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Summary

Recent validation of steels for offshore structures is often determined by the crack tip opening
displacement (CTOD) value, which is very sensitive to the local brittle zones (LBZs) in weld heat-
affected zone (HAZ). Improving toughness of the LBZs is the purpose of this study that discusses the

- morphological effect of a very hard phase in the LBZ [e. i. the martensite-austenite constituent (M-
A)], on their toughness. Morphological factors of interest are the volume fractions of both M-A
particles in total (V) and the slender M-A particles (SV;) which were defined as those with a larger
aspect ratio than four. The analyses were made with a binary image processor for steels of various
chemistries and HAZs through various heat cycles.

The volume fraction of the slender M-A(SV;) affected the LBZ toughness; the toughness was
degraded remarkably with increase in the SV, value but this harm of the slender M-A particles was
eliminated as the SV, value exceeded a particular value. Frequent observation of the boundary
breaking between an M~A particle and the matrix in the vicinity of the principal crack tip indicated
that the interfacial cracking is preferential on the primary stage of the fracture. The stress and the
strain characteristics in and around the local hard zone (LHZ) in a soft matrix were figured out by the
elastic and plastic finite element analyses. The slender LHZ with a larger aspect ratio lies under the
condition of the greater strain-difference between LHZ and matrix as well as the rise of the stress in
LHZ. However, these increases in the strain-difference and the inner stress are suppressed when LHZs -
come closer together (vicinity effect). These calculated results explained the unique behavior observed
in the experiment as the following: The rise of the SV, value increases the possibility of fracture both
at the LHZ/matrix interface and in LHZ itself associating with the large strain-difference and the
escalated inner stress. Simultaneously, the increase in the SV value shortens the distance between M
-A particles so that the vicinity effect works and decreases the possibility of fracture.
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2.1 @Y A oINS

AFETEEBEAY A 7V 2HIcE5 T2 2 L Clfx
HAZ A2 E8IL 2 ZWWAERT 2 M-ADEREERHRAEL
720 BAU A 2 VRBRICHE L 728013 12 $AfE T, 7 D{LEEHHAL
#iH % Table 1 1TR Y, FARBIEELZ CIFRLL 7R S
#3360 5> & 460 MPa @ 16 mm JE 81K 2> & [F] B O # 9 4
2 VB R FRL, ZHICEREINENC & - THEEER
YA 7B M5 LT,

BY A 7 VORERE % Fig. 1 EXM IR T,
CG-HAZ 8\, SmMEBEE (T »% 1400°Ch H—#Y
A NEMNETZZETERIL T, £z, IC-CG-HAZ ##%

Tp1=900~1400C

t800-500 = 30s
Tp2=800C

1st heat cycle 2nd heat cycle

Fig.1 Schematic illustration of thermal cycle pattern
used in thermal cycle tests. Thermal cycle corre-
sponds to 4.5 MJ/m heat input welding.

Table1l Chemical compositions of steels used for
thermal cycle tests (mass %).

c Si Mn Cu Ni Nb Al Ti N
004 0.10 143 - 015 0.015 0.017 0.007 0.0016

~ ~ ~

016 053 153 025

~ ~

0.76 0.046 0.035 0008 0.0040

X, Tor=1400COEY 1 7 L DB FA—HAHIBE TR
TNEREE (Th2) 23 800°COHE 2By A 7 V252 THBEL
2o X612, H—8U A4 27 N8B TEREIMEERE (Th)
% 1400 5 900°COHIF TEAL & ¥, wHliE, B2 8V A
7 N DBEIBEE (Tp) % 800°CE LI BEEY A 7L
252 15EBELERLE, IRSEY A 2 LOBHIGMF
13 800 20 5 500°CE TOWHIBFM» 30s L2 T—FE & L
Tro ZOWBEIGEMEE 4.5 MJ/m OBBEAZICHL T 2, %
7z, —EOFNZOVTIE, B IEY A 7 VORBINEEE
(Tps) 23450°CE 2 BB A 7 V25 L CIHBRFOBE &
RLUZED 2 HE L7z,

2.2 M-A $IFRAT

2.2.1 M-AKTRROBIE L HIE

APIE TR 2 RBERIER LD M-ARTOBRE%:
Tl ot ZOBMBAREKER, BIERET7 274 M 2E
BLEOE, RIUYEBRETHIOT, MFARIFLEAY
74 PO RBITE B, BMHL M-A BEEETFHE
& (SEM) TEBZEL 7,

1500 {5 CTHBEZ L 7: M-A 2 &tofHiko SEM #4id, 3000
BB S EEL -8, EERAEIZ XD 2fELL, BER
FIREEACREAL D ZL L 2HFLL, 2T —5
3% DO Ul BEREF ORERIE I L THI 7300 pm?
TH2, SEMEEZNIIET 5 2 HLEERLL T
Fig. 2 WiRT, 2{ELEOZHTHIFREN T 228
M-A R FTHOBWERHIEHTH 5,

2.2.2 EREAET

2 {E{bigd o F;fi U 7B TR FOEE 2 LU T IR
T

Example of SEM image and corresponding
binary image for morphological analyses of M-
A constituents.

(a) SEM image

(b) Binary image
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R (V)

M-A K72 3RTTMC Z v 7 A BB T 258, 21
TV THIE & e M-A RLFOEEE T M-A OFREE
2RETBLEDbNE, 22 TM-ARKEE (V) 28E
HEFOREFCNT 2 M-A K TFOMBRARECERL
720
Slender M-A & (SV,)

AP CR LIz & 5, B0 7 A2 b Ra(M-A
PTORAKREE b EZThCERTT 2HEKNIE a DELTEE,
Fig. 3 81R) ORI Z20RTHEEBIF 2N LR LM
T/ EMEO O FAEEREHREL, ROBERERES
RT3, o LEEHNT Ra b3 4 TIEIZEINT 2 HFHNI
Ho7DTY, AWTIF Raz4 ORI FRBEEEADES
HEIEFETHZLLT, ZOLIBHRVHEFOREER:
Slender M-A A4 (SV,) LRI LIZT 3,

2.2.3 M-ARTERDIEERE

JRERIELERD RS ST « OF 45 BUZ T SR 3L
e zh2M &L B OMEECKET 5720, B
HOWEORELERTIHH I IOBERERER LT
BT ANENDD, L L, M-AKTFRED THTH
D ZOMBEREEIET 3 2 L ZEEETH 3 AP T3,
PE LI M-A ORFEED SBEEHEE L2, M-A BLTFD
RFE, 0.07mass%C B L U 0.16 mass¥C D 2 fHfE %
AT EPMA I X D EIEEL 72,

2.3 FEHEWAYOI /0 EBOBE

ERRN v HAZ OB I3 EMERN % LBZ O MM
BEHRCXE S, 2512 LBZ OMERSI: 2 hic
HEND M-ARFOMETHMRNE R D (BihToEER
BT L) BRECERANE LI BEEFLVERE
¥ 5k, HAZ Ot Esit & X+ 2 A7k, M-A
NFRARICHET 2MENEHORED LS THD, =
DWRETNOZLEERET T2 0, BHESHEA
THCAELLERRF AW, ERNTREERECES
FTOERB VN THRHT 2 ZadhiTRER 2 TR, Y
& ZURTRE P FEE U M 2 MR BE L, BERR
Fof#ango CG-HAZ & IC-CG-HAZ %3 2 8

B3 12 b —

= M-A particle
>

e 10 |

]
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&
2 6 I Slender M-A
& 4]

I
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[ e

1 5 [ 7 8 9 10
Aspect ratio (Ra=b/a)

Fig. 3 Particles of slender M-A are defined to be of
longer aspect ratio (Ra) than four. Aspect ratio
is bla

VA IZNEMNEUERLBZ DS 7 o Lz, B,
MeHEBSEDORELEBCHEEL TW 30T, HIFRERIEH S
UKD I-FHIE LBZ OHEMED & MMt~ DO E B EE
LT OBRETITR 572,

2.4 LBZ 8014 OFFf

M-A RFEEITIER IG5 LBZ @ittiz, vy v
— R TRO . FHETHE, HEBEORZ D H&
EEMONRELTED, EBRBEORELBa0E%E
LT, B TEWBIN AL F—{E50] 252 2 BEREE
(Tsoy) 2FHMIEEE LTCRAVWAZ L LT,

3. X BB & R

3.1 M-ANFREORAFIEE

3.1.1 M-A ¥ FOHEM

REBRTHES N CG-HAZ % % vwid IC-CG-HAZ ®
A—=RATF4 b (y) RiEIZ#H 30~50 pm T, SEM BIZEH
Bz iz W0BED y i & g h Tk, 1ED y HNT
B4 2R 7 v 7 VB0 A& D M-A 358
WM R R TER 2 b D8, REFEMEKD 5 #EEIZ DWW T
7ol M-A KIFORERD OB ASGIRIFER T, 10 %
D y BITIZDWTEBHET 2 L 2D RICEEN S M-A
HFREROHAIZANTWA L LTRIF->TH I vt
WIERNE LT,

EREOUME TEREL (Hon3E/MO M-AKFD7
A7 b Ra WEER-FOYIWE Lo R 0O Ra T3
H5H, LROKFOFEEEC & RS (HRESR)
BEES S DFMERRT 2DT, 2.2.2HTEHEL 2
SV, BRED b OREEERbL T 3,

3.1.2 M-A&EE (V)

ViEBXIZT CEE S 2ORE % Fig. 4 0 LBICTR
T CG-HAZ 13 IC-CG-HAZ i2tt= 3 LB Vo % H L
TW3,S, OERERT DI, S:<2mass% DbD L S
z2mass®% Db O L TEFIL TRYT, CG-HAZ T IC-
CG-HAZTH CEIZEBEAELD»DLLT, S BNEWH
3%EDOM-AZEH LI, & S: TO V, O¥RIE, S
X3RN (R4 L) ERRIERE (ec—et 0—0) B
MER CEERT 2 bDLEL NS, 2D S: DEIRIF
IC-CG-HAZ i3 CG-HAZ F FBEE TR v, 2L, Si D
BRI B 0 B TABINEARE (T2=800°C) DZEHE v Bt
H—E8Y 1 7N (Tp=400°C) IZh~NiZfed Th R0z
brEZoN5, £7z, Fig. 5123 V, EIC BT+ H—8Y
AINVBIUZEBY A 7LTOE LI A 2 VORSTE
RE To OBE LR LIS, Tonl2Xtd 3 V@0
T bTFhThs,

3.1.3 Slender M-A #:5&=E (SV))

Fig AOTEBIW SV, KRIZTCE, S:B208E5RT,
SV, D%H&E S CG-HAZ DA IC-CG-HAZ L b 4 & i
BRLUIZS: D SVt s 28 V, OBE LR,
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Heat cycle | Si<0.2% | 0.2%=Si SiBOLIR D ST SV ERNE L B> T B R IC
caHrz 1o : CG-HAZ Tid S; DBEN DL DNV, T b5, 1C-C6-
20 HAZ O M-A R FEEMO C® S B &k - THIET
g B I LD CHEETH S T LIRS N,
B 15¢ CG-HAZ CRENMPRE To »MET 35 &, Fig. 5 IZR
“é: 2 ol ¥ X512 SV, BB ET L, 2, CG-HAZ o4&
23 B e BT 3 M-AKIFE, 74 KX YR7 v 7 RIBO 7 2
25 51 97QF PR 2 e ol E < 2 D 2T VA, T OET X
° A 5> TYA PRV RT v T AEBOERSIH S B LT
0 , 1 ' b5, ZOMEAE IC-CC-HAZ TRHAENT 2 b DOR Y
2 5l PICH D, WHAMTH 3 CG-HAZ Ol HIET 5 2
T & TIC-CG-HAZ ® M-A K THRRE% HIfHIL 5 5 FTHEM: &
8= REBL T3,
"é % St 3.2 EREFOEERR LT D hRE
38 2} ° 3.2.1 M-A{KH¥ L Slender M-A RO
s ! gygg----..____‘ Fig. 6 12 0RO S8 1513 5 M-A KB V, & Slender
© M-A §H#3E SV, OBk %R 3, Slender M-A K=K SV;
00 005 o1 o045 o2 &V, OMEKIHR o THEEICHMA LR, A— V.

Carbon content of steel, mass%

Fig.4 Effect of carbon and silicon contents of steel on
the following factors :

Top ; M-A volume fraction (V})
Bottom ; Slender M- A volume fraction
(SVy)
20
Key Heat cycle
O | Single

® Double(Tp2=80Q'C)

Y

Total volume fraction of
M-A(V,), %
=

0 1 1 1
Steel: 0.08%C-0.18%Si-Cu-Ni-Nb

w
T

Volume fraction of
slender M-A (SV}), %
— N

0
800 1000 1200 1400

First peak temperature (Tp1 ), C

1600

Fig.5 Effect of peak temperature of first thermal cycle
Tp: on the following factors :
Top ; M-A volume fraction (V)
Bottom ; Slender M-A volume fraction (SVy)

LT CG-HAZ b T icE» SV, HEZRTERIIH S D
DD, M-A 555 V, @ Slender M-A 4% SV, w5 %
283 CG-HAZ L IC-CG-HAZ L b iZHILTH 5,

3.2.2 [EEHEIE (Vicinity index)

Fig. 7 \R T & 5 &, M-A RLFHSR—FE CRl—7 A
7 MEOBEERERE b b, EABRTFREZOELIUIET
23 BIEAL LIRET S L, MNTOEEESIZ(1)
A TR HEEIEE (DU Vicinity index ¥ REET 3) TXK

O CGHAZ o
- @ ICCGHAZ

N w s o o
T

Volume fraction of
slender M-A (SV,), %

Vicinity index {r/b)
w
(
L]

0 5 10 15 20
Total volume fraction of M-A (V,),%

Fig.6 Relationships of slender M-A volume fraction
SV, and vicinity index with M-A volume frac-
tion V; for several kinds of steels under 7, =
1400°C.
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Raﬂve =b/a

Vicinity index : r/ b

Fig. 7 Definition of vicinity index (=#/b).

M-A particles of the same shape (R.=b5/a) are
configured to lie on a regular lattice of r-wide

spacing.
HT&5,
Vicinity index =L =—b, (1)
b v V}' Raave

Z 22, Rawe 37 A2 MHTH B,

Fig. 6 D TEIZi3 V, & Vicinity index OBE{E % =¥,
Tp1 % 1400°CE L1235810E, V, OERICHEL2->T SV, E
BIETL, ZOREMLIF(1)RDEHRD S LROBERTH
34, M-A OEBEROEILICK L THEY 7 A7 M ED
EBED T/NENT L EZERLTWVLS,

4. WA ERNRLETFIVIZE TS LBZ 8Micxtd
% M-A RENDFEEE

4.1 RN EROBERSE

Fig.8(a), (b)iZ 0.07%C-1.55% Mn D = m il 1758k
B TR T & RO Fa4 U 7 iR S Zo
BRT, IWODOWENEEIL, SABELE I S TR
TEBEEO LS i RN EREZHEL R WIBFIKD
AEEINT, VahZ bk, ERNZEEEENECR
LERFOFEH[OICRIOL S BB EEIIIEEA
YEgankdrot, ZOBERKRIE, FAEROMEO X
3 RiGE, R FEE Ul s e LT 28803
{, MBRHEHOFKEDL LBZ OBt e e L T
VB ZEERLTWS,

%z, BEMEROHKEER 2BRCSETE R, O
kDU, Fig. 8(a)IZRTA Y A 7 LIRS M-A HEOBEE
DORELLLDL, IV DR Fig.8(b)IKRTBY
A 7EFELEM-A LREMORE»SFRELIODTH S,
FREFEEIBY A Z7OABEEIC S 5Tz, T OBIER
B3, HY REHFED 5 OBIEBRLE—BLTn2S, ¥

(b)

Fig. 8 Examples of microcracks around fatigue
pre-crack.
(a) Microcrack in M-A particle (Type A)
(b) Microcrack at interface between M-A
particle and matrix (Type B)

7z, BZA 7B TIHMENEROREFHTIIZEAY
T T M-A OISR TH o120  DFEERTORHZRIL,
AifER® DG - U ¥ AT L 7- X 51, LHZ LRt
DUOFTHENG > L bBOETER—HLTBY, BY
4 FORELDE X MR S HOREN M-A L B0
OFHECHLMER TS ZLERL T3,

4.2 M-A ri3thossmEs

Table 2 i& EPMA 2 & % M-A O C i Il & # 58 % R
¥, CG-HAZ ¥ ICCG-HAZ #fb ¥ CEHEMNZ L (0.
16 mass%C) D IF > B3 M-A O CEBEEE Y, 272, IC-
CG-HAZ D% > 18 CG-HAZ Wb C CHBEEDYE < AR

Table2 Measured carbon content and estimated 0.2%
proof stress (0v.2) for M-A particle.
M . Estimation
leat cycl i - -
© il::sl%) yee (;:) ((r;ngsg’/u,; C in Matrix h‘ﬁ‘:AE hf::,": Mis-matching
—"“"’"“Tm Tp2 (mass%) (MPa)  (MPa) ratio’
0.07 1400 40 0.34 0.058 1565 777 20
) 1400 800 97 0.44 0.035 1735 630 28
0.16 1400 9.4 0.48 0.127 1797 1055 1.7
: 1400 800 6.0 0.70 0.126 2090 1062 2.0
*0o /o

0zMA 0.2 matrkc
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BAEMFSHE H13E

B L > TCHM-ARCEELIZERBRLTWS, &
DHEBE»OEED Ik >T(2)RTELZONTWBEE
ANMD 0.2% Wit )T 0o MPa) & CIEEE (mass%) O
ZHAVT, M-A © 0.2% iHERD I,
Go2=2410 (MPa)-C™, (2)

M-A © 02% i L BDZzh e D (T2bb M-A
D oo FRZF) 13, FEEREFTI1.7~2.8 DEHICHD,
DT CIREOREINGG &V fih: M-A OEEEZEEN
ENnEERIZR L, ZOHEW XS L, CG-HAZ Izt~
IC-CG-HAZ DFiHSSREEMI K & W, HIF® O T, B
ERAGBE(LER & R DR E LK & WIE Y LHZ WO /108
EHL, LHZ/BMRECOVTAELILRET 2201
EZFENBEESNE L WIFBREETE Y, Table2 2
KL ICCG-HAZ D/ BHEEENRRKEVLEWVLS Z L,
—BIZ L BBRENBBERKTH 5 CG-HAZ 2tk L T IC-
CG-HAZ BMEVWEIM 2 RT Z LOEBAOV EDEEXS
hz,

4.3 M-A¥IFHEED LBZ SIiE~ N E

4.3.1 M-A#EE(V,) OF

Fig. 9z Vi & Teoy DBMFEETR T, V,OEREE D IZ
Tooy LR (ML) TERERMERCH B0, H2E
D Vo (ZDBE 5~8%) THMS LI RA Lk 258 %
R 122U, To % 900~1200°COEH TEL S v e &
(<, @) i, Bife T HE2RTOOLDY, V, TR
Tros DEB R FE—HNCEBETE RV, 72, BRLIES
bOHE IV A 7 & B A50CCOEMETIE, M-A 13 53#
LT Vo lED TNE oz,

%, LMD 0.07% C-1.55% Mn QI D WL TR
B#% Fig. 10 iRT, MED SV, HE CRABUZHMEE L
BooNbin, Hhe i cBEL 2, CG-HAZ & IC-
CG-HAZ BLXUEY A 7 NDE VI L ST, Ty 1 SVi=
#11% % Tix SV, OERINCY L TRBME LR EE %
ELTWwaHN, ZhBED SV, R TlEMIC Ty (ZET
T AHEENCH B,

Fig.11 X Fig. 10 % V, 2 CXAL T oy MHEL /2
DT, LI Ty 2 TERIZ Vicinity index #7~3, SV;

Key Heat cycle Key Heat cycle
0O 1400°C o 900~1200°C
@® | 1400-800°C L 4 900~1200-800°C
O | 1400-800-450°C
50
Steel : 0.07%C-1.55%Mn
0
O
o
- S0}
3
|__
-100 }
-150 SR RTET | il dosaonald ST
0.001 0.01 0.1 1 10

Volume fraction of slender M-A (SV)), %

Fig. 10 Effect of volume fraction of slender M-A parti-
cle on LBZ toughness in terms of heat cycles.

4.3.2 Slender M-A #85% (SV,) D% 50 = —
Slender M-A {£5&3E (SVy) @ LBZ it ic x4 2 & o v =5%
¢ .
0 fl=o—=| sw%<v,=10% !
Key Heat cycle Key Heat cycle — " tl\
O [ 1400C ¢ |'900~1200C o O--]  10%<Yy
@® | 1400-800°C ¢ | 500~1200-800C 5 50 |
o] 1400-800-450°C l—-%
50
-100 |
® Y O
ol o® © Y -150 . . .
Ogo 50
& O
e o] g
; 50 } © O ‘;
2 © o 2 10t
= o £
Z 5
£
-100 | ¢ g
$ o
. ‘ 1 P didail dededitd, oL Ll
-150 L L 1 0.001 0.01 0.1 1 10
0] 5 10 15 20 Volume fraction of slender M-A (SV)), %

Total volume fraction of M-A (V,), %

Fig. 9 Effect of total volume fraction of M-A (V;) on
LBZ toughness ( Tsos).

Fig. 11 Effect of volume fraction of slender M-A parti-
cle on LBZ toughness in terms of total volume
fraction of M-A (V;).
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xS B Ty O EBROEEEL, VDS WHE (VS
5%) THAREVEHE (V,=5~10%) TbAH SN, S
M-A OBHREEOREL INFET 2 HEHTH 2, Vs
210% & M-ABEENERICELS 2->Td T X2
BEEALTwRVWOBSEHE NS, %72, V, OEIIcHE
oTC Toy BEKRERZ LS SV, EHEIEANCEE T 28
FRH 5,

—%, SV, DHK L L &1 Vicinity index 234 ¢ 3
(F7cbb M-AKFRBEZR ) BEEZRL T3, V;
DEKIZ X 5> T Vicinity index 1234 L M-A f 7RG
BECRD SV EBRICT V, ERKEVEWVNS Z LI,
Bk M-A RIFOMSEN D L 2FRL T3, &
DS BATLBZ B RIZT M- AN TFERBRORE
A3k, BU SV {HOME T Vicinity index 23K &
BLFRFELLEWIE D BEEIREY, T2bbilRORF
DERE—TH, RO M-A R TFBZ L BV RIT L &

AEL TV BBE LD b|MBESEVNE v, UL, 0.1%
LUF @ SV, i Vicinity index OK/NC & & FHE D THE
NN ELNRTWE, SV, ThbbiflEx M-A 20
WARIZE > THHBELT 3 v 5 388, BEoRE
HEZ b OBV LHZ OBFEESHE KT 57-09 Th 3
LHHATE 228, Bl— SV, TOFMMEDE W 2T 212
X, AR EEEL - M- A#%FHEF’EJO) CHEEEZ D
DEDRDH D,

5. AEMRICKT HEE

5.1 BEAETNL

M-A R FOHEELILTL 5 & M- AR FOERBEENKE
S THEIMSIIZZNIITE ERE S B0 En S ATEOEER
BIZDWTEET 501, M-AKF (BEFIELER) ©
VISR % BRI ANEILEE  Oish « U3 25D
RN 2T o7z, Fig. 12 KEEFTICH W IEE T V2R

BIERSML T 575085, BRONFRD 2 SHEINE T, BT 7V IEETERY & B U < Bt Bt % 5
Gross stress
a=1
—Dr—'.—
I_r I
b
o]
Gross stress
(¢3 (¢}
ttt ottt ot
. — 8 8
b : 1 1
* 11 S
535’1— m§15 3Ivm§I‘1 ,,Ic0
s t 1 s + [ s
H o~ H : o
Vf = 6.25% Vf =12.5% Vf = 25%
rb=2 b =1 b =05

Fig. 12 Mechanical model including local hard zone
(LHZ) used for analysis of vicinity effect of

LHZ.
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FRuEbDT, LHZOT7 A7 bk Ra(=bla) % 4 &
L ¢ Vicinity index #/b %32, 1, 0.5 £ &b 3 & 5 hiE
Lo (O EMAKEEV,IXENLTH, 625,125,
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13 Influence of vicinity index #/b on stress inten-
sity in LHZ and strain-difference between LHZ
and matrix.
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