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1 Introduction

Current practice for storing large quantities of LPG
uses the double-shell cylindrical tank specially designed
for the dual effects of low temperature and atmospheric
pressure. Its only drawback is a 40 030-¢ storage limita-
tion, and this is due mainly to the fact that carbon steel
plates SLA33B (yield point 33 kgf/mm’, quenched and
tempered) for pressure vessels for low-temperature ser-
vice (specified under JIS G3126) are used for the tank
proper, and designed with a maximum thickness of
38 mm, beyond which plates are required to be stress-
relieved. A higher storage aimed within a limited land
area demands an increase in storage capacity per tank,
but the construction of a 55 000-t tank using SLA37

* Originally published in Kawasaki Steel Giho, 18(1986)4, pp.
321-326
** Presently on assignment to Companhia Siderurgica de Tubrdo
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Synopsis:

Investigation has been made on the properties of con-
tinuously cast 38 mm thick SLA37 steel plates for LPG
storage tanks. The crack arrest toughness K_, of the steel
plates manufactured by Kawasaki Thermomechanical
Rolling (KTR) and Multipurpose Accelerated Cooling Sys-
tem (MACS} processes was higher than 600 kgfimm’” at
— 3P C. In vertical MIG, TIG, SAW, and horizontal SAW
of steel plates manufactured by the quenching and temper-
ing (QT) process, and in EGW with a high weld heat input
of 65~115 kJiem of QT, KTR, and MACS steel plates,
bond properties measured at the fusion line of welded joints
are 7 kgf-m and over in yE _;po 0.3mm and over in
- 3tF C COD value, and 470 kgfimn®? in K_,. The forego-
ing results proved the technical feasibility of the production
of SLA37 steel plate for LPG storage tanks by using the
combination of continuous casting and QT, KTR and
MACS processes.

steel plate, which is one grade higher in st_rength, was
not an easy task.

Further, in order to shorten field construction periods
for a larger tank, an automatic and high-efficiency field
welding method was urgently needed to replace the
shielded metal arc welding (SMAW) and the submerged
arc welding (SAW), which were mainly used for the
conventional field welding of LPG storage tanks; the
effort to solve this problem called for the development of
electrogas arc welding or others, along with a review of
conventional welding methods.

Paralle]l with the above were noticeable developments
in the steel sector; namely, the production of very clean
steels and the adoption of contintuous casting process
both in steel refining, and the controlled rolling method
KTR (Kawasaki Thermomechanical Rolling) and accel-
erated cooling method MACS (Multipurpose Accelerat-
ed Cooling System) both practiced in the plate rolling
mill in addition to the conventional quenching and tem-
pering (QT) method.

Against the foregoing backdrop, a series of tests was
conducted with the following research objectives in
order to develop 38-mm thick SLA37 steel plates made
from continuously cast slabs:

(1) Study on how to apply various automatic welding of



conventional QT steel plates
(2) Ascertainment of the basic properties, fracture
toughness, welded-joint properties and formabilities
of KTR- and MACS-processed steel plates
(3) Ascertainment of the properties of welded joints of
QT-, KTR- and MACS-processed steel plates pro-
duced by large heat input welding
This report presents an outline of the test results
obtained.

2 Design Concept of Sample Steel Plates

2.1 Manufacturing Methods of Al-killed Steel Plates
for Low-Temperature Service

As steelmaking techniques and steel plate manufac-
turing techniques have made progress, the QT method
is being replaced by the KTR method and MACS
method in the manufacture of Al-killed steel plates for
low-temperature service and continuously cast slabs are
used in place of slabs from ingots. Furthermore, the
standardization of these new manufacturing processes
in JIS are being carried forward. A comparison between
the conventional method and new methods for manu-
facturing steel plates is schematically shown in Fig. 1.
Kawasaki Steel has established manufacturing condi-
tions for bringing out the best features of steel plates pro-
duced by each manufacturing process.
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Fig. 1 Schematic diagram of manufacturing process
of SLA 37

2.2 Measures to Improve Applicability of Al-killed
Steels for Low-Temperature Service {0 Large
Heat Input Welding

The compaosition series of steel grade SLA37 for LPG

Table 1 Characteristics of chemical composition

‘ Type of |

N .
Process | chemical ! urposle of atll.nymg Characteristic
composition | elements
- Cu, V and Ni addi- | The carbon equiv-
tions contribute to ! alent 15 shghtly
OT raising the strength. ! high value because
- Niaddition improves | chid'csl‘ v gnd E"
low temperature ;@ tions, but the
Low C-Cu- h i low  temperature
V-Ni toughness. toughness 15 supe-
- REM and Ti addi- | rior.
tions prevent the
KTR toughness deteriora-
tion of the high heat
input weld joint.
- Nb addition contri- | The carbon equiv-
butes to raising the | alent is low be-
! strength. cause of raising the
! « The effect of refin- strengh  through
ing the grain size by th(l: Nb - addition
Nb  addition im- | O°Y, and the weld
proves the low tem- ability is superior.
MACS | Low C-Nb perature toughness.
; - REM and Ti addi-
tions and the reduced
Si content  prevent
the toughness de-
terioration  of the
! Tigh heat input weld
{ joint.

storage tanks are low-C composition series designed by
adding various alloying elements to Si-Mn steels as the
basic composition to improve the low-temperature
toughness of the base metal and weided joints. Particu-
larly, there are two composition series excellent in low-
temperature toughness: Cu-V-Ni and Nb series. Charac-
teristics of these two composition series are given in
Table 1. By adopting the low-C type, the toughness of
the welded joint can be improved in addition to the
improvement of the low-temperature toughness of the
base metal. However, since the toughness of welded
joints obtained by large heat input welding decreases
due to grain coarsening, the addition of these alloying
elements alone is insufficient for ensuring the tough-
ness at —45°C or below. The grain refining of the heat-
affected zone utilizing fine precipitates produced by
adding REM and Ti is effective in this respect.

In the MACS steel, the Si content was decreased to
improve the properties of welded joints made by the
large heat input welding. As is apparent from Fig. 2
which shows an example of effect of the Si content on
the toughness of welded joint,” Si contents ranging
from 0.1 to 0.13 wt.% are most suited to the toughness of
welded joints. Since the Si content of SLA37 specified in
JIS, however, ranges from 0.15 to 0.55 wt.%, in reality
the range from 0.16 to 0.18 wt.% was aimed at. The
effect of the Nb content on the toughness of welded
joints" is shown in Fig. 3. Asis apparent from this figure,
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Table 2 Chemical

composition of materiafs

D,
Process Sample ] Si Mn P s Cu Ni ' Nb Al T REM N Ce*
T Ladle 0.08 0.22 1.54 0.005 0.004 0.16 0.22 0.026 0.037 0.008 0.006 0.0036 036
Q Product | 0.08 0.22 1.54 0.006 0.004 0.17 0.22 0.026 0.038 0.007 0.006 0.004) 0.36
KTR Ladle 0.08 0.30 1.57 0.006 0.003 0.20 0.40 0.040 0.034 0.008 ©0.006 0.0041 0.37
Product | 0.08 0.29 1.56 0.006 0.004 0.18 0.41 0.040 0.037 0.007 0.006 0.0048 0,37
_-;{ACS mE.é\C‘l’]:’ N 0.06 770.]6 1.47 0.008 0.002 0.012 0.01% ©.007 0.!)66 0.0035 0.31
Product | 0.07 0.17 1.45 0.008 0.002 0.014 0.022 0.007 0.604 0.0036 0.32
Specification of <0.18 0‘115 G‘IBO <0.035 <0.035
LA 37 0.55 1.60 =
’ Mn Si Cr Ma V
* 0 oo Mo S Cr Mo V.
CamCt o0 t757 7 T4
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0 0.1 0.2 0.3
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Fig. 2 Effect of Si content on absorbed energy at

—40°C of synthetic heat affected zone of
0.09%C-1.4%Mn-Ti-REM steel

the toughness decreases at Nb contenis of 0.025 wt.% or
more and appropriate Nb contents are 0.020 wt.% or
less.

Based on this basic philosophy of composition design,
steel plates were made for trial in an actual plant. The

chemical compositions of these sample steel plates are
shown in Tahle 2. The manufacturing process employed
involves refining by a 150t BOF, RH degassing, con-
tinuous casting, plate rolling and heat treatment.

3 Base Metal Properties
3.1 Basic Properties

The tensile and bend tests and Charpy V-notch
impact test were conducted on sample steel plates.
Results of these tests are shown in Table 3. All of the

Table 3 Mechanical properties of base metal

Thick. | Direc- Tensile test Bend test Charpy V-notch test(!/s£)
Process | 1ess | tion | ¥S TS B | poves | 3Ew vTm oTa
(kgifmm*) (kgffmm?®) (%) " (kgf-m) (°C)  (°Q)
oT " L 4.7 53.2 39 | Good 3.1 <—120 <—120
c 4.3 52.7 3 | Good 28.3 < —120 <120
41.0 50.8 37 | Good | 26.6 —1:2 <—120
KTR 38 L <o
c 42.5 52.3 36 | Good 2.7 —105 <—120
Macs | 38 L 44.3 51.5 35 | Good 27,6 —121 <—120
’ C 45,0 51.7 34 Good 22,2 —92 — 98
SP‘g}f‘fg‘;“ of 37 50~60 220 1.5¢ — g—55  —
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Table 4

Fracture toughness of base metal*

= Theée point -
C(l__))endingﬂ Deep notch test ESS0 test Double tensile test
D) test
Steel N o | Koo | Koo | S| K, | Sl
tkgtf | (kgff | (kef/ v\ oGt T
(mm) mm?) | mm*) | mm*?) o mm*)
°Cy | °C) (°C) | (*C)
oT ;Hg 58.6 | 634.2 | 190 | —31| —6a| 210 | —35] —67
KTR iigg 53.8 | 550.5 | 600 | —75{—105| 700 | —94|-—138
MACS o s6.7 | 580.2 | 660 | —67] —u8| 700 | —74|—103
* Tested at —5G°C
* BS 5762
*ex WES 3003

sample steel plates met the values of yield strength and
tensile strength specified in JIS (YS = 37 kgf/mm? and
TS = 50 kgffmm?). Furthermore, all resuits of the bend
test were good. Results of the Charpy V-notch impact
test obtained in each sample steel plate were also good
with toughness of more than 20 kgf-m at —60°C and
both T, and 4T, of less than —90°C. As with results
obtained in the past, the value of absorbed energy was
high in the QT steel and anisotropy was not observed. In
contrast, anisotropy was observed in the KTR steel be-
tween the direction parallel to the rolling direction and
the direction normal to the rolling direction. The
MACS steel gave characteristics intermediate between
the QT steel and the KTR steel, which seem to vary
depending on plate rolling conditions.

3.2 Fracture Toughness

Various fracture toughness tests including the COD
(crack opening displacement) test were conducted on
the base metals of these sample steel plates. Results of
these tests are shown in Table 4. The COD test was car-
ried out in accordance with BS 5762%; a through-
thickness notch was made in the specimen and a fatigue
crack was introduced at the end of the notch.

If the evaluation method shown in WES 3003—
Evaluation criterion of rolied sheets for low temperature
application”—is adopted for the evaluation of COD-
values, the toughness value d. required of a steel plate is
given by the following equation from ¢ = /2, proof
yield strength of steel plate g, = 37kgf/fmm’ and
Young’s modutus E = 21 000 kgf/mm?:

_ 3.850y, g 1100
- E 7Y,

8o =020

As shown in Table 4, all the §-values at ~50°C are
more than 1.2 mm. This demonstrates that all of the
steel plates have very high toughness.

The deep notch test was conducted using specimens

Bo= I e ()

Ne. 17 October 1987

with a notch of 160 mm full length and 0.1 mm end
radius. The fracture toughness value K. in the deep
notch test was caiculated by the following equation:

Ke=oayWaan(me[W) --owovvneeenes )

where ,: Nominal stress at the maximum load

W Specimen width

2c: Noich length

Results of the deep notch test were satisfactory and

the fracture stress ., was sufficiently higher than the
specified vield strength. The temperature gradient type
ESSO test and double-tension test were conducied to
study the brittle crack arrest capability of the sample
steel! plates. The stress intensity factor at a temperature
at the brittle crack arrest position (brittle crack arrest
toughness K ,) was calculated using Eq. (3). A compari-
son between results of these tests between the KTR and
MACS steels and the QT steel is given in Fig. 4. A good
agreement is observed between the results of ESSO and
double-tension tests.

Ke,=0y2 Wian{mCof2W) -« voeeernnes 3)

where g: Gross stress

C,: Length of crack starter

W . Specimen width

The results of the ESSO test and double-tension test

reveal that the brittle crack arrest toughness of the
sample steel plates is in the following order: KTR
steel > MACS steel > QT steel. That is, the brittle
crack arrest capability of the KTR and MACS steels is
higher than that of the QT steel.

3.3 Fatigue Properties

The fatigue crack propagation rate and threshold
range of stress intensity factor for crack propagation
(4K,,) were determined to investigate the fatigue
properties of the sample steel plates. Results of the mea-
surement are shown in Table 5. No significant differ-
ence among the steel plates was observed. The 4K was
calculated by the following equation (ASTM E647-83Y):
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Crack arrest toughness Kcalkgf/mm?®?)
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Table 5 The value of m and C obtained in fatigue -
crack propagation tests
N Material constants
Steel 1
m C
QT 3.20 5,71 % 103
KTR 3.06 1.04% 107
MACS 3.36 3.35% 101
where 4K: Range of stress intensity factor
AP: Load range
B: Specimen thickness
W: Specimen width
a: Crack length
N: Number of cycles
C, m: Material constants
a: afW

The 4K, of the QT and MACS steels was 19 and
16 kgf/mm>”?, respectively.

4 Properties of Welded Joints

4.1 Welding Conditions

Welding

Conditions for the sample steel plates used

for investigating the properties of welded joints are
shown in Table 6. Welding was conducted in the same

— = C{4K)" manner as in actual LPG tanks, i.e., in a manner that the
rolling direction of the steel plates was the same as the
Table 6 Weiding conditions
mi“;;ldi;-.g g Welding . Current T Vollageﬁ T Speed__ Heat- input o
method Steel material Side (A) V) {emfmin) (IcJjem) Shape of groove
Back 126~131 21.0~22.0 | 59-52 | 26.8~33.0
KM-3N
MIG QT 12mmg | .
Finish 122123 215~22.0 | 6.5~5.4 | 24.4~30.0
Back 290~ 288 10.0~10.5 | 5.5~4.9 | 31.3~37.0
KT-50
TG or 12mmg | T
Finish 200280 10.0~105 | 5.5~4.9 32.8~35.9
Qr Back 380 40 8.5 107.3 fi]
EG-515 \1f
EGW KTR Lémmg |
- M s Finish 380 40 13.2 69.1
Al
Back 480 26.0 0.0 18.7 o "
KW -50C 5 ;
SAW QT KF-400H | - s
Finish 480 26.0 400 18.7
Back 160 25.0 7.2 33.3 30
) KS-BILT —
SMAW T 4.0 mmg ” T o
Finish 148 24.0 6.3 33.6 7S

KAWASAKI STEEL TECHNICAL REPORT



Table 7 Mechanical properties of welded joints

Bend test

H Tensile lEsl* ‘ Charpy V-notch test
Weld- ! | F ) ‘;urfare i L}ldrp\, ubsorl)ed energy (kgt- m)* ) V?"_- T
ing E rocess! TS rac- Sid bend i - .
wethod : (k f} j Il(l’f: l;e::d ! Backing side Finishing side Backing side Finishing side
mmz) (% E! ' Re- - P . e
! ; ton (56) | sule| WM " Bond | HAZ | WM | Bond | HAZ | WM | Bond | HAZ | WM | Bond | HAZ
. j0.1 [ 107|261 1 13,8 | 13.7 | 2.0
MIG [ 54.7 21.5 WM | Good | 38.1 | Good (47} (4) 3 (32} (iﬁ) ' (0) —52 | —5% | —BO} —56 | —56 |<C—B0
. . AERERENE eI {26 8 P! [ SO O 3
TIG Q7 56.1 17.3 WM | Good | 40:4 | Goed (7 (22) (3) 2y | a2y (3 < —B0|< — B0 < — BN —BY —57 1< —~B0
HAZ- e . 18.5 23 8|15.3| 10.0|20.5 . =
QT {57.1 44.7 BM Good | 26.2 | Good (28) | (28) | (&) | (203 | (a7) | (209 —62 | —60 | —8H< -8 —521 —T76
e e | H*\Z- ""W' N 12.2 7171 é 7718.6 1.5.0 7:73 7;77 - NI N B
EGW | KTR | 57.0 40.7 EM (mod‘ 18.7 | Good (30 | (38) | (28) | (15) | (43 (45) —70| —571{ =73 | —75| —556 | —4&7
! [ R SR B _ 0 N S N PR S I
HAZ- ! 11.6 | 188 | 287|152 260288 = A ;
MACS| 534.3 43.0 BM iGm:)d; 17.5 Gocvd’ @25) | (2731 ) | ey | (13 | () —74 | —98 i< —80|<—8% —68 [<—80
— | e ; ; — _ e e e
. HAZ: . 0, 5.4.15.00 246 6.4(17.9|25.3 | _p| _gsle—sd —55 | =57 < -0
SAW | QT | 56.645.5 s Good | 21 1 o)) ) 1@ | G| ob | @ < <
. JHAZ- 181215 273 8.4 |27 273 _ _
SMAW| QT ‘ 57.5 48.9 BM Good | 18.1 Good H (’)E) i (l 3| W (17) (17) (d) —62 |« —~BO[<L —80) —80 75 |<—8B0

* Mean value of 2 test pieces

*#+ Mean value of 3 test pieces, Test temperature —530°C, () Crystallinity percentage

weld line for SAW and perpendicular to the weld line
direction for MIG, TIG, EGW and SMAW.

4.2 Basic Properties of Welded Joints

Results of the tensile and bend tests and Charpy
V-notch impact test on welded joints are shown in Table
7. All values of tensile strength of each welded joint met
the requirements specified in the standard for the base
metal (SLA37 in JIS G3126). All results of the bend test
were also good. Values of absorbed energy at —50°C
obtained in each joint were more than 5.0 kgf-m and
were satisfactory. In welded joints obtained by EGW
that is a kind of the large-heat input welding, the
absorbed energy at —50°C in the weld metal, fusion line
and HAZ of all the steel plates was more than 10 kgf-m
on the backing side and more than 7.0 kgf-m on the
finishing side, and all values of , T, were below —50°C
and good.

4.3 Fracture Toughness of Welded Joints

The COD test of the fusion line, HAZ, and weld
metal of each welded joint obtained by EGW and the
deep notch test and ESSO test of the fusion line of the
welded joints were conducted at a test temperature of
—50°C. Results of these tests are shown in Table 8. The
COD value &, of each welded joint was more than
0.2 mm, that of the fusion line more than 0.3 mm, and
that of the HAZ more than 1.0 mm. Thus, all COD
values were good.

Results of the deep notch test of the fusion line reveal
that the true fracture stress is sufficiently higher than
the nominal stress. The fracture toughness value K - of
the fusion line of EGW joints, which are vertical joints
on which circumferential (hoop) stresses act, was more
than 436 kegf/mm®”.

The ESSO test was conducted on the fusion line of
EGW joints of the KTR and MACS steels and the

Table 8 Fracture toughness of welded joints*

1 _Th}re?c%i)]i:i)‘lﬁding Dce? norl]d; lestl FSSU te?(Bond) o

I\_&:E&g Pracess de (mm) PRV Koo Classification

WM  Bond HAZ ﬂ‘iﬁﬂ ﬁiﬁfﬂg) e o AL
' S R G N

MIG QT 0.651 >1.856[66.2 601.9]

TIG QT 0.508 >1.8R2 | 59.1 591.0

EGW [0} 0.201  0.2335 >1.843 | 51.4 525.5

EGwW KTR 0.412  0.504 >1.676 ) 47.8 489.1 500 < =100 < —130

EGW MACS | 0.204 1.253 >1.824 [ 42.6 435.6 ABO —12 —116

SAW oT 1.171 >>1.899 | 47.9 489.7 470 —66 — 104

SMAW | QT >1.890 >1.330

* Test temperature, —50°C

No. 17 Octoher 1987
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fusion line of horizontal SAW joints of the QT steel.
Results of these tests are shown in Table 8. As is appar-
ent from this table, the temperatures for A-grade were
—66°C or below; the results were equivalent to or better
than those obtained in the base metal. Although at-
tempts were made to make cracks propagate along the
fusion line of welded joints, the cracks did not propagate
along the fusion line in any case but propagated into the
base metal, where they were arrested. In terms of crack
arrest, a crack which does not go straight ahead in the
fusion line but propagates into the base metal is favor-
able, because the crack deviate from the fusion line
while the stress intensity factor is still small. Welding
residual stresses are the main cause of the phenomenon
in which a crack does not propagate along the fusion
line.

Next, an examination is made into the occurrence of
brittle fracture in the manufacture of LPG storage tanks.
Vertical welded joints are taken into consideration
because the maximum stress in a tank is generated as
hoop stresses and the magnitude of stresses in the height
direction is considered about half of the hoop stresses.
The minimum COD value at —50°C or a temperature
little lower than that of LPG was obtained in the weld
metal when an EGW joint was considered; this value
was 0.2 mm. The minimum COD value in the fusion
line was 0.3 mm or more. The minimum COD value in
the weld metal, i.e., 0.2 mm is adopted here for the
discussion.

For welded joints of a tank, a plate thickness of
38 mm, which is the severest plate thickness from the
standpoint of brittle fracture, is adopted and the angular
distortion and offset are assumed to be 15 mm/
1 000 mm and 5 mm, respectively. These angular distor-
tion and offset values assumed are sufficiently conserva-
tive in consideration of techniques used for welding a
tank.

The method specified in WES 2805% of the Japan
Welding Engineering Society is adopted as the method
of evaluating the occurrence of brittle fracture using
COD.

The strain e acting on a supposed defect is given by
the following equation:

e=¢e+ ey + ¢e;

If e,, which denotes a stress due to a boundary force, is
supposed to be 14 kegf/mm? as the design stress, then
e, = 6.67 x 107 is obtained.

The symbol e, denotes a strain due to a welding resid-
ual stress and is given by the yield strain e, multiplied by
0.6. Hence, e, = 1.06 x 107°.

The symbol e, denotes a strain due to joint shape. If
the angular distortion and offset are supposed as men-
tioned above, then e; = 1.05 x 107°, From the above,
the strain e = 2.78 x 107} is obtained.

62

It is considered that the COD value ¢ and the strain e
have the following relationship to the defect parameter
a.

d =3.5ed

Therefore, if COD is supposed to be (0.2 mm,
2@ = 41 mm, If this through-thickness defect is con-
verted to a surface defect which is equivalent in terms of
fracture mechanics, the surface defect length 2a is
infinity when the depth £is0.25¢ = 9.5 mm. Such large
defects can be easily detected by nondestructive testing.
Therefore, the safety of LPG storage tanks fabricated
using the sample steel plates in this experiment is
expected to be sufliciently high.

4.4 Fatigue Crack Propagation in Welded Joints

The relationship between the fatigue crack propaga-
tion rate da/d N (mm/cycle) and the stress intensity fac-
tor 4K (kgffmm*?) in EGW joints of 38-mm thick QT
steel plates is shown in Fig. 5 as an example. The rela-
tionship between the two in the weld metal, fusion line,
and HAZ is within the range of the relationship in the
base metal. Similar results were obtained from other
steel plates and welded joints. The fatigue crack propaga-
tion test was conducted on steel plates welded by various
welding methods. Values of material constants C and m
obtained in the test are shown in Table 9.

Assuming a storage tank is completely filled with
LPG and then completely emptied of this gas twice a
day, the stress frequency reaches about 29 000 cyclesina

- l [ g

—— WM
——— l3ond
—-— HAZ

10 E]{esulls of base metals___/ | .|

7
/

da dN (mm cyeled
=

1

1
10 20 a0 100 200 400
AK (kgf/mm* )
Fig. 5 Relationship between fatigue crack propaga-
tion rate da/dN and the range of stress inten-

sity factor AK at EGW high heat input welding
joints of steel plates produced by QT process
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Table 9 The values of m and C obtained in fatigue
crack propagation test

Welding ' | Notch Material constants
method Process location |
m C
WM 2.79 4.01 x 1010
MIG i QT Bond 3.07 1.19x 1010
HAZ 3.23 5.89x 101
WM 3.48 2.01 x 19~
TIG QT Bond 3.37 3.15x 101
HAZ 3.37 3.31 x 101
WM 2.988 1.60x 1019
EGW QT Bond 3.45 2,23 x 101t
HAZ 3.53 1.50 x 1G4
WM 2.96 | 2.43x10°10
EGW KTR Bond 3.04 1.8l x 100
HAZ 3.44 2.38 % 10—
WM 3.27 4.83x 101
EGW MACS Bond 3.44 2.43x 101
HAZ 3.10 1.28x 1010
WM 3.41 3.33 = 10~1L
SAW QT Bond 2.091 2.48x 1010
HAZ 3.30 4.15x 101t

decade. If a through-thickness crack exists and dafdN
is taken as the mean value of the sample steel plates,
1.4 x 101%(4K)*", the allowable initial-crack length is
given as 34 mm from the relation ship between da{dN
and AK described above.

If this crack is converted to a surface defect, which is
the form of crack existing in an actual case, the crack is
50 large that it is 10 mm deep and 110 mm long. The
safety of the sample steel plates was ascertained also
from this result.

5 Conclusions

SLA37 steel plates of 38 mm in thickness that provide
high applicability to large heat input welding were pro-
duced using continuously cast slabs as steel plates for
farge-capacity LPG storage tanks and the properties of
the base metal and welded joints of the steel plates were
investigated. As a consequence, the following results
were obtained:

(1) The toughness of the base metal of the QT, KTR
and MACS steels was good. The absorbed energy
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was more than 20 kgf-m at —60°C in the direction
perpendicular to the rolling direction and the COD
value was more than 1.4 mm at —50°C in the direc-
tion perpendicular to the rolling direction, In par-
ticular, the brittle crack arrest toughness of the KTR
and MACS steels thoroughly met requirements for
steel plates for LPG storage tanks. The results of the
ESSO test and double-tension test indicated that
K ¢, at —50°C and in the direction perpendicular to
the rolling direction was more than 600 kgf/mm?".
(2) The properties of vertical MIG, TIG, and SMAW
joints and horizontal SAW joints of the QT steel
were good. All specimens showed toughness of
more than 10 kef-m at - 50°C in the fusion line and
HAZ, and COD values of more than (.5 mm at
—350°C. Thus, these welding methods can be
applied to the fabrication of LPG storage tanks.
(3) Tbe properties of welded joints of the QT, KTR, and
MACS steels produced by large heat input welding
{EGW, heat input of 65 to 115 kI/cm) were good.
Specimens showed toughness of more than
7 kgf-m, COD values of more than (0.3 mm, and
K ¢, of more than 480 kgf/mm®” in the fusion line at
—50°C. Thus, EGW can be applied to the vertical
welding of side plates of LPG storage tanks.

It was ascertained from the foregoing that it is possible
to produce QT, KTR and MACS steel plates suitable to
various welding methods used.for L.LPG storage tanks
which may be adopted in the future.
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