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Fig.1-1 Schematic illustration of heterogeneous nucleation at an

interphase boundary
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BRETEMAEITEMBIRLZNE, BRIENABR SN2, ABICHE
BICIVEBIER LD, ZI)ILEBRETOEREBROHERIIALY 2T
BMTHESNCTERL, Tho0E X, BB 2 HORECMBL =%,
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HERBICEHN L. ZORMKEZBEL TV S0 BRE 0 RE S 800C
FBAL. RABPLOBEBHOEB R K 2B LEAEREEIC 2V,
1500C2 B2 2 LR BERBECRIERBEIIAATREL RS,

EHRTIE, TH5LENA - BHABRRBRZEZER I D, RABRA A
— VR LHEBEREERN LV - VTHEHUELZEA2EGDE L EEBEZEALL, £
OEKE % Fig.2 1l KRT, V—FEHBERRBERH2 L —F L — 2k
FvEEL, RBE»LPLO0ORFAHICLIVRARBOBEZITOBEBETH 5,
(e, BABRAA—DFEOHRIT, R CHEETCOMABTAETD 5
D, BEKROAYT A 7 VEHRRTE, BEEFHOLBEERSITALSATH
5, HeNe U — 92 ®#L v A RBPoRTEL2EET S, A#»
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HEI2MERL R TBY, BERECERMNBEINLORDOL P BREHBIC AR
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ERABOBELZFERE T > iR, REXxEmOBRLLERIEL, &
R RESMEF SN L BKEEEThD, bL, BLSEFTT S L
REREEIBAECECBELNL, @aBo0RBLEBEECER Y, BEHIET
LZHICiF, RBFYy R N—RHAZ2ERTEFTEHICRK2DIEPREETH S
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WARBIE, ZOY AT 5%EHAWVWT Fe-lOmass%Cu RAH & X — X2 (y
Fe+tL) _MAEBFRMCERBRBER T2 LI L VENER Co OBEREE &
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Fe-0.05mass%C-0.3mass%Sn. Fe-0.05mass%C-3mass%Sn #l & X — X
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IHLEMARRBRBAZEEL TWER, KEENTETOHEILH
FTLLHE—HLTWLERRbAW, FlAE, F—AFF 4 FRER» LK
R7 =274 PP HTLIEEEZEZLDL., A 7274 V3B ERELE L
THLHRTWD A, ERARIREHEE., HAKE., BTEHETEVWS
HbOETEDREENLBETHILEEZLAS, LLERL, 23 LEEMA
EHNBOFETCHEL ZHETIT R,

AFAEATE, BRV—VTHBRETOZOGBEETFEOHEIOZD, &
BREBEGH AR TOEHLEIHEL, HEROZOBBE0ORZ Y4

DWW TEEL =,

Reflected image | He-Ne

Scanning at 30 frame rate by

Alumina acoustic optical deflector
crucible

y z 4— | hermo-couple
Platinum ¥ N (B-type)
holder Sample is situated at

focal point of halogen lamp

Cooling air

Fig.2-1 Schematic illustration for the optical system in high

temperature laser scanning confocal microscopy system
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2.2 ERFE

2.2.1

R M & BB R
HRM O EMEREELLT O Table2-1 2579, Z 3 b Fig.2-2 IZ57-7

HERBRM~E)EES 2., EBREEIT - 2,

LA : REBRASITOTAOEBEY AL Z LICHR o b O T, FiEEEIX

0.8C/s T 1190 CETMB L%, -1.5C/s THHAL =,

BB BEEAZR 036kI/mm ICHEY T30 T, 13.3C/s T 1400C £ T

ME L, -5.0C/s T 800CETWA, -2.0C/s T 200C = THH

L7,

EMHFEC): BEEAR 0.07k)/mm ICHE 9T 5% DT, 49C/s T 1310C % T

M, -58C/s T600CETHHAL., ToBZEHLI,

D) : BEEAR 017K/ mm KHEE T 25 H DO T, 33.3C/s T 1200C £ T

JNE, 83C/s T 1390CE TME, -50C/s T400CETTHHL

7:,
“ o

M(E): HEHEE 13.3C/s T 1355CFE TME., -5.0C/s T 800CETH

H, -2.0C/s TO40CETHHEH L% S550sEBBREFLFDOHBE
oL,

Table2-1 Chemical compositions of materials used (mass%)

Sol-Al

C Si Mn P S Cr Mo Cu Nb Ti B (6]
Y1 0.09010.35|1.7210.014 | 0.005 — 0.1 — — 0.014{0.0035}10.046 {0.0035
Y2 0.085{0.83711.7560.015 [0.006 — 0.1 — - 0.015| 0.004 [0.048 [ 0.0070
Cr-Mo
0.14010.26 |0.48 10.018 ] 0.01 2.1410.86 | 0.01 — — —

]

T1 0.07910.2411.46 (0.001 ]0.003 — — 0.1910.019}0.015 |0.0001}10.002)0.0020
T2 0.077 10.24 11.47}10.001 |0.003 — — 0.20{0.019}10.014 (0.0011{0.002]0.0020
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Fig.2-2 Thermal cycles applied to the specimens
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Fig.2-3()IX 7TT0CTH VW EREBPBEBLTCBLT A — XA F T4 ML
DABRBEENRTWS, 7156CIcRDEF—RAT T4 FPRRATERDN R
bh, TDHEFME2RATRLE(Fig.2-30b)), TOBRBEINRT T2 &7
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(Transformation finish temperature: FT)% Fig.2 4 27 ¥, SHiE L —
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Fig.2-3 In-situ observation of morphological development in T1 under

the thermal eycle (A)
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2.3.2 BEV—VERETORAZLERTOIZ ol
BEEGBEZAVWT YI HMOBR L~ FEMEZFDHBEREY T -,
Fig.2'5 3T OO EREDHEFRT, ZZTRHRA—RAFTFAL MPRIA®DL
FFHLERR 7 =74 PARXICEKELTWSEFRBEIRE, BE
KR LERBREIETORAZ =54 PE2RLTWS, ZOL&, BN TIZ
HROEBPBEshE, KITHEBOEKEEZ Fig.2-6 I R-T, NEBIEE
M7 xR -T2 VAR THY, PEDHFA 7714+ b
BlEczxhk, Z0LERBERHECE 2pm~10pm BED 7 =254 h DB
BDEMETE, Fig.2b O/MBLVr—VFEHEERLEBLTH, RALA
HMTHRHLMPCEI OXRPND, KGRV —VEMECBHE LT %
BB L, Fig.2-7(a)id % 0.2pm, Fig.2-7(b)ix# 3um HF B %17 o
TWd, TOMBEOMMBE LB T 5L Fig2- 7@ TRER7 =5 14 &
BoTWVWAODICH L, Fig.2-7(b)TiX Fig.2-6(0)BFTHML MK 7 &

Fadg—T=x54 VBREBEBEIHE,

Fig.2-5 In-situ observation of morphological development in Y1 under

the thermal cycle (B)
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Fig.2-6 Microstructures of the cross section in Y1 under the thermal

cycle (B): (a) was low magnification, (b) was high magnification.

Fig.2-7 Microstructures of the polishing in Y1 under the thermal

cycle (B):(a) polished until about 0.2um, (b) polished until about 3pm.

RIZHABEBLVHAEEOEVWRABEE(C)T YL HMOFR L — YV
MBECOBEEEITo, Fig.2- 8 FTOBBERETHY, £A—2 7T
TAMRATHROERABE I, TOoWEOMAKEEZ Fig.2-9 127
T, ZOR/E, TvyFa7—7=74 bPEFOHBETHY, Fig.2°6 @
LORCHA T =74 P PBEENTERBECFELE7 =T 4 OB ILH
BTCERMP- 7, Fig.2- 9B ER V- VYEMETHE LAEATHE2M0.2um
MELEZEAM TN, Z0MMKRd Fig.2-8(d)E W Fig.2-9(a): AL T
hole, A, ZOXOIRT ¥ Xa7—T7=74 bEHEOHEAMBTIEE
BUr—VHBECLII2BEDE, FEAKEVWIEL ML bFAETH S Z

LB TE =,
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Fig.2-8 In-situ observation of morphological development in Y1 under

the thermal cycle (C)

Fig.2-9 Optical microstructure in Y1 under the thermal ecycle (C): (a)

was microstructures of the cross section, (b) was sample surface

which polished until about 0.2 pm
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KICHRBEMDZEZEHVWT CerMo O BRLV—VFRAMBELOBBE LT
27, Fig.2- 10 B Z O HFBEFKER THLY, Z0BAF—RATF A4 MRS
Mo oTEABEEINT, Fig.2- 1l cmodkd s+, 084
H Fig26 CARLIELI)REBO 7= 4 PERIEELTELT, £
ETRIFEORLSFT A FBBEBEH S, Fig.2- 120 mBE LV —FHMKE T
BELEZEAELX# 0.3um, Fig.2-12M)RH 1.5um HE L-HBETH D, =
DHESH ., RMEANPTCRELRETEVLEZDLNRD,

UE» e, RKEBLNBMTHBRPIBRRITREEN PDHIORIRAT =F 4
FRBREINDIBAETHY. T¥Fad—T=F74 bR_AF4 bR
DB TIE, TOEBFEMICILADIZ LB TE S,

."_:r" l. ;-d\ &
N

Fig.2-10 In-situ observation of morphological development in Cr-Mo

steel under the thermal cycle (D)
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Fig.2-11 Microstructures of the cross section in Cr-Mo steel under the

thermal cycle (D)

Fig.2-12 Microstructures of sample surface in Cr-Mo steel under the

thermal cycle (D): (a) polished until about 0.3um, (b) polished until

about 1.5pm.
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2.3.83 —AFF A FPHBOLEK

IITHR Y2 HERBEE) (A —AT T A PERBLEHIRT VIS
K .HRR 7274 PBELHET 25252, AV VYEBRELOD
BBREYTOL—AT A MHBEL, AW ETRODEBLEOLE LY
o ey _

Fig.2- 13 R T X931, A— AT FT A PR ZHBTE L5 TUM
EERAWTHEBORELIT-772, Fig2-13(a) THRER 77 4 PBRER
TERED, TLEF AT TAPHRALATHRTRLTWVS, ZO#H
BickB 7 BA2F— AT 54 PREE 67Tum Th o &, Fig.2-13(DWIT A T &
ARV VTHBETEHEINSIA—RAT T4 FREEZSHFIZOW
THELARKBE Tlym ¢ Rok, ZTORENLL—2AT F 4 PRBIRER
BEEH AR TERELS, RELV—VEMEZTOBH R ESEA— R
TTHA MRBERDDIILBARBRTHDLIZLZFLTWVD,

Fig.2-13 Microstructures in Y2 under the thermal cycle (E): (a) was

microstructures of the travel section, (b) was sample surface.
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(Fig.2-5), MR 7 =T 4 PREEELEBLR2OTRBERBW TERIE XX
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Fig.2-14 Comparison of surface diffusion, grain field diffusion and

lattice diffusion®
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DEHRTTRT), TZTHARTRAZFILTEY, TOEREZFALT
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WA 7274 PEIFEBEBDLLIIRATEERLLEE, KAREZRELT
WL DT, TORREIBFHEHROEREZZT D, 20, XA LHTH
LR 7 =274 P RAPBHHBELEERA =271 b EAKOERE S
T2ETTHY, BIEMEL BT 5,

Fig.2-15 Microstructures of the travel section: (a) was Y2 under the

thermal eycle (E), (b) was Y1 under the thermal cycle (B)
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Fig.2-16 Optical Microstructure: (a) was inside of sample, (b) was

sample surface.
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HX@215)KEV(©2-16)ZFALT3HEY R D tie'line xR ET 5%,
Fig.2-17 2, 1020.15K i2 8B i} % Fe-0.88 Mn-C RO HE EHREN % &
. BARDEERE S 2R T, o T Fig.2-16 2 ® &S & ¥, MM R %
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Fig.2-17 Calculation equilibrium condition at 1020.15K in

Fe-0.88mass%Mn-C
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Fig.2-18 Calculation equilibrium condition at 1015.15K in

Fe-0.88mass%Mn-C
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Fig.2-19 Outline of thermo cycle.
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NI A—ZF—ITROELT S,
I HA KL 22 5Ro=0,7 A Tm=1800(K), # R & #;R=8.31447(J - K'! - mol'1),
BRT ZNLF—;0=0.8(J - m2),FTLVEBE;V=7.4x10-6(m3 - mol1), K R

B £;86=0.75x10%(m). A7 v FEEBIZ At=0.75(s) L LT, K(2-27) % &

&, Re94(um)l 2y, ZERBRLEAVEEZRT IR bh 5,
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2.6 ®E

BERLV—VHEBBCLIAZTEEHOZOHEBEEORYHEITHDWNWT, £

DPHEBECL-TRBLNLWEEREBEE L FEROINC Lo THELI LR

BEZEBL., SR ZOBEEROEALEZETOI 7 oMl kT
5L CUTOREEAEE,

D BRV—VFEMBIC IV TERASKTOTAZER L-ABEE » #
RMWCHET 2L TERBBRESRAE LLLZ A, DTA KXV A
bhEREL—HLTRBY, 2ORBRBCESSEBBEORE

FRYTH D, |

2) ABRERCHFA 7= POBPARTIHMEICHEL T EBEELR

REBZAIABEREFHETCRREORKEEPI A OLREMAE LY X
EVWED, REARKBWTHNA7=29 /4 PERBEEL., BELV—
VEHERLABAB TCOEBEHALTLE B LRV,
3 TvHagdg—TzF34 XA FT A PO CERMBERICEY
TEPAEUCLIES., LHEBARKCLIZEER NS, GRL - VHE
BRLABPBNT TCOLEESH I —KT 3,

) REBEHBLARBOF —AT T A4 PRIEZBER>TWVWEED BBV —

FTEMEFTOBBERE THRTEIALA AT A4 FRBIZRBAR
0)%0)k—&‘j‘60
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EI3E TIiBRERFXABHELSLE TOMHBRBR

3.1 ®E
TVHFaid—T=254 PCBLTEEZL OB ITRLATED .,
Ti'-BROBERFHAARLLEBE. THINBRTROBRERRT V¥
’r/l/%i%@‘%fﬁ—%'@&)57/vi:WA/@/%%(IJTAI/O%)@%M@%:J: D
T¥X%ad— Vx4 VOERERHBFTCERLLENTWVS 1), ¥
NI, 7vFafd—T=2T4 POEEPERICEI S DX A/O 2 0.3
~1.0 DHEETHILHEL TS, TVvFaF—T7=54 ME, &&
BRICHEIEHI AV —ELORBELY RXERLEBRTHROLT —R T
TAMPORBEEHEFRENTO2 VT FNEY, RAMA=2F 4 v F 7
TAPICRHEINTEY, EEeHBEEBESREDERAGALENR

(WM-CCTRIZBWTHENRA T4 PEBETERENLDZZERFTENATH
5 18, — BT VX aF—T7 =214 POBKRERYA PEINMEYLTDH
5LEDLOLTEBY, A—RXATFTA MRS PO DT7 =25 A4 MERM
HHIN7ZHEE. PV v 7 RLRBZRXALF—BECAEDRIED LR
BERYA MERD 710, 20X, T7VHFa2aF7—7=274 NBRNE
MEzd A PELTER -BKETIBE. BRENDAI—RXATFT A4 M T =
TAMNREBRFERBEERYA PCRBZI LUV VT 4 v 7 BER)
BDR/EINTWVWS 1112, S, FA—XATF A PHEOBDICE N, £FK
L7724 MNALTOEENAELT, Wﬂéﬂéﬁﬁ%%’gg%ﬁxf
WAHRZEBRBEIRTWVWS 1L12), LML, 25 LETVXFadfd—T7=7
A VOB BEBIRBERORBRABIT2ECERIL TS,
ZITE3IECTH, E2ETCTHILEGER V- VEBB L2208
BERFEZHVAILET, 7TVF 277294 VOEREGLEER
2L, Ak-FE-EREZEZARPVCEEST =,
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8.2 EBRFE

HAM O ZERREZLLT O Table3-11CR T . BEE B 450ppm © Ti-B
RBBESEBERTHD, A€ ITIITE—ETAIEZELE® B2 & T, A
NICHEETANEYHEBELZENNCELEE 2, mass TREE L7 AL/O
e £ 048, 073 R 1.52 ThH %,

Table3-1 Chemical compositions of weld metals used (mass%)

C Si Mn Ti B o N Al
Yi 0.090 0.35 1.72 0.014 [ 0.0035{ 0.046 |0.0042 | 0.022
Y2 0.085 0.37 1.75 0.015 |0.0040 | 0.048 |0.0041 | 0.035
Y3 0.086 0.39 1.81 0.013 |0.0040 | 0.048 | 0.0035] 0.073

BEIFEOHEBRI YIMRT® Y2H TR TVF2F—7=7F 4 b, Y3
MTiEx_A4F A4 P THo(Fig3-1)e 7¥VFa2F7—T7=274 FEBA—
A F F 4 it K-S(Kurdfumov-Sachs)BHR 2R T VW oIBENH B D, %
Z T. EBSD(Electron backscattering diffraction)¥ T Step Size Z 0.3pum &
L, —D2D0F—RTFALA PRARATERLETVF2F7—T7=2714 PR
NAFAL PIZOVWTHEL 2,

RiZ, ZO3HBEHER V- TERECERAS I VvE2RETEIL
THBEREBROZTOBEBE R 2 To~, Fig32 BBV VHEBEOK
XEERT, TNE, F2ETCLRARAZIICRABMBEFE L V—FH
WELHEAEGDELEB THI, HEAXZREBRALTBY., 2R
DHBHEND LD, GHRENOEEZRAT IR TEDI LV IR
WMEKES, EEFEOEHESGO IV — L/ I FTEBREREEFCLELDOT
Hd, BRV-TFTEBREBECE T 2REIZ, 5.3mmeX1.0mm" 28] Y H

L, BiEmzBELCEGICEET-, B2l Vv FEERHET LIS
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Hi@EFERALTBY, FmMICBEBRENRILRIMFITONTLAELE LITR
BLTWD, FEKIE 99.99996%D FEMEOT LI FATEHEL T
By

Fig33 iAW RABE T, £BMOT— 274 MHBEEZES 2
D, 1400CE T 13.3C/sec THIE L., REFEL T 1400C ~800C %
5C/sec THH L, ZZTETOMAEBFITHE L. 800CH5L0HAE
[E%-545C/s 2> 5H-0.5C/s £ TLA#%-54.5C /sec=m HFEE A, -2.0C/sec=
WMHAEE B, -05C/s=mHEE OFLIE, ERB B TLAEEFHO
BEWZBEBELE, AHEE B TiXk 800C~500CETOMHKEMIZ 153
BT, =7 o RS TBEZEEOLI R RKRARBELZREL Y
A7 NVThHA, CORABMIZHIETZEEO AN 4.92x1071/m &
REBAZLEBTES Y,

FTORBER ANEROEZETBCHE LT 2% T4 F - L TEREZITV,
FEMECTHEELE, BEEBBLLESVWET VX225 T =254 k&
RAF A VOBERYVA FPOBOLL, F—ATF A PHAKEETD
FNEBESEMRUMBO = ZAF—H BB XRSTEEEDX)THA L
e

v
g

i 1 0
LTl A,
PSR S L Y

Fig.3-1 Microstructures of the samples by optical microscope (as-welded)
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Scanning at 30 frame rate by

Alumina.* N\ acoustic optical deflector

ibl

CrHee ; Thermo-couple
Platinum ¥ N (B-type}
holder Sample is situated at

focal paint of halegen lamp

Cooling air

Fig.3-2 Schematic ilustration for the optical system in high temperature laser

scanning confocal microscopy
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Fig.3-3 Thermal cycles applied to the specimens.

3.3 EBRFEREUVCSEE
3.3.1 BEIIOHEK
EBSD kit L A MMM IT 1 204 —XFF 4 MicH L TIT- .
Fig.3-4~36 WHEMEcoBRE2FT., YHRARFN~ v 7 (IPF:

Inverse pole figure color map)i¥ 7 =5 A4 AR U A —ATF+ A4 FHD
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2H TR LEZ FeCAELTHERTOBELT—XATF A4 FEIZCE(%)
KEETH LML THRY D ERBATCTERTOBREL —RXT
FA4PFEFEOKREY, TEMBEEBICXY Y2HMERELEZEZ A, #£E
CEWEROCEEAL —XT T4 VP HFEET DI LIERTE R
(Fig.3-7), BHEBHB TR T LI, ZOV A XABPWHETHH I LB bhro
72, EBSD s TR HEBH YA XDOREVWEEA—RXTF A4 P BRBEH
oo LU, £ D KE G OEBEMEE L (CI fE:Confidence Index) L & 22 o
Tefed, TZTIECI=05 L LDBEBOALEZRRIETL, £/, YSHMT
HEBEEOREWE —RAT A MPREIBLOR P oTTD, T=2T A4 M
DHERLI,

YIMRY2HDOT7 =254 FHOIPF 2L EX . BMRTVFaF—7x
FTAPMNPRBETES, ZO7=54 PREKEARAEZLTBY, 4\
HBETAIRRALTTERS TWVWAHIZIEPERTCELE, R, Z07 =5
A MRED 15° LEORABRNATHDL I LFAERTE L,

—FX3HMDORALF AP TRTVFaF—T=2F4 b eHBELTHE
THERALATA N AORKEREIEZH>~TEY, A5 A XIbHEKRTHDZ
LBERBTE D,

774 PETR{IIGEFLIIZ, A—RXATFF A4 PHETE{IILE T
CEAEZERL, 2 HBOBEKEHAELE, TOBARN®L Y1 ¥,
Y2 # & b2 e Fe(110)//y Fe(11TH 2 DB bh 5, 2FEH., T¥¥x =
FG—T 24 MNEIA AT TA RN K-SERIZD>LIOPERTE L, £
EYSHIEBWTS 724 METHERLE{LIGOEBRARKIT YIH &R
BRTHY . RATF A b —RTF A4 MRS K-SEBEBIEKYL> T
BLrEZLND, DED, TVF 2T =T 254 AT A POKE
FHiZZFOoBERICHS T S<1li>rcc FRAEEEZ BN B,
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Boundaries: Rotation angle

»15°

— 5 15"

Austenite phase

111

TG

B0

Fig.3-4 The corresponding crystal-orientation map measured in the
Y1 (A1/0=0.48, as-welded) by EBSD analysis. Inverse pole figure
color map show ferrite and austenite, respectively. {110} pole figure
showing the crystallographic orientations corresponding the ferrite
phase and {111} pole figure showing the crystallographic orientations

corresponding to the austenite phase.
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Ferrite phase

mET

Fig.3-5 The corresponding crystal-orientation map measured in the

Y2 (A1/0=0.73, as-welded) by EBSD analysis. Inverse pole figure
color map show ferrite and austenite, respectively. {110} pole figure
showing the crystallographic orientations corresponding the ferrite

phase and {111} pole figure showing the crystallographic orientations

ooi int

Boundaries: Rotation angle

»15"

s §° 1

Austenite phase

111

Hi

TG

corresponding to the austenite phase.
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Ferrite phase
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Y e
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A o4 Boundaries: Rotation angle
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Fig.3-6 The corresponding crystal-orientation map measured in the
Y3 (A1/0=1.52, as-welded) by EBSD analysis. Inverse pole figure
color map show the ferrite phase. {110} pole figure showing the

crystallographic orientation corresponding to the ferrite phase.
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111

111
Austenite [001]
Fig.3-7 TEM analysis of inclusion surface in Y2 (Al/0=0.73,
as-welded). Bright field image, selected area diffraction pattern of

austenite and dark field image which taken using spot of the {111}

diffraction of austenite.
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3.3.2 HMEREBZTODOHBE

BELV-VTEMETCOEREH OO B ER R L Fig.3-8~
Fig.3" 16 R T, T T D @IEFA—2FF A4 NRERXELIEZ o = B
MThy, CO0RODEEZLERBHEBLEEL L. OERCC@EEE EL
T727A4A FPERELTWSEFTH . DFoHEFHROT7T=F 1 &,
RHBZRHRA 7294 PR LT3, (DREEBRONAZL o BH
ThY, ThEzEBKRTEE:L L,

AVO e HE B/ E WV Y1 #(AV0=0.48)TiFZ, BRHbEVHHEAEE A 0
By S o705 278546 Fig.3-8), A — AT F A4 PRRICHEIL > THN
FOVHROT=2FTA VP ERTOIRFPAEESINT, EREKEE X
639CTHY ., MNONEYEFEILLERLE T = F 4 b B8/ 72 HEE
EERLTNE, 36 CTERKTLE, WAEE BOoBRY A7 1rel
A1BAFg3NCE. . AHEEAORERT A I NVEEZRRYVENCER
MBELEDEIA—ATFA MPERA»PLTHY, TOREIX 7T15CTh o
oo ZOBAE, EBMANTBEINEHRO 7 2F 4 P RBEIER
STV, REOBRPIZNIZEEVWLZDOFILE TIRHEB LIZ WA,
F—RATF A PEBETEBLBAEIOIRRAD2OPNANPLER LT
=74 THD, CORMAPLOT7 =274 MERPHIBREED L. A
BrOHROEFENEBR CEL, 20546, ZERETEEIX 603CTH
ok, ZELEBVWAHEE CORY A7 V% 527254 (Fig.3-10)1 1%,
BHEEBLRABIEF—ATFA MRRADPOO 7 =294 FERDPBEES
Nz, ZEPEDENEILPOHRO 72T 4 FEBEINL, 607TCTE
BERTLE,

Y2 # (A1/0=0.73)ic B W Tk, BHAEE AFig.3-11) % Ot B(Fig.3-12)
DEFA I NVeE2THE, ERHBFEBEERVCKTEECEVWEIRLGL
R, EREHRIFEETHY, F—XTFA PRANORNTEBDEE» L &
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ROZ7=z7 4 POERPERTERL, FERAIKBEERGERTEREE XL
T, MHEE AT 596C~441C, HHEE B TIiX 648C~574TC T
Hole, KHABE CORY A 71252 EASFig.3-13)icix. Y1 # o
HMAEEBRUCLAKIKA—-RATFA PHRAPLOEERBEEI N
TP RELHEELLZ, SOCHmAPEDLRNADOKREREL S TEHRD
FRERABEIhT, FEBEAEREIX TIICTHY ., RTEEIT 614C T
»H o,

Y3 M(AVO=152)IC BV TiZ. MHHEE A, BRUCOETIZBWNT
(Fig.3-14~3-16) A — AT T A4 bR DML OERIBIBESINE, T D8
. YIHECY2H TCEVWRY S IV EFEIZEBEACEHEBEINLTZD LFE
LRAPLDODENLTH2 L, TORTFERELBER-TWE, T4b
L, AN TFMOESo#H RO T ARERKL 2,

YIHEP YZHTRATHESNLEHKDOD T RE, YIS M THRATH
BEnNE#HROT AR, BERV A PP ELRBLO0, B THE,

. - LR S S LT el
i} ) _»_'_1 i Ml | Ehgiits ‘?-\ﬁ.ﬂ_:ﬁ;_wt'ﬂ-_e..r‘

Fig.3-8 In-situ observation of morphological development in Y1

(A1/0= 0.48) under the cooling rate -54.5C/sec (639°C-536°C).
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NEEGE

Fig.3-9 In-situ observation of morphological development in Y1

(A1/0= 0.48) under the cooling rate -2.0°C /sec (715°C -603°C).

Fig.3-10 In-situ observation of morphological development in Y1

(A1/0= 0.48) under the cooling rate -0.5C /sec (726°C -607°C).
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Fig.3-11 In-situ observation of morphological development in Y2

(Al/0= 0.73) under the cooling rate -54.5C /sec (596°C-441°C).

Fig.3-12 In-situ observation of morphological development in Y2

(A1/0= 0.73) under the cooling rate -2.0°C /sec (648°C-574°C).
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Fig.3-13 In-situ observation of morphological development in Y2

(A1/0= 0.73) under the cooling rate -0.5C/sec (711°C-614°C).

Fig.3-14 In-situ observation of morphological development in Y3

(A1/0= 1.52) under the cooling rate -54.5°C /sec (576°C -450°C).
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Fig.3-15 In-situ observation of morphological development in Y3

(A1/0= 1.52) under the cooling rate -2.0C/sec (647°C-564°C).

Fig.3-16 In-situ observation of morphological development in Y3

(A1/0= 1.52) under the cooling rate -0.5°C /sec (668°C -594°C).
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3.3 AA—RAFF A PRRA~DODFa EBH

BBV VTHEMECIDIZTOEBRICIY, 7254 PEBOBEERRK
VAL PCEBVWEDDILPERTE T, NEVBEERTA POFEHLELD
—RHELTR.,. A—AFTTA PR ~DAFAVORTEBELOND,

Mclean!® IR R Y 4 P RICH T 54 PEFRFE X, 25122 HER

&,
kx
X,=—"— 3.1)
5 14 ke ( :
LENWTWSE, OB, xBEX0oHETHY, AV OF e EEIX

¥ 40ppm TH D, £, k=exp(AG,/RT)TH YV . RIZHAAEEK., TIZF
BWERE. AGGEREN XAV X—Thd, 74 v 7 0F _HEAKXDOFER
BRAFZHICBITZ2ME2ANVDZ LT, HOOCHLOHBEEREFERERFLL
LR, Xy ES2ECRALERHRIFAETE DS, AG,DEIX. Ueno
and Inoue!MiC X 2 EBRFE R H» S 85000J/mol L REL o T WD, 5HEH
Rz Fig3-1TIeR T, 2R b ERAKUMCA e VORITBEZ
S2TWVW3eEEZLODND, BEDXSEA e YRITEZIEELDNLD N, E

X FLy, BREROERELLDILEBEETILER D D 1819,

austenite grain boundary.
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Fig.3-17 Calculated isothermal segregation curve of boron in



334 FEERTOIZ iR
FZRFEFTCHABDOI 7 @B A Fig.3-18 7t . 2o FR - — FHEIK
B ks 0 BEER. FEARLFENLE LZ 08 GTLED 25
ZLTWSH, Fig.3'l ERTEEZTEIO0EBRMLEDIRNI L2 D,
BESRZTOLODHEBERESEZRIZ CWWELEZEZLNE,

Y1 Y2 Y3

(A)

(B)

(€)

Fig.3-18 Microstructures at room temperature by optical microscope.

YIHOGHEE AROCY2HOSAANEE ALBTA AT 74 FHA
DRNEDEE»PLERLEH RO 725 A PR T VF 27T =271 b
Thok, ¥, YIHOKHEE B, CRPUY2LHOBHBE C CHE
EhEbDENRT7 =254 P Thole, ZTORRAT7T=F4 T ¥x=
F—Z7 =274 PEEOMHBCEVWT, HBKRERA—AT T4 PAT
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BT ¥#HRaF—F=FA P BERERETEY., 3 d—RTFTIT S b
PMIEBEHAE 77 A PCBDRLTWD XS IEARZAZENE, #—RAT T
A PHBERT VX a7 7254 PERKCEEL2E5E 2 TS AEENE
Z2bh3d, ThiTELTRA—RAT A VRO EDHERBERLCLEA
i, LTI REBHR T IFaF—~TaFSf PRERTHSLBEBERHLD
9, Fig.3-19 B Y1 Mt HEE C 2 5L, hERA AT F A b
CTOEXBEBREBELERRTHS., AP EDLABRTHAT LI CHTT
=54 PBRARELTWVE, BERWICHZL2TE-o%, Fig.3-10 iz 77T &
HRMRERRETCBAERA 7T =F 4 PIBEESNLTL, AR THEHROZ =
FAMPHBEShTWEZERL, 7V 25—T7=74 PERITITX
ERF—ATTFA FPRBULETHAZI LR ZFORBEBECESEIRATSE

Cooling process

Fig.3-19 In-situ observation of morphological development in Y1

(A1/0= 0.48) under the cooling rate -0.5°C/sec.

3.3.5 JHHEW O MK

YSHMTHMAhOBHEEOHMBL AT N Thol., HRHMIT Al
ROz T2 T, AVOEEEREE, A—ATF 4 PHAI
FETAHANEDL2EENEELLSE TS, 250, ZORXEDDOELL
MT vHF 277274 PERILEBEEZTWSLEEZILN S,
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Fig.3-20~ 3-22

gffickl VS ex®RIZ, YIHK Y2 # TiE Mn-Si-Al'Ti-O, Y3
MTiX Al'O-Mn'S Thok, TIi nBRBMNTHZ L TTFvH a7 —7
2T FDHFERERETFALVLATVHER 20 YIHER YZH THEBH
SNTWL20ORAL, Y3 THRBEHSA TR,

BT HFafdg—T=294 PERITEERRBZREZLTWE EE 200

2,

CEMETRONEREN DT EVOSFFERETT,

SFE VD TiLE

Fig.3-20 EDX analyses for inclusions in Y1
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Fig.3-21 EDX analyses for
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Fig.3-22 EDX analyses for inclusions in Y3
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3.3.6 EBBEMBAELCICKTRE

Fig.3 28 @B LV —VEECHE LEZLZERBAEBEERCRTRE 25
T, YI1HM TIZIZE 8 48 E (Transformation start temperature: ST) %
@ T. TR TIEE (Transformation finish temperature: FT)% O TR
L. ABICY2HTIZALAT, YSHTHEBEOTRLE, WFhOH
MTh, RAFEERHEL DL, BARKEL R3O EBHEBEBER
BF L7z, 72, YI#, Y2HEG® Y3 HOIEICEBBEBEERETL
TwB, ALER YLH., YoM, YSHOECHML T W3 LD, ALE{
MEBIXYSHBAELEL, KICY2H, TLTHELDPZVON YIHE 2
B, DE0 ., AlBREMOEMIZEY, Tilck v N# TiNE LTEET
22ty BE B N»ofR#ESHL, A ~O BORBFTAEML
BEAMERAMETZZETD, 7294 ) —AMERELLEbD L E
Zbh B,
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(A) 545 (B)-196 (C)-05
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Fig.3-23 Relationship between cooling rate and transformation

temperature.
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3.3.7 WHE4LRE®D® CCTH
BONEERHEBEERCZOMEGELL ., EHMBAR CCT ME/ERL
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Fig.3-24 Schematic CCT diagrams for weld metals.
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Table4-1 Chemical compositions of weld metals used (mass%)

C Si Mn Ti B o) N Al

Yi 0.090 0.35 1.72 0.014 [ 0.0035| 0.046 |0.0042 | 0.022

Y2 0.085 0.37 1.75 0.015 |0.0040 | 0.048 |0.0041 | 0.035

Y3 0.086 0.39 1.81 0.013 | 0.0040 | 0.048 |0.0035] 0.073

Y4 0.100 0.16 1.49 0.015 |0.0035 | 0.028 | 0.0055 | 0.014
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Fig.4-1 (A) is scanning ion microscopy (SIM) image of acicular ferrite in
Al/O ratio of 0.73 and (B) is bright field image of the travel section of same

inclusions as (A)
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Fig.4-2 TEM analysis of inclusion in Y1 (A1/0=0.48, reheated)
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Fig.4-3 TEM analysis of inclusion in Y2 (A1/0=0.73, reheated).

_71.



432 TV*% 27— T7=294 VERCBELEBEIZONED

BEEFETE, BEAMOROICNED»PLT7 =T34 P T ABERT D
BIZ2EEEETERVED, Fig4'l TRLELIECHAE»DL T =
TAPMBPAEBELTWVWDLEXONDIEHEHZ FIB TEBEWRLZ, LBTIRE
BEEOYIMHRERVYZHTT vV F a9 —T=254 MERICESLENE
MOREHRSLDERT,

Figd 43 YIMOAEDTHD, ZONEHBEIRES T —Y 7
BBEINTZ, TEHZH TSI, M BZREESHRTWBZ &5 Si-Mn %
DHFBREFAECTE e, o, HHE Tt MnAl:Os & FE T & 2 H T A
Boh, RO CIVFR LETESBH ESWE, LER- T, B
MEARIHEBEPIEROBEEAENEN THDI I LIERTE =,

Fig4-5 X Y2 M ONEYWTHZ, YIM K OVB I EE»OHERE R
AT Aue—V VI PBEShE  E e HEERSHIEZSPN TV,
BONEZEFTIZT T MpALOL L RAETE L, LR, T, Y2HEH
WTHMARERERE Y MnALLOs b R 2 BEANED THY . FBHM L
FAETHDZEREERTE I,

-72-



Position 1

Amorphous

‘ Position 2 ‘

MnAL,O, [587]

Intensity (arbitrary unit)

-0

Si

I
L.'\ﬂﬁ \mmw W‘
0 2 10
Energy (keV)

Q'

I l

-
=k

Ot

Ti Mn
J\éi%“mwuwM* v o
2 4 6 8 10
Energy (keV)

Intensity (arbitrary unit)

Oa-

Fig.4-4 TEM analysis of inclusion in Y1 (Al/0=0.48, as-welded)
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Fig.4-6 EDS mapping analyses at inclusion in Y1 (A1/0=0.48,

reheated)
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Fig.4-7 EDS mapping analyses at inclusion in Y1 (A1/0=0.48,

as-welded)
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Fig.4-9 EDS mapping analyses at inclusion in Y2 (A1/0=0.73,

as-welded)
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Fig.4-10 Bright field image and EDS analysis at inclusion in Y3

(A1/0=1.52, reheated)
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Fig.4-14 TEM Analyses of inclusion surface in Y1 (A1/0=0.48)
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Fig.4-15 The corresponding crystal-orientation map measured in the
Y4 (A1/0=0.50, as-welded) by EBSD analysis. Inverse pole figure
color map show the ferrite phase. {110} pole figure showing the

crystallographic orientation corresponding to the ferrite phase.

-85.



Fig4- 16 i YA M TT X a7 —T7 =274 FPOEREELTHTW
leNEDERT, TOHBELNEWRBIC TIO LR E TE 2 BIENFE
LTEY, FREPLEDTF A ALSETLAKEE T om THBEZ L
MR T & /=,

UEDLbZDAEDERBOTIOR TV Fa2a7—7=274 PERICHE
MiICE< EBxoh, TOERERBEZRHL =,

Ferrite [001], TiO [011]

Fig.4-16 TEM Analyses of inclusion surface in Y4 (A1/0=0.50)
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4.4.2 BINHHEDR
COBBERAEDEA AT T A PRORBRREOEIL LV BABE
ASN. 7254 VERERETBE VI EZILESV TS, DE D,
A—ATTFTA P ODBEREREREREZENLREWVWNEYRIZTE, EREZEE L TH
B ThBEEZLRND 1820,
Figd-1TICENTEMEFT AT T A Ve ORBEEREEZRL, T0 2=
ERELE, YIHMR Y2 HTEEIN7 MnALOLIZ I RM TH 5 13,
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Fig.4-17 Relationship between inclusion type and linear thermal

expansion coefficient.
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dluvw], 1% fuvw], '@ % > B R B BE dluvw], 11 [ww], o i > B F R E#. 043
[ow], 2 fww],logECcHZ, 20U DRTR., REEBERIWEC
BLWTHBEATER2IOWMAOKFRIMOAEZLZEZERL TH 5,
Tabled 2 CENEVEORBEAEE R T YIMROC Y2 H THES
N7 MnAlOs BH#EBECPHRM THIEEbL TWVWE Lo, TOEI
1.8% L EFEICB WV, Thicx L MnS TiZ 8.8%¢ TNIEEHRB TIIA
W, . ERBELVBEENTVAYN, TORKBEAETRFET S
Lk hol, NEDEBICE TIOBRFEELTWVWER, ZTORKSKE
A 30%ERAETH D, YIHM TIEZ D TiO 73§#EEE|’E0)J%IE&C‘???'£L
TR . BELEEGEDOEVWLORAERZELTHVW TSR, Y2HIZE
WTHRELVEAMEDOR W MnAl:Os ® ABEIC TiO RFELTWVWD Z & »

b, ABREZHBAT L OFEL W,

Table4-2 Misfit values between different substrates and ferrite.

Substrate | Relation of planes between nucleating substrate (S) and & Fe | Misfit(%)
MnAl,O4 {1001S//1100} t Fe 1.8
TiO {100ls//4100l @ Fe 3.0
TiN {1001S//1100} at Fe 46
BN {110ls//{100} e Fe 6.5
CuS {ijs/A1M}aFe 28
MnS [1ls/A1laFe 8.8
AbO; {oootls/At11}aFe 16.1
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EFHEBETHAILEENLELEERET >TSS, 22T, Mn 28 %F
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W Mn PEBTDERBIELA AT TS PHFRE Mo BENEKTT S Z
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ANDODERIZBEVWTS M BEOCLOHIEIEEREOAL —AT F A4 FHF TIT
bhTws, AMMRATCHERBBETHETH I LA AHK R »okd, ER
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N LW Mo BEFMBRLPLTWLIEHRBbFEL TS, AT, Mn X
TEBBEETHAETT7 =274 FVERE2RET DI LIZTZFZICS VR, B
ELEEREMEIC Mt RZEEPLTEZ 52 LT, PO REHERLL

TWaHHEERZEZLONLS,

800nm
Ti Mn
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2 . 2
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Fig.4-18 EDS line analyses from A to B in Y2 (A1/0=0.73)
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HHZ AR TEDL, 22T 7274 rOKFEHK%E 0.287nm, TiO
DHEFER% 0.418nm ¢ LTU.DREZAWVWCHET 5,

al100]p — alt10L| | [d10kng ~ dl010Lr | | a1 T0}, - 100,
d[110] 7, d010],, d[00]
((1100)),,0 _ 100
oFe 3
0.418+2 0.41842
oa1s-02872] T2 - 0287 [T - 0287

+ +
0.287-2 0.287 0.287

= x 100
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—F. RATA POBRBBEEEINTE YSHONEYLTH 5 Al20s O F
MEAHEREHEE TS 16.1% L FHFICREWVWI b, EREAEOD X
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éo

UEnBT v %af—T=274 PRBESNLEYIHEDT Y2HIT,H
EW AL Si-Mn RHERE. MnAl:Os, MnS 2 EDRLHEREN TR
B, TORBILHFETDI > E T nm © TiO PBET 27 =54 b &
Baker-Nutting ® F AL BB 2 H b, 3.0%L WHIBF LK RESMHICTLY

7294 PAEBRELELTHEREBZTH Y TWWEEEZLND,

(1 00}/ (100) 40

(00 JH011) ey (O10),H011) 4,
® ® ®

((:"i thio (uin)aFe {01 1)y0ff (001)aFe {01 ﬂrso /(010 e

(100),,/f (100) 45
Fig.4-19 Stereographic analysis of the diffraction pattern shown in

Fig.4-13, Fig.4-14 and 4-16
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AMETCHOTVSE AVO M Y1 MMIEB VW TRERETHEDONEY
BERESBEINTEY, #RERBRECBOERBPIH I TS LIXE
ALKV, ¥, TI0O L7274 FBREAELTWVWBELEWVIFEEM»S, Ti
EERMENBZ L CHRBERLDERZNH T L OTIRRL . TDHE
BB ORBIZTIONERL, 7vFa7 -7 4 PERZRET
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BWIEEW, 2V . TiORMRXEDVT VX a2aT7—T7 =254 V3 ERM
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LEZbND, ZOHRFIE. & AVO LMIZ~TH AVO LT Ti R
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o
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Fig.4-20 Effect of deoxidation practice (inclusion chemistry) on the

AF transformation in low-alloy steel weld metalst?
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Y14, Y2HM KB O Y3 # T 5.1kdJ/mm, Y4 # TiX 15kd/mm), BEHEIE
BREANEAROEV NS, RERBRL REINENSEET 5 T
ERHDED, ABLbREEELLEZDN S,
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5, BN FEE 2T MpALOL R FER TR IS EENTEY, XER
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Fig.4-21 Standard free energy/ Temperature diagram for the

formation
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45,4 TV HaF—T7=54 PERERE
EAMEOEBREREROBEILT Y X 27— T =294 VERBEEZR
&L Fig4-21 773, Ti-B RERFHEEZLEBIIBVT, A— 277
A PRA~DODBORWTICEIVERAPLO 7 =54 VERKRIMBEI I NT2H
E.NEDRBICHFETS TIOPEERYA FE&RD, 2D Ti0O & B-N
DHEMBEREEOBHF 72514 VERBRBREIND, TVFaTF—7
274 e —RTFTA FTRCK-SEE L b, 7254 F
OPHREFMIZTZOEERICHE T d<1ll>rcc FTMIZRET 5,

Baker-Nutting orientation relationship

e —

Growth direction = <111>..

\ Acicular ferrite

Inclusion

TiO
Fig.4-21 Schematic illustration for metallurgical phenomena around
inclusion. The inclusions which related to acicular ferrite formation
were multi-phase and surrounded by TiO. The Baker-Nutting
orientation relationship was satisfied between the TiO and acicular
ferrite. The Kurdfumov-Sachs ofientation relationship was satisfied

between the acicular ferrite and austenite.
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