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On the Solidification and Segregation of the Large Killed Steel Ingots

Synopsis:

Segregation in steel ingots cause the degradation of mechanical and chemical properties.

Hiroaki HIRAHARA, Moriki HasHio,

Katsukiyo MARUKAWA, and Hiroaki SHIROISHI

We have

experimented on segregation and solidification of the large steel ingots (24-39T) and obtained the results

as follows:

I. The solidification pattern in the large flat steel ingots is proportional to the square root of time after
teeming in the first stage solidification and the square of it with the formation of sedimental crystals.

2.
ingot top, but it remains in the ingot bottom.

By scraping the liquid steel in a mold, the inverse V segregation disappears in the near surface of
Further, the inverse V segregation lines become thin and

shift to the inner parts of the ingot, and the floating velocity of the rich liquid steel quickly increases.

3.

The formation of the inverse V segregation is closely related with the solidification velocity and

the critical solidification velocity of the formation of the inverse V segregation becomes small by scraping

the liquid steel in a mold.

4. By R.E.M. addition to the liquid steel in a ladle, the inverse V segregation lines in sulfurprint

become the white segregation and also the large inclusion is insignificant.

Judging from these results,

we could confirm the effectiveness of the method of R.E.M. addition to the liquid steel in a mold (BCCT-

Method).
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2.1 R;AHE

GEAP DRI, R, (LM S KGRI
2 wRY. BEEtRRE C=0.10~0.209%
Mn>1.009, (H-4 A& Mn=0.729), S$=0.015%,
BFEOBRE Mn 1L L, ShMNBEIORERS Y £

Table 1.

g% Table 1,

LA ABHEOFTWT Ca, RIE. M. FigIo i
Wi oW TLBEXTLE O

PSR HHELHESR I CERBYE ShTtwd
U6, U7, F8 BT 28~39t TH5.

F SRR NEEIO BT F L LTk Table 3izR¥ X
512, HHARTH 30min pAZEiC 30 min RS THLED
(SS 41.16 mmg) 12T 2~3min OEHEE T O

Details of specimens used

I

Heat E Chemical composition (%)
No ‘Mold type; Treated method ; ‘

; p I C ! Si Mn . P S Sol. Al Ca Ce
H-1 E U7 | Standard L 020 | 030 | 111 | 0.021 0.017| 0.025 | — —
H-2 U6 | Scraped ¢ 0.10 0.28 1,28 ° 0.021 | 0.012 ] 0.020 | — —
H-3 2 7 0.12 | 0.28 | 1.13 | 0.017| 0.006 | 0.039 | — -
H-4 # ‘ ” 0.14 0.20 0.72 0.015} 0.016: 0.008 | — —
H-5 F8 Ca-treated ~0.16 h 0.44 1.37 0.019 | 0.005¢ 0.073 | 0.0036 | —
H-6 l 7 R.E.M.-treated :i 0.15 0.40 1.36 : 0.020 ' 0.005 & 0.059 | — 0.014

Table 2. Ingot dimensions.
Ingot dimensions (mean)
Heat No. Mold type Flat grade Ingot weight
Thickness I Width Height
mra l mm mm T
H-1 Big end 868.5 ! 2235.5 2 600 2.57 34.850
H-2 Down 763.5 i 1973.5 2700 2.59 28.050
H-3 i 4 4 4 2750 7 28.480
H-4 ; % y ” % 2700 K 28.050
H-5 4 864.0 2440.0 2530 2.82 37.580
H-6 4 v : ” % 7 5
Table 3. Experimental conditions for scraping.
Starting time for . . 3 Finishing time for
Heat N Element No. scraping from T1mes :_ntegal . Scraping time scraping from
teeming end craping teeming end
H-1 — — — — —
H-2 @ 30 min 20~30 min 2~~3 min/C 120 min
@ 30 30 4 30
H-3 @ 33 30 4 210
H-4 : @ 28 20~-30 4 225
H-5 (Ca) — — — —
H-6 (R.E.M) — — h — —
c.f. 1. Scraping bar : Cylindrical steel (SS 41.16 mmg) 2. Scraping method : 2~3 min/cycle

Moid

(L L7777 77727

Liquid steel

Loci of scraping bar

y.
277777
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(2~3 min/C)

X 54z Ca. R.E. M. ifishih3 #4418 & )i v 72 BCCT gk
X 0f§leo7-, (BCCT #:=Bubbling+Ca. Ce i
hn+ Bubbling-Treatment) §75i>H Z @ BCCT #ix
EIRNTY oy, R X B0, 2R TY
VD3R Do THY, FOEBWEMTERT X
HSWHED2TW5DS.
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IEIFH G, WRRERO T AT Y o, FEER
hn2, DH 3Bz X b BiEgdnkt & F LirE L, Ca
R.E.M. oiRmmHRDOERERS.

Beatsc X 2R

H FEAFIC Ca. R.E.M. 7o ED3itk R X OB&a
ERfflZ 3 UiAL, RBNBHEPCEmNT 5. ZORE, #
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Fi
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Insulating
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/ /1
Mold g 1 |~
7 :
Liquid steel X
2 %
%
, , 2 A
Solidus line g
4 v
; LA
. . ] 4 4
Solid skin 7 IS
% A4
i i

Fig. 1. Schematic representation of bar test.
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Efkr SOBBEI DI (1)Ric X hkd s 2 &nT
5.

L : HlE#HEOREE

H: $HEs
U : BlsERED L~ 88 FinE CoERE
D K LOREE

s WRIERRNY, THREERSE, SURBRETS.

The parallel vertical section to the longer face

Top

Shorter face

Bottom

Longer face

The parallel vertical section 10 the shorter face

Fig. 2. Schematic represention of the cutting method
steel ingots.

Table 4..Conditions of steel making (scraped method)

Temp. of lig. steel S . . . .
craping peorid (Time after teeming)
Heat No. Mold type Tadic Mold min)
°C) C)
H-1 u7 1615 — _ _ _ _
H-2 U6 1 610 1520 30 50 70 80
120 — — —
|
- [ 33 66 94 121
H-3 U6 1600 1510 152 180 210 -
H-4 116 1605 1 590 28 6(_) 90 123 ‘,
T T = 145 175 192 i 225 A

— 4] —
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2.2.2 gIBREERET

H-1, 2, 4,5, 6 oz o, £
7o

Tk, FPREUNREAR Fig. 2 TR, Fio, gL
By 7 XD ROFEREF = » ¥ Uiz

(1Y #7779 b

(2) : 7 ok

(3) F =905 ¥ FHK
2.3 25 T7HHT

H-2, 3, 4 z&\T, 25 7HUF (SAX 9 30%)

B R L

<& o,

1 650 \ H-3: middle C-high Mn-Sinal kiled
Mold = U6 {scraped }
B
o 1 600
g
g
2 15850 \\
1500 T e—o,
Top Ladle 1;1 i 60 120 180 240
Time ofter teeming (min)
Fig. 3. Change of the liquid steel temperature

from tapping to solidification.

1 650 1T 1T T 7

H-4: middle C,Mn-Si-killed stee}
| &—® U6 - scroped
0—O U6 — standord
1 600 \
£ is50 \
e \y
a Y
k5 -, -
1500 Po—
Top Lodle Teemin® 60 120 180 240
stream
Time affer teeming (min)
Fig. 4. Change of the liquid steel temperature

from tapping to solidification.
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5) oWEgkiEe Table 5 (TR,
33 nR—FZRMER
gl MESRE Fig. 5 TR,

3:3-1 U6 B# A
FAERBRR t=30min THEREEF X D=150 mm
b, BEMIC VTR, (2)RITRTHIN T &
EIND.
D= Al\/t ~(2)

EBIE X (mm)
: BB R (mm/ mint/?)
D SEAR T B EREE ((min)

ﬁ@®Lﬁk0hT,ﬁ@£&@%ﬁk%mb,tﬂ

® present work {U6) 24.480(T) scraped '
o 2 (Us) 28.050 standard
s (U7) 34.850 s
* Kawasoki steel corp. 15.000 o o
@ Mitsubishi steel corp. 35.000 s ®
2500 |-
,
e
’
4
x /
2000 7

7
/ ’
i pid
Ny
7 4
1 500 7 -

Solidification thickness from ingot bottom (mm)

1 000 // P Lk
4
, v ®
500 3o te
N
2 .:.'0 -
ol
o] 50 100 150 200 250

Time after teeming (min)

Fig. 5. Results of bar test.

Table 5. Conditions of steel making. (Ca. R.E.M. treated)

0.00260.0025

0. 0033'0 0038

I—Ieat ﬂ Addition Sampling L I;ear;ilﬁ: ) Chemical composition (%)
u quantity [ position G | s ﬂ Mn | j P | S |SAlca/Ce O ALO,
p-s  0a=0.019% | Beforc addition [1635  0.15 | 0.42 | 1.36 | 0.020] 0.006 0.040 —
' Ca-Si bullet | Mold 1625 0.16  0.44 | 1.7 | 0.019] 0.005| 0.0730.00860.00270.0007
] 2 h
H.g | Ce=0.034% | Before addition 1635 | 0.1¢ | 0.41 | 1.35]0.019/ 0.006 0.039 —
R.EM. bullet Mold 1625 1 0.1510.40 | 1.36 | 0.020 0.005 0.0590.014 0.00310.0005
i L 2
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BT 2 2RALEFXTHILor2HL, ZhIMEE W LcbotFEx b 5.

ETETHELTWS. G5 &, IRBHRO 2D, FRONRFERE
D=KJ24C -oerorrerrenrniennnniiniinninninn (3) DTS
D BEREE (mm) 3-1-2 U6 #Z#amt
Ky : GER# (mm/ min?) W SHASMIC [t % & ¢t=30min T D=130 mm,
¢ : %8 (mm) BEFIIC BV, (2)RT Lichi o dhife = L,

Z O I HAOEEERE VT MRS MOBEE & VR K] OEbEEAE—RLTEY, REOREZRLT
RBIEOTEY, ORPICIHBEOERLEE L, AR WB M, EBEETIC Lo o CRENREE R 7D k&<
DILEHER Ak S, 2B 1 I e Ol LR ps ik 0, TOEERIT(3)RTRINS. LT, Z0iE

il

(a) H-1 (U7 standard) (b) H-2 (U6, scraped)

Photo. 1. Comparison of sulfurprints between the
scraped and standara steel ingots.

& sV CRY . -1 100N
-t (UO scrapea) (A 1723)
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&, K oEEFRIBENIRRTHEDAEL, ZhiX
BB ROREBRLNALDTH 5.
ThbbERNECEREI 2B 221D, AL

ERREG R B EE T 5D, BESEOSENX
DGR RE S, Ky OEBRKE Kot
Ezbhb.

3-1-.3 U7 sBE&m

U6 A g LT, EHRN 1I00mm Bz, §
BEhEEE D B L2 Twvw5h. t=30min ¢ D=75
mm &7, BREE(2)X, BRPPLECRS &
BEREOMmMBEAZ LR, (3)RXEkd. K, K1 &3
i U 3z el LT/hE L 2T 55, i K1 @

(c) H-6 (F8 R.‘E. M.-treated)

EHKEL, BHRELDOE
32 BRENARGEER
U7 GBF E#) U6 (H3F4) Moy ~

EHRBLNLTWS.

FY b, =& oE% Photo. 1, 2 12T
3-2.1 RHFAEE:

(1) #SBREDOEHEC X ) SIMEL, EMiFE0
WVEMIZLEAEHEELTWED, JIHERDFE VIR
WFrois I Sl

(2) SEVEFFIEERERcBEH L, L Tnys
R HERD Hh 5.

(3) VEVIRHT O BRI KRS < 170 mm
(U6) ¥ 4T 140mm (U7) REHLEOTHS.

(b) H-5 (F8 Ca-treated)

Photo. 2. Comparison of macro structure between
the scraped and Ca R. E. M.-treated steel
ingots. (X 1/40)
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(4) MBSV G BIRBRC X #ED
WMPBI LT 7 —FY o MR RDbh, &RETRE
CTxY, HRoREREDLNS.
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Distance from ingot center (%)

Fig. 6. Distribution of fC, P and S along the

vertical center axis of middle C-high Mn-
Si—al Lilled steel ingots

aTO wulla 15013,

H-4 : middle C,Mn-Si-killed steel (scroped)

200 [ | !
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hdise W

100 4
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“l X k
A \ll \\ x D‘-O-—\— L -~ do
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(a) (b)
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86 O (center)
28 50
i3 86
6 —_—
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Fig. 7. Distribution of [Al,O3]) along the vertical
lines of steel ingots. (U6)
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(a) H-2 (standard),
(d) H-3 (mechanical vibration),

(b) I—I-; (scépd), V(c)‘ 14-3 (scrap.(v:;i‘r)A‘

S (XI/BO)
(e) H-4 (scraped)

Photo. 3. Sulfurprints of the vertical section of slab.

3.0
20
@
@
ol®
Bl s
»|Z 1.0 L
S|'s
wle 30 ® H-2:middle C-high Mn-Si-Al killed stee) (scroped)
Blo o » : ° " {standard)
Glo P & +4-3:middle C high Mn-Si-Al killed steel (scraped)
g g & » ¢ [l 2 { ).
1 20
Q
B A
—_ R -3
= 10 y il V- ey, |
s g Ry 'y
5 30
o
g : f
&
20 AW,
\‘c ‘!:e e ! ‘
‘A*'::-"
1.0 = -

10 15
Distance from slab top (%)

Fig. 8. Segreation grade of G, P and S along
vertical center axis from slab top (=ingot

top.).
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FECBEHEEAENEND T ENEBIZLOTL 5.

3.3 Ca, R.E.M. A%

IMEEHEET Y o T DY T 7 —FY o & Photo. 4,
<2 7 vifia Photo. 2 iwiRd. %7z, Ca JPRERBE—
A, R.E. M. LEHB>B &3 5.

(1) A, B &z MSEREmEEOHE VIEITEN
HA L, SMAERCBE L TVv 5Emsh 5.

(2) R.EM. ML/ B oy T 7 —FY o
MW, V, HEVIEFTAHEER L, BRirZECTr
5.

Fio, 7 oINS LTv 58, SEEHIcHERS
L, PRVERIHTWS.

(3) R.E.M FinolE, K&EeMie t>Twizit
BRSO RN ED b REE I TE Y, BC.CT.
HRIT X D IERININO B HHERR S hic2m 2.

(4) Ca FMOAFTHICHENTD, ¥ V77—, =
7 o @I, D EREINTVWE 2, R.E.M. o
59 NT 7Y v bk SUEVIRITOHEEIIED
L.

4. £ 2

41 XREBOER
N—F2 MER XY BEH L BRER, BEFEREZL
Table 6 [z 777 -
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(a) H-6 (F8)
(White inverse V segregation of ingot top.)

(x1/14)

et e e rce e

LN TH RN N

(b) H-6 (¥8) (x1/3)
(White inverse V segregation of ingot center)

Photo. 4. Sulfurprints of vertical section of the R.E. M. treated steel ingots.

Thbhb/SN—F A M X BEAE (#5287 ERAR
M, BEEX) X, #HHmoEERZR/MEREIC X
D, kOB ERDOXSES.

U6 BESA: 1 t<80min, D=24.7y/ ¢
>80 , D=0.039:2-38
t<50min, D=24.6y/7
t>50 , D=0.055¢+32
t<100 min, D=19.7y/ ¢

I =100 , D=0.015+48

BEYHIC ST, U6 0fg, BREFR K=
24.6, 24.7(mm/ min'/2) L2 Tkb, TOEZES
FIOEE AT 2HEROMEMEE i XL —FHLTw
7, 26) ~28),

U7 wowWTH5E, Ki=19.7( mm/min/2) #&F
DR DTWDD, TRITEHELDOZERFLIT
WhEHEEZXNS.

W BHE SHAME & BERORERREZ R T2 &
BEE VTR, BEEEIIIELAL-BLTWS
($HAFT 30min %X Y HHEEM). BEPHILERC K
5 EWThoBE BREIIEARCET L, D=KV¢+C
EHERERELD S, D=Ke+C js5 ¢t ¥ 5 2&KK
THb LAFBETTH D EEZLILD.

I
U6 Hirkamit - 1
I
I

U7 @H s -

o ke dbry
CWIIF RS,

A BRI X D BB SRR T TR LA T &
THMATE S5, B0 E, SRz
SET L, ZOUBEHER AR G, B B e,
BRESEFEICETLTVWLID LEEINS.

SEOEBREERC I D &, WEHRTIIHAKTL80
min DB iR ER A 2 kA &7 53, R ERT S &
ORI 50 min Th b, ERERE KA D Hh
5.

Z7z, WAMREORIZIE TR 2Twinwss, BERo
IR S VW O BRENE L SN VOT, @R E R
B L CREEECERX LT VWEZE X LNRS.

BEEZE: o v—v s BRI LTS, U6 i
BY LCUlMEE K1 &, BIE—HLTWEEEXT
T, 2T RIABE C OREEE R TV, K1=10.1 (mm/
min'/?) Lic-oTkD, EAMRI O »AD/PIWELE
Lo TW5BH,

4.2 XEPHOBFEN

4-2.1 JEVIRTOAER

FVIRN O RRIBE Y VT 7 —FY o FEE X DE
Bl U7 f5 R4 Fig. 9, BEEEOZERZE{LE Fig. 10 T
~Y.

Fig.§ % &5 &, B X DIV ImoTEkKBHrGRiE

— 47 —



1650

% & 9

% 62 4 (1976) 55132

Table 6. Calculated solidification equation and velocity from results of bar test.

| us® Us ﬁ U7 2t sand mold
(calculation) (experiment) " {experiment) | (experiment)
Standard G‘ Standard Scraped H Standard ; Standard
[} H
Thickness of solid skin | I ! . t<<120 min | | t<90 min
from surface ¥ D=21.4y7¢ D=22.6y7¢ | - D=10.1v/7¢
o _ | 4<80min | <50  t<100min |
Thickness of solid skin P | P=2 TV D=6 D=19.7V77
from bottom i g t=>80 t=>50 t>100
a n‘) - D= j D= _D= P —
| 0.039¢2—-38 ; 0.055¢2+32 | 0.015:2+48 |
Solidification velocity dD_ 21.4 N 4D 22.6 4D 10.1
(from surface) (mm/min) dt 2Vt dt /¢ - TS
i )
The values on start- Thlg::ﬂgs)sz 140 170 — i 170 — 40
ing the formation i
of the 'V segre-| Solidification
gation velocity 1.64 | 1.35 — 1.50 — 1.28
(mm/min)

1) 1 : The first half of solidification,

I : The second half of solidification

2) Determined values by the thickness of solid skin from ingot surface on starting the formation of the invrese V segregation

| L

1 200 Y]
®— U6 ingor {scraped!} ’ , /
O--- U7 ingot (standard) /.
&—= F8 ingot (REMireated]
~ 1000, F8 ingot {Co-treated) 7 l /
£ /
€ rfo
= / /
£ 800 1
S ; /
<] '
0 / './
- i/
s 600 f
g 17
£ / P
£ 400 ." A /
8 } 1
S / A//
RZ] /
S 200 o
0
100 200 300 400

Distance from ingot surface (mm)

Fig. 9. Formating position of the inverse V
segregation.
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Table 7. Change of the horizontal angle of the inverse V segregation and the floating velocity of the

thickened liquid steel in the scraped method.

dD
Mold type D a ¢ ar 14 Other
U7 On starting the forma-
(standard) 140 80 38 1.83 10.4 tion of the inverse V
s a segrgation
7 1.50 9 ”
170 81 5 .5 .5 (standard)
p
U6
200 83 78 1.28 10.4 (scraped)
250 86 122 1.02 14.6 7
3 ’ : " (scraped)
c.f. D : Solidification thickness from ingot surface (mm)
0 : Horizontal angle of the inverse V segregation (degree)
t : Time after teeping (min.), iidit) : Solidification velocity (mm/min)
V : Floating velocity of the thiokened liquid steel (mm/min)

|~ Inverse V segregation
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