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Large Undercooling due to Oxide Flux in Plain Carbon Steel
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Abstract

In this study, a new flux for achieving high undercooling in plain carbon steel was
developed. The flux made was by mixing of Al,O;, SiO, and CaO. Carbon steel weighing
100g, was inserted into an alumina crucible and covered with the flux, was melted and frozen
with a slow cooling rate. Then, it could be statically undercooled and the undercooling in the
carbon steel was changed with the flux composition. In this experiment, carbon steel was
cooled down to 232K by using the flux of 149§ A1,05-57%Si0,-29%Ca0. The microsegrega-
tion abruptly reduced to below the undercooling of around 50K resulting from the rapid
increase in partition coefficient, and the hardness profile in the plain carbon steel undercooled
till 213K was uniform according to a short period from the start to end of the solidification.
It is considered as a mechanism to obtain high undercooling that alumina inclusions are
eliminated from molten steel to the flux and that soluble oxygen in the molten steel is

decreased with reduced Si from SiO, in the flux.
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Fig. 1 13, 2 DIRWCRKAHA LI L SOEKRHThH 5, 2 0B EBMET VI FETHY, W
Z20mm TH 5, B REF O Z Table 1 WRT, RRMIZERL 3 mm OBRKRTHY,
HI70mm OE S ICYIlT L CEEHEAL, TOLRFRROY 7y 7 A TCH o7, REHOESR
130.1kg TH 3, MIEIE6.30Pt. Rn BB 2V, S0 F L EEO 7V 2 FBEMREE Ot
B % RPEMRE OB E 20X 22 LI TFTOHRE L, E/HEEEEZT LI FAV D

Table 1 Chemical composition of
| specimen used for the
experiment. (mass%)

2 C Si Mn P S
0.20  0.24 0.52  0.012 0.010

Al Cu Ni Cr

Jf/// 3 0.002  0.016  0.006  0.013
] 2 THoiREmVECEEL, 2201F%
4 AENBAREE TR T ENHRES &
S LT, TNIETELZRT201ES

K —ERETEHET LD TH S,
le > S O, F»1273K FRE £ TN
6 BLTHDro=y 7 AFOEEEC

205 B, 1833K £ THI#AL, #
DBETI0s HEFL 7288, B 2iFo
W LEEwes & B, §94 K/s OFETE

HU o ZORBHERET, 775y
7 ADSHO ISR L CEHER R E -

Fig. 1 Schematic illustration of a crucible which were THDFTEICEYD, DWTEEDT
c}?arged with rod shaped c-arbon st?el. M VML, WIEBE 75y 7R L
1: thermocouples, 2: protective tube, _ .
3: alumina cement, 4: flux, BEL, RS T7 7y 7 AREEE
5: alumina crucible, 6 : specimen. AlAAT X S WwFEEL T,

FTYRIA VEEB LU 7 0@
ERET2HEUTK TEEE2AS L, HESRETOISERZOEE,SZTER L,
SHLWHEELRC L 2 88BE~OBERHAET 2201, C, Si, Mn, Al ZIEE & UlogkET
TCEERT N VT — 7 EIRIFECHIE L, 0.1kg DM 2/ERIL, 2 DR D0.05kg 23R L LT
iz, BRGEEFHEILREEUCTH S,
7w 7 ARUTOLS R LUTEEI LTz, WTARATZTHETHWONE T ARTRO S DT
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HBIEDPBZNOT, BKEBRTIE, Z0oHEIN AR T ALO,, SIO, 2EXESEL, 1
W Ca0 A 7:ZRHR 79 7R, 20k CaO DRb Y7 hVERE, 7ih ) LEESE
DOEAEY Na,0, Li,0, MgO & 5121 B,0s #MMARZTRRT 7 v 7 A E Lice 7T v 7 A
FROBZFEDESTRELTCTIVEF 3D IC AN, BLIFCTMELL, 1773K T1.8ks f#
FLEObKELT, 20BBRLTHEEL T,

3. 759w IRIZEBHE

3.1 75w o XK

AlO, & Si0, 2 CaO 227275 v 7 AT, ALO, #14% & —F WXL T, Si0,, CaO DEE
HEEEMER L 20, BAE L CaO % & DB % Fig. 2 KR T, AN E(LT 5 Z LI
& o GBS R/ING0K, k232K £ TZEbL, 2 BOR DR UEBRTHON S IZIZE Uil E
PHEB LTz, —H, Ca0 %229% & —FI2 LT ALO,, Si0, DIREGHE LSz &0, BH
& E ALO, MR & OB % Fig. 3 R, B EIERCL > TEbS 2 EdFig.2 EELUT
L5, BESECKELHES DY, ESEEHET 28 A0 51 ALO, & Si0, D% EE 2
ZHBRNI LD, 2 I TFig 2 DBROFRMIEY 7 v 7 A0348 2 AR TH D, Fig. 3 DK
WRMSEZ A PERT 2, 2Z TRV 2% RER2ELRE GERT 5 2 L 03HskER AL
0, SO, BEUCaQ 7o v 7 ADHMARIZ14 157 1 29TH > 7z,
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Fig. 2 Change in undercooling of carbon Fig. 3 Change in undercooling of carbon

steel due to CaO content in the oxide steel due to AlLOs; content in the
flux of AL,O;-Si0,-CaO. oxide flux of ALO,-Si0,-CaO.

IRNYarYEDES KR, RESEETEAAZINTWS Z EPERTI3ERO—D2THS L
EZoNTWw5BEY, Table2 i3, Fig. 2, Fig. 3WHWRERED 7 7 v 7 A DWILIRE B L URlE
EHESNIZEES, mERPERBTROILERTH L, WINDT7 T v 7 A bERRSERIC
BE R AT 2 T TH S Z Lo, BEZEMED 7 7 v 7 A TEAHADL I L oSE RS
BERHODER L T 520,
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Table 2 Relationship among melting and softening temperatures of the flux
and undercooling in the oxide flux of Al,05-5i0,-CaO.

ALO,  SiO, CaO melting temp. K Softening temp. K Ave. AT, K

7 64 29 1567 1163 160
14 57 29 1591 1182 232
21 50 29 1631 1207 96
14 66 20 1557 1230 150
14 46 40 1604 1243 210

iz ALO; & Si0, DELIC CaO DA OB ENZ 727 5 v 7 AR FWT L EDBGE %
Table 3 KR T, @ ER—BOBE - BETESNIETH2,Ca0 DR b7 s )V EBH
ZWIE7T A Y REEE OB E vy TH REMITES L7z, ZOK & i ALO,;-Si0,-Ca0
TSy I AEDNES 0Tz, LBLTNVHVBIU TNV Y LESROBEHEMZ 75y 7
A, AlL,Qy-8i0,-CaQ 75 v 7 A X D % DB & UEVES RS T 5 KIS0 <,
T LUPEEMTZ W EDHEIIBRKEr Tz, BIEVMOHBILL 2 E8 4 2 2 L5k,
BHEHAR 2 RE T ERD 572, B,0; DHE1328K OBBE LB, ZOBBEREXT Iy 7 A%
AuZWBETHESNLZBEETHY, B0, BBSEORBCHTLMBRI/NEVEEZ 5,
- TLIBE OB IR RIS EE & 17z 14%A1L,0,-57%S5i0,-29%Ca0 7 5 v 7 A 2 THT
272,

Table 3 Chemical composition of the flux and undercooling.

flux composition undercooling
AlLO, Si0, Na,O Li,0 MgO B.0s K
50 10 40 — — - 46
58 14 — 28 — — 89
47 26 — — 27 - 97
56 14 — — - 30 28

3.2 BRERELUVT7IvIRE

B0 FEBA L EBERIC & - GESEIFZEL 72, Fig. 4 13, 2 DIZIEA L 23RO
EANTHY, BEZHBNOBREETH L, (@ EF—HOo 7oy 7BRTHY, HFFo7 o
vy 7 ORIV H LI D THD, (O BEEMOBREZDEEZDHESROIDTH S,

(@), (b) DFEH () DFEF & I < U FCHERBR U TR UL B s U ALO,—Si0,—Ca0
T I ARBOTENTNRERE-BELLERE Fig. b kLT, BlodEmiEogin s
EHWCEBTAIEDS, BT S v 7 A LBRBERORE L OBEMERLS L LI EEmS LT L
e D,

—7, BECERINT 27 5y 7 AEBDR VL EESE RN %D, FOFER% Fig. 6 KR,
WRTRLI T gD 7 I v 7 A8, DL CORSRALED Z L PR BNETHD,
ZOEUETIEERRKOBGELZHBETE L), ZRUTTRFOREICHAL CESE B L
T2oFig. 713, 77 v 7 A& E T T v 7 ATEPN T AFEORAIVEE T O & 0BfRT
Hb, 77y 7 ABEBMDPLVEER, FREREPEL R ONTESEEIRL DN L3N,
BHEFREVEbNLCoNE, FEEECEGR EKEREIEONSE, 2028, 7Iv 7
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Fig. 4 Shapes of melting specimens.
(a) 36cm?, (b) 133cm?, (¢) 172cm?.
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Fig.5 Surface area of the specimen vs. degree
of undercooling.
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4.1 FILIFOEE

3.IEITBRARLBELES L7 Ty 7 ARHEG, AlBORR - R OMGE C/IET AlE
LIEREBSRORE R Fig. 8 ORT, RBOBMEFRT 2 L &5 = VA THEBE-BE LS
O BT, KETCHBB—BEL O RKEEME L Tw 5, BITEHKTY AlHL R
BIELBBBT VI FENESLRD, FRRKEHEKTEHEREL M FOT VL FEIRETEH
KEDVBWLEFHEEINS, EUEMERENT ALEOHEINE & 6 IGESE RESRCEI Uiz, 72K
SERL-EEZ Al EDD R THLEREIEIIYaThE M, ZORBO 77 v 7 A E2FH L
75y 7 A ANEZ TSR LUEEYT 2 RS BGESES NI, IO L IikMkoRERY:
BZBEL THEREY s T2 EEU L S, REMTHLESELRD ZRERERD—DE, 7V
2FTHY, IOEEENEWE T T v IATHRET S W, REDEGHEFHHT L EFHF 2
BN, ERELT7 Ty 7 ARAOTHEZTRESOESERELFERTY, FerAl G&I3IE
LAYESE T, MESORERERZ TNV FRERTHE I EBR LT, ZOMITEERICY
L2 C, Si, Mn DIEICK Z BBV B S LIz, ZOFR%E Fig. 9 R d,
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Fig. 8 Effects of melting atmosphere and alumi- Fig. 9 Solute element vs. degree of undercoo-
num content on undercooling. ling in iron base binary alloy
O Mother steel melted under reducing
atmosphere.
A Mother steel melted in air.
A Specimen, which was melted in air, was
replaced by new flux.

4.2 T3y ARDEMZEL

Table 4 1&, 7 7 v 7 A OFFEIEFB & /NS WIBSE L K E 2B ENE o - L SOEREBD
759 I ADSHHETH B, 2 I THWIT 7 v 7 X 14%A1,0,-57%S10,-29%Ca0 K T H
B, BHENKELRBIONTTZ Ty 7 A9k MnO, FeO oML Tw 5, —7F, §kh
OfERE, Mn 2L, STEIMLE. 22 THWRETZ Iy 7 A0 Ca0/SI0, ETRT1 &Y
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NEWETHLZ s, BEAZ7THD, Mand7 5 v 7 AhD Si0, 2856 L T #idns Si
BT LD, TbBIEHFICERL Tw BB IIAEEER B E %Y, B R
LT ka0, BItah/z Si W% anEBEMh oS REEREI T2 2Lk, 7
SHFOERIFLIS NI LIRS ,% 2 TALO;- Si0,-Cal 7 7 v 7 A6 Si0, #Ev>7z ALO,-
CaO =R 7 7 v 7 A2 O THIESHIOER 2T o o030, 2D 7 7 v 7 A TR Lk o
T2 LW TIZDI Lo d Si0, DERENTZKEVWER SN, LB LT A U ROEEYIE
WHOFB BN 2O BITHETH Y, SBROBREBBLETH D,

Table 4 Change in the flux composition before and after experiments.

composition AlLO, Si0, Ca0 MnO FeO
before experiment 18.8 59.7 23.1 - —
AT= 3K 18.7 59.0 23.1 0.65 0.10
afterexperi
A T=230K 18.5 58.6 21.7 1.63 0.39

5. @A L ok

5.1 AIENERhG & RERE

AREERC L 2 HIAETIE, BSEINNSWE &, B OFWNHELHEY & BEEEL, s E
DOEENN & HZEHPN OIEE OB & BEE % BT %, Fig. 10(a), (b) i3, @A 12K £ 230K
OEEO IR TH %, FBE DS v (a) TREBBBRBOBHIINE L, SRR LA
SNAEHMAEALVEET 2, Lo L) DL I IGEHENKE L L HRRKE 2D EAERA
B SN R 5 REMOERERTEEPRENE TRD 2 2 L 3—RINCEEETD 57290,
SRS ORY & v TR EER D & BHEEHRE 2B HT 2 £1760K & 720, % ORE CEEKT
T2 ERET 2 LB ENL2K T EER 28, 230K TRZFOEEE CHEMNELZHLI &
HOBEPLIA LD, K& RSS2 HPREREIZEL 45, 85 RKERIBSE TIEEE
FAFIE L LTEHET 29 RN THRE 2 Eh s, KEBRH20K $ TS T LI LITE-
T, WM SEEMERE ¢ SR LIzt Ao h, O EHI b af s OE SN E
UhholzkEzohsb,

1900 1900
o N AT=230K
~ 1800 ~ 1800}
= 1700 = 1700}

& &
° 1600 & 1600

1500 : : 1500l . .

0 100 200 300 0 100 200 300
Time / s Time / s

Fig. 10 Cooling curve of underccoled specimens.
(a) & T=12K, (b) A T=230K
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—F, BSEIU 7oA O BEERERR 3 B O X - THHIME T 243, & 285 H S MK
1L, SHWESENIKE 225 EHUHMMMES 2MERICH 2 2 EBFS N T 510, @5 E DR
BHERERAT Y FERREF A I —NVTEERLTELT Y F 74 Mk Rakiil#Z % Photo.
1IRART, 2N DFEHEI T RTI4T3K TRES Lo B EINNS WE X 3B LE TV R o4 ME
BEBrRh, SSEOMMEIXIZT Y F 74 MMMt L TREICTHER E 2D, & 51T 3SR
HRELOBEINEL RS, BERTBETA S LIBSEI/NS VL LSS SN TRERTH 5
DB EESOK A & IZHAME 2 fE R AN B S h B LT, IR OK X 3 ISR o L S
L RoTwd, 2O EBBESEOEINCEbR>T, RETIHMOBREFRENKE S LDZ
OEBFYT 2 ERRBRL TS, % 28 E230K OREHIEASRL 21265 TIRIZRLC
FRERTIE»SDH, FIRD LS WHELEMEIYIGEE L TRELZER S NS,

AT, K Dendrite Grain

31

123

230

—_
5 mm

Photo. 1 Dendrite and grain structures for differently undercooled specimens.

5.2 7 0fRN

WA EE OWEINZ & & 7> TEEEEATEA LY, I 7 afaRd 3212 2 enm s T b,
ISHREPEREZ T T2 EH LN B EERORRZEE % XMA CTHIE L 7GR % Fig. 11 12
T ZZTORRBHIITK TRAB Lz, WBEEDO/NSWHEIERER L ZEL TV FI74 Ml
BThH22, MBEPRKELRDZET VYN IA MRBRE RS, ZOEBEEBECHIE
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LT, BGEONSWEEREIREOBELHEAS N, BEENRKEL LS LIZIEY—nBEsS
ek, 7By Lz, BoNBESH»S CEREORAELE/MECH (2 70
RATEL) 2 & OBIR TR LD Fig. 12 TH 5, I 7 o miitb i@s E 53 120K 505 5
—EEERL TS,

1.0 1.6
=2 AT=45K -
2 0.8f =
§ Cr.4f
~ 0.6} - ’
0.4t =
g 31.2'
umZﬂJVV\Ahw =t
<o [+
0 ' ' 21.0f
0 100 200 300 400 o
Distance / um =
0;8 i ] i 1
1.0 0 50 100 150 200 250
’;0 ] AT=2I7K Degree of undercooling / K
\E 0.6k Fig. 12 Microsegregation ratio vs. degree of
- ¢ undercooling.
<04 S ORI & b7 S FEARRROE
0.2} 6%, Kurz 507> F 54 FBEE 7 L0
° MAAANSANVANY THRE LT, JEH U I B 2 KT L
00 10 200 300 400 HESEA T, RERDLIKEIND,
Distance / um AT=(T —T)Cy/H -weeer 1)
Fig.11 Carbon concentration profile in the 2, T K) i fsaRE, TE) iEEeE

carbon steels which were undercooled

gt WEIREE, C, (J/kg K) RLEC#, H (J/ke) 12
WETH B,

F 7 Z ORI U BB ERROZ00@EGEONE LTRENS,
AT =A Ty A Torb A Ty veeevveeessmeesims e (2)

2 ZTA T W EEER, A T SEEBEN®E, A T 72 P74 b REOERO G T
b, QROZNEFNOESERUTOL I CERENS,

AT, =Pelt) - exp (Pe(t)) « By (Pel(t)) e (3-1)
Pe(t) mV ¢ R/2@ wrreorreeerrratmttnuiettiiiiiitiiiiiiiiei ittt (3-2)
AT = mlCorCpe (A—1) /H  rrvrereeeesemmi s (4-1)
A= [1_ (1_1{) «Pe (C) 'exp(Pe(C)) 'E1 (Pe (C))] ................................. (4_2)

Pe (C) =V'R/2D ................................................................................. (4-3)
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ATrIZ/[U'Pe(t) ST (AL) ] vrreeerer e (5-1)
F(A) =&+ & (2a/ID) * AT worerereresmtesentneia et (5-2)
&:1_1/{1.{_1/(5.})6(02)} ............................................................ (5-3)
E=142k/[1—2k—{1-+14/(gePe(c)?) }] oo, (5-4)

Z 2T Pelt), Pele) 3ZNZFNEERY VEL, BERI VE, E, 3BESHBEERE, V GEEHE,
RIETYRI4 b OmERE, a WEEIREEE, D XBEELEAE, Co WVHREE, m Bk
DEE, ¢ BEEEH, k XHERETH 5,

ESWAEMRE kK ZRDO LI cEsh 3,

k:{1{0+(aOV/D) }/{1+(aoV/D)} ............................................................ (6)
I I T ko BPETSEMRE, a, WEBTH Y, EFHEEHOL - BHVSN 5,
IITHEELVERZVEEZ D) ~O)RICEZ 2 2 L&D, B L SERER UK EHE

LOBMRERDB I ETES, P LI I TRENOBSE TRERKORERE & 742 2 &8 2{K
E Lo T2 TRETEER a 122+10-°m?/s, WHDOBEEIEMRE D 1310-*m?/s £10-°m?/s'®,
HEEL Cp 130.84 k]/kg-K'®, BUEEE H 13250 k]/kg'®, LEH o 131/ U)W, WEHEROME
% m 13— 70K/mass%'", FIHIMEE Co130.2mass%, FHoBIHRE k, 130,20 2wz, Bon
7S BRI & B E OBfR % Fig. 13 WR T, SEAEIIIEERENC X > TELT 543, REH
DOILEZ108~10°m?/s DN H U, S EH50~100K OE CHOEREZAHIC L ImJL 2k
%, ZOMEANE, FIERBELIZIZ U, UL LB RETiIs 7 o EmEL, &
BB YHEAOBSE 220 TEEL e &2 PRI E % 5,

5.3 BEEDH
FE2OKRESIGAS 2 RHB2EEE THIIL - SOMEBEEET 2 &, WA E»35K, 84
K, 131K OB OSSR E O/MA L RO CHRBENEZ D, €L TR 7294 b, 23—

L Op—————= 200
- e 131K 84 K
0.8} 180
- =18 =
E 0.6 D=10® m¥s 160
S04 = 140
- =
K 0.2 120f
0 L H ] I} ] [} ]
0 30 100 150 200 250 1000 5 10 15 20
Degree of undercooling / K Distance / mm
Fig. 13 Partition coefficient vs. degree of un- Fig. 14 Profiles of hardness for variously un-

dercooling. dercooled carbon steels.
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4 MEBTH BH, ZOHFICRE > TR BROLEESIMIES {, FLd i koTws, —
73, W E 213K TRZDREWEEIT R <0, HEefs 7254+, =54 MK
Lo TWwd, ZOZ EIEEGHIL TLEBENERMICEE S5 T Uiy e i, #Hikcr
B—ERETS ZERRL TV 2, % e DRWIERIC ML S — 54 Fao=—nEE s,
TxTA4 AT A ORI E OB L /N E o Ttz SUREIRTE /5
TOWESF % Fig. 14 1277 &, 5 EHNK, 131K TREBVEROL WEHE ORI THE S »
S EABEIU, BB T IREESE OB OBFE L IEIFRICTH %, 213K D@ T Ik
PETFL, EIEE—LHEARETRT. J0LI CHENCH—2ME 282 -0, BfE
DRESE LY, ZOWMGETARSEPERMTRERKRT T2 2 LB THDE, LA
BIAE BT, REKEVLEDICEFAICEROENS & 2 a08EETIE, MECR
B—iaitktele b,

6. & At

BEHITH > T b HIIGARE 2 IR T S UL, il 28 R BESE 2 55, RHF5EE,
EGSHN bR TR S 2 RE 2 HH RS HIT X 2 HIEOFEERA I TROBNTART S
E S FORSEFIAL, KESHFEREDNR 7 7y 7 A2 RWHL, 2he0.2%REHcH
BLT, UTOL > R 25,

(1) ALO;, SiO,, CaO ZTLHRT T v 7 AL, 0.2%REME MG S EDICENTHY, Bz
DFARLEED14 157 129D & /b K E LB E £ H Tz, 72 CaO Db D i Na,0, Li,0,
MgO 2 ZNFNHNTH BRI E & 2 2 LAk,

(2) iR Al BASEINT 2 LB EIED T2 2o, 07NV F937 5y 7 AN E
NDERELEGSENMEONDI EFZONL EMTO Mn 237 7 v 7 AP0 Si0, %:8IT
LTSI ZERL, FNSTOBER 2 EMS L 2L b BSEBIMCORBL LEZ N
720

(3) WAEOBINCE b THRBRBIIKRS D, H—2EEIMMERL, 27 oFTER
BTz,

(4) BEE2ERZ TCHALTH, BRCHEEIN I BAD OESGEORE L2, BEEH
HHERKESETRITH—LHEBERD, Kis L CHRBd G cBE 25T 35 &,
B o Tc, ERFRCE bR > THESFLRSEORECHBZIZ—HTH D
B, RHE—LHBTCRBRCHEEDIECDENKELI o7,
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