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Effects of Cooling Rate during Solidification and Charging Temperature
Prior to Hot-rolling on Mechanical Properties of Multi-phase Hot-rolled
Sheet Steels

Ichiro TSUKATANIL, Terutoshi YAKUSHLI, Masaaki KATSUMATA,
Koji HosoM1 and Masatoshi SupDo

Synopsis :

A study has been made of the effects of the cooling rate during solidification and the charging tempera-
ture prior to hot-rolling on the mechanical properties of multi-phase high strength hot-rolled sheet steels.
The strength of B-bearing multi-phase sheet is independent on the cooling rate during solidification and de-
creases with dropping the charging temperature prior to hot-rolling. That may be due to the decrease in so-
lute boron content segregated to austenite grain boundary to improve hardenability, because of the pre-
cipitation of BN during cooling the ingots below 1 000°C.

The strength of Nb-bearing multi-phase sheet steel decreases with dropping hot-charging temperature.
The decrement occurrs at lower temperature in the hot-rolled sheet produced from the ingot solidified in
cast-iron mold to simulate the solidification condition of thin-slab casting than in sand mold sample to simu-
late conventional continuous casting, an effect which is explained in terms of effective suppression of NbC
precipitation during cooling in the cast-iron mold ingot.

Key words : hot-rolled sheet steels ; multi-phase ; Nb ; B ; mechanical properties ; cooling rate during
solidification ; hot-direct-rolling ; hot-charge-rolling ; continuous casting ; thin-slab casting.
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2-1 #EAMBLUCMESE
HOPLOBELTBVAESFAEEOBM %5
D &Mk, 30 kg BAMRBEMRIFIC T T & % 720 Y
THEMR, 71y Y a v TBBR (LT, BAlt
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WELLCRERAEHRT) HiEL, EE 50 mmX
I8 150 mm X & & 250 mm OFFMA * 8aE L. BE-&
BEBFICOWTRABTHELLBRTWEDTERET
5. Bons@EAr OfbFHMK % Table 1 IR 7.
Steel A & Nb i#N#, 3 72 Steel B3 BiRMMATH 5.
BonEME I YEREE CRIkE L, HDR, HCR
BIUOHH-BMBEE (CCR) DY 32— a v %
fTo7. HDR % > 32 Lb— + 3T 5 7-0O%MA »
1150°C $ CHH LB mcREa L, ZOREIIC 30

min BBFLLZDOL, WE 5mm I T4/52, {HELEREH
850°C THHEL 7-. HCR ¥ > 3 2 L — b5 72 600
~1000°C ¥ CTHHIL-8#F % 1150°C ICHmE L,
30 min {#F#%, HDR # & Rk LG CHEEL . EE
A OB MEIRE » @ L DK< L0 HCHKiRmEk
FEECLDZBBERMOKT 2 X 0RN 2D DETS
1D THhHAH, FT-HBD-®, CCR bEHLETFO.
B, BMBEFEOEELTNL -0, BINBIREH
1050 LU 1250°C Db Db L 7.

LRRDOE) BREHTHEEEHET L, Steel A DT
1 550°C ¥ G, Steel B (222 Tid 600°C ¥ TZHTE,
50°C/s T 250°C $ T+ 7— I X AHIMGH 2L 722
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WL,

3 72, Steel A LIZIFF—WADEBOEFHF R T T D
FLBLUORRB (Zheh, FOERTHRE X ORERBES
B AHES 20 mm OEFEMEED R, MM %
FHL, Bt Ex*#AEL 2. M 1250°CX1h
V—F Utk BHIC2NATIEE (LT, @EEEH),
b L <k 1250°CX1h V—F > 7, # 5°C/min D%
& BE T 600~1000°CE THE LzDH 1100°C BN
#o HCR %47\, 3mm OBEMIR %2157, 24 FSK
B E 500°C, AW ik 50°C/s, HHL D &1
250°CX1h s CThAH. AFE T, TOERLHMN
B Ial— MEEHRT. ThICHLT, BRICK DA
AM AR ERY ERENBEMS T2 L — MELHT.
2-2 FerssR

FlIRAERIE, EBREMNBM I 2L — METRAT—
NpHAHREZXDREADEEYRET 5720 28K
OWMEL ) 3mm EICHEIER, MM IL—}
TSR, JIS 13 5 BHIRABRA (5 B -
50mm) ZIREL, 1~ 2 borRIGEERBRERIC TR
HEE 10 mm/min TT2 7. 087 5 ¥ DHOFFfi 12 X
IFREBRIC Ko7 RITER(A) 35 IRABRA & RBRIC
SEHEATE L 72 3 mm ESMAK2 5 60 mmg @ 4K % 1L
L, H5ICHIF7 10mmg DITHR & K (dy) % THA 30°
OPEER v F TH UL, EhstiE % Bl L 22k T
DREE (dy) BRI TRD7-.

A%) = {d,— d,) / do} X100

Table 1. Chemical compositions of steels used (wt% ).
c Si Mn P S Cr Al Nb Ti "B ) N
0.070  0.17 1.56 0.041  0.022 0.0028  0.0051
Steel A ~0.074 ~0.18 ~1.65 0-020  0.003  0.21  _g6p —0loz5 —  ~0.0049 ~0.0062
0.075  0.55 1.58 _ 0.027 0.0032  0.0037  0.0045
Steel B ~0.083 ~0.59 ~1.62 0-015  0.001 ~0.054 0.01 910039 ~0.0040 ~0.0059
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Fig. 1. Effects of charging temperature and cast-
ing condition on mechanical properties of steel A.
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Fig. 2. Relationship between tensile strength and
hole expanding limit of steel A.

— 299 —



1496 $% & M 744 (1988) HT7FH

F : Ferrite B : Bainite M : Martensite

Typical scanning (a) and transmission
(b) electron microgrhaphs of controlled-cooled
sheets of steel A charged from ingot temperature
of 600°C (Sand mold).
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Fig. 3. Changes in volume fraction and hardness
of second phase of steel A as a function of charging
temperature.
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Fig. 4. Relationship between charging tempera-
ture and mechanical properties of steel A made
from conventional continuous-casting slab.
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Fig. 5. Effects of charging temperature and cast-
ing condition on mechanical properties of steel B.
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Fig. 6. Effects of reheating temperature and
casting condition on mechanical properties of steel
B charged from ingot temperature of 600°C.
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L.M : Lath Martensite T.M : Twin Martensite

Photo. 2. Transmission electron microgrhaphs of
controlled-cooled sheets of sand mold ingot of steel
B hot-rolled after charging from 600°C (a) and
hot-rolled directly (b).
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ELIAMETE Lo 2070, EZHOEE L
HCBEDER L LHITLRPWATAEEEZRTIEET
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WARAETAEMIIHSH 2 L, BLOHFERDBEED
Y FEE (SR TH 1 mm, BEMCH 3mm) 50
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Photo. 3. Typical electron micrographs of controlled-cooled sheets of cast-iron mold ingot of steel B
hot-rolled directly (a) and hot-rolled after charging from 900°C ((b) and (c)).
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D 7=%, 600°C HCR #1 T D& FI4F & B RIM ) o 55 — M
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MHYOREL?ZETILE DL ELEEZLND.
Photo. 4 (2% % D% EHBERIC BT 600°C » b K
LR ot L 7V 22 X AT REBIRE R+
SRt BRI T BRI K & AT I Nb(C, N) 2553,
B—tH L TwADII LT, ERMTcirznL ) 2
MBIz L A CED SN,
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#45E, Nb(C, N) 3 LITTEICERT 57,
HALTEYIIBEIERL I H», BELD, %
EEBECTOB/IMLEASC T LEEEND. LI
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(b) Sand mold

(a) Cast-iron mold
Photo. 4. Typical electron micrographs of water-
quenched ingots from 600°C of steel A.

Lo, EEEBMICIFHET S LHEEENS. LD
T, &FiMCit Nb(C, N) #frli¥st « 2 BIL L T,
TS # LR &5 & L b2, WEERM OEE % 357
B ORBRRKESHBRL, YSHBBMIOEL 25 L
EENB., B, Th5D Nb(C, N) ZEEFDZEG A
RO T s LB ENS,

%7, 1000°C HCR iz B} 2 &RIM LAY O TS
7% EOLEICH L T4 % iER 27 S T 2 Wk,
BRI Z BV T, SHHA BB TOGE?E bD TRE
TH D7, 1000°C TH Nb(C, N) 2547 L, 600°C
HCR #fCo%gh L HULKBEEL B EEX DL
LIk sRD. 52, ZOHBEIBEMICEY
T, HDR#® TS #°1000°CHCR L 0 & HIZEW
LAty BEEHE LATEEICT A, T4 bb, HDR#MT
X (1150°CX30min RFLTWVBHOD) MR O
HBETD Nb(C, N) B S 5120 % 25720,
(EMBREL DTG L LEBHIZ) TS AT LHE
EERB.

B2, 600~1000°C HCR 2B W TR H /- &R
LAGRIT A 0 YSEI OAE D B B2 Nb(C, N) #riHdK
BlcxaeEZbNIS, —#IZ, VbW D Dual phase
MO YPEI DHEEZBHIC o FERIKETHLE
26N TWw5AY, EFHFEFERICLELRED DEBEERI
o’ TEEICHE D RREIIRIC Lo T o HER* EREHER
KEEHED « HOBRIBNICKET 2. RERM
BINTTHRNTERLIIE, e+ "4 F A4 b+e’ HE
DR S B 25, 600°C HCR TZ&HIM & BRI o
o FIERICKEZHEEEDORZ V. L2 LD,
HiR D & 5 1I2&RIM T i3 o« KIS Nb(C, N) A3F7E
5720, BEERICLERRD o REEIHRTS.
Z0, ERM T YPEIDBH Lt EE SIS,
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1500 g% L #5574 4F (1988) £ 7 &

4-2 BHRMESHEERIK

B RIS C i3 & 8IM LRI O TS BX O YS 0z
BKELS W, 22T, HCIRED EF IS £k, +
hbt, BEODOALEZ, ZEYEDSL. B, Bii
IS TiE Fig. 5 L 6 OB A»SHL % X I 12,
HDR #® TS B X YS id 1250°C BENETE A 12 1
T 7~8 kgf/mm® F\o.

Fig. 72"k L& &5, HCRED LR, &5
HDR 2 X > CHE MO B X OFEFERI ML TH
D, MM TE—HLEVELHHL, ZIFRAH T
FHHTESL., 22 CHDR ICKAE_MHOBE S XK
BEROEMOBHICOWTEZ S, Zhid HDR # i3,
BHEBMXEHLLL, »o, HERIC Y/eZERERT
WV HEERF D I 7 URIT AR T AEENCH B 72
HrEZOLNA TabH, HDR # (EiRTo HCR
MEEt) TEIZ0RITPEFEL, 227 HENPR
RK&Ww, To7:0, RFWIOREOEVER T, A&
Y470 o MEHEKT S (Photo. 2). & 512, HEHB
oL ELEEK TS, Photo. 3IZ/RLAK DI,
900°C HCR # T S s H I h 2 BB L ED
TiN #3255 DD, BABN & LTREZEESNS
O, FHEBICXABMAENEON LV, T LT,
HDR # Tt 1150°C #R#EE, BN (256372 C TiN #5#7
T 5720, BIEERETHEE L CRIBERERY O
AR rHMETLIEEZONSL. DI EOKERE, 90°C
HCR # & » HDR MO _HMAREERS L 0% OFEE)S
WAL, 2070 TSHWAT L EHES LS.

1150°C U TFCHMAREZEKTTAL, TSBLU
YS 2SEEINY A A%, BMEURE QKT XEEB &R W
s€HD, BEBICLABEAROH EEZEZ ST,
& L AR MEL (M BREDIET) ICX % o RIEFEOMM
LB LU FIROBIRERBAERD OAEBIER T 5 &
HESNSD.

5 #
E2Ay 7ESETED, ELFREOEREL SO 2 %

EERERICHBE L, Nb s LU BRMEEHMR SR

FEBIERIR OME I B XITTRERFGHEEB L Ok
FF v —VEHOEBIIOVWCRITL, LWTo L) i
REEH.

(1) A MRS IEHK O S -TEE 7 ¥ X T
&, Nb #ngd, Bashng & & Hot Direct Rolling (HDR)
BB X 'E iR ® Hot Charge Rolling (HCR) B iz & W»
TS %7

(2)BEMMTIE TS BLU YS ZERFERSHIEE I

1T & A LKTE L 225, Nb #0088 i 600°C HCR i,
BATOESE OBEFRGHEE %22 3 2 LU~ b L BEIM
N, BRAS57EEY I L— LSRN TS
BLU YS HE.

( 3 )Nb ZINE AR A 2L E AR 1~ 3T, HDR
MeEiRo HCR TS5 NIzE W TS i3 3 7 ufRhr
DAL D EMPREI BT S L, BIXUHHEA
BERECORMIC K D ERER Nb(C, N) AHeHicHr it
HIEIREKNTRLHEEINS., £RMLDREMED
TS BXUY YSOMHEICHLT, FYFIAL4bDT"XK
7 — LB & OB CHkT A B HORER &
DEBIIANE L, BOIOHHEREOME IS KEILY
DOHTIHZEEN RN T LHES NS,

(4) BEIAE A HGE R E MK (8D Ti 28
tr) BT, HCR #Tid 1000°C AT~ DEMA %
HEFIC BN B LT TS EKCEETE5EEBE
PR TH DI LT, HDR # T2z B »EHIR
RCTHFEL, I70RITOBRFICLS o HEEELE
BMETA7:0, BV TSHHONELDELEHEEINS.
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