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Table 1 Summary of data in reference to effect of M-A
constituent on tensile strength, toughness and
crack initiation and propagation

) Effect on -
Steel type £2;$2ﬁ1gated Tensile Toughness Crack Crack ﬁ:zﬁiiment of ﬁgf.
strength initiation propagation

HTS0 HAZ 1 g3 - - Qualitative 5
HT50 HAZ - E Interface’k4 - Quatitative 19
HT50, HT80 HAZ - E - - Semiquantitative 20
HT50-HT80 HAZ - E - - Qualitative 21
HT5C-HT100 HAZ - £ - - Quantitative 4
HI60 HAZ - E - - Qualitative 22
HT60-HT80 HAZ - E - - Qualitative 23
HT60-HT80 HAZ - E Not certain - Qualitative 24
HT60-HT100 HAZ - E - - Qualitative 25
HT80 HAZ - E - - Qualitative 26
HT80 HAZ s No effect - - Semiquantitative 14
HT80 HAZ - E - - Qualitative 1
HT80 HAZ - E - - Qualitative 27
HT80 HAZ No effect 3 Mot certain Interface Quantitative 6
HT80 HAZ - E N - Qualitative 28
HT80 HAZ - E - - Qualitative 29
HT80 HAZ No effect E - - Semiquantitative 30 .
HT80 HAZ - E - - Qualitative 31
HT80 HAZ - E - - Qualitative 32
X70-X80 HAZ - E - - Qualitative 33
{zgzgf/mmz) HAZ - £ - - Semiquantitative 34
I'gﬁig £ P RAZ - £ - - Qualitative 3
{’5‘85’60‘( of/mP)  HAZ - £ Itself™ Interface  Quantitative 3%
C-Si-Mn-Nb-Mo-B HAZ S E - - Quantitative 37
Experimental HAZ - 3 Itself - Semiquantitative 7
Experimental - S - - - Quantitative 38
Experimental HAZ S - - - Semiquantitative 15
Experimental - - E - - Qualitative 10
Experimental - S - - - Semiquantitative 39
Dual phase - ’ - - Not certain - - 40
Dual phase - S - - - Quantitative 41
Dual phase - - E - - Semiquantitative 42
Dual phase - - - Itself - - 43
Dual phase - S - - - Quantitative 44
Dual phase - - - Itself - - 45
Dual phase - - - }:§:l§a22d - - 46
HT50-HT60 WM - E - - Qualitative 47
HT80 WM - E - - Qualitative 48
C-Si=-Mn~-Nb WM - 3 - - Qualitative 49
C~Mn-Nb WM - E - - Qualitative 11
C-Si-Mn-V WM - E - - Qualitative 50
C-Si-Mn-Ni-Mo WM - E Not certain - Qualitative 51
C-Si-Mn-Mo WM S 3 - - Semiquantitative 52

*1 : No referred
*2 : Strengthening
*3 : Embrittlement
*4 : Cracking at interface between M-A constituent and ferrite matrix
*5 : Cracking in M-A constituent
e
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Table 1-1 Chemical composition of material used (wt.%)

C Si Mn P S Cu Ni Cr Mo V B Ceq.

0.12 0.28 0.79 0.014 0.007 0.24 1.08 0.43 0.39 0.027 0.001 0.48

Ceq. = C + L+ L si+LNi+lcoral Mo + - v (%)
6 24 40 5 4 14

HT80#inea, BEAREHN60k ] cmlE REH 22 ~50 mm OHBH)
s B&, Ky FEHOEHENEL (HLL, o, WHOEBEARBKEEDS
PIEORS DL ENREINTO B2 L TABRTE, KARBEERET
560D &ELT, RE30mm ORI L, BEABRE 120k ]/ cmHE0HE
BEATA I vEMNE LT, £9, EBIC120k] cm THT<- Y7 -7 5
(LLTSAWEE ) LIZEOHA ZRMOBEM Y1 7 v ZH/IE LI, 3504
x 250w X 30 tmm DR 2 W ZBIEBE I OE D VRIBELICTESEY, 1,2
DS AWEITE > e BERAY A 7 VEIFEREMOHA ZRETPt-Pt-13
%RhBIXUFCABB N ZRE PR E THA, imEL, AELL. TOB, %
BDAtIZH 180 sec TH » Fo

T D&, FaMESMED 12 x12 x 120mm OFREERS 1 7 vAMASRA
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sec & LI-BERHBER YA 7 V2SR EFEMBEBICTNE Lz, &&SME
BRI 550°C 225 1350°C D#IFHT 100°C MR E Lz, T/, BEHEERA Y 4
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",

CNSORFICDOT, 2mmV /v FEEY » v - BHERB (LIT v
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HAZEFEIZ —/—22 -7 MEBE30LV, UFTTEM&EGE I EDITH
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Fig.1-3 (Continued)
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Fig.1-4 Electron micrographs of base metal and thermal cycled

specimens
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Fig.1-4 (Continued)
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Fig.1-5 Scanning electron micrograph of partial austenized region

(a) and result of carbon line analysis-by EPMA (b)
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Table 2-1 Chemical composition of material used (wt.%)

Material C Si Mn P S Cu Ni Cr Mo V B Ceq.
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mDEEAEZ 6N B, Fig.2-81 72545 2ME vTs DBGE RT.
Ik, BATRTIHA ~RF 51 MHREA—ETHELZELIELES,
BIUOBNTRIE—MBTIHE — 27+ 4 PRBAEBLSEHBEE S, 7
2547 ZAMOBRKONT vIsO LR T H2ERVLBD S0z, LHL,Fig.
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Fig.2-8 Relation between ferrite lath
BEHOSNI, E5HIC, B width and vTs ’
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OHHLIEERET7 =74 b FRAPIRKHBIERBTET, oDl LiF7
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WS NEREABEAZETHILERND 5LZZ 6N 5, REIIKCTIDRIC
DVTKRIFT %,

BAF ABEHAZICKID2EBMCRIEZTBR=LT 41 (EBOFE

CRIEICT, HAZOBMAEZ 5 L THMEBRENEER T ILBENS D
CENEZONT, 20T, BEKLILZTEMBEBIV 2EERBAREIC X
5SEMEERICLD MMMEMRELEZREFT L2, Fig..2-9, Fig.2-10 &
UFig.2-11 3, Hiks L LFBEBEHEBE OBE T &S MM EE 1350
°CT, Athi30sec, 90sec BLUP ALt A 90secDRAF % 620°CT 1 hr o
bELEITE- 2RO TE M#RE L P SEMMBETRT. At B30 sec DHFEA,
Fig. 2 = 9(a)THOERANTRTHROW YD 7 = 74 F 7 RADKRKEFRIC—ED
BELb- THEIN:, ZOREHIEFig.2-9(b), (c), (dBLTleicBL
TART LI, (DTHATHAKLBEROBBRESFREFERLO 2 vy
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Beam // (234)cem

Fig.2-9 Electron microstructures of thermal cycled specimen
with At=30sec of peak temp. 1350°C
(a) and (b) Bright field images, (c) Selected area
diffraction pattern, (d) Dark field image using
cementite reflection, (e) Schematic representation

of (c¢) and (f) SEM microstructure



Fig.2-10 Electron microstructures of thermal cycled specimen
with At=90sec of peak temp. 1350°C

A ThHBTEMNERENI, 7/, ThEBBlic, Fig.2-9(a)TK VKA
TRT 7274 b7 2OBMRAEICETICEA VI 4 PLOKRENRBOESH
Bovoht. TOROVEDIIZ, NMICEHABFEDOS VT XIRKOD<IvTF V44 b
HBBLO WEPBEINILCLELD, REEA - 2T F 14 P DPBEIKICE
BLTTELER=vT v4 1 Pl B0 B, 1k, BR<vF V4 4 b
BEPICIREA - 27+ 1 P SEATECEbBEsATLE VP P
AR EICIEE TP e Fig.2-9(f)3SEMME AR T, TEMMBE
LEBkIE, HSBEU->TBESNIER V7 v 94 M EECENAAT
HEINWRILUHBBD SN,

TN LD AR AR At 390 secicE b &, Fig.2 —10(a) $ L P(blic
AT TEL, BEAERMAMFTHOHEDE NS =F 4 v 7 7 274 MRS
BEIh, 7271 b7 2MICECEROTSVBEBD SN, TORCESSE,
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Beam // [100)cem

Fig.2-11 Electron microstructures of tempered specimen of
Fig.2-10 at 620°C for 1hr
(a) Bright field image, (b) Selected area diffraction
pattern, (c) Dark field image using cementite

reflection, (d) Schematic representation of (b) and

(e) SEM microstructure
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Fig.2-12 Effect of At on the area

fraction of M-A constituent
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BOEREIZRODIL,
Fig.2-2 8 XU Fig.2-4K
BOTHHNK SR S&R&M
BIEE M 1350°CTA tA330
secDRAFAZE®ELL, b
SOBR=LvF VA RO
ZiBE (AM-A) BELU vTs
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JUM-ATE - Fo & OBEERSN & - THESNK 8C/EM- A, TM
CP (Thermo Mechanical Control Process)$Bicst LT, ils ek » T
HeE X NP 25.9°C/ BM-A BLOPAE S Ik > THES A 14°C/ %
M-AEHBEHLO—BERLTOS,

Ptz Ems, HT8O0HMOHAZICBWT, AR THIAKEHER
BER<LT V44 VABOERTH S EEALN, AERBENTH, Mo
WY ERTFTHEIHL - FF74 bRBRDHEVIE 7 =74 F 7 AMDOEALIC
YoF, HAZOBERBHR-LF V44 MAGOEKEICE D LENAEN
B LS 2 EEALND,

BOHR A i)

AETE, HTSO0MOHAZOWMHKIKEIETER=VT Vv 4 MO
EEr O VTHEMIKBRF AT 7o T, HAZOBHITHITEIER VT
VYA MEBB LMo MM ERTOFEESEERDLEERSAT, Boh
FEERAETENTEEUTOCEL TH B, |
1) HAZo®WH LT, MmMORBEIXERNFTHE 7274 b7 2MBLT
ER=nrvy vo 4 VBROEREL —EDBEA, HA-XT 74 PRNEDAHD
HEE5ER/NSL, 3. 1°C/ASTM GS No.TH» ko
2) HAZo®gticxw L ¢, B—HBoEs, WEBkoEE®RZH 10°C /
dc—%(mm) TH-To
3) HAZoHicd L ¢, toBMEXIERFTHLIHA -27 514 PRED
B 7 =54 F 7 2MOELICE ST, BR=rv T vyo 4 PHEBEPEOKRE
WHES5EERL, BHEOBR-rT vy 4 MEBRKEBEEIR 16°C/ M- A
Th-To
4) HAZoBMHEBR~=VvF v+ 4 MEBROEREBIK L0 LR GEIICEH
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3% AEABELUZORESENHAZ
BT B S

BIEH & 7
AMEIFTIKBOT, RKABRBELEELLBEOHAZOWEIC>VTHSE
FHWRME O®REL, BRwvF vy A4 MBROERBKARBEHAZON
HELOFFEREEZEZ OND T EEZPLDITL I,
—F, RABRBELERLIZEAKE, BROBBEHAZEPDTHEL, &
BELBORAINAC LR, HUMALHILT I ENBRENS, ChET
BESBOHBIKD OV TRESZCOHEI TSN, ToRHEAEEROLE
kB OHBIREBshEC LT ohicshTaTs 0T Bic i
ERETIRFIOOTORELIDAIITEDLODN TS, LEL, TH5D
WMEREBZOKRENSHT 5 0MEHEBBLUVHT 60 MBEELEAEATRELT
50, HT 80MABSE O E LR Lifedn ol P ent T,
HT 508l is#LBBLIUHT 6 0@l AESBICE 0 TE, BH—HM 7> +a
5~7154bﬁﬁmﬁéc&T%Mﬁm%%méc&ﬁm%@zénféto
AT T g0 WEELBICE VTS, AL RER ) IVE (
0.21~0.32%) OFE, BEELHN600ppmfHE THMIE 7 = 74 PHKE
BOBEHSEONEE LTED, $i, T EBEENSH 250 ppmHET
TYvdFa7-7=74 PREBRETDSEESBONELEL TS, TIT,
BEENHEOBONIBRELEL >TVWEDE, BERHFOANBLT, #S
Dk - T BRESBOFEHKDOECICED, RFEMBEMHBE L ZIEE—T
HoThz QRSP AARBR-VF Vo4 PABICESELC TSR0
EEZoND, L, HT 8O AEEeBONEILN I 5ER<=vT V4 A
PABOEBIKC DO TRERIERZELALHOPIRIN TRV, &5, HT80
MEaEsBOWEICH LTHEBRARBROREZRAF LAAIRINETREAL
BRI 50,
T/, ERAMKSERICENE, KABRABRTORBE B THRELTES L
RS, MA—BAED I VEIZEBERENERING, COLHIULEE, &
37—



BEBANTRER S SRCLIDEMASNI2BELSBENHAZBER SN S,
HESBBONKRBROHITE, 2OHEBTORKERFT L THCLLE
BB, COBBELBAHAZ OBV T, FIB FEE I L&
EMMEEE A 700°CH 5 900°CIREMEA I NIERTE, BEOF ETLOHME
(—15°CTO Y v v E —FHRBBINT xv¥ —fl, vE_,, THE LTV 3)HH
fFT2EHMELTVSE, LELEDS, KA, BHILEIT S L OHERHICE
EFE-TED, FLORFRBTLDLATE ST, ZoHBLILERICSDVTDH
HopicEhTniEw, $i, BESENHAZOWHEICH T 2BEARROD
FEBILOOTORINE, HRELAEBTINTOE W,

PDtozc tho, AFETRE, TIFE2HB0T, HT 80 #iAEEeBOW
it L3 T RBEARROXELERE, FIKER-VvF vy 1 MEBROB A
PoBRE LI, ROTEIFHIRBOT, ZBHRERICERINIBEELENH
AZOBHEIODVTHAN, ZTToORBEKBELEITER=LT ¥4 4 MO
FEEBCO0O TR Lk, 5T, BESBENHAZORHRITNT 258 ARE
DEEBICH>OTHRE L .

B2F RELSEOHEBLIAMCELIETARAREOR

2 -1 HEMBSIUERAE

BRMEHT 80 M (NE32mm, AETE)BLTSMS508 (RE 32
mm, Bl &3 5)THD, ThoDILFEMA%E Table 3 -11K/RY, T T, S
M50%i3, BHDO0 kgl M RAELBLY BR=L7 Y H 4 MO
ERicH L THBOAE 0 EsNBRE v Y Brow vy Bos
WEARBEESRBAB LSO ERICH L 7.

Table 3-1 Chemical compositions of materials used (wt.%)

Materials C Si Mn P S Cu Ni Cr Mo V B Ceq.

Ax 0.12 0.25 0.95 0.020 0.005 0.31 0.79 0.45 0.39 0.043 0.0010 0.50
B+ 0.17 0.35 1.44 0.024 0.012 0.22 0.10 0.02 Tr 0.003 0.0005 0.43

A : HT80, B : SM50
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AE T, HT SOMAELBONMIc S JIZTHABAREOLE 4 M MHE,
HicERwvF vy A MEBOBE P ORE T 50, E—REMKICEREA
BBEAEZTCSAWEITH
o fce BERBHET A ¥id
4.8mm ¢ OTHRHT 8 0
SAW74¥TdHb, ZDik
Z4ARL % Table 3 - 2R,
BREE T 59 7 213 Si0:
~Ca0-MnO % @ iR RY
75y 2T, HEEB,
3 -0.540IFHHTH -
fzo % DALFH K% Table
3-3IRT . NB,BHETI v 2ADHER
BERERCOVWTREABRRODHSLEIAT
BB, AHXTREELHAIEEEBY
FRERA LY

BERE R Fig.3-11RT T & 600
4 x 220w x30tmmTdH Y, BHSLHE 60
BEOYREHEEZBL, BEARBIILLT
- FEEE24mmB B0 22mmE LE
GEBEEITN -1 BHSMH 3 Table 3
~4ITRTTELT, BEABER 39K]
Jem (PRI L, BHEW1ET %), 47k]
Sem (FE120°C, BHEW2 &9 5)BLU
68kJcm (F& 200°C, BAHEW3 &9 5)
DIWHFE LI, b, BEh Bt
W-W-26% Re BB EZHEEHALLAL &

Table 3-2 Chemical composition of
welding wire (wt.%)

C Si Mh P S Ni Cr Mo

0.11 0.17 2.20 0.011 0.009 0.03 0.50 0.81

Table 3-3 Chemical composition of
welding flux (wt.%)

SiO2 Mn0 Ca0 Mg0 A]ZO3 T1'02 CaF2 BL

33 15 16 4 10 3 17 -0.54

Rolling direction

>

600

k—220 «—220—|

60°
_—____¥<wézy—~g2j—

Welding condition W1,W2 :d=8
Welding condition W3 :d=10

32

Fig.3-1 Details of weld

RE L. FOBEOALIE, ZNFNW
1138 30 sec, W213# 50 sec BXUWS3

preparation

(unit: mm)



28 120 sec ThH - 12,

- L= Table 3-4 Welding conditions
IN5DA t i TFEAET . v

OIS VIEEOEEARR Welding condition WL W2 W3

KT 5L, ThEn Welding current (A) 930 950 1060

k]/cm, 56 k] cm # Arc voltage (V) 31 34 35
. o Welding speed (cm/min) 45 41 33
3 ‘C hY

4:{}2300 kJ/em ic 85 Heat input (kd/cm) 33 47 68

45, Table3-5i3185 Preheat temperature (°C) - 120 200

hiciEE SR O/LF Mk Measured at (sec) 30 50 120

ZRT. TLT, BES
BoiL5E, FIZEWAL

Table 3-5 Chemical compositions of weld metals (wt.%,

O and N: ppm)

Weld metals C Si Mn P S Cu M Cr Mo V Ti Nb B 0 N Ceq.

WAL 0.09 0.28 1.43 0.015 0.008 0.23 0.47 0.43 0.53 0.029 0.011 0.012 0.0005 620 43 0.57
WA2 0.09 0.27 1.32 0.015 0.007 0.25 0.53 0.43 0.48 0.031 0.011 0.012 0.0005 560 42 0.54
WA3 0.09 0.28 1.32 0.015 0.007 0.25 0.54 0.42 0.48 0.032 0.011 0.011 0.0004 550 40 0.54

WB1 0.13 0.36 1.75 0.021 0.010 0.18 0.07 0.16 0.26 0.007 0.009 0.009 0.0003 550 54 0.54

RASICREBERGWV I TEEZELEBRCEONIBESBETHEI LETRT, L
TREORRESE L1,

BEEBWAY Y -XKB0TE, BEARBICILTEGELRERRBE
—ET, BEDAEBIVUNAMABDOEKIEEZDONI —-Cr Mo RBELETH
5te T, SMOOMKODVTREBBERHWIKDOTOABEERITE -1
B, HT SOSHRICHNIKE, YV IavBIUTVYIVEDOZOONEHTH
DEETREEBONBDDLHEOC -Si ~-MnREBEEERTH -7 LDL, K%
“E (Ceq )M 5%EZX 5L, 80kgf,/ M MAEESBIKESYT I OLED N
%o

ULonE#EEBPOFig. 3- 2 KERTRIMELD Ve vE-HERAR %
BE L1 /v F REBEEBDPRITICHAF /o F 2L, HBEEILE
TEMBXUSEMITLDITH -1, RFEBBEERILBILIBAR
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3%+ 145 ~nwiEfuvi, TEMITL
DAARER I ERICTIT Y, EEER
R OEMREHIRIELERE L 2. SEM
KL B2ER<vT v 4 MEBOBE I,
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BARKZBHBE T ve =9 6KEBKE L
I2BRERBEEICLDITE -k, BIR
wNT A MEBROEREIE, SEM
KX ORER 5000 fEICIER LMK ET
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BEABBOHEME L bICEEE
Wi OHLE Ul BESRB
BN THEEABEDEMI
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Zohbd, Fig.3-3@BHEA
BEOWIMICL AWHBEDOEILE

2 -2

Welding direction

-——

.
55 jT

Fig.3-2 Details of specimen

= -
. =
~

~
(@]
A
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Fig.3-3 Effect of heat input
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represented by At on vTs



RKRLTO3, A tH30secBLT50sec THLIBHEELBWALIBIUWA?2
TR vTsid 40°C LT THHRBIFTh k. BEARESEMLT, At
D120 secDEHEESBWASI TR vIs D LENR D SN, ZDHEIF-25°C
ThD, BiEOR—EEAMBEEOHAZ OWMME (Fig. 2-2 »pomisEH-
vIsit LTH66°C) EHNBZLEHEODICHBRBIFTH ~7c. £, BES
BWB1TR, RUABARBRZHOEESBWA L ICEXEHEDOHILLTO
5OWBH bhtc,

LHL7AA5, HT 80MAKERICEVT, BEAAEROHEMIC X 8%
DHEABHAZICBI A BEBEERSDOTHL, HFHBIZNBERE S AH
> 7f,

Fig.3-4R3CDEEDOXFHMBERBEZ TR T, NPIKCEBHE 1 kg THRIE

Hv = 246

T

(c) WA3 Hv = 237 (d) WB1 Hv = 253

Fig.3-4 Microstructures of weld metals
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D, RETEE» 1) A, KORHITRITECEBROEBIRBO 5N 5,

COoEKROHERIE, N
MICERMNBEEDOS O 7
ZRD= T YA b
kB L OWE P EE
ShiccEkb, X
THEA — 27 F 4 M
A IBEI R ICZERE L T
TEkBR=rvs vy
1+ EBbh B,
BEREABE D 5 0IEFAL
FHEHSEILT B &,
BESRICBOTHH

(a) WAl WM-A

(c) WA3 M-A = 12.8% (d) WBL M-A = 16.0%

Fig.3-6 TEM microstructure of weld metal WA2

i
10.1% (b) WA2 M-A = 10.3%

Fig.3-7 SEM microstructures of weld metals



AZEER ThoBRwvF v 4 MABKE(OELZCENEZ OGNS,
22T, SEMiLOEBR=VF V414 b BABE L, Fig.3-713%®D
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THLIBRET 5,

BIM AEESROEBLHEICELIEIHEMROE

3 -1 H#HEMBBSIUEBRAGE
BESBONMIKBLEZTHEHNMAOEE 2 LY, E2HiTRONIE
BEELBWAl, WA2BLUWA3ILDWT, Fig.3-2KKARTRLIAE
X0 12x12x70mm O BHREZER 1 7 MMARAF 20 H L, SEESFEM
BEBRLVAZEOIIOMBICHEBERERAY A I v ENEL 7o, BHREZRS
#4720k LT, BEMEGEE%650°C, 750°C, 850°C, 950°C, 1150
°C 3 X0 1350°C & Lz 1E#M 34 7 WU & Bic 1 REY 4 7 01 THE NS
BB 1350°C iItinshig 2 REH4 2 v T 650°C, 750°C, 950°C B8 LT 1150
CCieinEd 3 2EEA YA 7 v, BIT 1 RBEHY A 7 Vv THRFLOE LIRS
MEEE 950°C It N 2 IRV 4 2 v T 650°C B XU 750°C it im# 4 % 2
B Y 7 vEME Lz, ChOoOBRBERY A 7 vAMEGZE LD T
Table 3 -6 £ 7 5%, # Table 3-6 Simulated weld thermal
BEE2BWA1BLIUWASZK cycle conditions
SNTR, TOHbLEREINE
BEHMT50°C, 950°CHB KT
1350°C D 1 &Y A 7 v DH

Single thermal cycle
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Fig.3-16 SEM microstructures of single thermal cycled weld metals
for weld metal WA2

(a) Peak temp. 1350°C + 750°C (b) Peak temp. 950°C + 750°C
Fig.3-17 SEM microstructures of double thermal cycled weld metals
for weld metal WA2
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Table 4-1 Chemical compoéition of material used (wt.%)

Material C Si Mn P S Cu Ni Cr Mo V Ti Nb B Ceq.
N 0.09 0.23 0.90 0.007 0.003 0.26 0.03 0.62 0.40 0.03 0.01 0.01 0.0010 0.48
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Fig.4-3 Microstructure (a) and SEM microstructure .
(b) of Steel M
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Table 4-2 Tensile test results

ZEBEBXLU - 196°CT Test temp. | o 5 .(kgf/mmz) o, (kgf/mmz) & (%)
D5lRABRERERT Room temp. 63 76 21.0
EETOERICH~T, -196°C 93 102 248

- 196°CT 0.2 %K%
RIGTT (002), FlEREE (0,) EbiILEL, HMUPIEBEFRETL TV,
Ric, BRR=vT Vo4 MABPBRERE - ERICBRXEIIHECO VTR
L fes
39, EBRTOEABRIKBOT, MUNB3%, 8%ELVI8HBDIEHETE
NThAEEZRE LA RAZEELALER, 37075 v 7 0REEBED S
nifpotee Fig.d—4 &, AR WM LA, v+ v 7283480 TR
TENEREBHELLERTH, Qpod)icEBHERE A A S B BIEITRT,

—66 —



<«—Tensile direction —

Fig.4-4 Microcracks observed on the metallographically etched

surface of specimen tested at room temperature
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Table 4-3 Sources of surface microcracks in tensile test

Number of microcracks
Number of microcracks | originating at
;?ti] numEir o] originating in M-A interface between M-A
crocrac constituent constituent and
ferrite matrix
81 58 23
(100%) , (72%) (28%)

%) BER= VT VA MBBEIEN L EICIDELBEAGED S0
oo 1, TOBR=VT Vo A4 MEBGK BN 254, Fig.4— 4@)h 5
(d~EHLEREEOHEME & bic, BRw VT vy 4 MHBRIKEC 3707 5
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KBLETHEERLELSDTH S, IERARERICH L ETHRTH S, Fig
4 —5(@Q)IKRTLIIC, = Vv I ADERBICKEIA Y v TNV FRER< IV
FYHA MVEBEKEREEL, T3 07 73 v BEULBEEAE L, Fig.d
—5bcRT LD, AY v TNV EFRBER=VTF VS B E T = T4 b

<—Tensile direction—

Fig.4-5 Relation between microcracks and slip bands
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Fig.4-6 Fractographs of tensile specimen tested at room temperature
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Fig.4-7 Fractographs of tensile specimen tested at -196°C
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(a) Second phase (b) Matrix

Fig.4-8 Point analysis by EDX
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Fig.4-9 SEM microstructures of Steel N
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Blunted fatigue

(b)

Fig.4-10 Microcracks observed near the blunted fatigue crack tip

in three point bending test specimen with At=35sec



Lo ZOERO—FIEA t 535 sec DEAIC DT Fig.d—10 ILRF o $1E
LTw2EFEHDODLEIAT, Z2HOI7 a7 79 7 BLHBEHNE BERw L
FYHAMARRE T 254 M=) I AEDRET, H50VEER VTV
B4 MEBEGICRA L TR SOREES iz, Table 4 — 413, EREAK
OoWT, WY EHUELHETHERIMETHELLIZ0 7 v 0%, BIK

Table 4-4 Sources of surface microcracks in three point bending

test

Number of microcracks

Number of microcracks | originating at
;?til :umtgr of ] originating in M-A interface between M-A

crocrac constituent constituent and

ferrite matrix

26 9 17
(100%) (35%) (65%)

v VT VA MEABBERICREELEZSD, BLXUBR= VT vy A4 bBRE D
274 T hY) v ALORMTHERELLODICHBELLERERT, 70
2590, BR=AvF v A b BE T =54 b2 b ) v/ ALDRETE
DESEBRREELTED, BR=VF S A B E T =54 = ) v RE
DORMEEF, ~ZFHEEBEKRICI 700 7 9 I HREENREE LT WHERIED
Nio ThHid, ~EBBENICE, 7254 b2 )y 2 XABERLIT0ID,
HBPICHECE2MHE L TOBR=VvF v 4 MEROBELET 2546, BIR=
WFE VA MIBE T 7A=Y v ALORBETHNETRELP TV
BREER 5NB D

Ft, COEEOWHIEED —F A2 At H 35 sec BLU 90 sec DFHITDV
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(DM E—FFrof k%R L, (dEc)o~ v F v /%<7, Fig. 4 —11
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‘Fatigue crack tip

Fig.4-11 Fractographs near the fatigue crack tip in three point
bending test with At=35sec

\Fotigue crack tip

Fig.4-12 Fractographs near the fatigue crack tip in three point
bending test with At=90sec
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Table 4-5 Sources of cleavage fracture facets

Specimen At=35sec
. Edge of opposite
. Near the fatigue | Center of -
Observed location crack tip specimen :g;;?;:ncrack of
Total number of
97 95 95
cleavage fracture a7 . o o
facets (100%) (100%) (100%)
Number of fracture
TR 66 65 64
facets initiating o p 9
at M-A constituent (68%) (68%) (67%)
Origin of cleavage 31 30
31
fracture facets g 9
not certain (32%) (32%) (33%)
Specimen At=90sec
s Edge of opposite
. Near the fatigue | Center of ;
Observed location crack tip specimen ig;;g;gncrack of
Total number of
93 94 93
cleavage fracture 9 9 9
facetsg (100%) (100%) (100%)
Number of fracture
S 64 67 4
facets initiating (69%) (71%) (297)
at M-A constituent ’ ’
Origin of cleavage
fracture facets (5?7) %gw g?w
not certain : (29%) (31%)
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BICHETERVEDICNH LI, Table 4 — 53 Z DFHERETR T,

HEMBBLITALICKD, TNTONEH7 >y MCHL THERAELIC
ERkwnvs oA MBEEPRIE2M (b L BT DR OFET 5
BREELLZFADOLNIETONR, WTFNOEAESL, L b T70% AVE S
TANEH7 72y PORAE[AICER= VT Vo A4 MlBEEDNEE2H (b
LLBZDRE) "B ol COXHic, BR=VFYH 41 PHREET S
ABOBAIIE, ZO~EHBBOREICBR LT v+ 4 FABAKE B
5452038 ohb,

U LEOEBRBERN S, ~HEBEEBICENTSH, SHURBRTLF VH 4 b
HE»oRETEEEZON, ZDOHEG, Table 4 — 4R LT EL, &
B EOK LS 3700 7 97 @3EBR<VT VY4 MEBET7 =74 b= b
Dy 7 ALOREBTHRNE S RET ZHEICH -7,

3-2 BRVATUVHA MEBOERICLIDZYHLILERICOLTOEE
BEIRBVTRLIEI i, BR=VF V44 POFET 2B OB
LT, EHBHERRCE, Fig.d ~4TRLAELICER TOFIRABICBNT
R v F Y IIBREULART, ERFRERCEHDOI I 7 97 PEHES
hke ZL T, 378077 v DEEILE, R¥DBKR<VT V41 MEMKE
EHENZHE, BIO—HEBR=VF YA M EBET =42 Y v S
ALORETHHEEDE U BBED_ 2D 4 THRBEI NI, Fig.4—13 v
TV E-—FBEAAD/ v FIEEO T4 YT VEEL 2ERERBAER, WABE
LAERO Bl AT, CDEAORBEME, NSEMG 1200 °C T 9 min
MEEA LA 90 secTERE THEANSE, RREE22°CTY v v~
BHABRETNE-70bDTH B, T4 Y7 WERICHLSRABEKR= VT Y4 14 b
HEBLAELELTOVIORBESH, COCELLEEBRLVT Y94 MR,



GIE M B BE IR IC S R AR
LB EBREDBREINT,
—J5, & BRI
BT, Fig.4 — 7Txw
Ll S ke —196 “CT®
IR BRKIC, X5,
Fig. 4—-11 8L U Fig.
4-12ThRL7Z&KDITO
°Cto=mthd ARk

Kb, ~EB 7 7€ v b

DOFEHICEER=LVT Fig.4-13 Dimple fracture with M-A
v 4 A EE bR S constituent with At=90sec

B2 H2RR D 5N, Table
4—4THRLIEESiC, EREER=VF v A MBET =A=MY
7 ALORMTHENZ CRET 2HAARD SN $72, Figd-14 3=
RO HABRTRy 74 VYHREULBEBICEFTEREAETREDONIERL -
SRHO—PIERT, TOHEORAREME, N#HZH W 1200 °C T 9 minNEk

Fig.4-14 Microcracks developed in pop-in in three point bending
test with At=90sec
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SEHMPRBRLICLDTHS, SHEELANICE 7 =274 b= b )y Ap%
LT 50, SREBCBIETER= VT Y44 PEBIOREEIT OV THE,
BRewvyF o4 VEBP IO LAER~ VT 4 PBIE 7 =54 b
FPY w2 RALDORAEERTHIEEMDENT ERBOH LT,

22T, ERPEBR=VF VA EBE T 24 b2 Yy 7T AL ORE
REETHEAE, BEBERAIOBLULLLE Yy v E -FHEAF 2V,
27 79 7T NTRMLTSEMICKDEHE 3000 f5TERI L. TOHE
DREEEME, NS A 1200 °C TO minfi##%, At % 35sec BLU 90 sec
TEB I THERANEI S/ EDTH S, Table 4 -6 B3 ZDFERETRT. Th
XV, AtH 0 secODBFAEDITEL, BRR=rv7 v+ 4 PHBOERBDOZ ©
Bai, 277 v 7BRBEBR=VvTF VA MEHBE T =542 ) v R E
ODREAEFT HEAIEL, FHIFLLL TR BDH LMz, THiF,
giR ok, MEFIKEWE2HELTOBR=VvF Y+ 4 t BV EET
588, BR=VF v+ 4 IflE 7 =54 b= ) v 2 AL ORBETIKRAE
hAECPT Y FBBCOBNETBEEBIEEL S B LEELLND,
DEED, BRR=v7 v+ 4 v oERic X 58HEHHCFERE LTE, ~
SHBEEDOI 0 5 v o0, MENEL (65% BR=vF 44
L7234 2 )y P REDRET, 5 VE3BBBEER= VTV 4 bl
BEKICEEL, TOEBAEBCBCTE, BELLIZa7 79 7 BEBR=
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fbid, ~=BREARE - GELOTOEBRe VT Y94 MABE 7 =74 b
2 )y 7 ALORBOEBELEMT 27D EEL NS, LR -T, TOD
Comn, KARGEHAZEMSCHEELBR< LT ¥ A RO ERIC
FEMMLIAERETZDICR, ~EHBEEIRE - ZRLPTVER<
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Table 4-6 Fraction of secondary crack length along the interface
between M-A constituent and ferrite matrix to total
secondary crack length

Secondary crack Length of interface | Fraction of interface

length (um) between M-A to secondary crack
constituent and length (%)
ferrite matrix (um)
39.5 10.1 25.6
9.4 4.0 42.6
30.3 10.1 33.3
28.5 5.7 20.0
11.8 2.6 22.0
11.0 3.5 31.8
23.3 4.0 17.2
- 17.5 4.4 25.1
at=35sec 38.2 6.1 16.0
29.8 6.1 20.5
17.5 5.3 30.3
18.9 3.5 18.5
6.6 0.9 13.6
30.7 4.4 14.3
40.8 10.5 25.7
36.0 6.6 18.3
vIs |} Area fraction | Total secondary Total length of Fraction of total
(°C) | of M-A crack length interface (um) interface to total
constituent (um) secondary crack
(%) length (%)

-15 10.2 389.8 87.8 22.5
Secondary crack Length of interface | Fraction of interface
length (um) between M-A to secondary crack

constituent and length (%)
ferrite matrix (um)

36.0 14.5 40.3

25.0 9.7 38.8

18.0 6.6 36.7

43.0 11.0 25.6

21.1 6.6 31.3

53.4 13.2 24.7

30.7 9.5 31.0

19.3 7.5 38.9

. 29.4 7.9 26.9

At=90sec 38.2 11.4 29.8

14.9 3.5 23.5

23.3 5.3 22.8

13.2 5.7 43.2

11.8 4.8 40.7

30.7 10.1 32.9

13.2 4.0 30.3

48.3 13.2 27.3

63.6 23.3 36.6
vTs | Area fraction | Total secondary Total length of Fraction of total
(°C) | of M-A crack length interface (um) interface to total

constituent (um) secondary crack
(%) length (%)
57 13.3 533.1 167.8 31.5

f’79'—
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Table 5-1

Changes of mechanical
properties by holding
time at 350°C

Holding time

Hv 999 o

(min) | (kgf) (kaf/m?) (kgf/mbd)
Cont. 236 60.7 76.2

0 245 59.9 77.7

2 240 58.6 75.7

5 241 60.7 74.1

10 241 60.8 74 .6

20 238 59.2 72.6

ey - AEX

BEUGERSIKETOETAEDONLD, BRw 744 LB E K
BAZEMLTh, MIBOLAMNNESPRECIHEESLBES LR SO

ER Y R

—7%, Fig.5 — 5 @3 DL xDERFEHHMICK S vIsDELEZRT, X

CEERBH LR ORR
bl Lo, EEHHET O
EREARFREOEME & biC
HEIEBEBINLERZRL
7o
xic,
K=ws w44 N4 RK
BEEOMBRE®RS L, Fig.
5 -6 ZDERERT, &
R=ens v+ 4 B0 SR
ik A HERE DR DICEIFH
S HILT, vTs RESINSE
A 5T,

ZOvTsEgARDE

80

40F

20}

vTs (°C)

0_

© =20}

ol A\

10 20

318

Holding time at 350°C (min)

Fig.5-5 Effect of holding time at
350°C on vTs



Llkoc &ms, HT80M 80

R
DRAMEHEHA ZEERD 60| e

Wik LT, @imigd oL //,///

KR (AEROEA 350°C) £ o

CEBREL, BRerry 20

H4 MHERE 7 =54 b ER or () Continuous cooling
It RS, TOERE -20}

PEBEE L LiE, MK 0 5 10 15 20

Area fraction of M~A constituent ( % )

BREYTHAT EXRFEIES
N,

Fig.5-6 Relation between the area
fraction of M-A constituent
and vVvTs

E3F AEHAZICERFZIBR LT VUM MABOERS LUBMECT
PERREOF

3 -1 HEMHSLIUERSRE

HHAMIC I EREBEEMD 006 COKKRER WE 25mm, LMET %)
BLUOE2ETHEALAZ 0 CoEHFKER (M) ORZBORKS 2
BMOBEBERHTSOMA MW, Table 5 — 2 8L U Table 5 — 3@ T hFh bz
ﬁ&ﬁ;d%mmﬁgé,it,mg5—7;lﬁmt;ﬁﬁ MRk R T
7eiZl, BERBRZRTHLMBOILFMBREE 2 ETRLALYD, T T TERE
ZL7, LEEMMict~, REUADEELHE= v F VEBETELE T
WBUANZER VNV TH -7z, Table 5 — 3ICRY Th S DR M ORI

Table 5-2 Chemical composition of material used (wt.%)

Material C Si Mn P S Cu Ni Cr M V B Ceq.

L 0.06 0.26 0.93 0.003 0.0010 0.25 0.59 0.53 0.33 0.057 0.0012 0.43

Table 5-3 Mechanical properties of

materials used

| (kgf/mi?) 6 (%)

L 75.1 80.1 25.0
M 83.0 88.0 22.0

Materials 9.2 (kgf/mmz) o
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Fig.5-7 Microstructures of materials used
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(a) At = 30sec (b) At = 90sec

Fig.5-8 Microstructures of thermal cycled specimens of Steel L
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C S1 Mn P S Cu N [ T Nb B Ceq. (wt.%)
a7 9.060.25 0.75 0.005 0.0010 0.25 0.03 0.43 0.33 0.027 _  _  0.0010 0.43
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