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Generation Mechanism of Unevenness of Ultra Low Carbon Steel at Initial Stage of Solidification

Hideo MizukaMi and Akihiro Y AMANAKA

Synopsis : Cooling curve of sample surface of ultra low carbon steel at initial stage of solidification was measured using a new temperature measure-

ment system that consisted of a two-dimensional optical pyrometer and a chill plate which made of transparent sapphire glass. The presence

of recalescence phenomena was observed on the measured cooling curve of ultra low carbon steel sample and the recalescence temperature

existed in the range of peritectic transformation temperature as well as low carbon and middle carbon steel samples. The difference of tem-

perature at each measured point of sample surface was very small until the temperature reached the recalescence temperature, but the differ-

ence of temperature became larger after recalescence because the thermal deformation of solidifying shell seemed to be generated. From ex-

perimental results for tensile strength and density during solidification, these values changed depending on the phase and the change of val-

ues between & phase and y phase was large. As the unevenness of solidified shell was generated by deformation accompanying with peritec-

tic transformation and the degree of unevenness could be arranged by the both temperature range, difference of tensile strength and differ-

ence of density during peritectic transformation.
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Fig. 1. Schematic diagram of temperature measurement
system.
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Table 1. Chemical composition of samples for measure-
ment of cooling curve (mass%).

Sample C Si Mn P S

ULCI | 0.0005] 0.01 0.12{ 0.014[ 0.003
ULC2 0.002| 0.0l 0.11] 0.012] 0.003
LC 0.04]| 0.04] 0.19] 0.026] 0.006
MC 0.14| 0.16] 0.54] 0.016] 0.003
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Fig. 2. Measured cooling curve of sample surface. (a) Sample ULCI1, (b) ULC2, (c) LC and (d) MC.
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Fig. 7. Schematic diagram of deformation behavior of so-
lidified shell at initial stage of solidification. (a)
Nucleation, (b) solidification of thin layer and (c)
deformation of solidifying shell.

Table 2. Chemical composition of samples for measure-
ment of tensile strength and density (mass%).

Sample C Si Mn P S Fe
FE00 ]0.005 <0.01 <0.01 <0.001 0.001 bal.
FE04 ]0.039 [<0.01 [<0.01 <0.001 0.001 bal.
FE08 ]0.079 |<0.01 <0.01 <0.001 }<0.001 bal.
FE10 ]0.097 |<0.01 <0.01  [<0.001 [<0.001 bal.
FE14 ]0.14 <0.01 |<0.01 |<0.001 [<0.001 | bal
FE18 ]0.18 <0.01 <0.01 1<0.001 0.001 bal.
FE28 ]0.28 <0.01 <0.01  1<0.001 0.001 bal.
FE56 [0.56 <0.01 <0.01  ]<0.001 0.001 bal.
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Table 3. Summary of experimental results for initial stage of solidi-

fication.

(@ (b)
Temperature h : uniform

hx0.6 hx0.6
Temperature ¢ ©

1. Cooling curve
solidification.

recalescence.

increased in this order : low carbon, uitra low carbon and middle carbon steel.
2. Tensile strength

state, and the predicted equation were shown as follows :
+ During solidification

+ In (6 + v ) coexisting phase during and after solidification

Ols1y) =0s X f5 +O, X f, (MPa 3)

of i phase, T : temperature and T; gan : transfromation temerature of i phase.
3. Density

the predicted equation were shown as follows :
+ During solidification
Pr+s) = pg + Ap(L+5) X féa Plr+y) = ,02 + Ap(u»y) Xfy (Xlo;kgm_S)

+ After solidification
Ps =3.07x107(T;,., ~T)+7.27, p,=4.80x107°(7,,, ~T)+7.41,

5
P, ==150x107 (T =T, ... )+ 7.02 (x10°kgm™) )

-+ In (6 + v ) coexisting phase during and after solidification
Plory) = PsXfs TP, X[, (X10°kgn™) ()

where p i : density of i phase, o’ : density at liquidus temperature,
A p i : difference of density between liquidus and solidus of i phase.

- Nucleation, undercooling and recalescence phenomena existed at the initial stage of

+ The temperature difference of sample surface on the cooling curve appeared after
The degree of temperature difference was depended on carbon content,
and increased in this order : low carbon, ultra low carbon and middle carbon steel.

- The evenness of solidified shell thickness was dependent on carbon content, and

The tensile strength during and after solidification changed depending on the phase

0145y = 6.0x(fs =08 f5, 011y =33.5x(f5 - 08)x f, (MPa) (1)
- After solidification
05 =0.015% (T5 0 ~T) 412, 0, =0.073%(T, 1y ~T)+ 6.6 (MPa) )

where o ;: tensile strength of i phase (i=9, v ,L), f; : fraction of solid, f; : fraction

The density during and after solidification changed depending on the phase state, and
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Fig. 11 Displacement in solidifying shell of Fig. 10(b),
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mass%C) and interface heat transfer coefficient
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carbon content and (b) unevenness of solidified
shell vs. standard deviation of displacement.

1800

_ [L—L+0— 8K

% 1750 & /v transformation

3

[

£ 1700

(5} H

& Recalescence temp. : ] §
1650 A -

0.00 0.05 0.10

Carbon content (mass%)

Fig. 13. Relationship between (J+¥) coexisting phase
region in Fe—C binary system and recalescence
temperature range on measured cooling curve.

ANLTWBZENE, REY—BIEZIhSDEIZLRE SN
BT LMWL ST,
3-4 PESEY tIOFRY—RERF

B A AR & B RN IC K D, BEE Y s O
DEYLTNCHRRET 2 Z N TRITE 2, DIF TR, #IHE
By 2 VOB —DORERCEWES 235720, WHldh
M, BELLUEEORERBR L BHEE - FOBEIZDOWN
TREL 72,

9, EERTHE L M- mHIdhR & FERREN & & 5
% Z & TR R & ik Rl D MHZHE 2B % MGt L 7=
sk, WIRFHIE (L+6+y) 3 EA7HIR & Bk U ARG K
X, IREMOBE T - FERes 2,5, EEKIC
‘Al R ERE A U A A U EERE £ — F OMBKR R & L CIKR
IOV THKRFT 2T -7,

Fig 13 12 I3 MK R 8 45 & QMR FH D 2 70 % Tk ke
KD (5+y) 2 MM & B ARSI HAZR K L vt v

513 I



514

$k & 88 Tetsu-to-Hagané Vol. 94 (2008) No. 11

Density (X 10* kgm™) Tensile strength (MPa) Fraction of solid (-)
=

0

2 8.0
8 « Yo 0 L
g T 7.5
g —~ 0 F =6+ ’
INS
5% 7.0
S o
22
= 2 i 1 ;
=, AB Bo 6.5
E T
b3 N HEY "
£ 4

1500 1600 1700 1800 1900

Temperature (K)

Fig. 14. Relationship between thermal linear ex-
pansion and temperature for ultra low car-
bon steel (Fe—0.002 mass%o).

ZIREDRIS AT, EEE Y x L O REIEE 2 HIBG &
[RIBFICERANZIE T U Ci/MiEiZ R U, 2 DRIE 2 B
LTV ALy ey ZBEER Lz, 2OV AL v vy X
BE ISR Bl Fo K IR RIO T h OS5 A & FERREX
12815 (5+y) 2MHEICHIB L Thb, KBREIZEKDS
FTU AL vy ZETLRETEE Y = L RIDORE DFZE
ﬁ%kbfné:t#é,:huﬁ%E%c@lT5@ﬂ
Vi LDEEBEETH B EEZ SR

EZAT, ﬂﬁﬁ%?'bémmmﬁmﬁﬁ%umbf
RPN RO 6T 5, Zhizkhid, HE? Y -
Td 5MRIZAE U 2 ZEEEIXARPEBOIRE 2 & $IERAR
BUCIKAET A Z LI ENTE D, ZHESIER
IS5 2 &2 h 5, IREEDFECHE, SERRE
WRELEDDS EPWERDZELE KRELS KD, 72720,
@W%ﬁﬁvlwwi5K%HﬂﬁTﬁma%%ﬁ7%ﬁ
TiEZEN,
BIEREBISMBI B E TN TH 5 L INE L2356, BE
NERDBHZENTE, PGS £ L OERZEE K
FLTWBLEEAS. BIPRBIMBPELNTSH S L
E LB, RRDEIIZBEEILKRDDZIENTE, &
SISO LD SRR A Z LN TE B,

- p(To)
N p(T)

o2l T, BRERETH D SHMEH 53 y HAHTEIR O
FEEOWRETH S,

FfE R RO WAE , SHH & y FHOBIFIRBRE I (5), (7)
A2 S5 FigldDEHIIRT I ENTE, BHHEODAED 55

54

Z o
L T 5 L 2 038 v\ 57 L
w
L % 06
- go4t
[ @ 202 T )
a
= 0
g 20
s
- , s
+y g 54y
\/ g 10 \ I 4
2 5T
S B — R I A e
=
M,‘\S.O
w Oy 5 S
4 275 —\\‘
5 S
L ¥\1 x70 F
@ z ®
L :«;‘)6.5
1600 1700 1800 1900 ~ 1600 1700 1800 190(

Temperature (K) Temperature (K)

Fig. 15. Relationship between fraction of phase, tensile strength and

density which are calculated using predicted equations and
temperature for ultra low and low carbon steel. (a), (c), (e) for
Fe—0.002mass%C steel and (b), (d), (f) for Fe—0.04mass%C
steel.

W%ﬁﬁﬂ&ﬁbé"aﬁféé SRIEIE MR BUI A O FldH
IXBLTELL, SHTIE1.4X103(K ™), yHTIK
2IX10° (K He A D @ EREBEE TRE<ENT S, Z
DXz, BEY 2 VO-RBEREERIC BT 32FIL,
WO D KD ¥y Mt e L TORIROTIE 55Tk
<, BEAR T COREEOMIZSHE yHE V- 22D
EWCEPEBEOENNELEETIVELNH B, /-, ¥
B z L OERIZNHEIZ A2 5 > x LIEAOBE & B
3LEZ6N57-9, SMB XUy HICHIE L 725 3T
i 25 MBE D5, ALROBULHEN TERLZLI I
BEE S x L OZETZEE T — RIS U 7= S o
Bl hTwd, £IT, MIKKEMG L OCKREMOMBE
FH B L UOHEOBEMA(1)~(6) NEHVTERYD, Z0OHK
RAEFig 15177,

Fig. 15(a){Z ik BRI O ZEAL % FHREER » 55k T
AT, ZOEBEMEEEA RS EIESSHTH D SHATE
B A5 T35, 20 SHMHEEBDIANZ & AWR{KR ZH O
FTh 5, MENMET U TUFHERENEL B & y 2
B3, ZOG+y) 2HEFHEBIZENZ 2 5bThk
BEELTHOBARED S, Figlse)lnd &H1z, 5]
R IIHEICHB L TED D | SRRSO 3/
S<MEMETLTE SIZEREL B A0, yHEANML
TARLBMEIIMAL, TOH%O yHAAEMIZEWTRED
KFEEBIEBERERMIIERT S, (5+y) 2MHEROR
JEMRAHEN=DIZDOTHrABEOE THRELSEDHSL I L
M, BEEY o VNTHEEIZENELC S ZEIZK S,
Fig.15(e) I BB DRBE #md ., BE & 5REE L [H
BRICERE T ab b HOMEEE #IAICIRIEL TEL L, @



60

(a)
40

20 F

Temperature range (K)

L—=L+6—6
—>5+v—>v <:|

-(m/

Difference of tensile
strength (MPa)

Vo v & & o oo
T

(=]

(c)

5 /

0 1 ' A
0 002 004 006 008 0.1

Carbon content (mass%)

Difference of density
(X10° kgm™)

Fig. 16. Change of temperature difference, difference of
tensile strength and density during 8/y transfor-
mation with carbon content. (a) Temperature
range of (0+¥) coexisting phase, (b) difference of
tensile strength and (c) difference of density.

EREFOZLRIIKE CPHERE RE NI L H 25,

Fig.15(b), (d), (NZAKR ZHOMOTEE & #4 , 5IE®RE

R LB OB AT A, BT — ISR & [F

CThd, 2720, KREHD 5 s HMFEBITH L yH
O 2IBENE, BB x LN THE L BENKE
BT 5 (5+y) 2B AFHKIL, BIKKFME D & IA0
Z e SHIRBE B K CEEORE I 28 LidfEeH»
Thb,

EE Y 2 NOEZHRGT D (6+y) 2 EAFERIZ B W
T, BIRBE LEENRELSETE L L1, RERE
IRFE L T(S+y) 2HEAGFHBORE R 570, Zhb
3DODMEAVIHAEE S c LOEF A HXRILTWBEELD
ns,

Z T, (6+y) 2AEILIHREHIPH , BIAAERBICTE D s
BLUEEOELE E KRFEREOBEFRE Fig1612F 20T
N, GRS B X OBEIZEE T - NItk ET sz
EnG, T TSN SHTSH D SHEMER L 7-%12a
MEREA L U Ty M E & 5 IRFRIBE 510.09 mass% & 07
XWEFHTRET 21T o 72, &k, FERER TREZEBEE D
0.09 mass% BL 1228 % & (L+6+7y) 3HAFMHEIR AR T 5
7%, BEAMRTASKIEPEC S Z EIZED, BEEX
Bld 2R F& LCHMEELERTIVNENRHDEEL 6N
5, WTENDOBAE S REBREIRFL TELL, RERE
HEFIIONTINODEERELS KRBT &6, RER
[, (8+y) 2HMEFEREEDN, 519 E B K UEEOZL
BAEBIZBEEL TWBZ A0 2 5, Bz, PIHEE

55

R KO YVIHIEEE & ~ b O Ry —F g

. 12
S0t @
]
S 8T <
5 6 A
a 7y S
¢ 4k ® |ULCI
5 a4 [ULC2
E 2+ O | LC
-0
0 2 4 6 8 10
Parameter A o ;,, /AT, (MPa-K™)

12
St o
)

A
]
T
g 2r
- 0
0 0.1 0.2 0.3

Parameter A o, /AT, (X10%kgm?-K")

Fig. 17. Effect of parameter on unevenness of solidified
shell. (a) Parameter Aoy, /ATy, and (b) Apg,/
ATygy,.

V2 LNDBENE S —EDBL, (5+y) 2MHAFEE &
P2 %< BIERERE I K OCBEOZEL &K X 0 IF &g
W ADEAFENIE T 2REL K UBEEDEITREL
55, ZOKIREMTICEEY c L BEINZBA, 1Y
BOMBZRGE U 7= AR 5 @ ig A & 138 E > =
WZEEARELDL BB Z LA PHEEINS, BIKKREMD
KO ITRFBBEE RO & (S+y) 2MAEEE &P AL &
D, BB A NICBT 5MELBEEDOENKELSEDE
ERRELGL kdLEIEND,

ZO XD IZHIHIEEE Y 2 VORI —DFREIZIE, AgE
REHFDO5IRBE D (A0y,), BEDZE(Ap,,) R (6+7) 2
WAL TN (AT, ) BB L TOB s, RIY—DF
HEERTIERE UTREDEILE (Ao, /ATs,) & 5V I3E
BEDEALH (Ap,,/ATy,) & EF L CEEWM Y = L DAY
& DOBEE ARG L -,

Fig 17IZ8E[E > = L DR — 1 L 518 (Ao, /AT; )6 &
U (Aps, /ATs, ) DERE /R T . A —EEOThOHEe
LHBALED SN, BENKEL BBIIONTHEEY = L
DR —BIIH KT S, Thky, Bl 2 LORY—D
AERUT B ERBICE ) BB KO BEEOR(LEIZ L > TH
BlXh, ZThoDETRBETZAZ NG5,

X RE O EEE > x L ORI —E R IE B SR IE -
KTHsIENmro>TOBED, BLBOBKKRKRE, (KK
FWMOLSITHMELFEEIRKFTIEDEELLONS,
Fig.16 T/R U 7= M RE , (KIX KD IH A & [RIFRIZ &
DELFE L LK UEEOEROKFM 2 BaTT 51213, &
FELRFIZ W TERRIGDSE U 5 [EHZO [ 15242 4 3¢
fid20E D5, HREHMO.14mass% C)DIFA, ZD
BAHEOHHIZH0.12DL REE 52 &4 TE, ZORMD

515 I



I 516

$% &80 Tetsuto-Hagané Vol. 94 (2008) No. 11

peritectic
peritectic reaction

L transformation

S
2 o
G
a2 ULCI
g 5 ULC2
q§ ° O | LC
2 <~ | MC
:J O L A
0 0.5 1 1.5

Parameter (4 ¢ ,,)" (A 0 AT,
(X10° MPa-kg-m™-K")

Fig. 18. Relationship between unevenness of solidified
shell and parameter for both peritectic transforma-
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