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Synopsis :

From a low-P (0.006% max), low-S (0.002% max) continuously cast slab, 9% Ni steel
plates for LNG storage tanks were produced by the direct quenching and tempering
process (MACS-T) and reheat-quenching and tempering process (RQ-T). In the MACS-T
process, slab-reheating and finish-rolling temperatures were increased in order to
increase ductile fracture energy by decreasing the amount of precipitated austenite.
Reliability for LNG storage tanks was examined by conducting fracture toughness tests
on these steel plates and their welded joints. As a result, it was shown that these steel

plates and their welded joints had good crack initiation and arrest toughness.
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Synopsis:

From a low-P {0.006% max), low-S (0.0029, max) continuously
cast slab, 995 Ni steel plates for LNG storage tanks were produced
by Lhe direct quenching and tempering process (MACS-T) and re-
heat-quenching and tempering process {RQ-T7). In the MACS-T proc-
ess, slab-reheating and finish-rolling temperatures were increased in
order to increase ductile fracture energy by decreasing the amount of
precipitated austenite. Reliability for LNG storage tanks was exam-
ined by conducting [racture toughness tests on these steel plates and
their welded joinls. As a result, it was shown that these steel plates
and their welded joints had good crack initiation and arrest tough-

ness.
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Table 1 Chemical composition of steel tested (%)

C S Mn P s N Al N

0.06 0.24 0.50 0.002 0.001 8&.98 0.020 0.0037
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Fig. 1 Effects of slab reheating and finish-rolling temperatures
or the strength and the toughness of 9% Ni steel plate
produced by MACS.T process
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Fig. 2 Effects of cooling rate after liot rolling on the strength
and the toughness of 99 Ni stee! plate produced by
DQ-T process
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Table 2 Chemical compositions of steel plate products

(%)
]
i Thicl-
Steel| ness | € S Mun P S Ni Al Ny ©
{mm)

G | 0.06 0.24 0,60 0.004 0.001 9.14 0.027 0.0041 0.0023
B
o 15 | 0.06 0.24 .61 0.004 0,001 9.10 0,027 0.0041 0.0026
&
35 | 0.06 0.25 0.61 0.004 0.001 $.07 0.029 0.0044 0.0023

-
G| 35 | 0.060.23 062 0.004 0.001 9.00 0.028 0.0042 0.0021
= _ _

Ladle 1005 0.24 0.61 0.001 0.001 9.06 0.052 0.0043 0.0028
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Desulfurization of molten pig iron
LD refining {150 ton}
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Desulfurization (flux injection)
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Fig. 3 Manufacturing process
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Pheto 1 Sulfur print test result of 9% Ni steel plate produced
by MACS-T process
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1, FeeA, FiEAE. PWHT ofFEc X b iE—Eois
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THELIbFehTVv R, —F Tabled KiRL i ¥ v ¥ —HER
T MACS TH oGS EEHE =7 ¥ — kR L1, THIL,
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Table 3 Mechanical properties of tested plates

Tension test Bend Charpy impact test¥®
Thick-| Base metal PWHT test Base metal Straln aging PWHT
Stecl | ness 1o 170°C °C °C °C °C 96°C
(mm) tion YP TS FEL|YP TS El|R= - —”.196 —170 —196 —170 —196
(kef] (sel] (o] (ff (kal] (| LOE £ JE JE JE ,
§ Gegly oy Ul Bl ooyl 05 LE & LE |75 LE 3B LE|7E LE|E LE
. mm?} i) mme) mn) ( %n) (mm)( %ri) (mm) (kiﬁ) (mm) (kifl) {mm) (kig) (mm)( ii) {mm)
6 L 66.1 76.5 27 |65.5 75.7 30 ]Good|10.1 1.76| 9.1 1.82 9.1 207 8.9 2.04
C 65.8 76.6 27 Good | 9.1 1.68| 8.5 1.69; 7.9 1.78) 7.1 1.71
{_‘ 15 L 65.8 72.3 39 |65.1 T71.7 38 |Good|24.4 2.26{24.3 2.15 24.0 2.35/23.7 2.29
o C 65.6 71.9 37 Good [23.0 2.24(|22.5 2.11|21.0 2.18(18.5 1.88
&2 o] — .
L 64.8 73.8 3263.8 73.0 31 |Good|23.1 2.34(22.2 2.21 22.5 2.26|21.4 2.18
35 C 64.1 73.4 31 Good (22.7 2.37|21.2 2.20/19.8 2.03[18.5 1.96
Z 62.8 73.0 34
B L 63.5 73.6 31 |62.3 72.8 32 |Good |23.8 2.43122.8 2.48 24.1 2.42)22.7 2.21
§ 35 C 64.0 73.8 31 Good |24.0 2.45{22.7 2.08|21.1 2.22]20.1 2.12
= Z 65.0 75.1 34
Specification | L 70 3.5 038
of ASTM 60= 1 20 's
A553-11 C 85 2.85 =
* Specimen size of 6 mm thick plate is 5 x 10 mm. )
35— NS MSEHER Vol. 18 No. 4 1986
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— 196 —170 =196 —170 - | . WM
Temperature (C) ROQ-T 35 Zj; WM Gaood | Good
Fig. 4 COD test tesults on the base metals of 9%Ni steel Vf}r[lg“l — SR FRR S R
plates produced by MACS-T and RQ-T processes MACS-T a5 78.1 | WM+ Bond Good | Good
77.4 | WM+ Bond
5 76.3 WM
ilﬁmm: : 3% RQ-T 35 76.9 WM Goud | Good
Flat SAW i — — —_— -
I 74.8 WM
MACS-T 35 ) Good | Good
Without strain aging I 73.5 WM
1k (RO)-T} EWithout strain aging
3 k r (RRQ-T) * WM: Weld metal
05F  —mmmh T s T e ASTM Sec. 1X, R=3-T (T9.52 mm)
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esses "%
Table 4 Weldi ditions E
able 4 Welding conditions .‘@ 30+ L . //.
- e e 4 o -
Welding conditions B —_—\:9 N
| Welding e e Eol ey |
Welding “reld,l.l_]” Groove dimensions , Cur- | Volt- | Speed -He‘”' g _0 L
method | material ’ . - input o—————"
rent | age (Lm/ (kl/ =
A 0 | e E
—— = . — | .__|__._. & 1o} N L
Wire: e
. b Filler 320 | 9.5 | 3.5 36
Yerdeel 195 _ ~o- MACS-T
1.2 300 10 8 30 I r I -e-RQT
mme ‘ (33)*
a [V\é“nc | { ] [ - iy L ! ! ) L
o6 o | " —196 —170 —196 —170 —195 —-170
Fiat ? v i . "
SAW 3.2 520 Temperature (C)
mme 34 347 (30 . . R
- Flux: i Fig. 6 Charpy test results on the vertical TIG welded joints of
‘ Flux10 7 | i ‘ 99, Ni steel plates produced by MACS-T and RQ-T
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Table 6

Center-notched-cross-welded-joint tension test results

! \ Specimen dimensions Test { Maxi- 1\/1&\[1[11;1111 Stress K i C(%:S)ﬁ:;%?ﬂ%i‘:“g‘f erhcxl cOD
Welding Sieel |7 . (mm |tempera-; mum | (e 'I,lim ,) - (kg?f i m‘), e _Oiimi) —
methad Thick. | Noteh Lélrfe load mrE“'”) I
| ness Width 1 muth, {(*C) (tonf) | oy, oot ;UpperiLower Ave, |Upper|Lower| Ave
Vertical .‘ RQ-T - 45.84 5700 | —171 | 1144 § 799 | 881 jus 1.9t.5_. _1.57 1.7.7 1.50_ .71.21 1.35
TG MACS-T | 35.58 400 | 3800 | —170 | 1102 | 77.9 § 86.1 | 604.9 |2.58] — | — |1.93| — | —
Flat CRO-T 35.75 | 400 ! A3.55 | —170 | 1158 | 810 | 90.9 | 6732 |2.22 110 | 2.07 | 2.05 | 1.77 | 1.91
SAW | MACS-T | 3531 400 | . 80 | —170 | 1134 | 80.3 | 89.2 | 631.1 | 189 | 1.55 | 1.72 | 1.64 | 1.34 | 1.49
TR A 1T = oo ABROES, 2V » 7o — 2% B e {mm)
W, 20, Fe— SRR R A IS L. SRS E 4 Table 6 1 Crack VI Crack —3 ‘
T SR ABVRIEN (@0 T —170°C < 86 kgfjmn? Lk sarter L srter 5
T b, B OB TIRMIEL b - 2o, B COD (1 1.2mm it J
BBk b, COD BBNCHE S 70 L 0k & filikatLic, [ T — =
B 80 kgfjmm? WAEME® 3 X MR Al % 4 VEIED BN steel |
*c-ﬁ;..ma;}rrcu e COEMELTE, EF, DREROBED 2 i 3
KT 5, G AT ERCR T MREOR 5] | o |
-+t IR ;If;&uxLL'jﬁ‘ oHas COD FERE X v 4 WA R T
DI AEEA XL D EE L SR, ok, WEEERIL 550 550
TS B T A b, PR E EhE HAZ $h 6o e T ERE S (2) Base metal (Y Welded joint
TR L7z RQT #F & MACST o, MERIRICK & ok Fig. 11 Geomelry of duplex ES3O test specimens
uuAb oY }'L?:Ub‘ 2
3.2.4 Rpc ESSO :XE Table 7 Duplex ESSO test results
L SUREURERORA SURIEER e <270, e
B ESSO GERT TG LAz, BBIrERA Fig. 11 R4, Wi Steel d‘”‘(‘iﬂi"]‘;’“s tem- Load (ng“/“ Go/
FATFL X 15mm ks Lof 35mm o 9% Ni o & & s i “Thick- |+ Width pe(r;iém;re (ton() mm#} No Go
EMFC, Men LB SU (NT) MBL L A 9% N ik i o : -
VEEBOBYEET & LB L IR L e A B T B 1595 [ 6w | 195 | a3 [ 40,0 | NoGo
ESSO BT 390 Tk, WO U 3.5% Ni s o B e 16031 6301 196 )36 | 400 Mo o
16.07 | 689 | —172 437 | 40.0 | No Go
LT, ZOf0d ek 22 @5 Lo L, Bl HAZ, . = | is0s | s | —ire | oas 0.0 | NoGo
Il S BAIAL D 5L 2| 3580 | 680 | —190 | 974 | 40.0 | NoGo
AL — 17070 L0 — 19670 B L, 12000 s L Oe 8000t Buse 35.85 | 680 | —100 | 976 | 40.0 | NoGo
FALY ZE L A O I T R E T - . BRI R Y metal 35.86 | 630 | —171 976 | 40.0 | No Go
Table 7 w4, [PM B DOEERETC SO IGME & 20 35.78 | B8O | —171 Y74 40.0 | No Go
WERALHR, $RTHSEEEL, o | 55.68 | 680 | —190 | 970 | 40.0 | NoGo
9| as.57 | 680 | —191 5 970 | 40.0 | No Go
4 AR (S| .60 | 630 | —160 | 968 | 40.0 | NoGo
: 45,68 | 6RO i —172 970 | 40.¢ | No Go
LNG Wrieoge b4 8 2 fclitr, S IEIC ol o 58 40% ‘ 7 .73 | 700 é'_m) 575 "'35_0 No Go
Bk LA dus e g, DL, b LIREENSCidn serl L) et Slasza | woo | —170 | o34 | 97.9% | No Go
fisd, MET RIS > T L BE BRI LT L, EiT s e o B R — ‘
B E TERA LT & 5 & L BB TH By DA, < S I Bl A R R
AR L AR 9% Ni Jilo> RQ-T B & O MACS-T 4 = ‘5""11, A M Il e
DA R T B S 35.79 | 700 | —173 | 1002 ! 40.0 | No Go
Flat & | 3570 | 00 | 172 752 | 30.0 | No Go
41 WEREHT SAW A 533 | 700 | —172 | 742 | 30.0 | No Go
B COD % R e e s il T 32 s & L C Akl Ig 85.32 1 700 | —169 806 | 32.6% | No Go
it o i WES 2805% #ifh %, & 2 Crk, BUF 350mm oFEMRT ¥ Crack bmrled with no blow o
DT, ik LT D & D i A A T L e T A AT
7o (3) WPV 26 nun
(1) fO IR 15 mm/1 000 (4) Filsh 15.7 kgffmin® (ASME Boiler and Pres-
(2) B 1.5 mm sure Vessel Code, Sec. VIII, Div. 1)
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(5) MEXE R AE Al (i b=0.154, #
= a=2¢ WE=I)
ge=0.2mm (MACS-T # & i)
g.=0.5mm (RQ-T # i)
R FRT A0 R e kO LY E AN T,

e=¢+e3t+¢e;
ot e BIRIC L BOTAR
2 BRI L5003

el REONEZIZE VEUSRMIERC T

e tRAESHIE ) B, =8 A 10 Lie A, e LT RIS e
HEMENEH 2, BB CRET 2050 60% L35k,
e=1.80x107% Ligh, $fo ek, a=(k,—1}e THb, AZH
() EEHL () WLE ko

ko=1+3(wth)lt

(6) WHEMOmRA COD

Y

TEY bhAOT, e=1.18x10" Lis,

Lich» T, KEERT 207 %02 e=3.82x 107 L n, —
¥, RBE 20 OWBEDANIRCOT 2 e HVER LI, KIS
CETAMOLME ¢ kO XI5 KEr bbb,

d=3.5¢ea

FIC, e=3.82x107° oL E, RSB E i oo,
ERIANXIGEZ A kL L, MACST #Cil 24=29.9mm,
RO-T #H it 2a=74.8mm &3,
Z & i TR T A A B 2 TR S S v S I A A T AR B AR B &,
b=0.15¢=5.3min & LAz & FMEAMEE 20 3K LTS,
MACS-T ®@Fe COD ABpTit —170°C TlHEi, pop-in
BT LERIY S - 1A%, pop-in FEEEMEsiey COD fiéivn 0.21,
0.39, 0.45mm & FTHFEVEY R LTCVFz, WHIEIES | HE
DS S COD TEIZE Shvie pop-in BRIIE & T ﬁi&
AX—]Z HAZ \C A 7o VR o B B Rl U te & 3l -~ iR B
SERWNBCER T DI CH - foe Fho, FEMTRAGTERIG T
b 86 kgl/mm?® Pl EE HAEHMIE L0 L0 <, 13iE —170°C CoR
RIEFCB LETH - T Licdi» T, SERMMoEREFEC >

WS BRI oK &8 OB KM A M L b IR A AT
LI ERELLNTY, Ao REERE Y E LTS EE L LA
Z}n

4.2 EFREHBEFIEFE

PESREIE s X O R T o T o R ESSO s, Ntk
LENEREN ISR AT D LI B L, BhEER AR L
P 2 ARBRBIC A LA b & 0E RN BT REGNY 2 MR
Bt sk 1122~1497 kgfomd? Th o Ao

u;uﬁru‘»m 9% NI r;;ﬁd]ﬂ;zdeE’{'f 333

Ko=0,0 \/TC‘\/ LV tan :IT/CV

SET o IR EEEE, W RRBECHD, LAt T,
SRR (R 1 A A, 03 1 122 ke ffmw®2 Ll E-Ch 2, fhH
TR, AR AL T A E R T Y 3000mm Th
Lo bhEr W, APEERL, AMEA 0 A & Al
EREREIS AT LT3 S AR LTy B,

—77, G o fk & BRI O IR BN,
LA GO0 kgl/mo?/® 1Y ch B EAREINTLB0P, o0
obd, Ko =600 ket/mmd! S OME L S E CcE S ok
BHRLTW5EA, AP K., bk 1120 kgHmm®® Ll FTh
b, gk E et 2 BERE AT LTV D EETRLT S,

BLb iz b b, ST & 1T - A bR 0% Ny g
RO-T 3518 MACS-T #it, LNG FRERSH & LTl Tid
PN =T T D TR

TG EpTic X

5 &% &
fEP, S L7t sis i 9% Ni FHRIGC oV T, HHEH

7c DO it oHF s DO TEERAC RQ-T #, MACST #H4
T T 3 KOV o2 SEIRIIE 1T - o8GR, RITFo o
EM BT 5 e
(1) Wk Atbed &L (MACST) MAE-cllfd a8, =
7 AR R LOERE DR IE SR e 2 ke L b
JEPEREHE = oL & — x5,
(2} THemEoTmMMNEANKL &L (RQT) #, MACS-T
i, SAW wxo TIG #kFNo COD L —170°C Wik
W 0.2mm BLETh Y, BT R-C ohEh Za=
29.9mm, 74.8mm OMETMKNE TR TE D,
RQ-T, MACS-T # & 4, ME#Fcih- Ol tlmL
o E 2L B I T T E 2,
Cheo EENG, EEHER 9% NI EEED RQ-T #H,
MACS-T # L 4ic LNG JiphliFgs & U< Ry T etk d e
RS

(3)

o W B

AR EN BRI T el ot & o R R O R A Lk &
Lt 3 TH D,

AMRORECHI 0, SR THAENERS 5L TN
E o P T BN o TS oo TUFAEE G, JLER, Rl
EUAL, REF—MBECiE<aissrdL 4.
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