ HAY L LT, Table 5.1 (273 & 912, Nb,V

DAL SR OF LGS, 4 FEEOERSRZH LS L TER”R L CTREREZIT I,

Table 5.1 Chemical compositions of all-deposited metal by test wires

(mass%)
Specimen PWHT C Si [Mn| P S Ni | T \Y Al Nb 0 N
1 As welded
) SR620°C x 30) 0.03| 048 1.27| 0.007| 0.008] 1.57| 0.053] 0.018 0.008] 0.021] 0.042| 0.0048
3 As welded * *
.04 321 131 0. ) . 042 . .04 .0042
1 SR620°C x 3h) 0.04 0.3 31| 0.008| 0.005 0.95| 0.0 <0.002 0.005 <0.005 0.043 0.00

* Content of Nb, V : Less than analisable limitation of Spark-OES method
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5.2.2.4 fhHV 7Y WRABHT K SFRE

Table 5.1 [Z-~9 Specimen1~4 ® 4 FE L, ZNENOFREH AT 0 ML, L~
U A5 & VERL L i E 1 BEM% % (Analytical Electron Microscope, UL, AEM & FES)
I THIZT 5,

HH L7 BEEHZ L 2 I 7 el TIiE, £9. RRAORNICBIZ S AT o e
RO HPRILEZ T~ RIS, TR LBV Th 5 L Bbh otz . —x
L= X4 (Energy Dispersive X-ray Spectrometry, 2L T, EDX 94T & FES).,
BXOEHREINCLVFEET S, B, ZhLOHMHE L7 Bl o#E LI T LT,
HeF A EECE AR E M EE (Scanning Electron Microscope, LA T, SEM & FES)IZ X
DBEHIT O,

5.2.2.5 HHREBIRIC X 5WE

HEHC B O Em 25\, EMMELL7H%IZ, T I ATFAT U E=T A
smaT4 RETRHFIALTE® R & AZ ) — )VOIRGEBICEMR S E Bk EZHWT, €&
MEMIMHZ1T 5, 723, FIHIESICIE, 0.22pm OFLE T 4 L EZ—F2H 5, Zh bl
e D EDX 4347451113 Table 5.2 3 L (X Table 5.3 IZ/" T L0 Th 5,

Table 5.2 X-ray measurement conditions of the extraction residue

) Accelerating | Current Range: Scale
Specimen Target Remarks
voltage (kV) (mA) 2 0 (degree) (CPS)
Extraction
] 40 200 Cu 10—90 12,000 Mono-chrome
residue

Table 5.3 Analysis conditions by EDX

Beam | Analysis | Analysis | Analysis

] Accelerating ] .
Specimen current dia. area time Remarks
voltage (kV)
A) (pme) (u m?) (Sec)
Extraction Semi-quantitative
, 25 2x1070 | arl | 1200X900 180 .
residue analysis

5.3 EBRER

5.3.1 BRELNTED

IR B DR 72 FEBRIZHENL - T, LA O F ¥ =% % FCW(AWS A5.20 E7T1T-1M) & | 3
FMER FCW(AWS A5.20 E71T-5M-J) D24 8 O 7258 % i A5 L 7= 7% 4 Table 5.4 |C
R, WESRT OB REITTF X =¥% FCW Tl 720ppm TH D DIIxt LT, HHEMR
FCW TiX 420ppm Th H KE N0 bivd, UAMMEICE L ik, HEMR FCW o
B TIEvE-60COfED 66 TH Y (T X =V R FCW D 13J LITKRERENDH ST,
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WL OB E b il ~ DR O BEVEIRGE R CTlO]1=20ppm FRELLT) &1L 2 0 %
TRFEICL ST, BHETPICIHEEENED N L EITER I TND 2 & PBHER S 2,
HHNMER FCW DIE ) DEEe B OEFEENMRN D | OREEEREm <. CAMES )
B CTh2, T4 =R FCW %4 R OIEEEICER T 2/ 1EY O BAR 22 Bl 6]
Fig.5.1 \Z/" 3, NMEMIL 0.5~2um FBEDOERZHTILERROLONETHY | KINB X
UHIRZ DO PESEEB ORI L TV D, 260N EW D EDX #ric &
X, T Z2FEE 5D 125835 Ti-Mn-Si-O REAEILY TH D Z & PR T 72,

Table 5.4 Comparison of weld metal’s performances by Titania and Basic FCWs

Slag type Chemical Composition (mass%)
of FCW ¢ T si [Mn | P s [ NiJcr [Mo| V] ]cul] O
Titania | 0.07 | 0.48 | 1.16 | 0.01 | 0.01 | 0.01 | 0.02 | 0.01 | 0.01 | 0.01 |0.072
Basic 0.07 | 045 | 1.40 | 0.01 | 0.01 | 0.02 | 0.03 | 0.02 | <0.01| 0.02 |0.042
Charpy absorbed ener .
Slag type Py 9vE. J &y Microstructure
fF
(0) CW _3000 _GOOC 25um
‘_’.:‘.
- -
Titania 68 13 : . ol
2 - i
a .+ - e
Basic 130 65
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Fig.5.1 Inclusion in the weld metal by Titania-based FCW

FE B E T Ty 7 ADERSS ETHT X =YY% FCW Tix, BEERFTTO Ti
DOEBIMOEEM B L 0 L KIBICEMIC > TWB EEbRS, 2T, AETIEFX
=Y% FCW @B OMEFZ L Ti LOWMEOHAEMEMN bR 2, T4bb, 7797
AHFNZA AL FerTi OIRMEEZZ(LIETNA, Ti OREMHRT DL L L L,

Ti (XEBEEE T OBRIEESE & SIS LT, BIEWRNEME RS 203, R Of
FREDLZFILL > T, TOAEREITENMLBIAR CAMEEZRL72D0 Ti OmEIERINEIX
EETHLEZONHT2DTHD,
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MBRELNTA—FLTDH T BMEBHESBDO CAMEICOWTRRTIOI 7Y Y v KU A
Y COWFFERE R 1181811892 | RIFFECHY 5 BER B DR 72 5 FCW IZ X D iEBa B DR
REELEDE S E Figb2@IRT i a7z, Thbb, MIEESHEMTII1ZE, B
R CAMZELZ00NER Ti BIFEML, 512, CAMEOHAME LK< A B8
NHROND, o, BHEAREOMEERIZL ST, BHRCAMEZEST-OOKEZ T Ik
MENELTHZEIE, 27V Uy RUATEFCWOWTHIZENTEH, HLlT 5%
ELTHEGRTE D, 722, WMDY A YICXL DIREEBOMBEN NS, CAMEOH
SHEICIZZRRZRBD HND, YV v RUA FIZTHSRT FCW OBE O B3R A o
HARIC 72 > TV B2, Zhid, FCW OBEE&RBIX. YV vy RUA VICHTHEDED
2306, Bl —nME<, il TI &2 LTH ¥ v b BE—IRIN = R L F—
DOWKRMEIL, YUy RTUAXICHXThSL 2570, FCW I3 D 77 712
olebDEEZHND,

b, R TELEHBRERNS, BHESERTOBEELIREIE T, #AB YOS
BAEMELIER L, 2o, BESRTO T B2 HEICEY T, ¥4 =7% FCW D
BHARBIZBWTH, CAMKIENFARETHD 525, ZOMEEENMT S FCW O
BE&BOI 7 nBEMEE Figb. 20 rd, BEENI VTV U vy RUA YOLEAEICHEAS
TEL 725 FCW OF#EB TH > Th., Ti ORIEARMT X - T 7 vk 2 sl LT
IR CAMED REHMEIZA R TH D Z & B3R TE 5,
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Chemical composition (mass%)

C Si Mn B N
Flus-cored wi 0.05 0.32 1.17 tr. 0.0040
ux-cored wire 1 006 | ~0.63 | ~1.58 | ~0.0035 | ~0.0058
Solid wi 0.05 0.20 1.20 tr. 0.0040
olid wire ~0.07 | ~040 | ~1.61 |~0.0035| ~0.0058
T T T
Maximum Toughness Region

3 of Each Wire

o ¥

2 200 - [0] 340~390ppm

L (0] 400~450ppm

-1

: Solid Wire

&

=

=

2 100 ]

§ '-"OO*CZJ

2 o ~q | FCW

2 \f\

i

E *1 O,

~ [0]1460~510ppm [0] 550~920ppm

0 | | | | | | |

001 002 003 004 005 006 007
Total Ti Content in Weld Metal (mass% )

(a)Relationship between total Ti content and Charpy absorbed energy

Position: *1 Position: *2

(b)Observation results of weld metal’s microstructures by FCW

Fig.5.2 Maximum toughness region depending on oxygen content

(Relationship between total Ti and Charpy absorbed energy of weld metal)
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Fehin TIZ BV TIE AW AR 7S 1T Cp < | EEHIREEY O JZ Sk O Em T3t LT, 8
SRIZSR AT Z ENERSNDGER DD, £Z2 T, LRl THoALIAIZEY | K
et & i Ti ORI EY . AW OFET TR, RARIKECAMEZ R LT ¥ =
Y% FCW On#:4 )8 (5.2.2.35H Table 5.1 Specimenl) (Z SR Zii L7z, & DfEHE,
Table 5.5 (2R T L DI AW IZHHEE L TUAMENREF LI HLL TS,

INHDOZ LD, WHARE OSSR ERIIC X 2IESRBINTEY ORNSC, T ilRINEO &K
WAKIZ & D RE s R ORI B 721 Tlk, 74 =7 R FCW OE#£8RBIZE 1T 5 SR TO LA
A BT ARARETH D Z ERH LN E o T,

Table 5.5 Influence of stress relief treatment on notch toughness of weld metal with

trial FCW improved oxygen level

Charpy absorbed energy (J)

vE—20°C vE—40°C vE—60°C
As welded 126 105 83
SR (620°Cx2h) 120 55 35
SR (620°Cx8h) 61 43 26
SR (620°Cx20h) 51 30 21

ZFZ T, UTFD 5.3.2 HTIE, SR REK/ AL DY A 7 VA BRI Z T -5
B, AR ORMETIZE T 20O LR OB D, UAMELSLORIK Z B &2
THZEEZHBIZ, K0S nm A AN 70 pm A XZEIT 5 I 7 afifge
LIZBET 2 BET 21T 9

5.3.2 Nb,VDE

AKETII, F4=Y% FCW OE#EEREOMMRIFHEITH L Nb,VIZIER L, C & DO
JID @ N,V 23 TEY o 7 LEFRIZEB W T, Rk & LTI LG W E B X Ta %
D5,

5.8.2.1 SRE&HTIZBIT S LAMSIL

Fig.5.3(a)l%. Nb,V OIKJALALER % fii L 723/E FCW & it L T 722 WilfE FCW 12 L D1
BEBEZHWT, O SR £ T, AW 226 OKIR U AMEDIR T OES W Z A L7
RErRT,

Nb,V OARJHACALER % s U 72380/ FCW IZ X 218488 Tld, SRETH AW 054 & U
IEITFR E D B, —J7, FHEPICEE &EO Nb,V B FEET 2846, SRICE-TLA
PEITFE LS HLL TS, 61T, SREMFICEL TIE, il ofhs TR C—EmIcE
Wi SV TWDEMEFRPE T, 7o = _F A—=2 Z B3 TH CAMKR TIZRED TSR
AL, F£72, Fig.5.30)ICIE, AR O SR%ED pm %A X0 HP ORI %
AEM IC X 0 BE2 L= B4 77, Fig.5.80)IZ =4 Z & <. Nb,V OIKHALALER 24T - 7234

77



Charpy Absorbed Energy at —60°C (J)

150

100

50

E FCW IZ L 2R OGS, SRICE > TEEOHBRRONITHMBSRIFIZELLTND, —
¥ . Fig.5.3@® X 512, Nb,V i@ BFAET 256, BROTEmIIRohs b0, £
DOEITKRIEICDRLIIRE /NS, £72, Fig.5.3b)c) & bic, Bk Figs.1 ® X 5 72 AW
TH W67 Ti-Mn-Si-O R OB SRR S W o EEmb OIERB I EMIZIZ, SR
D% TEBITRD ey, I, Ty /3= R_I A= R@EF L~V TELOENLLTH

(P=17.6~18.4X103), HEHEEED I 7 aflffkORBUTITFE EE13 72 < CAMEIZ 225
INED S TR EBET D,

O Nb+V2=0.002 (mass%)
B B Nb+V2=0.025 (mass %)

i ﬁ % (b)Observation by AEM after SR(C])
(O \

As Welded 16 Stres Relief 18
P=T(20+logt)

(c)Observation by AEM after SR(H)

(a)Relationship between temper parameter and toughness

Fig.5.3 Influence of stress relief treatments on notch toughness and microstructure
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Hardness ratio of Hv(SR) / Hv(AW) x 100, (%)

ZZETRRTELMLS, pm A XETOR 7 o flfEROBIEME RN 51X, Nb,V 25
T ORI SRICE D CAMESILOIRINZ L3 Z &Rk hoiz, 2D, K&
TIXSRICE > TUAMEZK T S5 FKIX, Nb,V S, X0 /NS7elr b % iwie 4w~
HFIZHTH L TV 7203 2 ThRatztEd 5,

Fig.5.4(a) 133 /F FCW % W CIERL L 7= vaH: 4B O SR AifzIZ 1T 8 S 21k (SR Atk
DO SDH) Thb, Nb, VEFENEZWELE SR I A28(LBEmND 20, ZhiE, &
PSR ORFEN SRICK o T EAZ B L TIL T2 DD, Nb,VEFENLZ NI E
BRAR 2T M & 25 < 2B U T il b &2 = L C 183184135 SR (T & » T4 U Sk 0#kik &
FIR L CTWD 7= tEX HN5, Figh.d(a) THHHELLOESG O KE ) >7- Nb,V 56 &
DEWIEHEEED SR %O I 7 ufflfiz AEM I2L 0 FICHMEMICBELZLE Z A,
Fig.5.4(b)\Z~7 K 5 7221l 72 Nb,V O RALY DI M D HeZR TE 1=,

100
Load : 98N
98 | ¢
Specimen2 ,Specimenl
96 +
[ ]
04 L ™ 74
/ 60-
/. . 55
2t ¢ L
SR: 620°C X 3h
90 | L L
0 0.01 0.02 0.03
Nb,V content in weld metal, Nb+1/2V (mass%)

(a)Relationship Nb+1/2V and hardness ratio (b)Obsertvation of fine precipitation

Fig.5.4 Influence of Nb and V contents on hardness reduction
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5.3.2.2 FERBT T v 7 ZADORHER L Nb,V

F X =% FCW 72 EOEEMEL D7 7 » 7 ZAJELE L THOWLNDEMET & v D RIK
gia e LTI, VWFAEARA NI A MEADBM B TWS, Table 5.6 (21X, 2 HK
SREEA D— I Loy B T 2 < OB & EH TS 186,
Nb,VIZOWTIL, $iA T TOEARMNMUORHIY & i LT, HITZ W&V 5 b Tl
VR, C EOBFNNE L MOITEHE LY bR E AR L TR T 2 A Lo &
Ezbhb,

% Z T, LAF 5.83.2.3~5.3.2.5 THTIE, SR IZ &> TEBEAE T CTE L HHTHBSROEM
. AW L O CilRET 5,

Table 5.6 Chemical composition of titanium oxide raw materials (mass%)

TiOz | Tiz03 | FeO | Fe0s | SiO2 | MnO | CroOs | V205 | Nb2Os| P2Os | ZrOg | ALOs | MgO | CaO
Rutile ore | 96.6 | 039 | 031 | tr. | 0.68 | 009 | 0.17 | 0.39 | 016 | 0.03 | 0.86 | 0.20 | 0.10 | 0.03
lmenite ore | 54.4 | - | 243 | 172 | 0.66 | 1.76 | 003 | 0.13 | 018 | 0.11 | 0.33 | 212 | 0.10 | 0.03

5.3.2.3 HH L7V BT X 5 MHRREILE

Mt L7 ) ke 2 V2 AEM BRI L 0 . MEWoT B K ORI ROREZIT D,
Fig.5.5 |Z Specimenl~4 ® AEM |Z X 2 ik OB LR E — B Trd, BESREORMED
HFICHER TETZDIE, 4 DOREIO R T THER CE 2RI R E RERONTEM & SR %
i U 7= BHE O iR T E eIRIC R 2 20T & . ) F—F — O, @ 3
DICKBITE D, Fig.5.612i%. SR Z it L7ZsEHT O A i b= IR O 4 & B 2 b
40 EDX 734 Dt 2 =9,

80




Observation of AEM
Specimen | Nb,V | PWHT
Left : Inclusion Right: Precipitates
1 AW
No fine precipitates
Contain
2 SR
ion
3 AW
No fine precipitates
Not
Contain
4 SR Rod shaped
No fine precipitates
Fig.5.5 Observation results of precipitates by AEM

81




Observation of EDX

Specimen Nb,V Upper : Rod shaped precipitates
Lower : Fine precipitates
2 180 || Fe
Contain c mo
(SR) P
|| C N
Wl UL
TAEAY b Lt s | s i,
4
Not c
(SR) Contain | ¢

No fine crystal precipitates

% Cu is from electrolytic extraction electrode

Fig.5.6

Observation results of precipitates by EDX
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BT, LR E e M EMICRE L Qi BVLELO A E° Nb,V O F 2B D 5 T2 ToR
BICBIZEN D, ZOBRRONEDIL, KRB L ORI ORI < FHEEERIZOB L TV 5,
ZONEMOFMAIL, Bl Fig5.1 1R L2 b D EFRIEETH Y, Ti-Mn-Si-O 52 OER{LY) T
bo, BHOT > x 2T —7 274 FOREERRR L REIPENTZD, CAMEE~DZE
IThaneBzxbhbd,

WIZ, SRIZE s THERINDEROFT Y TH 503, Fig.5.5 |27~ L7 Specimen2 5 X
U* Specimen4 DL T L2720 < | RIFHTICERFTHNISHT RO LD, £72, Nb,V
DIEPALALPE 21T > 7= Specimend DI 9 23 JEEIFINZZEDHTHEN L o> T b, £,
ZI BRI ONTH®IL. Fig.5.6 (2753 & 912 Specimen2 & Specimend DWW T 11T Fe-C
RORAH TH D Z L DR TE I,

F 72, Specimen2 |ZDABEL T AT HOWTIE, 10nm FRELL T DT ) 4 — 4 —
OWHZ2 Nb,V ZOHHHTHY  WIFN T v F 27 —7 =7 A FORAICHTH LTS,

5.3.2.4 WEERBHLOHMMLERRE

Specimen1~4 O&FELOVEHARE O E BB OFEH % Table 5.7 ([~ 7, AffE
CHIHREE DR A2 7D & | Specimend > Specimen3 5 L Y Specimen?2 > Specimenl &
2o THEY ., Nb,VOFEIZED LT, SRICE > THTHEBNAE L 5720, SR % ITihH 7&K
BN AW OAE LY ML Tn5, £72, Nb,VEH &2 KBIL L7-31E FCW 12 L A%
)8 D Specimen3 & Specimen4 (%, KB kA L TV /20 Specimenl 35 £ UF Specimen2
125 & AW & SR OfifAUZE N TS, FlHRERDOLFENRRE S 2->THBY, Nb,VE
AEZERT 2 2 & THHYWORENEZ TV D,

Table 5.7 Constant potential electrolytic extraction result of the weld metal

Amount of dissolution . . Residue vs
. Extraction residual . .

from specimen () dissolution
(g) & (%)
Specimenl 2.3692 0.0033 0.14
Specimen2 2.4227 0.0052 0.21
Specimen3 2.3536 0.0047 0.20
Specimen4 2.4571 0.0103 0.42

Table 5.8 1213, {E e 8 O FRE O EDX & &5 Hr O 53 Wil 2 7~ 37, i 4 R 12 Nb,V
%549 % Specimenl & Specimen2 OHHRE DA 35 L, SRIZL>TNb R,V
3, Fe RN N ER L T b, —F, WA EIC Nb,V 25/ L7254, Specimen3
& Specimend DHLIZ LY | SRIZEL > T Fe RONTHWIN L EITERIND Z L0, AW
TH Fe RO EZEL TWDL T EERTHIR E RS> TS, L7eA > T, Table 5.7 (T
BT, Nb,V DIEBALALEL 21T > 7250BO1F 9 BT O &3 2 288403, b o
Fe ZATHMICERNT 5D LEE X HiLD,
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Table 5.8 EDX analysis of the extraction residue of the weld metal(mass%)

Ti Mn St S P Fe Al Nb \Y
Specimenl 40.8 39.7 12.8 2.9 0.9 0.0 0.9 0.2 0.1
Specimen? 25.1 36.3 8.1 4.3 0.2 15.3 0.8 2.3 2.5
Specimen3 31.1 285 7.4 4.8 1.7 8.8 0.9 0.0 0.0
Specimend 11.4 20.2 2.6 1.2 0.0 61.5 0.5 0.0 0.0

Zivn Table 5.7 3 X U Table 5.8 |2 X 5#5 5% %4, Ak 5.3.2.1 HD Fig.5.3 Tik~7- SR
RO CAME(LORS R E DR TEET DL, T¥ =R FCW OEHESRED U AN,
Wit OMEICTIZD £V HEEL I TRV ERHALNTH S, T7hbb, FTHHORES
FEREL LT, /72 Nb 3R,V RO AR HZ2E T D 2 £ 8, CAMEICRE S
ERIZL Tz, Fo, BIRD Fe ROMTHORAEIZCAMEITIE, HEYEEBERIFTI 2
W2 EZBRLTND,

5.3.2.5 HrH# OETFHRET

Fig.5.7 (2%, Nb,V &FH &&= {KHt L T SR % Jii L 7= Specimen4 T, il T =HiRAT
HY OB F BTG 2 "3, SR EOEEGRET O DORLEZ 5D TWnDH Z D Fe-C
RATHEIT. B A L Z A | FesC Th D Z & MR ST, 7238 AWFZEIZ I T Specimen?2

THE IR OIT Y b RO EHRERZ R T 2 L 2R TETWD

Iz, Fig.5.8 IZILZ Nb,V # & f 7 5 SR Zfifi L 72 Specimen2 THI%2 éﬂé?ﬁﬁfﬁ*ﬁﬁ#@@
BAFRRENTE 2R3, Bk Fig.7 o EDX B8O R 5 Nb,V RO & A3 2 IR
’C&)é EPBEINTWVDN, ViCs R EThHDH I ENERTE 5, IBHeEORAE DR

B Ro0 D0, RE ST R LSRR OBIE R TEDOBIRDE A 2 A M

tk’\f*ﬁ&bfd‘é VW, ZDOZ &1, Table 5.8 (278 L7 i HFRIE O 43 HT#E T Nb,V O 54T
ECD mass%?y MOHT D ZTEALT D ICFRITHIE L TEZ S RWFER ER SIS LTV D
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¥ phase name = Fe3C [Cementiie) JCPDS 35-772
Orthorhombic ( Simple )

Measured D. Calculated D. (hkl)
DI = 2.080 DI = 2.108 (21-1)
D2 = 1.975 D2 = 1.977 (1-12)
D3 = 1.584 D3 = 1.589 (301)
Ang[1-2]= 100.5 Ang[1-2]=100.2 < u v w»
Ang[1-3]= 52.1 Ang[1-3]= 52.3 < 1 -5-3>
Prﬁipitation& grain boundary
[ |
3 O
-4 :
_— -
o C ” . O
- ) O
S . i '
\. -"‘. Bim . L
fe—>
—.. - . . - J
O
(a)AEM result of Specimen 4 (b)Diffraction result of Specimen 4

Fig.5.7 Observation results of rod-shaped precipitates by TEM (Specimen 4)
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¢ phase name = YO (V4C3) ICEDS O-1154
Cubic ( Face-Centered )

Measured D. Calculated D. Chkil)
Dl = 2.074 Dl = L 08D $(200)
D = I.080 Dz = 2080 t{(020)
D3 = 1. 469 D3 = 1.47] e(220)
Ang[1-2]= 90.0 Ang[l-2]= 90.0 < U v w3}
Ang[1-3]= 44.9 Ang[1-3]= 45.0 < 0 0 43

O

(a)AEM result of Specimen.2 (b)Diffraction result of Specimen.2

Fig.5.8 Observation results of intragranular fine precipitates by TEM (Specimen 2)

5.3.3 fEROELYD

PR U7z 5.3 1 HB LW B3 2 HIZIKRTELZ LZ2ENTHE, FH4 =% FCW O
B R CIX, KEERIL & N,V Ef EDOEBOWTIUZ L o THIRIE A M E2h R
DRO LD,

—Ji SR D K5 BN A 7 VR ENDGE I AR T TR IE AR 4T
Nb,V & H BEDEKEA UAMER EOTDICHHEATH D Z ENRERTND,
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5.4 £

F 4 =¥ % FCW OEBESEOIKIE C Ao FR E LT IBESEDKEZELE: Nb,V
BEOKBIZ L > THEPBO LN LI L, S 7 oflfts CAMORERNLULTOE
2H2A1T O,

5.4.1 {EERILOIE

F 4 =¥ % FCW O RO W BEEZIRBILT 52 & T AW BT 5 v L E—
W T F—Zm ETELHZLICELTEREZIT I,

BEIC, H4ED 4413 HIZBWUE#EeRT ORI OZEEIZE L T, B pm ¥ XD
ERANED & L QRSB TITFET 2L, ¥ WV E—FEBERER TN~ —fE2E
DEEBETENT, BHOBRERDIRENRS D Z L EB~T,

ZITIE, A—AT A MRIELT, vy R ERRDIOT O F 2T =T 2T " REDI v
KA & R E ORI OWTELET 2,

INETOENS ., y KIOEEICKT A = R ENE ST 5 18D KR,
WHEAR O R OBRLY &y KO E & OBIRICHOWTIE, IT4E, &R L —PBEEED
EOBFUWBIETEEZHWT, BESROBIZEITOMYMANIND Lo
ETTHEY, ARIR CAMEIZKRIET v RBEDER EPEAIIZERSND LD IZ>TE
138)_

ZID OWFFERRAE TIX, Fig.5.9@IZBEEX 2R3 i< | BEE L v RIERORBEKRIZONT
X, BERENHDT DL y MERKRELS RDMANRDOONDLZ &, Fo, yRIRE VY
=N RV X —DORERIZ OV T, Figh.90)ICHEEXK 2~ X 912, ZERESR
DOFEEIZIRE LG, v RIBRBRKREL 225 LRESBO UAMEIER T2 &0 ) 3
BN LT RIR DEAN D D Z ERHE SN TN D 189,

LINLZRIN D, 2D DRFFRIC L D v Rk & UAMEICEIT 2 56k % R, #ibT > SMAW,
SAW., GTAW 72 EOE#EEBE COMRLEZX—AEGELNTZ DO THY , F4=Y% FCW
D KD REEFRED S VEES RO FUE I IRE U CTHE L72BlIT R S 720,

AHFFECIX, 9, BBFER L v RIEOBMRE L X, #iid 5.3.1 T Table 5.4 Tl L
TR R EWL, R OREFRENMT 5 &0 K 0.5um~% pm OFIFH TRARN
KREL R, ZOBEIMLTWD, LER->T, F%=F% FCW ® Ti-Mn-Si-O Z D
EFZNTEWC b E = TR BH Y | EHEERTOMBERENHIN L CZ OFEONTEY
MWL 72Dl vy RROREFIH SN TWD LB b D 140,

WIZ, vy REPEEETITNENE | Ty b E—RINT 3L F = MEVEIC R D & D
ZEIZOWTTH DA, Fig.s. 100~ a1< | 48R T OBILY RN ED O RFHF CTO
SBENRFELCTHD EET D E. vy REPKEWVIT I Ny KINTOERENERS . K
M7 XaTdZ =774 NONTHMNERILT S EBZ2 6D, W, yREMNESL
HE . RIREBESAEK L, RIAEEOIE ) ARNAREL Y XAEA L 72D | RIR D BHLK
RN 7 2T A4 M7 274 M A R L— K EMEND B A A BRI T
D, CAMERSILT D EEZOND, EBICIH y RIROERICL > TAELLEI 7 v flifko
BlEp % Fig.5.10@)I2=T,
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120

15 Conventional

research area

110

—

105 This present study area

95

85
80

7 Grain Size at High Temp (z#zm)
=]

?5 | | |
300 500 800

Oxygen Content in Weld Metal (ppm)

(a) Relationship between Oxygen content and v grain size

140

Conventional

~  research are

This present study/area

20

Charpy Absorbed Energy (J)
3

60 80 100 120

Y Grain Size at High Temp (#m)

(b) Relationship between v grain size and absorbed energy

Fig.5.9 Relationship among Oxygen content ,y grain size,

and Charpy absorbed energy
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N\

Small vy grain size

(a)Actual microstructure RN

After As transformation

Grain boundary ferrite

Ferrite side plate

Acicular ferrite

Before As transformation

v grain

Inclusion

Large vy grain size Small vy grain size

(b) Image illustration

Fig.5.10 Relationship between vy grain size and phase transformation
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Fig.5.11 (213, v RIFUEFEOREEESR OZREH ORBUICE L, SEM (2 X v #Ei8 L7z Bk
H7e kBBl ch D, vy RIIFE CIIERICLVRR 7 =T 4 b7 =T A A R
L— F 22 EOM KM AT S, —F, NIRRT 27 —7 274 MBI
FriiLcunsg,

v grain boundary

!

Fig.5.11 Observation results of Titania-based FCW’s microstructure by SEM
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5.4.2 Nb,VERFEDERIZL 2R

ARETORIEFCW & AW RGFEIC L D . Nb,VEHEOKEN, AW & SR OifLkEC
BWTULAMR EICENTHLZ EBRHLNITEEE R D, E-58HE LT, Nb,
V BEHERB LSRR 72 EOEY A 7 VT L0 Wl RAC DT IR AL U D Z E AL
TWbEEZ6N5, LT, AFETIEFCW IZE £ D Nb,V 2K+ 252 Lickv,
RGP OBGIAT 25> LT IRIE CAMEDR T BT 5 L WO BB MR TE LS
25
FIT, BB BEL LT, 2T Nb,V OFTHIIZ L5 U AR T ~D 2N,
m®ﬁm%% f%km@LT%L<k%wﬁm_owT@d¢é

—f%IZ, CAMERHEIC WD & v L E— IR = kL B — (%, BROMEER = kL X —
&6%i*w¥—®%ﬁéﬁﬁiﬁw¥—@f%éo:@9%\m%i*w¥—momf
m;Fgﬂsmﬁb:iﬁmﬁ%¢ﬁﬁ%ﬂéﬁ%@@k%%ﬁf@% ZSINDLTEL//IODN
TE, T¥XaTd—T =74 FORIRY A XNV, FNBROEHIZIIHE V¥
BLAEANVEDEEZOND,

—77. Fig.5.40)I R L7= X 912, Nb,VIZ SR I & o TR AN T o F 25 —7 =
T4 X LT D RHORNICAE LT TWD Z D Nb,V OAEEIZ L D HHRIED 225 2 i
FNZR LT=DOM Figh 12 TH 5, T72b 5, Nb,V 2 &A1 HIaH4ARE T, iRty o
KIN~DZEATHIZ X 0 . AT (LS4 U CRARAIELS 725, £ LT, b MEIIREHD %
&Y 7 BT VORI > TREMEET D720, I 5 BEURRRIC LB 7RI
TRLAFX—=PMELS 2D 2 0, CAMBIEDRINTHL EEZBND,

<Less> ¢ Precipitation hardening by Nb-V carbites — <IMore>

Fine precipitates
of Nb-V carbites  Rod shaped precipitates
/ of Cementite

Spherical inclusion
of composite oxide

Spherical inclusion Crack  Fine precipitates
of composite oxide of Nb-V carbites

(a)Less Nb,V content in the weld metal (b)More Nb,V content in the weld metal

Fig.5.12 Schematic image of microstructure after stress relief
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2B, ZDONbYV ORI L TiX, RS nm A—%—Th Vv, BHEBRESELD
MBS %E o & LTEIND Griffith theory DS R(5.1) 4D ZETd 5 &, HTHY
DR NS E H 72010, BRA MRS 5 72 DIIFEEmMIIZIEF TR E 7 3 3
LB, 0, FHELE NbVRIWITARADOK R &I 5720, L7235 T Nb,V
AL, M LIC K A RHHOETR L 24 U T, CAMEZLILSEL2 D EE X HND,

rr— (2 (5.1)

LY a—ﬁ:‘\.‘ ma
K=(3—v)/(1+w) (Plane stress)
K=3—4v (Plane strain)

G : Transverse elastic modulus of material
v : Surface energy per unit area of material

a : Crack length under tensile stress 2a

FAFED 4413 HTIIR LI L D1, BRIRIMTEM OIEY & 72 Z GBI OB,
U VE—ERERBROBRIC, BREOESD 1oL hoTWDHEEZLND,

k. EEBAM L IFER CHEELETHRROEA L Z A NBRBROFAERE 257
REPEICBI L i, SR BICENE, 72T A4 b« BA XA MO ~ETBIBEL, AV
A NOEGUNBREORL R L 7> TREURENEL D & O UAMETHIFREE T L AMEE S
FLTUN A 142)

LU s, BAZ A MI—MACHE S 28 Si,Mn,Ti OEABIEH LV bE<. K
HB 800 FEETHH B2 LD, TDIH, AR TG L LI EEBILYRDONIEY
L ERT M EATHERRBMTIL, A Z A LD LIS THSICHLE 2B
bh, v ¥ WV E—ERERBROBIC, ZICEN TRADER & 72> TV D TR &
Lo L Bbhs,
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KETHERTEZ L% Table5.9 IC—EICE LD, T74bH, F2=¥% FCW D&
P& B ORFATICIE, Ti-Mn-Si-O ZOERIROBLM RANIEY ., Fe ZDOT AL Z A b ERD
NLOMIRDRAEY), Nb,V ROMHMI7ZR A, O 3FBEDOAERNHERTE I, Z2DHH, T
VX 2T —7 =74 NOKNICH T 5072 Nb,V RO R D U AMEOHIZE L L
MELTND,

F7-. LB SR %17 TNb,V DR EN T 2HEIL. b IREL EOBWEA
TN HIVE, TEBGEE OB C 1T+l LA O A U P E i & TEET H b O
LEZOND, DY, Hiik Fig.5.3(a) T SR ORREEZRTT L8 —3F A —F 2 Ffi T
DOHEPHTEZOELSHETH, Nb,VEEA LT EHESRE O UAMZLORRE I £ A RN
LT, WTILh As Welded (ICHEEL T, —HRICKRER CAMKTZELHDLEEZD
b, 70k, Nb,V 2GR T HEBERDIZOND, BEAZ A4 MR LND Fe RRIEWHD
Mrib B2 ERAIC D22 WRIN & LTI Nb,V & bICE#ESRT T C OFEAZET SE51E
HEATHEDTHD EEbNS, T7bb, Nb,V OEBILE1T - minEe BT Tk, C
X Fe L DRUENEIRER->T, ZEOEBA VA A FE2AEKTEHIHLDOEEZLND,
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Table 5.9 Status of various precipitates in the weld metal (not reheated zone)
Region
AW Type Grain size | ‘Boundary - Influence to
Nb,V /SR DO~® (Avg.) -Intragranular Features of precipitates toughness
*Both
0 -Titaniaoxide including Mn
Ti-Mn Inclusion 0.5~2pm Both -Overa.ll .dlstrlbutlng Light
-Sphericity
@
AW Nb,V Precipitates
®
Ferrous based
Precipitates
Contain o Titaniaoxide including Mn
Ti-Mn Inclusion 0.5~2pm Both -Overa.ll .dlstrlbutmg ¥Same as D Light
-Sphericity
© -C-V-Nb system
SR |Nb,V 1~10nm| Intragranular | . 7 Heavy
o -Fine particle
Precipitates
® . . .
Ferrous based 05~1pm Bour}dary Ceme.ntlte including Mn Light
. (mainly) ‘Rod-like shape
Precipitates
9 ‘Titaniaoxide including Mn
. . 0.5~2pm Both -Overall distributing XSame as Light
Ti-Mn Inclusion ..
-Sphericity
AW Nb,V Precipitates
©)
Ferrous based
Not Precipitates
contain Titaniaoxide including Mn
. . 0.5~2pm Both *Overall distributing XSame as Light
Ti-Mn Inclusion ..
-Sphericity
)
SR Nb,V Precipitates
@ -Cementite including Mn
Ferrous based 0.5~1pm B(our'ld?r)y ‘Rod-like shape Light
Precipitates maimy ¥Quite often more than 6
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5.6 #Es

%5:?¥FﬂN’ié%%ﬁE@Ehr ZEAL T, BAE L Nb,V i 7 nfifikicE o k
ICHEEZRIFLTHDENE NI BLRNOBIEEZITV, BEEE BEEIT o7,

ikﬂ%ywﬁﬁ_ié2ﬁﬁ®mﬁéﬁ;%Lf\mﬁmiimwwmﬁ%fﬁ%@i

L(SR)D 2 FEHOBBIE DR 2 %52 LT, X 7 v ffliika S riisi, SEM, AEM, 72

EEHWTHEIE L, LTORSE L %Hto

(1) fFE/ N1

F X =% % FCW ICRBN R EESR T O/ WEEE RIS . EEESEPICIE
Ti-Mn-Si-O RO & EIRE T HIEMREL 5, BRED ﬁﬁ . ZOEONEYE
B ¢ T oy RifRAERE L, RINERRO(RIEEIC ;éﬁmm®%MM%ﬂb\%%$E@
CAMEZN LS5, BHEEROMEBEENEH VT ¥ =FR FCW IZBWTH, EitoHgn
MR CT&E T, Zhid, #EkD SMAW X° SAW TOfRHE BEOW AR L R TH - 7=,

(2) Nb,V/ e AL O T 1

Nb & VICHL T, IEERTOREZEHRSEL 2 LICEY . SRO®BF AL HEE
Bl £1C X D W72 ND,V REALS OB HIAH S, AW & SR OfTiTh LAOm E
DR bz, 7B, 2O NbV REAM O A CDBRIL, RO A 7 V2 &
56D Thotz, LT, ZONHOMEL LTINS 22 LIck 0, CLAttss
fbEEsb0LEZ BN,

—J7 T, Nb,V BDEBIIEHESRET O C OIERZ&D LD, BA L Z A FElbhd
Btk D Fe RIAL ORI A~OHTHZ L <ENS 7=, L, 20 Fe {R(EMIZ
5% UAMEA L~ DOWfR/2EBIIRD bl ho T,
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FoE RKERFHTFTZ=YRT7T vy 7 AAD UL YO L EZMRL

6.1 f&5

AMFFETIX, B2 EHE 3TEITB N T, v VIHEHECO RAF R RN 2155 72D O
HBIZHOWT, 7— 7 REKUCB T MO EREIRS) & RO 28 & \I2HER U CRF AT
ST X, £ LT, A BEEEAIT 5 72123, W 0N HEARE O REHEE O Tl
WEMOFREIE NI T, MAEHLEHS LI TERNWI L Z Y I 2L —3 g LR
IZX o TR L7, £ L C, IERlM A B> CXRFT D AEMA T ZIC K 28D L 5 7pe—L
REDREN BRI AT O TDICHEATHDH Z E LM TE 2, £, W OBITIVEE
X, TORMBPENZL > TRESFEEEL O IT T, 7T— 7 BEMOXEIX T 1 212725 T
HZ E bR LT,

e AT, HHETIT, WSRO UALZX S72DI2, IRINoeE & 7 v filigkos
BN DRR AT o T2, TOWRENT T —FI2 L0 | BEEENE WO UAMEEAMEW &
ENTELFCWORESIBE TH > TH, Bk & OB O@\ Mgk £ &3 5 5@ biig Al O /F
RICE o T, WHBEEEMNZE2 S 2 &< HHREE CORBFRORBIIAETHLZ &
R LI, 20 BT, A—A7F A MEFOLEORIM (Mn,Ni), Ti-BOEERM, Rl
Yot Nb,V,POMIG 2LV F% =Y RFCWTH-> T, AWE L OSRO M4k T—60C
FREEEE COMKIR CAMEDRERNATREL 705 Z & 248 L7z,

ARETIE, B EIZESE 50 EEOMEISIZEN TE 5 L 918, B — N8l
EOMEMFEIC BN TER G & L TR SEDEDITHRE LIENAEICMN D, £ D5k
RELT, RSN HRRASATZ=VYRT7T7 v 7 AAV T A ¥ ORI E L TOMERE
L ZEDEMMBRBUCE KT D,

6.2 EIEBHAMATZ=YR77 7 ANV UL YORHZ - ER1t

FCWIL19804EE > & pEZE R Ok # 72 /3 BF 12 B 1T 2 S &4 o B (2 A B R Zn TR BEAA B
7o T K40 R LT, BRFSLIOR, #E 7 — 7 IR IR0 © R Ha B & LT
ENAN OB BT I B W TERRRE 22T &7z, Fig.6. I, HARREME T¥#S
2 &k BEN A EHEB ORG99 TH 55, B 10EMOHER Tk, FCW b 20084 (F
FR20EEEE)D Y —~ v g v 7 DREET MO L & [FERICZ O E A D ST D,
LorL, @ F2~3FEo#ma Riud, FEEEMEHFEO T T, ME—FCW7ZIT 2 8&E L Lt
FOMAETOHIMIEEZ T TNDZ ERDND, LR > T, FCWITREEMEIOFIZ 5D
HOLESIT E LT, BARLOR, ZOHEEMENBIEE T, 1T AR LT TEeE25
149, Z D XD RFCWD LHER L L TORMEIX, #DmaERMCEN - 285 TOWRHELE
b7 EOIARFHEN, FEEROZ L OERMTEVIEZ 2 THT T bE720Thd, £ L
T, ZOMHICBT HHEIEL. FCWIZXHT it E S 205085 & A5E - G IREl~o 8
FRENORERIZL D E ZABRKEN,

AHFFECTHY o 7= IR M AT % =Y RFCW ., FCWHR G #EO—FfE L LT, EAHE
NibOThHD, ERNA—H—O AT EIX, 201345 : 2463, (EN607". /ifH1856".) .
20144 : 2847 ([EINT61". /i 2086".), 20154 : 2469". (EWN1317". /HiH1152".)
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x| RIRBRE CHEIT S UREERSEY ., BT, (LT T v AR EOEWEEME N R &
DR 2 kP52 & D S & L CHRIE LT & 72, Fig6.21%, REHFCW DA
ELTRICHVWSEND D TH DA, KO KRWEGHE CRd & o ic, KIRASHFCW
X, FCWHEIGEBEO R CEHE kML LT, TOEER —AZ KT £ TIOE L2149,

ZOKIBAMAT 2 =Y RFCWR, 20X ICMELEZEBIX, L LTFRO~OD

3Rz il 9 % B

& LTRSS, TGN @mOiHliZ 55N 772) &5 2 THIEW R,

OEBEENE L UTarm b2y CORBREICE L TWDH Z &
@QLPGZ*5: L L T—60CF COMKIBEMEE TOMEHICEHARETHD Z &
OSR7Z; IR BB OAMRRIC b E AN AEETH D Z &

Unit: ton
160, 000
146,130 ] ]
&_.,3.31-\293 Solid Wire
140, 000 TR ¥ TaT, 097
123, 633 125, 238
120, 872 120,193 18, -
115.303
120, 000 v
116,728 1 4 117,639
100. 000 97935 44 419
' Covered Electrode ___A . 87,196 87,845 )
74, 11377, 295 O 50 321 92546 00,870 NP
80,000 frrsoe — - ! 8604
y e, ‘\_\; 607 - 7,075 / 83,318 x » g\ ] 0
Q‘r"“o-u-.._Q OB 13 r"" = """\ 778,290 76,708 =N e 6, 458
60,000 |62.120 113386 S i ' 1,842 15,55 X 4 69.79 ..
' 58 e~ Om=an e Flux Cored Wire -
54897 55,052 Omwm. 45,564 43 6o
52 o O m iy 41,406 49, 597 41, 881
40,000 47,806 e =m0, 35153
' vz G 28,779 30,064
) " 29,021 30,218 9. 409 26. A S
38,651 56 315 38. 784 34 397 o 0 9t a0 35, g5 3,143 38,30
20, 000 AL e NI 1) 77 50728 651 og ” o=~
' \ 75,907 24 2087, 043
SAW Consumables
0 L L L L L L L L L L L L L L
WOH8 M9 WO HIT W2  HI3  HI4 WIS HI6  HIT  HIS  HI9 K20 W21 H22 23 H24  HIS W26 po7
Fiscal year

Fig.6.1 Trends in volumes for domestic market by the type of welding consumables
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For carbon steel }*

4{ For mild & 490MPa class high strength steel ‘

€O, —4{ For 590MPa class high strength steel ‘

—{ For mild & 490MPa class high strength steel ‘

ﬂ CO, %ﬂ For 530MPa class high strength steel ‘

ﬂ For weather proof steel ‘

4{ Ar-CO, ‘4{ For mild & 490MPa class high strength steel ‘

Fig.6.2 Classification of FCW for carbon steel
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6.3 REEEMDOBENDLD T T v 7 A OB

TR E L COFCWIZIE, &EBEEME SR U AR /e A Lo
FOR S THARBEEEEDPTE SN T ARITNIEZR S 2R, TDh, SRBREME &K
IR CANEZTRIR LN D BAF R ERMNEE BT 2 7 7 v 7 A% (kO AH &
BT L3 IR AT 5 145.146),

6.3.1 SERBEEHEDT-DHDT T v 7 AR

HFIEICE T, REBIVEHE A ATREICT DICITBA O L 5 [CIARL O R % 8 > T
HATTEOERNYLETH D Z 2R LT, £ 2T T 227 7 AEAIORED®E
EEAT O T2, A BER kY O A & it L7z, Table 6.1121%, wHEMEIORT 7
oy & LTI BTV A IREN S B EY Ol 140 % R LTz,

Table 6.1 Melting point of various oxides for slag former

Oxide MgO CaO Al20Os3 MnO TiO2 Si02 FeO

Melting pt.

c) 2852 2572 2072 1945 1870 1600 1377

R O 2 1500 CRRE L B X T2, AT VT & AT 2 72912131600°CLL Lol
HEATHRIEMTHDL Z ERMBETHDH, LrL, A7 7EOREAMgOD L 5 12FEH
IZREWGEA, R ORLE L OENRKREIBE D720, A7 7 TBIC L HIEmH O g a2 B L
T5, FORR, B — NIMBLO LR S A ZH bt s,

AT L CTiO2E, FFEA T ZAEMAI O T, b BRAF 2l & FIBEMEZ A L, 158
T =7 OREEZ I TRV & WD EEEENR COESB LR8N H - 72, Fig6.3l%., A
T 7 BERKT DEMOILAYDORKIEL ., 7T v 7 AR~OFRMC X RO~
DEBETRTHLOTH 580, T70b5, TiOAIMD A T 7 AERKANC bl U CEKIEME L |
TN & DWTEROZES R NS L | T — 7 BEMA~DEBIT DI Tz, T DI,
TiO2 S AR 2 2208 L T > CTREFT 245t L | 77— 7 REEDBLEN S LD AT 7 A
ALY BERTHNDZ EICERL, AR CTOREMSRE LTIRILTF X 28R 7Ty
AT ETHT X =Y RFCWIZED T,
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Droplet diameter change
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Fig.6.3 Relationship between vapor pressure and droplet diameter change

per unit flux percentage

723, FCWHASDOTIODRMEFHIZOWTIX, Bif7e e — FMEL - B — FIBIRZ15 2 &
WO BLEND U A Y REEICK L T4dmass%lh EOWRMMBLETH Y | T, 8.5mass%%
HZDHERT TAEREPBRNZIRY | AT THBABSLHMENRNRR EOEHERBEELD &
WO BYEREHZ LD RERNE LTV D,

6.3.2 EMBLOI-HODT TS v 7 AR
TiOe% FE R MRS LT HFZ =TV RFCWTIE, 6. DRITRTIA@ A T 7 O ILEBL
DOEIZBE LT, ~A F A (FBRMEM) ICRkEL<FET D,

Basicity BL=6.05Nca0+4.8NMn0 1+ 4.0NMgo +3.4NFe0—0.2Na1203—4.97Nmio2—6.31Nsio2  (6.1)

Welding method * SMAW

1.000

500 —
Basicity(BL) = 2. aj - Nj
Nj : Mole fraction of each component
aj + Constant O 0]

(Acidic) 4—’—» (Basic)

| | | |
—2.0 —1.0 0 1.0

— Basicity (BL)
Fig.6.4 Relationship between basicity of molten slag and oxygen content in weld metal

— Oxygen amount in weld metal (PPM)
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Fig.6.413. WA 7 7 DILE L iR OMFEE L ORBREZRLIZLDTH DM,
FRMERR 7y T 2 TiOT, AR T OMFEEL LIF TL IV, ZORE, KR CAEZ S
SHD, ZOD, WEROTHZ =FVRFCWIL, 2LRBIEENFAIIETE — RO A Ny ¥
AR EOWHBAFEME L BRIFTH Y 2036 KR CAMEDOH A 513 —30°C £ ToiEH 23
[RACThDLEEDLNTE,

—J.CaXBa ET NI Y e ROMEWEZ T T v 7 ARSI LT EEEFCWIL,
HWHEBLOME % 77 A (VM) ([CEA CIABEEROMBBRAZIN L, KR U AMEITE
NDbDODORERBEENTET, B — MMERT — 7 REM R E OB HEIE (LA ETH
5o

ZIZ T, AETHEH, FAETHRRTE ML, FX¥=YRFCWERBHxg L LT, K
i CAMED 52 5 <<, TORESRBORBFE L ZHRTT 5, £ LT, BEL OB
DEWBEEAIOERICE Y, F24 =Y RFCWTH - THfiLEEHTH 5 MgDIRM T
450ppmFfifE F TORMEIZRETH D Z L xR LT,

LU o, EHAEEMEOBLR D DIX, 1R DMgI T A /Ny #R0k 2 —ADF4
BEHELIMSEDL ZERMLN TNV, MZ T, Mglid AT 7 Iz @SRl o MgO % Hi N
SETAT 7 OREMEEZ TP, ©— F~OatE 2 B b S & TEES OB & 7
DD %,

Appropriate addition Degradation of bead appearance

No effect of low oxygenation

200 \Oxygen content 1°

range of Mg Increase of spatter generation
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0 | 1
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Fig.6.5 Influence of Mg addition on low temperature toughness and usability
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I T, ENOEEFEREZ LS ETIC, BEGROMFELEBM L TRIECAMEZ R
AL T X DIRMEHE %2 M L7k R, Fig6bllmnd <, FCWaRIZA L T0.2~
0.8mass%DINIA, WHAFEM AR S Z &< WG BOMHE 4K L TR
RCAMEZERCTE WM TH L &V 2 D,

Fig.6.61213, I HEREMEZ Mk T X 26N TOBBMgE Ot AIRINC L > TAEL
HIRIERALOZ RN, —60CTD Y v /L E— RN T R LF —(VE-600) 7217 T2 < LE=
F ¥ —(Upper shelf energy, LA F. vEshel) D[] EIZHZ 5L TWAHZ EERd, ZOK
TR DT ¥ =¥ ZAFCW DR & TOVE shelf 49753 AL T L 72 a 824 | O KR
FEC L TWEHESND ZLE2R LTS, b h,| IEeE T OMBEOIKRIC L > T,
il i D WEtEIE R IR MR (L L CVE eoc3 M LT 5751 T2 <, vE shelfZ & EA S+
LNRbBOHND,

200 : :
180 L YP=500~600MPa ]
°
160 - .
°
140 L) =
°
120 |- i . . .
_ ° g Developing direction
5 100 s . for lower Oxygen _
= Q, (Y P o
80 L (%}E'{éq?? -
e
60 | Y, .
s 2 Comvent .
onventional Region
40 - [0] =700~ 1000ppm ]
20 - .
0 1 1 1 1 1 1 1 1
450 500 550 600 650 700 750 800 850

Oxygen Content (mass %)

Fig.6.6 Relationship between oxygen content and vEshelf using Titania based FCWs
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6.4 KBAFATZ=YR7 7 v 7 AR VA YOAWHARTOMRE (BIFRM)

RIIR D 2 B~55 5 BT LAV F RIS, WHE LIS 95 L COBBEIEEEORLA
DO DOREHEREZMAM U KRR OTF ¥ =Y %77 v 7 AANO VA Y ZBFE LI, T7¢
bt ERBVEBIEIEIVRIE CAMENBAIF T, B — RAMBIOR Sy ¥ 384 &7 E OVEEE
FEMED BAFe TR & LTl S,

B %8 KN 7= FCWHRLAL BE O IRIR TR~ DO MRE O HHPHIZBI L. % 0 — 4 % Table 6.2/ 7~
FU8, 2o OREIATIEDOFIE.6.51Z R LT B WEROTF X =XYRT7 T v 7 AADT
A Y OSBRI LT, WHEEBIRE (FATT) ZRRAICBITEESZ LItk T,
—40°C,— 60 CDIKIR TD U AMERIZKHETE 28 L 7> T D,

Table 6.2 Developed FCWs for low temperature service steel and their applicable range

of service temperature

Applicable Service Temperature from Viewpoint
of Impact Toughness Requirement for Weld Metal
Brand Shieldi 4 Chemical C iti
n ieine Conditions Service Temperature C emlca‘ omposttion
Name Gas System in Weld Metal
PWHT Maximum Heat —40 —-60
Input kJ/em L ‘
1
D-E CO, As Welded 30 > C-Si-Mn-0.4Ni-Ti-B
DA-E Ar-CO," do. do. —E—P C-Si-Mn-0.4Ni-Ti-B
T
D-L CO, do. 25 i > C-Si-Mn-1.5Ni-Ti-B
1
DA-L Ar-CO,* do. do. H > C-Si-Mn-1.5Ni-Ti-B
* Optimum shielding gas composition : 80% Ar-20% CO, #i Down to =30 in the Conventional
1

6.5 KIEHS#RFZ=YRT7 7 v 7 AAND VA ¥YOSRHEFETOMRE (BIZFESH)

IR CAAMEIZEES 2 AR e a2 & £12, 6.2HHDOK AEZME T 272018 E< D
RIEMBT 21TV AWAERRIZ I T, 6. 478 Z R <7240 < —60°CHEE £ TR PERE & (R
THZENTE, LLReRE, T4 =YRFCW T, SR & DIEER B 21T 5 55
B IR EDLNTERZ LT, WHESBTHOND, VIR 2 E5k LT, #ritifE(ks &
U CLAMERHT D700, EHEHREVLENIE S D 58 ~FCW A H 3 2RO K & 7ok
BELZp ooy (BB4E, 55 EITTHRED . AWFETIX, £DORERFINAFig.6.712~3 &
212, Nb,VOFEICHHZ L2 R LT,

L2rL7eh3 6 Nb,VIZFCW D RAF 72 2R T OIS EM 2 k3 2 7o DI LB AL
FHT7Ty 7 AJFELE LT, LEMICZHENDVTFLIICAHMME LTEEND HD
ThdHIH, VFUEADOHERZR LICFCWE T8 & LT T 5 Z L3RRS S 2
HILTUW,

ZZ T, SRICE D et & [EhEEd 576, Nb, V =& ] L7 fek b7 % v ok 2 7
Fy 7 AL LTHM L, algFE0KEEC, b)EeiE O X 25 kb oA L F
EreabETEA L, SRR THE CAME (LA L, LPGY v 7 /¢ K OELERE T~
i RTRE 72 8 LU MEIR S 7 % =Y RFCW A B¢ - M b L7z, Fig.6.8(CH% - ML
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L7=F % =FVRFCWHELIZEA L, AW ESRIZE T DIEHEER OV v /L B —EBRHBR DR
BRI GEREL &R LT, WA E IS UAMERSE - M ELTWD I E NS,

Z 2T, AR OFig.6.7 Tk, AWIZE W T HNb VOFIEIC L » T, CAMENELT D H
MELNDN, ZHUIZEEESEICH T 2 HEE TIL, %/ AL > TSRO KL H e
A TN FENADIEEEBN DT D Z LIk > T, Nb,VORILITHAAE L TV D 7=
DThHHEEBEZ LD,

[ [

150 - O AW 1
= ® 620°C X2h
Q
[—]
=}
|
=
g 100 .
=
=
=
=1
[=F]
2
S
=
* 50 i
a
=
o
@]

0 | |
0.0 0.01 0.02

Nb + V/2 (mass %)
Fig.6.7 Influence of Nb, V content in deposited metal for AW and SR treatment

160 T 1 T 1
= 140} Developed titania type FCW
& Brand : D—LSR
8 120+ AW
L SR

:;ﬁ 100 Conventional FCW for
E 80 L low temperature service steel
=
T 60Ff AW ]
-;E SR
% 40 - A Wire dia. - ¢ 1.2mm
z 20| Heat input : 17k]J/cm |
& SR condition : 620°C X Th
6 0 ! | ! !
—90 —70 —50 —30 —10

Temperature (C)
Fig.6.8 Notch toughness of deposited metal of the developed Titania based FCW
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6.6 KBERAMAFTZ=YRT7 v 7 ANV UL YOWELCAME EAFRM)

WEPEREEY) O /7B ClE, 1990 £ 5 YP420MPa#kii-°YP460MPaifk i 23 H & uhh
Wiz, SHIZIETIE, 77 v ]\ﬂT‘—A’?‘/’V/f“/ FSEsREA L L, — 8 CIXYP500MPa
M DERE D SN TWD, Fio, K TIXYP550MPa LSO H HIRFIDAHED | &
BB~ D 72 5 & i - %EJWI:A@EEK IEVEFLL o TETWVD, 29 LI,
W) DR N Z 58D D T2 IR ) ANE A S 4L, SRR it A ORI R (77
LA NRRME) 23 VAT SRS IE ) 2 TP D SRR MR & L CCTOD fEDZ R
S, ZOERMEHFE2E L 2o TE TN H149,

AWFFED ZIVE TORAZ N— 22 —60CFRE £ CORBHMIZEHT TELF ¥ =Y %
FCW& L CAWHHRIZ S HA A, SREZITTH, MifbziT e A EEURWEEGBRIED
N5 X220 | FFEMOYP460 SEH D7 7~ 7 ZAAY U A ¥ (1.5%Ni-Ti-B (Nb Less-
VLess 5R)) 1%, BAF 72 CAMEFEBT 2 Z ENAREE 2oz, fERIZHER L TRIEC
il U A% 17 B LTV | Table 6.312777 L 9 ICHFEREEY COER E LT AICiH
HFHND—10CIZBIT 2L E LI-EERRE TCOCTODME 0.25mmbl E&+/312id 45 2
LINTFRE & TR o T,

T, TOESMANY =—2 g &L LT, NACEKIZHE TE 5FCWIAEL R
O Ni £ 78 Max.1%Ni) X, YP500MPa 7 7 A ~O@mMmEERICHL@EHA T 5
FCW(Around.2%Ni&) 72 ELHIGBIZIER > TWb, o 0® o —Fl(E#E4E T
Max. 1% NDIZDWT, EDHEEBEOL TR % Table 6.412, ¥ ¥ /L B — I =R F —

DER T —7 % Fig.6.912, CTODRBR Dk 5 % Table 6.5(2 71537150,

Table 6.3 CTOD values of developed FCW’s weld metal in 1G, 2G, and 3G positions

No. |PWHT Bﬁf Speum?n Slzeu p P-v vP ge*
(C) (n]jn) (n?:n) (rf:]m) (N) mode (mm) (mm)
' 396 | 802 | 423 | 128000 | V | >4.00 | >1.080

| AW 395 | 802 | 432 | 122500 | V 2.60 0.708
(1G) 1 o6 | 801 | 433 | 107500 | W 2.32 0.623
oK 396 | 802 | 430 | 120500 | V | >4.00 | >1055

, 397 | 802 | 427 | 116000 | V 1.68 0478

5 AW 396 | 80.1 | 42.8 | 112500 | V 2.04 0.561
(2G) 10 07 [0z | 427 | 1zs00 | W 1.70 0482
oK 396 | 802 | 422 | 117500 | V 2.88 0.791
' 395 | 802 | 42.8 | 136000 | V 7.60 1.964
; AW 396 | 802 | 440 | 131000 | V 7.88 1.953
(3G) 10 06 [ 802 | 427 | 122500 | V| 406 | >to84
3K 396 | 802 | 410 | 132500 | V| >400 | >1.132

*! Observation of fractured surface after CTOD test
*2 Notch location © Weld center
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Table 6.4 Chemical composition of weld metal with Max.1%Ni FCW

Chemical composition of weld metal (mass%)

C Si Mn P S Ni Ti B
0.05 0.31 1.25 0.008 0.007 0.96 0.04 0.005
160 160

| Horizontal L Vertical
140 H =Om==| As-weld 140+t e | As-weld
= - =@=| PWHT | O o 3 - =ae=| PWHT
9 L S L
2 120 z 120
I B | B
= 100 = 100
S 80 2 80 -
=
2 60| 2 60l A
= | s |
£ =
2 40 < a0
= - = L
3 20} ¢ 2 20l
&) B < N
0 | | | | | 0 | | | | |
—70 —60 —50 —40 —30 —70 —60 —50 —40

Test temperature (‘C)

Test temperature ('C)

Fig.6.9 Absorbed energies in Charpy impact testing of Max.1%Ni FCW weld metal
in the AW and SR (580°C x 2h) for PWHT

Table 6.5 CTOD values of Max.1%Ni FCW weld metal in the as-welded condition

Base metal Position Testotemp. CTOD *)

(°C) (mm)

0.38

Horizontal —10 0.38

FH36 0.38

50mmt . 0.65
Vertical

upward —10 0.76

0.77

*) Testing method: According to BS 7448 (W=2B)
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6.7 KBHAMAFZ=YR7 T v 7 ANV UL Y¥DOHEHH

INFETHBARTEZMERBICL > THOLNZMAIZE Y, REBTORIRIRBEEE
PEZHERF LoD, BAFRKIR UAMSOEE U ARG DI, 2o, IEHEEENE D Bif 7285
MR S N7z, 4 T, FREOMWMHEREY LPG - LNG R EOHAXF v V TRoX 77l
WM TEDEHEMELLE LT, TG b 0BERIS U TEOREREL L TONRNY =— g
VHYEN o TN D,

HyHO&FQGH’i ARGe A D 5 TEH OB LARIBHMHT % =¥ %
FCW 73, WSS OERROMEERSE O 7 7 7 U r— 2 OREE TR T, SRBEHACHE
ﬁ%éhkém AT HDTHD, KWL D IO OBRMIX, 1EROYHET — 7 ¥k
BRI T, BB CORETRORERN LICKELHFET D L L BIC, Bl RRETRN
BFHND 2 &l S AL, BT OEW - it & il R T2 ol & EIN L <
WD,
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Fig.6.10 Application of developed FCW for low temperature service steel

[Left] : LPG gas carrier in Kawasaki Heavy Industry/ Sakaide works
[Right] : Bi-lobe tank in Mitsui Engineering and Shipbuilding/ Chiba works

Fig.6.11
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- \

b | P 1 3 "]’ g
«—& ;\ - '
B - 1

Application of developed FCW for low temperature service steel’s SR part

[Left] : Offshore structure in Hibernia, Canada

[Right] : Application for pipe welding in Hibernia project
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6.8 &5

ARETIL, H2ECTORMBNICEDLMA L | 3 ETORLRBEHENTE HTI2D DU
TR O S IEIC BT 28R L . A EB IO 5 =0 BAFRKIR U AMEE EE
D= ODOMBITINZ, TEMICHER SN D120 ORRE 72 5 BAF R RBEENE L &TEICA
NT, 77 v 7 AFFFOEMMAAIN S TRz SRR RS T % =Y ZAFCWO L2
DONT, ZOMEREZR IR,

B Sz —#HOMKIR AT % =¥ RFCWIL, AWEEE7Z 1 T/e < SRIEEERIZE W T b
BAF7RARIR U A2 8L LTz, BIFELICK, it o ORI ASETe RS E . LPGHRS®
UFik & v 7 72 EORVMEREMES R D B D = R0 8 T £EBCli TRERICE, 2
O, FIEHEMEOEBR 2813 T X DIEME E L TR WEHEiZ 21 C\b, £ LT, 4TI
TR < B RS L, EEHIRESY OB TIZB W T, K3 D DM EHZ /2 -
=& LTHME TIER,
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BTE W

AW TIL, BT F¥ =YR FCW OFEH:T — 7 FHEKIZB W T, RS OW)
PEE LT, RERITAERA T VT OREZBR LT, ZOBRMNOFT, 7—27 FHKOR
RSB T 2 HRERICEA L, fE CREDORWRIE FIEEZHELTH L &b, AEmRA
T 7DD DHE—IL RERBENIE D ORELE, BBV TR IEENEZ F8
LTWOHEA EEMICH SN Lz, £io, 77 v 7 A& Bb o> TR AR ERICE
A7 —NCBITT D2 b, FX =YY% FCW O B is B EEMEOERICHS LT D
ZEH AL,

WIS, BEBTORIMPRBEEELZAREICLIEAT SOEER T T v 7 AR TH D
T2 (FH=Y) B, EHESBOMBIERZEMIE L LI, RRIA VT VL
F72E) THHDIINbRLV R EORMYEZENESE, KRCAEEZE LIS H
TWAHRIZEHR L, 2L T, MVWBRREOEESBZEMT 5T % =VR FCW Tho
TH, O450ppm BEFE CMAEAETE L2 L, OGLILHEOWIMI LTI/
MBOBAMENTETHDHZ L, @R E LTONDV ERFEZIHTHIZ L. L)
AWK VKR CAMEZM ETE 52 L amd LT,

INDHOFFERR A, FEEO LERMICSHA L CEA LT, KIEARAT LI 30 R
EHWTAEEMIZIRD 5N D —60CREE TORE UAME . BiF 22BN~ EBT
5T H=Y% FCW % BA% Uiz, AWFZE DAL S BRREEL S, O AW {14
2 C K, EEMEDICMHINES DG IBREE T SR EERICEB VT, CAMSLE
AU WEHINR LD L o2 L &R LT,

AWFFRIZBN TR ENT ERROFERIL, FFICTRB L2, 2 2 TIEZONRE RIS
LCikR%,

#1ETIL
feam & LTy AW OE FOMER DM R A BT 5 & & bICEEZ /R L, AIFZED
VB & BHEGIZ DWW TR~ 7=,

2 E T,

BHRIMED 5 B, BHEIFEMICKRESEET D LEZ DN ORI RN EZHRLE LT, T
— 7 B[P CERRET 5 Z & 2B To, £ LT, MAG BHEZE L7z @i OTE TSR
FKUC I T DR PPED EERIE & LC, @i CRE D ®mWRRTE O LWRIE HIEL
REL, £, TOZYMELZFIRZ O RNER CHRT 5 & &b, Rk OHEM
EVEHEEEME O BIHAEIZ DN T, =V R AOFEEIZ L DB EOMR LA,

Flo, FREMER YA VICE 2 RERNOVEEDOZRERFT DL LI, =V’ T
ANZDONWTH, Ar FFHRHIC CO2 H A & IRA ST, MgkEHORE IR ) ~D > —/L K
T ADEBA A LI O EREITV, M ORE RS & A EME O BRI DR G 72
P E=1 T > 7=,
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B 3ETIE,

FCW 2o\ T, Z0b K& ML W2 5 2R TO BRI RIRBEEEE 2 TREIC L
TWAHRFZH LT A Z &2 B, i EEERECoR/MM & 8FE&BIT2 Y Y v R
T A& DOBRMFHIIBWT, FEhR - B8 L CEOBR % g L,

FH=VRFCW L, YU v RUA YT % &ann BRI IWT, R0
A U720 B 2R N AT RE 7R SRR S EBIRUIT IS < 7o TV, U, IRmih R m
WG aBo TE— IV RREMEINDEER D L 5 2B &= Rl |l s o R 7 7@ B F1E
THZ LWL ST, WHEOENELBIESND T THoTz, o, IWHERHZU A Y

RSN D 7 T v 7 AREIC L - T, IEEE R IR A~ZE L TBITLTEY ., Eh
TR EEEOERICHES L TWDH Z LR TE 1,

BAETIL,

~ JVEHET X =R FCW IZBW T, AW DA L IE#E%IC SR 22 1258 O 5
T, WEEBETICELTWDES LY, BEERORB., G&ILFEROBIN, RN icE o
DR BRI LT,

FCW IR st om W FE L, BE L oM hoEmnwIiEz2 U A “\7EF‘
Mz 5z izl v, TEMIZ 450ppm FE F TR TE . Z ORFBEIRFOLHEIC
AW@%T@E&Tﬂ&%T%kO%@*ﬁkbf\?&:?ﬁFle%@%ﬁﬁﬁé
JE R O EEESE &I . BHERE T TO Ti-Mn-Si-0 OBt % £k &3 5 IEEEN
EmaEHEL T, Z @E&ﬂﬁ%—ﬁ TEMIS o ¥ W E— BB OBIC, N~ —HRIC K D
BIZX o TEN, BROESIZRSTWDAREENRH D 2 EIRIB X LT,

Flo. yAERITLEMa NI Z T A VRIS 52 21280, CAMEZMESED &0
WOTR U AKX, BBREOEWT X =VR FCW ORESROLE S AsERBALZIKT S
TR EbL o L, AW AR CITE R Th-7=, Lol SREEETIX, AW THZT
HoT=Z O U AMUER TIIIENRBO bR o7,

A :JV-F‘ FCW [ZHBH RV T A IZH KT 2 Nb & VIiL, BRI bIAEN
e, AW & SR OO T CAMEZ SISz, 7. Nb,V OIF{EIZ LD
SR 73_"1 F S RBIITE LW EAMS b AT L Z LR LN ol

85 E T,

F 4 =% % FCW OE#HEERBIZBWNT, BRENEHWNI & & T@%&LbeV%a
AT22&L, ZOTRICERLTINDDOREN. CAMEE I 7 w ki KIT T8I
WTHREZITo72, 77205, %ﬁ$®ﬁﬁthV@mﬁKiU\AW%iUSRh%
WTC, CAMEREEIND Z &2 7 afilfik, MEY. TEYOZRZEN L OMNCT 5 2
EMWTE T,

MEF BT y it E K& < L, RNEREDOMHEC X B FE Sk OB 2 X > T, &
BEBROUAMESE LTz, £ LT, BEeEOMFEEN AR Y SMAW R SAW TO
PRI, BBEOFBNWTF X =Y R FCW BFH#HEESRBICB TS, [FRRICHKLT 52 &%
R LTz,

111



Nb,V DFEEIZHOW T, BHESERTOGAELIKET 2 Z L2k, SRIZK DI
Nb,V ZRA OHF A H S 4, AW & SR O OHEER T CAMEDBEEIZIRDY B 5
T LNRO LI, Elo. Nb,V ROBHIZRRACIAT H 2 M 940X, Z oo K& g
TEHT B N R B BB TITAAEL Th . AW,SR DWW TH RAF R CAMERSELN D Z
EEPOEMNTTE ., ZO NbVREAMOFEL LTE, SRIZL->T, nm ¥ XD
HHERAV A % B P4 B ORI I U TR DR L 2 4 U, R DORREEE 28D T, Wi
SROEKR CAMEZAHSETND 2 ENRBRI N,

—J7 T, Nb,VEDEBIZ L » TIEEERETO COEEEZ&ED L Z EITERT L5 X
DNOHELE LT, BALZA FERDNLERD Fe KA ORLFUS T~ DT H % 3%
L<HEMSELHENRBO LN, 2B, ZD Fe-C KRR LD CAMELL~D B
IR bR o T,

56 T T,

F2TmLE 3| TR LN~ TIRIEICE T D R BB 5 2D O Ic o
WCOFRIRE, FA®, F5E, Tl LIEEESRE OO UAALIZEET 2 BRI
Z. b, LERGE L TEETE D HREZ AT 2 720127 - 7 BEERE ok
MNEEZWE L, 206 OB % 1T - TR SN =K REOIKERSHF % =¥ %
FCW ORHESCHEREA R T D & & blT, ZOEAEKRRICOVWTE L LT,

B S e —#H OIS T % =7 % FCW 1%, fRHYEL-CRIKIEL D3 HE U EREIEY)
2. LPG iR 2 o 7 72 E OEVMEHEMEDR KR D B D TR XF—38F T, 2L TONME
TR TREREN R <, BNIKIE CAMZ Bl L CREBEEDOEEG B A S TE 54
BEE LT, BUE TS OB TIZIZRDEROMEM B E e o TV D Z & 2k
L7,

BT7TETIL,
AL DR 2 MFE L CThlism & L7,

112



e

AMFFEIE. RIRKRFPAEZIZ EHAFAE L, 72 6 NCRKRFPRFBE LR~ 7 Y
TOVAEFERI PR AR L OB 7 2EIEE K OEHFCRO b LT b DT
T T2, BEIEHOBEEZERT L L BITLMBEILBE L EiFET,

Flo, KA PETLICHY, EEZDEEZHY F L KIRKFRFERE L PR~
T U TOVAERER SRR gl e D QNS [RIR RS BHARF IR AR BT R M b A fd+
RS EHOBERT & & HITONLELE L EFET,

AWFIENZ D00 2 FERETATT DI H T2V | RIRKRFRFBE LR~ 7 V) 7V AERE
B BE OB -SRI . Bhag - BpA R sE . SUERHA IS, 72 D DN S8
R EMMOEBEPITHE  BABEBIIKU T, 32 < O KO ) 2 izl &
FLl, ZNHOHFAITOLMHLHEILE L EiF £,

I, AR EED DITHT0 . () BARGEE RS L L TEIMD TORY AT
HEDZ LT, HROHEIZHTZ > T, KGRIV TBIE 2 b o gl RS H P =]
+. HEEEMFEE L £, A5 o TF & o R EBHIF KBRS OE O
TR L BEALE L BT ET,

MZ T, AREFFRITFEIRE ORI NEE & 3 8 UIZIZRER LSRR -> 720 THY |
2015 3 HIZRIZHEESNT-ZE - &, FEUE#%, ZOopFTLF LIz TIne
Fte - JEFEITELLEHT 2 H DT,

NN S, 7V ATF v L LT, (540 UEERERETR L W) FREE O
TC, HRBZETZAE L, XMINHEOAEE - MORZ I ZRMIE LT Lo
TTT, Tebb, AL FRHITIC At L TRk, £ 30 FD5kH % 51 THLY
ATETZIEBE MR TEM I LT, BB/ S <Az S 72000 &0 5 sk
HEFRIHbODINE LT,

I DT, WHEBRFRICAEZ 2 AOHR T, BAFE LTOMRIIE R, B¥EALLTOEDY
ERE, AMELTORMERMRLE, BEOLELEOWMmAMLE Lz, 2O
ELIEBDIE, 6D bONDOT T A THY . EROE v FEMEZRY, HiGIC
BiEL WS R MICEVIAENTE YA DU REDZTFIZELEDHTEHLDTT,

—J5. WHEBRE & LT, BWDICEV AN B h | A = R AR IETE T
B2 DNTEGEIA 7 — OB L 5 BB B2 & ST TR EZMA L2 b 0
L BV E L, T, HkIEZ & k> Z E DIV IC L > T2,
2SR ASDOHGEE RN DD L DM EEDEET A, EREo7cbD b, BL e
2ol2b Db, HIZHNL DB TH > 7= LEE L TUEHT 2 IRE T,

K Loz DITHI=0 R LBNE L2, RWRDH~DEH & . 0N
Z L CIEERWEBMERZ RS T2BEAD H 2 ~DLNEOMEE Z ZIZit LET,

113



2% 3CHR

DB AT, =M 7 — 7 BB R R O R LR A, Hilf o R baidms, ESip71Ey
fif, 23 (2016), 389-527.
2) H RV = WEEE W v ¥ —fW: B6 - IEEEHIR Q&A1000, Q11-04-04 (2004)
BT A EHEI NI TR A & AR TR OHER, IHOFTH, No.1415 (2016.1.4)
4)Y.Ito, M.Nakanishi: Study on Charpy Impact Properties of Welds (Report 1)
— Relationship Between Charpy Impact Properties and Micro Structures of Si-Mn
Weld Metals—, Journal of the JWS, 44-9 (1975), 728-733.
5)H.Suzuki, S.Sekino, N.Mori, H.Homma, T.Tanigaki, I.Sugioka: Development of CaFs-
Ti-B type submerged arc tubular wire with high notch toughness, ITW Doc. I1-5683-71,
IX-750-71.
6)Y.Ito, M.Nakanishi: Study on Charpy Impact Properties of Welds (Report 2)
—Relationship between Charily Impact properties and Control
of Micro Structures of Weld Metals—, Journal of the JWS, 44-10 (1975), 815-821.
7)J.G.Garland, P.R.Kirkwood: Towards improved submerged arc welding of fine grained
steel for cryogenic purpose, Met.Const.and Brit. W.J., 7 (1975), 320.
8)N.Mori, H.Homma, M.Wakabayashi, S.Okita: Mechanical Properties of Ti-B
Containing Weld Metals, Journal of the JWS, 50-8 (1981), 786-793.
9)Y.Komizo: Investigation for microstructure and toughnes of low carbon and low alloy
steel weld metal, PHD thesis Osaka University, (1982).
10)Y.Ito, M.Nakanishi, Y. Komizo: Metal Construction, 14-9 (1982), 472.
11)G.I. Ree and H. K. D. H. Bhadeshia: Thermodynamics of acicular ferrite nucleation,
Materials Science and Technology, 10-5 (1994), 353-358.
12)J.R.Yang, H.K.D.H.Bhadeshia: Advances in Welding Scinence & Technology, (1987),
187.
13)H.K.D.H.Bhadeshia: Bainite in steels, (2001), 245.
14)F.J.Barbaro, P.Krauklis, K.E.Easterling: Formation of acicular ferrite at oxide
particles in steels, Materials Science and Technology, 5-11 (1989), 1057-1068.
15)M.Enomoto, KM.Wu, Y.Inagawa, T.Murakami, S.A.Nanba: Three-dimensional
Observation of Ferrite Plate in Low Carbon Steel Weld, ISIJ International.,45-5 (2005),
756-762.
16)BS 7448-1: Fracture mechanics toughness tests. Method for determination of Klc,
critical CTOD and critical J values of metallic materials.
1D, &S, BEH, b, AARE: BRE = 7 T o BA% — 8 L& R EEARIE Ak O 5
M —, &K, 3 (2005), 70-76.
18)A.-F.Gourgues, H.M.Flower, T.C.Lindley: Electron backscattering diffraction study of
acicular ferrite, bainite, and martensite steel microstructures, Materials Science and
Technology, 16-1 (2000), 26-40.

19)M.Diaz-Fuentes, A.I.-Mendia and I.Gutiérrez: Analysis of Different Acicular Ferrite
114



Microstructures in Low-Carbon Steels by Electron Backscattered Diffraction. Study
of Their Toughness Behavior, Metallurgical and Materials Transactions A, 34-11
(2003), 2505-2516.
20)Y.Kitani, Y.Okita, R.Ikeda, M.Ono, K.Ikeuchi: Improvement in Laser Weld Metal
Toughness of Low C steel by Refining Microstructure, Quarterly Journal of the JWS,
27-1 (2009), 55-60.
21)Y.Kitani, R.Ikeda, M.Ono, K.Ikeuchi: Improvement in Weld Metal Toughness in High
Heat Input Electroslag Welding of Low Carbon Steel, Quarterly Journal of the JWS,
27-3 (2009), 240-246.
22)J.-S.Byun, J.-H.Shim, J.-Y.Suh, Y.-J.Oh, Y.W.Cho, J.-D.Shim, D.N.Lee: Inoculated
acicular ferrite microstructure and mechanical properties, Materials Science and
Engineering A, 319-321 (2001), 326-331.
23)R.A.Farrar, P.L.Harrison: Acicular ferrite in carbon-manganese weld metals, an
overview, Jornal of Materials Science, 22-11 (1987), 3812-3820.
24)Y.Ito, M.Nakanishi, Y. Komizo: Study on Microstructure and Toughness of the Weld
Metal (2nd Report) —Morphology and Transformation Behavior of Low Carbon Low
Alloy Steel Weld Metals—, Journal of the JWS, 51-2 (1982), 111-118.
25)P.L.Harrison, R.A.Farrar: Influence of oxygen-rich inclusions on the y — a phase
transformation in high-strength low-alloy (HSLA) steel weld metals, Journal of
Materials Science, 16 (1981), 2218-2226.
26)S.S.Babu: The mechanism of acicular ferrite in weld deposits, Current Opinion in
Solid State and aterials Science, 8-3~8-4 (2004), 267-278.
27)T.Yamada, H.Terasaki, Y.Komizo: Relation between Inclusion Surface and Acicular
Ferrite in Low Carbon Low Alloy Steel Weld, ISIJ International, 49-7 (2009), 1059-
1062.
28)J.-S.Byun, J.-H.Shim, Y.W.Cho, D.N.Lee: Non-metallic inclusion and intragranular
nucleation of ferrite in Ti-killed C—Mn steel, Acta Materialia, 51-6 (2003), 1593-1606.
29)J M.Dowling, J.M.Corbett, HW.Kerr: Inclusion Phases and the Nucleation of
Acicular Ferrite in Submerged Arc Welds in High Strength Low Alloy Steels,
Metallurgical Transactions A, 17-9 (1986), 1611-1623.
30)A.R.Mills, G.Thewlis, J.A.Whiteman: Nature of inclusions in steel weld metals and
their influence on formation of acicular ferrite, Materials Science and Technology,
3-12 (1987), 1051-1061.
31)G.Shigesato, M.Sugiyama, S.Aihara, R.Uemori, Y.Tomita: Effect of Mn Depletion on
Intra-granular Ferrite Transformation in Heat Affected Zone of Welding in Low Alloy
Steel, Tetsu-to-Hagané, 87-2 (2001), 93-100.
32)R.A.Ricks, PR.Howell, G.S.Barritte: The nature of acicular ferrite in HSLA steel
weld metals, Journal of Materials Science, 17 (1982), 732-740.
33)G.Thewlis, J.A.Whiteman, D.J.Senogles: Dynamics of austenite to ferrite phase

transformation in ferrous weld metals, 13-3 (1997), 257-274.
115



34)H.K.D.H.Bhadeshia: Bainite in Steels—2nd Edition, Institute of Materials, 2001.
35)J.R.Yang, H.K.D.H.Bhadeshia: Orienation relationships between adjacent plates of
acicular ferrite in steel weld deposits, Materials Science and Technology, 5-1 (1989),
93-97.
36)H.Terasaki, Y.Komizo: In situ observation of morphological development for acicular
ferrite in weld metal, Science and Technology of welding and Joining, 11-5 (2006),
561-566.
37)0.Grong, A.O.Kluken, H. K. Nylund, A.L.Dons, J.Hjelen: Catalyst Effect in
Heterogeneous Nucleation of Acicular Ferrite, Metallurgical and Materials
Transactions A, 26-3 (1995), 525-534.
38)J.-S.Byun, J.-H.Shim, J.-Y.Suh, Y.-J.Oh, Y.W.Cho, J.-D.Shim, D.N.Lee: Inoculated
acicular ferrite microstructure and mechanical properties, Materials Science and
Engineering A, 319-321 (2001), 326-331.
39)Y.Tomita, T.T.Y.T.N.Saito, K.Okamoto: Improvement in HAZ Toughness of Steel by
TiN-MnS Addition, ISIJ International, 34-10 (1994), 829-835.
40)B.L.Bramfitt: The effect of carbide and nitride additions on the heterogeneous
nucleation behavior of liquid iron, Metallourgical Transactions, 1-7 (1970),
1987-1995.
41)G.Miyamoto, T.Shinyoshi, J.Yamaguchi, T.Furuhara, T. Naki, R. Uemori:
Crystallography of intragranular ferrite formed on (MnS+V(C, N)) complex
precipitate in austenite, Scripta Materialia, 48-5 (2003), 1637-1645.
42)M.Mizuno, I.Tanaka, H.Adachi: Chemical Bonding at the Fe/TiX (X = C, N or O)
Interfaces, Acta Materialia, 46-5 (1998), 1637-1645.
43)T.Yamada, H.Terasaki, Y.Komizo: Mechanism of Acicular Ferrite Formation in Low
Carbon Steel Ti-B Weld Metals with Different Oxygen Levels, Tetsu-to-Hagané, 96-
10 (2010), 608-613.
44)S.Zhang, N.Hattori, M.Enomoto, T.Tarui: Ferrite Nucleation at Ceramic/Austenite
Interfaces, ISIJ International, 36-10 (1996), 1301-1309.
45)T.K.Lee, H.J.Kim, B.Y.Kang, S.K.Hwang: Effect of Inclusion Size on the Nucleation
of Acicular Ferrite in Welds, ISIJ International, 40-12 (2000), 1260-1268.
46)J.S.Seo, K.H.Kim, H.J Kim, C.Lee: Characteristics of inclusions in rutile-type
FCAW weld metal, Welding in the World, 57-1 (2013), 65-72.
47)M.Tanaka, T.Watanabe, T.Isa, H.Nishiwaki: New Development of Welding and
Thermal Spraying, J.Plasma Fusion Res. 82-8 (2006), 492-496.
48)G.N.Haddad, J.D.Farmer: Temperature Measurements in Gas Tungsten Arcs,
Welding Joumal, 64 (1985), 339s-342s.
49)A.J.D.Farmer, G.N.Haddad, L.E.Cram: Temperature determinations in a free-
burning arc: III. Measurements with molten anodes, J.Phys.D: Appl.Phys., 19 (1986),
1723-1730.

116



50)J.Haidar, A.J.D.Farmer: Temperature measurements for high-current free-burning
arcs in nitrogen, J.Phys.D: Appl.Phys.,21 (1993), 1224-1229.

51)K.Hiraoka: Evaluation of Local Plasma Composition and Temperature in Mixed Gas
Tungsten Arc Plasma Column by Light Spectroscopy

—Study on Characteristics of Gas Tungsten Arc Shielded by Mixed Gases (Report 2)—,
Quarterly Journal of the JWS, 11-1 (1993), 68-74.

52)K.Hiraoka, T.Shiwaku, T.Ohji: Temperature Distributions of Gas Tungsten Arc
Plasma by Spectroscopic Methods, Quarterly Journal of the JWS, 14-4 (1996), 641-
648.

53)M.Tanaka, T.Shimizu, H.Terasaki, M.Ushio, F. Koshiishi, C.-L.Yang: Effects of
activating flux on arc phenomena in gas tungsten arc welding, Science and
Technology of Welding and Joining, 5-6 (2000), 397-402.

54)H.Terasaki, M.Tataka, M.Ushio: Effects of metal vapor on plasma state in helium
gas tungsten arcs, Quarterly Journal of the JWS, 20-2 (2002), 201-206.

55)H.Terasaki, M.Tanaka, M.Ushio: Effects of metal vapor on electron temperature in
helium gas tungsten arcs, Metallurgical and Materials Transactions, 33 (2002),
1183-1188.

56) i GTA WHEIC RIS 57 — 2 77 X~ OYEEE OB BT 2098, KICRFRF
BeE pERM A RESUE £RR L, (2000), 51-53.

57)Y.Yamashita, H.Terasaki, K.Yamamoto, S.Tashiro, M.Tanaka: Number density
distributions of metal vapor in heliun gas tungsten arcs, Transactions of the
Materials Research Society of Japan, 35-3 (2010), 593-596.

58)H.Sawato, S.Tashiro, K.Nakata, M.Tanaka, E.Yamamoto, K.Yamazaki, K.Suzuki:
Measurement of dynamical variation in two-dimensional temperature distribution of
TIG pulsed-ars, Quarterly Journal of the JWS, 29-3 (2011), 23s-26s.

59)T.Konishi, Y.Hirata, KNOMURA, K.Shirai: Three Dimensional Temperature
Measurement of the Gas Tungsten Arc Plasma, Quarterly Journal of the JWS, 29-4
(2011), 274-279.

60)A.B.Murphy, M.Tanaka, K.Yamamoto, S.Tashiro, T Sato, J.J.Lowke: Modelling of
thermal plasma for arc welding: the role of the shielding gas properties and of metal
vapour, J.Phys.D: Appl.Phys., 42 (2009), 194006.

61)M.Tanaka, J.J.Lowke: Predictions of weld pool profiles using plasma physics,
J.Phys.D: Appl.Phys., 40(2007), RI-R23.

62)K.Yamamoto, M.Tanaka, S.Tashiro, K.Nakata, K. Yamazaki, E.Yamamoto, K.Suzuki
and A.B.Murphy: Numerical analysis of metal vapor behavior with multi-diffusion
system in TIG welding of stainless steel, Quarterly Journal of the JWS, 27-2 (2009),
4s-7s.

63)M.Tanaka, K.Yamamoto, S.Tashiro, K.Nakata, E.Yamamoto, K.Yamazaki, K.Suzuki,

A.B.Murphy, J.J.Lowkec: Time-dependent calculations of molten pool formation and

117



thermal plasma with metal vapor in gas tungsten arc welding, J.Phys. D:Appl. Phys.,
43 (2010), 434009.

64)Y.Ogino, K.Nomura, Y.Hirata: Numerical Analysis of Arc Plasma Behavior in Groove
Welding with 3D TIG Arc Model, Quarterly Journal of the JWS, 28-1 (2010), 10-15.

6T — 7 MBI R B T o AOWEL, BRI, (1996).

66)S.Zielinska, K.Musiol, K.Dzierzega, S.Pellerin, F.Valensi, Ch de Izarra, F.Briand:
Investigation of GMAW plasma by optical emission spectroscopy, Plasma Sources
Science Technology, 16 (2007), 832-838.

67)M.E.Rouffet, M.Wendt, G.Goett, R.Kozakov, H.Schoepp, K.D.Weltmann, D.Uhrland:
Spectroscopic investigation of the high-current phase of a pulsed GMAW proccss, dJ.
Phys. D: Appl.Phys., 43 (2010), 434003.

68)JRIGE, FFH, WD, ke 7T X~ e S, FE¥EXE, (1984).

69)K.C.Hsu, K.Etemadi, E.Pfender: Study of the free-burning high-intensity argon arc,
J.Appl.Phys, 54 (1983), 1293-1301.

70)M.Goodarzi, R.Choo, J.M.Toguri: The effect of the cathode tip angle on the GTAW
arc and weld pool: I. Mathematical model of the arc, J.Phys. D: Appl.Phys., 30(1997),
2744-2756.

71)T.Zacharia, S.A.David, J.M.Vitek, T.DebRoy: Modeling of interfacial phenomena in
welding, Metall. Trans. B, 21B (1990), 600-603.

72)C.Winkler, G.Amberg, H.Inoue, T.Koseki and M.Fujii: Effect of surfactant
redistribution on weld pool shape during gas tungsten arc welding, Sci. Technol.
Weld. Join., 5 (2000), 8-20.

73)P.Zhu, J.J.Lowke, R.Morrow, J.Haidar: Prediction of anode temperature of free
burning arcs, J.Phys. D: Appl. Phys.,28 (1995), 1369-1376.

74)J.J.Lowke, R.Morrow, J.Haidar: A simplified unified theory of arcs and their
electrodes, J.Phys. D: Appl.Phys., 30 (1997), 1-10.

75)M.Tanaka, H.Terasaki, M.Ushio and J.J.Lowke: A unified numerical modeling of
stationary tungsten-inert-gas welding process, Metall. Matar. Trans. A, 33A (2002),
2043-2051.

76)H.G.Fan, R.Kovacevic: The front line of modeling heat and mass transfer in arc
welding processes, J.Phys. D: Appl. Phys., 37 (2004), 2531-2544.

77)M.Schnick, U.Fussel, M.Hertel, A.Spille-Kohoff and A.B.Murphy: Metal vapour
causes a central minimum in arc temperature in gas-metal arc welding through
increased radiative emission, J.Phys. D: Appl. Phys., 43 (2010), 022001.

78)J.Haidar: The dynamic effects of metal vapour in gas metal arc welding, J. Phys. D:
Appl. Phys., 43 (2010), 165204.

79)T.Suga, M.Kobayashi: Droplet transfer phenomena in COz arc welding by flux-cored
wire, Quarterly journal of the JWS, 3-2 (1985), 269-276.

80)Y.Sakai, K.Hosoi, K.Ikemoto, T.Suga: The recent situation of flux-cored wire for

MAG welding in Japan, The seminar on producers’and users’metallurgical
118



requirements in the welding of steel products, United Nations Economic Commission
for Europe, (1990), Annex I R.21

81)H.Yamamoto: Arc Welding Phenomena and Welding Power Sources, Journal of the
JWS, 66-8 (1997), 615-629.

82)Y.Hirata, M.Onda, H.Nagaki, T.Ohji: In-Situ Measurement of Metal Drop
Temperature in GMA Short-Circuiting Welding, Journal of High Temperature
Society, 30-3 (2004), 140-147.

83)B.J.Keen: Review of data for the surface tension of pure metals, International
Materials Reviews, 38-4 (1993), 157-192.

84)J M.Andreas, E.A.Hauser, W.B.Tucker: J.Phys.Chem., 42 (1938) 1001-1019.

85)T.Young: Phil.Trans.5, 65-87 (1805)  (General)

86)P.S.Laplace: Mechanique Celeste, supplement to the 10th book.France, Pendant
drops, (1806)

87)N.K.Adam: The Physics and Chemistry of Surfaces, 2nd edition. The Clarendon
Press, Oxford, (1938)  (General)

88)F.Bashforth, J.C. Adams: An Attempt to Test the Theories of Capillary Action.
University Press, Cambridge ,England, Pendant drops, (1883)

89)T.Lohnstein: Pendant drops, Ann. Physik 54, (1895), 713-723.

90)T.Lohnstein: Pendant drops, Ann. Physik 20, (1906), 237-268.

91)T.Lohnstein: Pendant drops, Ann. Physik 20, (1906), 606-618.

92)T.Lohnstein: Pendant drops, Ann. Physik 21, (1906), 1030-1048.

93)Bashforth, F.,Ndams, J.C.: An Attempt to Test the Theories of Capillary Action.
University Press, Cambridge, England, (1883)

94)K.Ogino, K.Nogi, O.Yamase: Surface Tension of Molten Fe-O-S Alloy, Tetsu-to-
Hagané, 16 (1983), 1984-1994.

95)M.Iida, Y.Hirata, K.Nomura, Y.Ogino, S.Izutani, K.Hosoi, S.Asai: Measurement of
surface tension supporting pendant drop of molten metal formed by arc
discharge(420), Preprints of the national meeting of J.W.S.,No0.98 Spring, (2016), 192-
193.

96) M.Iida, Y.Hirata, K.Nomura, Y.Ogino, S.Asai, S.Izutani, K.Hosoi: Measurement of
surface tension supporting pendent drop formed by arc discharge, Journalof the
JWS, To be published

97)A.Kasama, A.Mclean, W.A.MMiller, Z.Morita, M.J.Ward: Can.Metall.Q., 22-1 (1983),
9.

98)S.1.Popel, L.M.Shelgin, B.V.Tsarevskii: Russ.J.Phys.Chem.,43-9 (1969), 1325.

99)H.Soda, A.Mclean and W.A.Miller: Metall., 9B (1978), 145.

100)V.T.-Tan, R.A.Karasev, A.M.Samarin.: Russ.Metall.Fuels, 1 (1960), 21.

101)B.C.Allen: Trans. AIME, 227 (1963), 1175.

102)B.J .Keen: Review of data for the surface tension of iron and its binary,

International Materials Reviews, 33-1 (1988), 1-37.
119



103)Y.Sakai: New GMAW wires coming from Japan, Welding design & fabrication, 4
(1992), 40-48.

104)Y.Sakai, I.Aida, T.Suga, T.Nakano: Development of various flux-cored wires,
ITW Doc.,XII-1131-89(1989)

105)T.Suga: Welding consumables, Journal of the Japan welding society, 67-8 (1998),
38-55.

106)F.Koshiishi: Welding materials, Journal of the Japan welding society,
72-2 (2003), 16-19.

107) B AT R B TIERR: TR BHERE « I 208, I HE R S, 109 (2015), 5.

108)Y.Sakai, K.Hosoi, K.Ikemoto, T.Suga: The recent situation of flux-cored wire for
MAG welding in Japan, The seminar on producers’and users’metallurgical
requirements in the welding of steel products, United Nations Economic
Commission for Europe, (1990), Annex I R.21

109)F.A.Halden, W.D.Kingery: J.Phys. Chem., 59 (1955), 557.

110)W.V.D.Esche, O.Peter: Arch.Eisenhuttenw., 27 (1956), 355.

111)P.Kozakevitch, G.Urbain: Mem.Sci.Rev.Met., 58 (1961), 517.

112)K.Hosoi, Y.Hirata: Influence of alloying elements on the toughness of the weld
metal by the titania-based flux cored wire, Smart Processing Society for Materials,
Environment & Energy, 5-1 (Jan. 2016), 86-94.

113)K.Hosoi, Y.Hirata: Influence of microstructures on the toughness in the weld metal
by the titania-based flux cored wire, Quarterly Journal of the JWS, 34-2 (2016), 81-
92.

114)Y.Ogino, Y.Hirata: Numerical simulation of weld pool metal phenomena with

various joint geometries and joint positions, Guide of the National Meeting of JWS,
96 (2015-4), 142-143.

115)L.Yen: 7 — 7 HEDEEBATICON T, Ml L AR — K, 54-1(2014)

116)M.Ebina: Prospects for Technology Development in Civil Engineering & Marine
Construction, 350 (1993), 3-8.

117)S.0kano,Y.Obanya,K.Abe,K.Hosoi: Latest technical trends in steel plate and action
ion KOBE STEEL,KOBE STEEL ENGINEERING REPORTS, 58-1 (2008), 2-7.

118)K.Ikemoto, K.Hosoi: Improvement of weld metal toughness with titania based flux
cored wire for MAG welding, KOBE STEEL ENGINEERING REPORTS, 43-1
(1993), 113-116.

119)K.Suenaga, Y.Matsushita, Y.Okazaki, N.Hara: Improved toughness in welding
consumables for low-temperature service high-strength steels, KOBE STEEL
ENGINEERING REPORTS, 54-2 (2004), 38-42.

120)F4 BFEX GHEANAF FE TR : S DRR IR EE & R /3 EIC DN,
www.materials-design.co.jp/catcalc/FeO_potential diagram.pdf, (Jan.2013), 1-2.

121)A Cers S-NIST Phase Equilibria Diagrams, CD-ROM Database, Version 3.0.1.

120



122)H.Okauchi, Y.Nomoto, K.Bunda, K.Saida, K.Nishimoto; Precipitation of
Microcracking in Laser Overlay Welds of Alloy690 to Type 316L Stainless Steel,
Quarterly Journal of the JWS, 29-4 (2011), 326-334+

123)M.Guttmann: Equibrium Segregation in a Ternary Solution: A model for Temper
Embrittlement, Surface Sci., 53-1 (1975), 213-237.

124)X.Tingdong: Non-equilibrium cosegregation to grain boundary, Scripta Materialia,
37-37 (1997), 1643-1650.

125)R.G.Faulkner, Schenhua Song, P.E.J.Flewitt: A model describing neutron
irradiation-induced segregation to grain boundaries in dilute alloys , Metallurgical
and Materials Transactions A, 27A (1996) 381-390.

126)T.Mori, M.Tokizane, K.Yamaguchi, E.Sunami, Y.Nakazima: Thermodynamic
Properties of Niobium Carbides and Nitrides in Steels, The Iron and Steel
Institute of Japan, 7 (1968), 763-775.

127)G.Brauer, R.Lesser: Z.Metallk, 50-1 (1959), 8-10.

128)G.Brauer, R.Lesser: Z.Metallk, 50-8 (1959), 487-492.

129)A.Chiba, T.Saito, K.Yaguchi: Carbode-Dispersion Carburizing of Vanadium Steels,
J.Japan Inst. Metals, 47-4 (1983), 321-328.

130)T.Suga, K.Ikemoto, M.Konishi, T.Kurokawa, K.Hosoi: Toughness of weld metal
from MAG welding flux cored wire for low temperature service steel, Technical
Commission on Welding Metallurgy, 147 (1997), WM-1617-97.

1BDHAH, (W, HE EEEeRE (KA 4 Mn-Mo-Ni R)OBMEIZES KIFT Ti & B ORE E
HineEZ A%, (1975), WM-528-75.

1328 T OKR & EI0E, BRI = 55 128 [91 78 1L & BANGR L E kL, (1989),
39-76.

133)M.Tanino, T.Nishida, T.Ooka, K.Yoshikawa: On the fine structure and the strength
of continuously cooled Vanadium steels, J.Japan Inst.Met.Mater., 29-7 (1965),
734-741.

134)W.B.Morrison, J.H.Woodhead: J.Iron steel Inst., 201 (1963), 43.

135)W.B.Morrison: ibid, 201 (1963), 317.

136)i5 1 WefbT & o, foat i, (1991), 16.

13D & 23X, R PR RIS TR B8 B, PEMIIR, (2015), 107-218.

138)Y.Komizo et al.: Optical observation of real materials using laser scanning confocal
microscopy part 1-techniques and observed examples of microstructural changes,
Science and Technology of Welding & Joining, 16 (2011), 11-15.

139)P.Han, M.Sato: Influence of Austenite (y) Grain Size on Low Temperature
Toughness of Weld Metal, KOBE STEEL Technical report, 63-1 (Apr. 2013), 11-15.

140)R. D. Doherty et al.: Current issues in recrystallization, Material Science &
Engineering, A., 238 (1997), 219-274.

141)A.A.Griffith: The Phenomena of Rupture and Flow in Solids, Philosophical

Transactions of the Royal Society, Series A, (1921), 163-198.
121



142)K.Shibanuma, S.Aihara, S.Ohtsuka: Observation and Quantification of Crack
Nucleation in Ferrite-Cementite Steel, Tetsu-to-Hagané, 99-9 (2013), 582-591.

143) H RSB B L2 BERtZEB S TR 27 425 OB R S0 7.

144)T.Morimoto: Developments in Flux-cored Wire for Gas Shielded Arc Welding, R&D
KOBE STEEL ENGINEERING REPORTS, 55-2 (Sep. 2005), 61-65.

145)FF5F %5 1407581 %5 (1987)

146)FFiFHEAS B 59—44159 (1984)

UDRE, A, LR, AR, ik, Al S BYERRIGE 5 hR), (1998)

148)K.Ito, T.Hidaka: Flux Cored Wires with Expanding Applications in Shipping and
Offshore Industries, R&D KOBE STEEL ENGINEERING REPORTS, 59-1 (Apr.
2009), 98-104.

149) KK AR IS AR B O BART B 7] <SS B OB L A% OffE >, B Bl
45-7 (2003), 56-61.

150)0KOBELCO WELDING CONSUMABLES FOR LOW-TEMPERATURE STEEL,
SPECIAL EDITION, KOBELCO WELDING TODAY, (2013), 11-12.

122



FEm (AR T 2 b DDH)

[1] HESEEEaRC (EFf )
(1) ABFHZZ— AR RSP, T B 5 1 0 gt &

FH=NRTT v 7 AN T A YW bt~ IR HEEBLG:,

A — %7"sz;<%3:,(2016) 95-100
(2) M7 — - FAFR:

FH = %ﬁ77/7xﬂwv4%@@AE®Lh FAEFIAICFE D2,
A~— k7 ut A4 (2016),86-94
(3) M — FHAFH] :

FH = %ﬁ77/7xﬂwv4%@EAE®Lhr KAET R 7 a ik w2,
RPN U4, 34-2(2016),81-92
(4) A5 AR, V- A B, BB A o S B R, Ve SR A MR 2 — ¢+ R &
T — 7 BT X 0 TR S AT SR IR AE o0 ok O E
Vst U R

[2] ERESERHRER T
(1) Y.Sakai, K.Hosoi, K.Ikemoto, T.Suga;

The recent situation of flux-cored wire for MAG welding in Japan,

The seminar on producers’and users’metallurgical requirements in the welding
of steel products,
United Nations Economic Commission for Europe,(1990),AnnexI R.21

(2) Tetsuo Suga, KaL.zuo lkemoto, Masato Konishi, Tsuyoshi Kurokawa, Koichi Hosoi:
Toughness of Weld Metal from MAG Welding Flux Cored Wire for Low Temperature
Service Steel, 1997 £ 7 A IIW # > 7 T v v R R Kb a

BINESISES i5.59'8

(1) BB AT, /NG IE N, B IS 72—

RIEASA~ 7887 7 v 7 AN T A VIZ K DR OE SRR
%147 RRBEGAE R (WM-1617-97) 1997 42 A
@)%ﬁ%ﬂ%ﬁﬁd\%%wﬁlém¢$,ﬁ§%%ﬁ%ﬁﬁﬁwr
FEHESR IR I T D8 O MR E
m&%L//T/?A2m9%@ i%@m9$1Lm
@)%ﬁ%ﬂ%ﬂﬁd\ﬁ%ﬂ#ﬂ*ﬁ*%yﬁ”%%ﬁ%ﬁﬁﬁ%i
ISR I 1T DR DR IR S) . RPEHIE

%5 208 EY@@‘&%H,N o. SW —3294 —09(2009)

123



[4] =ERE
NE PERHAR RSt

(1) ¥Rk 4 455 H
- TAEEETAITI 40 J8 4R RL R E R 3L
EHEAPBIB T X Z i b & 9 ey — RIS A B O ZERR T 2 — Bl — |

(2) PRk 1144 A
- AP ERANEGE 417 5) / HHIEAN EEES
[ IR BEsh AT LB T 5 » 7 Z A0 U A ¥ DB% )

(3) ¥Rk 1345 A
(A= RT—IWERT7T7 v 7 AN T A Y]

- VSRR B R UTE (FFEFES 2756084 5) /HERIE N H ARESEE S
FEAGEEVE N RHHS

(4) k16 4F 12 H

- T T R R
B PRAERRIZ B G U T A B BN )

i

(5) Rk 2248 H
< IR B - HEREEDNE AN

VAT ARSI T D OF E R ) KEERE )

%E/a\%‘si%fn@jt)

[5] fi#sk - ez L
(1) Mz
FHEAPBIBTE X 2 & £ 9 dETe IR A S v b B O AT BB 58 2 — i —

1992 4 5 H %= (AT 40 J&5 4

T
(2) HAFIIR I —
NITEHET A=Y RT T v 7 AN UAXIZ L HaHEeRO U AR L

R&D/## = fU4fi 7 4 Vol.43, No.1, Page.113-116 (1993)

(3) itz —
PWHTHAREINE T 7 v 7 AR UA ¥ LD Hilf A K, Vol.38.1998-

2(No.334)
(4) HFH:7=—
AT T T T DI OUHEMBE WEHEHIT,2,69-75(1999)
(5) [y B, R R 5 —, 2 & 25—

JEAR EEZE S D BB E) & DR IEIRTL,
KOBE STEEL ENGINEERING REPORTS/Vol. 58 No. 1 (Apr. 2008) ,2-7

124



[6] AHTZEIZBEI 2 SNHIBIEE CRERAFFTF D F)

HEEs | 4ER | ERES | BRH R0LH
2006-122950 |  2006/4/26] 4787062  2011/1/20[BER LU S RANKIBN - BEER
2006-175520 |  2006/6/26] 47450000 2011/5/20(ERHE, WERANY, HEULEFRREOE- FERORFLERERELE
2007-26091 | 2007/10/3] 5097499  2012/9/ BB R RMAERAR Y- W RT -V BRI T VI AAY LY
2000-212201 | 200110119 4902489)  2012/1/13/BREC r ~Mo HDEHEE
2007279285 | 2007/10/26]  5032940)  2012/1/6/BEEC r ~MoHDEEEE
2000-242604 | 2009/10/21) 5337665  2013/8/9MAGIRER Y Y v kUL

125




	00_工様式表紙作成(Cover Page)
	細井様印刷データ(20170707)
	01 目次（2017年6月26日）
	第1章（緒論）(2017年6月26日)
	第2章(2017年6月26日)
	第3章(2017年6月26日)
	第4章(2017年６月26日)
	第5章(2017年６月26日)
	第6章(2017年6月26日)　
	第7章（2017年6月26日）
	付録謝辞　参考文献　研究業績（2017年6月26日）


