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Considerations on the Solidification and Macroscopic Segregation
of Large Steel Ingots and Castings

Koichi TasHIRO, Toru TODOROKI, and Shigeo KIMURA

Synopsis:

The solidification and macroscopic segregation of steel cast in chilled and sand moulds, were inve-
stigated. The growth of solidifying steel shell with the lapse of time was calculated under simplified
postulations, when steel was cast in moulds with the shape of infinite wide plate or long cylinder and
sphere. The longitudinal solidification rate of ingots and castings were measured by bar test method,
and compared with the calculated values.

Further, discussion was made on the relation between the rate of vertical or horizontal solidification
and the formation of macroscopic segregation, under consideration of inter-dendritic solidification.

The results obtained are as follows;

(1) The calculated results agree well with the measured results by bar test method.

(2) There exists close correlation of macroscopic segregation with condition of solidification and
thickness of solid-liquid coexisting zone in dendrite. In other words the macroscopic segregation is
induced by the upwards floating of light liquid metal enriched with solute in solidifying dendrite arms.

The easiness of floatation depends upon the direction of macroscopic solidification and also the width
of solid-liquid coexisting zone. On the other hand the width of solid-liquid coexisting zone is influ-
enced by the temperature gradient of solidification front and the temperature range of solidus and
The mutual relations of these factors are made clear.

(Received Nov. 27, 1971)
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Table 1. Symbols used and their values.

Symbols Values

T;---Liquidus temperature

T;---Solidus temperature

Ti---Temperature of solidification
front

T,---Surface temperature of solid
shell

d ---Thickness of solid shell

K ---Thermal conductivity of solid 25 keal/m-hr

steel
A ---Latent heat of molten steel 65 000 kcal/t
C ---Specific heat of solid steel | 165 kcal/t

p ---Specific gravity of solid steel 75

¢t ---Elapsed time from the begin-
ning of solidification
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Fig. 1. Schematic representation of temperature

distribution in the solid shell, when the
solidification starts perpendicular to the
surface of infinite wide plane (Enthalpy
of steel is disregarded).
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Schematic representation of temperature
distribution of solid shell at-the solidi-
fication of infinite long cylinder (En-
thalpy of steel at molten and solid state
is disregarded).
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Fig. 4. Schematic representation of change of

temperature distribution in solid shell
at the solidification of plate, when the
solidification proceeds from § to §+ 44.
In this case the linear temperature
gradient in the solid shell is postulated.
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Fig. 7. Relation between solid fraction and in-
verse solidification rate at the solidifica-
tion of plate, cylinder and sphere cast
in chilled mould.
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Table 2. The results of temperature measurement of mould and ingot.
. Temperature (°C)
Researcher Steel grade {‘sgiotht ; Ref.
g Inner wall of mould. Ingot surface t
C. ScHWARTZ Medium carbon steel | 5 t 800~-900 1 000~ 1 100 (16)
1. M. MACKENZIE, et al. ” 3t ‘ i:{lmmféom taner — (28)
V. N. SELtvANOV Rimmed steel 21t (29)
G. L. Nosov, et al. | 0-64% carbon steel | 7 ¢ | 700 900~ 1000 (30)
i At the beginming of
Okuso, et al. Low carbon steel | 6t 800 freezing; 1 260 31
) After 15min; ! 020
CRBDER L a bd/da L OBFEEL, Fig Table 3. Ingot size of 35t ingot.
7T SR 51T E ORI I
WRT. RBHTRO X 5 i BN RILERE ORTHEIT LV Mean diameter 1 442 mm
TE UK TBEEOEE IV T LN ZNIEE & E
REL52BLHLLN BOT, $90'4a T HH, Height 2196 mm
¥0 7all bTi3gEL2 A, 04~07 afffClimahii Taper 8 %

IR T5EEPOEMRLELD. i ak da/dt DA
#Fig. 8 1c/RT. [ PIXFR, CVEFEEO R,
SR OWTRLALDOTH H. REEERIRITEWY
T d B < RREIGR L, > 0EE RO ERAMBE L.
THITE LR OSEVE, BEOMER & &b ICEREHERE
VBT 5.

2-4 FRNOW|MBEBECDONT

2-4-1 £REFEREOMM L HFROIRESMITONT
SFRAOGRENGIRIC BT 2 HROIRE S Hids X O
WAEDOIREI DWW T2 D SHOXE»H 9, Th
LHIRY E L TTable 2R T. Zh b HEHRNE
LIMMEEORE & LTEhFh kX% 1000°C,
800°C L H{tETE . T/ MBREID AMEEMHEDIREE
ELT, KABRSWR-EERO LEBRICOVWTORKE
2 T D #EA%H 30min Ty 400°C, | hriT§9450
°C &L, SR AMOBEKHEL THrL I EnT L

Pi-Pt-Rh thermocouple Pt-Pt-Rh thermocouple

Sand

cast iron
Ry plug

Mould

- W

b} Measurement of ingot
surface temperature

(a) Measurement of
mould temperature

Fig. 9.

The method of setting of thermocouples
for the measurement of temperature
change during the solidification of 35t
steel ingot in the mould and at the
surface of ingot.

XFELTWSD. §H 3 Table 3 wWRTHEKLD3S t §f
WASNAHERLT, ZoBMoBmsohRiic, Fig. 9
CRT X S ABHRFE® 20 mm FOILEMED, THITEHR
LIMETOIRERER Y S V&AL, 004%C %
wRIC LCEBER o7 75 7T s LR
BOBSSBmEERL, 777 L HREOERMEIICIE
W0 O BABFAER L. SEREOEENER Y
SRR EICECEES 5D, RUBASZERLL
TR VOB L. SASREBORRIGIEAD
iz oW T bRBRICERORIR T2k, ZhbHDf]
B A Fig, 10 27 F. ARMBEEORER 2WT
RWEED T L EMEL L D EACCRERZRIT L
BRI SN TWVWEDT, FEQEWRTERRTICX
DS T SEEILFFERBHEE LA ThX b gEE
ROMBEMBEINRENETT5LE2505536hr
FC, BRIF—THEECRERD ELEEZEXTD XV
75U X HEMEK, EREDUL SICERT SRR
DETZ EHREAMICRD S & +40°CHET HLEND
D, ThE{Tid LA@mRshic X 5HAMEmMEREITGES
&, BERRIZS Y 5 ERKRMmBEIT TS 1000°C &
EZOHNB. Lo o CTHMEANSORERE (Ti=T1)
i 0-494C = LT 1500°C BETHE20, 4T 38
500°C L Z x5 5.

2-4-2 XREERAZARHEROMEREOFRIGR L

HEERORKE

M RO EERBIERICEIRO X 5P, b
L— 4 —3, iR, N—F 2 bEREELAOEESD

— 48 —



AW B L OCHHORER L </ P RIFOERICE T »EE

1487

1100 F ’ .
A Measured result by optical pyrometer
\

300}

o.
900 \‘%o‘ l
e X
el S
’." T 4‘\‘.:&\‘)‘ 351 ' |
” | \\‘:\\2‘/Ingof surface (a) \\ \ Time
- J cegmaGmeO==Os L, '*n::eo-~.o — N
£ 700 },—"'“P l o~ S~ Ingot surface({b)§’ 700~ O T ‘?°<15: |
~ 5 oK e XN o~ oo Y Xoew ~ N \’-‘ \ys"o 4
) g | Sre 0. tOmm ) Distance from * "N\ <0
>~ / / ) ~ ~wo . @ | Y S
=4 K Xy 93mm ¥ inner surfoce X M AT T
— s 7 ~ 3 S NN ~x
o) [ *igemm) of mould & N ISR N
) "/ o T~ AN RN
e 500+t / T e . 1 ] 8500 i >~ \\\\ h
QEJ L Iy - _-o-'—o"°"'°"‘°"°"°--0~~°--'°I04mm}Dis\‘ance g |\ 45’ \\ N
et el Ko s X 5k (8OmmM | from inner 1= ! ~ NN
el ‘o"/x surface of  ° l \ \ \\
H ,-'0//x bose % 159N \\
L N
3001f / 300 ‘ IR
o & N \,
/ The end of ! N
Vh solidification o=~
; ~~]
|
100 EE | | i | 100 ] |
0 a 8 12 6 /o 00 200  \300
. . (hr) Inner surface Quter surface
Time after pouring r of mould of mould

Transverse direction {mm)

(a) Temperature change of ingot surface, mould and base

Fig. 10.

L5, KBS EERIGE % oo 50T IVRERIEE, &
Bk, MESLEZHEEETT S EN—F 2 MEPRED
FIA LT K, EholFEE>ThEoDRIERE
BHBNIRNDT, KERTE LB EEZRAVE. ~N—
7 A MR AR A SRPR oD R B R S R T TSR ISR A L
FOEEHBEFICEE Y BMETHETS I EITXD
BEOETIRIRE NS Z LI/ bh, BEARIZR VT
EEEBROFHEEBTETCERVOT, GEEREDE
FREEOBECD CEROHEEE TS L5 CED
PEELRIELS V. LELIDOEID2WTIEELFR
BACd 505, TTIRED LEEBROBITCE
T, 30%EHDAEY FEREROES L—HTHI &
btz b LGREEREOEMEN 50% BETKS
E i@ E D, N—DIFLOTIEH LHFERT
x5H0LTHIE, N—7 A MER—ICFENREES
FEIE LD EEXTH IV

BT%AR G SO N — 7 2 MR X DEERIE
i L HEEOR T DN TRRS. Z ZCTRIEDORS &
LT, Bx0BsEfSARRRIC VW TR Lo
B g 2 R 5 C Lic X D S RO BREREE
MBHER &0k P RBEEERME TN, i
i OO RS ATER T -0 I EE e GRS < /i
ER) 2HELL, »pOTF- - +H5oREROD
DHBEVOT, T SOHEEREO KRR R SEgEZ

{b) Temperature change of mould

Temperature change of ingot surface, mould and base during solidification of 35t steel ingot.

AL BIREAOHEND D, 70t XITHMROEEL
DINZ VI ERIC KBRS SOBBEEC, AN
DR F 72 VI B0 B8 & RT3, R Mo BERENER
ENZHET B2 & THB. DTFhboZ LS
WTHEERORER TS 5.

Ne—F 2 DRI X B SAROMOERRE o FEC VS BRERFT
E O T, MR LHLBETADSEDERVEX
51z, Fig. 1l R LA 4 KEB|LT 15mm FOH
FE LU - #etl % 2205A s, T DIEN— D4 psERCE T
543 1kg BEOHTHLIIMI AR, TOREDN
TUE/S—VIpEH B & Elidievy. R N—2EORINE X
VIS S O RIE R SME D& & AR ZEF S TedIT, 175
HICERF AZREDY, BEELEEZBHSETTE?
fo. INLOEBFERO—HIE LT, HFROBENEEZITR

Surface of Lining for feeder head

molten steel

Feeder
head

The method of setting; guide pipe for
measurement of depth of vertical solidi-
fication by bar test method.

Fig. 11.
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]
A2 [oe]e] of
€ Measured data
e 677
¥ T[T T T T T T T T T e 50, 667
=
£ 1000
: ,/“/ 435 «—Calculated data
| 582
! Il 1 ] L
0 2 4 6 8 A0
Time after pouring (hr)
Comparison of the result of bar test

Fig. 12.
. with calculated vertical solidification
value in 35t forging ingot.

27z 35t SABEOMEERER &, G X SRk oL
AREOEITHIGT 5 LB MAEORER 2 Fig. 12 1T
ALz, TOXS5 UTHRIZELCHE & Ot G B dhig b
5, MREEORELIFHRE LT, 1) BEPMICE T
SER~DWENT X VRS B0 ERE DS 2BICIE © B EA,
1 GRESCHEGREDE < 7 B804y, i) s TR
FREVISHEHEIT X DR ICAGRE S R £ 508, —FHMEED
GeERRE D B> CTL 584y, iv) HMESRO%IDRE
BERTLAEHERL, AoBREOERREET S & &

DITHIRD 7 — /¢ — D FEAS IR S TR W R
2T B, v) BEBIICE W THFHOERIC X
DRUGEEEPRD T HES N TSNS, ZhbD
T DWT Fig 12 2% Lic LT 2, 3HREI&fTho
TH5.

T IBAEIROMER O <t vWTiE, —BE
EBEME D HOMERE & B Eh, BEMBICS Tk
DRBTELPENTETLTL 5. FHHRESICHITS
HEEl D% < ORBHED SRRV T LEREE A OB
&k, Fig. 13 RT. Zhi hgERBEY 1hr
ETRVTE & b ORIICLSEITESBERSEET 525,
ZOREM I VKRBT b OIS TRBLIEDS. 20T
ERESREIC VT, BERMY 1hr Y lwiks e
KB TEHROBEPEROTE RS R ELZ IS0 EEL
bhd. Fig. 13 oyt & hy OEEES> S, SABLEIRD
ﬁﬁwﬁomﬁﬁkbfm&ﬁﬁ%&na

t =18 41,b -+ (42)
DR EFRDFERBRR NN 25 AT 2B T 5 L 55 960
°Cn“ﬂﬁu71%%ﬁ@:a<Iwmca?ét%%
&R0 R EISE I 1 500—960=540°C 27z », Fig. 120
EROEAFRRCTTIAVEEL VX5, B XS5,

500
£ —
E x/
~ 300 —
E —
2 /
3]
-
5 -~
g
—

100

0’5 I 3 S
Time after pouring (hr)
Fig. 13. Relation between the time after poyring

and the height of solid shell in ingot
bottom at initial stage of solidification.

fote ElRp oD X ERSEAIE & FHELME D& R, HIRD T & H5w
x5, [EIRGE 0 EROMSHRRIER T g, Sl &
S EEEIE DN TEARRE S B X TV £2%0
BEEDEEAIMOFRGH & R v, E45 & @i
BEEBRIVZ L, SLICEBRIHRITILE L —iRiThis
DIEFT, REBY-VDOEEZAEL LO2THBHL
BB LT Fig. 12 o I & < ShRIBEIC N TR HE
ERZFDHZEEELSTHD. T DI E VR E S
BEARE BT LT AT 539 1000°C @ 3 & Tli[EHE
LHD L BEXTIVD, PO TERD Bk &5 <Hik
b X558 EE R INC T HoAEko Z#ic X v EREE
2 SROBENGESK . L LXORE, ERBol
EEHOMEELZ T 50T, FREHFO PP RER
fBxrnsE2ONS. SMEBELR,? S 6350 mm OF
SETHOBLEROIIERLLE L, CoMBIREY
LB ORI % Fig- 12 & (32) Kb kb Exh
i 4:35hr, 6'15hr Lie%. — B TEREERTAIEE T
500°C, EIFCTHY 960°C DiEEENHBEL, MEOD
3 AT =500+960/2=760°C % T &R RO R IREE 2%
LRETHE, GDRI V@)X 2E5.

Bos=6-Tr2 cevreirvrinann. - (43)
Zhi b re=069m X L TTHROEERM% kDS
& t;s=3"23hr L7 h, N—F R FEERC X B ERES 35
hrX YR 5 ERETRET LK. T
b EERD FHESROBMEEIC X VRESBET 5 L e w
LTWBEEZLNS. Ll HEE LT okERR
6°I1Shric b~ 5% & 2 I BREASET E VWL D, Zofbl
TEHBOBREXRTHIERSHNOZE,S i, HU5RE
KBWTHEOREERENRERELD>TLS. LHLH
BEE T - —0EERmb5 & LB, SEARMT
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KEMRE S XUSHHCBERL~ 7 rRFO4RICHE T 2E 1489

WBERIEBDE D KIS VWD T, FAHFSOERZED
HY, BMLMAFEORERK EEOTLS. Thbd
RO T & K 4T =500°C & L, MiEogER (32) itk
ATHEEDREES
tec_l3 276 PPN (44)
—HTTRRRLUICDINERO S A IMB D ¥
— 7 A MER»S, B OARE D RALE TRV T
WOTFHERE ren LRERHOBFBRR L LT 45 Rz
BTHD, MERPED LL—HLTVBDT, LD
FIETHR—IE@DR 2 o TERAEORET TR E L
TEEERTLE LT 5.
e B O NN C )
Fig. 12 i3 (DR Z AV, Ao LEE, i, K
EROE LT OWCEE LB ERE R 2 f5d L. Th
DT 5L, HRPRITIIN—-FT X bMEIZX 55
ERFHE 6°50br Xt L, FHE# S 6°67hr 27y, &
HfERDIZ ) BB EAE U TCH D, MEOATSIF
FEANTKY 150 mmfFEEF L Tvw 58, HRE o TH
W R oORERFMZEE L TChAESREER TV &V
Z5.
2:-4-3 AR ERIABLOGRENNEM & S EEORN
JEIR AR DEEE S (18) 1z Table 1 D& MEHIEZ LA
T5LAOREED
tep—27 gdo (46)
bmfwﬁﬁigéﬂﬁ$W®m%abrﬁ,ﬁ?&@
EbDTREWNNGERICIR S, A OREMIM TR
RIFER 2 A EOGFEX T Dlcv. L2 THRED
KEVWHIHEC b2 TUE)ROBEE RIS 5 2 L ixH
T H DD, A E AT OBREI O ERER
T Fig. 7253800k 51T, PO
ARORTELEAE—HTS. EBBEPLEL Lok

€
E
~ 500
3
5 -
5 300 o
£ v o
5 o o /
é o 0/
2, °//
£ (0[0] =
03 05 | 3
Time after pouring (hr)
Fig. 14. Relation between the thickness of solid

shell and time after pouring in flat
ingots.

FRATHUDRE BGOR L VENRWETHD. Lo
DTEBDOLMD T — 2 REHELOERBERAYIRV £ &
B TFig. 14 ITRT. ZORERH» S (46) ROFHE{ENF
IROETI ML DU EIRAIEE & X < - LT 5.
2-5 SHWMOBEEICDNT

2.-5-1 SHMOBRERT T 5 HBUEEHOEEST

ownwT

HOBRENIMRE OB S LR, HMIBE L
ORECEREET S Lk eFExbh, BHEON
HIRE L HWMORMIREL BT 50 LFEXLTIPS
5. LS D> TEHMOREREZ EICEIET S 2 &5
HMOBEEMES#% 2 5 LcIEFCEE L BEbh 5.

M GREINFC 35 1) D RPEHEY & SArh D IR ZE L2 E
L7ciEER & LT W. S, PELLN®®, CHVORINOFF 5200
HmENRD D, AiFE 06%C DREMTOVTEY 175
mm £, 500 mm gXOAMHHOIRELELEAIRL,
T;= 1490°C, To= 1410°C, T,= 1390°C %4EBT\
5. %%z 400 mm 1%, 800 mm £ X OEICOWTIE
A% 2br OEEIER & LT To= 1320~ 1400°C, 210
X 1800x 2400 mm DFFMIc N TREDIFEAHE 2hr
DERFER & LC To= 1300~ 1380°C offiz HTw
5.

#E5LD 015%C E@EFICOVT 250 mm £, 350
mmE S OHMT, FHRREMI Y 5 mm NEEOHLEAR
ROREE Fig. 15 o Z & < BIEBIA X 0 IGESTIER
Tl EN5iy 0min O TEHEELL T
1420°C % % 7z, T1=1520°C TH 5D T 4T=100"C
L b, AR W. S PELLiN DR L —F LT
5. L7eh3o TEHlOBRER O RS OIREE 213 #9100°C
LEEEINDSDT, LTOFETI 4T=100°C £ LT
EEREDD.

2:5:2 N—F R MEICX HHROMGEE D ERKE

R EFHEMED T

1 600

I 500 =

1 400 \\\\\\\\\\§°m"

1 300 NS5,
s%ﬁﬁ

Temperature (°C)

1 200
: Distance from the surface of stee! casting

A R

0 20 40 60

Time (min}

Fig. 15. Temperature change during solidifica-
tion of 0°152;,C steel casting after

pouring.
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PrINOBEIC IV T AR X i 5N (REE%E
AT PphE<Ixh, BEEERHE (T-Ts ES5<.
T CaEsrtims s s (-Ty) OfmELIERL, 54
CEDTR (Ti-T)>(T1-To) 755 & 41T, EE
BREBEER DI RS EMICRD Z LaFExns. L
DO THMOEEREICI3%  ORME SN FET B &
BT, & <ICKRBHEOGE IR b EER
DHILT X HENRECEHEOME L H 0, FOFIMAM
LV LoD TEhIic Y 2B oBE ik
DBRNEZEL DT, 22 THHEEEE L CRROES
ERFRIZ N — 7 2 MRIC X BIIER T2k, RERE
B 0 & FIHIGREE S 6 OG- OWTIE, &
DUDRKBENT D &2 T TIRELEPLE.
2(T1—=Ty

T)—T,

CORX D PRRTIRETIMELIc iz LT 4T (=
T1=Ty) P/ VOT, BEVEERERLREOIES T
ShD. ZOkdN—F 2 PEETREIBEOEREBRIE D8
BB ESZHICAEL RS, ThbbiN—F
2 PRI X DEERE2E U T D S X R AR T
72 U TRIED FIG5RER on 2T T DO THE0EIE
MBLERDHD. LPLIDOELO2VWTHLSDEZ Ak
MDD BEHBE . L2 T T oERM#EIE—f5/x— 7 2
hERIZ X DT U7 R T oW ERL S % b o T, Tk
FEl e L CERERED S,

TTIFEERD L7z X 515 { OILBIFH = PRk 05
COWTHRARE1500mm £Toyicwl, ~—F =
MEE XD BIE LU BESE TR foes &3 res D
R R DBSR3 B 5.

tecs=42-272“ (48)

L7ZBDOTUTIALORIERER & (32) =& 2 xtit
L, TOREWARFALTHSE. TTERNID 4T 25
HLTHBE 4T=92°C 9, FpRoSbinERc
BITH AT=100°C & M X K —FT5. Lizho<
FERBRSEMOBRER E LTUYREFIPF L Th kA E
HMERED IR EWVWHD LWL B.

Ik —flL LT EHE 520 mm, TEi#E 400 mm, &
1550 mm QHREEABED v — 7 =2 b 3EIT X B 4EEE 0l
sEfl% Fig. 16 1Z7RT25, Zhiz(8) R & hskd-sE
fExHic Lz coHAD{LER ST 0:329%C, 0-269,
$i,0°57%Mn, 0°013% P,0:008% ST 5. @2 5L
P T & S ERIE L FHEE & ORBE T BN S, —
JEE R 2 L O THERDHOGER :EXTH v

WIEHRRBHEOEREZRF L TH 5. HRoOBE > ERE
HEIE T 5Bk X 68 5% 5. ool

1=

NN C YD)

Calculoted value from
equation (48)

Time ofter pouring (hr)

Fig. 16. Relation between result of bar test and

calculated value of 2t ingot cast in
sand mould.

EEERWEARE L LI E o RIER ST, &
OB TEEDORE L VRETIBIRL D, EER
BlEE 55 LREETHS. 2 CRIGELR =T
Z MR XD AER A ST U C R ENAIE & T o kbR
XD, —CROBE®H#EEL THS. LTGRO 2t
RSB TEER 2 BHAERR & Ak U, MEIEREOEE]
DEREOITTHS.

Fig. 16 QEEHK LD, THhE BB & EIREHE
HAESARERS  — R ERILLIEED 22Lpi), ©
NENEARRE L L BEIET o> TH 5. 37 R
4T =100°C & Table 1 OZHH(EEZAND &, FRRPE
OEFEFTRELTUDRZES.

Lors =207 P2 gernreerseremraesannranieanennninnsesses (49)

Zhiz Fig. 16 O TERGH b #B 4 LB 23k & A7
L7248 00 1lm 2R AT B L, tes=0"25hr r7c 5.
—75 T OME I B DR E O EEIENITE 0°36hr T
500, HEMBLEAHEOLIIHI4fELEKLD. 5
TS 2L 2k E & A, BBVEXLN
0°28m DArFEZ L& LAEN 02m QRFR & &g
BB5DT, ZTOFEREREM tes 1359 0°83hr TH D,

E so00

— o

3 ///

5 300 —

o

5 =

5 e

[ /

o

=

2 100 L~

}_—

) | 3 5 10 20
Time after pouring (hr)
Fig. 17. Relation between the thickness of solid

shell and the time after pouring in
flat sand mould.
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Table 4. Comparison of calculated data with measured results at the solidification of
steel ingots or castings.
Mould Solidification equations calculated and results Solidification time ratio
measured by bar test method of calculated results (¥¥%*)
- Measured
kMaterlal Shape Calculated results results a b c
A 1 1 C-4AT
Flat teon= g 4726 A_Jd%m=278d%m - 1'0 | 3:60 | 10
1 C- AT
Cylindrical | teem= 7 - +2 . ‘A)’?cm =13 4r%,, 12-7 r%,, | 0-48 1-74 0-48
Ingot 6 36 A
. 1 13  C-4T
Spherical tesm= 7 (1_2 +m : _A'—)"zsm =7"72r%,, — 0-28 1-0 0-28
Remarks 4T=500°C | Flac=1 Sph=1 | "
A 1 1 C-4T
Flat fgm:E.—Zi?(l—z—}-g . 1 >d203=105-8d203 104 d2; 10 510 3-84
Lo 1 5 C-4T
Sand* Cylindrical | t,55= 7 3 + 36 4 Tes=39" 5r2, 42 72, 0-37 1:'91 1-42
. /1 13 C-4T
Spherical boss= kﬁ—l-m . T)’zss=20'7 12 — 0-20 10 0-95
Remarks 4T =100°C | Fla=1[sph.=1 |
d.p d '
Flat zg,,5=K—'A”7~% =975 d2,, — 10 3-0 3-55
L 7t
Sandws Cylindrical | tys= # - f: =488 2, — 0-50 1-5 1-75
2
Spherical | tyo= 7 .%§ =325 r2g — 033 | 10 1-17
Remarks 4T =100°C | Pa=1]|sph=1] _—

% Solidificatioa of steel casting calculated from equation (18), (32), (37).
** Solidification of steel casting calculated from equation (3-b), (8), (13).

#*x In every casé do=ry=7; is presupposed.

— 5 CORE I BT S ERFERE 1'38hr iroTx
D, MEDHIXN 1°66 f5TH5. LEDF— 205 1
o EEZEZET L, (49 R —[SELAC i
BT LEHROBFEREZEDLLT VWD LEEILTLHIIFEKRE
RTINS,

S BT EROEHHEO EAIE & §HEE & oxtibic >
WTHRE L TA S, EH OBTROAKTER S O FHREE
SOAEE X OGO RE /N —7 2 bEICX DERIL
FokER A Fig 17 iR L. M ESIZA8) R 4T =
100°C & Table 1 OEIEZRALIHHMES 4, &
ERETE TR tecp & DBIRIATRD (50) HTERbI N
5.

toep=105"8dg@ oo
ZOFHEME L EREIR X< —FE LT,
2.6 MBIUHFMOBENHE RABROREE

N—F 2 MECX ZEEROEXEIZECE, oL

RG]

{GEZESREPFET 556, TORMECSLORMER
HEZLREBEETEEV. Ll ol {48k X
ORI D 4R, PR X ORIE OBREliC oW T EHE(E &
N—=F X MEC X HEPFERES L U TRE Lz, ™
BERPBDIL—HLTWS. ZhOoHEHE —F
2 MEOFER AR L T Table 4 WiRT.
§ELORDIEROVEMEOEER 2 CHVORI-
NOFFBODR, Z=356d* LHIRT 5L KELIESHS.
CHVORINOFF?)> WLODAWERZDIZ X %5  Modulus(V/S)
KX DR LAE EDOTR, Mtk X URogERHE LT
29:225: 1 THhHOIKHL, YWEROFHN TS
BEZERLCGE 3:1°5:1 Ligh, Ikg#HEL
ZELTD 51:1°9:1 THy, HEMICrRIAREK

FEERSD. LI 2T IR LOHERIC O WTIZS 18

REHEZEAER, BRITETLEILESH B,
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® o578 (197]) 9=

3. MBEOHFMELZIZI0RERE
HEZRGEOBEE

PP HMIT DWT S B £ TS < OIS EN
Eh, TOBERBERINTWEDTHD TEOEME
T DETHEDIRV. —RITHEOBITICoOVWTIX
v oIS RIT E, Wb b v s oRiTicaibhd
P, v RS RERITICOWCE, FoFERLEE S
o {RITOREEIBBETENE RO T LHPTE 2D &
Wi B

72 o R/ITH 5 VRS RITO KRN T 5F 25D
ERZ LT HORENRTTH Y, ARKOREL LT
WELBHMOZFELE WS & EITEERRIICV. Ll
R T EHOARTBER L SO BIERD VIRITOKE
WRFEHED Y, ThoDEXFoHEEELTIDEL
T, PRERISEERETORE, WT2b &L THER
SRS L, BEBRICAC S ELIBHSBH L O
BEODITELETDHEEZDIFLEAD 2 DI AFIEh
H5EVEE. WTNORBIELVWHIRSEETDEZ S
HEER SIS DT WD T Wit WA, S8 5130
Rt A IRAHNCEET 2 DD TR VDS, —ARDHD%R
FEEfEgk L Binh, BRI T Y K54 MOTRIETE
Bl /D, ThaEBE LTS OIGREHLE L
LELEL TELBHOZ EEHREEL, zhiviEso
v R RITSAEREINBE DD EEZLTEY, Thitk D
TR = O e IS RITSE LB D EE XD, L
B D TLU TR BT AE U 2 AR, VIEiT, K5
FURIT IR EDER < 7 0 BITICOWT, TO@ELH,
FHCERERERE LB ELE BB & B & & TR E 3 & Ut
BEENT T C, TROOBEIELER L CLD.

3.1 ERBIVHAOHEBEEELARITOREMNB(=D
T

S AREERPRO SR OUMTIHERE» S, AR
DFEESLIE L MOILERS, & <IKCE L OBENRLL
T, CEPMINT 5 & ARFTLKE IO R )5S
{fEHm»dH 5. LR = DT L BT EER X <

Table 5.

5L, ARWMOFBETRELEE»LES Y, g
HESBH B TIC b & HRLEL k5.
AR D A E A I B VT 54 LB D BEE B
(39), WORELOTERbEINDH, FiHDEXNiE(38)
RNTERbEN%. T/ Fig. 7H85vwk Fig. 8 »53C
NODOBMRIIA S CHREBTAETH D, LB >TEE
O FRTMABR D A RITFAELE ZAIE L, TORERR
ARY 3 5 R E R & AR R — G ELREALE WG L,
CRELOBMEE kDB E Table 5 0 <es. Xb
WG & @NROBREEBFEOIE 6 L OBFRERD,
Table 5Bt L 7=

IS LEMOBRE TS VT ARITSRE Uiy
DORRTOREZEBEOEIIFY dom LEESH D 4
STNEREEREOENE 4om I0ET D & AR
RELEDE DD EVZSE. TOARTOREEIERE
TO gk ERE don/dt & CREOBR% ke, Table
SihkEL L7z, ¥7zzh% Fig. 18 itiRd. BTk
BELEEE ARITRAED EXEESHE L4051, LWTAR
¥igko U.CL. oBEHTERT.

WICIPEI MR T4 T B ARAT O FELEAE T DV THE

m/hr
0’18 |—

A - segregation stops —7" —
to form

e

Ol14 7

>
/ segreqation occurs |
o110 \ :

= UCL=0174 (C%)+ 0025

U.CL of A-segregation formation

006

02 04 06 08

C %
Relation between carbon content and
U.C.L. of A-segregation formation

(U.C.L.=Upper Critical Limit of
Solidification Rate).

Fig. 18.

Relation between carbon content and initial position of A-segregation, thickness

of solid-liquid coexisting zone and mean solidification rate.

Carbon content (%)

o2 |03 | o4 06 | 09

Initial position of V- segregation ( mm) *

300 250 185 140 | 100

Thickness of solid-liquid coexisting zone ( mm)**

36 40 37 39 | 40

Mean solidification rate (m/hr)

0-182

0-061{ 0-073 ° 0-099 | 0-128

* These values are calculated in terms of solidification of plate

**  Calculated from equation (47)
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(a) Longi tudinal section

. (b) Transverse section at 400mm height from the bottom

Photo. 1. Sulfer print of 3°5t steel casting.

S LTH%. Photo. | iz 0°29%C 03l (EHER
: 860 mm, & : 900 mm) DIFETE & HEFED ¥ v 7
7~F) 2 bERTHES, ZOHROPREI I VT
EHEX D 60mm DAIED HARFHBFEL TV S.

BREROEE Ut <, REEEEBOHE
FERUNBNI AL THEHATE L2 E S PEMOEDH S
2, ZORP—[50°29%C oFMcI@EETES LT
SE4 5 L, 4T=100°C, T)—T;=30°C , 5, =0-06mp»
50;=0036m Lich, LMD 60 & —FT B T
DRE T O FHNREEE don/dt 13 (15) 225 0°079m

I o £
1oool f
3
—~ 800} f
£ va
E <
600}
£
= h
@ 400r;
5 1
S 200t
Lo |
o— !
(@] o (@]
& Mg
(@] (@] (@]

C. Mn. Mo (%)

Fig. 19. Chemical analysis at the bottom
of 94t ingot.

Photo. 2. Macrostructure at the bottom of 94t
ingot. '
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Photo. 3. Macrostructure at the ingot base of 26t vacuum cast steel.

/br iy, MEREROTNL T 5N, BERE
MornX hek&ikfiLiz>TW5%. EXKBEDR
S TIE, REA 519 250 mm BIPNE A RIS < 7H
KLTWS. ZOXSCEREEREXLSSEBELUTCRS
EARITBHEELTL 50T, ZOEER TR EE
&L, LCL. oz, Zhikdsd e 00019m/
hr L73%. ERZOMED 6 & 0015m k725,

e B &BMMMIT BT 5 ARITFEED L.CL. & badod
SBRMOENLOEEERATES & ThHiE, 002%C D
EMC R T BEREEZBETHE 6n=1"2m /gD,
FRAAMOMBECRERE 10m E<ObDEALDHDT,
ERMBETIREZ D v,

3-2 SERBIUHBORBELMARORENT DB
2T

3-2:1 SHRKIROERE & HmHT

EFSAREEREM t B0 EHAC ST 5C,
Mn, Mo ORSZE(LE =2 viifix T Fh Fig. 192
Photo. 2 IZ7"3. ZOHEEORMKS T 0°249%C,0°30
9Si, 0°379%Mn, 0°007P, 0-007% S, 3'439Ni,
0-359,Cr, 0-439,Mo, 0°10%V TH 5. SFHEOEEREL
E# 120 mm TRISFECOFBRG 2R, Thlillk
Hh b L RECERSOBD, TibbaARTRZERL

Tk, —F= 7 elliBichsuvwTdb Lo EZDRE
SRR & D ROR R Z b LT B. Tibh
B ZOMNE» LBEMOBLIROF L IEE 5 &5 2
S d. F7- Photo. 34T 0°3929,C D REHD26 t B
B A BRI I HEESIB D EREU D < & o Mz R
A5, FEAR TR AR SRR EMIC L L,
BFEMEZRTAERY 80mm TH5. x5z 0:3%C
DMMFAE T, GRITORIEEIE LKA S 100
mmTH5Z LEMHRLTWS.

BLEDFE R AR OBIIAME L HBEE S » 5 CE
25 0°25~0°4% DOHFPATIE 80~120mm Th 5 & {5
END. WEHHEEOR(G) » S ELEOR LA IEE B
UCL. #kdDTHmBE, dh/dt=1(36"8 Xh) iT hy & L
T 008 & 012 ZXAT 3B &L hFHE 0:23m/hr,
0'34m/hr L7 3. OB IR TREEBRD
Ex 6 ix@NRIC 6,=008, 0°12, =#- 4T=960°C
EFRATSELNETN 85mm & 10mm T/ 5.

WICEBOBEIDODWITHE 2 TH5. Fig. 20 & Photo.
412 0°27%C SHFHOERBANZF I RS ZELE <2 0
MR Lich, ARETEBNE SES XL 20mm
DETADY, PHILWOFRER L IZIE—FHLTWD.
KB ZOHEFTFHEREOBOEE LD, HEDE
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40 i
%
—~ 30} /3‘
€ M
£ A\
+ 20 Qz\o
° % B
L C:,( S
10 I
X 0
]
0

10 __ 20 30
cx10% sx10°%

Fig. 20. Chemical analysis of C & S at the
bottom of steel casting.

10mm

Photo. 4. Macrostructure at the bottom of steel
casting.

FR7c{E L v 2 v, —fE 20mm & T (50) R
B déjdt=1/(212dp) &7 v, 6=002 X4 do/dt=
0:237m/hr, ¥7z 6 13 12mm k7D, WE L DM
DFE ERFEL .

WFRIC LT ABERIC KI5 ARINERDOEE &R
Bric, fEEICRVTHER, MR L SELROE B
4% % UCL BHEETLHI D LELLNRD.

LA LA X B OEIKFE D HOEE & mit o
BRIZ W78, WICHHBRE RO BB 0 22 R
LT, TOEMTMOEESMICE T ERSELEZS

: (Axis of ingot)

hp: max. height of columnar crystal zone or
max, height of non-inverse-segregated zone

Fig. 21. Schematic representation of the mode
of solidification at inclined plane in

ingot base.
N
\\

.._..\.E 03 <
Q ~
£
o [eN
c§ 02 ~>
23 T~
5 =~
o Lo ~J
o = M~
=3 0 ~
«—
° 3
PR =4
4.2
O p -
38 o0

(0] 20 40 60 80 90°

The angle of inclination (g)

Fig. 22. Relation between the angle of inclina-
tion and the U.C.L. of floatation of
melt enriched with solute.

o OBERERTEF CEHET AR L. © ORI
Photo. 3> 51 AL & 5T, {EFATIIRFEmMITI
8 LB ROk & 2 & D I FE IR SRR 2> SRR SRR iC 2L
TEHEFTOREIBME, FH120mm Lo TkH, &
RS BARNCECBMED @EZhE—FHL T
5. chX ) EMEMECENA B2 40° OB AICEIL
MR L wBItsd 5 U.CL. 13 Fig. 2l ©0Z &<, 80
E X ESHmOEX TR CT/AI VIR EEER &% 2
CHXLOPZIERVDT, 4T7=960°C, §=0"12m -
FTRHIE dd/dt=0°226m /hr, §;=10mm %#{E5. LA
2T 04%C ofEHRICL T L UCL. oBkz
ks & Fig. 22 o Z & <y, MEMICOEOMICE
HEAEBARNT B EELT IV, BT E=01E
ok EEoO U.CL, g=90° FHEEII I TS ARIT
#rko UCL. Th5.

ZOBBRE DV AFEIPLOBILKROELERES TH D
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SFAC. , C.0.
2h30mm
1h30mm 3hISmmiSh20mm  2hiSmm 30mm

T
[}
L}
!
i
]
'

&

(a) Solidification front of 30" forging
ingot measured by R.I. method™

forging ingot

Fig. 23.
'large forging ingot.

2, SREMPLOF EREHETHH I LEZIRLTVS.
CEREMNE» SDR LR OEMECE LT, mEDOR
MHEZ & 5 Z & 25hh 5.

3-2.2 MO RELERIC T BERE & RIT

SABLOOERE L RIT I D2WTIRTTIRBR T E L, E
g S Lo o THES MO BREFE T — R T 5
3, R TTEEROWKSIROEE I X VFUILES
N, EEEROEBREICBTTS. ZOEEES VDD SIL
B &b TW B RS T, ROSWICHEL»ITERIT
B&Ard. Fig. 23 RI 2FfF LA 4. Kouno®
@ 30t BRI R SEEFREOBEIERR, KHoTICT
Lt Comon 59, GroMmer 510 RI jH|ERER &KHE
SIDDEHERE R & D LTS AR RO %R E AR
ZERNCTRT. Therb LT E L, HRET
BWTHEICHMLODOLOER S LTEX2DIETET,
[ ERURME 2 [ W Cra el ek ELXER Shb. ¥k
Fig. 12 7R U7t El oo iRl R & RT3 HR
BOHEZ»5bos 5 X 51, BEDBYILIETITITE
P HOELRDOF LT X 2BRERBBEORLS, BTG
DIRIB, BBV TTITREZZ T LSBT EH~D
WE OB EbEIT X b, BEsinMmRMAE: LTE
I X OskdAEX 0BIE LTV, E7-EEAEIM
BT USFRARTORH L, BHETRVIRIKZEL,
T EERSIEESIGEV EER D OFRE LT
w5, —HAToERREIESVWTIX Fig. 8 KFRTXIS5K
HREOERFE CREFEENSRBTIIMEINTLSDTA
@Hrdako U.CL. 28, ZOEEE» LD AR

(b) Schematic representation of
solidification front in large

Schematic representation of solidification front in

ARV ERT 5. 5 TR VKR Fig. 24
WCRT X 5 CHERENEE % dh/dt LFhiE, T
D VAR ERIC TR 75 5 [A) DR EEEE vX (dh/dt) -sin
a TRbEN, HEEEEICHEL sina 5
BEEFESETL, BLROZ EBBEIND
LEiThs. —HERE»SOFLROIF LT
Fig. 22 iR LBRIT X > CHER R 5
LD ShVicfHoCEEr04% L, V
RITOMEMAZ 45° L3+hiE, Fig.22 Xoz
DOE»SLDEHD U.CL. 13§ 0:21m/hr
LB, LinoToo U.CL OfE%{gE
W IRE T 5 & dh/dt=0"296m/br L7c D,
ZOfEx 004%C FHokFHER»HD U.CL.
0-3¢m/hr ITIFTEV. LLED & & & VIRIES
H2> 5O (LD F L TRK VIR O OMERE
R dh/dt- & VIREOMHES A a 1t X DERE D,
7 dh/dt IRBOBE LT —8—, B K
B EI 3SR, FRE ORI T A X B £ 447 £ EL
=h%. —ffj& LT Photo. 5 = 0-399C D26t HZ
WERSRIC 35 BT O D < & oA TR Y. RWOE
B 559 80 mm VIR E % A O ERGEHRRTS S
2%, TR LRORRMEE R D, ThX D EEfok
KERERAI VbW B IR & VWb 55 T, RiET %
FT. INX DX SICHEIFCEL L, BEIERREICEL
D, ZOESD L ORI E TOEG VDR D
VIR #CTH 5. ZOWFEEET — < —23407%<, L
2> b MR EDNEE 2 B SAIT B D X 5 B VRO ER
Wamdss, sl *0o7F— 2 —2nElss

l
t
|
|

Fig. 24. Schematic representation of solidifying

front at V-segregaticn zome.
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«— Direction of ingot surface

Photo. 6. Sulfur print at the upper part of 13t
vacuum cast ingot.

B THNEVOERITZELD T LETENT, LA
Photo. 6 DEZHR A2 L7 13t oy LrT 7 —FY
bbb d X5 VIROARNIE: LTERET
5. 2N BORFIE TR TEHRT 555 2D X
5 T fEEE AR OTER AN SEE T D, B

108w ‘;0“ SIXY

T T

40 °© 08%C-2%Cr
5 b x Medium carbon steel
Y
§ N
° 30 °=5
S o TN
B )
g% x y=-152D+404
oo 20 N
S E * \
5
>o
"6%, \
L5 10
5o -
g2

0

o4 08 12 "6 20

Ingot diameter (m)

Fig. 25. Relation between diameter of V-
segregation zone and diameter of ingot.

WAL LT EAEMEERT S o VRIS —icek
SRR A TR AN, ERO AV BRI T 2 5 E
LdbH. —REVETHFOEEERSE LD TNEIDE
SuBsTuE, Fig. 25 RT X O WS kB LT
i EVIRITHD 5D 5 HERTRATHHEMTH D, A
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LI 2T OB IdEL OEDIRTPETL . &
BRI COEHITECHRTBRREZPET S LICX DR
WREOHRPABEILIELIDEELOND.

4. 1B

EAR, Mk L UERikic kT 5HOERE R RTL,
ZTDOERE NG LEED D ICEERZIEL, Zh
EN—F R MECLBEMEL ZXE L TEXORY MY
BET LR, MER,Z XL —FHLk.

Wiz g et ogRE I oW, BREEBEOEEY
EELT, w270/, 7 ofinRBEIEEEART. K
AR, VRfkED <7 omiiodk & OphEr >
WTHABE LR, WEOMICEELHERSL LM
brof. LZTHEO Y oREINOEELLD DI

i

1498 g &
2
ol £ 2
(=]
< g
=y o
& s
'
~ >
o 04} R —af] A -
I 10O'5m <
: \ .
L =
3 075m! : &
‘:g 0.2 | \ |'Om \ \. 1
o \ M
S % \ |/
AL S N - S LSO Im/
Thae \°~o—_§—_"5<f°j"‘ (U.CL of
e s A -seg)
0 Range of A-segregation uol
' 08 06 04 02| O
Radius (m) 0125
Fig. 26. Relation between calculated solidifica-

tion rate and range of V-segregation,
with reference to radius of steel ingot
and U.C.L. of A-segregation. This
graph shows a contradiction that at the
center of ingots, the end of A-segrega-
tion does not coincide with the begin-
ning of V-segregation. The reason
shall be discussed in the following re-
port.

PROE DS 0°6m 5> 5 1-8m OFEEA T VIR H OlEN
F3IE 200~250 mm{fREETH D, HE VL LV —F
X X R AT OAEREFH L VELD L, MHEDRR
BlEEEx Fig. 8 KRT LK BEOBRETHULERL
1 B DT, PHHENS/NE  hiEEh o AR R
OEIEAIEIFEST E Um0 X DI, Wi
FPIEPAESL D EMOUIEBIRTAZ LTRSS, ZO
$kEe% Fig. 26 1TE 1°0, 0°75, 0°5m DT AR
g UCL. % 0'1lm/hr & LAHEEMRITL
CTRT. & TSR T D ARITO EIEELE A
VIR OBIBRFEIC—T 5 &F XD &, EHRICEL
INAELMET S LS. ZORRIEOWTER
EIOTIRA D Z LT T BAHS, T T TIRiash CEC By
ThE, M HER L CL 2RRESRSLICEL Y&
572, SEABOEED T L E—HOSH OHEE &
WBRADHEEHFTILDD L EEBDICEDS.
B EOEREE, ThaUREc Y v ERMmE
Mz, HE 0 EMAEARBR 55256 Tk
V. T OISR - 0B\, MWigth, FARNnEL
ETRBRROEMHR YT X VEBLOREEHFTE LS
5. EMBIHIERAKRAOBISZDIZI, TEH,L
FELTL 3 LBEOZF T ANGRE LTEE, 2D
K ERBFE24E L, FOREBEIMSERZEELY

BREESRNOELBEMOFLRERTIHDDOTHY,
ZOFLIREFFCLIVRELELIND Z L 2T
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