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Studies on the Reductions of Solute Segregation in the Steel

Ingots from the Viewpoint of Solidification Rates

Synopsis:

Kyoji NAKANISHI

In order to reduce the solute segregation in steel Ingots casted into iron molds, casting methods have
been investigated specially from a viewpoint of solidification rate of molten steel.

Solidification rate of molten steel has been calculated by SarjaNT’s in the case of big end down rectangular
molds., The calculated times for complete solidification have been in relatively good agreements with the
observed ones obtained by bar—test method. Accordingly this method has been applied to calculate the
influence of mold thickness or mold radiator on the time for complete solidification of steel ingots. The

obtained results have shown that these effects have been practically negligibly small.

Electrical method

"has been used to measure the time for air—gap formation between mold and ingot initiated immediately
the teem—-end, and a calculative method for estimating the time for gap formation has been established.
Some experiments in practical scale have been done in order to investigate the scraping method which
were reported to be beneficial in reducing the segregation in steel ingots. Tt has been concluded, however,
that this method can not be effective for segregation without eliminating the horizontal solidification from

the mold wall.

Finally a2 new method has been devised, in which some coolant such as air or water is introduced directly
into the air gap and accelerates the enhanced cooling of steel ingots effectively. The experimental results
have shown that the solute segregation is remarkably reduced by this method.

(Received Apr. 8, 1970)
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Fig. 2. Example of the result of the bar test.
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Fig. 3. Mesh points in the ingot and the mold for
step calculation of solidification rate
(horizontal cross section at middle height).
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Table 1. Mold dimensions and observed time for complete solidification.

. Inner dimensions Outer dimensions Observed time for

Mold (mean of top and bottom) | (mean of top and bottom) Mold type complete solidification
6t-A 575x 763 mm . 850 1 030 mm big end bown 126 min
6t-B 563x 915 8461181 o 132

9t 581 %1111 896x 1 409 4 156

11t-A 5841 369 927 % 1 690 7 150

13 t 670x 1 636 900 1 946 z 210

19¢t-C 680 1 781 1050 2,131 ” 225

22 ¢ 831x 1517 1 220x 1.840 4 322

23 ¢ 753 1757 1152x 24133 7 : 275

24 ¢ 677x2023 1 052 x 24404 # 246
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Table 2. Thermal paramcters used in the calculations of solidification rate.

[

E Taken values

Teeming temp.
Melting point
Atmospheric temp. )
Preheat temp. of mold |
Density*

Thermal conductivity*

K(0) =4x10-2(1+6'5%x 10~1§) cal/cm -sec- deg

References
1530°C
1 500°C 30), (3, (32
00°C (30), (31), (32)
60°C
7°8 6g-cm-3

(33)
30, @, (33

Heat capacity*

1 500=4;

O=60<760°C; Hp=0"1080+ 533 x 10-592
760°C=0<1 500°C

3D, G2, (33)
=9'95x10-20437-6 )
=0-180—18 cal/g

Emisstvity*

1060°C=<;

f<1060°C: ecp>=3"91x 10-7(§—400)2+0-78
95

(3, (33

* Approximated to be the same for both steel and mold.
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Fig. 4. Calculated changes of temperature with time
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Fig. 3.

1 500

(°c)

1000 |

Temp.

0 60 120 180 240 300
Time from teeming end (min)
Fig. 5. Calculated changes of temperature with
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Table 3.

The time of complete solidification for various ingots.

Mold thickness on the longer face (mm)

I‘lg 6. Influence of mold thickness on the calculatecl
time for complete solidication.
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. . Time for complete
Mold Ingot dimensions Thickness of mold solidification Mold type
Thickness Width Longer face | Shorter face Calc. Expe. -
6t-A | 575 mm 763 mm 142°5 mm 133-5 mm 120 min 126 min | big end down
6t-B | 562°5 915 141-5 133:0 130 132 7
7t-B | 570°5 922 142-5 133°5 135 . z
9t 580-5 111 157-5 149-0 150 156 2
11t-A | 584 1 369 1715 160-5 160 150 2
11¢-B | 584 1 369 ~171°5 160°5 160 4
13 ¢t 670 1636 165 155 210 210 . %
16t 664 1229 182 1705 190 4
18t-A | 843 1229 1875 170°5 255 ”
19t-A | 664 1 481 172-5 1645 200 : 2
- 19t-B | 635 1718 199-5 177 195 7
19t-C | 680 1 781 3 185 175 - 220 225 ~ #
22 ¢ 831 1517 194-5 161-5 280 322 7
23 t 753 1757 - 199°5 1880 260 275 %
24 t 6765 20225 1875 1905 225 246 %
He-C | 557°1 1 364 1665 1573 150 capped
11t-D | 560 1 364 167°5 1578 150 - 7
14 ¢ 834 959 - 177 165°5 215 s
18t-B | 846 1229 167 155°5 255 #
21t 792-2 1517 1895 173:0 265 o
160 300 -
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Fig. 7. Influence of mold thickness on the calculated
solidification rate normal to the longer face
of the ingot. ’ : .
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Fig. 8. Principle dimensions of 9t-mold radiator.
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Fig. 9. Effect of the mold radiator on the temper-
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Fig. 10. Apparatus for the measurments of air gap formation.
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Table 4. Experimental results for air gap formation.
Ladle analysis - o . Time of gap.
Mold No - ']131’;‘1[)- n Teemmg formation from
C Si ' Mn adle time teeming end
9t 1 0042, 0-459, 1 570°C 105 sec 169 sec
2 003 | ¢ 0-35 1 550°C 30 34
3 003 080 | 012 1 550°C 38 82
4 0:50 i 0-25 . 055 1 540°C 148 211
5 0°03 I 0-35 I 550°C 58 125
6 0:50 0-25 i 0°55 I 550°C 130 180
19¢-B i 013 1 092 1:20 | 1545 145 340
2! ﬁ 4 ” K4 Lo 170 350
3! o i Vg V4 | 4 159 335
4! v ! v 7 7 211 400
5' # : “ Y o 268 460
6' # } y 4 i ” 286 470
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Fig. 11. Relation between the time at teeming end
and the time at the initiation of air gap

formation,
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Fig. 13. Schematic representation of the horizontal
cross section of the mold and the ingot

before gap formation.
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Fig. l4. Schematic representation of the horizontal

cross section of the mold and the ingot
after gap formation.
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DR % Fig. 11 WHEBM TR LML O RIZERIE
EXL—HLTwD. D 2IT bl Zemefkico
WTEY EEZX Bh, ZOERMEETIROSBNITHL T
ZEFEAE RRBS I D JE S HOHESE DS FTRE & 7 D 7.

4. ROV A TEHECLKBRITFERDR

41 RBRAEZEIUVER

FEORMIZE L TR T CTRES VTSN
DNCTHDH. HEFBHBERCTREINSERMBITILNTE
AREPH RIS ILE & 0 5 5BEr 2R+ 51
DLNTOEREZZEHL /2.

L LT T & 22 T ERBIE T QBT AE
G R CTERBEEOD DMESEENLL, AL LS
ZhR D BHIHHITEN D 7o D I fH B 7 iR M 2 BRSM CalE L
=. Tz Fig 15 iR, HREEE LT SS41
# (C:0°15%, Mn: 0:629%, Si:0°26%) %3&W, &
I P~FEEDS 350 mm[E X 700 mmig x 1 000 mm & X D
2t FAYEAR LIASRRIA A L. HiREEE TFig 15 iz

Fig. 15. Mild steel scraper.

Lo CHET 5. BHEEIAEATICER R $5 8 |- 5
~BE) LR A B 2B N ~RAT 5. SR Em R
ﬁwmm%wﬁwtﬁ4Fkxb7~ACD#W%%ﬁ
MEFTREEEND. Dt L N—%2LARIDOL
WeE AT LA N—-DEHIT N ZIMET, 7—£CD%
B & UTA BEE RN CHRE DS FICER S S50
BT 530THS.

AU V4 FERGRM 2 A3 X UEIHERE | A2 RLE L
723, T ODESREH% Table 5 2753, Table 5
KRN THT AR O 0 O EERLTH ) #5 B s
2T v 4 PEBHEHRTES (

A, Brihicwsuo - - zoF, ¥4 77FY b
B IR BT EOPFEX T 27h5, DIEEmZER
Rl %8 D FETT & EATICY) 0 X 7 SEE A T o
1/2 ©h 5.

v 7 o {lEE R OFER % Photo. | 7 17 7
U bDFR%E Photo. 2 IZiRY. C, SHIUPHRLY
DimTikiiz Fig. 16~Fig. 18 {2 7RI H 2 bik Fig.
I9TRENIE A vy L 2 B LRRLAE ) VY P
DILESMERTHS.

Table 5. Experimental conditions for scraping.

Starting time for Time ‘interval Scraping | Temp. in mold Ladle analysns (%xlO 2)
Ingot scraping from
teeming end for scraping period at teeming end (} ' sl \Mn P S
14 300-A — — — . 15%°C 10 2l§ 471 210 37
14300-8B | 20 min 6 min Ssec/cycle | 1530°C H ]O 20 47 21 3-7
28605-B | 15 min 6 min 5sec/cycle f 1530°C 121 52 ‘81 2-3
J i / )
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b) 14300-B
scraped

a) 14300-A
standard

c) 28605-B
scraped

Photo. 1. Comparisons of macro structure between the scraped and the standard ingots. (x11/100)

FlasEER T T4 DOBREISE THEMZH 40 min
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DHEF Uo7, Fig. 15 OWHEEEETI3EE
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BEFEFICHE L CETEL vy FENTWS. ZD
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[ L < SIBEIMNMEL, Hrb ) A KEDY AED
BEHE2L T35, %7 Photo. 1 AhbhbdX5icA
U4 FHBL(b), (c)THEALMITAL LA FRTE
PBAREAHEL TVWS IR L, EHERESE(a) DY
FLE CHRERGORESED LS.

42 = =

Table 5 X 0 2 & L 4 FRllAS X O TRZI2 b2 5
By (2) RICHKRALTRZ LA PEBRICEE L
B O Bk SHE T USRI 14 300- B §A5LT 15°8
mm, 28605-B4AsE T 17-8mm .+ 7 5. —J Photo.
15302 »6ELN TN LOEMERERFh 17
FXO 15mm THY, Photo. | KX 2IAHLNDS

— 49 —



248 g & @

%57 &£ (197]) 2=

a) 14300-A
standard

Photo. 2. Comparisons of sulphur print between the scraped and the standard ingots (x9/100). '

scraped
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DA EOEBRERIERMICIE SFD L {F Abh
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»%. COSERERTEIE O MIRTERE 8 OEE
BRC X 03 a0rBR~NRESHD. LB D TH
BINL VA & R L CRIBCEFBIREEGE VAR & F
BT 5EMEBGEHT 5T CHD. LG THEOR
DSBELTCEATS LEEDARL R v 4 THERO
BEREEETO SBERIE Fig. 21 TxhEhn(a),
(b)) CRLAZXS>HEBEVEHD. ¥ XIT scraped zone
CIIREMERR O S RE C) PRENRTOXDEX

19 —

b) 14300-B .

:,'g"’“f‘ & 3 <

c) 28605-B
scaraped

E L, ToBERREIOSIRE Cs IRERRO L
NI~ TE L 7t B. —F scraped zone A{KIREEIC/R
DRRE D &L THAASR O SIRESHEINT 5728, i
PR IR E L 2 SR O S IRE S ERHEBRIC LN THE <
5. A

scraped zone)s EEflFh I D7 il & U CVIgRERTE
OUMRESIHFC I VBT LR L, ZOLDIERSR
DHEESREZINHFHRICHE L T, BEEORETH
SIBERT k X ONGREFTELEOM it SBso R
&, Lichio CHiEd» bAaHE O @HHEOHEIND
HREBKE LB THRRFOERPIR SN DD LHE
SEXND. BHERILEO 7 o HEMSEERE O MY AL
BTRERGTHOR DO, FWHRCEblL L
%, BHRBOBRBCESBORERTIKISDIDEEX
bhb. TTRRA I V4 FEORESBEMICERINT
WHLIEACEER TR S 7o scraped zone X, RS
RARSkEE S & LCHBEAV I RASEIL, TN 60—
DB E OTEAIT L ) PRERCUHBER T 2137 T
5P, TOEETEVWTH ZDEIRHEN/BE scraped
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Fig. 16. Chemical analysis of C, S, and P along
the lines shown in Fig. 19 (a) for the
scraped ingot.

zone B ERERE L 7= b0+ ¥ F, BREER kg
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NETHHS. LrbSHHkRSBAD XS5 TEMEEDOKRE D
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Fig. 17. Chemical analysis of C, S, and P along
the lines shown in Fig. 19 (b) for the
scraped ingot. SATHRO

DYEEARE, 0 AR OIAEUEEE 2 s L O f
REERETH 5.

ST, FERBEREZCORXZBAVTEEL RS, =
7 v A TEBMBE, BEMBEE DI —F v — 05 DA
Wiz 14000-A 35X OBREEOMRE L, G
T hm 1/2 TOREEB O scraped zone 35 X (MEUE
M ADHESMED S EIFHREICEET 3. 65 k' 7t
ETBEMRTOHBBLTRL, §, ke 7 X CIEMELLE
YRMECTOHREERT. Table 5, Fig. 16~18 X b
scraped zone IZ¥k1F 5 S DEPRHTREL ke’ 35 KO
MY AIE TO ke AN ThKRTE 2 6N 5.

kp'=0°023/0"037=0"623 --:ereerrrerrrnnnnn (28)
kp=0"035/0037=0"946 ---vreurereereern... (24)

FOREEE £ 13 (2) RE AW GRS E 0 (25)
RXTE5 26N 5%.
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?olidified during scraping
| Scraped '
S o2}
3 | -
0’1 O |- ca—aco——ap———eco————C0——O Chill zone Columnar Equiaxed
zone 20ne
008 1 1 1 | \
V
0040 |
Standard
0036
)
g 0032 Fig. 20. Schematic comparisons of the macro-
® o028 - structure between the scraped ingot and
the standard one.
0024 |-
0020 : - : -
—o— Top (line 1) {a) Standard (b) Scraped
- --e-- Middle (line 2)
PR, . + t o
ooza L ‘ Bo 1or.n (line 3) c o)
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3¢ 0020 |- &~ 00w == - e £ \
~— S~ 8
o. O0l6 - § cs
CG
0012 1 ) L ] o L
0 80 160 240 320 G | .
Distance from the surface {(mm) =
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Ol e

Fig. 18. Chemical analysis of C, S, and P along
the lines shown in Fig. 19 (a) for the
standard ingot.
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(a) 14300-A&B

Fig. 21. Schematic representations of sulphur
distribution around the solidification front.
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Fig. 19. Sampling positions for chemical analysis (The paper is parallel to the longer face
and centains the vertical center axis of the steel ingot).

— 52 —



GREE» LA EAPRORS BIFERCET 5% 251

05

e

D =4x10°cm? sec™
k=002
£ =10328)72512 cm sec”
E<EN N .
200 400 600 800 ! 000
5 (u) '
Fig. 22. Dependence of Burton’s effective distribu-

tion coeflicient, kg, on the boundary layer
thickness 0 in the case of sulphur.
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Fig. 23. Dependence of boundary layer thickness
o and §' and their ratio §/6' on the
effective distribution coefficients &* in the
case of sulphur.
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Fig. 24. Schematic representation of the mold used

for the preliminary calculations of the
enhanced cooling between air gap.
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Fig. 25. Influence of several methods of enhanced
cooling on the solidification rate of steel in
the iron mold.
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Fig. 26. The mold used for the enhanced cooling
of the air gap (before cooling). .
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Fig. 27. The mold used for the enhanced cooling
of the air gap (under cooling).
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Fig. 29, Chemical analysis of Si along the vertical lines of ingots from to top.
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Fig. 30. Chemical analysis of S along the vertical lines of ingots from bottom to top.
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Fig. 31. Chemical analysis of P along the vertical lines ingots from bottom to top.
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Fig. 35. Comparisons of the mold surface temperature between the enhanced

cooling and the standard.
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Fig. 36. Comparisons of the mold surface temperature between the enhanced
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ETHR L7z,
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