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Effect of Stirring of the Liquid Phase on the Formation of CO
Blowholes and Macrosegregation during Solidification of Iron

Kazumi MORI, Tadashi HIRAIWA, and Hiroyuki NOMURA

Synopsis: .

Two series of experimental studies have been made of uni-directional solidification of iron for the varia-
tion of intensity of CO formation at the solidification velocity of 5 mm/min: one was solidification from
inductively stirred melts, and the other from quiescent melts. In the latter case a molybdenum tube was
used as the susceptor of high frequency induction.

The transitional concentration range for the formation of elongated blowholes was unaffected by the
stirring and was found to be [%Q];;=0.003~0.004 ([%C].=0.11~0.13) to [%0O]+,4=0.010~0.011
([%C]r=0.14~0.17).

Elongated blowholes observed in the solidified specimens were classified into three types: cylindrical,
beads-like, and discrete beads-tike. It was found that the formation of blowholes was unaffected by the
stirring.

In the case of solidification without CO formation, the effective distribution coefficient £* for quiescent
melts was nearly equal to one, whereas in the presence of stirring it was 0.90~0.95. 1In contrast to this,
in the case of solidification with the formation of CO, the stirring produced no detectable effect on A*.
With the onset of CO blowhole formation, &* was lowered rapidly. With further increase of CO forma-
tion, &* decreased slowly and tended to approach a constant value.

It is shown that the present data give a reasonable explanation to macrosegregation occurring during
solidification of a riming steel.
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Fig. 1. Experimental apparatus.
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Table 1. Chemical composition of iron used in
the experiment.

Composition (%)
No.
C Si Mn P S O
1 0.016 | <0.01] <0.01! 0.004 | 0.006 | 0.0026
2 0.005 | <0.01] <0.01| 0.004 | 0.004 | 0.0024
3 0.002 | <0.01| <0.01} 0.004 | 0.005 | 0.0042
ww— Alymina fube
Molybdenum tube
Aluming tube
Fig. 2. Construction of thermocouple.
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Table 2.
solidification of iron.

Experimental conditions for temperature measurement in uni-directional

,‘ Plug Speed of coil Location of | }
Run No.: [9Cl. | height | withdrawal | i.hcuuucuupit:“)h ”f“'; 00‘7 “”’> PSSO ‘2)
q ﬂ (mm) i] (mm/mln) H (mm) ] (SCC ( S€cC ,(mm/mln) ( /C
! \ i
2% | 0.10¢ @ 25 8 i 19 . 108 | 032 | 5 | 38
29 1 0.109 . 40 5 11 27 h 104 | 0.33 ﬂ 5 40
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(5) Temperature gradient
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Fig. 3. Cooling curves for quiescent and stirred
melts. Cooling conditions are described
in Table 2.
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Fig. 9. Comparison of the effective distribution
coefficient of phosphorus between qui-
escent and stirred melts. f=5mm/min.

K& kY & LTHEME EBHRIRO B 4% — B LTR L
DA Fig. 8, 9 TH5. RTRIELERC SV GEHE
B 20~40 mm DFFE PN TH b - E3h 5 B R R E5
TLEDEBZETELDTCRLTHS. Bhrbo2¥FDT
EAhhBb.

1) [%0],<0.003~0.004 i@ CO 4 ik
<, ESERENL, BB 1 THE,
BHROBESEET /X 0.90~0.95 TH 5.

2) BT OOIREN FiCDEL Lz b &, SET
CO PRI DX 1Tk, TnE & bitENFERK
WRIED U, TOHEIZORENEL LD E L LiIES
P E R oTW <.

3) [%0]1.>0.010~0.011 TIIESEREIROBE
ECXOF—ETHHH, k5=0.513 k=0.6 L/
A

4y Libd 5023 0.003~0.004 & 0.010~0.01!
OHOFHEASBBERTH D, TRETNTRERR I LR
DOESEEFRIRE (%01, [%Q}A,u MEFINL*

5) [%01.>[%O01:, TE@EE CO MERT 5 &
A5 TREDSERBECEBRE LN T s miHtoEE
g DL HAbhsue.

SFI, BERE OGOV T & 0 KILOERK
1KAE% #0925 L7-. Photo. | 13881184, Photo. 2 13
PPROBETHS. TnHORE Fig. 8 X U9k
LG LBRicHS. bbb, ESEREI~s o
DERSILVERTHHEHTH D, Fhepix CORE
DELIED L, BERE» S COKEMEMRL, HLic
AWK S B WIS IROGRIDTER IS X Stk
5%, ZIZTCTREVHERBII—ETHS. @A
W= oRIlodkic g 27 BELTWEW T &b
»b.

1. £ =

41 ERITILERBE

ARY ERU L SIEEEFTOREEZZE X, B
ERAERS S DEBEROEFES L VIEE L kOfHED
B BIPEK DT o7 WREEENE 5 mm/ min,
CIREXH 0.11% X L. FTOBENNK< CO 234
AR U WERIE O ERNC O W R IR O R E R
HEHONTHE L IFRT > K54 +CThd. iEF
¥ b7 4 FEOBEEEERIRROGEVE L=305, T, #
HOWEED L=355y [TH~NTETF/PI V.
OIRENEL L) HHERAREET S LERIKGD
MlChkEIhiz/hEWGILr~< 2 o PBERKILOER
KOIEHBHE O SD. ThIFFIHD Tl X S,
BHEOIR SR C IREEEDS DL D 0T w3 filic [l
B, BREXMTbh, FRESTRmTiBERrES
WoCRENEOWAREKPICER L, 2ok ERLR
CERET 2BELELLNADDOTHE. 2D HRE
WAL DR & 75 D72/ X WRILOERE d 12 HHED
LVWIBENL 165y, B0 D HHEE 145, ThHotr.

oo LTkdbhic L, d OfEzH, Sk
SAAEREBBOBERIRE, TbbESRERED TR
[%0]1¢,1 DWW TOFERTE ERE & HZT 5
FIERRTERY & Usiho FigE £ 7 vic CO JED
FHiEEBR LT NVMIL LS. Thbb>EFDOR

* Fig. 8 T [9607;,,, L9070 & BITRLTH B [96C], RER
CHHIBRBBONELZ 3 OTH S, CLORULEERBTBO
TREIFERCHBY 3 ZNFAOHEEAO CREDOES ) BHEH
TE BT st REH 6N hOI.

— 36 —

-



pomEREo CORILERS IV~ 7 v BN ICR XETHERORE 2957

&— —_— | &

(A) (B) Q) (D) (E)
[ %07, ~0.0022 0.0040 0.0062 0.0086 0.014
[%CJr~0.10 0.13 0.15 0.14 0.15

Photo. 1. Unetched longitudinal sections of iron specimens showing the formation of
blowholes for various oxygen concentrations in the bulk liquid iron.
Solidification from quiescent melt. f=5mm/min. (x2/3)
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Photo. 2. Unetched longitudinal sections of iron specimens showing the formation of
blowholes for various oxygen concentrations in the liquid iron. Solidifica-

tion from stirred melt. f=5mm/min. (x2/3)
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Table 3. Growth and detachment of bubbles leading to the formation of various

kinds of blowholes.

}

Mechanism of | (1) Growth of | (2) Bubble growth |  (3) Perindic (4) Continuons
bubble growth ! cylindrical | with partial dissolu- .  detachment of detachment
and detachment ; bubbles | tion into bulk liquid bubbles of bubbles
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Fig. 10. Relation between diameter of blowhole
and oxygen concentration.
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(4) B HEROOIRE»ESEBERIRED LRI%O0],«
ST 5.

SE(1)~(4) ORFLOEFREER % R~725%, Photo.
1, 2 bbb i ChboRILDERRIC HITOR

SR T W, Zhld, 22 TRRIEKRIEOREEY X
RT3 MEBBCEOBRERE LAEEE LW &%
TTLDTHD. Ik, BEROBEEZFERIIZL
i LB e BB oRERTHARERIZE I LN D
25, (1) T~z ERES X433 Th~ND L5
wigERTEoMEBEN CO KRRk D LD T—
B EEDOTLHTEIHAHT, RTDTILEKTIE
ORI AEN L EE LS FIREF LS.
Db R, EEEE, HLNE, BERROKILD
ARE I b — VT EFEE LTHROBIRRDE IR
RERRNZEETETHLEDTHD.
43 BEOBREEIE
Fig. 8, 9 C, PoEMFEMLEIFEMT KT LA
HOWRBE~OWEBEOKNZRTHDTHS.
[%O]L<[%O]t 1 TCO Q[QUEDFEEDEZWVWEZAT
, BB OBHE IO B &L TR S H
bh,%ﬁ%ﬁ%ﬁk*mogmw95f%0t.:h
VRIEA AR DRIRIC X B ERIEFROESMRIT I D DD
TH5H. ThiE2EF0 GELS © ERE O K> Hb
5. EESIERERMES P KRS R HARKR S &
7IRRET BB A ET X8, EDSEARE A4 sk,
N L BB ENEE U(cm/sec) ORAREZ RO TV 5
U<120cm/sec iCFWT k* 13 U L & B ICERRRY
TS LTV B, ZOERELOERTEREEE, HAkk
EEAERBROKMGLI»RVRIRD L THHBHDHH, L
7R d D& LTHETHIE, AR P OEL S EHRE
k$=0.90~0.95 12 EE S D U=32~16cm/sec iZHHY
THZEMb 5. TOREEXERBIBRE P ORE
LTEBELONTVWEDDE RUEEDETSHDT.
[20]1.> (%01, i<ie b ERE T CO Kinasnk
ENBXHTEDE M RBAKEDSTS. 2o LRBE
HU2 TR X S, CO KA pkic X 5 BRI
DIRMEEDRTHF~DZEEH L & Thic X % REHAEE O
OENMBBL A EREBLENIEIFTILLHBETE
. XHIT, RSV TRIOX S il X 218H
OEWES BT abb < 7 v EITIEAEROERICIZIT &
AEEBEINEWESLS LT LE. T L, Fig.
8, 9 TRLAL ST [%01.>[%01:,1 TIE F* 13K
AEOESRIC BRI N v E WS EBREESIT X 0 HiE
CENi-biTTh5.

ro/ &3 = 3y >
(%03 ¥l CO [iRLmkiE< sz X

BT 585, [%01.>[%01:,. Th k* x—EEIGE
Swews (Fig. 8, 9). ZHBBHRTHIBR~X ST
CO e X 201 LE Lic iR T 2 B E o MEALE
KIEROH B LE2EWRT S, BIELOEE LY OMFT
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| 61 &£ (1975) El4=

» U>120cm/sec ¢ k* Z—EflicZx o7, Zhit
BREIREABRE LA 2 2T%RLTWS. LiL~
JoETE B I TBIBEPRIERSTVWS. BELD
MR CREAROEESEBERFERC ST 2 EhoOWmH
BECEE LLLOTHLR, FHETCIIRBFEAEIC L
D7 F74 PRHAFEOROBEBRE T >TH
D, A DEIRIIRA SFERAERE D2 Tuwiv.
B BT HL LD X 5 BIEE OBRESEIIERD
Y & FEIEENC 175 v 7 o [RiTO % X < 8i8AY
5. ZRIEDOWTIRTTREBRTRRZBY CH D
PERY & FEAY AfgiRBEc FEgEc 3 < XA EH
L7 23T b, BEOHMIT,» h ORI X
HHLNTVBD ™. BT L AR RIS W oifH
LIEBEERE OG> b s o @it a2/ EBNETH
SWDIRTE, & B Vg E R R O BEE A Ak o st
T X D REEINZHG L ShitWwiaichy CREY
#Eo7c PESCHDIARMEERIN TV B4, Zh byt
NG RRCIXSOTEEMABBE VS UHTIHED
ESEOERNER YT 2TW5S. AR X 5y
& FEEEEIC 31T % < 7 o BT OB B k&0
BE ERARENEERE D OTWRWI EASLT, &
NEOEEMRBTH VTV AEBEIIMESEIC 515
TROERDEREIIBEH5DDTHD Lhbh 5.

5. % £

BO—FHHGEEEE LV, SSPNCEEREND D
5E L EROBEC DX GEERKED COARDEBX 225
A EBOM BT WO EORREY S,

(1) E8vx, CHIBE 0.10~0.129, HBEEE 5
mm/ min, FEEILFFHIC 5T 5 IBE R 38~40°C/ cm
DEMHTFTiR DTz

(2) ETRKQILD £ 5 BBE,  [%0):,=
0.003~0.004 ([%C],=0.11~0.13) & [9%O]¢,,=0.010
~0.011([%C1.=0.14~0.17) OCTH 5 & &5 b
Dfc. TOWMEDOEBREIREWC T 5 IR ORE T
D7z

(3) BERFCOAERMPEVERDT L F54 b
FElEEEE S X UVEIRKILER O RS & i /NGB
DB LGEXHFBRDOEE X VEF NI V. ZOERE
b LT L HgE S XTI b &5 7 v e H
WTI%OL 25t H U, ERECIZE—FHT HEIES
iz,

(4) [%01.>0%01;;1 THERT ZR/IIMAERE
., LR FRKI, By U THREGH I LU hE vtk
ECERAILC DT ONG. Zhit oW T o

Vg,

(53) CO REDHWEHAR, HEHHEYED B & EHHHE
FRECT 0.90~0.95 TH ., Wwdthkofditic X 5Bt
FHROEEHRPBO M RbR:.

(6) EERFIC CO KR T 5 IS Eh S BIRE
BRELSEDPT B, (%01 Bt s & —FHicik
3L ER I OBEEFROEHRIIESSERGEITITE
DR EEE B IIES v

(7) VaFRYABRBECKISZ 2 0EHsLV
KRIL DL DT L7

AWV B RSB LRI AR ORI X b ik
iz, FRMRETCHDRVFBERELTRL WKW
FIEERFM R SRR FSRIFHEF LR 5 E
BoERiOEKHOBTLELET.

i &=

R (HER) SILREEF v

Burns, BeecH®) O E FUbE, B s vCH
BROKHOREELE LD LD THS. = OREILTEE
DREE xf DOL x. DFHHS, WHSEILIEHEE & DI
HzHH L, thrsRiokEEZ L2063 4#E25. &
DEG DD C, OREIHEICCO LEHIcHdHD L
L, ¥ABEEEHD sc~x; OB ORI DWTIZE
JowERT 5. FCBEROBELY LIS EW
ZEPLODMHMOAREHEL, ZOORMAERKBOEH
DOEE | OFEMAFROBED LD SIE VO TRBDHEK
REDLTLEELL. 22T Burns LDEF %,
(1) C, ORI FEERR < F > Tfiltbh 5,

BRO(2) 1 =VIDg; &< D2ETEETHE,

B r OMESIND R ERE dL/dt L LTHE QR ST
ha.

dL _ (L—k)loreRTx, [ X
dt _50M0PBofK[%C]uLk‘+ (1= 2"1’]

[-0-s(-2)-0-0(-2)]

=K[%C].[%0]1L
T
ke, ko : C, O OFHFECFRE
O« FB55 15 B REA
D, : &gk D ODIEEFRE
Ore : IBERDEE
K : (Pco/[%C1[%O1) equit.
TR
R SUEER
Pp : [NES
ERiC, xp=4T/G=34.5/39=0.88(cm) (Fig.

Nad
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Table 2), 6;=106sec(Table 2), D,=2.0x10-5(cm?/
sec)1), k,=0.179, k,=0.0762, K=454(1773°C),
T=1773°K, 0pe=7.0g/cm3ZRALTHE LIzOH
Fig. 10 TH 5.
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