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Effect of Thermo-mechanical History. on Surface Cracking of As-cast Low
Carbon Low Alloy Steel Slabs

Kunio YASUMOTO, Yasuhiro MAEHARA, Tsuneaki NAGAMICHI and Hiroshi TOMONO

Synopsis :

Surface cracking and the effect of predeformation on the cracking of continuously cast (CC) low carbon
low alloy steel slabs have been studied by means of hot bending tests simulating a practical CC and the
direct rolling process using the as-cast thin slabs. Two kinds of cracking, i. e., fine transverse cracks in
microalloyed steels due to carbonitride precipitation during slow strain rate deformation of ~107%s7 ! and
severe cracks in low carbon Al-killed steels due to sulfide precipitation during high strain rate deformation
of ~10" s~ ! were easily simulated by the deformation in low temperature 7 region. The both kinds of
cracking were markedly suppressed by the slight predeformation on the slab surface during cooling to the
deformation temperature. Since 7 grain size was not changed by the predeformation, these results can be
explained in terms of precipitation behavior of carbonitride or sulfide in each case. That is, the precipi-
tates formed by the predeformation can grow into coarse particles during the cooling stage, resulting in
marked suppression of fine precipitation which causes large ductility loss in the subsequent bending pro-
cess.

Key words : continuous casting ; direct rolling ; surface cracking ; thermo-mechanical history ; pedeforma-

tion ; precipitates ; carbonitride ; sulfide.
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WHAEREEZONB, T bbb, & Mn #l % FAR
Bb L EBRICMEAL 2% 1100°C LLTo 7 BT
FHRELEET S &, HTMEEDE (Fe, Mn)S %0
RLPIN OBGHIHT 1 X B AELIC K0 THRIFLIE 5 o AT HY
WAFEADPERL, RRANDSET ORI LB A
% (Fe, Mn) S fi ¥4 0 BHEHT NS L o TR RIKIE %
FEIFLVEHERETRI S, Z0BEICHL, ERIEE
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2. ¥ B

FEERZE D 100 kg & E 4T Table 1 12 ${LFEES
O % RAPCTHERLL. AL A2 M EEA2RESTE
B NbC DFJRHTHEIC & A1) §7- BI~B3 $iid5E
EAEBELREOTALY OB IC X B2 E N2 %
HHELLIIETHLIDTH D, EBERE L HEOHAN
% Fig. 1 ISR¥. BT o 4 808 2 A IR +
70°C & D78 25 THEA & #EE L 72948 18 mm OH
BH T ABEAESEL CHESEER (Fig. 1 (a)
I285A A, E X 40 mm, I8 220 mm, & 2 600 mm O
R L7 A%, EbHICHE 200 mm, £ 2 300 mm
DIREE T ETE O F O T i % $50 A, SeE 2558 T L7214,
SEEMO—E (Fig. 1®) 2lE TR L, TEE
WoFx b2 THF LI H LT, Wzho HIWTIEERK

Table 1. Chemical composition of the steels used
(wt%).
Steel C Si Mn P S Nb Al N

Al 0.16 0.29 1.49 0.018 0.010 0.096 0.054 0.0104
A2 0.17 0.29 1.383 0.018 0.009 0.090 0.039 0.0098

Bl 0.04 0.07 0.21 0.019  0.016 — 0.044 0.0050
B2 0.11 0.07 0.26 0.018 0.015 — 0.072 0.0065
B3 0.08 0.02 0.17 0.017 0.015 — 0.052 0.0048

FIZEHWAE T I v s 7 s A N—RIZE L. OB
HTOSHRREREIZ 1300°C LLETho7. Wiz
XD TERMEA 1220~1050°C £ TOREDREIZE L
Th, BRTEOREL BT 5 2018 oK 1305
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— L7 MIEAROHREGE S HEIDOGG 2 AREXE
WCEDRDFER, FET 1~3mm OESTIEH 10%
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POEMTALE IXIs T UETho L HME NS
T FHINI 2 ETH, EHICHEN 2R = A
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Fig. 1. Equipments for casting and bending.
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TEEE L, 1025~680°C F TOREDIREIE L7214,
0.1~40mm's ' DAEDPHEETHEFTIDER + ¥
(Fig. 1®) ##i L Thmo =R KEA»ED
THITER L (Fig. 2). €2 oM LEXD %
WOT, SR EEOEAE TN LEICHAIT 2 LIRE
LTRMFMICEBTE, MMARBEORKEARZT 9%
Thol. BRAREOEARE ¢(s™h) B2 b v
HUEEE o (mm-s™!) 2HVW TR L ko 7.
=Ko ceeerererriteiiiiiiiiiiiiiiiiiiiiiae, (1)
72721, K=0.9X10"2(mm™ 1)
EEEBPICB I AR RNOSH L IRERT 28107 % 7

@ Piston head

v: Piston head speed €: Strain rate on the slab surface
Fig. 2. Schematic illustration of slab .bending
test.
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Fig. 3. Schematic illustration of predeformation
and bending temperature regions in the typical
cooling curve of the slab surface.
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Fig. 3 (/R Y. WHBMB ISR oFELRILTH 2712
72, WIROFRIZBWCHIZIZAETH D /2. iy
LR TRIGHEBEL 2+ 5700, KRKEPFCTF
T %5 2 -8 REM A BH L. BiR T ChEI%,
BRIEIC KD TR o — v & B L CREHER IR % Bi52
THEEBHIZ, MIPEEBORFERET » 5/ %2 4]
DL CRLEMEBICID A —2FH 1 VRO T *
BigL, RETI)EREAIRIL CEEEE T M
(TEM) IZX2H OB 24707,

3. R B & R

3-1 FKEBRERSR

3-1-1 Nb &K%

9, CC AT 7MY - FHIERIZ B 5T A HE
BRI LD TREIWOTHTH 2 L, #ovEh
DFRE LT WD AL A2 SR COERIZO VTR~
B, ENEFNROFHINTL & MFEREOLMS X OEl
EFEARIL % Table 2 (Z/R$. 1100-1050°C T# 10%
BEAEECTTFMHINT L%, 820-680°C, ZEHME 1
X1073s71 € 9% MTER L7 Al HOFHIMT % i
L 72#8431243 Photo. 1 (b) & 512, WO VEh i s
KBELRZPO0IF L, F—ECFHILEM %
20 7238 1% Photo. 1 (a) IZRFITRT &5 28N
BEBEO SNz, Ed S TR O I
(R TRFFEIEAT) LHRELZLDTHY), ZOF
SE1~2mm, £ &i3# 10mm TH27:. %72 Photo.
MR X, FHIMLE2HS 222 HOELED
DEILOBBLL b, HAHVIEBORITH2 TES 3~5
mm OENHEDH STz,

P LIEREEAS Al S8 k#g L € 1220-1 160°C & %
REL, TOBROMITERKEORMFOETRLED 2 A2
MBI FHIML A S 222 2 HIS/NE ZENRAS
DIPIRDOENDLRETH D725, FRINT 2L 7
SO UTE IR RY, FHNTIcXsE

Table 2. Conditions of predeformation and bending of Nb steel slabs and their effects on the crack formation.

Predeformation™ Bending Crack formation
Steel - -
Temperature (°C) Strain (%) Temperature (°C) Strain (%) r?ga(;[ 1 Pre]('i ee:gfi(:)r;lmed No"*pr!;?igf]ormed
Al 1110-1 050 ~10 820-680 ~9 1x1073 None Severe
A2 1220-1 160 ~10 960~770 ~9 3X1073 None Some

* The strain raté was estimated to be ~10's™!
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Table 3. Conditions of predeformation and bending of low C low Mn steel slabs and their effects on the crack

formation.
Predeformation* Bending Crack formation
Steel . .
Temperature (°C) Strain (%) Temperature (°C) Strain (%) r%g;?lsri 1) Pre[i‘;fﬁ) I;Imed N on—ﬁ‘r;eg?gflormed
B1 1170-1 060 ~10 975 ~9 0.36 None Severe
B2 1145-1100 ~10 1025 ~9 0.32 None Severe
B3 1120-1075 ~10 1010-850 ~9 2x1073 None None

% The strain rate was estimated to be ~10! ™1

Photo. 1. Surface appearance of steel Al slab af-

. ter bending test; a) non-predeformed region and b)
predeformed Transverse cracks are
observed in a) as indicaqed by arrows.

region.

ERERS IR E 13 AL 8 & AR S 7.

3:1-2 fERFE-Al F v Fd

SRR AHEARELEMOENSFEL LT
WOID1O=22) B ~ B3 §{IC DT DFER % Table 3 12%
L w7z, Bl ik ISR A L O #E -1 Mn-Al F
VAT, EnoREERRES L BINTS % ILERHE
BLADOTHA. 1170-1060°C TH 10% O FHghn
Tz 7%, FRREEIEDORE & O EHTY
2 b CEE AOmm s T b LBERERBOEAEE
3.6X107 s TEHEMITER % 9% 5 27z, B2 filix
CEF#4L LAEBDT, EFFA LG FHMLES 2
72, BLE#IX D 2E W 1025°C CRIARICE #RITE
L7 B3fbCEEZEZLZBDTHDHY, 1Z2IEH

Photo. 2. Examples of corner cracks on the bent
steel Al slab; a) along wrinkles and b) along un-
evenly poured depressions.

—REMTTHMTI 2L 2%, 1010-850°C DT 2
X1073s7 Ly AL A2 8 & RIRRD S fh TIRTE &8
CEMTES 7.

BEdT T2/ B3 MICREKRLE, FHNITHE
WTRIC D EIIERE L h0 7205, &l 2iTok
Bl, B2 S0 LEICIEE S 20~50 mm OB OE RS
FIRIC I OHT EIFITERT A L) CHEELE-. Lol
%5, Bl BZHOFHMLES 2 -3 cirEho
FHERELED LN GE DD, Photo. 3 12 Bl 0%
MENFARE & FRMIHR 2R~ 3. o0 FEmT
DM AR (EH) FEET LA, S I2bEdsE
LT,
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Photo. 3. Appearance of the bent steel Bl slab. b)
is higher magnification of a). .Large cracks are
observed in non-deformed region. The pre-de-
formed region is encircled by brokén line. An arrow

shows a deeply pre-deformed hollow.

Photo. 4. Subsurface 7 grain structures on the
transverse sections of the bent steel Al slab; a)

non-deformed and b) predeformed regions.

arrow in a) indicates a transverse crack.

An
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5 1385

Photo. 5. TEM micrographs showing NbC pre-
cipitation in a) non-predeformed and b) prede-
formed regions of bent steel Al slab.
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B L72kR% Photo. 5 1I/RT. #hFEAL (a) Tidd
% K HRPNTIE 5 nm R ORGH Z2AT B3 L Bk
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ZEBIUWEWICEE L RITTEBEIRITOZR A % &
NEVWZ %NS, 20 TEEMHE L COFIRILEMEE
EEICEHET 5 ICEARL RS, T/, BIRABTHI
FEOBIEICH TEREZES L BRUEEEM O SRS 15RO
F— H D JE LN TIEWAA, MR EGHOEMICX
O TIXEREM O 7 RESE mm 12 b ET A3 -k
%%z g, EEY 10mm OFRRERA TEME R
WM H B, Lzh 2T, EFEFIGEVWEETER
HENOHBZMHEL, FIniRs BT+ 5EHRIIK
g, {ER2OHFRFOMITHBRIZES>D>TCC XTI 7D
HNEBEI N RAERRZ KD L) &£ TAMFEEHL CAThh
T 57259 5%, KEHOOBEHRROBEH 130 7%
ARFECH 7 HE R S AT RER I Y2 v Ay K
OBBEEZHA 40mm-s™ £ L, ES 40mm DR
FHDOEHEED 3.6X1071~10"4s7! DfiTEE L %
BEHIBEENABD THY, REAWD D VIR
b omticERT ARz TEARELESHICE
HT+HIENTES,

Fig. 4 B EIR5ERER 7 — 7 » 58 5 h 72 i b
PRITEAVEBELEAFEE OFHF* R THENTH
B, REBCENIRE LSR5, Nb
SHEMS L OCEREFE-Al ¥V FHEOFK LIEICIROFA:
L2 L4Mi3iz s n s offbidic Ao Tts Y, &
BEIBRRBOER L LB LTY S

KEBRTESNZ NbSODVPEREbLAAIRTE
FIFEAHF AT, CC AT 7O O FEI NI TET
w5 (Photo. 1 (a)) 7%, E#HFH L ML VEINANE
WOLEHTHL. I, EEFOBESITIEA y YL —
g vyv—7 OEMIRITHBBICETICEEKS LS

1200}
1100+
1000

900 L

TEMPERATURE , °C

800
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105 10° 103 102 100 1® 10
STRAIN RATE , s’

Fig. 4. Conditions of the present bending tests of
each steel in the poor ductility maps, which were
deduced for the phenomena arising from @
carbonitride!” and sulfide?? precipitations. Re-
gion X shows the estimated conditions of the pre-
sent predeformation, and region Y can be another
condition suitable for the predeformation.
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bDEEZLNL, BE, a—F—fHEORVE LD,
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ELHFEELTWAIENTGTHTS

ERFE-Al NV FHFOE E&LF ¥ AN W R BAR =3
X 20~50 mm D FEHEIE (Photo. 3) &, FIFEHfED 25
THELEDFICEWIREICEMA L TEE L -BEogEh
IhRo TR BEINTH Y, TR R Ol % 55
BIICET b0 EEZONS, LA, ~1073s 1]
BEAREER %5 2 -8R (B3 #) Tixf Mn-5 S
THHIZbPhbOTENIFEE L o7/, IThid,

ey, N - 22 N £ 7R
WAL O, SEEEIFEV L0 EREAHELR

CEHEM A bR D, EErELLMETS I E
X550 TH5S.
4-2 WHYOFREHEMCEZ2ZNhOBALE
AL N, Nb 0 jREZIMTERICE LIS T & 4 <K
/bt o O ogEn 281k 3 512, BREical~
72X 542 AIN % NbC % EDRZELMO ¥ KK~ 0
HEAHT HE & R PIGCHIAT L & - Auid K. 2R
FEE e BIRALIRER COREAEELRICES I TR
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Fig. 5. Schematic illustrarions showing the varia-
tion of the ductility with holding time in two kinds
of steels and the effects of predeformation; a, b:
low C low Mn steel fractured at high strain rate, c,
d: high Mn Nb containing steel fractured at slow
strain rate, b, d : without predeformation, and a, c:
predeformed during cooling to the final deformation
temperature. Arrows show the enhancement effect
of predeformation on the ductility improvement.

i1 Fig. 5 WM& EZRT LI, BHEEOET b
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;“)15).

bl &9 2 BIETEALEAR I S MBS L 2 FIR T
BHOTHBNL, FHIMLIZIZEY 2 &E0HET S,
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EDH LB E L r Bl EALBREATLE S
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bdHLH. Bims IR TOME L nE, NbC, AIN @

PRI DR KRG, 0L & HiGHERT
I ZNnZh 1050°C, 1100°C A ETESLND & & 2550
DTEBOY, ALMTIRZNIELD 7220 28N
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BE R PRI G 2 S8R ERE IS, 2okl
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BLE, Nb 2&F 3 58EMOB NI 2 TFH
M & B REIY OTEEFRB OB S » b~ 1.
F-Al ¥ v FEOBLWREOE Iz > WT b R
P ORERNPOSTHEEND LB, HHEEAAE R
B bDOELAROMENSE SN, 72750, Wik
(FZ OISR <, R (9 10 min) OEIRIREE
TEBEDORBIESR 570922 iR -CREIRHSEE
B % HE CCHMTIRFHMLOLE L v &#2
HN%A, THEAMTBEXLA-ER S 708 #EEE R
DEFESE 2 W TR EESRRIE O 7 0 1T INEVRSF 3 7203 T
LA ER & %25 5.

5 & B

CC R I 70O UEIN B L OFEEEINBE - & o B
BT, 40kg HEORFESHRE T h b 0liE?
BEL, i TPHMIAHS X 0EnIEEIET 57
EERET L7

(1)Nb &HMOE O UEIn b L OERE-Al F U F
MOKMMENIREARAHE (~1073s71) LRH BV
mESEE (~1071s7) EFL T NbC, AIN & 5 it
(Fe, Mn) S OBEIATHIASHEZ B & 5 2 &2 BT h
FEREZEMIIAESGICHBES LI LN TESL.

(2)CC A7 7O - %HBMAEL X OB RTE %
B U 7 BEE 50 o0 BRI (b St 1 BN A iR R 3 BRES 0
Mafbdeft b & <xtind 5.

(3)Nb &A%, Al ¥ Nl & bIEIboke = » Rk,
EAREL BTGB CREOTFRMT 247> 2 &0k
N, hREEOHFRBECHOUEIN T 23 ETEENICHY
THENREHIET A L TESL,

(4) THEFRMTIC Lo THH AT I OAZ A R
ARAE S, BEEIBEICES T I B AL
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