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Table 2-1. Plate specifications and chemical compositions of 9% Ni steel (wt.%) [20]

Country Code C Si Mn Ni S P
ASTM A353 <0.035 <0.035
0.15- 8.50-
USA ASTM A553 <0.13 <0.90 <0.035 <0.035
0.40 9.50
ASTM A844 <0.020 | =<0.020
JIS G3127
8.50-
Japan SL9N 520 <0.12 <0.30 <0.90 <0.025 <0.025
9.50
SL9N 590
0.10- 0.30- 8.75-
UK BS 1501-509 <0.10 <0.005 <0.025
0.30 0.80 9.75
VDEh 680 0.10- 0.30-
Germany <0.10 8.0-10.0 | <0.035 <0.035
X10 Ni9 0.35 0.80
NFA36-208 0.15- 8.50-
France . <0.10 <0.8 <0.030 | <0.030
9Ni(1966) 0.30 9.50
UNI 5920-66 0.15- 8.50-
Italy <0.10 <0.9 <0.035 | <0.035
X10 Ni9 0.30 9.50
DnV(1971) 0.15- 0.40- 9.00-
Norway <0.08 <0.025 <0.020
NV20-2 0.35 0.70 9.75
NBN 630-70 0.15- 8.50-
Belgium <0.10 <1.00 <0.030 | =<0.030
10Ni 36 0.35 9.50
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Table 2-2. Plate specifications and mechanical properties of 9% Ni steel[20]

USA, ASTM Japan, JIS UK, BS France | Italy |Norway|Belgium
. Germany
Condition and AFENOR| UNI DnV NBN
A553 VDEh
property A353 A844 [SLIN 520(SL9N 590| 509 | 510 NRA36-208| 5920-6 [NV 20-2| 630-70
Typel X8 Ni9
(19669Ni [X10 Ni9| (1971) [10Ni 36
NNT,
Condition NNT | QT | DQT NNT Qr QT [NNT, QT - NNT, QT| - -
Qr
Thickness, mm | <50 <50|<50| 6-50 6-50 [<50(<50| - [30-50| - - | 16-40
Tensile properties at 20°C
YS, MPa 2515|2585 | 2585 =520 2590 | =2530|=2590| =490 | 2588 | 2490 | =440 | =529
TS, MPa 690-825)| 690-825|690-825| 690-830 690-830 690 690 | 640-830 686 690-830 640 637-833
El, % 220 | 220 | 220 221 221 218 | 218 | =217 =19 =19 =20 217
Charpy impact properties|
Test temperature, °C | -195 | -195 | -195 -196 -196 -196 | -196 | -196 -196 -196 -185 -196
Impact energy, J
L direction(Av/min)  ((34/27)|(34/27)|(34/27)| (18/14) | (21/18) | (34) | (34) | 41) (48) (34) (34) (39)
T direction[Av/min]  |[27/20]([27/20]|[27/20] R7 | 271 | [24]
Lateral expansion, mm | 20.38>0.38 | =20.38
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(2) FGHAZ(Fine grain HAZ)
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(5) SR CGHAZ(Subcritically reheated CGHAZ)
CHES 87X (Multi-pass welding)2 HA[SIFS M LtEtLIE, HHRK 2 A AGE
CGHAZ O Ac; 2% O|3tE2 FItHo R JtgE IS LCL SR CGHAZ & FHM
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Ct.

(6) IC CGHAZ(Intercritically reheated CGHAZ)

e O LtEfLH, HeR 88 Al ddE CGHAZ Of A ot Ac

25 7t9| o|ddACE FIIHMoR JIEE Y2 LSHCE IC CGHAZ = CGHAZ 2

—

CHAZ © OIMZXBH S42 25 7KDYtk 3, QAHU0E ZFY A7:
mrjotol, 7ol cHzol M-A 40| EESID ULt mEpM, P
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o
A
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>
>

|StAS Of LIEtLIY, AR 8- Al @dE CGHAZ O 900-1100 °C2|
L2 =JIHOoR JIgE g9E SUolCh SCRCGHAZ = SHA - o o8 RZA™HO|

E2 |C CGHAZ 2F UA CGHAZ Of H|sli O[AMst @AHLIOIE ZFE 0| ¥EE|n
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(8) UA CGHAZ(Unaltered CGHAZ)

U LiEfLID, AHR] 8F™ Al M= CGHAZ O 1250 °C

12
|0
u
N
e
ull
0R
19
mjo
g

SHCFH UA CGHAZ &= 1250 °C O|&e=z2 £

2 9 T 7rY =Mt LAHLO0IE 2FE0|

=2=0oHd

0t

SO,

Peak

temp. Solid-liquid Boundary

CGHAZ

WM

FGHAZ
ICHAZ
SCHAZ

Base metal

Fig. 2-8. Schematic diagram showing HAZ formed when single-pass welding
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D. subcritically reheated CGHAZ _ ‘ \\\\ b3
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CANNTD

o’:::
CGHAZ

Fig. 2-9. Schematic diagram showing HAZ formed when multi-pass welding[27]
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A—I—
3. 2 HE

3.1, A M=

2 AFR0AM AMEEl 2™ 47X = Nippon steel AFOA HZHE QT 582 A
Z0|Ct EBE 20 mm FHL] EXf SHFOM AlHZ XMFSIH ZE A

H 3-10] A0 AFBE 9% Ni 42| 2tatxd S LIEHYALE

Table 3-1. Chemical composition of the 9% Ni steel (wt.%)

Fe C

Ni Si
9% Ni

steel

Bal. 0.06 9.04 0.25 0.61

0.05 0.01
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32. E2tEO[E AN

2
d0
3
3

10

1.5

Fig. 3-1. Schematic illustration of dilatometer test specimen
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k| M2 CGHAZ 2F IC CGHAZ 9| OIMZ=EZRg T3

Of

b2l < 2El=

A& 7|(Gleeble 3500, Dynamic Systems Inc., Texas, US)E &&d}

2
3]
w
N}
10
P
[l
|0
ll

QSR DALE  MAISIRICE  CGHAZ o X1 JtE2Z(Peak temperature)=
1300 °CO|H, HZA£E = 585 °C/s, 14.7 °C/s, 54 °C/s O|Ct O|= Z+Zh 10, 30, 50

ki/em 2 YEES ZArSH AO|Ct IC CGHAZ O A AR Eo|Ho| x4 JME2E=

b

1300 °CO|H, WZt&E=E= 147 °C/s O|Ch 2|1 FHR LOo|EHo| %1 JME2EE
Ac; It Acs AROJS] 2&9Q1 680 °C2 MW oD, WZX= 585 °C/s, 14.7 °C/s,
54 °C/s O|Ct. Ol= AEHM T2 30 ki/ecm o YIHOZ MAstD, FHAY T2
ZtZt 10, 30, 50 ki/cm o UgEboZ AMA|SIYUS [f LIEILIE IC CGHAZ & EARSH
Z40|CE A[HZ 11X 11 X60mm 37|9| 2t& HWEHE 7t33510] S HAISIRACE AlH
Ol22 2Xjol 4L BM 2= HY|IFoH, SOl

W2t 2 F35E7| Q8 CG-F CG-M, CG-S, ICG-F, ICG-M, ICG-S 2 ®7|S}SLCt.
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Temp. A

(°C)
15t peak temp.

2nd peak temp.

100 °C/s

/

15t cooling rate

—»

2" cooling rate
100 °C/s

>
Time (s)

Fig. 3-2. Schematic illustration of simulated thermal cycles of the CGHAZ and IC CGHAZ
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Table 3-2. Simulation condition for CGHAZ and IC CGHAZ

15t heat cycle

2" heat cycle

Heat
Specimen ‘ ‘ input Not
pecme Peak temp. | Cooling rate | Peak temp. | Cooling rate ote
0 0 o . (kJ/cm)
Q) (°C/s) 49 (°C/s)
CG-F 58.5 - - 10
CG-M 1300 14.7 - - 30 CGHAZ
CG-S 54 - - 50
ICG-F 58.5 10
IC
ICG-M 1300 14.7 680 14.7 30
CGHAZ
ICG-S 54 50

29




34. O/M| =% &

RE ANHO| & E0| FE DH(longitudinal-transvers plane, L-T plane)Ofl CHSHA]
OM=&S 2HESEALE &shsi0|E (Optical microscope, OM) 2!
M At At 0] Z(Scanning electron microscope, SEM)2 &304 20| 37|, Y&, 22
S2 <OoIgHgCt A|HE2 800, 1200, 1500, 200 grit AtZEZ =2 OIS 1 pm
CHOjOt=E MAHMMOZ O/A AOBIRSH, 0lF 3% LOIE SA(OES+ELhe=z

Ol &5FSCE ok MAZEIAMEES| A (Electron backscatter diffraction, EBSD, EDAX-TSL,

-

Hikari, Japan) 7|8€& &350 2 A|HS| ReddE 27|, 284X (High angle grain
boundary)?| L= S ZQISIUCE AEHZ 1 pm CHO[OIEE MAHMENX| 7|AHOLE

Al

rot

b = TS A OkElectrolytic polishing)E & AISERALE (2H: 10% Perchloric acid + 90%
Acetic acid, ®E: 25 V., |/Xl AlZh 25 ) OX[Ze=z, ZF A[H| TR

QR AH|LIO| E(Retained austenite, RA) 222 FE%H7| s X 4 2|E(X-ray diffraction,

XRD) 24Z MAISHRACE 2B AO|=(Step size)= 0.02°, A7 £HZ(Scanning rate)&
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Longitudinal (L)

Short
transverse (S)

Fig. 3-3. Three directions in rolled sheet
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35. 7148 &8 Al

2t AEe 7IAY Ed& ZOE7| fl8 HFAHL B= Algdmt A A2 54

NS HASIRUCH HIHA B2 A2 10 kgf @ 1 of F 7HX] 3522 HASIY=0,,

10 kgf 2| 3tES SohM 2t AlHe B d=5 oD, 1 of 2 ot5= S 4

ol 80| JHAIE M Eeoh Xt #Eo| MotE 0 HRot oHXIE 2%
Tot7| o A== AF2H] 24 Al™(Instrumented Charpy impact test)2 A A|SHEILCE,

N
S

1
o

AEO| 37| 10 X 10 X 55 mm O], A|E I} v-LX|O| diske zhzh Qo] it

25k (Transverse direction)dt S ko

o0&
0
r91

4 5k(Longitudinal direction)O|Ct. Al

25 & -196 °CO|H, ASTM-E23 A0 [Mhef 242 3 Y Al HAISHRACH
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4. A Z1}

4.1, 2tE0H

O 4-1 o B 41 Of EE2tEOH 2 ZaE HEIHRACE HAZ ZAR 2FHOA IC

CGHAZ o] =HM x| 7[E92E = 680 °CE2 MAFSIF =0, Ol Ac, I Ac; 2% AO|9]

o|N YIS oISt

Table 4-1. Transformation temperatures in 9% Ni steel

Ac, Ac; M, M

9% Ni steel

653 £ 2 720 £ 5 364 £ 5 160 = 6
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Fig. 4-1. A result of the dilatometer test
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4.2. O/ MZ=A

421 X2 QAELIO|IE £&

12 42 0f XRD 24 ZIHE LIERHRICE D=0 HOlS Hie Zo],

a(200)2F o211) I[A0f H[SY, y(200)2 y(220) L2= He| EXMSHA| ¢

= UL, Ol= RA 7k Aol EXMSHA| Eas KTk # 4-2 of ZF A[EHS[ RA

LIEFLHRACE 2= A[HO| RA 282 2.14% O[St= Off R, A|HO| & RA

= Xo|7F §AACE

—
v
.t
c
>
. a(211)
2 | a(200)
S | v@oo) v(220)
> BM - 14 A
= 4 CGF N
c
9 |ces ]) N
L
CG-M J“k Ju ‘\ N
20 40 60 80 100
2-theta (°)

Fig. 4-2. Results of the XRD tests
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Table 4-2. Volume fraction of RA in 9% Ni steel

Specimen Volume fraction of RA (%)

BM 2.04 + 0.66

CG-F 0.75 + 0.56
CG-M 0.91 + 045

CG-S 1.15 + 042
ICG-F 213 + 133
ICG-M 1.29 + 0.67
ICG-S 2.14 + 1.06
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422 BIfO| O|HEX

a3 4-301 OM % SEM 22 HESh 9% Ni & 22| OJMZ=ZS LIEFYRUACE 9% Ni

IS

—

Zto| @y

rir
ogt
Al

MOl HIE  OrZH AO|E(Tempered martensite, TM) EXO=Z
TdE0f AUCE OM ATIO|AM 24k QAH|LIO|E A A (Prior austenite grain boundary,
PAGB)7} SISt LIEMGCD, Z& QAHLIO|E ZEE 3 7|(Prior austenite grain size,

PAGS)= 177 im2 ZH™E|QUCE SEM 2 ZQIs|&E ZAD}, PAGB 0 Et3tE0| gIaX oz

EMoIRCH, TM =% WRO|= ErelE=S0| Cha EMSHAUCE Lo, 2 LAH|LIOIE
Z7 2 (Prior austenite grain) {20l OF2EIALO|E TZ(Martensite packet)S0| EXHsH=

T2 4-4 O] EBSD 7|HE 28310 9% Ni & ZXjo| O/M=ZEE zHatst A2
LIEFLHRICE O & 4-4 (b)E E T, PAGB 2t OIEHIAIOIE TfZ] BAHE 7|ELE ME CHE

28 L2 HEE A2 oY = A=, ol ME CHE FHB(Habit plane)g %7
{2 O0|Ct40, 44]. I8 4-4 ()0M PAGB 2 OFEHIAIOIE I§ZIS| ZA|(Martensite packet
boundary)= 15°0| 42| 1ZtIAH|(High angle grain boundary, HAGB)Q! A& ZQISI Yo,

OF2HIAOIE IjZl LR E HEE XMZ YA (Low angle grain boundary, LAGB)Z O|F0{ X

U DZeAE 2= AW 37|12 RRAWEY 37|(Effective

grain size, EGS)E HotA2D, BM A|H| F2AHEE A7[= 6.7+4.6 imO| AL,
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Fig. 4-3. (a) OM and (b) SEM images showing the morphological microstructure of the BM

specimen

i ; 3
— 5215 | —
— 15-180° |- ‘*;«)_\Dh 3 um

Fig. 4-4. EBSD (a) 1Q(Image quality) map, (b) IPF(Inverse pole figure) map and (c) GB(Grain

boundary) map in the BM specimen
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42.3. CGHAZ 2| O|M|=Z|

a8 4-50] SEM 2= 2HETH 9% Ni & CGHAZ 9| O|M|Z=ZAlg LIEFLRACE CG-F, CG-M,

CG-S M 7HX| A|HL RnE XN&EHO I

rn

MELAZIO| DIM=Z|oZ, s

=  OFE2H"ALO| E(Auto-tempered

_lT'_

OrZ2EIALO|E(Lath  martensite, LMt QE-

O

martensite, ATM) ZTXozZ JAME[ QUL E-HIZo|zt HIHzE ZHE o2

AA|SHR|] Yotz W == XEg =

— O

H
o
m
rir
rot

88 YL ATM ZEH2 RE-
I 3 (Auto-tempering) =l O2HIAO|E ZEo 2 CHE ZFEH0|AE Coarse martensite,

Coarse autotempered martensite, Coalesced bainite, Coalesced martensite 2=

£22|7|E CH31-39]. 12l 4-5 (d)0|A EO|= HIQF Zt0|, ATM Z=Z2 7J|Ctatn &

o

rot

SEIS ZHAIH, LiSo| CiEel Etet=50] EXstl QURACE ok, ZXfeb OFEH7HR| =

1

PAGB 7} ot EHEE|QACH

12 4-6 Of CGHAZ 2| EDS(Energy-dispersive X-ray spectroscopy) mapping Z1tE

LIEFLIQICE ATM XES LM XEO| Hlof HDN Eta 30| RoHed|, 0t Q&
YHY ZIE Q3 HOE ARECH DI2HAO|EE QAHLO|E ZX0| FYEO

BHZO| LOLIH MZotE EtAS2 CHE HYo =z O|SSHCH40]. B2 2 Ni, Mn, Si

1Y 47 of EBSD 7|¥E B0 (GHAZ AlWESQ| OMZENS BHB HIE

LIEFLYQICE 2jAr Or=EIALO|EQ| M@ ¥ = (Dislocation density)= 7|A41X £t 22l
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£20 2 g2 0FE = UCH41-43]. SHX[PE ZF A[HO| CHSH KAM(Kernel average

ru

misorientation) maps(1& 4-7 (d, e f)2 HW® Zu, A|HY 2 MAZUEZE

XtO|S 2O|X| UL,
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H 4-3 O CGHAZ AJHEQ| =% AJ|Qt 280 et EE LEHHRUCE PAGS &
OF2HIAIOIE HEf Al i X |2 ZEE A7(0 FTS 0L 24X UACH45].
CGHAZ A|HE9| PAGS = 125~348 ym2 1 7|7} CIYSISX|TE A|HO| 2 PAGS
XtOl=  BHEE|X|  QEQUCE  HHEHO|, AlHEO| [ME ATM X=X 280t F2Z4FEE
37| (Effective grain size, EGS)= = ¢ot Xt0|E ERULCH ATM ZE Q| 2822 (CG-S, CG-M,

CG-F 22 EUCL Ol CGHAZ OA WZ&z7h =2[A FS$E ATM XX 9|

220| SURIACHE AS SHCH ATM ZEQ| £8I ORIINE, RRZIY 37|
E3 WUSEI LYSE HRE BHS BYC



Fig. 4-5. SEM images showing the morphological microstructure of (a) CG-F, (b) CG-M, (c)

CG-S specimen. (d) High magnification micrograph in CGHAZ

C-mapping

Fig. 4-6. (a) SEM image and (b) EDS composition map of C in CGHAZ
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Fig. 4-7. EBSD IPF(Inverse pole figure) and KAM(Kernel average misorientation) maps of

the (a, d) CG-F, (b, e) CG-M and (c, f) CG-S specimen (Mag.: x3000)
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Fig. 4-8. EBSD (a) IQ(Image quality) map, (b) IPF(Inverse pole figure) map and (c) GB(Grain

boundary) map of the CG-F specimen (Mag.: x7000)
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Table 4-3

. Volume fraction and size of structures in CGHAZ specimens

Vol. fraction (%) Size (um)
Specimen
ATM LM PAGS ATM EGS
CG-F 21+ 4 79 + 4 25 + 16.6
CG-M 25+ 3 75+ 3 125~348 6~35 271 + 142
CG-S 40 + 6 60 + 6 36.8 + 294
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Fig. 4-9. SEM images showing the morphological microstructure of (a) ICG-F, (b) ICG-M, (c)

ICG-S, (d) TM structure and (e, f) EM structure at boundary
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Fig. 4-11. EBSD (a) 1Q(Image quality) map, (b) IPF(Inverse pole figure) map and (c) GB(Grain

boundary) map of the ICG-F specimen (Mag.: x7000)
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Table. 4-4. Volume fraction and size of structures in IC CGHAZ specimens

Vol. fraction (%) Size (ym)
Specimen
™ Mixed M PAGS ™ EGS
ICG-F 13 + 87 £ 6 157 + 11.8
ICG-M 16 + 84 + 7 134~346 4~28 186 + 11.3
ICG-S 27 + 73 + 3 350 + 21.0
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Table. 4-5. Average hardness of BM, CGHAZ and IC CGHAZ specimens (10 kgf, HV)

Specimen Hardness Note
BM 235 + 6 Base metal
CG-F 336 £ 2
CG-M 336 + 6 CGHAZ
CG-S 338 £ 5
ICG-F 344 + 18

ICG-M 326 + 15 IC CGHAZ
ICG-S 307 + 15
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Table. 4-6. Micro-hardness of structures in CGHAZ and IC CGHAZ specimens (1 gf, HV)

Structure Hardness Note
ATM 173 = 14
CGHAZ
LM 245 + 23
™ 136 + 14
IC CGHAZ
Mixed M 243 + 31
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Fig. 4-12. SEM images showing the indentation positions
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Fig. 4-13. Load-displacement curves of base metal specimen obtained from the

instrumented Charpy system at -196 °C
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Fig. 4-14. Load-displacement curves of (a) CG-F, (b) CG-M, (c) CG-S, (d) ICG-F, (e) ICG-M

and (f) ICG-S specimen obtained from the instrumented Charpy system at -196 °C
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Table 4-7. The instrumented Charpy impact properties at -196 °C

Specimen E; Ep E, Note
BM 56 + 6 103 + 28 159 + 33 Base metal
CG-F 21 + 5 5+ 1 26 + 5
CG-M 14 + 7 4 +3 18 £ 6 CGHAZ
CG-S 29 + 14 4 +3 33 + 17
ICG-F 26 £ 3 8 + 1 34 £ 5
ICG-M 28 + 4 5+4 33+ 8 IC CGHAZ
ICG-S 38 + 18 33 + 22 71 + 35
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Fig. 4-15. (a) Schematic illustration showing typical fracture appearance of Charpy impact

specimen[47], (b) Measurement of percent shear area
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Fracture initiation_,

Fig. 4-16. SEM fractographs showing (a) overall fracture appearance, (b) fracture initiation

region and (c) flat fracture region of BM Charpy impact specimen
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Flat fracture

<y

Fig. 4-17. SEM fractographs showing overall fracture appearance of (a) CG-F, (c) CG-M and
(e) CG-S specimen, SEM fractographs showing (b) fracture initiation region and (d) flat

fracture region in CGHAZ Charpy impact specimen
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IC CGHAZ specimens
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Fig. 5-7. Variations in volume fraction of ductile structure(ATM or TM structure),

grain size and Charpy absorbed energy in BM, CGHAZ and IC CGHAZ specimens
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Fig. 5-8. Variation in Charpy absorbed energies in CGHAZ and IC CGHAZ specimens

Fig. 5-9. SEM images showing the (a) M-A constituent, (b) EM structure at PAGB in IC

CGHAZ
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The proportion of LNG(Liquefied natural gas)-fueled ships using liquefied natural gas is
increasing due to the strengthened environmental regulations of the IMO(International
maritime organization). LNG storage tanks are exposed to cryogenic temperatures
because the liquefaction point of LNG is very low at -162 °C. Therefore, LNG storage

tanks are required to have excellent mechanical properties in cryogenic environment.

9% Ni steel is widely used in LNG storage tanks as a material having excellent
mechanical properties in a cryogenic environment. However, the impact toughness may

be very low in the HAZ(Heat-affected zone) formed during welding.

The HAZ is classified according to the peak temperature, and each HAZ has different
microstructure and impact toughness. Among them, CGHAZ(Coarse grain HAZ) and IC
CGHAZ(Intercritically reheated CGHAZ) are known to have very low impact toughness as

coarse grains are formed and a large amount of hard phase is distributed.

Heat input has a great influence on the characteristics of the HAZ. In other words, the
cooling rate can be changed by the amount of heat input, and the microstructure and
impact toughness are affected by cooling rate. The study on the characteristics of the
HAZ according to the heat input was mainly made in low-carbon steel having a bainitic
structure, whereas the study on characteristics of the HAZ in 9% Ni steel according to

the heat input is insufficient.
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In this study, CGHAZ and IC CGHAZ were simulated at various cooling rates, and their
microstructure and impact toughness were analyzed. Based on experimental results, the
measures were sought to improve the impact toughness of CGHAZ and IC CGHAZ in 9%

Ni steel.

Experimental results show that the main structure of CGHAZ and IC CGHAZ was
martensite, and there were some tempered structures with relatively excellent ductility. In
addition, the volume fraction of the tempered structure increased as the cooling rate
decreased. There was no significant change in impact toughness of CGHAZ according to
cooling rate. On the other hand, IC CGHAZ showed the best impact toughness at the
slowest cooling rate. That is because the volume fraction of the tempered martensite was

highest under the slowest cooling rate.
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