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On the Mechanisms of Alumina Cluster Formation in Molten Iron

Synopsis:

Hiroshi Oo1, Minoru SEKINE, and Goro Kasar

Aluminum deoxidation products of molten pure iron were investigated by scanning electron microscopy.

The results obtained are summarized as follows.

(1)  Well developed dendritic alumina inclusions were mainly observed on staitic iron bath, and arms
of those dendritic alumina tended to be cut off from stems.

(2) Deoxidation products from stirred bath were mainly consist of spherical alumina particles.

(3) The neck growth of alumina inclusions on the observation was successfully explained by the intro—

duction of the sintering theory of solid particles.

(Received Jan. 8, 1973)
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Fig. 1. Schematic representation of the

Tamman furnace of 22 kVA.
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® Table 1. Experimental conditions.
Analyses of samples*
. Temper- Al
h - p -
Telflto ®2t | Furnace He(alt{ 5;" ature | addition Atl’;‘zi c o Al
' 8 | deg.C) | (%) | P _
(%) (ppm) | sol (%) | insol(%)
1 sz’mé::nan 0.13 1600 1-0 Argon Not analized
2 10 1 600 06 0-018 150 0-24 —
3 In- 20 1 550 06 0-022 314 036 0-040
4 duction 20 1600 06 Air 0-016 252 0-28 0-038
5 f' ce. 20 1650 06 0-021 290 030 0-040
6 20 1750 1'0 0-016 330 0-82 0-041

* Taken 20 sec after the aluminum addition
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Photo. 1.

B,

Types of dendritic alumina in a stagnant iron bath deoxidized with Al of 1:0%

weight of the bath at 1600°C. Extracted in hot, 259 solution of chloric acid.

Magnification : X400x2/3

FRASE CIIT 2T 2.
EHIEEho Y 7 22 —wlUER TN L, XERE
i, XMA TG ORIEZ {17827

1. B B R

4-1 FLAsRs

ks im0 3 22 — IR T v 3 FRFIE T
T, KRESBHBHRT VI FE LTHEELTWS. #
Ak 7 v § FRZRERICIZ Photo. 1 (A), (B), (C) i
FTXOCMEOREDREC L >T3HECHITIZ
ERTES.

SO RO 7 v 2 F OS5 Fig. 2 R L.
Photo. | (A) BREx@MEIREy, BEREETrOX

[ X 2201 N J 0 o0
] e 375 Type
| XXX
LX_X_X_ ° A
° B
!
x c

Br~.

Fig. 2. Distribution of dendritic alumina on the
longitudinal section of small cast of heat
No 1.
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Optical image

Scanning electron images.
Etched in @ 5% solution of bromine in methanol.
I

Photo. 2.

Optical and scanning electron images of alumina clusters in an induction stirred

iron bath ; sampling 20 sec after Al addition at 1 600°C.

| 550°C 24, B | 650%C c 1 750°C
1
Photo. 3. Influence of temperatures on size and neck-growth of the constituent particles of

alumina clusters in induction-stirred iron baths ; sampling 20 sec after Al-deoxidation.
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Dendrites

Rod-like gluming
found in cluster

Photo. 4.

Alumina dendrites in an induction-stirred iron melt deoxidized with 0°69 Al at
1 600°C ; some of the dendrite-arms seem to be amputated.

A : macro-etched image, B : stereoscopic image, x40 G : optical image, X1 000 D : scanning clectron image, X3000 (5/6) "- ..

Photo. 5.

Alumina clusters in the surface layer of the top side of a 20 kg ingot poured
180 sec after the aluminum deoxidation in induction-stirred iron bath.

Table 2. Size distribution of the constituent particles of alumina clusters viewed with S. E. microscope.

\N\KRange () ! i Mean dia. (p)
~1°0 | 1:0~2°0 | 2:0~3-0 | 3-0~4-0 | 4:0~ . n
el I R S D A N
1550 (°C) 204 566 16-9 | 48 | 12 1-68 0-82 255
1 600 151 58-5 15-1 i 7-5 3-8 1-91 0-91 240
1650 3.9 70-5 E 17-6 l 5-9 2-1 1-99 095 241
1750 7.7 L s64 | 2005 77 7.7 2-11 111 180
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Fig. 3. Size distribution of the constituent
particles of alumina clusters in ingot
of heat No 2, observed with electron
microscope by means of two-stage
replicas. '
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Fig. 4. Relation between particle diameter and
ratio of neck to particle radius.

Table 3. Correlation between log (x/r) and log

2.
No. of de- | Regression | Correlation | Significant
termination | coefficient | coefficient level
16 —0-611 —0-893 0-19
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Electron back-scattering images and X-ray diffraction of dendritic alumina in a
stagnant iron bath (heat No 1), held for 30 min after aluminum addition at 1 600°C.
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Photo. 7.

Electron back-scattering imagcs and X—ray diffraction of alumina cluster in an

induction-stirred iron bath. NaCl detected is introduced from the paste.
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L
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Table 4. Combinations of the indices of Eq.(4).
Indices Gradient: log (x/r)vs
Mechanisms - 1og
log(271)
n m
Viscous flow 2 1 —0-500
E & C* 3 1 —0-666
Volume diffusion| 5 2 —0-600
Surface diffusion| 7 3 —0-571

* Evaporation and condensation.

DH—FHITH D5, MFsEt e T/ d L HER
BHPFLLKREL LY, EEBHOMREZERE LLTh
T bicvy & Kuczynsk®)? [ I TWnW 5.

Fig. 4 & Table 3 X b EUFEHROfEEX —0°611 T
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x : FEETEE (cm)
r B FEE (cm)
o @ FNEFOEHEEN (erg/cm?)

Dy 1 B\ DYRHREL (cm?/sec)

R : SfkEH (erg/mol-deg)
T : R
V:7iFDHFE (cm?/mol)

Ky WRF 0 BEEH0 #MENBIRC X b Rixd E
¢, 10 55 100 OFHEICH 5.

Kingery 510 13 & O BEASIRGIT R 2% BeinaiE =R
FIRRMCEE LTWa. HEEC X A EAREEOBE ST
DED2EDEFNIEZ LR TWS.
~ LN ETAERTFEADY > 2 L LCHERT5HES
TIn% Fig. 5 ODEFIWVARRLE. BEEHOL{TNh
DOERF OREFHLR ZHTFADOIRERE L ThiRoK
END X 5 KEMTIHELTS. ZOHEEGDLThoi®ky

g<2r

Mozel B

Meodel A

Fig. 5. Two models for initial stages of
sintering of spherical particles.

Foo=x2/27r THYH, Ki 11 40 BEZ L TW5.

E2RFREORANRY 2 E LTERTAEATT
h#% Fig. 5 OEFIBICR L. ERFARESRE
W VB X > TR REELTERT 5. Cofd
DLUThOEEREFE p=x2/4r THY, K113 80 »B5%
bhTws.

AERTHE LN EENEFHMEFEICX VR F0
BEHEFSIFERASEN Fig. 5 07V Bliay
THZ LB O2OT K, 12 80 R L.

BlE@E x & 7% (4) RICRALT Dy ZRDIFFERZ
Table 5 R 7.

SHEE LT, Ki=80, V=256cm3/mol

R=8"31x107 erg/mol-deg, o=10%erg/cm?,

t=20sec & L7-.

7oV T F QBRI OB E KR 2 BT & 1910 13k
¥, Table 6 It &®». 1600°C tkiy s Dv DfE
W 1079 55 10-1 oEFEIT S D, RIEEITE» H 27,

0V=5xtoexp(_l_%)

log Dy

oy

50 52 54
10%7 (°K™")

Fig. 6. Apparent diffusion coefficients vs.
reciprocal absolute temperature.

Table 5. Apparent diffusion coeflicients calculat-

ed from neck growth of alumina
spheres in contact at various temper-
atures.
Temp. (°C) D, (cm?/sec)

1550 | (5-243°0) x 10-12

1600 (1-44-0-9) x 10-1

1650 (2:14+0-8) x10-1

[ 750 (1:'14£0-9) x 10-10
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Table 6. Comparison of the Dy-expression.
. ‘. o
Researchers Atmiosphere Dy-expression Dy (itni /63600)0
135 000
H,+H,0, O, 2-5% 10 exp(— ) 4-4%10-12
RT
G. C. Kuczynskl ? dry H, 5x 1018 exp(—&(})“o,ﬂ) 7:2x10-9
225 000
M 18 —— . -9
Not considered 10 exp( RT ) 5-5x10
- 165 000
R. L. CoBLE " Not considered 107 exp (— RT ) 5:5x10-13
110 000
Authors In molten iron 5x 10 exp( RT ) 1-3x10-11

ZEH DB Dy 13 1600°C T 10-1 OF — 4 —Th
Y, FhR® Kuczynskl & CosBLE 33RO 7A-HOFEIC
b,

F7 1550~1750°C DEEL» 2 ERITH VT,
Dy ek XIETIREORE & F#A~FERE Fig. 6 TR
L7z .
log Dy & /T X WEMBEAREZTL, RFREROMHE
0 LB D FEHE T 2V ¥ —% kB &, 110kcal/
mol 235 bz, (RFEFREORFEEL T 2 v ¥ —13 Al
Tt 140 kcal/mol, O2- ‘¢iXx 230kcal/mol TH b,
EERTELNHEE AR DrhiiEWvwE AL Ih5.
5.2 4322 —-DEMRSIUBEARE

EEREFIHRMEBTr/I2 4 —2HETLZLITXD
FOLRBER SO RBOETERSDED X 5 TifEE
Ehs.

5:2.1 25 2% —DAERK _

AREERTHIGE Al BiRET 5 L H LB CTRBIEER 7 v
T FAELELTERL, T ORI RE CEIRT LTk
75 BAEMS A Hivie. BIRE Tl FER 4 i ia 2RIK 23
FHTH O/ FHEBIZ B VTS 7oV T F IR
H§ B M % AT S EMO BRI X 0 [k d 5 v ik i
MERIKIC TR T B A HND. TOfFFAVE Photo. 4 C
F XU Photo. 5D ZRENT V5. FEEEFEHNCITIBIEE
KEROERZED—& & L TEkG (Spherulite)® LM ix
NTHRRECEREREETIHERDDEINTED, &
EEBOTIVEFORHIIZCORBITHEYTELOTIER
wirBbhb.

DX ST FNFREBEERCERRTT S v
VEEP R b — o 2EH) I X 0T HFRES EREs
L, Fig. 7T RTERERTCITIRAE —2EETEHD
EHHND.

(2A1 + 30 == Al,05)

Spherical
Spherulitic |

) )\

(Brownian motion) ( Stokes collision)

SINTERING

( Cluster )

( Floatation &) /K

Separation

(Ampufc’rion of
arms

(Entrapped in ingot )

Fig. 7. Formation diagram of alumina clusters
in stirred iron bath.
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WD DR ESMT 5 2 21, Al #ihnfg 180sec 72T
BRAARLGHIC IR FIRb T okl & bbh
5.
AEERIFGEE 0°6~1'0% DIEHIKED Al T
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