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A Study of As-rolled Low-carbon, High Notch-

Toughness Steels

Shizuya MAEXAWA, Katao MIYANO,

Synopsis:

and Masahide SHIMAZAKI

Studies have been made in order to develop a new steel which is usable in as-rolled condition for

low temperature service.

from relatively low reheating temperature, are expected to have ultrafine grains.

Fine grained steels with low carbon contents of below 0°10% finish-rolled

The effects of

chemical composition and rolling variables on the microstructures and notch toughness of low carbon
fine grained steels are examined in relation to metallurgical factors.

The reasults are as follows:

(1) When the slabs are reheated at 900~950°C and finish-rolled with 509 total reduction, the
ferrite grain size decreases progressively with the decrement of finish rolling temperature down to below

770°C until a limiting value.

(2) The addition of grain refiners such as vanadium, niobium, aluminium, titanium and manga-
nese markedly refines the ferrite grain size of steels rolled from relatively low soaking temperature and

yields a high notch toughness in as-rolled condition.

(3) As for the finish rolling variables, the soaking temperature of slab must be so selected that there
are large amounts of precipitates remained insoluble and that they still act as grain refiners.
The lower reheating tenperature yields a good notch toughness even after a small total deformation.

(4) The good notch toughness of steel plates rolled from low reheating temperature is mainly due
to fine ferrite grain size, but partly due to mechanical fibering of ferrite and pearlite which may
induce microfissuring in the plane of the plate at the notch root, with the effect that stress triaxiality

is relieved and transition temperature depressed.

(5) A combioation of niobium and titanium as the grain refiners improves notch toughness, espe-

cially at the grain coarsed region of HAZ.

Based on the above results, a new weldable structural steel has been developed which contains small

amount of nickel, but provides transition temperature as low as —100°C
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Table 1. Chemical composition of 5 kg melt laboratory steels (wt%;).
Rolling* T f steel c | si|Ma| P s | Nb v Ti 1 Al N
procelure ype Of stee ! so
. 0-07 | 0-26/] 0-84/| 0010, 0-010] — — — 10002/ | 0-0053/
A, B | Plain carbon 0-40'| 1-58 0-004 | 0-0058
. 0-07 | 0-38/| 1-48/| 0-010{ 0-010 — |o0-040/| — |o0-004/| 0-0048/
A V grain refined 0-40 | 152 0-200 0-008 | 0-0062
. 0-07/| 0-26/| 0-84/| 0-010| 0-010 0-030; | — — | 0-002/ | 0-0042/
A, B Nb grain refined 009 | 0:40 | 158 0-200 0-005 0-0064
. 0-07 | 0-36/ 1-47/| 0-010| 0-010[ 0-019/ | 0-040/ | — | 0-004/ | 0-0045/
A V-Nb grain refined 0-42'| 1-55 0-160 | 0-152 0-007 | 0-0061
B Nb-Ti grain re- 0-07 | 0-26/| 0-84/| 0-010 0-010 0-039/ | — | 0-018/ | 0-006/ | 0-0044/
fined 0-28 | 0-92 0-100 0-062 | 0-009 | 0-0060
B Nb-Al grain re- 0-07 | 0-26/ 0-84/| 0-010| 0-010 0-050 . — | o0-012/ | 0-0065/
fined 0-28 | 106 0-040 | 0-0114

* Each rolling procedure is shown in Table 3.
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Table 2. Chemical compositions of 100 kg melt laboratory steels (wt 9;).

Rolling procedure* | Type of steel | 5!/ ¢ [si|Mn | P | 8 | No| Vv | Ti [solal] N
c “Plain carbon 1 0-0%0-21 1-35 0-006{ 0-014 — | — | — |0-0030-0100.
D 2 o-1do-48 1-62) 0-023| 0-020{ 0-071] — | — | 0-01200-0099"
c Nb grain refined ™ "0 ol0- 17 1-25| 0-008 0-018 0-032 — — | 0-0050-0115
4 10-08/0-18 1-25/ 0-005{ 0-018 0-069| — | — | 0-0030-0118
c Nb-Ti grain re- | o-dﬂo-lg 1-25 0-008| 0-019| 0-036] — | 0-020| 0-006[0-0130
D nei | grain el |6 o 100-46 157 0021 0-024] 0-070] 0-052 — | 0-020]0-0100

* Each rolling procedure is shown in Table 3.

Table 3. Rolling procedure of laboratory steels.

Procedure | Slab thickncss Soaking temper- | No. of rolling | Total redu-| Finishing temper- Final plate
ature passes ction ature thickness
(mm) ¢C) (%) (°C) (mm)
A 30 900 3 50 740~820 15
B 30 950 4 50 730~800 15
C 50 1250, 950, 900 7 66 715~825 17
1250, 1050,
D 50 950, 900 2~15 10~70 730~760 45~15
S, EEFER IO ESVEEORE Y5500 & 1100 ~ 1 300°%C
LT, RO SRS L3 i o 8 R o> s & IR 75 2
bOFROKAPBRBHIIICC 100 ke BRLER | G
L7z, WBFRME UTHBRIERERZEE L, Bifsks gﬂ N phaniennsot
. — N 5 Ac|—- - X "1\
X UL, kAT BERM LIS OTHD, Table  § 4ol 7 1 N
2 K E DILERGEFT. CR OO 50mm Eo & Ac .
AT TR UCFEEM & Ui, ' ' {(b) Finish hot-rolling
2.2 ?ﬁﬂ@&ﬁ {a) Rough hot-rolling {conventional } . (contratied )

30 mm JED 2 T T34 XC 900°C 7 LIz 950°G
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Time —

Fig. 1. Schematic diagram of rolling schedule
aimed to obtain ultra-fine grained steel
plates.
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Finish-ralling temperature (°C)
Base composition : 0°07/0-09C, 0-34/0-40Si, 1-45/1°58Mn,
Nb grain refined : 0:03/0°20Nb
V grain refined : 0-04/0°20V
Nb-V grain refined : 0-02/0°16Nb, 0-04/0-15V
Fig. 2. Effect of finish-rolling temperature on the
ferrite grain size of 15mm thk, steel plates

rolled from 900°C.
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Finish-rolling tempercture (°C)

Base composition : 0-07C, 0-26/0-30Si, 0-84/0-90Mn
Nb grain refined : 0-03/0* 10Nb
Nb-Al grain refined : 0'05Nb, 0°012/0°040 sol Al
Nb-Ti grain refined : 0:04/0°07Nb, 0-03/0°06T4i
Fig. 3. Effect of finish-rolling temperature on the
ferrite grain size of 15mm thk, steel plates

rolled from 950°C.

B (#9 40°C / min) TVX 730~700°C Xt 5. Z O
AR SR 35\ T 3 800°C Ll oot B30 T ASTM i
ERXSSBRECLOBRE LN, raAMAEAL IZIEF UM
PETHY, SOREELERVEECETELE LD T
=74 bEESR (TR EnET) WET 3
fMEi 52, 770°C AT ik kA 0 ClRidiE—EORE
DHD (WEESI) BELRLIS5KKD.

EERNMMEITEE LTaEbhE VXY Nb 2%
NTHBEMCIRMm L2 5E, NEFSE—Zic 1'5~2°0
Nt 5. VIR 800°C LI kot kEasp T Nb i
HF XD 00 ER L x50, 800°C LI Tt
E23 0 TYEIe Nb AR L7mb ODIE S M E 7 5.
(Nb B L7z d O A S D EECBERTH S .)
Nb-V &0 Lz d0id, FRENORMAIDEE
I0BEIHLITREEMEMEELY, RKERS 1l Diko
PORBBLENTES. EBRLI Nb, V& HEHHE
Th, WINENMEES I HMORECRETEET L b
THTHD, BRLAEESSSHAARALTXTEENT
LES.

Fig. 3 @ 950°C FhEEEDE A D R B % &
2%, EFEHD Mn B34 70< (0°84~1°06%), #H
MRS S Lo TWvWA.

T SR FEIEM B2 DIRE & RN E & ok
ZEBMC R b DTH D2, (LEEASTC IR LALER
bR WERRERCTIEVWSEEEORMA L, EE
HEEBVIBED 3L b o — W THHIRE SR O MM b
TRETHB T EERLTRD, i Nb, V, Ti X
O Al e EOMBALAMBLE OO B Z LT X DREE
Z 10 DLEDOBMRHERLE T2 LDAAETHD T ED5
Hhrof.

3.2 EEENREENO BEAMEICHEKIET BEBR
MAEFES KT MnDEE

3-2:1 V XU Nb Rino g

900°C i N L CREE S 7z 15 mm EAf D5 |5EM:
BRIV 754 PREZEXIET VXU Nb 0F
@, LM DIRER 750°C 0 b Dit>wT Fig. 41T
RT. V& Nb 3iziER—o3Re2H L, 0°04% DR
ICE L WS oML 38 Sh e s, Thbl Lo
I X 55BRR T bTrTHD. INMECHEINIC L
PAVEERRI b T L, HESTS. BR
MR OMMLER & LT, 0°04% BlEo
V kXU Nb oMb x vhERTv. ZhiddHA
DV HBHviE Nb pEsgE Bish, 900°C oFMEIR
ETRihbtEMoREIRREETH Y, WHIEEL
TREOHE LWBRE ERSEIET IR ity

— 114 —



ERFEIRAE S M 55 1865

12 ’ itk b.

- | -1 o o/foL——— Fig. 511zh5 V 35X Nb #rhFhi
10 o S | B His X AR L3 - 70°C ik 3513 5
"TE“ i / "/ ¥ V- EETE ORI M R R TR L
R c 0 72bDTHD. VEREMEIDD, 0:05~0-15
s B - ‘ % @ Nb BEMimd LSk ho—8%2 VT
g T ‘ : ‘ ‘ BEHRLODIEI T RAHEEZTLT
= s0] uTS 1 uTs T w5 (Fig. 5(a)). COREREELLES
z ‘A_,__zt—é——a s —i_,__ﬁ__A«Lz'-f———?—' (Fig. 5(b)), —70°C iz T 100% @ »
L g0t g SIS gt T e w0 e 7 BEEUT X BICER< D, 0°05~0'07% @
j —‘l/ﬁr:;:' —‘I’/‘o Y Ne I Nb Bfifmd L<ixzhic 0:06% £THOV
: 20 LYs REETM L 0Rbh 5. Zhix, AF
wooL i @ Nb 3 5 \WiEV OIS h 0 &5 &TH
. | | ! | L EFHIERILD, FEFEORETIETY =

0 C04 008 o012 0 004 008 o2
VvV (wt%) Nb (wt%)

74 MERRL OIS, EEEbic X %ML
Base composition : 0°07/0°09C, 0-34/0°40Si, 1-45/1°58Mn RO/ L LTS, %@ﬁ&ﬂoj:ﬁ{ﬁﬁbnﬁE
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Soaking temp. : 900°C Finish rolling temp. : 740~760°C .
Finish rolling temp. : 740~770°C * »T,S :50% brittle fracture transtion temperature.
Fig. 5. Distribution of 9 shear fractire appearance Fig. 6. Effects of Nb on the ferrite grain size,
at —70°C of 2mmV notch charpy impact hardness and notch toughness of 15mm
test specimens. (15 mm thk. plates) thk. plates rolled from 950°C,
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B gk o free C B XU free N 2B E T 558,
BiFsEEE b -0Tb0LEXLNS.

3-2-3 Nb-Al EERMOEE

Fig. 7 ic¥BRE % 950°C L LCEEX - 15mm

[ Nb AMEBIHD 7 = 54 PRERITV ¥ v ib
E-WEEREECSIET AIN(avE %/
—VEETER) OFSERT. AINSHEIS T
VDT RS R R R B 7 B 28, 0°0129 BLET
fafnT 5. EBRED FENO Mimbs L
TED, To8=—100~-120°C D H O35 5N
5.

AINOZE L LT, A—Z2F 4 MEGROM
LD 2350, T80 free N ZEZELTT

SHIEREEEE DT EEILND.

‘A‘éi ,*_ ‘1 . ‘v_‘

3.2.4 Mn DM

FTTRB~ X DI, EEHFINEEEM IRV
Td, MnidiEakoimibic§ <h7cshRH3EE
»ohi-. (Fig. 2, 3, 6)

Fig. 8 XN bH0¥hHR% Mn 81 L CiEE
L7bOT, BEOMIE7 = 54 MERAEH
Mo L, BBEELE LLETIELHAT, EK
AR DR LMD N T v AR EE T BT
EbDTTINIELTELETXS.

SR

1

33 EERHCEBENOMEH

(a) 0°09C, 0-38Si, 1'55Mn, 0°07Nb As rolled.

(b) Ibid Normalized.

(c) 0-09C, 0-40Si, 1°52Mn, 0°06Nb, 0°04V As solled.
(d) Ibid Normalized.

Photo. 1.
15mm thk. plates.

X400 (2/3)

Typical microstructures of controlled rolled

hEdEA—RFF A4 MEERRAEN L IRAE
R AL LCBBEEEZT TV, RBAME LT
FEEDE I CHEFAT e B2 88T 5700
OISR ST S0 o7, Lo LEE
AL 900°C LATF %> &0 FRANEE JEVS FEER SEHRAR

Table 4. Effects of Ti on the mechanical properties of 15mm thk. plates rolled from 950°C.

Chemical composition Finish Tensile tests

(wt %) rolling 12 ensile tes
temper— (x;i]m—llz) IYSTUTS| g > vE-50 | vE-70 | vE-90

C | Si | Mn | Nb | Ti |ature (kg/ |( kg/

°C) mm?) jmm?) | (%) | (%) | (kgm) | (kgm) | (kgm)
0038 — 750 8-39 |358|482| 398 | 705 | 275 | 10-8 2-4
0:040 0-028 730 7-70 | 33-2|44'5| 418 | 77°5 — 167 85
0-040 0°030] 770 7-74 | 35-4|45°4 | 424 | 786 — 14 6'8
0-07 | 0°26 | 0-84 | 0-040 0-060] 750 8-16 |33-3|43'8| 435 | 777 | 156 20 —
030 | 0:92 | 0-067] — | 770 | 842 |34:6|435| 421 | 768 | 17°3 | 102 | 40
0-070] 0-029, 770 7-21 | 32'5| 441! 43-2 | 770 — 25'3 | 11'6
0-070 0~030; 730 7-85 | 346 |44'8| 41'3 | 784 — 19°0 | 10°8
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AIN X 10° (wi%) Rolling procedure : (15mm thk. finish rolled at 740~770°C)
Base composition : 0-07C, 0-27Si, 0°91/1:06Mn, 0-05Nb Fig. 8. Effect of Mn on the transition temperature
Rolling procedure : B(15mm thk., finish-rolled at 740~770°C) and ferrite grain size of controlled rolled
Fig. 7. Effect of AIN on the ferrite grain size and 0'049, Nb steels.

transition temperature of controlled rolled

0:059,Nb steels. :
JO7RND steels . L GEREETEGR Lso) MIET 50 SR T o L

WEENTWVS. HEDICHECFEEMR EHs niE
BV, EEMOBEFREELXE L, RO D54t
LCHSRERHEDTHFE LS v,
T, FRALEORES CHRELENEE ¥
EMO BRI E W EE RET %, 100 kg
MYLE VIR, M Table 2 iR
POTHY, S0mm FEX5TLL-0b SHL
T, Table 3 DFMELEHE: G, D iz k o¢-.

3-3-1 Bt ‘

Nb & XUV 2&ARKE BT, MR-
ELMHHHEEIET 5 X 5 iR s
HELBE, BEACKFI DL ~27F4 Mk
AL DAL & FERE P 35 X O OB A6 1
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MiEBEagEsh 5.

Photo. 2 {z—#ll & LT Nb /55285 (Steel No 2)
@ 50mm 237X 0EE L7zl i suvwe4
BEREIC 1T B A~ 27 > 4 MEER JIS Bl
BT X DD fER B IRT.

Fig. 9 xzh sofiic>n e, FIER 709,
. H b3 DIRE 740~770°C D&, MBS asig

: % 100 (5/8)

Austenitized for 2 hr. at (a) 870°C, (b) 920°C, (c) 960°C, R EIC BIETRE 2R T. 1000°C Bl ko
and (d) 1020°C. : e '
Photo. 2. Appearance of austenite grain. size of steel No 2. AKX DFERAPFE LI D5 L% (REFME R

(.JIS oxidation miethod.). o LNV ET) L EDITEBIRE, BRAD
OB TIRAEE LT h, REMMOBSIIINTAE LEADFED DN L. BRAMBD S B —F, FBRRAEMN
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50% britile fracture transition ‘ °
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Lower yield point ¢ 130 %
-100 ~—e— Sieel No 2 (0O7NY -
——4-- Steel No 6
(007Nb-005v)] 20
200 I 000 1100 I 200
Soaoking temperature (°C)
Slab thk. : 50mm, Holding time at soaking temp.: 2gr

Total reduction : 70%, Finish rolling temp. : 740~770°C
Fig. 9. Effect of soaking temperature of slab on the
ferrite grain size, transition temperature and

lower yield point of as-rolled steel plates.

| 200 | 75 --T0T
2]
£ 1100
5 - JOO7ND-00SV
§ ’ 4 (S1eel No 6)
S 1000 A !
e - i P i O'O?Nb
5 7 (Steel No2)
o 5
& 900 — e

7/
o) 20 40 60. 80 100

" Total reduction (%)
" Finish rolling temp. : 740~770°C
Fig. 10. Range of rolling conditions for ,73§ <
—70°C obtained in as-rolled conditions.
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I EIC X B EEx bR, Nb-V E&RMEATIE 1050°C
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DS 4 M T X /ovs. Fig. 10 13T No 2 &
61z DT, G, EREEZZ(LIERFED TS
<—70°C ofFHRETRT.

Nb ALELER T 13 950°C ks fth T L LE 40% L E,
900°C DIBAVE 30% LA EALETHSB. Nb-V EHHR
MO BAVEEIESMEN X iz fEfxh 1000~ 1050°C
F TOHIMBENFINSH, Nb BEMmimiEl v bk
MR PPEL EH T ENEREIND.

Photo. 3 iz 24 & FHESH & BAMBMABOBIRORE
Bl Ry, FEROMAL EHICT = 74 MEAMITES
DN & e B s, 28— T A4 M EESEIC MUT T =
54 hESS—T4 MO BHTST X 7 —HRR (laminated
structure) &7 5. -
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A RECEGEEIE L EESND. ThENT
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BT © B R R R EEE S 800°C LA EOEIR TR
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X(OF 4000mm THh5H. Table 6, 7ic L HH
EEERDF = v 7 iR X CEEEHRICHKE
R

BSNAVEEEED 7 = 54 MRIET Table
7Rt EE D, No-V EGIMAED D1,
H EFHREREL R D EB DIBENE LD
A (A28) TLREFERSIE 1001 LHEMTHD
73, Nb BiyfsiEo 30mm EDdho (B30) T
eed b b, Nb-Ti MBHTHE, TR

5 T OWEHMBE L B DIRER 730°C L7

Fohd, FEERIIE SCHMMTH S, IR EERD
ghas 0 7 OHEEAEZE DB SEE2D ORiL» D
7.
4.1 FAEEVMBHEMOBEAME

Table 8 iC/F4E% ¥ ORAEMIR O BIRAWEE %
4. BIREIR X 52~59 kg/ mm? &4 SM 50
55 2DMNEB LTV, BRI Nb-V &
AT T 80~85%, Nb 4uEEis X U8 Nb-Ti szt
T 13~79% TH Y, L LAFAUMTEVEWE

BPHELTWS. HESOHMOBENRAEL, B

X 400 (5/8)

Total reduction : (a)10%, (b)30%, (c)50%, (d)70%
Finished temp. : (a)760°C, (b)750°C, (c)745°C, (d)740°C

Photo. 3. Microstructures of steel plates rolled from 950°C.

(Steel No 6)

4. HREAMROEELZEDHREDNT

L bofERicikSE, 10t EEHELARMEE 3 7 v
— OPE Uie. SEBLIS BB o 208" 4 BT
IEEC CEMERE LcobEs LTHl LA tETE
WLV, 750°CHEEEDIE EMR DR EEEE LcBaDEXEME
i, 950~970°C DEIREER YBT3 hriifh
UTR— RS X b TN ENFEORIFICHE RiFre.
SAE AR O MRS X OE X1, £heh 3000 mm i

[ _'

H B DR L7 D7 D TIBENCPEE &
D, MUY EEDCFEETETHIEEWE
FRLTED, FERRBRFEOH—HUIL15~19%
THoiz. Eic JIS 1 ST RERA I X SEERD
T b KFERERD Shvia DT,

V¥ —EHRREBR L O TN NGB TS
AR EM S F M FREED % ¥ T o IR
L LTOMAKTt 2 S BiERR L7 Photo. 4 IIFFAE
EWME RO RS AR T EiREE —50°
Cififs ¥ ClRELHMm s x50, ThETOWE
TR—ESHREEE R T IO D, X OIHBREE
PMET LT alEtsic iz 5 & & 04 Blk ik v MRS
5. CZOSEREERERER L7 =74 bE/X—54 b
DERPEH LTV HORFUTHS. SEEREFEAL:

" Table: 6. Check analysis of commercially produced low-carbon fine grained steels (wt%).

Steel {fﬁ;) gﬁgg}ion C |si [Ma|P |S |Ni|CrlGu|Mo|%| N |[Nb|V|Ti Ceg*
A16 16 | g.ornp. | 9709 0°35 1-43l0-0090-00810 - 1400-07]0- 11}0- 04/0- 020/0- 0100/0-0700-06| — |0-375
a2 | 28 | 0OV 0-09, 038 1'440'010%'0080'140'080*110'050'0140'01040'080'05 — |o0-379
B19 19 ~ T o0-08 0-36] 1-590-0090-008)0-20/0-09l0- 11j0-030-0120-00830-08] — | — |0-403
B30 | 30 O08Nb ) 08 0-36 rwkowkmwumoomrqwmonqomm008—- | |0-403
c26 | 26 |[O%NE 1009 0‘3% 1¢3ﬂ0~0130-01%0~2ﬁ0-150-18@-06@-018p~0110p‘06 — lo-026/0-389

*  Coq=C-+5i/24+Mn/6+Ni/40+Cr/5+Mo/4+V/14 (%)

— 120 —



ERFERAESHERITE T 295 1871
Table 7. Rolling procedure of steel plates.
Rough rolling of Finish rolling practice
: ingot
Steel No | Soaking | Slab thk, Soaking No of Finish temp. Total ASTM grain
ten(r’lp. termp. passes (°C) reduction size number
(°C) (mm) (°G) (%)
Al6 970 4 740 68 11-8
1250 50
A28 970 4 800 44 10-1
B19 950 5 736 76 11°5
1 250 80 :
B 30 950 5 785 62 9-6
G26 1 250 100 965 8 730 74 12-0

Table 8. Mechanical properties of commercially produced steel plates in as-rolled condition.

. _ o 2mm press no- |Drop

Steel | Thk. Dire Tensile test (JIS-4) Bend test V* Charpy tched charpy |weight
ion | LYS | UTS (JIS-1) test¥dk

ction El RA o E-70 T,8% Tc* | pTd#**
Kk Kk R=0, 180 v yor P p NDTT
No |(mm) (gl ael () | (%) (kgm)| (°C) | °C) | ) NBE)
Al6 16 | Long. | 453 | 563 | 36°0 | 67-5 | No defects 10-4 —124 —89 —124 —100
Trans. | 48°6 | 58:8 | 36-5 | 65°3 | No defects 9-3 —105 —84 —120 - 90
A28 | 28 |Long. | 426 52'9 | 380|698 | No defects 8-1 — 77 —71 — 95 — 75
Trans. | 41°7 [ 51°9 | 37-8 | 67-3 | No defects 10-1 — 77 —66 -9 - 70
B19| 19 | Long. | 40°2 [ 56-5 | 38-2 | 69°5 | No defects 10-4 —165 | —111 —144 | —145
Trans. | 42°4 [ 57-3 |1 36°2 | 660 | No defects — — —_ — —135
B30 | 30 | Long. |40°2|51°9]36-8|67'9| No defects 14-2 — 91 — 53 - 92| — 75
Trans. | 40°0 | 52-1 { 37°5 | 674 { No defects — — e — —
co6 | 96 | Long. | 42:9155°7|377 69-2| No defects 12-5 —110 | — 98| —117 —125
Trans. | 443 | 564 | 33-7 | 62'9 | No defects 77 —112 — 98 —112 —110

* 50% brittle fracture transition temperature.
** 100% brittle fracture transition temperature.
ASTM E208 Type P-3 specimens taken from the center thickness of plates.

Photo. 4. Typical root of delaminate taken from ¢V’ Charpy impact test specimen.
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Em, FERXELAIELEBIBEEOERNDLDITE
BT ixsm.
4-2 KUBMEEARCKISARCEIER
A OB D FREIT v, THEMINFR S — S0k
HE L1275 5%, X LI KREOHEDEREEFCGEVRE
FEtEERR TR M ZFER L TR T EBRETLEE
NI S I TRIEEER A6, B19 353X C
26 T oW TIRERMEE Kc (Stress Intensity Factor) %
sk, ERVT Fig. 11 iz7Rd Esso 3Bk H (IRESE
) o rnrhoiERE Fig. 12 @rRT.
D Ko LIBE LOBEFE» L, BEETRESI N

EiEL LTERBELST S K C=10mm (G&)
BEXUt C=100mm (AfE) DBHBHFICOWTHEEL,
MOERIBE K 3T 5 K BLh L EOERF>Z &%
ZRLTCWAS.

chic Ly IEREEAkEo R % 20 keg/
mm? & L7E4a, A6 TRRGEL LT —132°C, A
e LT —110°C £ CcER®EFSHh, C26, B19 Tk
IHTEEBETOFERCIAS Z ENTES (AHEBRA
L LT 40kg/mm? ZFELLBET, B&E 2 &L

Temperature (°C)

-50 ~100 =150
BEXRMGERS 556, H5VCRERCFERCITIRETD R NN N L
LBRATE L L LT b—EOES D L REAER . \
LAEWRERRDS 2 ENTES. ThbbEIRIRICS - 2 ‘ala\
— t AN
0% Ko L5 S, IRABAES ORI Ke=oV/7C i oo 2 N
(AN
SEAEBRM SN TR Y, WES? CTRKREBSEOHEN B o [N
= I \DQ \\\
£ = O, N 4
N AY
i \ \ | “\gig
E o3
o 100} 3 €26
NN - N \
> - OR X _F N A1e
-~ Is =2 !
B -
A 5
—si29k 342 >l 29— LS
[=—25— B
[<—29—
10
S S) 7 8 9
o0 Details of notch 100077, #”
Fig. 12. K¢ vs. temperature relationship.
Fig. 11. Esso test specimen. (Gradient type Esso test)
Table 9. Weldability and mechanical properties of weld joints.*
| Tensile test with JIS Z2201 .
Max. hardness | Preheat temperature Condi- type—1 specimens E"Jalcg Z%elgfl{ i:l[(lig b§§?22
Steel |of HAZ-]JIS with low hydrogen tion YS |UTSEL in . AR—10t,| R=1-01t
73211 VHN | electrodes-J1S Z3158[1*° (ke/ |(kg/ 200 mm |Eosition of| & 22 0L, Ao Vs
failure 180 180
mm?) |mm?) | (%)
Al6 — <25 AW 48-6 | 602 17-8 |Base metal'No cracks | No cracks
PWHT| 47-9 | 55-3 | 188 7 4 4
No cracks :
A28 297 <25 AW 436 | 55°3 | 246 |Base metal v No cracks
PWHT| 42°3 | 52°'0 | 23-8 7 4 4
B19 300 <25 AW | 43:3|54:9| 19-2 |Base metalNo cracks | No cracks
PWHT| 406 | 51°5 | 224 4 7 4
B30 - 315 <25 AW 39-8 | 53-1 22-4 |[Base metal No cracks | No cracks
PWHT)| 38-5 | 49-5 | 24-8 4 4 4
AW 43-9 | 54'0 | 22-7 |Base metallNo cracks | No cracks
C26 296 <25 PWHT| 416 | 53-4 | 256 " Z %

* 60° X groove with JIS DL-5016-C-1 (AWS E7016-G) electrodes.

¥ AW: as welded
PWHT: post weld heat treated at 625°C for 1 hr,
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(a) As welded (5) PWHT'd of 625 for the 10 )
1 — 4.3 FFRERUMFEOBEMMLE LU B
o AlB oAlG o i
I5-28B19 -4B19 ?I‘in‘é
0 ces mc2s BKFERDEREM: dmmg) ZH L, #E
’ B 170 10Amp, 15858 1504+ 10 mm/ min

DIBUEFHEEFECBE LBE0, BiEkS
X OB BT OB E % Table 9 27k
3.

£ P
Z d }

- ' i T 5
[&] ! e O—0— IA e C
(-] I I
? y / I /7"
4w 5 { /!

4

ATEEER O R E Y EEE 0°403% LUTF LK
VW (Table 6) 7-0ic, BEMPELROREEE
Vvd Hv 300 gk & SM50 X v KB TH b,

Position

V= hEIRES I A TR B EIB LT T
H5. WFIHOEE R X CERILIT TR EF

Position : 1. weld metal, 2. fusion line, 3. center of HAZ, 4. bounary of HAZ,

5. 2mm from HAZ, 6. base metal
Fig. 13. ‘V’ Charpy impact values of weld joint.

‘tg “‘.1

2)
5P

X 400)5/8)

(a) Al16, (b) BI9, (c) C26 .

Photo. 5. Microstructures of HAZ coarse grained
region of manual arc welds.

L AVIZH D, BIFiTIiEEE R T 8
oz,

BEEE L & DI, BEEED CIIIEBEEEE IO
LS. EHORAREL FTABEA IS K
Y TR, F— 2734 MEROZE LWiEX{brsk
0, BBEINMEDDSLBENDD L DTARKK
LTSI B nb0ond 5. FOTRMEEL
ThH5BEOHELLIIHE oL VbDE LTh, BE
HHLREOREITH S,

Fig. 13 iz 3-5Ni ROWE#E#ELZHH (dmmg, fEie
VEHEGE) U7c 30° LRIBAEMKTF S DY » v ¥ —RER S
R%&7R"7T. Nb R I Nb-V MEDOL OIEEE
FOREETH Y FEfs X0 HAZ iR v v L ¥ —(E
DELLETTS (A6, B 19 ). Zhic 625°C X
Lhr B OIEHBWNIEY A 2 v %&In2 5 &, K NER
Dy % E—{BEHEHE DI SET L, HAZ thie
V3 Nb /D 3 DVX[EHET 555, Nb-V HAMED H D
X SiILETs. (22Tl BESEOHMELL R
HoNENRIHREE N fFFOER LIELTH 5 .)

ZhiZ L Nb-Ti HELELcbDTIRZOEDE
EAME E A EED B0z, Zhix Ti {b&mas
IRCTHEERIDI, ERHEOSBERBERYA 24T
TS At & moBEB AT b TR DA L%
PR IMARS F  FEHOMBIS Db TREEIEL LD
(Photo. 5).

5. #E =

7254 b= 54 MEICERT DB EO R
L LT, BEMIEEOEs, St mos—
ST X B, TR TEROIES EAEASE 2 Hh
5. (RBERROEEITTED IMINC X b Arg ZREA %
TWszEd, IMILEFEOINESHOER E D2k % #
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D.
JEFEME LTH ETHLEEDCDTETHEATRIZ &
FHIREE LcBE, HERIE 28 $ LT ek
DTEFTEMIEEX TELRFNESL THLELRD
5. EBERCR LIS ELBEEEHMD 7 = 74 Mr
EREMo Mngiz X2 ThEHR XN, 950°C pHays
BE X 0 EXEER 50% Tt B ERE X 7 Nb ALE T,
HEFRS 10 DEOobDERB5/HIC Mo gx 1°40%
DAET508EMRSS (Fig. 10). 7254 hrt—34
MEZ BWTHE, (EFES E/3— 54 bPEEORICI WV
BB H D1, 9 Pearlite=10-7+110"9 (9% C) +
11'3(% Mn) +48:4(% Si) T3N3, 2O~ 4 b
B 7 LEES SORIRECHE hFEINL V.
LicpioT Mn OHEIMIHO Ars TESEZTWF7 = 5
1 FOREEEHFLEEDIC, /¥~ T4 PEERENSE
T7 =54 FORGMELE{RES T2 LB RZNDD L
Ex L5,

RIBEINEEIE X W 5Kk FIRC Nb, V, Al X

Ti 7o EOREGEAMARLITE R IRINT 5 2 &1, HBEE

TOF— AT F4 MEEEEIEE &b, FEAORH
RN RRBIECDHEZRIEL TV D EEIBNRS.
W EESFEIROMBEIC DWW THET S &,
STER®) L HBNEE X D dEHEIMT o C-Mn {ijicou
TEEBRBIZRITDF— 25+ 4 MNUEOE (L& e T5
~, BIREHAEHTHIHERIR L DT ABB LB S
CRMMIZC X DEEDOEIIRLEC I ONERXD B —ED
EIET 5 E THEE 7 505, INLBAMBEEOA — 25+
4 MIESZO—EDEL D HIVWIESCEMTIEE
RTH A EOBEM LA TabhianwZ SR EE LT
W5, L ORRIC IIEIRFEICIIEESE 14~28%/
pass TEUSATERE L, £ OHIXEEGEY: & ORI
X D RT5 05 IR KRR AL < 5 B
L LEERS 10 28252 L3y, ZhooisR
wihd 800°C LI EOEIRER COMII X 555
RigsbEmE2 T L Cx D, REBRICTINS ML
HLA O IR FANFEIE DI &I & SRR — 2
TFA FOEFEIR L TERT HLESDHD.

E LI RIR T I0BAEEAA D FEIEAE B3 D IR A5G 770
°C PITFTHRELNS T =54 MREMTEAES{LL
KWHRELT, ZOX S BEBHOMLTIRER LA
F—2F7 4 MESNOFEMBBE T 10 2 E
L, E5ic 100% KTECHIOFEET D LY H»
b, Bodbd—2F 4 bROBEH{ESTobiicw
&, ERBEGESHITOMLTHEDTDRESIICE
JAEEMNEMIENS/ NI W E R EREZLNRS. &

PRIE-

TTRERGRA—RTFA MBERET7 = 54 bER Y
OBREZEZRET IR0 IMETHD, SHS
DL ERDLEND .

¥ £ CRITHEFT 256, BEEHFRIE
WD &< FBIEER, FiEtE B VIRE, A — A7 A4 b
& SR O MR LR 3 X OUR - E{b ot Hic X BHE(E
o 4 RF 2868 LCHB & T, XERBRCRE
hd &< FERREWVEECIINWIHEREN %, EIE
EMEEL LD 50% wlz HEEI ST LIRE
i TO/VEEERE £ THME REL e s (Fig.
9, 10). ¥HFALIBE OHEEITRHLA 5 TrhORELPD
SEUKRE R ERACIERIETIEEREIE D AREE ST
WAMOEE I A — X T F 4 FROR - bt
HEMEEER—ICOBR LS 5.
ERIEFINEVEEM D7 = 54 MRUERT 4172 LR
BB L CEBREOCMKRE Fig. 14, 15 wRrd. 4712
LR A DMiciy Percun OFBERIR oy=o0it+kyd /2
(oi : BRRNLOBENCE T DEET), &y HRER) 2B X
{EbhTxs b, REFMBEEESN-EREBFOH
MIEEEH, HOBREOFRMMESTHEAMEREICIO
BfREmiE T 5. Nb, V St RoTEE &

__ 100 . . :
2 .
< (a) Laboratory high purity }
o -
= LYS/yTs
* 80 Y [#5%] [s]) A ,———-D -
g B AA__E_@,S——————‘D‘DJ N
& —— | °°
b
- 60
I LYS
- 0 g—>07T
€ 40 1z .ﬂﬁ-g:""g"%[
E. _ '_4_13_@%5—'4'%
2 © © Low C-Si-Mn
:’ 20 © v grain refined
> 4 Nb grain refined
- O Nb-V grain refined
0
I 100 T T
< (b) Commercial purity I
s -
8 s © LYS/yrs
; 80 f—--- @ ... A S {n] ]
a
5 o ° °
N ~ .
v
b |
- 60 -t :
™ | o LYS
o I —
40 ) __-ZAdQ@‘OL G
2 o l
E ® Low C-Si-Mn
= 20 O Nb grain refined
;) 4 Nb-Ti grain refined
> ~ O Nb-V grain refined
0 ! 1 |
53 7 8 9 10 ] 12 13
-
g, mm™*
Fig. 14. Grain size factor vs. lower yield -strength

and vield ratio of controlled low carbon
fine grained steel plates.
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Low C-Si-Mn

Nb grain refined
Nb-=Ti grain refined
Nb-V grain refined
Nb-Al-N groiv_m refined
) I '

8
)
Capoe

-50

t
i

o Commercial purity
hed ~

~ A
oA

A ‘ c26
Laboratory ~
high purity

-100 N

WS ()

~150

OBI?
6 7 8 9 10 N 12 13
d*\‘:

)
, mm

Fig. 15. Grain size factor vs. 7,5 of controlled
rolled low carbon, fine grained steel
plates.

FERDIIIZFTRD LRT VWD o; DT E A ETL,
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