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On the Accumulation Mechanism and the Reducing Process of
Large Non-metallic Inclusions in the Bottom Equiaxed Zone of
Ingots

Toshiharu MiTSUO, Takeo HORIGOME, Shiji SAITO,
Etsuo NOMURA, Yukiyoshi KITAMURA, and Rckuro KOHNO

Synopsis:

A solidification process of 6-t slab ingots poured at high or low temperature is investigated by
means of radio-isotope, temperature measurement, and direct sampling of mushy zone. The accumu-
lation mechanism of large non-metallic inclusions in the bottom equiaxed zone of a ingot is described.
The accumulation of large non-metallic inclusions in the bottom part of ingot relates closely with the
phenomena occurring in the retained molten steel in the ingot, especially with a rapid develop-
ment of mushy zone. In the case of ingot poured at low temperature, the growth of mushy zone is
rapid owing to the crystallization of crystallites and their falling down to the bottom of ingot, which
are remarkable at an early stage of solidification. This rapid growth of mushy zone prevents the
floating of suspended inclusions and traps them to accumulate at the bottom part of ingot. The
floating of inclusions trapped at the mushy zone of ingot would be difficult because of high apparent
viscosity of the mushy zone. And they would grow to macroscopic size during the mushy state and
the growth proceeds until completion of solidification. In the case of ingots poured at high temper—
ature, on the other hand, a few crystallites crystallize and fall down at an early stage so that the
mushy zone grows slowly. Inclusions would not be trapped but float out because of low viscosity of
molten steel. This makes sound ingots. Since the formation of macroscopic inclusions depends on
the rate of mushy zone development, macroscopic inclusions are few at columpar zone that is formed
without precedence of the mushy stage even at the bottom of ingot, and they are rich at bottom
equiaxed zone that is formed with being preceded by the mushy stage.
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c) BMLIRTF BT 5REA T X OCELENT
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85813), KOHN %z,—l 198Au’ 192[1-5)14)’ ?A‘\(roz/—l 198Au,
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5t = —RFEHEMEAFTHER LA 60 * offEmik
F158 (EiskE@RUT < € 015, Si 0-30, Mn 1-30, Al
0:02%) % 6t {mFHEIKRS KR TLEEEEA
L7c. IEAKTER 70min ¥ THRERRERZ SV
5~7[Eichrcd, RI ®¥Fe il 7z. *Fe O

Table 1. Casting conditions.
’ . . Tapping Pouring Inner dia. Pouring
Heat | Experimental | Experimental | jomperature| temperature) [ MPeratre of| of nozale | rate
purp °CH °C) ( mm) ( mm/ min)
. L t atur
19 | RI addition °F‘)'gurf;élper ure 1578 1511 Room temp. 40 554
- Low temperature
20 RI addition poured 1 583 1511 Room temp. 4 515
21 | RI addition [|fligh temperaturel ) g59 I 560 110°C z 555
poured
! !
929 Temperature }Low temperature 1584 1515 Room temp. | P : 497
measurement | poured
i
23 Temperature [High temperature; 1655 1565 120°C: “ P 622
measurement poured :
. L
San"xpling of |Low temperature F
24 mushy zone | poured 1583 1 500 Room temp. . ” 505
25 Use of heated |Low temperature 1 570 1510 Stool| Mold ” 530
stool poured 5 Room
500°C
temp.
9% Agitation of Low temperature 1 570 1 508 Room temp. | » ! 550
mushy zone | poured p- ' o
i i
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Table 2. Conditions of RI addition.

HREHME Uk (EEE 0°6~1'0mm) 30g MR
By FeVCAN, BRERECGLTH» TV ]1~3
%, 1T 20cm, SEERIE Sem OAIEITIRIEL
CERILE. ¥, BEERRII A oL & & b ICIRINCSE
725 ) 800°C iz FEL L 7-. Table 1 ~4 THHBEODER]
B, HAKTHERO RI o, RI FHARES IO

« 1. Chill zone
2. Columnar
zone
3. Branched
columnar
20ne
4. Equiaxed
. zone

..........

Heat No 19
(a) Low temperature poured

Fig. 1.

Addition No (Time is measured from the finish of pouring.)
Heat No Experimental condition
1 2 3 4 5 6 7
19 Low temperature poured 5'25' | 20'07'" | 34'55'" | 55'02'" | 70'00'" — —
20 Low temperature poured 20" | 3'35'' | 5'25'" | 10'04'" | 20'04"' — —
21 High temperature poured 1114 | 2'45'" | 5'08'' | 10'05'" | 20'04'' | 35'06'" | 70'06'"
Table 3. Quantity of RI used. W~k g e hThmd.
3 le 1 VXA TS EEROEY
Heat No No 19 | No 20 | No 21 753, Table _o VIR THRIE T B thD KB OET
S —FLUTRLE.
Quantity of RI 30mCi | 27mCi | 33mCi BEZOSMIE, Olle 4 A TERSRE X OEID
: , BN L, EHMPTHICOVT, X7 1 VARKLD
Table 4. Size of ingot. : L .
A—bSUFTT T7EREROR. El, <7 0BRITLS
Thickness Width Height WAL GRS LT R AOY ol
( mm) ( mm) (mm) 2.2 EREE
Top 488 1055 Lats 2-2.1 EELS
Bottom 448 1035 Heat No 19 (f&IRiEA) B XU 21 (FHREA) T2
W 15% S@AWEET L ® L EBWlERVWT T 2 o [BRETT

Mot ZORDEOREMEMO A » 7% Fig. 1T
~Y

BRGHOEI B XIOKRE X1, KA, IllE 15
READE S PMEREA X DREV. Eio, KHEHM
wORIRAE, EWIREAOHABEEEACILRLTE
DD THAUEL TV 2 DPBFHAIT D 27,

x 1710 (5/12)

Heat No 21
(b) High temperature poured

Sketches of the macro-structure of ingots.
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Heat No- 19
. (a)l.ow temperature poured

Photo. 1. Autoradiographs of longitudinal section of ingots.

70"00::
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55"
or”

525

- 34’
2,

-—55
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Heat No. 20

(b) Low temperature poured

Addition nos.
7654123

iy

Heat No, 21

(C) High temperature poured

X 1/10 (4/7)

~— 70'08"

— 35’06

— 20'04”

— 98
1'14",2'45,5'08"

—

m—

Heat No 19
{a) Low temperature poured

Heat No 20
{b} Low temperature poured

Heat No 21
(c) High temperature poured

————-—— Border planes -between the branched columnar zone and the egiaxed zone

Fig. 2. Sketches of the autoradiograph.
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I.A&\
900
AN
800 &: t /
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~ 5001 \ %y
4..9 .
o
AN
5
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P
300 1
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200 y/>>c>o’\o
100 z;,"
0 | | | L | 1 1 L
0 30 60 SO 120

Solidification time (min)

TFig. 3. Solidification thickness of vertical direction
along the central axis.

2:2.2 0474V~ FDHH

Heat No 19, 20, 21 §EloEAHmD A — + 7 o4 5
5 7% Photo. 1 i, FORY» v F% Fig. 2 wRT.

IS DERTE VR C &1, REFEAMEX
BIREACHER LT, FAKTEHEELDTRPOVREAS
5,RI@%ﬁLtw%ﬁﬁ%%E%mmm<FE?5
EVB T ETHS. Tihbh BRIEADEEE BE
HIENT wTRIm%ﬁLﬁwﬁEﬁﬁwfém -
MOGREEE LELALRTTH 2, JKREADSE
HELLAZY. @RI B0 5 2 DE S ORI
F¥5ZEE Fig. 3 R T.

z ¢ A, (Heat No 19), 4, (Heat No 20) 3{E/E
FEAZRL, B(Heat No 21) W E@ERFEAYTRT. k¥
F v — DR B2 U ARIEEAZ TV Bar testzh
(EE 13mm OFHEAVCEIE) Tk » 2 28R
SDENC R HEE S REE S ORI (L E R
HciwFay FLE. =0 Bar test BT X HEIROE
Emi, BEKTHESZCIVOT, ZomhiiA CR
DOFFREZITE L LE¥AS1E, ZRITEERET LT
WONEENE DI VIEIR T b, ¥EFAE (mushy zone)
EHETENS. Tinbb, KIEEADEAIRENIHD
TR OFRENELDTEL L.

—F, BIREADBE R OB OREEIERICES
.

3. SMBEAROMRRER

.—ML,%mkEléﬂtmim,&l&?&%bk
B OBBOBHET 5 L Vb TWEI9™O. LaLis
P SBEIDID TR X 5 IR - ERIEE T 100°C
OIEEE, EARIBET 50°C @ #%5 2 CER T
X, KEAFEHOREDOEE B LR T 5REREL
Fo. Topimw, (i - EIREA SO RERE DR
Fo XS5 R DOPEELR.
3.1 gHMEHEECAERL

TSRBE D& PR Table I @ Heat No 22, 23 i
Rz BRI S5 o a Bl TH & L Pi-Pt-13
% Rh BERN TV, EWEIIMNE 8mm, WE 5
mm) 7V 3 FEI TV T FBREEE L CHER L.
SN B BT SN OBIERIE & Fig. 4 R T, ik
%, RIESTIORERE VI VWRLE TR Ok, [
HoflE 5@ & @RBEHRORECEEMBCHNLL, @
ESES D 1/4 BT 5. @ L OEERMUO XA
DS RAIRITHIGT 5.
3.2 RRER

ZBRKE OIRE#B Y Fig. 5 ird. EREAD

o
o
1450

Mold

Stool

200

Fig. 4. Temperature-measured points of the ingot.
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| 550 {a) Low 1empe‘ro1ure rx;ured ingcln
-@ Heot No 22
I 500 jorr— =y
i . ~
\\\ \\
| 450 AN \\\
£ 1400 e '
_,%_) 1 550 {b) High "I_({e:;?e&%h.g% poured ingot
o
81500 = e
CIE.) ‘\"\\ ‘\‘\ ®
l__ Ve
. 1450 ™. X
| 400 % \@
0] IO 20 30 40 50 &0 70 80 90 100

Time (min)

Fig. 5. Results of the temperature measurement during solidification.
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LERT IOTAR SN IROERBR R E, EA%
OHFHMNBEIBERI LA EE—THE:EILNS.
IS ORI E FiE SN d)| S ODTEEFHME <
EFIEECEVOEEFREELO>TWS. Zhlid
JNS DEERA 3t BMEMMBMIC O COECTHY, Fi-
HHRHR D AER X D IEREHCTH B0 L Bbh
5.

4. HWEBY TV IRE

AEORIERTE~Z XS, BBEAOHAIER

I PERERE TS 55, KIBEAOHEIR

I D53 U Te W DN G B DR ER A & $EBRES S (AT IS <
FELR. ToOBEREZELES IS EHLC S8,
DX SIS FERE DX T Tz, Kound, WEn-
ENKELZD LiZ X DT HIERINTV 3. ZoRFARIIE

WIS RERTTE OB RIIBATE LS, Bar test
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|
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®EEE

Gum hose
)
Steel pipe
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Fig. 6. Sampler.
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EEBI SRR OBMEEEY L P L ST BRI
EoT, BHELZOSOOREERTR S & biz, i
Eio s anEhoFEezRMALL.

4.1 BREHHIVEBRAE

5t BLWETHERN LA 60 * oik@EiEN A% Table 1
@ Heat No 24 TR TEHMEHTLESEAL 2. &
DLV AT ODFRR AR ELE L 7 A kB35 ik K
45T 5 £MHETHD. HIHEKT ATRIODLE FIRTH
AMAY S o TOREBHRT Nips 0°34% LETHIKD
TWh. SBIEAER L D, MELE R XU FTERH
W BRI R T o7, Fig. 6 i pUBHRIUCHER Loy
v F5 =Rt oI —il3—imEE U REI3 mm
§ OREMREEETTETH D, Klinrb 8cm ORLE
R 6mm§ OFEEAIED . ZOILRE
X 02~04mm Offf Ni fHiT*+ » TS TEDY, &
@ NilISEHEMEDLD OFE B b — Y —& 7D

T T
A : R cddition method
Hot top B : Bor test method
1 450 e On central axis —
© Qut of central axis
- v
g 1000
8
»
E
=
< N 527
- L
£z
o 500
3
T
1.3 2
|
0
o} 30 60 90
Time after pouring (min)
Fig. 7. Time and positions of sampling.
“ &

“, .

x40
(2) 40sec after pouring

(b) 43min after
Photo. 2. Non-metallic inclusions in samples.

Fr. Fio, $U LI —RERCELLTRETRILLE
iz, ¥ FI—HNOLBRIIKBEREMNETTI VT
HRATERLT, BRREWHSY Y 77 —RNOEIC LD
TELEIN D Z &b L. s, Y 77—k
BRBATHET L THEETLHIOLKL2TVEDT
SEHRIR OB S LB EWBIC RS L DL EHTED.
ZD X 5T LTI D7 BUBHRIX ORe ) & ATIE 250 2 &
TR LR OFRENK & BE-S T Fig. 7R
=R VL3P F 25cm DALE % 3 (8, EH L 35cem &
8 @zt 11 BEIEMHE L. FiEv 3 El& dRHRHRE O L%

I
. « 21~30
24— oy
o===-0 3|~50u
20} o—===—o 51~100u AN A2 ‘
R Yy, I
§ 16 / o
B 2 7
E 2 3 @/ e /
g 8 /,0‘—; /o‘//"kﬂ L
[ g = o *
o !
2 4+ ,Il,/o ./ \.><-
RN
o o‘,n-—‘()’/l =/ , |
0 10 20 30 40 50
Time after pouring (min)
{(a) Clustered aiumina
{
5 =
n
t 4
& 7
o 3t _ /
3 o
_g 2 e ~ S I'
Ld ~ ’/ " I
é | | o,/ o s ~ OT;?L.\\@
7/ ™~ -)CEI Y X
o) L:an-a’»o i ¢ o—s :

0 10 20 30 40 S0
Time after pouring {min)
(b) Non-clustered'alumina

Fig. 8. Time dependent behavior of inclusicns in

mushy zone.
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AT 40sec TIE Photo. 2 (a)izixvd X 5 ks
Mo ALO, ZTNEWT 20p LEDDOELL LN
fsus. UL L, 10min DUf% h.?’&%)& 20 p LA L DS FED

AEIIL, X5 IEMASRET S L 6t LRI TR S

N7z IR (b)iwind 100 BLEDOXRE AlLO; MM4E
MR EIs. /o, FERRIC 10min BRI &
CITIRT X 5 Mg ALO; ML TL 5.

ZOX S IR WTIE, BfoBEE &b
TEYNI KRB L, i ALOs ML T3z &
MR TH ok,

—75, FARDTAEA SRR Uz stklCi, M EDDLE
bixE & ALK, TIPS KBNERILELR
W E s o7,

4-2.2 HFERBIZOWT
 PEIBEE ORI v — TVRBRTHEAL, v o0
MBI L7z, £ OR5HE % Photo. 3 12T

Photo. 3 (a ) dAMEIRL HIE B TERER Lo
BT, FURIA MBI RTEVRIRAIIEEAL
. —7, ReflssiEid Uik s> ]
% & Photo. 3(b)ICRT X 5 ILSIRORIR A% <
FEEhi. ZnSWHikz 2wt EPMA i X% Mn
BIO NI 0 7 oRiFzHEELL. EiEssd : ik
EIE 25kV, €~ aEik 0015 pA) F7iORDO
e LT, REZOFRMPEZUBIL, ERORBHREK
RIGAIED D DR L THE L. ak, SROBAR
Ni PR MEV b7 — TV TR BRI b X
SIHBIRED L ERTERVDTCE—N—F v T 7 —
EWTHE L. BEEOME#BO Mo, Ni 02 ofF
#7732 Photo. 4 () WWRT X HICITE AL ISISHE—
ThHDH. —hH FAKTEERRE LT K54 p5X
LR EAFNT Photo. 4 (b) WiRT X 5, #HTE
FibAR I OTWS. £ LT Mn DEERREOE L
FEAERUTHEH Ni GBS »IELLoTWw5.
I Vo P75 —ACBALL BES, BARCES

100

80

ke | 38 =

(b) 43 min ofter pouring

Photo. 3. Macrostructure of samples.
WCIERIIRIE CH D72 72T, BRlLAx* + v 7D Ni &
B—ICRALTEY NiEZRLLID EEbh5.
T xt URSHRIARE IS i DT Bk SRds A 53 2o pliRhia
Photo. 4 (c)IZ7RT X 5 I, Mn [ZRIHTE(EAA <
HRDEL T EALFERTHE FRMBETETEVE
SSRREET < 7 oD PEITIALLEKREN D).
LTAHHMB NI LT, BRGOHS THE L o
IREELRIRCTH D2, HRGOESDOE — 4 - 2F v
= TBEbBE TNV r—v 100c/sec TEF v — b
BEDYID 200c/sec WHEATFTAZ v =L
7o 2 DRRGEADESE NI ORESER Y 0 E
V. DLEOBERIEF~ v 7o Ni SERLL THRIEREO
FUBLASMRA L7, RFEOBMEhc T CiIRERE LT
HHLTWd o, Tiabbiikas, ¥ 75N
?1|L3’LL/’U7"7‘L?SD«L. Ni tEATBERL, Ni »niEE
&ﬂﬁ@ﬁﬁﬁ%TLt%@& b5,

BDLEOEHERIYD, BB IBZRIBSHL LA
XOBHMEOBCRBRE L VWA I Tk, +TicE
WEDITIN 2 G AR BERBERTH 5 2 & MBEL M
VAR Y el
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Ni Ka Mn Aa
100C/sec 1006/sec

x200
(3/5)

N A Ni Kx, Mn Ka
200¢/seck— Ni Aa 200%secof— Ni #a 100¢/sec  — 100 ¢/sec

MM Ni
Ni

AP ol gt :yj bﬁ'w %

Mn

(a) Solidified ingot

(b) Sample : 40 sec after pouring

0 0O o

(c) Somple : ISmin after pouring

Photo. 4. Microstruzture and EPMA line scanning.
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Feivy, EEOETE &S ICREIRECRET 5. LL
T TS OEFBERSEAR O FEBMMEICERRT
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#, [Mel : [REEIRE, [Melo: REETTRUIBARE,

[O] : EekinEE, [Ol,: BEMIIRE
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ERESETTIVE, HAERORMBHRMEICELTH
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Table 5. Chemical composition of molten steel (9).

TTTrMe—— Elements -
T . : C Si Mn sol. Al (o)
Grade of steel TTTT——
Al killed steel 015 0-30 1-30 0-02 0-0055
Si killed steel 015 0-30 1-30 — 0-0070

Table 6. Calculated value of parameter, R-x/D.

I ! : !
Cnea | BRG] @ | aow @ -az) (f{5T40002;>i o acie  Otver | Ofo) | Rex/D
seel 0 [ ALOy | 002 |o-0oss | 90, | 676, { Yios | 1%100m| 109 | 205 | sie
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Fig. 10. Schematic representation of movement
of radio-isotope.
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Fig. 11. A solidification process.
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Fig. 12. Relation between convection velocity and depth at each trial time.
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Table 7. Initial conditions.

Initial conditions A B (84
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Fig. 22. Vertical solidification along the axis of
the ingot.
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