creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804: 24011- 200000266890

20184 8%
KA =2

=A== SEiAHS 1L Mnd EE
O OtE & SFaF0| 28t 2
EESD Cfete
& 2tolf 2F 2 st

Olow
0l%
u7l

gl



A Study on Improvement in Fracture Safety of High

Manganese Steel Welded Joint in Cryogenic Environment

20184 8& 24¢

ZHMED (et
& 8ol 2F 3 & 1t

Olow
0l%
u7l

Collection @ chosun



=A2 S30lAS 1D Mn2

o)
o)

el

de

<0
00

X0
KJ

oJ

=
=

AMNERRUE =22 NEE

20184 43

ot
ol

E
ol

T
Kd

ol
H0
00
S
ol
xl

Collection @ chosun



o0
K

ol

ol
OH
H

oF
ol

X
ol

{10
1i0

ol

T
K]

e

KO
oF
ok

20184 53

ot
ol

E
ol

T
Kd

Collection @ chosun



CONTENTS

List of Figures ............................................................... \Y)
List Of TAb|@S «wreeereeeerereersseesssensssunssunssunssuesssacsssensaseenane VI
ADSIIACT #ereeerereerereerssermssetmnstiinstiintinntissenistnitisatssaesnes Vil
H 1 B AR oottt seessaes 1
1.1 S HIY L SF s 1
1.2 LU-Q] TS EE crererereesrsesesesesssessesssesssessssnsassassasssssssssrans 4
1.3 B GITIO| TEA] cnvmsimsisissimisisisisssssisssssssissssasssnsssssiasane 7
A2 & 10MZ 20 2 SEF JIAHE 42
7 | TR RN 9
D | KO srinnnnitsnniinnnsnisisinssmisssssissnsssissssasisnsssissssasssnasssns 9
22 1 MNY DI SA oo 10
221 §|.§l—§l _ILléi ........................................................................ 10
2_2_2 le”_IL& .............................................................................. 10
223 OI_|Q-A|3DJ .............................................................................. 11
D0 4 AF2I| ZHA|S] woeeererererserssssssssssessssesissessssssssssessssessesens 14

Collection @ chosun



2.3.1 g@l Dl_-i .............................................................................. 16
2.3.2 Macro F’_}'E glcl %:IEE_E ................................................. 17
0 3.3 DI HIZEE! coererrrrermsntstsisssntsnsssssts st snnes 19
D B4 QIEFA[ B woererrerererssssssssssstssssssstssssssss st sssssssssssnanes 20
2.3.5 AFEJ_” % Al%J ................................................................ 29
24 B(%b ..................................................................................... 24
Rl 3 & D MY BHEE M DYQIA 25
31 A-lOl_-l ..................................................................................... 25
3.2 =2 {8% ALl IR QIA ceeeceemnniiiiiiiiiiiiiiiiiiinniiann, 25
33 /éléml%d_l__)_'. ............................................................................. 30
3.4 CTOD(5)% AFZI SIS AFBHA wervrereensen %
3.4.1 CTOD(5)% AF2I Z2AUIAKIO AT woerrvrsesn %
3.42 MUK OIS L0 2t FoHO AP S8 wooree 36
3.4.3 10 Mn22 CTOD OGI=A! HOF L S=O| corrrenerernnne 37
35 B(%b ..................................................................................... 39

Collection @ chosun



40

A0

X0
Kl

oJ

=
=

I
KD
00

N0

1 Mn

A 4 F.

40

. 40

X0
oJ
=
=
K0

-t

oJ

[

41

=
%)
Y
%0

i

ol

i1

41

=
)
s
R0

i

ol

i1

42

_J
A0
X0
Kl

-t

oJ

=
=

ol
DF
Rl
00

n0

r

4.3

42

=
4
g
M
X0
RF

ok

o0
Gl
KD
0{0

43

4
4

49

j|.( S —R)

0
£

i

ol
=)
=

KO

i

i1

o)
ol

K0

9]
ol

1!

j|.( S —R)

0
£

oJ
=l
=
0

i

i1

o)
ol

K0
10

KO

ol

0

4.5 SN2 30AM2 1 MnE

51

_J
A0
X0
Kl

-t

oJ

=

51

451 EHS

53
56

uir

57

M)
Ll

Al 5 &,

59

b
0K
e

Collection @ chosun



Fig. 1.1
Fig. 2.1
Fig. 2.2
Fig. 2.3
Fig. 2.4
Fig. 2.5
Fig. 2.6
Fig. 2.7
Fig. 2.8
Fig. 2.9
Fig. 2.10
Fig. 2.11
Fig. 3.1
Fig. 3.2
Fig. 3.3
Fig. 3.4
Fig. 4.1
Fig. 4.2
Fig. 4.3
Fig. 4.4
Fig. 4.5
Fig. 4.6
Fig. 4.7

List of Figures

FIOW OF this SHUCy «eeeeereersessssssnsecsessssmssssssmsssssssssssssmssssssssssssssssssssssasses 7
Tensile test Specimen eometry ................................................... 11
S-S curve of hlh Mn steel base metal ceeeeeereeesentninniiiiiiniiiiii. 11
Comparison with other cryogenic materials at 25T -woeeseeeeees: 12
S-S curve of high Mn steel at various temperature - 13
Charpy impaCt test Specimen eometry .................................... 14
The results of charpy impact test at —196T  wweeeeeeeemeemsensensenens 15
Welded joint Shape (K) .................................................................... 16
Macrostructure of each Weldin (o] feYo1=1-1- JRRIRIIRIERII IR NI 17
Hardness distribution of each specimen «ewoeeesseecessnncnecee. 18
S-S curve of each Specimen ........................................................ 21
Charpy impact test results of each specimen e 23
FIOW Of CTOD teSt ceoreeeeeerseesertassettunnsaiiansatiannisiiansstiansstianssstanccnns 26
3-point bend CTOD test specimen geometry «eeeeeeeeceeeece: 27
Definition of G eereeeeeeeeeessssseesii s 29

Relation between experimental value and estimated value - 38

Kinds of unstable fracture «esc:eeeeeseeesessmesstmnniiiiiniiiniiiiiiiiiiiiii 40
LNG tank constructed of hlh MRN Stee] ceeeereeserenscranisianiiianiaiiaas 42
Initial crack |enth ............................................................................. 43
Fatiue crack propaation .............................................................. 43
3-point bend CTOD R-curve test specimen geometry -« 44
Wide plate ductile test specimen geometry «eoweesesseeeeesssences: 47
CTOD R-curves obtained by WPT & 3-point bend test at

F/LADIMIM  woeeeeveesesesssmsmsmsssssssststsssisiststsitstssstetsts sttt se s sssens 49

NV

Collection @ chosun



Fig. 4.8 CTOD R-curves obtained by WPT & 3—-point bend test at

Fig. 4.9 Internal and external structural members of IMO B-type LNG

tank .......................................................................................................... 51
Fig. 4.10 Ductile fracture instability analysis for crack in SAW
F/L+2mm ................................................................................................ 54
Fig. 4.11 Ductile fracture instability analysis for crack in SAW WM ------ 55
—_ \/ —_

Collection @ chosun



List of Tables

Table 2.1 Mechanical properties of cryogenic steelg «eeeeeememmemiesnncnnnne. 9
Table 2.2 Chemical composition of high Mn steell eeeeeeeeeemesnnsinacananne. 10
Table 23 MinOStrUCthe imaeS Of base metal ......................................... 10
Table 2.4 Tensile test result of high Mn steel base metal --eeeeeeeeeeenee 12
Table 2.5 Charpy impact test results at =196  wwerrsrresmsnsssssmsssssssisnannns 14
Table 26 Weldln Conditions for FCAW & SAW ....................................... 16
Table 2.7 Microstructure images of each specimen e 19
Table 2.8 Tensile test results of each specimen s, 20
Table 2.9 Charpy impact test results of each specimen «eeeeeeeeseceenene 22
Table 3.1 CTOD Test results of FCAW-F/L specimens at =165TC - 31
Table 3.2 CTOD Test results of SAW-F/L specimens at =165TC -+« 32
Table 3.3 CTOD Test results of SAW-F/L+2mm specimens at —165C 33
Table 3.4 CTOD Test results of SAW-WM specimens at —165C  ««-- 34
Table 3.5 Comparison of experimental and estimated CTOD value with

FCAW and SAW joint ....................................................................... 37
Table 3.6 Comparison of experimental and estimated CTOD

value (after modification) with FCAW and SAW joint -« 38
Table 4.1 CTOD R-curve test record & CTOD R-curve at RT -eeeeeeeees 45

Table 4.2 CTOD R-curve test record & CTOD R-curve at -165TC -+ 46
Table 4.3 Wide plate R—curve test record & CTOD R—-curve at RT ---48
Table 4.4 Structural members of B—type LNG tank coceeescecereneecscscenenn: 52
Table 4.5 DeSIQN CHLEria - wwwresssssssssssissssssisiissiissistississississs e, 52

_\/l_

Collection @ chosun



ABSTRACT

A Study on Improvement in Fracture Safety of High

Manganese Steel Welded Joint in Cryogenic Environment

Seunglae Hong

Advisor : Prof. Gyubaek An, Ph.D.

Department of Naval Architecture
& Ocean Engineering,

Graduate School of Chosun University

Recent trends in shipbuilding and offshore industries are huge increase in
structure size, and the environment for exploration, production of oil and
natural gas is becoming more severe. Therefore, high performance steel is
required by these industrial trends. Recently, the operation of these ships
faces environmental pollution problems. The issue of environmental change
such as global warming caused by greenhouse gas emission has been
increasingly regulated. IMO(International Maritime Organization) has begun to
regulate ship fuels for environmental protection. Therefore it is difficult to use
continuously bunker—C oil in working ship.

As these environmental regulations have been strengthened, the use of
LNG(Liquid Natural Gas) as a clean fuel has increased. As a result, demands
for LNG fuel ships and LNG carriers are rapidly increasing.

Cryogenic steels used in LNG storage tanks should have excellent strength
and low temperature fracture toughness in cryogenic environments. LNG tanks

are made of conventional cryogenic steels such as aluminum-alloy, SUS 304

- VIl -
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and 9%—Ni steel.

These steels have disadvantages that they are expensive and difficult to
weld. Therefore, the demand for the development of new usable materials in
cryogenic environments has been increased. Domestic steel companies have
developed high Mn steel considering economic feasibility and strength. The
high Mn steels had developed with some advantages which were decreasing
construction cost and easy to weld.

In this study, The evaluation for applying the newly developed high Mn
steel to real structures including LNG storage tank was carried out as
follows.

Firstly, the micro structure and chemical composition, and the mechanical
properties were evaluated by tensile test and charpy impact test on the base
material and FCAW, SAW joints.

Secondly, The fracture toughness was evaluated with CTOD(Crack Tip
Opening Displacement) test and the possibility of brittle fracture was
confirmed. Through this result, it was confirmed that brittle fracture did not
occur in high Mn steel and ductile fracture occurred in spite of cryogenic
condition. Getting CTOD value is relatively difficult experiment because it
requires a lot of time and cost. Thus, the CTOD value is estimated by
conventional research results more easily. In addition, a new estimated
equation for the fracture toughness of high Mn steel was proposed to get
more exact value of fracture toughness.

Finally, loading—unloading compliance method was conducted to different
scale of 30mm thick specimen of high Mn steel welded joint to evaluate the
unstable ductile fracture. The unstable ductile fracture was not occurred at
least in this results.

As a result of evaluating fracture safety of high Mn steel as cryogenic

materials, safety is secured from the fracture mechanics point of view.
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LIEFHHQICEH E=2E-21&FH252 dHIZ(Yield to Tensile ratio, YR)IS E™ Ot=E

AHOIE N 9%-NiZtel HS o 085, QAEILIOIEN SUS 304 2ol 2 o

0.4, Aluminum 50832 S 0.450Ch 9%-NiZ2 CH2 2HSE TEM20 bl

G YR 20l 2 0l =OIFIACH,

ZOIME M2 e 23

N HF BIIE SOl JIE
m]

IHE2 Hlw & 2A6HALH

o
010

AXEHESO D MnZdE Y2 st &4
= s §

O LNG MEEI MAU AI=ZEUE

Rl
o Jx
u]

4o

-

o

Table 2.1 Mechanical properties of cryogenic steels

Materials

9%—-Ni | SUS 304 | Al 5083 Invar High Mn

Yield stress >585 >205 | 124~200 | 230~350 | =400
(MPa)
Ultimate (tl\jgz')'e SUWeSS | 690~825 | =515 | 276~852 | 400~500 | 800~970
Charpy impact energy >41 >41 _ _ >41

(J,-196°C, L-dir)
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2 HAN AIE2E 2AMsE 22 2ENIZ M2 S QAHLIOIEH 1
MnZ0I0, a8t XHE2 Table 2.201 LIEFWHRACH. D MnZo HL [I2 358t A
280 Mno R0 20% 0lAC2 =2 210 SEH K= EZ0ICH EHol MnS
CteF B &l =2 o182 JiXlesE JlssS 20otH =St
Table 2.2 Chemical composition of high Mn steel(weight %)
C Si Mn P S
=0.2 <0.5 =20 <0.05 <0.005
2.2.2 OIHEZ
D MnZ Z2He OIMZEZEZ Table 2.3001 LIEHHUCH HXSE0OIFES 0120604
1008H, 500802 BHiE2E2 EHUHAMS &2 2EIIARACH, AGS2 IJl= 2 19um
O LAHUOIE &S EQI& & JUULC
Table 2.3 Microstructure images of base metal
Micro examination image(Location — Head)
Magnification(x 100) Magnification(x500) ’f‘frf)
surface 19

"AGS : Austenite Grain Size
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Fig.2.2 S-S curve of high Mn steel base metal
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Table 2.4 Tensile test result of high Mn steel base metal

Location Position Y.S. u.T.S. EL.
(MPa) (MPa) (%)
Head Full 447 822 48

RT(257)

High Mn

Eng.Stress(MPa)

zm/ﬁ_\

u § L 1
0 10 20 30 40 50 60 10
Eng. Strain(%)

Fig.2.3 Comparison with other cryogenic materials
at 25C

_12_
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2 Htl 2 D Mn2 2O S-BEE MEE Fig.2.400 LIEHKCH
INGSl 22 XM} -163T0I22 2H2UAN 2ESHO BIPL LD,
INGE &teots DHUAM MEHI el 2 -100C FE2 2K =92,
AR2(25C), -1007T, ~163°COIA 2T HES =I5 U501 AFAIES AA
SHRCH ol SXSE TEMEBY SUGHH HRO2 L4= =T, AXNY
T SOits FFS BACH, HEES LA BFS BAUC
1200 + -163_0_9
_ :
o
=
n
2
w
200 -
0 L i L i L
0 10 20 30 40 50 60

Eng. Strain (%)

Fig.2.4 S-S curve of high Mn steel at various
temperature
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2.2.4 Ai21l &3

=2

AFZ2L S3AIE

(=

==

&2 ASTM E23[30]01 2AAGHH &IEHGHAC

. IMO-IGCZ2E UM 2+

Jl= Fig.2.501 LIEHHRACEH Ruletild #&EGHD U= AIEH A |AXY =

1/4t, 1/2t |AXNA AEHZ IMHFAMUCH AES ING AEB2EE 102H6H0
IMO-IGCZEOMAM &S —196TCOHIA AAISIA20, 1

LHRACE Fig.2.62 AFZ2Il SAAE ZUE TAISICHALE

ot= AF2I1 & UHXI= —-196COHA Transverse 2

gtsrl [ 27J, Longitudinal

et M 41J2 786t A2, 2 AN AFSs 0 MnZd2 2= 2E0
AN =8t SHOMLHZ A= A2 SHOIGHAT
< 275 .]l 8 — 10
| J Fy
< 5 > - 10—+
Fig.2.5 Charpy impact test specimen geometry
Table 2.5 Charpy impact test results at —196C
Absorbed Ener J
Location / Position Direction oy ()
1 2 \ 3 \ Average
. Trans. =27
Requirement -
Longi >41
/4t Trans. 82 90 88 87
Longi 107 106 103 105
/ot Trans. 67 69 69 68
Longi 79 83 79 80
— 14 —
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120

-196°C
100 s
- s
>
S 80 . s
(]
g ]
% 60
aQ
E
& 40 Req. 41J (Longi.)
% Req. 27) (Trans.)
20 4 Average
0 1/4t 1/4t 1/2t 1/2t
Trans. Longi. Trans. Longi.

Fig.2.6 The results of charpy impact test at —196C

Collection @ chosun
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2.3 11 Mn&d EE7F

Jm

=

2.3.1 88x4

LNG MEHI HE Al MEBZ= SBHIZ=ZNAZ= FCAW(Flux Cored Arc
Welding), SAW(Submerged Arc Welding), GTAW(Gas Tungsten Arc Welding)S
0l AUSH, FCAWIL TIR22 SFl 42l MEEC, 2 dF0AHE ING HEH
3 MEH =2 MEZ = EFZZANACI FCAW, SAW 0220l Tt JI1AHE &

2= BIoIRL 2 SEZZZ ML EEXAZ2 Table 2.601 LIEHUHRAUCEH E2& Al

HHEHO| I MHEEAZ Fig.2. 700 LIEILAJ}ACH. HA S Fig.2. 713 201 &M LNG
MEEHT HE HEE= K-grooveE 2E&= 30°2 S&82 AH;MBIAULH FCAWE
1.5kd/mmel LIHOZ 80% Arlt 20% CO2 EEIIAE ESIIAZ AIE6IR 1D,
SAW= 3.0kJ/mmZ S&GIUC.
e
| —
30 mm 30 mm
Fig.2.7 Welded joint shape (K)
Table 2.6 Welding conditions for FCAW and SAW
. FCAW SAW
Welding process (Flux Cored Arc Welding) (Submerged Arc Welding)
Heat input 1.5kd/mm 3.0kJ/mm
Groove K-groove Bevel K-groove Bevel
Welding .
consumable Size @ (mm) 1.2 4.0
Current(A)/
Welding Vog?)ggé\/)/ 160~190/25~28/17~21 580/28/32
condition (cm/min)
Position 1G 1G
Shielding gas| Gas Type 80% Ar / 20% COq -

_16_
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2.3.2 Macro &tH

FCAWS2F SAW 0OIS&22 Macro ©HZ Fig.2.80 LIEFLIJACE. SAWSl &=
FCAWELCH /20| 20 O ¥ HAZ(Heat Affected Zone) EHS LIEIEHES &
olst 4 QUQICH Fig.2.90l= 2 2EZFO FEE2LIE LIEIWALH 2E2E(WM)
Ol 2M Oidl ¥2 ZEE 2t= under matchE 0ISEJF HEZJASS &0l
1, HAZZ 248 FTI} ASscles HdEs B0, 1272 UZEE Sol1s £
U XUHFAEZE Hv3502 gtz Zellel HAFRZM[31]0 2ot FEeMo| Iis
A2 e 2102 pHHEIC}

(a) Macrostructure of FCAW (b) Macrostructure of SAW

Fig.2.8 Macrostructure of each welding process

_17_
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350
300
Z
\‘Zg: 250 j\ A\.A -
ﬁ AN VVV\A
T
200
150

=30 -20 -10 0 10 20 30
Distance from weld center

(a) Hardness distribution of FCAW specimen.

350
300
= \’/\’/¥
L
% 250 \Y/—H\,{/\
=
e
T
T
200
150

-8 -6 -4 -2 0 2 4 6
Distance from weld center

(b) Hardness distribution of SAW specimen

Fig.2.9 Hardness distribution of each specimen
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2.3.3 2822 0HXZH
FCAWS? SAW Z2&F 22 WM(E&23%)1 F/L(Fusion Line)OllA2l OIMZE= 2}
2t Table 2.70 LIEILHRUICE. FCAW, SAW 0|8 25 2LAHUOIE x=&Z &0l
g &= UAUCH.
Table 2.7 Microstructure images of each specimen
FCAW SAW
Magnification(x 100)
WM )
FL

_19_
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Fig.2. 10l LtEFE
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Fig.

FACH.
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110

el
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ol
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Ju
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LEFLHRACH.

un

gl
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Sed
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o
ju—

2.10

Uk

_

oJ

110

LEEHH ACH

i
L
0

KO0
ol

0l
HH

N

765MPa <=2 FCAW OISERE0 Ct

=]

under match

Xot=

OIXIX

il

KD

Table 2.80l=

LH UCH.

Table 2.8 Tensile test results of each specimen

Test specimen

U.T.S.
(MPa)

722

765

Direction

Trans.

to
welding
direction

Welding
process

FCAW

SAW
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(a) S-S curve of FCAW specimen

(b) S-S curve of SAW specimen
Fig.2.10 S-S curve of each specimen
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2.3.5 AIZ21| S3AIE

ETRS AIZ2I EAANE2
Fig.2.501 LIEFH &2
25JF -163T0I122 IH=20AM2
o) EHUA MEHI W2
5T), -1007C

/\I-OI8|.O:| /\Io—l O /\I}\lol.

bl
=
H
pall

\J

ﬂ]ia _Ju.
A

s
o
2
=)
> [
]

Iy
2
o
Paa
£J
nio
Y
rir
Py

oo N0
4]
[t
IS
(@)

5
=500 dlotd FCAWS
@]

Table 2.9 Charpy impact test results of each specimen

Ju ro
>
o
00
n 4
P
=
Al
[2¢}
0
=
ro
b
0ok
0
HT
4%
Qo

-196 CUHIA AAIGIRAD, 2BHSH(WM). E8E(F/L),
A

. —196TCOH A F/L+2mmOilA &
2 =3 0uUX &t

—

Absorbed Energy (J)

Welding

FCAW
Process

SAW

RT -100C | -196C RT

-100C

-196C

WM 137 124 96 146

104

79

F/L 129 122 17 138

100

87

F/L+2 220 152 83 156

17

76

BM 217 155 110 217

155

110

_22_
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250
A A
- 200
>
o
2 ]
< 150 N |
= m
2 A .
E100 -
2 .
©
flany
50 ART
E=1o0°cT Req. 27J (-1967T)
0 *—196°C
WM FL FL+2 BM

Notch Position

(a) Charpy impact test results of FCAW at various temperature

250
A
- 200
2
© A
€150 - N u
g
Q u .
E100 u =
> *
o * .
2
O 50
ART
E=1o0°cT Req. 27J (-1967T)
0 *-196°C
WM FL FL+2 BM

Notch Position

(b) Charpy impact test results of SAW at various temperature
Fig.2.11 Charpy impact test results of each specimen
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2.4 29
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SHotRA
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=
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D #g

E

=

oF At 3 0UA
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2 BS 7448(British Standard 7448)[15][16]01 =2 AIS
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Determination of CODE & Spec.
(Test temperature, Related regulations)

[ Test start l

{ 1. Welding ]_'[ Preparation of Specimen ]

[ 2. Determination of specimen size & machining of notch l
[ Tensile test ]
[ 3, Examination of CTOD Specimen state ]
Input result : Elastic modulus,
Re - test Re - test ‘ ; Yield Stress
[ 4. Fatigue pre - cracking ]
[ 5. CTOD test(Bending & Fracture) ]—~[ Examination of Fracture Surface ]
Invalid
6. Vialidity check
Valid
Invalid ]
l 7. Calculation of CTOD value J
Valid

8. Arrangement of result

Fig.3.1 Flow of CTOD Test[17]
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CTOD &g=2 2 AE &3l s2e 2Z0A BIEZ2Z, -1656TE A
O

=22 ZE0IRULH AE0 AIEs EZZZMNAE, &4 MM JHE HEH
£ AZEE= FCAWRF SAW 2 otCH LNG MEHIS ME Al Otei20l= =2

El
SAWDF B0I AtEED) 839 XEHAHAUWNM=E =2 FCAWIE AFE
2

/Il H=0ICkH

2 AU AI=Est 22 SEHe M NG €3 HE Al 2SEHE HE2E
30mm ZHIHE AIZGISICH. CTOD AMlE@HEHE2 SHE 1Dddld B0 3% =2 &g
22 2J| fotH, Bx2B=Z HAGHILH =XIf¥Xl= H2EWAM 0|0 Ad&st &
2 JHA dEEI HIUE HIESZ F/L, F/L+2mm, WMOI =XIE &8I AIE
HZ H&GHACH AMEES & 2 II|= Fig.3.20 LIEFLHULE.
2? -
Ly %/ 60
4“’
* 276 ! “ 30 "
Fig.3.2 3—point bend CTOD test specimen geometry
SHE0 =Molse dFsSE2 LZ20HIZE2 HANEE ZEHEZD =0 BS

[16]0ll= local compression, reverse bending, high R-ratioS Z2& &
SHE2 2AFAI= YHZ RAGtD UAXLH X ISO 12135[17]1/15653[18]

Ol= reverse bending2 HM2st & JIX ZLEHE SHUFSHZE 2ASAIe=s 2E

©Z RIS UL oKL 2 HAIR0A A
= ISO 7#A0 reverse bending Y& 0l FIIEACHS 0IEdH &F
ANA TZ2FE9 480 &F2 5

S92 Al(3.1)0l 215t HAGIH 201, FCAW, SAW AEH 25 oF

Z=0] reverse bending=S & AlGHICH.

rir
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s— | 5 f(ﬂ) =), 0A(Woa)V, (3.3)
Bw' W/l 20ysE  0.4W+0.6a,+ 2
aq 3.93a, 2.7a2
L o e ey
ay w w w?
IIM, f(W)_ = ,
o2 )(w)

§= CTOD g, F= HZ06lE, S= S A012 H2I(S=4.0W), W= AlgE 9 =,
ac= =22 20l, v&e EOtSHl, opse 8225, EE 98, Vo= CMOD(Crack
Mouth Opening Displacement) 2, z= AIEHS EHUA =X JHF HOIXIDHK Q

| oA CH

Helg @

0.005w
—

RN

Machined Notch

0.005W

b

Fatigue crack

W %/

Slow Stable
Crack Extension

©|0lotH ao 0l 2ol M= Fig. 3.30 &Ee

B

Fig. 3.3 Definition of ag

Collection @ chosun

Lta,+a,+a,+a+a,+a,4a,

ap= 8
= Qpin < 01%0,0

0,
Amachined notch > 1.3mmor 2.5%W

a’TRlIX

Apin —

45 < 2 2055
5< .2 <0

ay = averaged crack length

a, ay, Az, Ay As, Ag, A7, Ag, Ag
= crack length measured in
divied location
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3.3 821

Table 3.12 FCAWOIS=®
ot L, —-165TOA
Table 3.2= SAWOISF
SAW F/L =X fIXIOAN &
Table 3.32 SAW 0IS
ANgEe 32 F/L AXI0A
Table 3.4= SAW 0IS%2 WM X2 &g

X9 4

§=0.51Tmm2<l 11|

=X Ay

d2 §=0.74mm=Z AN F/L, F/L+2mm=2C+ O

I AL

M= -10COHAM SFMHD

L~totd 75mm 0l5te

Collection @ chosun
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. F/L+2mm
LEEFLH ACEH.

g%, CTOD gt0l 0.38mm 0Ol&t=S

CTOD &0l 0.25mm Ol ot U



Table 3.1 CTOD Test results of FCAW-F/L specimens at —-165TC

Specimen

No. #1 #2 #3

P-V § o
Curve

Fracture
surface

CTOD

0.51 0.5 0.5
(mm)

Avg. 0.5
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Table 3.2 CTOD Test results of SAW-F/L specimens at —165T

Specimen

No. #1 #2 #3

P-V
Curve

Fracture
surface

CTOD

0.57 0.45 0.5
(mm)

Avg. 0.51
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Table 3.3 CTOD Test results of SAW-F/L+2 specimens at —165T

Specimen

No. #1 #2 #3

P-V
Curve

Fracture
surface

CTOD

0.35 0.47 0.39
(mm)

Avg. 0.4
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Table 3.4 CTOD Test results of SAW-WM specimens at —165TC

Specimen
P o #1 #2 #3
P—V % 60000 % 60000 % 60000
Curve . . .
’ ¢ ¢ Displacement(mm) ¢ ’ ¢ ¢ Disol:cunln(m f ¢ ’ ¢ ¢ Displacement(mm) ¢
Fracture
surface
CTOD
0.82 0.70 0.71
(mm)
Avg. 0.74
— 34 —
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3.4.2 Iold Ol 20 st S g =

—

0ol

WES 3003(1995)[32], WES 2808(2003)[33]0l= 2+ AFZ2L =3 O XI0f 28t
MEXOl AZAAHE UEtUH= ZFAO0 =SEOUCH. WES 3003(1995)[32]2

Off CH&F CTODS2H AFEI A XS 2HE TS Al(3.4)2 Hel

L
e
0
&
=

1
=|— + A
5(:(T) (1000)UE(T T)
AT=133—0.1250,—6 ﬁ

HIIA, TE 2%(T), §T)= 2ZTOAS CTOD 2Hmm), VE(T+AT) & T+A
TOHIAS AFZ2I EHUHUK(J), ovo= MN20AS S=22AT(MPa), t= AIEEHO <
H(mm)S LIEFHCE.

g} o

SHH Ol WES 2808(2003)[33]2 400-570MPa 2&2l 8 2t 0I28E 0
S0 2oilA OS2l Al(3.5)2 HelstALC

1
A
5.(T)= (250)vE(T+ 7)
AT=123—0.190y,— 6/t

WES 3003(1995)[32]2 CTOD &t #H<IJt 0.01-0.1mm< &2 oM =
A2 BA2LE 400-570MPa Z &2l 2 THol UHotHH= EX &2 & LIE]
ACH. BHHOI WES 2808(2003)[33]2 400-570MPa Z=2 X8 2Tl CHat

o £ B0t [34]

DA
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3.4.3 10 MnZ2| CTOD OIsA! Mot & =9

Table 3.50l= WES 2808(2003)[33]0 ==& AlS 0/t 2.3.50 LIEHH
FCAW2E SAW 018229 F/L =XI0AS A2 SZNUXNZRE =8 CTOD

gl AEES S0l 78 CTOD 8t2 UEIURAULCE. FCAWE JIEQ] Attt SHA
S O0I=0l0 HAGHHE 96%2 HB&EHTE KB, SAWE 73%Z Cha ZE&T0t
20X= Z2UE LIEHUNACH

Table 3.5 Comparison of experimental and estimated CTOD value with
FCAW and SAW joint

Welding Notch ' ' Accurac

process position O experiment O estimate y
FCAW FL 0.50 0.48 96%
SAW FL 0.51 0.37 73%

WES 2808(2003) [33]0II Al HMIQHEF Abzt2tHl ZHEHAIZ 400-570MPall Mol =
get X222 M ot UASH, 2 AFUA AFSE 10 MnZ el FCAWSRH SAWS

OISRE QAZLEI 700-800MPaZ £& LTI £2 LMWOIS2 TS LIEHH
S g Y42 IHEORM MBS AT LFAS KAGACH ME Hots

5.(T)= ( . )vE(T+ AT)

AT=123—0.050y,— 6/t

Table 3.60il= WES 2808(2003)[33]0l A HMIQtSt AlS =T EH Attt LHFAS

0l Z35t0H FCAWSRF SAW 0I2%22l F/L =XIHAS Ar2I SANUXZRH =
HCTOD gttt &= Sofl 28 CTOD gt= LIEHUHRULCE.

S 0I=ot ALt Z210 FCAWE 2%°2| HEEIH S

et 84%°2l H& TS UEHHRUL

ron

o Iz
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Table 3.6 Comparison of experimental and estimated CTOD value (after

modification) with FCAW and SAW joint

Welding Notch
DFOCGS: DOSitiOﬂ O experiment O modified Accuracy
FCAW FL 0.50 0.49 98%
SAW FL 0.51 0.43 84%
Fig.3.40l= &2 L& CTOD g, Sciill a2t HHAS 0/E6tH A
o gt =T E Az LHAS 0/E6t0H HAeE gte] 2HE T Al stotA L
AZUM AtES =228 FXMME CTOD 32 Al Mot A2 0/&06tN
=g = UJXCH, Bt B =2 =S |IoiM MSAH Hetel A2 M=
20 JEUHAM B= A0 20 LAUERAI EHE= A2 EOIGIRUCH
‘50
=, o
= o 8 (34 kat/mma) a g O
g 20 RiC kgf/mm2) e -
A: D (75 kgf/mm2) A O N
P 0J: E (81 kgf/mm2)
=
<10 A
&5 o 9
o i
% %a & L ] FCA‘."‘.': FL estirr)lated
3 2 ‘qj' W FCAW FL mcdlfled
> A SAW FL estimated
- =) 4 # SAW FL medified
L e &
=1
8 Thickness t = 36~40 mm
E
0.5
0.5 1 2 5 10 20 50
Estimated value 8Ty - opy  (kof/mm)

Fig.3.4 Relation between

estimated value[34]
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HA AlIEES &AAlSIUCH =8 &tsol
E1820[37]0l 2/ HGIH 3ot CH A2 &AW AJl= Fig.4.50 LIEILHA
Ct. AIE® 2 &4&2 SENB (Single Edge Notched Bend)AIEEH2Z ING MEH
3 HAEN 2= ZM FUHSEH(B=27mm)=2 SAW 0IS£E HHGHH
Bx2.5B2] AIEEHS W& GHALE.

276 i

7/ &
%
27

Fig.4.5 3—-point bend CTOD R-curve test specimen geometry

2 dIA0NE =8 otE8 Y= IR oSN Y CTOD(8)atel 2HE LIEHU
= 6-R 2 ddiE=2 B2 AdHE FNA LEHLDI fIot0 AIZD] EE0| oS
= zIUAIEE Z=2 HESIAUCH HdER2T= A42(RT) -165T=2, 1 Mn2
SAW 0I8=22 F/L+2mm, ESE(WM)Ul =XIE &AIH s THGATH

Table 4.10l= &=2(RT)0IAM V JdefZet §-R JddZE U
EFLHRACH AEZU2 WMOl 28 d52 UEUWALDL, F/L+2mmUlks WMOl
BloH ChA I LEEHGECE.
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Table 4.1 CTOD R-curve test record & CTOD R-curve at RT

30t/RT P-V Curve §—R curve
80
CTOD 30t FL+2 4
. &N —+—CTOD-FL+2(30t, RT)
60 3
50
Z -
CTOD-30t | £ « T
3
FL+2 R &
20 1
10
0 . . . . .
% 5 . s p o 1 0 2 4 6 8 10 12
Displacement, mm Crack extension, Aa(mm)
80
CTOD 30t WM 4
. @n —+-CTOD-WM(30t, RT)
60 3
50
Z -
CTOD-30t | 5 £ 2
3
WM T w &
20 / 1
0 . . . . .
0 2 4 3 8 10 12 0 2 4 6 8 10 12
Displacement, mm Crack extension, Aa(mm)

Table 4.20l= —-165COHIA 30t SENB AlgEH2 2f =XIAXINAL P-V et
-R JdcHEZE UEIUHALCH &20AM2 20t Hlweg i, =sM20A 220t &

)
SES HOIGAD, H429 B SYSH WM o1d ol HAZSl S8 2Lt T
P S

E8h F/L+2mm SIXINA JtE M- 0l A LIERCH &2 AF9 3 He
M= M0l 20 HEE00F ot fIX= F/L+2mm fIXIQ HeZ gt
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Table 4.2 CTOD R-curve test record & CTOD R-curve at —165C

30t/-165C

P-V Curve

8 —R curve

Displacement, mm

Crack extension, Aa(mm)

80
CTOD 30t FL+2 4
_165° ~®-CTOD-FL+2(30t, ~165T)
70 (-165°C ) +
60 3
50
Z P
CTOD-30t | § » i
4 3
FL+2 % F
20
10
. . . . .
0
0 2 4 3 8 10 12 0 2 4 6 8 10 12
Displacement, mm Crack extension, Aa(mm)
80
CTOD 30t W! 4
_165° ~®-CTOD-WM(30t, ~165T)
70 (-165°C )
60 3
50
Z P
CTOD-30t | % w .
S ¢
WM ) é
20 / !
10
0 . . . . .
0 0 2 4 6 8 10 12

_46_

Collection @ chosun




4.3.4 21E BI=0l 28 EotA myetd A I (6—-R)
CIE BI=0 oet 280t OHtE A TIt= ASTM E1820[37]01 Sl HGIH CHE
Ol & A& (WPT:Wide Plate Test)= 0l&06t0d +=&olUCH AIEEHo AW 3D
= Fig.4.60{l LIEFLHALCH
GL=600mm
\ S
R.D
b50mm 450mm L=160mm
I
1300mm
Notch detail
Fig.4.6 Wide plate ductile test specimen geometry

2 AMEEH2 SH2E XS JIXD JASeH, =X3AJ= 4.3.200M 8 02
=g, FH DEAA/FX O AsSE DAHGIH, Zee HAR2Z2UE 0|26t & A6t
UL AT M2 S2HIZZ2AMNA = SAW 00, Fig.4.22] 2E0AH SAWS
OISEUHAM ZE0| LM SHE ALIIC &M Jisds HESILL

A20A SAW 01229 F/L+2mm, EESH(WM)NH X2 &UAIH AES £
oo, A2 1,000ton UTMAHISE O0IZ6I%0H Z2ZIRBEAE =Ho6ID|
of AIE®E =Xl 28 HOIXNE &5 o2& A" S0l COD g2 =38 o2
O, L.V.D.T.(Linear Variable Differential Transducers)S Z &6t 20 HUSH H
FE SHOIULH AEUHE2 28 o2 Fotet gl S206tH Compliance
£ 0|23l COD & 0.2mmEZ J|I=9=Z ot=2 JIot¥ D, 20%Bt=29| 5t=0ts
MAHSHHALH gt=dHo2 2 HOIX #HPl 0.2mm It Al HE6H52 20%2H2 2
otES M HoHCH
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Table 4.30= 30t WPT ZWtE LIEFWHALE. F/L+2mmel ZuIt WMECLH # &
MOl CHE MEs2i0l LOES HOIGUD, 2 ZWs 28 ES e I8
SSH S LIEHHACE
Table 4.3 Wide plate R—curve test record & CTOD R-curve at RT
30t/RT P-V Curve §—R curve
4500
WPT 30t FL+2 * [acwpr-ris 200, A1)
4000
3500
3l
3000
WPT-30t | 2** / // // g,
§ 2000 =
FL+2 ¢ /f
1000 + ! /
500
0 0 !
0 ] 5 5 . 0 5 10 15 20 25
Displacement, mm Crack extension, Aa(mm)
4500
WPT 30t WM il p——m——
4000
3500
3l
3000 | ////
WPT-30t | £ /'/ // // 2
& 2000 :
WM )
1000 + !
|
500 /
0 0 : !
0 ] 5 5 . 0 5 10 15 20 25
Displacement, mm Crack extension, Aa(mm)
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Fig.4.82 30t2 WM RXI0ASl o1& =0l 28t §-RIAHZE Lt
WM 2IXI0ME Zeloll 28t §-ROI O &= Hete 012 XS

= AU

4
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Fig.4.8 CTOD R-curves obtained by WPT & 3-point
bend test at WM
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45 M2 30AMe 0 MnZ S8R Sotd
Oy ot™d Eot

45.1 €3 &9

Z HF0AM= IMO B-type LNG HSYEIXMA0N D MnZdsS HE6H]

1P
10

SCoHE I et E = ZEGHAULH B-type LNG HE 32

0ge
0> Al

Secondary, Tertiary member2 USJASCH. L0l CHE

M= stringer, frame, bulkheadOll, Secondary member= 2ZX=0 A

AHd=2 folH AIEZ= E2XFo B2IZ  stiffener, beam &
C

member= deck, shell, bottom A 0IC}.

ING NEY30| 2t =g XBots MHSUS GEH HSotD UL
ALZ ABH GIEEAS NS0 RIS AZLS FANAL

1. Bulkhead

2. Stiffener
1. Gas Dome

1. Stringer

1. Frame

Fig.4.9 Internal and external structural members of
IMO B-type LNG tank
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Table 4.4 Structural members of B-

type LNG tank

Structural member

Primary member

Stringer, Frame, Bulkhead

Secondary member

Stiffener, Beam

Tertiary member

Deck, Shell, Bottom

Table 4.5= DNV/GL &= ruledilA AQIgt HAHDI=S LIEFLHRACH [38] DA,
o= SIISEE 20Iot1, ors E5SH, oge= ZUCIESE0ICH
Table 4.5 Design criteria(DNV/GL Pt.5 Ch.5 Sec.5)[38]
0. / O o. / 08
Primary member 0.8 0.375
Secondary member 0.85 0.4
Tertiary member 0.9 0.425
2 PXRAQ HAAHSH2 229 @AY FHO= Taple 4.59 QXE X256
HAH BFACH Al(4.1), Al(4.2), Al(4.3)2 =22t primary member, secondary
member, tertiary member 2 GIE3=2 HAS UEHHALD, 28 HAHZ D SOIA
O &2 22 TG
Oe / OF (400%0.8 = 320MPa) > 0. / os (660x0.375 = 247MPa) (4.1)
Oe / OF (400%0.85 = 340MPa) > o / os (660x0.40 = 264MPa) (4.2)
Oe / OF (400%0.9 = 360MPa) > 0. / os (660x0.425 = 280MPa) (4.3)
(MetAl, primary member2l BHSE 2 247MPa, secondary member2l & H &=
2 264MPa, tertiary memberll &AH S22 280MPaZ Hbh & ULCH SHHE, LA
ol =L THO| & (equivalent primary general member stress)2 IGC ZE[5]0
A oot U= LAHILIOIE 2o AHH+-E HSol0 HAHS 189MPas &
SoIULH & HAF0A= 0l28t 2 2Xe EH SEY NG MEHIAS [l orA
A5 HIlol)| ot JIE 2 S=H(280MPa)lt JIHE &2 28 (189MPa)s JI=
OZ 5t SoE N AEE TOIoHLE
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0x

o X sS4

MAZOA Setd mold BIHE CTOD AIgEES 0180t0 AAICHULH AE
AN &E0& CTOD R-curveE 0IEdiA LNG &332 EZO0ISRUAM JHEeE 22
orol CHer 4.5.101AM Holgt &HsSEE =¢d ddltl Jtsds It
LNG &332 SER0 &M

SEHUAMRE Al&MEE=s 2td ALMAE It
S0l 232 HWR0A HE=S0l 223 M =
2diotl, 1 S0l 2hA sE2 Sototdl =l Olddel 8&E SUE Ndet

CTOD= Dugdale #2222 2&E A2 Al(4.4)2 2L [27]

8aya

0= 7mFE « In [SeC(ﬂ'MO'/QO'y)

HIIM, o= &=83E, o= A8, M2 Folias factor2
M=[1+2.51X-0.054X%]"2, X=a%/Dt O|0{, D= €&43°| XA, t= #4379 SHEZE ©
0|8t

Fig.4.102 =QEMII Bt= 2=, Tertiary membere &H 220 ol A

b }
Al (4.4)00 2o HAtE 2ol 28 H(§)0 —165TUHAM F/L+2mm =X X2

22 2Z20/00 CHol EB&#H0IsS Al2112, Ol
sb SOl ZAMBHCH F/L+2mm S XIRAX A LEHA =

OlMel =t ALdI0 e Jtsst slE=2Z820l= 812mmo0lLd, tertiary
member0tl X &5t= 2 (280MPa)lilACl S0td HAMIINN S Iiss dED

220l= 332mm=Z HSEIALH

t
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2 g7 ZH0AM HEs 2t AL BX= ING ME-39 2 Mol &
ol 2AHSEUHAML =0 IEZE2Z0IH, I 2Z0HAM2 SHE Itl= 2
Ol =SS0l JttE < 440MPall S50 S8 I &4 Jtsst X222 HbtE
ACH otXe EHe= S8 =34 0Iot0AM e s FAHNERZ =

5
/i
&
QY

0.8

&

e

=)
<

—& (o-189MPa)
— & (0-280MPa)
—FL+2mm(30t, - 165°C)

&, 8, (mm)
S,

0.6

0.4
0.2

0

0 100 200 300 400 500 600 700 800 900 1000
Crack length, a (mm)

Fig.4.10 Ductile fracture instability analysis for crack in SAW F/L+2mm

Fig.4.112 -165CH A E2H2X(WM) =XIfIX12 38 =28 A& Z el R-curve
Ot ?HO RSHH(§)2 2HE LIEHHAJACH WM =XIRAXINAE LEIEQ =L
Hel SE(189MPa)iM el 2oty ALIIN S IJitsd 8222 0ls=
1,008mmoO0l 12, tertiary memberfl XE6t= S (280MPa)il A2l =HE A& T}
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