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Effect of Intercritical Rolling on the Strength and Notch Toughness
of Steel Plate

Susumu. GOHDA, Kunio WATANABE, Yoshio. HAsHIMOTO, R

Yasuo S0GO, the late Katsuaki MINAMIDA, and Okitsugu MANTANI

Synopsis:

The intercritical rolling method has been applied to the manufacture of strong and tough steel plate.
The results obtained are as follows:

(1)  An excellent combination of strength and notch toughness can be achieved by increasing rolling
reduction in the intercritical range. Notch toughness and arrestability of brittle crack propagation are
much improved also by the intercritical rolling of Nb bearing steel with fine austenite grains.

(2) The main characteristic of the intercritically rolled plate is the decrease of variation of mechanical
properties both within a single plate and throughout simularly rolled plates due to temperature equaliza—
tion and work hardening mitigated by the recovery of the worked ferrite, which in turn is due to heavy
rolling reduction in the intercritical range. A further result is the stability of the manufacturing condi-
tions.

(3) In addition to its well ballanced strength and notch toughness, the intercritically rolled plate with
low carbon equivalent excels or matches the plate subjected to heat treatment in fracture properties, vari-
ous kinds of workability and weldability.

Through the application of intercrtical rolling to various types of mills, the optimal rolling conditions
for strength and notch toughness have been found to differ according to the various rolling mill charac—
teristics; whereas the most effective condition for a hot—strip mill is rolling with a few passes within a higher—
temperature intercrtical range, rolling with higher total reduction with many passes within a lower—tem-—
perature range is appropriate for a plate mill.
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2.1-1 W&t

HEEASHIY 60t BRI HEROE D Si-Mn £ 50 # =
HThHB, (LRSS Table 1 w3 SRS HEE 20
mm, FIELMEL Table 2 WWRT I 3517 HD & OE
HEEYSATAKEL Lic. ELVWTHROEBEA SN
BREEVL 1100°C & Lie. ZHBIREERM H-1, H-T,
H-T oFEROETRIZThXh 43,64,75 % T, E
T EFRERETFTROMME EHETT5.
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(1) BlERARE

JERE ¥ 4 # ORER S, FIEEMRE, £MUDEESEF
s ZE bR Fig. 1 md. BRECHT 2 LUERE
IEDZHRITK &  ETFH 40~60 FBE T34 kg/mm?
REED LR TH B, 75% Tk 14 kg/mm? & KIFICHY

W%, SHIBECEFROPIIET Tinitl, LViE
Table 1. Chemical compositions of the testing

material (wt9).

C Si Mn P S Al
0.17 0.49 1.33 0.026 | 0.011 | 0.024

Table 2. Rolling conditions.

. : Rolling reduction [Finishing
Condition Stab E[I;:):knessin the intercriticaljtemperature
range (%

S (conventional) 245 0 770
H- ] (intercritical) 105 43 700
H-1i (intercriticai) 105 od 385
H-[1] (intereritical) 105 75 645
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Fig. 1. Tensile properties of the intercritically

rolled plates.
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Fig. 2. Results of Charpy and ESSO tests of the
intercritically rolled plates.
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Photo 1. Mlcrostructures of the 1ntercr1t1cally
rolled plates.
Specimen (a)$, (b)H-T, (¢)H-TI, and
(d)H-II

Photo. 2. Electronmicrostructure of the intercriti-
cally rolled plates.
Specimen H-T].
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T%. Nb prafiffbsd r OEEC L OTHIS &7
HHEFEESE E2RIEOHHEELZLEFITNAZ L5
BHD) RHBEHCFAINR TGS LREMD LR T
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(Steel | € Tsi Tanl PP s AL N

Base | 0.13] 0.27 |1.05 10.002,0.003[0.020] —

2xb [ 0.16 | 0.28 | 1.02 [0.002]0.003|0.015]0.023
(Check analysis wt® )

[
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FIF" 3. Relation between Charpy FATT and final
~— 'y grain size number in p-recrystallization
range.
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Table 3. Chemical compositions of the testing
materials (wt2).

C Si | M| P S | Nb | Al | Ceq

KE36 | 0.14 [ 0.43 | 1.40 | 0.017] 0.004]| — | 0.03 | 0.39"

KL37 (0.10 | 0.27 [ 1.25 | 0.022] 0.004 | 0.03 { 0.038] 0.31°

1) Ceq=C+Si/24%+Mn 6
2) Ceq=C+Mn/6+(Cr+Mo+V) 5+ (Ni+Cu) /15

DRBIWPFEI B, BT, chboErouT, EE
SR BB M TR 780 KE 36 3 L OYEERIER KL 37
iR AEE A RAE L THER LB Ry ii~%s.
3-1 ZTREXIEEROINESRG

BERAME > % Table 3 R . — B HIHEEC I U
TR BEREESG R BRI KT 5 705, H—hHE
TERITIIRE LW EERMGEMNER I NS, Zhics LERE
MEETREE LTH—LHENEORD L5 THS.
COFERELTRKRDZ ENELHhE. (1) EEKD
FEFEI I 5 SO EHEAET O T TELoH
KT HERAYELS.

(2) ZERBICIMERIC e % i3 S 4ENESA & AN T 300 55
ENFE LY REETEGT LD, WHORENSY
A

(3) ®-fv—va v XD ELEEN RO EHEER
REMNMET T 5.

(4) HEERT F TR TENET LT\ 2D
T, FEEEOBELILIC X 5 HEBTIO BT/ X .
Fig. 4 13 KE 36D eyt B s 4 3 BE O M4 7R
ToT, A—pRa#OsE S L (KE 32) gL
THERBEES O BEHIHRE 15~40 mm OFHH
TEREELIL B WVEBEDIDTH 5.

Fig. 5 1x KL 378> vTrs OFIECHK 5 Fohk 58
EDFEAN-BED & Lk L B IERRE THE L 1= 30
THHYCThOREC S CTHEEBIREEMN O vTrs A3
Bz EERLTUVB,

Fig. 6 (xZREIRIC K17 5MZAAREDOEHE»RT.
BREDOEENIMDTNIWT &, vTts OEEHTEEE
TEEBRNEL B ERHGATHS. Fig. 7 3%
BB SR DM BEO BN %R R T DT, FRERFIE
MBI B CTERTWB Z b s.

Table 4 1B K13 % IR FEED AR WIS &4
R TL0OTHD. & & CHERSREEIRCABFO
FEoREETy WA CEAXTHEMLT 57D A, &
BECEEXT5 2 ¢ IOETERROELESE>+ 43|
EHTIHEZREETORE  EFZE2HH Lt h
Eiebicnwz & TH5H. ZOEESMIL Nb iz ds T
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Fig. 4. Influence of plate thickness on the
mechanical properties,

o Intercritically rolled (KI1.37)
® Quenched and tempered (KL37)
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Fig. 5. Influence of plate thickness on the Charpy
FATT of KL 37 plates.

LHATEDLDOC, UTORMFHERIIZOZ LEHL
M LTV5.
3.2 TRETEEHROERSH
3.2.1 TEERFER X 5 KE36% L U8 KL 37 oRfE
HEREIB 3 Table 3WRT4 D EFA—TH 5. BE
TI&% Fig. 8 w3, EHir CCHEAV, RE2SR
JT* 35 mm O A BIE L. FEESLMILTable 4 0
B EA L. B 03515EY, M, SERRE

— 140 —



FHRDIRE - FIMICS XS TEBREEEOSE 571

B4 Table 5107 T. S bk Whd BIFEd R L

TWw5.

ZHREIRERE KE 36% 8870 & L &t Lo s, L, T

— T -
4 Transverse Rolling reduciion 50~60%
£ w T |
o 1
-3 2
= W
b oy
£ 40
8 . =
ki
<
-8 I g ]f:ggll‘udmal_]
I$) l X ns\erse_j SN
\; -80 T A
- *® 4
g el
!
@ | L N ,}'ﬁ = = —
-3
-120
630 700 720 70 | 760

. . Arp caleulated
Initial rolling temperature (T)

Fig. 6. Relation between the mechanical properties

Fig. 7.

and initial rolling temperature in the
critical range. (KE36, =25 mm)
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Table 4. Fundamental manufacturing condition for
the intercritically rolled steel plate.

Process Manufacturing condition Aim
Slab Any reheating temperature between
- . 1000 and 1250°C. Ordinarily from _
reheating
1000 to 1100°C.
Conventional rolling to the plate
Primary thicknes necessary for the second-
rolling ary rolling reduction.
No temperature regulation.
Rolling at the temperature range Grain
a little over Ars transformation :
Secondary . refinining
i temperature up to the plate thick-
rollin . R
& ness necessary for the tertiary of austenite
rolling reduction.
Finish rolling. Refining of
Tertiary | Appropriate reduction at the ferrite and
rolling intercriti cal temperature range pearlite
between 660 and 720°C. structure.

‘LD Converl.crHDegassing cC Reheating
——-‘ Plate rolling{Interitical Rollwzape Inspection l——
—| UST Inspection H ShearingJ

Fig. 8. Processing of intercritically rolled
plate.

Table 5. Mechanical properties of the intercritically rolled KE36 and KL37 plates.

Thick- Tensile test Bending test Charpy test
Steel |ness | Test . YP TS TEL e |[R=LSE [ vEz20 vT'rs
(mm) | specimen [Pirection|(yy rmg?) (kg /lmm®)] (%) D"Aec“(’"An-glels()‘ irection (kg-m) (T)
NK Ul 43.1 56.5 20 L 15.3 -105
25 T T Good
JIS No.4 42.9 58.1 32 T 9.4 -95
KE36 -
NK U1l 42.7 56.1 24 L 16.8 -105
35 T T Good
JIS No.4 43.2 57.8 33 T 10.1 -90
N 42.6 54.2 23 L 25.1 -130
25 T T Good
IS No.t 3.2 | s46 | 29 R S 185 | -118
K137 e - . i
NK U1 . 41.0 51.7 24 L 21.0 -113
35 i T Good
JIS No.4 41.6 52.6 32 T 16.1 -96
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. Examples of separations appeared in the
fracture surface of the intercrically relled
plates.

(a) Charpy test and (b ) ESSO test.
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Fig. 9. COD test result of the intercritically rolled
KE36 plate (¢=35mm, longitudinal dire-

ction).
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Fig. 10. Result of ESSO test with temperature gra-
dient of the intercritically rolled KE36
and KL37 plates.

WEF MO RABER, ZHADTEREE, WiHElX
&3 KE 36 3610t KL 37 » 35 mm it L, %
hZER 56.7, 50.0 kg/mm? ; 59, 73 % (n=6 D3Fg)
THYH, ZHADOBE, 7457+ ¥ 0K T

Table 6. NRL drop weight test results.
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Fig. 11. Pulsating tensile fatigue test result of the

intercritically rolled KE36 plates.
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Table 7. Strain-aged Charpy results of the inter-
critically rolled KE36 plates.

Absorbed energy Transition

Condition (kg - m) temperalure{'t)
Steeit| Treatment +20C | —40T |- 100T| vTrs | vTrE
As intercritically -
0 | 16.8 | 10.0 | 5.5 |-105 | -105
As prestrained 11.9 7.9 5.8 -105 | -105
5

prestrained and

aged 11.4 | 80| 47 |-105 | -105

as prestrained 10.6 8.0 4.7 -105 | -105

10 :
prestrained and

8.9 6.7 3.8 -105 | -100

aged
t=35nmm Longitudinal direction,aged 250CX1hr AC
0. T i
eAC - )
. OFC> Longitudinal /"‘\AC
S x ?g> Transverse | ,.x/l » /
E: -80 S
> | T . ,/!
L ./ *o---Orc
-120
&
—_
& 20
: L | Jac
2 0 5 0Fd__ .- -
S | "
WH—Tiz=- e T A
4 L S
£
-
0 -
ew0l—o B Longitudinal __|
. JIS NoS
R R e,
FeFa "OFC AC
3 E
a. B
o
Sl 7 —0-
o g BT AC
N - A
;g) 30}—ke -8 AC
=
@ 500 60 700 800 %00
As inter- Reheating temperature
critically for 1hr
rolled

Fig. 12. Influence of reheating temperature on the
mechanical properties of the intercritical-
ly rolled KE36 plates (¢=25mm).

ELREET LB KE 36 oz {k% Table 7 iR

3. L3 ORI X D RIN = 2 A FREPET T2
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K2 bBE baie X S WIB BB BESITR BRI (500~650

°C) TRETOMER JCHEOET 2D b hs.

(R7oNBEDBEDOEELY B 1 Bl (AC) LIFS
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Eom#TIMEL A RE L IS,

(3) AUk

HHREIRFEEM KE 36 o # AU jESkM £ H S
7o, Figh by AR OWE X HAFI 2 mm O
BALEBA B % 120 THRIIO LIRS Bhicroi.

Table 8. Maximum hardness of HAZ
(JIS Z 3101).

Thick- Initial

Steel nese | H¥max |Welding condition temperature

KE36 35mm 281 170A,25V,15¢pm 15T

KL37 35mm 242

175A,25V,15¢pm 16T

© Intercritical rolled KE36 {t==35mm) —
. -
= e Conventional 50K steel -
] (1= 30~32um) P .
. -
R - - —
s S - <
- - -
= . . :/ ® Estimation by
@ - . * — : Suzukiet al *?
2 - =
£ . _/:T e (1= 35am) —
= — . -
2 amf o . . -
E . -
H H 3 * e ,/’/ e
£ . -
= [
- - R f Ceq f
250k [ P ange of Ceq for I
=0 - - conventional 50K steel
- Y P36 ke /oot
. L N . . .
0.3 .38 0.38 0.40 0.42 0.4t 0.46

Ceq=C+Si/24+Mns6 (%)

Fig. 13. Relation between C¢q and maximum
hardness.
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Table 9. Welding conditions for welded joints.

Heat Preheating
Thick{ Welding . Welding | Number | Welding | . & -
-ness|method | CGTOOVing shape material | of pass |condition| '"PM* Interpass Fest
kJ/em Temperature
. No preheat
2 % i\‘-In Bp: 5| 600A & Tensile
type wire | pp. 4 32v 25 '[I!ﬂerpasst f{hﬂr}py
A B emperature ardness
(4.84) 46cpm = 1507
[ 600 o 7 o
Y
Y \\\ = ] 700A
SAW 1 N =~ % EP‘. 3 33V 40 P -
l - FP: 21 35¢pm
25 Ti-B type
flux BP: 2 850A
FP: 1 35V 64 ”
e 28cpm
— 1.;1350A
e L 1.5%Mn 36V
” o (4.89) T ;1050A .
a2v 156 No preheat ”
%'El?i'c'- T1 .0.5%Mn T:1050A
trode : 48V
T2 (6.4%) 55¢cpn
I | No preheat
: NYTST] 2% Mo wire 750A Tensile
35 SAW ©w 9 - X BP; 2 34V 55 Interpass Bending
. ~ ) Ti.B 0 FP: 1 28cpm Temperature Charpy
60 i-B flux £150C o
¥ flux for one side SAW.
(2) AMIAESE
KE36 35 mm $CHi% y PIEHRERABE T o1 2 T
~
fefi L, WHFEE D 5016 4mm¢  HAV, B, B =
FE, BEEEERXFRER 175A, 125V, 15 cpm & L, ° 1 [Foint soremah o
i ] . . Toughness of
20°C R 70%@%@%*”@%?@ L. ZofEREINE o N “Tusion fne
IEFRREEE 50°C LHEE S hie. & RO F— i \,f\
Coq LARETOER (EIIEELEE~100°C §ig) <, 3, o | el <
PERFADBEBRAD 2 LOHEEE () 100°C) wh LTh ] | o
. = t =35
B EEOETHS. = DFFT LD ERE R ob— L L " 1
PHEZTIRYTHS.

(3) FBAEhEsES

Y E—RBABHEHIZE RS €00 — v 5 ViICE
FEND L5 EEIBREEM CERES, FEReH
BryREL, ZHAKFELRSILT AR ERYESS. L
PO THERM CrIBRE RS+ 2B LTk
DERHD.
—RECTHLR T2 EBRET — 7 BELAERMAEIR
REBOPe—NrS5,7, 757 4 —LFEhsIU
ZERBWRENRBRLY ER L. v — BRIk XAy
LI ERTH 25 v 7 4 — A FERRBO—BIT/| X
Te— rEIRAECUIMIV-TR D E N 13E T H D
7.
RERKBEREEYL LT CO, 7— 7BBC X A0
ABREOTSEBRBTER L. ZEREHES AR
THUN A — P ERDIHTCE, Wb BESAS—F 4 T

Heat input (kJ/em)

Fig. 14. Influence of heat input on the properties
of the welded joint of the intercritically
rolled KE36 plates (¢=25mm).
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Table 10. \Diffe ce in the intercritical-rolling
\'/eﬂj;cy? on the mechanical properties
of Migh strength steel due to various

type of rolling.

Rolling mill | Laboratory l Hot strip Plate

Rolling variables in the intercritical range

Rolling speed low high medium
Range of rolling
. large medium small
reduction per pass
Pass number one several many
Strain rate low high medium
Interpass time —_— short long

Optimal condition for strength and toughness

Finishing

medium high low
temperaiure
Total reduction .
in the inter- low medium high
critical range
Air cooled Coiling at Air cooled
Thermal history : ! EY -
Y [H t ;
) Holding ? temperature I'empering at
after rolling temperafure | oA temperature
L
below Ary below Acy

MEFRRE TS Bl 0 KBREFE Tl TR b B & RI%L
Ltz oTwn. Fi, BESKFROEISMEBEEL
TR BaroceE, ®MILBiE bhity.. KE
367 3 ADEM T, EREMCHVCTHI#MFHRE L= v
7 bR AS IEEO LI NAABBELEDTLLME
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L0 LTI,

H T i o\ T 35 mm Hfod R=2t ol ihl
(JISZ 3123, 15) {7 o7 MEMITE T SIL Lisv- 2 &
PR I i,

BES TR LMEIL3 % Fusion line » —40°C 12 Ri}
HEIREMEE Fig. 14 CE LT &, ABEN KX
S BE LI 2 TR = 2 A F (A LTv5b. L
L, AZE 64 kj/em FCTHIUEHELZA o
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B2 r M CTOBIE L FIESFIC LR TOET
DFThETEEEa L 2—F 1 b OBMAL BERE
HHafEORE L IRIC, LREINO FEL ST >TH
IR X % REC TEHER R I h T inld bl
by, BEEHERY - LHEE IS X 5 Zener-
Hollomon .25 4 — & Z /s I\ EERSIFEIE -CIL L
MNEL I AETRCREMMSTEZRIND LEL DR
L, ohiextl, ArY o 7, BiR: LDIRZ N
BB IDE Y RERETENMNEELLS. —J, ¥
FTIVAVODOREXIZZIZEY REBHDTY, BHGE
EOEVENR I Tl X hERCK\VCRI LY XD
TSV VHBLRDETHD. Ebic, Z{ED LR,
BREETOE, ~AMEMLERET? L EREETIX
ID{ERE TR REETETEETAAMRIVC 21
n5.

RICFEEEDOBERCOWTE LD, EHTE T
1A, SLLTFCOEIRD A\ 2H B EEC KT 5 HE,
LHIIL Acy HSETORES & Lis & o 0EE CERBIRAE
SEDBHIBRPL R R L BRI FIRT 5 LELSHD.
TA Yy TEEOSHE, Ar SUTF CBREEYZEL
TRDBZECIVBED =2 v v — LRI S, T
¥, BB 2> TCELEMNETS E, EROBMED
Ba Acy L EOER TONE Y BT ISR ELE,
REOBRESFOBEN TOBEEIFCHEL b
(VA

Dl

5. &

TREE - BUMEE EA B & U TR R EEE A i B
CEALUTORENRE .

— 145 —



576 g & @

5 67 4 (1981) 532

(1) FTERCHSTHIETRYEMTH LR LD,
BEDER, vyt — vIirs OETRIIND I ENT
%, ¥, s WEBAEEEOBEGE L.

(2) Nb ¥R« FEREEDSE ¥ BHRT556C
13, #A—27+4 PO L v Nb IR X 58
MEFCER GFHEL - 7 = 51 + OEEMH) L
ZENTEEEREORUENTIREL D,

(3) FHERFEEERO M E EOSEITERBRC I
LHHBFETOHKERE LUREDE—L- L7751 +O
Bl & 2 M ITRELOEMe EHEOHRPA - HEZEE)H
NEL, BRELTHETEL L THS.

(4) THERFERL X DK Ceq ® KE36 3 LUKL
37 @HRAMEL, A—RoMoBMEHH L, ZEK
FERERN B, Bhicl) o REMEELHE T &2
ol ERAEOMITE, FEECKSVTHENRT
b,

(5) ZREMEEDOMPIbR T % B EERM
AT L DB TB. Ry FA LY » T I LD
AL HRHERO DR D A ADEEN XL, Bl v
DFECIERDOE A AFETL Y KEVETEINLTS
HhiXic bisue. ,

RIS ATIFE D FEFTHR o Fafd v 7o A TR RS B

BB B4k X O, ERAST OB
FHEDOT AT AT LET.

'8 13

1) & x PR, HEPEFRRA, BmEA: I
0% ok $E%R, 16(1974), p. 522

2) G. F. MeLLoy and J. D. DennisonN: Proc.
3rd Conf. on the Strength of Metals and
Alloys, (1973), p. 60

3) #@E X, #BF& £, &K K EDHFt, NiE
m k4B, 30(1978) 1, p. 78

4) 4B i, EREDP, BAFME: #L@, 65
(1979), p. 1400

5) M i, ENEE, BEEL FUED, KD
I2: gk 2458, 66(1980), p. 1522

6) 4M &, EOEP, BHAFH: kM, 64
(1978), $829

7) RBE O, HAEE, &AM BEESE U
(1958), p. 36

8) FEEEish, BIFR 0G5 dEER4AE, 37(1968),
p. 983

8) 7= & %13¥, H J McQueeN: J. Metals, 20
(1968), p. 3l

10) 7= & %, J. J. Jonas, D. R. AXELRAD, and J.
L. Uvira: Trans. JIM, 9(1968), Suppl, p. 25

— 146 —



