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Abstract:

The formation of secondary inclusions during the solidification process of molten steel is a
complex phenomenon triggered by microsegregation. Controlling the dispersion of secondary
inclusions in the solidified steel is an important issue that greatly affects the properties of the steel;
however, the distribution of inclusions after solidification does not always coincide with the
locations of inclusion formation. Therefore, it is still difficult to estimate when, where, and at what
supersaturation level inclusions crystallize in the liquid phase, and it is desirable to clarify their
formation behavior to control the dispersion of inclusions. In this study, we investigated the
formation process of inclusion using a ternary model material of succinonitrile-water-lumogen
yellow by in-situ observation, where the formation of oversaturated lumogen yellow can be
regarded as the inclusion formation. It was confirmed that the frequency of inclusion formation
increased significantly when the solution was held at lower temperatures, i.e., when a large
supersaturation ratio was given. The results of the formation frequency indicated that the formation

of inclusions occurred in the liquid phase according to the classical nucleation theory.

Keywords:
in-situ observation; microsegregation; secondary inclusion; solutal field; supersaturation;

succinonitrile.
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WO BEEISFRIC BT 2 ZIRNMTEMOERIL, 27 @& ond R0 AELD "

Do T R OBATITRARIEE Z K TS50, BEAmBEOKRTEZ 726 L,

ZORER, NTEVOWEMEFRD)ME T T2, 22z, 227 2 @it OETIS W FE
DEWEIRENE KT D720, NTEMOEME 2B 2125512, & DWETHMTEM DA
EELD, ZOXRICZRNMEMOERILZ, TOE T ZEHATHL DD, FEx D
BEAENRBERORBRAE U LEMERBS LS 25, BEZOMBKCE T D RN ED O
X, M OREZ RESELTL2ERERPETH D72, BEE % OMMRIZI T 20 1E
MDY A X LU HIRIEN S, TOEREHARF S TER Y, L, EEED
TAEM DAL, T LS MAEM DERRNLE & —8T 5 LIXR LT, AP TV, &2
T, EOMEAFE THED NG L O EFHEE Ok 72 v, Ko T S ES O 4Bl
T, EOAEREEZHA LT LI ENEEN TN D,

FHE DI T, —HOBRROZ o0 THh D I 7 nRirOI TR % £ OGEILIC
FOHOLNCTHHBFELRELLE Y, KRFETIE, 8OtRETHINES VA 2 r—
EWRINMULEY 27V ) = N AVRETAAEICBT DEEOVES VA = o —)RE &80
A=V IR EREMET D Z LR TE D, BEEED I 7 afRiTICHR L TEL D
B A A EEWNCEHE L& 2 A, —HEERICEI L —KT v RT7A4 b T — A
DR IS I 1T DI IR 3 AR DS A D B BEERRRR N IC AT C S A — T & HI< &
INCERFTHZ L ER LIz, £io, WHES Oy & BRI B 5 IR IR o 1
ITICED, FEHLERERESADHRINDG I EZHOLMNI LT, KRFEEICHND T
V=YK= VRS A TR =D ZILRICET D VES VA T — OERE(CY)
I TRIND P,

Cy/nmol L' = 5.6908T /K — 22.508Cy, 0 /mass% — 1445.6 (1)
o T, RRTIZ nf@rd 79 2 &, 1) IRARFREE QK TIZ X 2 K E SR E DK
FTREIO, 2) REFTT COKRBEOHEMOMHRIZED | VS VA =0 — R I
PF B, MAT, 3) VEF VAT —ORELAEL D0, BEBRICKE TSI ek
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W OEITIZHENLVES VA = —Z RPN OEEMICIE LS5 2 EDRARTH L, =
OWBEAFNZ KD NVES v A =r—O T, BB TR ZIRAED O &b R & [F—T
bbH, £ T, KFRTIINVET VA= mn—EBBNMED E e L. Z O EEEZ 300
MBI AV ZOBBRICLVHLNICT 2 EEZAMNE L, &6I2, 27 ufRific
E VAT DH A QBT EITIT DI TEY ORZA R 2500 L. o B Ao RZ A2 o iiam & H
WTCEDOER)ZRF LT,

2. EBRFER L OFHE

BAPREE CHER L 72 30E pm ARRE OBUN RSN TR EM 2 AR S, 20238 %2 £
DBBLEIZEVALNCT DR, BAERBEEDOSWEREE, T72bb, WHEIRENE
fREEZ R E S LED SR 2K E W2 NENS D, £ 2T, EEEBALAHTOREHEE
B3 KIZEBWT, TNk R XL 7 = MU b —1 mass% K—
400 ymol L' VB U A T u—FREHWD Z L& Uiz, [REIEZ WV CREE 23 1T L7
BROVEE OBALOFLE ZHUR S 5 720, Scheil DX D& HWEEFHEZT-7-, BbN
iR Z, VEA A T —Dif %ﬁ%@ﬂ@lm4mﬁfikLT%LK%%%E@m
H@IZRT, 72, KBLUONVES VA = a—O Wy EfaEicix, £hEh 0.09'8 &
N 0.428 9% Iz, BEIEBALAIRFICIZ DT 2N 2R E TH D . EFHEOBII L
WENFN IR 2 I L, EAESE 0.6 TllmfafibiL 2.2 L7225, ZoBAaMITHEmML,
[EFH R 0.83 TITWAZMELITL 9.0 £ TLEFT 5, AI# P TIET v RI A MemilifFick s 5
RV AR OFEBEZFE L7722 s, X UDICETEICH, v =R -1
mass% 7K —400 umol L™ V&7 A = — iR 2 HEE L 72 BE o g bk 2 fEt L7z, il
WL FR O EA DR EZ AT L, BWE O Wi & BIRA A COWBEILS A BB L2
EFEAT N2 X0 PRILT=T > R A N fH 23 1 2 8 Ol fn bk 43 4 % Figure 1(b)
R, e, —RT U FT A M7 — OB TR T O OE &2 ISR, ARE
HAEIRIC 31T D EFARIZ 04 BREFE TTHY . £ 2 TOWmMAMLITWTNOEE S 2 K
Thole, BIBT DI, THERICEVNEDOSIEZ I 2 21213 L 0 K& A
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B THL ROl b AR TR 2.5 282 5K 972 K0
IR Ok A ERBEST 52 L & L,

Z OB LE R A X v 2= > MNCSU-WI, B EREEER)) % i 2 72 BINL T o8
BAMEE(IX83, ()= BT > M & HAW7=, 488 nm O L —H — (60 mW) % 754 =D bk Y i
ELTHEM L, #EHERE 520(+ 25) nm TOHEECBIZE % 20 5 DOx L A(NA0.60) & FH U
TIT»> 72, WFITIT sCMOS 7 A Zyla 4.2 (Andor, Oxford Instruments (¥5)) % V. 8 5%
RE X S0 ms & L7z, AREMHICE T 2801871 332.8 um x 332.8 um TH Y . HEAERE L
20 um TH 5, BIERKFORERHIE ORI E Figure 2 IR T, WIKEBALEZHN T 2L
(EIRIE 7 150 pm) & I IRARIRFEIR(3S3 K) I B 7 7 A TR AT — ¥ EITK B E) &
., T RIAMREEZR LI, W ITAE—F—DOoDEBERAICLVY 774 T AT =V
TR RIREABLNFAET D700, FTEDIREFIRZIRE T 5 L O Bl 4 i
L. FfEBICET 25— ERETONMEY ORI ZEE L, 774 7BLICBE L, £
7o, BUEREOERIRE LR TRIREADRENZ LD, NTEMORAENEDE I THE
ClDO0ERETDHED Z AL =T E Sum AN AR TIiToT-, 2D Z AL —THRE%E 60
BT LI VIRLATY 2Lk MNMEMOBEEORMEEZTHE L, i, KK
S, bR EIRIC X BIR DB A i/ NRIZ LoD, SITEY D% A BE O RN AT BE IS
RHOEIBELTRELIZSDTHY, lum L EOY A XOEHHEHRZ H 2 LN TE
%, FEBREAEE Table 1 17T, REHREICE S E TOREBEIEFELTT S FIA b
T — AR E D & T HERETRENELT D5 LD, Bl E RREOMHEE Th 5%
WOERKRHHEE: 0.69 Ks )2z, @m(A: 23 Ks Y TOHBAEILITHI 2 L& Lz, b,
KHAT =T ~OBEEEORBEIC LV BAREZZIETEYD . RINEDT A F
(T530, Teledyne FLIR LLC)% H W THIE U 72 B £2 85I DR 7> © & S C 0 s K H s
AR L. Fe, DFROH D IFRFITB W THERE L Pimaic kv, vEF7 A
T —OEfafIt s 2.3 TN ED OB BITBE ST, BT 3.1-4.6 DEMFICE
W TR IS ~ BB O M ER OB S Tz, ThaiiEx. MEYOR

H 2 SV BN TBLEE T~ <, A7 — ¥ LOBISIEOFTIEIC LD | FmEASREICS
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TR D ATEORFIRE COMEDOMIEZEB Z2MET 52 L & L, Tablel (25 L
R S 2 BB IR B XAV E O WA 4y BU AR E A JH U T Scheil DR K W SRDTMETH
5o BRFORBBE TONES VA o —REZHNMELVENU L EZ A, FiloELE
WELTTHENIRELHMA—H Lt b, VEF VS Ze—BXO0KkOoWnTNnb
REBRGNE IR P 2 A U o b LTI L7, AREBROEHEPHIL Figure 1(a)D
REY O CTH Y | BEFEFEIT 0.663-0.816, Scheil DALV HHEINDZLVESF VA = —
DT X 2.63-6.64 ThH D, E£7o, BABBMEIZIR —DORETHERI LIZIESSL
AREMERNH D Z LD, BRI OE 3 EL LOBIELZITo Tz, 2B, BIEHEKOEE D
BB ZIZARAR S A F(T530, Teledyne FLIR LLC)% VN, & EBRZICHIE LIZH T AL
KEOEEAMMHIE L CEBRIBE L Lz, BEOHIES, BENAROIERIZ W T, Al
PESRI N,

3. EBRHER
3.1 STER O S HZE

P =hrVU/—1mass% K—400 umol L' L EX A o —ZHEIL, fx DO
TS TR L7 BE 0 e 814344 % Figure 3 1274, (KB EAFISME D (a)(b)IZ BV Tk,
B RENC TR DN E 2R Ui, BRIFICTEOLZ T 2R RAE L, KR
IR OB 5 = & PR ST, ElfafRtoC)(d) T, KNP o
BN OPERIZ THIE R T & 9 ICRFi% 60 s TREICMIINFTEL, £ DHREHE DM
WINFEAET DERTFONBIE SN, 2B, RIS ET 2 E I ClEVES A ma—
DOIAGIZ XV FOETRE D FEFITE < . SIS BIEZ SN D, WThodm
Mbata 3T 2 2 L AR L 0D, ZRLDEEMITNTH BEREBENTEYM T L5 VE
T4 za—RRfafiREER»r bR LTEb0EBE X LND, FREONEY DB S Lz
DI, BMBEOESANERE T T AV EOREIC—HTIMETHoT2, 2LV, 2
NWODITEMIEHT T AN ETORE—FARIC I D RAE L LR Sz, REoBlis
IR EFREZRA LTV 2 Lnb, @ERROEEIFRIEIC I T 5 NE DR )
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D RE TR & N AR LR % Figure 4 IR T, 728, Bt a2 OB 44 ©
& %728, Figure 3 [ L7ca e BILEM & Bhre v | FEFIBIEDONTEW TR < B> T D,
BT AN B ZEONED O BHDBEED L, WERNEIICBWTH, DT TEH D
PRANCTRT KO IS TEM BB STz, WIRNESONTEWIZ, H T AL L HiL
1100 L FORAEHTHY . TL< DB ThoTZ b, 26 DOIRAEIT AR —AERK L
HARFBEARROIRNE) —AERICE 2 b0 LRI SN D, RBFFRICEW T, 8OR8I5IC
L VRN TONTENOREZEBEZBRET DITTEL R Te—T7, HTAENLETD
RE)— A A I B e 22 R AR R TR YR B A, R ORGEIC X 5 fb B OB K b el
ENTz, FoT. UBOFMETIEN T 2L EICB T AN EMOIRAEZEICERT S,

—EDFERIZL Y, MEHOFEBBITHHRMEITERFEE T, ~ 7 vl ikl R
ETHNENEDORAEBIIFRRETH DL Z ENbholz, Lo T, T K74 MEEREIC
K VR S 7= A BHNICAFE T A R s fafn b O 3 D X 7 v 27— /)L TOEN I
FETHH OO0, AAEIE COWEOILHA AR, REBROFFH CIINIEY
O IR ES T, v~/ ot CHMEDORHB S 2R T EE2 00
%, ¥7c. Figure 3(c)(d)IZH1T 5 1020 s ZOBEBR LV | NTEWITHB R CHlEZRE IND B
DO, H—ITZ AL TELT, 2 LIRS BRICIEATHD Z ENbnd, 2
o OFUR ORI, BEERIINIC T 2R, TRbbAEMETD 60 s DHEIEIZH
T REEMOMHEKE —HK L T\D, LoT, 7 niEITOM#ITIC XLV R IE AR
DEWVKAENFET D52 b, RFERICEWTEHEICNTEM ORI EZE LT Z &b
Mo,

IrAEW) O fi 2B & B2 AR BB R IS HE S S i T D 7o 11RO NTEY DR %
PRI Z2MENH D, ERT DO A XIIARPFIRICH T L E S L — P — 8B sE o
SFRRELL T CTh 5720, BAERREORIIANATH DM, BHIEZONTED ThHIVL,
ERFFIZIEWEIR Th o 72 EHEHI &b, % 2T, Figure 3(c)® 60 s O [ H DR RN
DIEKRB: % Figure 5107 T, WTNONMED S MIRIGEVIREECTHR S, R/ TER
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1.0 ym ONEDBBRI ST, &V, ¥T7 X'V ET, MEDIIL Y ZERS 50
FIBCIRIC AR — BB Lz S S D, 2Dtk MIBROEFT & kR L L ChighRIc

FHRONMTEM DR L TH A ADRIERT D87 D3RR S 4U7= (Figure 3), KB AIFNO G412

BT, B2V A XOIERPEE TH O, B ORISR 2 ISk L, 50 pm % 8
TERROE BB ST, Ko T WATIGt OBV T, NTEY O & B 721 Tz
. ZOHRDODAIEMDOY A RCHRELSFETLHZENWLMNI Lo, BMED 310K
B L3305 K TORFFICE W TEE I NN TEY OSHIRE 5 O K S ORFRHK 7% % Figure
61T, FERFICEBNT, BESIPMMICRE KR L, B L & bIiha ISR D
KT o2 &nbnol, 20L&, 3I0KIBLW305K TENEI240s 5L 180

£ TENMEY OB HEDOWEMB LT, LI E ORI T ED OV A
RXOPERDOBBHER S NTZ, Lo T, MEHOHEB L OREIC L viEEToLE S v A
Tr—NHBEINDTD, TOREDRAIIKT L, REORE ) &b REEN/NS L
olel & T, REERENMRAIIKTLEEBZON D, MEMOREIITEHA R ToL
BT A T a—OIENEET D EHERI SN D DN FEM 2R RS A I D T2 D IR
IR OREDEAL A B E X MmN ETH D,

3.2 NEMOEEE

KR AT S TS O VT2 B0 FE O RF K7 % Figure 7 1239, 728, BB, B2
B (332.8 um x 332.8 um)B L OVESIEEQO um) L Y HE SN AR E VT MEDEK
ERTHETHM L, £i2, A—&MFET3RU EOBEEIT L 2 A, NEMED
BMOBEMIZFE L THL OO0, BHEICIZES SERFELIEZ Enb, E5MFICOE
EEICRIR L 1| BlOBEJERZ KR Lz, MEMOEEEIX, "B I —E Dk
N TIIRA I LT, 2o%IIMA—ETho7o, o, RFIREMEWIZE, T
bbb, VESF VA T o — ORI K & W S B ITBEE N L, SRR
WT, ZOHMBFOME AEAMBEICHY L, BREBLIORRICEILES MR
—NHE I, ZOWEBETILENRED Lz Z EICXVEBEENR—EBIZ/hosTctEBEZOND,
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Fo. MWHASFMFITE T, weaft O i b R E RIRIERFFO KM TIX, BEENRKNE
R LTIZRICRA DT 2 2 MR I, 2T, dit L7e 7w o RS T
7o, AARTNL REEICK O BUN R A ZONTEMDRTHR L, KREBRNMTEMDE LTz
O Thd, AMFETIE, MEDOREZEHCERELLETTNDZ b, URRITA ST
ICBWTEEENE KT DI TCOMENOEONTEAEMMEICEBR L THITZ1T-
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4. BE
4.1 dTHAZAERBERICK T DA REE

H12 r DERIBAR DY) — KA RKIZ B T D Gibbs = R /L X —ZAG(AGhom)E. ITTTEW D AL
B X OB EOEMITFE D Gibbs =RV F—ZAbDFFnE LT, L FDO X IR D,
AGhom = 53AGy () + 4mr2og, 2)

7272 L. AGy (THIRE T TOEREIZ KV W D IAEW AT D BR O BALKFEH 2
D Gibbs TRV F—ZATH Y | og ZTED-FRH ORI XNF—Th D, ZOHE
DI RHE (Ipom) IZ R TREN D,

167TO'SL3

Ihom = Ip exp (_ AGhOm) = [, exp _3a6ym? | _ Iyexp |- 16mos® 3)
kpT kpT { RTln( eq)/Vm} kpT

LY

BE. IWIHER T kIR Y~ VB AGhom|FQ) KV R B LD = R/ —[FEE
DREE, VlIE7 v A =1 —0OFNMEFE(3.86%10" m’ mol ) TH 5,
—HARTIX, BIE TR XD, MEDIIIEIIEHBR CBZE S, 205kE
WH T AV EERNEICFIE LTZ, % ZC, Figure 8 [Z/R 9 & 5 22288 r OERD—H >
HRCD ML RO INTED T Z A8V ETHRAELIZERE LT, ZONTEHORIRIL
BROEEMA 0 TR, VI AELEITVEE TS, b IRROIMEWOERE %
Vs. MEW-7 7 A O REEE L ORE TR X—% dsg BE W os. MEY-IEEE O
AEEBLIORE =R NLFT—% A BL Wose, HT7 A-IEKB O R =R N —% o6 &
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OBES I DR + HIRIZHE S Gibbs =X A F—EbDifné LT, LLFO X2 IREh
Al

AGpee(T,1,0) = VeAGy (T) + AgLosy, + Asc(0s — dgL) (4)

ZOMb  ZRICB W TIE, LU T ORI RAGR AN RN T D,

Agg = mr?sin® @ = mr?(1 — cos 8)(1 + cos 6) %)

Ay, = 2mr2(1 — cos 6) (6)

Vs = mrf (6) (7)
iz L.

f(8) =5 (1~ cos 8)*(2 + cos 6) (®)

Thbd, £, ZHAmIIBT 271080 GvvE LT, BLFIZZRT Young D BEFR D kAT %
RET 5,

goL = Ogg + gy, C0s 0 9)
S)-9)XEHND & ZORY—EERIZEIT D Gibbs =R /LF —EALORFIFIRAD &
TR END,

AGhee(T,7,0) = (31386, (T) + 412, ) £(6) (10)
Thbb, Ly XBIRORE— A KO Gibbs = %)L ¥ —28 ik, ERFIK DB — ARk
REDFOE & 720, OITRIF L TR A F—REED K& X(AG ) BT 5, LoT, b

v AR D AR — AR DB (Le)ITLL T X S ITRnEn 5,

16mas®f(6)

2
Cc
3{—RT1n<Ce%)/Vm} kpT

LY

AGpe AGhom f(6)
Inet = Ip exp (— #) = Iy exp (— hkT) = lyexp|—

(11

IhE0 . AR AERBERICE S &L L RTRROARNE ARSI, BRIBIRD
PR & FERIS . HAAICB T 2 AR E MW T RO L IITREND,

1

2
n(28)f 7
Cry

In Ihet < —

(12)
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4.2 KA RSB E O PG
FOBBBICLVEONIELVES A T a—OAERKE L. (12)R0OEDOERE
Figure 9 (\Z/R" 7, [FAl—DFRETORLRKERIILDEINAOND S OO, A RS X
BRI S PRI U CHERIEMRENCEA LT 5 2 E BB SNz, E 7o, RFFBRAART O W EI S0
DIFEVE, BAERBEICITEEL RN ERERESNE, 202 L, MEAEEDOKRE 2
BEERFRIC BN T H B T 7 @i AT L2 2 &2 6N, AR TOWE DL
BRSOV IR B O 53 A0 A3 FLEEHY AR S hWllh — B ol fafanfi Th o722 &
ZRLTWD, TRTORETORRIY . R/hZREZ O TEBILEZITV, ERO
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Nomenclature

Ciy: Solubility of lumogen yellow in liquid phase (umol L™)

Cu,0: Water concentration in liquid phase (mass%)

Cry: Lumogen yellow concentration in liquid phase (umol L™)

fs: Fraction of solid (-)

r: Radius of spherical inclusion (m)

AGpom: Gibbs energy change by homogeneous nucleation (J)
AGypom: Energy barrier for homogeneous nucleation of inclusion (J)
AGy: Gibbs energy change by formation of inclusion per unit volume (J m™)
Ihom: Nucleation frequency by homogeneous nucleation (-)

I: Pre-exponential factor for nucleation frequency (-)

Vn: Molar volume of lumogen yellow (m® mol™")

0: Contact angle of inclusion on glass (°)
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Vs: Volume of inclusion (m?)

os: Interfacial energy between solid (inclusion) and liquid (solution) (N m™)
osc: Interfacial energy between solid (inclusion) and glass (N m™)

ooL: Interfacial energy between glass and liquid (solution) (N m™")

AsL: Area between solid (inclusion) and liquid (solution) (m?)

Asc: Area between inclusion and glass (m?)

AGpet: Gibbs energy change by heterogeneous nucleation (J)

AGy ¢ Energy barrier for homogeneous nucleation of inclusion (J)

Ihet: Nucleation frequency by heterogeneous nucleation (-)
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Table 1 Experimental conditions for in-situ observation of inclusion formation.
Cooling Holding Fraction of | Water Lumogen Yellow | Supersaturation
condition | temperature, | solid"!, fs | concentration?, | concentration? | ratio, g—%
T/K Cu,0 /mass% | Cpy /pmol L'
Slow 313 0.663 2.69 745 2.63
cooling 307 0.747 3.49 878 3.77
(max 0.69 302 0.790 4.14 077 5.11
Ks™) 299 0.810 4.53 1034 6.20
Rapid 310 0.711 3.09 813 3.16
cooling 305 0.766 3.75 918 4.25
(max 2.3 K 301 0.797 427 997 5.44
s 298 0.816 4.66 1052 6.64

*1 £, was calculated using liquidus slopes of —6.1 K mass% ' ') for water and 0 K umol L' '? for lumogen

yellow.

*2 Solute concentrations were estimated using Scheil’s equation. Here, equilibrium partition coefficients

of 0.09'¥ for water and 0.428'? for lumogen yellow were used for calculation because equilibrium

partition of lumogen yellow was confirmed under the rapid cooling condition,
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Table 2 Interfacial energy of aliphatic compounds to water at 293 K.
Aliphatic compound Structure Interfacial energy, 6/ N m™!
OH )
Cyclohexanol O/ 4x107
OH 3
1-Undecanol ANUNUNNUNNUNN 9x10
Cyclohexane O 5.1x107
n-Octane NN 5.1%10”
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362
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301 K, supersaturation ratio = 5.44

Formation of Increase of Growth of
inclusions inclusions inclusions

Graphical Abstract
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Fig. 1. (a) Relationship between supersaturation ratio of lumogen yellow and solid fraction of
succinonitrile—1mass% water— 400 pmol L™ lumogen yellow calculated using Scheil’s equation.
(b) Colormap of supersaturation ratio of lumogen yellow around primary dendrite tip. Values of

supersaturation ratio along the centerline of interdendritic region are shown in the figure.
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Fig. 2. Schematic of configuration of sample on a stage. (Color online)



(a) 313K, slow (b) 310 K, rapid (c) 302 K, slow (d) 301 K, rapid
'CLY/CE% =2.63  Cry/Cjy=3.16  Cry/Ciy=5.11  Cry/Ciy=5.44

Fig. 3 Time evolution of inclusion formation behaviors during holding at various supersaturation
conditions; (a) 313 K, (b) 310 K, (c¢) 302 K, and (d) 301 K. Descriptions of slow and rapid indicate
the cooling rate before start of holding; max 0.69 K s and max 2.3 K s™, respectively. Locations
of inclusions in (a) and (b) are indicated by yellow arrow. (Color online)



(a) Glass/solution interface (b) Inside of the solution

Fig. 4 Inclusions confirmed by bright-field image (a) on the glass cell and (b) inside the glass cell
under holding at 302 K after slow cooling of max 0.69 K s™'. (Color online)



Fig. 5 Inclusions just after their formation. The image corresponds to the magnified view of red
square in Fig. 3(c) at 60 s. (Color online)
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Fig. 6 Time dependence of size of inclusion. The length of the needle-shaped part from the center
was measured. (Color online)
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Fig. 7 Time dependence of number density of inclusion under various supersaturation
conditions after cooling with (a) max 0.69 K s-! and (b) max 2.3 K s-'. (Color online)
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Fig. 8 Schematic image of inclusion on a glass cell.
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(inclusion). (Color online)
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