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Investigation of Metallurgical Factors in the Production of High
Strength Steel Plate with High Toughness by Controlled Rolling

Synopsis:

Hiroyoshi MATSUBARA, Tatsumi OSUKA,

Isao Kozasu, and Koshiro TsukaDA

This paper describes a part of the results of a continuing developmental activity to obtain optimun chemi-
cal compositions and processing conditions in the production of high strength steel with excellent toughness

by controlled rolling.

It was noted in the laboratory experiment and mill test that Nb was most effective to

improve fracture appearance transition temperature (,7s) when a strong controlled rolling was ar3lied, while

V was less effective in this respect.
Nb bearing steels.

Steels containing both Nb and V showed a ,7Ts valuesi.ular to that of
Addition of small amounts of Ni, Cr, and Cu to Nb or V bearing steels enhanced pre-

cipitation hardening presumably by lowering y—« transformation temperature without deterioration of , 7.
Lowering carbon content below a level of 0:07%, in Nb bearing steel considerably improved impact shelf
energy withdut any loss in LYS. Transverse shelf energy was also improved by a decrease in sulfur content

and application of cross rolling.

However, intensified controlled rolling slightly decreased shelf energy.

The improvement of ,7T'; by controlled rolling was consistently described by the total rolling reduction below
900°C, and was less dependent on rolling reduction of individual pass. A combination of the above knowl-
edges made it possible to produce tough high strength steels, and a few such examples of linepipe plate

were shown,
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CRICE T HILFREGOHE L LT, &<t Nb,V,
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Fig. 1. Hot rolling schedule of laboratory melted

steels. Hollow symbols: passes on which
temperature was measured. Solid symbols:
passes given according to predetermined

time intervals.

Table 1. Chemical composition of labo;'atdry melted steels (vt %)-
c | si | M| P S Nb v | | o | N | Sol.Al| T.N
Nomiral| 0-14 | 0-30 ’ 1-30 | 0-017 | 0-012 ‘ 002 | 0-007
Range |03. 15;038 - 35113 3 40|Oi)(1)¥022 0 0 0140~0" 0340~071050~0"480~07300~0 52'036?028 0 2070105
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Fig. 2. The effect of niobium on LYS rand .7
(fracture] appearance transition temper—
ature). Laboratory melted 0°14C-
0-30Si-1-30Mn steels.
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Fig. 3. The effect of vanadium on LYS§ and ,7s.
Laboratory melted 0-14G-0-30Si-1-30Mn
steels.
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50 |- e oD, /o LIRFD ppt, ppt-fice iX L LT
5 o N HIBE (L& U T B85 X UL RO RV A% 7 LT
e o \ o Bose V5. —figic Nb, V 7 SO EDE T v 254
o= 00354V WEETBHHEEELLND [d(T)/d(dopp)] =40 &
sor . IO k=15 & (2)RICHAT S LAMED V gIEE
: D T ORERGEHESE NS, L LBEED Nb &
o g 034N DEEICIE [d(Ts) /d(d=Y2) Tpp0 55 L D Avis DA &
A/(j WDT, ZDEELTHELIC BFHHEEE 27y —1D
- T __--2gem <0054y substructure 35 X U DTS &ic Ml % ke B

£l = EHLDLFEALND.
=z <~ Base Nb & V 28EE&mMiimL T CR I O&MTHEEL
2 sl ) 1HA® LYS & T, % Table 3@ LBkcRd (Nb &
s VidFig. 2, 3ic X b &FE*Th*h 00159, 0-040
30 ! ! I I ! 1 % WA LICERERLTVS). Nb+V @&RMT
8 % 10 o2 a3 14 s i3 LYS B FhoBMmismomEs v &<, i

" (mmt2)
Fig. 4. Examples of grain size dependence of LYS
and ,7; (Hall-Petch and Cottrell-Petch
plots).

Table 2, Contribution of grain refinement (dogs)
and precipitation hardening (doppy) to
: the increase of LYS (kg/mm?2),

Rolling 0'010 Nb 0-033 V
condition docs doppe docs doop:
‘HR 0 48 0'3 42
CR I 1°5 35 0'5 3-5
CR I 35 1°5 20 3-0

Ehb. L L HCl @ X 5 EiREHEISIEETRD
H OS2 H1E, BE LOMBELSH>T DA
DWTDEHREZTD T ENTERILDE.

oTs OFEERGHED Fig. ¢ RN TW525, &
CR D3 & iz Nb $HT ,Ts oE‘EINS5D1E, O
EDWIER— 2, VIic 5T Nb g Ts Ofr
EEREESETICREVWL L E, ¥7-CRICXDFET
X327 .54 FORIER/IS D THD & A
REFEZLNBM. NbiH, VEHIEDIX—ZAMID D
[d(:Ts)/d(d V)] MBARELLHEHIZSOFD L SiLH
5. Tihbh Table 2 wHh s X 5ic Nb g,
VT

Aags+ A0 ppt = CONSL: <+ veereecrecraraaraanaa (1)

ML T B L,

T W ] N

wTs I Nb LR UIERZRLTVWS. 7254 b d-1/2
bikfk Nb13, V12, Nb+V 12 TH 0, HETH &L
WAL Liswv 2 & a5bn b, LD T (E&Tmo
LYS) — (B LYS OinE) ~ —2 kg/mm? X Nb
2V EL b —HOfRbic X 5 LYS +F (Table 2
D dags) BRPNIIDDPED G EHE XD T ENTE
B, Fic oTs DEMNED»HZ T, Nb+V ROFEFH
MERHI A — Vv E T ED MRS X O O
AEiitr LA Nb RORME B LTWEHDL EEXN
5. ZOXO5KEEE»D Nb+V RoRMEE, T51o
WTIE Nb [T X 5%hR, EEENCIE Nb i X % Mfifk
& Nb 5 XUV BHMROHITHE Lo MECHHBEEN S

Table 3. The effect of alloying elements on LYS
and ,7 under the rolling condition of

CR I.
LYSs ALYS* vl s
(kg/mm?)| (kg/mm?)| (°C)
Base 39:0 —-12
0:015 Nb 443 53 —60
0040V 44-2 5-2 —36
0:015 Nb-+0:040V 47-6 8-6 —59
0:25 Cu 41-9 2-9 —10
0-50 Cu 39-0 0 —32
0-25Cr 37-4 —-16 —25
0-50 Cr 38-3 —0+7 —42
0-015Nb-0'5 Cu 46'6 76 —63
0-015 Nb-0-5Cr 473 8-3 —61
0:04 V-0-5Cu 455 65 —25
- 0:04V-0-5Cr 453 63 —17

¥ 4LYS: difference from the. base steel.
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LEIDBND. TOX57E EEKG RO ERES RIS
W, oTs ZEBALXETEEVEBEYELI L ENTELHE
ZhD.

2.2 Cu, Cr, Ni O

gD Cu, Cr, Ni 3SR L 2 b T CHER
AS T2 AT IEFAER LIZLIE HmmEh 523, CR
DHED LM LDTLROFET FLHBE IR TV
Table 3% 0°5% ¥ To Cu, Cr OEMFEN ZHhb
& Nb, V 0#EESHMRIC>WT CR I OFELETH
AT LBITH 5. Table 3 DREROEKIED S L, X
51T, LYS T2\ Tik Cu Tl & icEkoH 5%
IR LIX S iz vgs, Cr R LAzha K TFXe
Twd. oTs 13 Cu, Criz X D 270 0 B3E X h 5 FE S
Hbh%. Nb & Cu, Cr 2ETINT 5 &, +Ts ik Nb
HMROHE L ED Sis w23, LYSi: Nb BmoBe x
%%y 2~3kg/mm? ERTS. V& Cu, Cr 0L
WhNCid, VEMARIEELT . 3540 50 Em%
AL, LYS 13#9 1 kg/ mm? BEF 5. »wThiclL
Tdh, LYS wo>n<ix Cu, Cr ORI X 5 FHITIT &
AEBD LRIV, Nb, V Xz brEAENT S
&, MBEERHIC Cu, Cric X 28BE LAXSELNE Z
Lbd 5. TNLOBRRIAR LT RCOELESLEME:
ZoWnWTH LI, 72 Ni, Cu+Cr, HoEWIohd e
Nb, V L OB SIRMOHETHAEHNCIE R C BEEHR
iz, DLEDORER» S Nb ##AE &35 Rz Cu,
Cr, Ni ZBEfd5VI3EE LCAST 005% BEUT®
BERRMTHLCXD, oTs 25 LithbTCmEr
HXEH 5T bbb,

T X 5 IBRINRAVS B LB RIT 3 Tic C-Si-Mn-
Nb Ric&iF 5 Mn OFR?, H5\ix Fe-V-(C) %
ZHFSH Mn XU Ni 0zhRDE LTHESHTY
5. DX SR EE EFE, chbomRicx
% Ar' SOETHIRZNIZE:%5 NbHowig V
RELMD X DR HEITd &3 b L HfExh
5. FHREDBEIEE LFIT & LT Lo
MTH5 T LB FERED FREPLLHA L. 2T
Formaster-F (2 X ¥, 1200°C jp@htgo Ar' A2 HEIE

Table 4. Transformation temperatures (°C).

Ay Aca Ay
0°010 Nb 710 835 680
0'033V 705 840 640
0:50 Cu 700 840 680
0-013 Nb-0'50 Cu 700 838 580
0-036 V-0-50 Cu 695 845 620

* Ap : heating | 200°Cx 10 min
cooling rate 90°C/min

Lzl &5, Table 4127”3 X 57z & 21 Nb FingR
i 0°5% Cu ZFEhnd 3 & Ar' 13i3iE 100°C £ F1+ 5%
&b Ol. TRREETLEVRTREZDX S
SR T IV, BEMINEEEG 0 Ar' &, WEIFICE
EDX S TMEENE X ONDFED Ar' i3riz h B
50, Lo Ar' KT OfHEFEESNCEEDBEI
bHTCIRELEFELONDS. LB oTHERBREDESD
Ar' ST X 50 HEE Lo AR R D RE &
£z bhs.
2.3 C OB
THETIIREE LT LYS, @iHs LT o Ts 25T
U723, EMER DWW TR 2 DIEA T shelf energy (,E;)
LIFHCEER /ST A — 5 —Th5. E FIEMEEEE

BRI 2D CTHHDE 2T (XL LTARIE

BNED, —F4 bbBWEeXxr 24 L) OFER
FEiF, TG L3 L 1Lt 5. AR
e LB S D3 v FEITIEMnSTHh 0,
Eotine & iz MnS ZL#0T 505, Es i L
TREHITELZDMSHEMORE X, BRDEEL,
CODMMDORES, $¥EEL, 7o A FERTED
ERTDHDLERDLEDT, TR AY — Vv THRITTR
SHBETHS. Lihs>2TZ 2Tl C% oFBony

12| NC ’
—~ 10} Es
€ .
= 8 LN o) ok_e_
§ T eb
Si Mn s N_LI
41 {047~058  1'32~157 0005~00I0 0045
7
.—20 -
S 7or o i .
< -80 |- ° o o
N -80 -
70
7S Z
~ 60 o 2
£ o
£ ) .
g LYS
—
Z sobF o~ o )
0
g 40 |-
4 | I U TR RSN I R S

004 006 008 010 012 014
Carbon content (wt%)

Fig. 5. The effect of carbon content on mechanical
properties of laboratory melted steels control-
rolled according to schedule CRI (cf. Fig.
1).

Transverse direction.
Charpy specimen: 2mm V-notch full size.
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Table 5. Variation of ferrite grain diameter and
pearlite fraction with carbon content.
0-47~0°59 Si, 1:32~1'57 Mn, 0045 Nb.
Rolling condition : CR H

N ¢ “Ferrite grain |Pearlite

~_ (wt %) | diameter (pu)[fraction (%)

10°05~0"06 1 4'5~5°2 7~ 8

0-08~0°09 4-8~5'0 19~25
013 I 44~50 24~.27

i
H

mixed grain

Y FiFs. Fig. 50 0°59%8i-1-49,Mn-0-045%Nb %
¢ Co% 2#Z5{bx4, CR I oy CR CELE L7584
DOERPIHEEZRLTWS. L EBEEn 5z LixC
2 0°13% 5 0°05% FTET LTS LYS 2T LA
ETLLEWZ ETHS. REL TSRELDETER

.o Ts ORI XS TEERICIZELES, vwihi

CBIEFREERLTWS. —F oEs 13 C 28 0°13% 5

0°05~0'06% ¥ TETT B &, §9 1'5 fZicimd 5.

Table 51X CEIC X 5AMBHBOZELET LLLDT

5. vEs LRI — 54 FBORD L EENER

WD, LT —54 +d5 109% DITithks Exotk

EHAKENRDEEZLND. ZDZEHLCERET

_ X 4#7- PRS (pearlite reduced steel)?? (X ,7T X DX

e L5 B OETHERLZZ E3br» 5
LYS X C% T XT LA EERF LI WE, ZThiIREg

B2 7 =54 PRED C% THEVERFLLVWZ &R

M r#Ezbhsd (Table 5). ZHKEELTOED

LOBMERMRBECTHILENTES.

(1) Mn % 0:°6% BEBET Ar' OB VT, &Ew
T = T4 MDA TH D CREFTR VD 5 FHEE
EfEE (& < TMTFHIK) 258 % W TR
DB SRR,

(2) Lol Ar BENIEEELLVWEETI, Ar' HE
EHEHWIRETOFELEIZLD 7 = 54 hARo substru-
cture 2k, HBWVWIET = T4 b OWH I HPITE
ERiC X b EEMSBR LS T ebh b,

AEREOBEATIEIE Mn 0720 (1) 0oBRITRE S

T, C% EWTIEdARd Ar' S LA FE X (2) D

MBECHLIBREHRRINTVWIIDEEZSZLNTE

5. 7272 L 0°05%C fHECRIER 24+ 5 @Emsss 4

KELLBLOITHS.
DLEOETCEOREREET 5L, CR TS T

AR EYETEHRE S XUCBFREEHMEL2E 5

DR OEDX SRS MIRESFE LV it b.

(1) oTs 2K T 570X Nb 2L, »o+5
7t CR 217/t 5. ’

(2) SAERNbIEMTHoET EBEVHS, THIE T

S & ZFE 1050°C),

ZHILSETIEE R EiF 57cHiciy, Nb iz <
V, Cu, CrzBEMmIaEa L imds.

(3) shelf energy @ LX 857D IEXSOETDIE
P Cx 0006%EBEETERTIESZEBFELY.

3. TIEEEFHORRLUEEROH

BtEE i KEh B8% 525 TIBRELGE L
T, CR oFES (T tT2%8) X7 o xEEE
H (L, G A[AID shelf energy ~OHE) BhHTFLN5.
31 aryprao— kK -A—YrTéE T

TTIRHALH»I Ltk 51T, 950°C 75u L 900°C LA
TOAFETRE T ORI EENEBEERESRP D, T
DEFTETROEINE & BT JTsHAETL, &kl
ABHITVDETRLOLDE KRER FEL 5 X700
. Fig. 6. 063 Nb+V R §f% fHEERE—{T_EEL
Borv4 7Y VOEKRTHT, CR 0ESEELEET
Mmm CFELRBEED C Hm Js ZRLTED,
CRIZEBIBETHERL T OEIC X WiEREBIfRIS R L
TVW3. KBEEEEEINREERRFORASEHIELR
HMOEFEBETHS. ZDX57%% CR & ,T, OB
FRIAEZETHEDOLVA 7Y b (ThbbEERY S 2 —Ib)
e ED FEE BT 5D B EI OWTIE LIBMTE
TOHESRBDOLNEH, A—ITHOBEFIX Nb 24
UROSFRTHDELED, TOMDRHDHED D VITR
BEORELDE I KRE L L CR~ Ty ORARIT IR
—ELTW5. Ec+47% CR 217 5 BAki:, i

HIDINEEE O EET 1 300°C ~1 150°C. 7 O i

LAEB LN, TS LRRRY D . — VD ETHEE
TRE AT, CR FEHICASRTOMRIBE ST E (&
L7232 T CR RO IRE FHEDIEH
KETELXSBEECE, TsiextT % CR 0FhEA

20
|l  013C-0205i—1'20Mn—002Nb~006V
O |- Tronsverse direction
=20
é—j . F \Qo R
40+ .. . ~»_ o _
S 2
O~p O O
-60 - o ¥ ~ o
T~
—go L 1 1 | | !
01020 30 40 50 60

Total reduction below '900°C (%)

. Relationship between controlled rolling in
terms of the total reduétion below 900°C
and ,T (mill test result).

Thickness: 14 mm.
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Fig. 7. The effect of alloying elements (Nb and V)
and the degree of controlled rolling on ,7T
(mill result)®.
Base compositicn: 0°14C-0-24Si-1'23Mn.

Thickness: 10 mm.

T LD ETHB. —figic Nb T+ —R7F
4 P OFESIRED Nb% &% VW0 900°~850°C i
< BT 1000°C B2 FCERTHDOT, CR O%hE
BEELTA- AT F 4 bORBFE KL TOMI(TMT
FIZhE) kT30 eFabhsd. L L CRIGE
HEIC A B FIDEAL /S 2H 1050°C DA ETH S &, BRE
BB A — A5 F 4 MRIEHKICROTED, ThEXR
S ch s CRABCELET D E, A—AFFA4 b
Xy ek Ay —VTARE—IKERT 5Em» S0, L
7O T CRMBBETHD LA —ZXFF A POMLOTR
B UCRNO 7 =54 b, £23Y 4 Fw 2
F o T ROBFEEBARETDL LRI,
DX S BER»LIIBFELETIE CRIZASHID
AR U 4 — VTS DI 0 DIFEEEL D LED
»%5. CR OFRicxT5 Nb, V o8z, T
BFEECE T HERENLERVPLTOEED T
BEBDOT, ZZTHEVEHR, Nb+V ZROHE?

8
ZHIFTHELICkEDS (Fig. 7). §
3.2 shelf energy OME w
XXX ST LB BEFARMMITETS
5 S OFEREFEY, S omeLbic L,
CHm (£ ICHMA) @ EsiXETT 5. £EF o

B IOy o A EELR—FEOTIHEEI T
% S % & CHa) oEs DBROH% Fig. 81T d .
TOBERPLB LM ST, S A 0:010% L
TIETT5 & JEBNARCEESIND Z L5b
b, 2FCFE—0 S E&FETDH, L, CHR@

10

100
90 0'13C-020Si—-1"30Mn-C002Nb— 006V
ot %
70 |- \

2

L S0 - D)

b °

- 40 *\.

L':'; 30 - '\'

-
20 |- ’\.
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o} 0005 0010 0015 0020 0025
Sulfer content (wt%)
Fig. 8. The effect of sulfur content on transverse

shelf energy (mill result).
Thickness:
specimen.

14 mm. 2mm V-notch full size

(BHFEESME LEMET D) OFELEZELI 5
zricky, ERLEEEHRIND C HAO E 2kE
THZENTES. L, CHREO>WTEELREZZNT
Ry, Re, oFs % vEq, vEc &7 5 &, SABLAAKD
FEIE 40~50 O LHFEEDEE, # v ATHEL: R/
Rc(=Q) & vE/vEsc(=f) OBiciz Fig. 9 TRt
LOBBRATHET D, SRE —FMORTEET S &
S 3°0~3'5 MEDMEiL52, Q% | BE (MEic
W9 07) widEL, CHAD E IR UEERLC
FRID Es BESND. ZOX5 s 0 AFEREE
fbExg%zEiE, SERBEC I ODTREIND L DOME
BHOWLPEZ, MnS - EHD £ 5 [B]~D RABE % b &
LTL, CHmicESsTHzEEExN%. & xFE
Fig. 10 3 F—DC & 0 R FEIEH % ZLEE HED

| ~ e i‘j
Q l Es
) = ¥esL
i SRS Sl by
2 /”"° viZsc
- _8 o@
o ° o © ° 1(
‘ s ° £
98"0 //"" 7]
o0 o o - .
o "
X/
- ©
[} l!]l L 1 1 l 1 L Ill il I} 3
1 5 10 50
o (zﬁl./ﬁc)

Fig. 9. The ratio of shelf energy longitudinal to transverse

(f) as a function of cross rolling ratio (Q) (mill
result).

Thickness: 9-15mm. 7T.5: 55-65 kg/ mm?2,

For (f+1) /2 see Appendix.
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oEs 2D, oEsL, o Esc OB I X OETFIHRZ
E—FBREWZEERLTWS. L LEIEFRLTY

Lnhy v AR 1 VGEDST 5 E, Zh LB
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- S=0015%
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= 100 |- LN A £
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Fig. 10. Variation of longitudinal-and transverse-
shelf energy with cross rolling ratio (Q)
(mill result).
0:17C-0"13Si-1-21Mn-0-2Cu-0-2Cr-0-019
Nb. Thickness: 14 mm.

120
a 3.
— 80 I~
O
D
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o
~
<  40f
!
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o 1 1 1 | ]
b
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y§ qor \ .
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Sulfur content (wt %)
Fig. 11. Variation of shelf energy with sulfur con-

tent (mill result).

a: arithmetic average of longitudinal and
transverse shelf energy.

b: corrected shelf energy (,E:*) according
to equation (3).

TS5: 55-65 kg/ mm?2 2mm V-notch full
size specimen.

ST ENIE,

TFHEEE»LDERBOEX 525 Z EBBGREINTWD
DT, TNHDOFEEXZTDEESEFRCOHRKET
LHERE DD RT A — & — L LTEZDHREESM
HBHD. —HERELONTWS 7 o REFILE B D
BRIz d & Sk e F VR EETE &, 72 2
BIFFHOHSEIE(3)RD0X S FRICX Y, 70X
FEHEL (Q) DRE X I LEEHE(L L7z shelf energy ,Eg*
PHETHIENTED (R0 EH koW Tik 185
1) .

0E5L+11Esc 1

2 "1+a(Q+1)/2VR-Q = (3)

722U a il ER, RVIFHBEELECH . Fig. 1l a 132
O RAREELZELAICECLZETCERLIEED S% &
oEs ORI TFIHEZDEERFLTWS. LLIES Ao
Bk o 2FEREPKELSELLTVWEREDLDTSH
D, 2D (WEsL+oEsc)/2 bl b KB (bLT
5. Fig. 11 b i3 (3)RicX 2T ¥ » AFIEH D g%
ZHEL EF OF oy bTHD, S%EOERIMNE
EINTWAHBIZENHALITHS. ZDX S5 BHRISIE
E kb CHAao B Wicw L THE
$S% ODER BIRI v REELE RETHZEHBTE
5.

PAE®D B i DWW T OFERITTRTTER—D CR 4

uEs*=

100 —
O'13C~-020Si-130Mn
Sulfer - )
= Con’renT°/° _OOZNb —OOGV
0005 o
80 = \
&
L <
2
., 60r
= _O.OO?\Q\
Lﬂ: 00I0 A\A\A
40 Onn [} \
8 o
° o
0020 T—
L )
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[ . o
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Total reduction below S00°C (%)
Fig. 12. The effect of the degree of controlled

rolling on transverse shelf energy (mill
result).

Thickness: 14mm. 2mm V-notch full
size specimen.
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BCHERE LB 2w TDLDTHEA, CR OFES
3 F 7 B OEICEE T 5. Fig. 12 13 CR OEA&%
DI ED JEDERTT3WM@METRTLOTHS. 0
X 5% JEAXTOEREREE, 023 CR T X 54E -
RiedhHbiEZONE. ILICOFEKRE: LTEX LR
5% 01, CR B35d7c& X2y v+ VE—HRBRE OWE
WD BN D UNS HEIEINERR TH 5 . ZhiEMnS
PEMEESERCEETI DHE LTI LIt &S
X HbDTH D, REMITIE L HREOELELLD B F
KRELBRBZ LMY THLDLEEL NS,
33 2y bO-N K- O—Y T CEBUEREDH
INETHRTELAFHC I, BEAR WEIERS
EX5NIHET, WUEFEAHRETHILENTES.

—_

—

BRI iE>ED X 5 KRR/ 5.

LYS, TS, Coq—{LZERS

2 Ts—— CROES ({LEES)

oEs ¥R EREOCOEHEME>S %, 7oA TiEH

DX HFELZFCH ESHOTEBCRE XN EIE
J15 4 84 FEMH (API-5 LX #H0 X 60, X65) @
fj% Table 6 - Photo. 2 ITRT. A SMIEfEREVL
WETBBIMEDS TSR X h 5 & 2z X< v S - BEde g
X oTExh/i-d0THh, CR M EDHEDHD
CARLTHS. B Nb2HWTwaiEscii i
RO HILEEETbT, £/ CROBEDLEVIOT
5. CHILCUDIETIZL Y Coq Z T i (Cu)-Cr-
Nb-V REHHTH D, CROBEHHRL DTNV 5.

Table 6. Properties of control-rolled steel plates.
a. Chemical composition (wt %)
Steel | C Si | Mn | P S Cu | cr Nb V| Sol.Al| T.N | Ceq*
A 0-17} 0-37 | 1-28| 0-017 | 0017 | 020 | 0-15 0-028 — | o-032| o0-006 0-455
B 018 0-13| 1:30} 0-019 | 0°0i6 — — 0-016 0-043 | 0°005| 0-410
C 0-13| 0-20| 1'36 | 0014 | 0006 | 0-08| 0-25 0-019 | 0-061! 0°005| 0-006 | 0-432
D 0-08 | 021 1:34 , 0-014 | 0-005 — | 0-20 0-032 0:037 | 0-006 | 0-360
*C —-C—i—iMn-l—LSH-LN'-{-LC +LV +ic +iP
ea=>"g 247730 TS T TN T
. b. Processing condition and mechanicnl properties (transverse direction) .
Total rolling
: : El BDWTT
Steel Thickness rbitilgvitlglaooc YS Ts GL 50 mm oE, OR oI SO%FATT
_ (mm) (%) (kg/mm?)| (kg/mm?) (%) (kgm) | (kgm) (°C) (°C)
A 12-7 (normalized) 43-1 59-0 42-0 7-0 7-3 —38 —20
-B. 16-0 25 45-5 60-5 37-2 6-3 64 —37 —16
C 14-3 40 49-5 58-6 40-0 7°6 76 —52 —33
D 12-7 60 50°1 58-1 43-0 11-3 11-3 —72 —45

Charpy specimen : fu

11 size

ity

5%,

m
el

Ay b e

Fed
e

PRI R B NG
i

Steel D in Table

6.

#*" < - -
~ T :\ v e Y

Photo. 2. Microstructure of control-rolled line pipe steel.
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Dirx e Cop 2T Ew/A Cr-Nb REFIITH
h, CR OBREIIEFILELL2TVE. IS5
W LDIRFECIHEHEL, 7 e AFEEZ L D2TW5.
Frho CR Z TR o7 RO BHRMEE I T <hicd o
TH D, BENCHD LEEOSE X D BEASFETE
VIR A B TER D, YRBEEOST CRADHBRHF]
TdHD- oTs b CR PIEWHEIBEMIECTIIFHETE
SRUE IR Y, TOERFAEMCERTSI0TH
5. FRBICEIEN S 4 94 POMAEL LTEHEENRD
BDWTT (Battelle Drop Weight Tear Test) & 5097
HEBIRE (50% FATT) I EWICT<hTnD. oE
DOHRFIEET I VEEF I DIEILE D LEIDED, C%
DT, &k, 7o 2AEELEDOHHCX Y, C, D
MCHOLND X5 EEWEDARETHD. DEOHBEN
TeVEREVE, TESEIFTIEMTRERMCEERTAEE: %
L5 TWiebDThHh 5.

4. =X & L)

arhrwe—ob K- v—1925(CR)ICXBEEZFE

LT, BREYETHBRE LTI EEREEL S5 X

DS FRE ERENC BMETL, ®ERSTE HLPIT

L7z, FARTHEELECERE LT, CR OREEBIEE

(Ts) ~D%hE, shelf energy (LE;) IR XIFT S %,

o0 X EEDEE LB L. ¥l bR h &

S, EECEENT A 84 FEHERE Ui flico

WThSNc. EHARTROXSKENTES.

(1) CR 27554, 2oL bFEMC T 2ET X
FEILEINbTHS. Nb+V $AEWIZIE Nb & [
BRAShRERTH, V B ,7s OETHEIA
ShThv. oTs 2 2lxbTieeEr PR IE 5T
Nb %k Nb+V @i L. #&EoD Cu, Cr,
Ni DI B TIRRE 2 ER Xl 23, Nb,
Ve BgEET Az itk ) Nb, Vit X 23 L8518
FErERMICEDS. Ck 00079 BECERTXE5% &
WEs BREIND.

(2) CR @, T5iziz Wi B8hF, 70 & 21E 900°C &L
TOEETRCEHEBTZZEMNTE, ZOBENRKE
B3 ETHETT 5.

(3) S% ETxE5HL, L CHAD E 2L
FHT5. Fror/w2FEEILE L, CHRD E OHD
ICIE—EDLRE L-BR»3H 5. S%, v RFE
5z ohhnid, ThboEKkicbESwTL, C
EZHED vEs BHETDHIENTES. ¥/ CR 0
JEEEERDD E EsRXSGMETTS.

(4) ZEEw CRiz X h & Lot i, BEEM XD

LIS EMS R TH DT rrbbT, X EVIEE,
L0 CRAERBIENSB LN B, Zh bDKHEITHE
FIEFECHEHRFRELEZE L O THW O TH 5.

188 [EIELL & skelf energy DBEROFEEAM K]
FIEQEM 5 T EEE, Wb oHEshRIC X
HnEMomEL, BHLLTWARIEEEBNMEDO
ERsIOCHmEoZE L LTERENRS. L LEBE
AT 15K & 20~30 LI EDEEFEDERIRD EIE
TRELLT ARNEDO BEL BT IR
5. FETRIOXSRENT, & v AEELIE{LL
7o35E @ shelf energy OZE(LEZ B EF LI X DV ER
B ECHR L, 7 0 RJEELIT KT L7 W AEHE(E, L 72 shelf

energy %R 5 HFETODWTHETT 5.

FE4EL: & shelf energy OERIC DWTHERE SR T W
LRBEEETELEOEDLDITIED. 727 L LK
FEiEAW, ChtBEALME LT, R, Rc ZFh
FhLAm, CHMOELRLL, REHBEELETS. F
7z vEsy oEsc V3N L4, CHEjoD shelf energy
Thb.

(l ) RL ﬁii%’:j—& vEsC biﬁ_l‘_?éu)zs)-

(2) vEsu/sEsc VX RL/Rc OBE¥ITH Y, Rp/Rc 73 30
PAERREWC/R 5 & oEsL/vEsc X —EETHHES 5 EHm
MRHDHW. ZOEE 3°0~3'5 BETHNI, =L
E—FmOHBDFEETH DT 3 SEBEEChs L
BRI TV S,

(3) ko200 F%RIIL, CHREITDWTIELENCS
WTHD.

Zho 3 D0BE» L 1B, oEsc BWENEH Rc, Ry

DB (72 & WK 1/Re, —logRc) THbLHb¥ BT

bbb . CITREIRVEZBEIC TS 2DI]/Re

OFERETSE(1)OBEKRIEI>EDL 5t 5.

vEs=vEs* (1 +a/Rc) feeeennenee (AD)
uEsc=vEs*(]+a"/RL) (AZ)
7eiZLa, @ BERTHD, EFEEE LTS% THRE

SN HFE{L Sz shelf energy TH 5. (Al), (A2)

A b E* ZEETHE (A X, Txbbln(2)

DORE DL TRABELNS.

f=vEsi/vEsc
= (Rp/Rc) (Re+a)/(Ru+a')
ZORE R=RL-Rc DRGNS
S=VR+aVQl/IVR+(a'/VQ)] (A4

DESWELZEDTES. 2L Q Wy vw REREL

Ry/Rc THD. (AT a, a' % adjustable parameter

ELTERO f (Fig. 9) WhTiEd 5 LB TE, Fig

N P %))
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Fig. Al. Comparison of the measured and calculated ratio vEsC=%'F1 B o P (A6)

of shelf energy longitudinal to transverse.
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Fig. A2. Example of calculated correction factor
(F,) of shelf energy. '
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