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Fig.1.1.1 Fe-rich portion of Fe-C binary phase diagram.
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Fig.1.1.2 Transmission images of the peritectic solidification in Fe-0.3C-0.6Mn-0.3Si
at a cooling rate of 0.17 K/s. (a) Liquid phase before cooling at 1792 K, (b) growth of
d dendrites in liquid phase at liquidus temperature (1786 K), (¢) growth of y phase in
L + & state at the peritectic temperature (1766 K), (d) growth of y phase in L + § state
at 1762 K, (e) y phase right after the peritectic solidification at 1756 K and (f) y phase
after the peritectic solidification at 1699 K. Observation condition [sample size: 10
mm x 10 mm x 0.1 mm, pixel size: 4.0 um x 4.0 um, frame rate: 1 fps, X-ray energy:
21 keV].
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Fig.1.1.3 Transmission images of the massive-like transformation in Fe-0.45C-
0.6Mn-0.3Si at a cooling rate of 0.83 K/s [16]. (a) Liquid phase before cooling at 1782
K, (b) growth of 6 dendrites in liquid phase at liquidus temperature (1772 K), (c) 6
phase at the peritectic temperature (1766 K), (d) undercooled 6 phase right before the
massive-like transformation at 1668 K, (e) y phase right after the massive-like
transformation at 1668 K and (f) coarsened y phase after the massive-like
transformation at 1651 K. Observation condition [sample size: 10 mm x 10 mm x 0.1
mm, pixel size: 4.0 um x 4.0 um, frame rate: 2 fps, X-ray energy: 21 keV].
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Fig.1.1.4 Schematic illustrations of the massive-like transformation. (a) Growth of &
dendrites in liquid phase, (b) undercooled 6 phase at temperatures below the peritectic
temperature, (¢) nucleation and growth of y phase in & phase during the massive-like
transformation and (d) y phase after massive-like transformation.
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LR Tc | KFmSCTIE D OFENZ KB L Tnzely,

Table2.2.1 Sample concentration used in this study (mass%).

Sample name C Mn Si P S

Fe-0.6Mn-0.3Si - 0.6 0.3 - -

Fe-0.0025C-0.6Mn-0.3Si  0.0025 0.6 0.29 - -

Fe-0.05C-0.6Mn-0.3Si 0.05 0.6 0.3 - -
Fe-0.11C-0.6Mn-0.3Si 0.11 0.58 0.32 0.011 0.0007
Fe-0.18C-0.6Mn-0.3Si 0.15 0.46 0.31 - 0.001

Fe-0.18C-0.6Mn-0.3Si 0.18 0.6 0.3 - -

Fe-0.3C-0.6Mn-0.3Si 0.3 0.59 0.3 0.0007 -

Fe-0.3C-0.6Mn-0.3Si 0.3 0.6 0.3 - -
Fe-0.45C-0.6Mn-0.3Si 0.44 0.73 0.2 0.023 0.019

Fe <0.0015 0.0001  <0.0005 0.0001 <0.0003

Fe-0.0025C 0.0025 - - - -
Fe-0.18C 0.17 0.01 0.01 - 0.001

Fe-0.2C 0.2C - - - -

Fe-0.3C 0.3 - - - -

Fe-0.5C 0.5 - - - -
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7, SMEIDN S BN B, AlLOs #f & 2 B (BERE AlOs), $ 7 7 A 77 (HifEdh AlOs)
DNEFE T, HOIT AlOs A—H —(BEfRE AlOs) & 3B & [H E 3 S dix, Wi
NOEMZHILETH 5, EHT AlbOs A~—H—(FERE ALOs)NIZERE L T
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5o ZOREIZIY . ERIKRED Fe R A4 & IR CIREFTX 5,

Fig.2.2.2(a)l% 8 fHOEEENEFEN O, ~ v VT RIZREE Ta BB T 5 FER
THWEELTH D, BN ROTEIZ 25mmx50mmx3mm T, FEERIZ 10 mm
X 10 mm OZENBBAVTUV D, ALOs i & 2 D ~HEIX 920 mm x 1 mm T, HJH
1210 mm x 10 mm OENFANTWD, +7 74 7 OFET 920 mm x 0.15 mm T
H5, AlOg A—H—D~EIT 20 mm x 0.1 mm T, FHERIZ 10 mm x 10 mm
DENFANTEY . ZOZIZ10mm x 10 mm x 0.1 mm OFEHZFRE L TV 5,

Fig.2.2.2(b) IX5kt & BEEEFE T S5 BB CTHW - L TH D, BN K,
ALOs & 2 M, V7 74 7 DO~FkIE Fig222@) L A L TH D, AbOs A~i—
— O 5 20 mm x 0.2 mm T, #EO NI R AR OEEE 0.2 mm O
ALOs IRAZFRE TE 5, ALOs RO T — R/ 8 LTk, oL
TEREIZ AL O3 I HNH0 5 fif 2l iE T & 5,

Fig.2.2.2(c)iE—HImEEEICRIT 5 8y BREZBILET 2 FER THW L TH S,
Fig.2.2.2(a). Fig.2.2.2(b) L b _ T, MEEDOREZRE T HHIEIZ/R > TV D,
BN #D~1E1E 34 mm x 62 mm x 3mm T, HEHEFIZ 8 mm x 25 mm D ZEH AT
WD, ALOs I E XD ~FHEIEL 18 mm x 35 mm x 1 mm T, FH8RERIZ 8 mm x 25

(a) Diffraction image

Transmission image

(b) vacuum chamber with X-ray windows and (c) furnace in the vacuum chamber.
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(a) AlLOx(Single crystal) T, ¢

Al,04 Sample
(Sintered)

S
S

S

BN plate ||

(b) /
0

0
X-ray /) Q ﬁ ﬁ
0
0 0

[
S
S S

Al,04(Single crystal)

S O
S

Sample L
BN plate ] (Sintered)
| i
© / Al,05(Single crystal) g 0
0
0
X-ray
0
. 0
0 '
BN plate | | ALO; Sample
(Sintered)

Fig.2.2.2 Schematic illustrations of specimen cell. (a) Conventional cell for observing
solidification, (b) cell for deformation by inserting Al,Os plate and (c) cell for
unidirectional solidification.

mm OBNRHNTWD, 7747 O~FEIF 18 mm x 35 mm x 0.15 mm TH 5,
Al,O3 A —H—D~HEIE 18 mm x 35 mm x 0.1 mm T, HI¥5IZ 8 mm x 25 mm
DENDEANTEY, ZO&RIZ8mmx25mmx0.1 mm OREHZRE L TW\W5, iR
JERAFLN K ZVVFE(L0* Kim) & fiER OB Z HWTWA =, T2 K74 ROk
FHHEA +0 IR CE — HmEEEDN AR THh D, o, dBlOR S 2RI %
Z & T A OB RIS RUEE TR y A IR T 2 v AlRE L 7o TR D |
y OB D~ » T HIEREOBMG 2 I L7220,

223 ZEBRFIE
HHIZ § FHOBE D~ v v THIERRAZ BT 52 EROFIEIILL Fo@y T
HD, 2325, 2.7 TRIBRIIZOFMNTIT2 o7,
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(D)F v > "—WN% 100Pa DA —F —F THZEF| X LT,

Q=R D5 1473 K £ T% 0.67 K/s, 1473 K 5 1873 K £ T% 0.33 K/s Talk}
ZINEN L T2,

@B ORIRMANT & FAFR L72RRE, & L <IETRB 2 T~ TS CTrED
BN |2 U7 R BE ChnEVA{E 1R LTz,

(A)PTE DB HLEEE(0.03-1.67 Kis) TEREIAMAI L, EEERES X~ v v 7THZ
BaBlgt L,

ZOFEMETIE, AW HE L <ITEEOAORENS, REOGBHEIZ B4 L
TWDTeD, vy U THERBRIC y HOBARZ VL L T 5, DF D | AKX
BLOFEI T O~ v U THERRTH U | HfpidhiiE 236\ CTldE i O R JEH (91315
BN RIT 2 Sy BREICHI Y 92 BERSBRMTH 5,

FEEEFE CORBIOERMRE A BIET 2 EROFIAIIL T O@EY ThH D, 2.6
TRTBIEIIZ OB R -7,

(O)F ¥ > "—WN%& 10°Pa DA — & —F THZLEH| X LTz,

(Q)FE RN D 1473 K £ T# 0.67 K/s, 1473 K 75 1873 K £ T#% 0.33 K/s Talf}
ZINEN L T2,

@)EUEORIRMNT & #H % 7% L7 fRAE TNV A= 1k L7z,

(4)PTE DI HLEEE(0.33-0.83 K/s) TRUEI A M HI L, AT E O (BLARIREE ) & 01
W) A2 1L LT,

B)REREF L TV DB DO THEIA G| Jeima 2 b7 AlOs # & FTaE O3 L (5-
2000 um/s) CHRA L CEE SH, ~ v VT HERRNHE SN I N EBIE LT,
6)FF e SR TIIUT AN A FBE U CRTE DIRE £ TmAl L7z,

(NFFE., ALOsRAFFAL T~ v U THERBNFEIN LI NEBIE L, v v v
THIEREEE Z 5 F TOB)-(6)E M K LT,

—HIAEEICRT 5 Sy BRRABIET 2EROFINILLTOMEY Thod, 2.8

TRIBETIZ DR TITR- 72,

(1)F v > "—HN% 100Pa DA — X —F THZEF| & L1z,

(Q)=FE RN D 1473 K £ T#% 0.67 K/s, 1473 K 75 1873 K £ T#% 0.33 K/s Talf}
BN T2,

QR)FUEFDRIRANC v FH 2 7% L 7R g CINEA A= 11 L 7=,

(AT E DHEE(1-100 pm/s) TERlEt 2 5 & T, BEEERES KO 8y BReA @Iz L
72

ZDOFERMETIE, BB BB, S FH. y R L TV D, RIRMANT v 8
IMFAET DIREEN S DR & T 2B L T\ D728, 8y ZREIRFIC v FHORZ
AR AMELE Lg, £ DT, 8k is CONE(E F R )T 5 §y &
BRI T 2EREMETH D,
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222 T2 L 912, JEE 0.1 mm OFEHA [fi{il ) b F 9~ 5 M O3 e L
EHOTNWD 720, 2VER 23 UBHCESEE A <85 Z L3 c& 3, TR I3alkt
A ORI E LT BEIC L VIREZIE L TWD, £ 2T, 28 LIS DESR
T DIRE 2RO D HUEN VT L 70 D, REHT § MHEFE LTREETHAEZ
BAtA L7556k (2.3, 2.4, 2.6, 27)TlX. 8§ 7¥ KT A b OSeumh Bl g2 6a8ik o Hls
(232 U 7= Be P 2 R FEARIRLE & U, R EIRE & g R 2 B RVEL OIRE 2 koD 72,
B A T R TR S ETORBE T AN A Bl As L 72 F28R(2.5) Tl MEH IZ BB A
NTER U TR E 2 AR EE & U, A & e R R s © BURF O IR B A 5K
Oz,

BB DA = A A 7 1%, BL20XU Tl FASTCAM SA2(7 1% CCD 7 A
Z)& ORCA-Flash4.0(C-MOS 7 £ 7)., BL20B2 Tt SATICON(E %45 ffafl) &
ORCA-Flash4.0(C-MOS 71 2 7)Th %, BB OIREZIZIZ, BL20XU & BL20B2
DUV Flat panel & ORCA-Flash4.0(C-MOS 1 A )% V=, ditafg & Bl
Bov s A X LBl A Table2.2.2 IR,

Table2.2.2 Pixel size and observation area of transmission image and diffraction image.

Detector Pixel size (um) Observation area (mm)
Transmission image
FASTCAM SA2 5x5 5x5
ORCA-Flash4.0 6.45 x 6.45 6 x4
SATICON 4x4 4x4
ORCA-Flash4.0 25x25 6 X6

Diffraction image
Flat panel 50 x 50 112 x 118

ORCA-Flash4.0 1.45x1.45 3x3

XD HNLF—1X21-37TkeV & L7z, X ROTZRLF—NRKE  7eiuiddzi
X MRRENRKE 7250, BBIZBIT 2N EEMO > ~ T A F AR
272 %, 2T, EBROBMICEDE T XBOZ R F—%2RIR LT,

JEE 23 0.1 mm OB CEg O R 2 K523, 24, 26)TiE 21
keV & L7z, XMOTZ R F—%2 KRELTHEWEEF/NSL D, B LS
72D AT THRINTE S § fHE y FHORS S OFEFEN Y 2 5, FEimtg &
[EIRF I BT 2 e 3~ 2 F2BR(2.5 & 2.8) Tlx 21keV © L <X 28keV & L7z, Fe
X X BRERIL Lo =6, 21 keV DT R/ X —TEE 1 mm D230 7 3 EHT
XHEAFIETHIZEAERINEINTLEWV, FRGOBIENTE 20, X#fj
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FHBBESEHTDITIT X OV X—% FITALERH Y . SV s 3B 28]
224 % FER(2.7)TlE. BL20XU & BL20B2 THWA Z LN TE H i KO R/LF
—TH 5 37keV & LT,

2.3 Fe-C-Mn-Si Wt REEFEHIBIT 5~ v VTHERBORE
231 <y YV THIERBROEZER
(@) Fe-0.0025C-0.6Mn-0.3Si (2551 5~ v v 7 I HE

Fe-0.0025C-0.6Mn-0.3Si (28175, § T K74 FOEEND~ v U 7T HIAERE
%O y L KAL F TOFEEE & Fig.2.3.1 (2~ T, Fig.2.3.1(@)lXm HIBIAART DA
T D, Fig.2.3.1@)DHREND 10s 12 0.83 K/s THEIZBHAA L 7=, Fig.2.3.1(b)
IR LD, WHEBRIREEE TS T R4 MARE LT,

Fig.2.3.1(c)IX AR AE C v OB AR FF SN DEEICB TS SMHTH D, §
D y FHA~OEAAZREITE Z 59, Fig.2.3.1(d)Z/~R T & D I FEHRREEX o> y
HHMER TH 5 1628 K £ T s M m L7z,

Fig.2.3.1(e)ld~ v v 7HERICE VAR LIy HTH D, ~ v & T HIZERERFIZ
X BOEPTHIC L AT 2% X RIREOIKT Lz BUWERS S48 2 Sz,
Fig23.1(f)id~ v v 7THIERENG 30 s Dy HTH D, ~ v U THIZERRERIZ ¢
FRNBBITHE R L, 30 s RITITMAAEDNZIEZE T L,

(b) Fe-0.18C-0.6Mn-0.3Si (2551 B~ v > 7 HIZRE

Fe-0.18C-0.6Mn-0.3Si (ZEBIT 5. 6§ T+ KT A4 FOEENB~ v v THIZEREH
O y AHHLRAL £ TOFEIEG & Fig.2.3.2 IR T, Fig.2.3.2@)ZkE LT, 10s
%12 0.17K/s THEIZBRIE LTz, Fig.2.3.2(0)IZiAREE I H A RET 25 6 7
K74 R THD,

Fig.2.3.2(C)IXEMIREIZRIT A § lHTH LD, WaISITEZ 5oz, y
FIDMEE A RRCE 97 Fig.2.3.2(d) 12/~ 3 K 9 IS PHRIRIEIX oD y HARREIK Td 5 1536
K % T8 fH2Em Lz,

Fig.2.32(e)IlRT L HIZ, v~y U THERRICE Y vy HHNERK LT, 20L&,
VT ATOT 4777 arBEELTEY, vy U 7T HERERIZEEHZIR
NELL, Y77 AT OMNELELLTZZ 2R L TW5D, Fig23.20lrnT &
N, Ty UTHIEREN D 20 s I RIS y FHOM KA NZIESE T Lz,

(c) Fe-0.3C-0.6Mn-0.3Si IZF1T 5~ v v T HIZRE

Fe-0.3C-0.6Mn-0.3Si (25175, 6 7> R7 A4 FOKENL~ vV THIERER D
y A RIL £ CoEZG % Fig.2.3.3 IZ~7, Fig.2.3.3) XM AIBALARTOWKFE T &
%, Fig.2.3.3(@Q)DHRE N5 10s 12 0.17 Kis THEIZBALE L. Fig.2.3.3(b)IZ/~3
L8 T R4 MANRMBIRE S 2 & LTz,

Fig.2.3.3(c)IFEMIREEICHIT 2 3 HTH Y | WIS E Z 531C 8 FHOEEE
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D3RE L 7=, Fig.2.3.3(d)ICnd & 912, PHRRREX Eo> v BAHGEL Td 5 1703K
FTSMHEMEE LT, S FHOEFIIE T LTE LT, EH+S HOHIPIRETH
7,

Fig.2.3.3(e)I/RT L 9 I RIS FHOIAFIRRE T~ v T IIEREN I Z o 72,
~ v U THIERERFIC, 8 T R T A b ORI L TV EAY y A TRl
L. BEWEEME N L7z, Fig33MIZRT Lo12, v T HEREND 40s 4
2V, BRS¢y FECRERE L&DV | y FHOMKRIE B I L A EBIE IR <R

S77,

0s(1832K) KW 35.0s (1810 K)

500 pum

254.0s (1628 K) 284.5 s (1603 K)

Fig.2.3.1 Transmission images of the massive-like transformation following
solidification from remaining & phase in Fe-0.0025C-0.6Mn-0.3Si at a cooling rate of
0.83 K/s. (a) Liquid phase before cooling at 1832 K, (b) growth of 4 dendrites in liquid
phase at liquidus temperature (1810 K), (¢) & phase at solubility line (1674 K), (d)
undercooled & phase right before the massive-like transformation at 1628 K, (e) y
phase right after the massive-like transformation at 1628 K and (f) coarsened y phase
after the massive-like transformation at 1603 K. Observation condition [sample size:
10 mm x 10 mm x 0.1 mm, pixel size: 4.0 um x 4.0 um, frame rate: 2 fps, X-ray energy:
21 keV].
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0s (1817 K) 128 s (1797 K)

i

1688 s (1536 K)

Diffraction
of sapphire

5 oo_p'm

Fig.2.3.2 Transmission images of the massive-like transformation following
solidification from remaining & phase in Fe-0.18C-0.6Mn-0.3Si at a cooling rate of
0.17 K/s. (a) Liquid phase before cooling at 1817 K, (b) growth of & dendrites in liquid
phase at liquidus temperature (1797 K), (c) 6 phase at the peritectic temperature (1766
K), (d) undercooled 6 phase right before the massive-like transformation at 1536 K,
(e) vy phase right after the massive-like transformation at 1536 K and (f) coarsened y
phase after the massive-like transformation at 1533 K. Observation condition [sample
size: 10 mm x 10 mm x 0.1 mm, pixel size: 4.0 um x 4.0 um, frame rate: 0.5 fps, X-
ray energy: 21 keV].
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05 (1809K) 149 s (1786 K)

qum’ o SR _Smm’

Fig.2.3.3 Transmission images of the massive-like transformation following
solidification from remaining & phase in Fe-0.3C-0.6Mn-0.3Si at a cooling rate of
0.17 K/s. (a) Liquid phase before cooling at 1809 K, (b) growth of 6 dendrites in liquid
phase at liquidus temperature (1786 K), (c) & phase at the peritectic temperature (1766
K), (d) L + 6 state right before the massive-like transformation at 1703 K, (e) y phase
right after the massive-like transformation at 1703 K and (f) coarsened y phase after
the massive-like transformation at 1696 K. Observation condition [sample size: 10
mm X 10 mm x 0.1 mm, pixel size: 4.0 um x 4.0 um, frame rate: 1 fps, X-ray energy:
21 keV].
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(d) Fe-C-Mn-Si U tRIZEIT D~ v ¥ T HIERED R

0. 0.0025, 0.05, 0.11, 0.18, 0.3, 0.45mass% D\ T D CIEE T, HHLHE
F£(0.17-0.83 Kis)IZIK B9~ v U THIEREN B S vz, C RS 0.18mass%lL
TOMKTIX, § fHTOERBNZE T L72RIC~ vy VT IEARNE Z o 7273,
0.3mass% & 0.45mass% Tl & & fHOILFIRRET, ~ v U T IERENRE Z 5
BEbHoTo, BRI~ v VT IIERRORIICEEL 5 X o1z,

WO CIRETH~ v U7 HERERRIC, BIPTIC L D X #RRE O T L
7o B MBIZE S, £ OTFEIBOBEICHEA B S v, BOVEIROBEI
HEIL y HOMKBIZ L VAT TEY . vy U 7THERE G510 s OFITHIK
fELTWDHZ EEREBL TS,

232 yHEOBLAREE

(@) vy MO
Fe-C-0.6Mn-0.3Si(0-0.45mass%C)IZ 35317 % v tH ORI 2, Fe-C LR

BRRBEX T a v b LR % Fig.2.3.4 (R T, WT D CEEIZBWLTS,

[ — BB CREZE IR FE 13 200 K FREE X 5 DU Tz, C RS 0.45mass% T —

1850

\
=
\

1800

1750 -
1700 /7

1650%

O Qe e

Temperature, T/ K

16004

000 000 O®OTD

C= [ A=l [ [ [

15504
4

<] <1 RN

O

15004+ s

1450 | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Carbon concentration , C (mass%)
Fig.2.3.4 Nucleation temperature of y phase in the massive-like transformation
following solidification from remaining 6 phase.
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HOFERZIRE . TXTOERIZIBNT S HA y HAHBEEE TEHA LT, v v v
THERENE Z o 77,

F 7=, CIEEEN 0.18mass% Ll T DR Ti. SRR L FIZAME L 7= § FHO[E
FRHEEUT Ty Y 7THEEN R Z - TRV, ~ v ¥ 7SRRI R IR
DB INR ST ERE —H LT\, &5, §ME Yy D TolREIX C B
JEoEME & HIC ERT D0, v U TRIEREIZEIC S & y D TolELL
TTEI TV,

Fe-C-Mn-Si WUJLRICEIT 5 y HOZARGRE 2 Fe-C It R R IEX Ric~
2y b L72DS, Mn Xy FHOLE(LILHE, SilL S FHOLELILFE TH D7D, Fe-
C iR & Fe-C-Mn-Si MUt TITIEARRRIRE L el i E 23 72 5, Fe-C-Mn-Si
U e R CTOREZILEIZ LT-5GE L. Fe-C R COREZEIEL-GA LT
X, YO AERBIBEN R D RS D, £ 2T, Fe-C-Mn =552 D Mn 2
JE % 0.6mass%IZ [E 7 L7z Fe-C-Mn # o R PRk AEX 3 L 1Y, Fe-C-Si =7t5%

1850

(a)
1800 > L —~

1750 & -
= 2 |
= .
o 17001/ 3 ‘e
E ’ ‘o »
& 1650 i » S % m
5 X »
= £ »® % 4
1600 rx -
, -
i
1550 .
x .
1500 | | | | \
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Carbon concentration , C (mass%o)
Fig.2.3.5 Nucleation temperature of y phase in the massive-like transformation
following solidification from remaining 6 phase. () Calculated pseudo-binary phase
diagram of Fe-C-Mn ternary system at 0.6mass% Mn. Circles and triangles
correspond to nucleation temperatures in the Fe-C-Mn system and the Fe-C system,
respectively. (Continued)
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D Si B A 0.3mass%IZ & E L 7= Fe-C-Si #8702 AR BB 38 1) D 1 2
Y, vy HHOBARBGRE Z RO 7, KEBRKIZE ) %7 — % ~X— 2 TCFE5[1] &
Thermo-Calc[2]Z H\WCEHH L7,

Fig.2.3.5(a)i3 Fe-C-Mn #E — o % ViR REX [, Fig.2.3.5(b)i% Fe-C-Si otk
PHRRRER E T, y FHOARIEEZ 70 N LIZFERTH D, Fe-C LR TD
BEZEECLEZEELZ A5 LT7ry L TH D, Fig.2.3.5@)I28B\ T,
Fe-C-Mn#it % & Fe-C iR C oy O AERREITEWT R oo T,
Fig.2.3.5(b)IZ3 W\ T [FEIERIC, y HOBAEBIREIZEWIIR b Lo 7z,

0.6mass%Mn & 0.3mass%Si [Zi&AH, & 2, y FHO MR A 12 & A A (LSt
Ty HOBARBIREIZHT 2T/, 20O, K3 Tid Fe-C it
RTOMELEFEEL T 5,

(b) v FHOEZA R FE O 7 HE FEAR A7
WHHEE &\ FE O BIfR % Fig.2.3.6 12789, C I2FENY 0-0.05mass% C i3 ik

1850
(b)
1800 L ~

1750

S1700 -. 5
% 1650 ®
X »
[0}
= x » 2 3
1600 1 g -
iy *
X
15507 -
| X 8.4
1500 | | | | \
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Carbon concentration , C (mass%)
Fig.2.3.5 Nucleation temperature of y phase in the massive-like transformation
following solidification from remaining & phase. (b) Calculated pseudo-binary phase
diagram of Fe-C-Si ternary system at 0.3mass% Si. Circles and triangles correspond
to nucleation temperatures in the Fe-C-Si system and the Fe-C system, respectively.
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350 < 0C
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Fig.2.3.6 Relationship between nucleation undercooling of y phase and cooling rate

in the massive-like transformation following solidification from remaining & phase.
Undercooling is defined as temperature drop from solubility line at 0, 0.0025 and
0.05mass% C. Undercooling is defined as temperature drop from the peritectic
temperature at 0.11, 0.18, 0.3 and 0.45mass% C.

RE Ty MO AN FF SN D IREE, 0.11-0.45mass% C I3 ad Ah 1ELE 4 it8 4 B oD J U
LT, WTNO CIREICEWTS, [A—OMmENREE T 100 K F2EIL S DT
BY . WEEOWAEEARFEMEIT R DR o T,

(€) vy FHOEEARIRE DK

y O AERGEE L, W—ORETH 100K FBEE S SV T, XTH C
REIZBW T 3N TolREU TETHA L, v~ v U THERENEZ > Tz,
W I AR BRI A b e o T2,

Mizukami & 23 W)L B2 31T D B AE R O FE % SCRLd 5 DIRMHEIE T
B WELEEE LR I FIBIRICH D LA LTV A [3,4], —kBvIC, A
A SRS EORNZIZIEOFBE R R 55,

< VT RIEREIZB W TE, BB T y MHOBAERY A NI DN TEMOLF
TERREAERRRENS . AR I S TIE S DTV alREMEDN B D, v FHOEEARR,
IR A FOIES DX ITEFEL TWT, BENEE 2NV EE E O KRR 1272
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SR> TCATRENEN 8 % o

2.3.3 oy FmEBIR

SHHE yHHOBEEEIFKI%TH Y . —ODHOWIN > T Z RTINS,
ZDH, W= T ARMIEY §y Rz T 5 LixTE Ry, —F,
~ T é’m’*ﬁ?&@ y FHARIZ I X BROEHTI L0 A U 25 BUOEIE A S50 42 &
ND7=0, ZORWEEEZBEN 2 2 & Toy RuOBEI 2R T 5 2 &3 ATEE
Thole, 72720, BOEBIT X AREYT L-EIT CRlE SN D720, 8y
D—FZMEH L TWD Z &2 5, B S 8y Rl ORI y FHBFEL T
WD AREMEIZ A E TE WV, Sy REOBEIB LOZOBREBIETH 2 L i
HEETHh -7,
(@) Fe-0.0025C-0.6Mn-0.3Si (Z351F 5 8/y ﬁﬁﬁ/ﬁ

Fe-0.0025C-0.6Mn- 03S|'C0)<7//7E'J V;) 8y i & Fig.2.3.7 1T/
7, Fig.2.3.7(a)lL 1645 K £ CTilH L7~ v /7E’J REEATO 3 HTH D,

Fig.2.3.7(b)i% 0.028 s ™% 4 iz, 0.020s 75 0.032 s DD d/y Fitifi & < h
FHEREMMR TR LR TH D, oy FILEiE A o EEo SRR O T E

Fig.2.3.7 Morphology of &/y interface during the massive-like transformation
following solidification from remaining & phase in Fe-0.0025C-0.6Mn-0.3Si at a
cooling rate of 0.83 K/s. (a) Undercooled 6 phase right before the massive-like
transformation at 1645 K (29 K below the solubility line at 0.0025mass%C) and (b)
advancing 6/y interface for 0.020 — 0.032 s (every 0.004 s). Average velocity of &/y
interface was 230 mm/s. Observation condition [sample size: 10 mm x 10 mm x 0.1
mm, pixel size: 5.0 um x 5.0 um, frame rate: 250 fps, X-ray energy: 21 keV].
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2> TRERENL TRV, y HOKEFAITREABLIZ L2 > TWhieno 7o,
0.020 s CIEBIZMEIR O PRI TH H—F T, 0024 s TIXAMPIMTH ST
D, Sy FEOBE L & H1Z 0.004s DR THIMOIZKRAES) LTz, Mo
WL 1-2 mm BEETEH LTV o, OF 0, 8y SR « 22/ TR
L TNWDHZEIZRY, yHORRIZIEER Th ol

Sy FLEILFER - ZEZM TR N LB T 572, 8y FilE ORI BN & Sy
R OB ENEE 2 EF Lo, AiE 135 um 22548 10 um O A 77— /L TOJF
FTR 2B ENRE Th 0 | 31X Sy il O SRt 7 £ 8h 2 SF¥E L7Z mm A 7 —
IVTOBEEE Th 5, FHRBEEE L, B0 2 fmos @i 3 5 ks Zih
(B L2 = PR CHEEZHIE L, 2000 OSFEE & Ui, Bl 21X,
Fig.2.3.7 |Z8B1F 2 X B ENEE L 230 mm/s Th 7=, FATHIBENEE IO C
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Fig.2.3.8 Morphology of &/y interface during the massive-like transformation
following solidification from remaining 6 phase in Fe-0.3C-0.6Mn-0.3Si at a cooling
rate of 0.17 K/s. (a) Undercooled 6 phase right before the massive-like transformation
at 1686 K (80 K below the peritectic temperature) and (b) advancing 6/y interface for
0.008 — 0.028 s (every 0.004 s). Average velocity of 8/y interface was 150 mm/s.
Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 5.0 um x
5.0 um, frame rate: 250 fps, X-ray energy: 21 keV].
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Fig.2.3.9 Morphology of o&/y interface during the massive-like transformation
following solidification from remaining & phase in Fe-0.3C-0.6Mn-0.3Si at a cooling
rate of 0.83 K/s. (a) L + 9 state right before the massive-like transformation at 1729 K
(37 K below the peritectic temperature) and (b) advancing d/y interface for 0.020 —
0.037 s (every 0.004 s). Average velocity of 6/y interface was 95 mm/s. Observation
condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 5.0 um x 5.0 um, frame
rate: 246 fps, X-ray energy: 21 keV].
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Fig.2.3.10 Morphology of 6/y interface during the massive-like transformation
following solidification from remaining & phase in Fe-0.3C-0.6Mn-0.3Si at a cooling
rate of 0.83 K/s. (a) Undercooled & phase right before massive-like transformation at
1703 K (63 K below the peritectic temperature) and (b) advancing 6/y interface for
0.020 — 0.032 s (every 0.004 s). Average velocity of 8/y interface was 100 mm/s.
Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 5.0 um x
5.0 um, frame rate: 250 fps, X-ray energy: 21 keV].
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Fig.2.3.11 Local velocity from Fig.2.3.7 which of é/y interface during the massive-
like transformation following solidification from remaining & phase in Fe-0.0025C-
0.6Mn-0.3Si at a cooling rate of 0.83 K/s. Nucleation undercooling of y phase from
solubility line was 29 K. Interval between frames is 0.004 s. The arrows indicated the
shortest distance between the interfaces. Average velocity of 6/y interface was 230
mm/s. Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 5.0
um x 5.0 um, frame rate: 250 fps, X-ray energy: 21 keV].
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Fig.2.3.12 Distribution of the local velocity from Fig.2.3.11 which of &/y interface

during the massive-like transformation following solidification from remaining &

phase in Fe-0.0025C-0.6Mn-0.3Si at a cooling rate of 0.83 K/s. Nucleation
undercooling of y phase from solubility line was 29 K. Broken line indicates the
average velocity of 8/y interface.
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Fig.2.3.13 Local velocity from Fig.2.3.8 which of &/y interface during the massive-
like transformation following solidification from remaining & phase in Fe-0.3C-
0.6Mn-0.3Si at a cooling rate of 0.17 K/s. Nucleation undercooling of y phase from
the peritectic temperature was 80 K. Interval between frames is 0.004 s. The arrows
indicated the shortest distance between the interfaces. Average velocity of &/y
interface was 150 mm/s. Observation condition [sample size: 10 mm x 10 mm x 0.1
mm, pixel size: 5.0 um x 5.0 um, frame rate: 250 fps, X-ray energy: 21 keV].
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Fig.2.3.14 Distribution of the local velocity from Fig.2.3.13 which of &/y interface
during the massive-like transformation following solidification from remaining d
phase in Fe-0.3C-0.6Mn-0.3Si at a cooling rate of 0.17 K/s. Nucleation undercooling
of y phase from the peritectic temperature was 80 K. Broken line indicates the average
velocity of &/y interface.
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Fig.2.3.15 Relationship between the average velocity of /y interface and nucleation
undercooling of y phase in the massive-like transformation following solidification
from remaining & phase. (a) Undercooling is defined as temperature drop from
solubility line at 0, 0.0025, 0.05mass% C and the peritectic temperature at 0.11, 0.18,
0.3 and 0.45mass% C. (Continued)
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Fig.2.3.15 Relationship between the average velocity of &/y interface and nucleation
undercooling of y phase in the massive-like transformation following solidification
from remaining & phase. (b) Undercooling is defined as temperature drop from To
temperature.
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Fig.2.3.16 Relationship between the average velocity of &/y interface and carbon
concentration in the massive-like transformation following solidification from

remaining o phase.
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Fig.2.3.17 Relationship between the average velocity of 6/y interface and cooling rate

in the massive-like transformation following solidification from remaining § phase.
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Fig.2.3.18 Growth of y phase in the vicinity of 6 grain boundary during the massive-
like transformation following solidification from remaining 6 phase in Fe-0.18C-
0.6Mn-0.3Si at a cooling rate of 0.83 K/s. (a) Undercooled & phase right before the
massive-like transformation at 1728 K (38 K below the peritectic temperature) and
(b) advancing 6/y interface. Average velocity of o/y interface was 150 mm/s.
Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 6.45 um
X 6.45 um, frame rate: 1 — 200 fps, X-ray energy: 28 keV].
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Fig.2.4.1 Transmission images of the massive-like transformation following
solidification from remaining & phase in the binary Fe-0.0025C at a cooling rate of
0.83 K/s. (a) Liquid phase before cooling at 1812 K, (b) growth of & dendrites in liquid
phase at liquidus temperature (1810 K), (c) & phase at solubility line (1674 K), (d)
undercooled 6 phase right before the massive-like transformation at 1550 K, (e) y
phase right after the massive-like transformation at 1550 K and (f) coarsened y phase
after the massive-like transformation at 1540 K. Observation condition [sample size:
10 mm x 10 mm x 0.1 mm, pixel size: 2.5 um x 2.5 um, frame rate: 3 fps, X-ray

energy: 21 keV].
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Fig.2.4.2 Transmission images of the massive-like transformation following
solidification from remaining & phase in the binary Fe-0.18C at a cooling rate of 0.33
K/s. (a) Liquid phase before cooling at 1820 K, (b) growth of & dendrites in liquid
phase at liquidus temperature (1797 K), (c) 6 phase at the peritectic temperature (1766
K), (d) undercooled & phase right before the massive-like transformation at 1667 K,
(e) vy phase right after the massive-like transformation at 1667 K and (f) coarsened vy
phase after the massive-like transformation at 1640 K. Observation condition [sample
size: 10 mm x 10 mm x 0.1 mm, pixel size: 2.5 um x 2.5 um, frame rate: 2 fps, X-ray
energy: 21 keV].
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Fig.2.4.3 Transmission images of the massive-like transformation following
solidification from remaining & phase in the binary Fe-0.3C at a cooling rate of 0.33
K/s. (a) Liquid phase before cooling at 1802 K, (b) growth of & dendrites in liquid
phase at liquidus temperature (1786 K), (c) & phase at the peritectic temperature (1766
K), (d) L + & state right before the massive-like transformation at 1692 K, (e) y phase
right after the massive-like transformation at 1692 K and (f) coarsened y phase after
the massive-like transformation at 1676 K. Observation condition [sample size: 10 mm
x 10 mm x 0.1 mm, pixel size: 2.5 um x 2.5 um, frame rate: 1 fps, X-ray energy: 21
keV].
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Fig.2.4.5 Nucleation temperature of y phase in the massive-like transformation
following solidification from remaining & phase. Circles and triangles correspond to
nucleation temperatures in the Fe-C system and the Fe-C-Mn-Si system, respectively.
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Fig.2.4.6 Relationship between nucleation undercooling of y phase and cooling rate
in the massive-like transformation following solidification from remaining & phase.
Undercooling is defined as temperature drop from solubility line at 0 and
0.0025mass% C. Undercooling is defined as temperature drop from the peritectic
temperature at 0.18, 0.2, 0.3 and 0.5mass% C.
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Fig.2.4.7 Morphology of &/y interface during the massive-like transformation
following solidification from remaining 6 phase in the binary Fe-0.3C at a cooling rate
of 0.83 K/s. (a) Undercooled  phase right before the massive-like transformation at
1674 K (92 K below the peritectic temperature) and (b) advancing &/y interface for
0.052 — 0.072 s (every 0.004 s). Average velocity of &/y interface was 58 mm/s.
Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 5.0 um X
5.0 um, frame rate: 250 fps, X-ray energy: 21 keV].
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Fig.2.4.8 Morphology of &/y interface during the massive-like transformation
following solidification from remaining 6 phase in the binary Fe-0.3C at a cooling rate
of 0.83 K/s. (a) L + & state right before the massive-like transformation at 1726 K (40
K below the peritectic temperature) and (b) advancing 6/y interface for 0.040 — 0.064
s (every 0.008 s). Average velocity of &/y interface was 87 mm/s. Observation
condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 5.0 um x 5.0 um, frame
rate: 125 fps, X-ray energy: 21 keV].
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Fig.2.4.9 Morphology of &6/y interface during the massive-like transformation
following solidification from remaining & phase in the binary Fe-0.3C at a cooling rate
of 0.83 KI/s. (a) Undercooled & phase right before the massive-like transformation at
1678 K (88 K below the peritectic temperature) and (b) advancing &/y interface for
0.031 — 0.043 s (every 0.006 s). Average velocity of 6/y interface was 118 mm/s.
Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 5.0 um x
5.0 um, frame rate: 167 fps, X-ray energy: 21 keV].
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Fig.2.4.10 Local velocity from Fig.2.4.7 which of &/y interface during the massive-
like transformation following solidification from remaining & phase in the binary Fe-
0.3C at a cooling rate of 0.83 K/s. Nucleation undercooling of y phase from the
peritectic temperature was 92 K. Interval between frames is 0.004 s. The arrows
indicated the shortest distance between the interfaces. Average velocity of &/y
interface was 58 mm/s. Observation condition [sample size: 10 mm x 10 mm x 0.1
mm, pixel size: 5.0 um x 5.0 um, frame rate: 250 fps, X-ray energy: 21 keV].
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Fig.2.4.11 Distribution of the local velocity from Fig.2.4.10 which of d8/y interface
during the massive-like transformation following solidification from remaining &
phase in the binary Fe-0.3C at a cooling rate of 0.83 K/s. Nucleation undercooling of
v phase from the peritectic temperature was 92 K. Broken line indicates the average
velocity of &/y interface.
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Fig.2.4.12 Relationship between the average velocity of 6/y interface and nucleation
undercooling of y phase in the massive-like transformation following solidification
from remaining 6 phase. Circles and triangles correspond to the average velocities in
the Fe-C system and the Fe-C-Mn-Si system, respectively. Undercooling is defined
as temperature drop from solubility line at 0.0025mass% C. Undercooling is defined
as temperature drop from the peritectic temperature at 0.3mass% C.
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Fig.2.5.1 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.18C-0.6Mn-0.3Si at a cooling rate of 0.5
K/s. (a) Liquid phase before cooling at 1807 K, (b) liquid phase at liquidus temperature
(1797 K) and (c) undercooled liquid phase at the peritectic temperature (1766 K).
Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 6.45 pm x
6.45 um (transmission image), 1.5 um x 1.5 um (diffraction image), frame rate: 1 —
100 fps (transmission image), 1 — 20 fps (diffraction image), X-ray energy: 28 keV].
(Continued)

54



200.319s (1712 K)

217.849 s (1703 K)

. 218.8495 (1703 K)

258.824 s (1683 K)

55

200.287s (1712 K)

o

110)

217.849s (1703 K)

218.848s (1703 K)

X
(200)

i
(111)
258.831s (1683 K)

(200)

N
(in

Fig.2.5.1 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.18C-0.6Mn-0.3Si at a cooling rate of 0.5
K/s. (d) o phase right after undercooled solidification at 1712 K, (e) undercooled o
phase right before the massive-like transformation at 1703 K, (f) y phase right after
the massive-like transformation at 1703 K and (g) coarsened y phase after the massive-
like transformation at 1683 K. Observation condition [sample size: 10 mm x 10 mm
x 0.1 mm, pixel size: 6.45 pm X 6.45 pm (transmission image), 1.5 pm x 1.5 um
(diffraction image), frame rate: 1 — 100 fps (transmission image), 1 — 20 fps
(diffraction image), X-ray energy: 28 keV].
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Fig.2.5.2 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.18C-0.6Mn-0.3Si at a cooling rate of
0.17 K/s. (a) Liquid phase before cooling at 1807 K, (b) liquid phase at liquidus
temperature (1797 K) and (c) undercooled liquid phase at the peritectic temperature
(1766 K). Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size:
6.45 um x 6.45 um (transmission image), 1.5 um x 1.5 um (diffraction image), frame
rate: 1 — 100 fps (transmission image), 1 — 20 fps (diffraction image), X-ray energy:
28 keV]. (Continued)
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Fig.2.5.2 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.18C-0.6Mn-0.3Si at a cooling rate of
0.17 K/s. (d) 6 phase right after undercooled solidification at 1751 K, (e) undercooled
0 phase right before the massive-like transformation at 1663 K, (f) y phase right after
the massive-like transformation at 1663 K and (g) coarsened y phase after the massive-
like transformation at 1644 K. Observation condition [sample size: 10 mm x 10 mm
x 0.1 mm, pixel size: 6.45 um x 6.45 pum (transmission image), 1.5 um x 1.5 um
(diffraction image), frame rate: 1 — 100 fps (transmission image), 1 — 20 fps
(diffraction image), X-ray energy: 28 keV].
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Fig.2.5.3 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.18C-0.6Mn-0.3Si at a cooling rate of
0.83 K/s. (a) Liquid phase before cooling at 1827 K, (b) liquid phase at liquidus
temperature (1797 K) and (c) undercooled liquid phase at the peritectic temperature
(1766 K). Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size:
6.45 um X 6.45 um (transmission image), 1.5 um x 1.5 um (diffraction image), frame
rate: 1 — 100 fps (transmission image), 1 — 20 fps (diffraction image), X-ray energy:
28 keV]. (Continued)
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Fig.2.5.3 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.18C-0.6Mn-0.3Si at a cooling rate of
0.83 K/s. (d) o phase right after undercooled solidification at 1757 K, (e) undercooled
& phase right before the massive-like transformation at 1659 K, (f) y phase right after
the massive-like transformation at 1659 K and (g) coarsened y phase after the massive-
like transformation at 1640 K. Observation condition [sample size: 10 mm x 10 mm X
0.1 mm, pixel size: 6.45 um x 6.45 pm (transmission image), 1.5 um x 1.5 um
(diffraction image), frame rate: 1 — 100 fps (transmission image), 1 — 20 fps
(diffraction image), X-ray energy: 28 keV].
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Fig.2.5.4 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.3C-0.6Mn-0.3Si at a cooling rate of 0.5
K/s. (a) Liquid phase before cooling at 1796 K, (b) liquid phase at liquidus
temperature (1786 K) and (c) undercooled liquid phase at the peritectic temperature
(1766 K). Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size:
6.45 um X 6.45 um (transmission image), 1.5 um x 1.5 um (diffraction image), frame
rate: 1 — 200 fps (transmission image), 1 — 20 fps (diffraction image), X-ray energy:
28 keV]. (Continued)
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Fig.2.5.4 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.3C-0.6Mn-0.3Si at a cooling rate of 0.5
K/s. (d) 6 phase right after undercooled solidification at 1672 K, (e) L + o state right
before the massive-like transformation at 1672 K, (f) y phase right after the massive-
like transformation at 1672 K and (g) coarsened y phase after the massive-like
transformation at 1671 K. Observation condition [sample size: 10 mm x 10 mm x 0.1
mm, pixel size: 6.45 um x 6.45 pum (transmission image), 1.5 um x 1.5 um (diffraction
image), frame rate: 1 — 200 fps (transmission image), 1 — 20 fps (diffraction image),
X-ray energy: 28 keV].
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Fig.2.5.5 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.3C-0.6Mn-0.3Si at a cooling rate of 0.83
K/s. (a) Liquid phase before cooling at 1836 K, (b) liquid phase at liquidus
temperature (1786 K) and (c) undercooled liquid phase at the peritectic temperature
(1766 K). Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size:
6.45 um X 6.45 pum (transmission image), 1.5 um x 1.5 um (diffraction image), frame
rate: 1 — 200 fps (transmission image), 1 — 20 fps (diffraction image), X-ray energy:
28 keV]. (Continued)
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Fig.2.5.5 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-0.3C-0.6Mn-0.3Si at a cooling rate of 0.83
K/s. (d) 6 phase right after undercooled solidification at 1717 K, (e) L + J state right
before the massive-like transformation at 1689 K, (f) y phase right after the massive-
like transformation at 1689 K and (g) coarsened y phase after the massive-like
transformation at 1687 K. Observation condition [sample size: 10 mm x 10 mm x 0.1
mm, pixel size: 6.45 pm x 6.45 um (transmission image), 1.5 um x 1.5 um (diffraction
image), frame rate: 1 — 200 fps (transmission image), 1 — 20 fps (diffraction image),
X-ray energy: 28 keV].
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Fig.2.5.6 Nucleation temperature of 4 phase in undercooled solidification.

I BNTEM DIFECAERRENIE L DN TWNA Z LA R LTWA, £7-. [6—
AREITH 8 HOBAERIBENEL SN TND Z &Ik, BAERYA ~EDbd
WA TEM D3RR « BEENRARE CLEICAFE L TV DO TIEA < | EEEIRFR THERK
JESE D AR 2R P IS L TV D ATREMEDRS & D,

2.3.2 TiR_7= L 91z, WIHIEEERTIC BT Didm EIXmEEE I Xl S b &
WESNTWD3, 4], ZOFEERTIT, KEHHIRIEER L@ mhik S Befk L 72k me
TOREETH Y | 58 & O D ERY A M7 TW0 5D, H D W IEEER
& OFERGEIGIT 5 CRAERRY A N ER2WEPBE L TS RREER S D, —
J. ARFEBRTIE, 01 g BREODEOREHIE CIREOY 7 7 A4 7 L it L T
LOHTHY Y77 A TILSHDBIAFREARRY A Mo T, Lz
2T, 3 HHOWMM EITFBHICAFTET 20T 72 & OZAERY A MTIRAFT 573,
BT A N OFEREAREENIE D DN TNAD T, § HHOAR OB I
MENRE KT Lo T2 geE R H 5,

Kuroda SIZ@BEVEN /NS W EERDBEZ IZ/2D, DFEVBEBER/NSL 7
5 EMELTWD10], AEBRICH O T, WEVEITEK ST 3REH o Lk Y1
N DIFLERE AN D DOWNWTEY | W EOMBERFIEN R o7 ho
T2 FREMEDN B D,

67



150+ © 0.18C

T 0.3C
<> 0.45C
O
M 0
= U 0
< 100~ . o .
" O
—
= S
= &
2
o
> N .
E g o
O
& 50 — - -
£ © 3 :
- o %
@]
&
@]
0 | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Cooling rate , R/ Ks-l
Fig.2.5.7 Relationship between nucleation undercooling of & phase and cooling rate
in undercooled solidification. Undercooling is defined as temperature drop from
liquidus temperature.
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Fig.2.5.8 Relationship between nucleation undercooling of & phase and super heat in

undercooled solidification. Undercooling is defined as temperature drop from liquidus
temperature.
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Fig.2.5.9 Nucleation temperature of y phase in the massive-like transformation
following undercooled solidification. Circles and triangles correspond to nucleation
temperatures in undercooled solidification and after solidification from remaining 6
phase, respectively.
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Fig.2.5.10 Relationship between nucleation undercooling of y phase and cooling rate
in the massive-like transformation following undercooled solidification. Undercooling
is defined as temperature drop from the peritectic temperature.
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Fig.2.5.11 Relationship between nucleation undercooling of y phase and super heat in
the massive-like transformation following undercooled solidification. Undercooling
is defined as temperature drop from the peritectic temperature.
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Fig.2.5.12 Morphology of &/y interface during the massive-like transformation
following undercooled solidification in Fe-0.18C-0.6Mn-0.3Si at a cooling rate of
0.83 K/s. (a) Undercooled 6 phase right before the massive-like transformation at 1690
K (76 K below the peritectic temperature) and (b) advancing d/y interface for 0.15 —
0.25 s (every 0.05 s). Average velocity of &/y interface was 15 mm/s. Observation
condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 6.45 pm X 6.45 pum,
frame rate: 20 fps, X-ray energy: 28 keV].
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Fig.2.5.13 Local velocity from Fig.2.5.12 which of &/y interface during the massive-
like transformation following undercooled solidification in Fe-0.18C-0.6Mn-0.3Si at
a cooling rate of 0.83 K/s. Nucleation undercooling of y phase from the peritectic
temperature was 76 K. Interval between frames is 0.05 s. The arrows indicated the
shortest distance between the interfaces. Average velocity of d/y interface was 15
mm/s. Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 6.45
um x 6.45 um, frame rate: 20 fps, X-ray energy: 28 keV].
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Fig.2.5.14 Distribution of the local velocity from Fig.2.5.13 which of d/y interface
during the massive-like transformation following undercooled solidification in Fe-
0.18C-0.6Mn-0.3Si at a cooling rate of 0.83 K/s. Nucleation undercooling of y phase
from the peritectic temperature was 76 K. Broken line indicates the average velocity
of d8/y interface.

2.5.6 d/y FEDEHBEIHEE

(@) Oy S O NEYIREEhIE EE i v FE AR A

BLARIREE D & O EE & Sy Sl OB ENEE OBtk % Fig.2.5.15 (2”7,
235 TR L7 GABHIC S HZ 7R L THEIZ BGE LI EBROFER bR LTV D,
Fe-0.18C-0.6Mn-0.3Si Tl “EHBENEE LI 52T 52 L mm/s 725 DK
HAEIR & 100 mm/s UL O EEFEKIC S D AR R S, 7277, R 1
mm/s FREETH Y | § FHZFE L TWeE & T, R EEE IR T
LT\ e, ilm Rk 2> B O RGE 7 BRE 23 SEXIBEEE OIK FI2k L TRE R
BE G2 TWDAREEN IR SN D,

Bl z1X, 80 KA DEMMmEEIZE R 3T 25 &, 15 mm/s & 135 mm/s O - dhiH
ERRESNTEBY., FUBEGETH 10 {EFREDEND - -, FHRBE)HE A
WHE T REICRESTE LT, FHUBENEE B BRI R D)o

75



300 O 0.18C(Undercooled solidification)

@ ® 0.18C
250 - —
"E’ ®
b= 200 - _
>
s Y
3 150 ° .
% L] o)
=3
]
=y
§ 100 — ® _
< ®
50— ® ® —
o O
0 e eC® Cpy o 1 O \
0 50 100 150 200 250

Undercooling from T, AT/K
Fig.2.5.15 Relationship between the average velocity of /y interface and nucleation
undercooling of y phase in the massive-like transformation following undercooled
solidification. (a) Fe-0.18C-0.6Mn-0.3Si. Undercooling is defined as temperature
drop from the peritectic temperature. Circles and triangles correspond to nucleation
temperatures in undercooled solidification and after solidification from remaining o
phase, respectively. (Continued)
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Fig.2.5.15 Relationship between the average velocity of 8/y interface and nucleation
undercooling of y phase in the massive-like transformation following undercooled
solidification. (b) Fe-0.3C-0.6Mn-0.3Si. Undercooling is defined as temperature drop
from the peritectic temperature. Circles and triangles correspond to nucleation
temperatures in undercooled solidification and after solidification from remaining &
phase, respectively.
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Fig.2.5.16 Growth of y phase in the vicinity of 6 grain boundary during the massive-
like transformation following undercooled solidification at a cooling rate of 0.83 K/s.
(a) Undercooled & phase right before the massive-like transformation at 1668 K (98 K
below the peritectic temperature), (b) — (d) growth of y phase right before beyond 6
grain boundary and (e) growth of y phase right after beyond 6 grain boundary. Average
velocity of 6/y interface was 1 mm/s. Observation condition [sample size: 10 mm X
10 mm x 0.1 mm, pixel size: 6.45 um x 6.45 um, frame rate: 1 — 200 fps, X-ray energy:
28 keV].
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810s (1688 K) K€ 941 s (1654 K)

Fig.2.6.1 Transmission images of deformation of undercooled 6 phase in Fe-0.18C-
0.6Mn-0.3Si at a inserting rate of 5 um/s at 1688 K (78 K below the peritectic
temperature). (a) Undercooled 6 phase right before inserting Al>Os plate, (b) — (d)
undercooled 6 phase during inserting Al2Oz plate, (e) undercooled & phase right after
stopping inserting Al,O3 plate and (f) y phase right after the massive-like
transformation during cooling at a cooling rate of 0.83 K/s at 1654 K. Observation
condition [sample size: 10 mm x 10 mm x 0.2 mm, pixel size: 5.0 um x 5.0 um, frame
rate: 1 fps, X-ray energy: 21 keV].
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Fig.2.6.2 Transmission images of deformation of undercooled 6 phase in Fe-0.18C-
0.6Mn-0.3Si at a inserting rate of 1 mm/s at 1491 K (275 K below the peritectic
temperature). (a) Undercooled 6 phase right before inserting Al.Os plate, (b)
undercooled & phase right after inserting Al2Os plate, (c) — (e) undercooled & phase
after inserting Al2O3 plate and (f) y phase right after the massive-like transformation.
Observation condition [sample size: 10 mm x 10 mm x 0.2 mm, pixel size: 2.5 pm x
2.5 um, frame rate: 1 fps, X-ray energy: 21 keV].
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Fig.2.6.3 Force operating the bottom of specimen by inserting Al.Oz plate with 1 mm/s
into Fe-0.18C-0.6Mn-0.3Si at 1491 K (275 K below the peritectic temperature). Al>O3
plate was inserted in 0.5 mm. The massive-like transformation occurred at 4 s after
inserting Al>O3 plate.
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Fig.2.6.4 Temperature of inserting Al.O3 plate to undercooled 6 phase. Circles and
crosses correspond to inserting temperatures in induced and not induced, respectively.

Table2.6.1 Conditions of induced the massive-like transformation.

Evs RN IR AP~y T HEREE
(mm/s) (K) TORFHZE(S)

Fe-0.18C-0.6Mn-0.3Si 1 1581 0.4

Fe-0.18C-0.6Mn-0.3Si 1 1621 11

Fe-0.18C-0.6Mn-0.3Si 1 1491 4

Fe-0.18C-0.6Mn-0.3Si 1 1625 2

Fe-0.18C-0.6Mn-0.3Si 2 1625 =0

Fe-0.3C-0.6Mn-0.3Si 2 1713 0.7

2.6.2 yHOBEAERDER
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2B 5. ALOs IO AIZ L 3B OZE TR & |
FEEBICHL SN~ v v THEREDHIAG & Fig.2.6.5 127~k Fig.2.6.5(a)i

Fe-0.18C-0.6Mn-0.3Si
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Fig.2.6.5 Transmission images of deformation of undercooled 6 phase in Fe-0.18C-
0.6Mn-0.3Si at a inserting rate of 1 mm/s at 1621 K (145 K below the peritectic
temperature). (a) Undercooled & phase right before inserting Al.Os plate, (b)
undercooled & phase right after inserting Al>Os plate, (c) undercooled & phase right
before the massive-like transformation, (d) — (€) growth of y phase in the massive-like
transformation and (f) y phase right after the massive-like transformation. Observation
condition [sample size: 10 mm x 10 mm x 0.2 mm, pixel size: 5.5 um x 5.5 um, frame
rate: 1 fps, X-ray energy: 21 keV].

85



Bt a2 ¢ 5HEATD 1621 K £ Tilam L7 § HTH S, Fig.2.6.5(b)IC~T &L 9
12, ALOs#R % Lmm/s THEA LBl 2 £ &7, Fig.2.6.5(C)lRd Loz, &
Em6 10sMZSHOEETh -T2,

Fig.2.6.5(d)ITZ D 11 s 1212, ALOs Bl CEAK L7y HHTH Y . £
1s % Td 5 Fig.2.6.5(e) TlE., y FHAS ALOs L5 5> & /2_E~Jah> THE LT
72o Fig.2.6.5(f)id~ v v 7HIEEND 80 s D yFHTH D, y I KL L TE
D, RERBOWDEEBDBIZ I,

(b) v FHOZA R DL DR

&y FHE AY AlOs T30 & _EEi~[f17> THEIN L TH 0 |y L AlLOs s
TEAM LTz, 261 THR7=XK91C, BRICEVALEZOTARIIERML, £BF
ST TO S DN ERS R LW e, Flo, v v U7 ERBITEE LI s iE
NTHRZ > Tz, ALOs DI AIZL Y § #HFIZA U D EFIGHA, v O
D A= DN QAN N==1 L ViV SRS

2.7 Fe-C-Mn-Si TR V7 RARBHIRBIT B~ v vV THERE

INFETYy VU THEENRBIEINTHARBHIE SN 0.1 mm THDH7-80,
HIEEHZ TV, ~ > U T A RE D ERGUEHC R OB /2 Dy, L 7 3BT
HBEZ S TWBDOMNIALN SN TR, £2TC, JEZ&Z01lmmiZ L7
I 7 GRERC OREEIRFR A BlEE LTz,

271 <=y THERDOER
(@) Fe-0.05C-0.6Mn-0.3Si (21T 5~ v v T IHERE

Fe-0.05C-0.6Mn-0.3Si IZBI1T 5. 8§ T KT 4 FOKENOH~ v v T HIZERES
O y LKA £ ToOFEBG (L) L FITR(E) % Fig2.7.1 177, 7272 L, HZink
ERPFETIZT7 L—L L — FNE D 720, A DO TIEEREIRFRE N T9E 5,
Fig.2.7.1@)IXG HIBIAERTOWAR TH 5, Fig.2.7.1@) DR 5 10s I E1 % B
BT,

Fig.2.7.L(0) I XIEAHBRIRE T E 2 R T2 8 7 RT7A4 R ThH 5, #HEHEHE
X 01 mm)TOBEBB L LRTar T2 MR RHETHLN, 67 KT
A FOREITBLETE TV D, X BOBRAFTIHNZT Y R4 MREBRDAH-T
WA Z &L 37TkeV EARAINCE W R X —D X D=, B -« BEICK
3y b7 A NPRIICEDT D2 LN, KK > TOWDRRETH
Do

Fig.2.7.1(c)lR3 L 912, FHERIRRE Ty tHHOBZ AR FF SN HIEEIZB N T H
SFAMND y FA~DEFIEREITIE Z S0 o7, BIIFBIZBW T, R b7 § FHD
(110)s DEIPr SN BIEE ST, HRZ2EHT AL, S FHORESRI K TH S Z &
ZRLTWD, yHOBEARITEZ 57, Fig7.1d)Ird & 51T, FHERREKX

86



Loy HARTEIR TH 5 1624 K £ T § fHN WS LTz, BIFRIZEBWT, (110)s D
[T MBI S LTz,

Fig.2.7.1(e)IZ "9 1624 K IZHBW T, EFHIRRED § S y fH~EARE L, &l
BIZEBNWT, XBOREHTIZ L W AL 2BV EERA e s, £, FrkicEs
WTC, y FHOD(111), & (200)y DRI 23 10 E#LEE S v, 1ZIZFIREC 8 FHOEIT
RSN role, H—0 § KiFIZEED vy KD ER LT Z L2 b T
B, ZOEMHELEXY vy THERETH D,

Fig27.1(NITRT L 21T, v v U T RIZEREN B 65 H2ICIE, BT BRIZ BV T(11L),
& (200), DR AR L, ~ v T HIEREE % ORI v FHOHKRILAFITSE
TLEZEEZRLTWD,

(b) Fe-0.18C-0.6Mn-0.3Si (2551 B~ v > 7 HIZRE

Fe-0.18C-0.6Mn-0.3Si IZBIT 5. 8 T+ KT A4 hOEENS~ v THIZLRER
O y A KA £ TOFBG(E) & BIE ()% Fig.2.7.2 |2~ Fig.2.7.2(a)ldm
HIBALGATOWEAE TH Y | Fig2.72@) D15 10 s RICWHH 2 BA4A L7z,
Fig2.7.2(0) I AHFRIBEE L FICRB T D, 8§ T R4 FOREBRETH D,
Fig2.7.1 LEIERIC S 7T R4 NI CTH - 72,

Fig.2.7.2Q)Z T & 912, AEINTE Z 672 h- 70, BIFBIZEBW T, HK
72 8 HHDO110)s DIEFr S BE SN, v HOBARE Z 57, Fig.2.7.2(d)IZ
AT RIS, PHERIE oo y HAHGEEITH 5 1756 K £ T § AN M L7z, 8
FOT > K74 MR L TRV, KE+S FHO I FIRETH - 72,
BB T, KR 8 D (110)s DEIFT AN EIE ST,

Fig.2.7.2(e) 2R3 & 212, WA+ fHOILAFIRAE T~ v T HERBSEZ v | 1]
Pz BT, y FHD(111), & (200), DRI 23 100 #1522 S 4, 1ZIZRIRFIZ &
FHOET R BIE SR R o Tz,

Fig27.2(NIx~ v v 7TIEREND 2s RO yFHTH D, 2s O TR y FHN
HIRAL L. [HHT8I2 380 T (111), & (200), DRI S Lz,
© W TREBHIBT D~ v VT RILRRD KK

PN REHZB N TS S MIXAS I MIBE LT £ Tl L, S fHoBm#%IE
~ v VT HIERENIRINES N, TDT7D, v v VTR REITREH A XITIKAF L
ROWVHRTH D, v v T HIERR L IFIFFRFHC S ORI AN/HATBY, v
T RVEREITERI IR Tl Z o 7o, HIRGEEL L [FIRRIC, v v T BERENBEL s
BIZix y AASHLRAE LT,

87



0s (1835K)

65.151s (1807 K)

221.149s (1729 K) 221.171 s (1729 K)

(110)

e

Fig.2.7.1 Transmission and diffraction images of the massive-like transformation
following solidification from remaining & phase in Fe-0.05C-0.6Mn-0.3Si at a cooling
rate of 0.5 K/s. (a) Liquid phase before cooling at 1835 K, (b) growth of 6 dendrites
in liquid phase at liquidus temperature (1807 K) and (c) 6 phase at solubility line
(1729 K). Observation condition [sample size: 10 mm x 10 mm x 1 mm, pixel size:
6.45 um x 6.45 pum (transmission image), 1.5 um x 1.5 um (diffraction image), frame
rate: 1 — 100 fps (transmission image), 1 — 20 fps (diffraction image), X-ray energy:
37 keV]. (Continued)
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Fig.2.7.1 Transmission and diffraction images of the massive-like transformation
following solidification from remaining 6 phase in Fe-0.05C-0.6Mn-0.3Si at a cooling
rate of 0.5 K/s. (d) undercooled & phase right before the massive-like transformation
at 1624 K, (e) y phase right after the massive-like transformation at 1624 K and (f)
coarsened y phase after the massive-like transformation at 1621 K. Observation
condition [sample size: 10 mm x 10 mm x 1 mm, pixel size: 6.45 um x 6.45 um
(transmission image), 1.5 um x 1.5 um (diffraction image), frame rate: 1 — 100 fps
(transmission image), 1 — 20 fps (diffraction image), X-ray energy: 37 keV].
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Fig.2.7.2 Transmission and diffraction images of the massive-like transformation
following solidification from remaining 6 phase in Fe-0.18C-0.6Mn-0.3Si at a cooling
rate of 0.5 K/s. (a) Liquid phase before cooling at 1816 K, (b) growth of & dendrites
in liquid phase at liquidus temperature (1797 K) and (c) & phase at the peritectic
temperature (1766 K). Observation condition [sample size: 10 mm x 10 mm x 1 mm,
pixel size: 6.45 um x 6.45 um (transmission image), 1.5 um x 1.5 um (diffraction
image), frame rate: 1 fps (transmission image), 1 fps (diffraction image), X-ray
energy; 37 keV]. (Continued)
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Fig.2.7.2 Transmission and diffraction images of the massive-like transformation
following solidification from remaining & phase in Fe-0.18C-0.6Mn-0.3Si at a cooling
rate of 0.5 K/s. (d) L + & state right before the massive-like transformation at 1756 K,
(e) y phase right after the massive-like transformation at 1756 K and (f) coarsened y
phase after the massive-like transformation at 1755 K. Observation condition [sample
size: 10 mm x 10 mm x 1 mm, pixel size: 6.45 um x 6.45 um (transmission image),
1.5 um x 1.5 um (diffraction image), frame rate: 1 fps (transmission image), 1 fps
(diffraction image), X-ray energy; 37 keV].
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Fig.2.7.3 Nucleation temperature of y phase in the massive-like transformation
following solidification from remaining & phase. Circles and triangles correspond to
nucleation temperatures in thickness of 1 mm and thickness of 0.1 mm, respectively.
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Fig.2.7.4 Morphology of &/y interface during the massive-like transformation
following solidification from remaining & phase in Fe-0.18C-0.6Mn-0.3Si at a cooling
rate of 0.5 K/s. (a) Undercooled & phase right before the massive-like transformation
at 1734 K (32 K below the peritectic temperature) and (b) advancing d/y interface for
0.015-0.035s (every 0.017 s and 0.003 s). Average velocity of 6/y interface was 146
mm/s. Observation condition [sample size: 10 mm x 10 mm x 1 mm, pixel size: 6.45
um x 6.45 um, frame rate: 1 — 350 fps, X-ray energy: 37 keV].
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Fig.2.7.5 Local velocity from Fig.2.7.4 which of 8/y interface during the massive-like
transformation following solidification from remaining & phase in Fe-0.18C-0.6Mn-
0.3Si at a cooling rate of 0.5 K/s. Nucleation undercooling of y phase from the
peritectic temperature was 32 K. Interval between frames is 0.017 s and 0.003 s. The
arrows indicated the shortest distance between the interfaces. Average velocity of 6/y
interface was 146 mm/s. Observation condition [sample size: 10 mm x 10 mm x 1
mm, pixel size: 6.45 um x 6.45 um, frame rate: 1 — 350 fps, X-ray energy: 37 keV].
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Fig.2.7.6 Distribution of the local velocity from Fig.2.7.5 which of 8/y interface during
the massive-like transformation following solidification from remaining  phase in Fe-
0.18C-0.6Mn-0.3Si at a cooling rate of 0.5 K/s. Nucleation undercooling of y phase
from the peritectic temperature was 32 K. Broken line indicates the average velocity
of &/y interface.
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Fig.2.7.7 Relationship between the average velocity of 8/y interface and nucleation
undercooling of y phase in the massive-like transformation following solidification
from remaining & phase. Circles and triangles correspond to the average velocities in
thickness of 1 mm and thickness of 0.1 mm, respectively. Undercooling is defined as
temperature drop from solubility line at 0.05mass% C. Undercooling is defined as
temperature drop from the peritectic temperature at 0.18mass% C.
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Fig.2.8.1 Transmission and diffraction images of the massive-like transformation
during steady solidification in Fe-0.3C-0.6Mn-0.3Si at a pull-down rate of 50 pm/s.
(a) Liquid, 6 and y phases right before unidirectional solidification and (b) growth of
0 dendrites and the massive-like transformation during unidirectional solidification.
Observation condition [sample size: 8 mm x 25 mm x 0.1 mm, pixel size: 2.5 pm X
2.5 um (transmission image), 50 um x 50 um (diffraction image), frame rate: 1 fps
(transmission image), 1 fps (diffraction image), X-ray energy: 21 keV]. (Continued)
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Fine

Coarse

Fig.2.8.1 Transmission and diffraction images of the massive-like transformation
during steady solidification in Fe-0.3C-0.6Mn-0.3Si at a pull-down rate of 50 um/s.
(¢) and (d) growth of & dendrites, the massive-like transformation and growth of
coarsened y grains during unidirectional solidification. Observation condition [sample
size: 8 mm x 25 mm x 0.1 mm, pixel size: 2.5 um x 2.5 um (transmission image), 50
um x 50 um (diffraction image), frame rate: 1 fps (transmission image), 1 fps
(diffraction image), X-ray energy: 21 keV].

282 PEBEEDOHRENIDO~ v VTHERBR~DER
(@) Fe-0.18C-0.6Mn-0.3Si |2 81T 2 fikAEIc X 5 y O E

5 pum/s T—J7[F%EE L 7= Fe-0.18C-0.6Mn-0.3Si (Z351F 5. y MO E#fED %
% % Fig.2.8.2 {2/~ 7, Fig.2.8.2@) L — FIAEEEERICTH V. 10s %25 & FiF
Z B LTz 3RO SHRAN 2 O NEZ (IR FA+S FH OS8R, v FHOFEIRFAE L T

100



Fig.2.8.2 Transmission images of growth of y phase by diffusion-controlled during
unidirectional solidification in Fe-0.18C-0.6Mn-0.3Si at a pull-down rate of 5 um/s.
(@) y phase right before pull down and (b) — (d) growth of y phase by diffusion-
controlled. Observation condition [sample size: 8 mm x 25 mm x 0.1 mm, pixel size:
2.5 um x 2.5 um, frame rate: 1 fps, X-ray energy: 21 keV].
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Fig.2.8.3 Transmission images of growth of y phase by diffusion-controlled during
unidirectional solidification in Fe-0.18C-0.6Mn-0.3Si at a pull-down rate of 8 pum/s.
(@) y phase right before pull down, (b) — (c) growth of y phase by diffusion-controlled
and (d) y phase right after the massive-like transformation. Observation condition
[sample size: 8 mm x 25 mm x 0.1 mm, pixel size: 2.5 um x 2.5 um, frame rate: 1 fps,
X-ray energy: 21 keV].
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Fig.2.8.4 Time variation of position of y growth interface during diffusion-controlled
growth and the massive-like transformation in Fe-0.18C-0.6Mn-0.3Si at a pull-down

rate of 8 um/s.
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Fig.2.9.1 Trace of liquid and solid concentration during solidification and the massive-
like transformation. Circle, square and cross correspond to carbon concentrations in
liquid, 6 and y phases, respectively.
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AElnterface = Gélyssly (292)
AE | ortace = Gs/yS51y _05/53'5/5 (2.9.3)
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N5,
AG=G"-G° (2.9.6)
(295X HNTRIB)RLZEETH L. AGIFUTOXNTERELND,
AG =X (1t =18 J+ Xy (i — 1 )+ X1 (0 — 113 )+ X (X2, = X2, ) (2.9.7)

Mn J& 5 % 0.6mass%. Si J2JE % 0.3mass%IZ[EE L 7= Fe-C-Mn-Si #t 52D,
1716 K IZ8B1F 5 CIREICKIT 22X 7 Ao AR =XV ¥ —% Fig.2.9.2 IZR”T, ¥
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Fig.2.9.2 Gibbs free energy curve of & phase and y phase at 1716 K as a function of
carbon concentration in pseudo-binary of Fe-C-Mn-Si quaternary system at 0.6mass%
Mn and 0.3mass% Si. Nucleation undercooling of y phase from the peritectic
temperature was 50 K. Curves correspond to Gibbs free energies in 6 and y phases,
respectively. Broken line indicates a driving force of the massive-like transformation.
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Fig.2.9.3 Gibbs free energy change as a function of nucleation undercooling of y phase
from the peritectic temperature in pseudo-binary of Fe-C-Mn-Si quaternary system at
0.6mass% Mn and 0.3mass% Si.
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Fig.2.9.4 Relationship between Gibbs free energy change and carbon concentration in
pseudo-binary of Fe-C-Mn-Si quaternary system at 0.6mass% Mn and 0.3mass% Si
at 1656 K. Nucleation undercooling of y phase from the peritectic temperature was
110 K.
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Fig.2.9.5 Gibbs free energy change as a function of nucleation undercooling of y phase
from the peritectic temperature in Fe-C binary system and pseudo-binary of Fe-C-
Mn-Si quaternary system at 0.6mass% Mn and 0.3mass% Si. Curves correspond to
Gibbs free energies change in Fe-0.3C and Fe-0.3C-0.6Mn-0.3Si, respectively.
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Fig.2.9.6 Gibbs free energy curve of 6 phase and y phase at 1666 K as a function of
carbon concentration in Fe-C binary system. Nucleation undercooling of y phase from
the peritectic temperature was 100 K. Curves correspond to Gibbs free energies in 6
and y phases, respectively. Dotted line indicates tangential line.
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Fig.2.9.7 Gibbs free energy curve of d phase and y phase at 1666 K as a function of
manganese concentration in Fe-Mn binary system. Nucleation undercooling of vy
phase from the peritectic temperature was 100 K. Curves correspond to Gibbs free
energies in & and y phases, respectively. Dotted line indicates tangential line.
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Fig.2.9.8 Gibbs free energy curve of 6 phase and y phase at 1666 K as a function of
silicone concentration in Fe-Si binary system. Nucleation undercooling of y phase
from the peritectic temperature was 100 K. Curves correspond to Gibbs free energies
in 6 and y phases, respectively. Dotted line indicates tangential line.
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Fig.2.9.9 Chemical potential of 6 phase and y phase at 1666 K as a function of iron
concentration in Fe-C binary system. Nucleation undercooling of y phase from the
peritectic temperature was 100 K. (a) Chemical potential of iron. Curves correspond
to chemical potentials in 6 and y phases, respectively. Broken line indicates a driving
force of solute partition. (Continued)
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Fig.2.9.9 Chemical potential of & phase and y phase at 1666 K as a function of carbon
concentration in Fe-C binary system. Nucleation undercooling of y phase from the
peritectic temperature was 100 K. (b) Chemical potential of carbon. Curves
correspond to chemical potentials in & and y phases, respectively. Broken line
indicates a driving force of solute partition. (Continued)
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Fig.2.9.9 Chemical potential of 6 phase and y phase at 1666 K as a function of
manganese concentration in Fe-Mn binary system. Nucleation undercooling of y
phase from the peritectic temperature was 100 K. (c) Chemical potential of
manganese. Curves correspond to chemical potentials in 6 and y phases, respectively.
Broken line indicates a driving force of solute partition. (Continued)
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Fig.2.9.9 Chemical potential of & phase and y phase at 1666 K as a function of silicone
concentration in Fe-Si binary system. Nucleation undercooling of y phase from the
peritectic temperature was 100 K. (d) Chemical potential of silicone. Curves
correspond to chemical potentials in 6 and y phases, respectively. Broken line
indicates a driving force of solute partition.
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Fig.2.9.10 Schematic images of diffusion layer in the vicinity of &/y interface. (a)
Diffusion layer of carbon and manganese and (b) diffusion layer of silicone.
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Fig.2.9.11 Diffusivities for carbon, manganese and silicone as a function of

temperature. Curves correspond to diffusivities in & phase and y phase, respectively.
Dotted line indicates extrapolation property.

Table2.9.1 Diffusivity of C, Mn and Si. Unit of gas constant is cal/molK.

Element D3 (m?/s) DY (m?/s)

¢ 0.0127 exp(_19450j><104 0.0761exp(_3:_|1_60jx104

Mn 0.76exp(_53640] «10°* 0.055exp(_59600j «10~*
RT RT

Si

—59500 4 —-60100 4
8.0e 10 0.30e 10
Xp( RT ] Xp( RT j
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Fig.2.9.12 Estimated thickness of diffusion layer for carbon, manganese and silicone

in & phase as a function of temperature. Curves correspond to diffusion layers in
carbon, silicone and manganese, respectively.
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Table2.9.2 Lattice constant of & phase and y phase.

Phase Lattice constant (nm)
d 1.602x107°T? +2.059x10°T +0.2860 (295 — 1183 K)
Y 8.1593x10°T +0.35519 (1183 — 1550 K)
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Fig.2.9.13 Gibbs free energy curve of § phase and y phase at 1666 K as a function of
carbon concentration in pseudo-binary of Fe-C-Mn-Si quaternary system at 0.6mass%
Mn and 0.3mass% Si. Nucleation undercooling of y phase from the peritectic
temperature was 100 K. (a) Driving force of the massive-like transformation without

carbon partition. Curves correspond to Gibbs free energies in & and y phases,
respectively. Broken line indicates a driving force of the massive-like transformation.

(Continued)
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Fig.2.9.13 Gibbs free energy curve of § phase and y phase at 1666 K as a function of
carbon concentration in pseudo-binary of Fe-C-Mn-Si quaternary system at 0.6mass%
Mn and 0.3mass% Si. Nucleation undercooling of y phase from the peritectic
temperature was 100 K. (b) Example of non-equilibrium carbon partition at o/y
interface. Curves correspond to Gibbs free energies in 6 and y phases, respectively.
(Continued)
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Fig.2.9.13 Gibbs free energy curve of § phase and y phase at 1666 K as a function of
carbon concentration in pseudo-binary of Fe-C-Mn-Si quaternary system at 0.6mass%
Mn and 0.3mass% Si. Nucleation undercooling of y phase from the peritectic
temperature was 100 K. (c) Driving force of the massive-like transformation when the
solute partition occurs. Curves correspond to Gibbs free energies in & and y phases,
respectively. Broken line indicates a driving force of the massive-like transformation.
Dotted line indicates tangential line.
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Fig.2.9.14 Carbon profile in the vicinity of &/y interface during the massive-like
transformation. (a) Without carbon partition and (b) partial carbon partition.
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Fig.2.9.15 Mass balance of carbon in the vicinity of 8/y interface during the massive-
like transformation.
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Fig.2.9.16 Difference in chemical potential between & and y phases at 1666K as a
function of carbon concentration at &/y interface in pseudo-binary of Fe-C-Mn-Si
quaternary system at 0.6mass% Mn and 0.3mass% Si. Nucleation undercooling of y
phase from the peritectic temperature was 100 K.
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Fig.2.9.17 Gibbs free energy change during carbon partition as a function of carbon
concentration at &/y interface in pseudo-binary of Fe-C-Mn-Si quaternary system at
0.6mass% Mn and 0.3mass% Si. Nucleation undercooling of y phase from the
peritectic temperature was 100 K.
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Fig.2.9.18 Relationship between Gibbs free energy change during carbon partition
and carbon concentration at 8/y interface in pseudo-binary of Fe-C-Mn-Si quaternary
system at 0.6mass% Mn and 0.3mass% Si at 1656 K. Nucleation undercooling of y
phase from the peritectic temperature was 110 K.
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Fig.2.9.19 Interface perturbations at liquid/solid interface. (a) Planer interface, (b)
solute partition at liquid/solid interface, (c) perturbation of liquid/solid interface and
(d) variation perturbation of liquid/solid interface.
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~ v VT IERRIZEB W TIL, 8y AT C BB TE D AREMERH D72, C
DA 8y TR D LEK 11272 > TW B ATREME N $H 5, 1700 K (12T,
Table2.9.3 IZ/R L7 Z W CHEAE LI HNLZESMF DI E & Bl BfR %
Fig.2.9.20 (27”7,

Table2.9.3 Physical properties used in this calculation.

Parameter Property
osiy (I/m?) [13] 0.56
ASt (I/Im3K ) [12] 1070000
m (K/mass%) 1010
Co (Mass%) 0.3
V (m/s) 0.05
D (m?/s) [15] 4x10°
107
iy
6_
5_
4_
3_
=
g r
2
£ 100
S L
o r
: i
= 3
4,
3, |
2, |
-11 | | \
10 0 1 2 3 4

Distribution coefficient , k
Fig.2.9.20 Relationship between estimated wavelengths of d/y interface and

distribution coefficient during carbon partition at 1700 K. Nucleation undercooling
of y phase from the peritectic temperature was 66 K.
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Fig.2.9.21 Difference of volume change between film sample and bulk sample. (a)
Film sample and (b) bulk sample.
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Table 2.9.4 Definition and characteristic of martensitic transformation and massive
transformation.
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Fig.2.9.22 Transmission image of formation of coarsened y grains following the
massive-like transformation in this study.
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Fig.3.1.1 Fe-Ni pseudo-binary phase diagram of Fe-Cr-Ni ternary system at 18mass%
Cr, calculated with Thermo-Calc.
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HTXD,
(DF &— K : 8mass%Ni
@FA &— K : 11mass%Ni
@AF &— K : 14mass%Ni
@A E&— K : 18-82mass%Ni

142



Table 3.2.1 Sample concentration used in this study (mass%).

Sample name Fe Cr Ni
Fe-18Cr-8Ni 74 18 8
Fe-18Cr-11Ni 71 18 11
Fe-18Cr-14Ni 68 18 14
Fe-18Cr-18Ni 64 18 18
Fe-18Cr-20Ni 62 18 20
Fe-18Cr-30Ni 52 18 30
Fe-18Cr-40Ni 42 18 40
Fe-18Cr-45Ni 37 18 45
Fe-18Cr-60Ni 22 18 60
Fe-18Cr-82Ni 0 18 82
1800 ‘
L
1114 20 30 4045 60 82
8

v 1750+ —

e

2 i“R\\

e 51 v T

2

E \

(0]

= 1700} \ _

18
Y
1650 \ \ | |
0 20 40 60 80 100

Nickel concentration , Cy; (mass%)
Fig.3.2.1 Fe-Ni pseudo-binary phase diagram of Fe-Cr-Ni ternary system at 18mass%
Cr with the locations of the sample concentration used in this study, calculated with
Thermo-Calc [1, 2].
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Fig.3.3.1 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-18Cr-11Ni at a cooling rate of 0.83 K/s. (a)
Liquid phase before cooling at liquidus temperature (1737 K), (b) 6 phase right after
undercooled solidification in the at 1723 K and (c¢) undercooled 6 phase right before
the massive-like transformation at 1592 K. Observation condition [sample size: 10
mm x 10 mm x 0.1 mm, pixel size: 6.45 pm X 6.45 um (transmission image), 1.5 um
x 1.5 um (diffraction image), frame rate: 1 — 100 fps (transmission image), 1 — 20 fps
(diffraction image), X-ray energy: 28 keV]. (Continued)
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Fig.3.3.1 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-18Cr-11Ni at a cooling rate of 0.83 K/s. (d)
v phase right after the massive-like transformation at 1592 K and (e) coarsened y phase
after the massive-like transformation at 1546 K. Observation condition [sample size:
10 mm x 10 mm x 0.1 mm, pixel size: 6.45 um x 6.45 pum (transmission image), 1.5
pum x 1.5 pm (diffraction image), frame rate: 1 — 100 fps (transmission image), 1 — 20
fps (diffraction image), X-ray energy: 28 keV].
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Fig.3.3.2 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-18Cr-14Ni at a cooling rate of 0.5 K/s. (a)
Liquid phase before cooling at 1739 K, (b) liquid phase at liquidus temperature of vy
phase in the phase diagram (1734 K) and (c) & phase right after undercooled
solidification at 1718 K. Observation condition [sample size: 10 mm x 10 mm x 0.1
mm, pixel size: 2.5 um x 2.5 um (transmission image), 50 um x 50 pum (diffraction
image), frame rate: 1 fps (transmission image), 1 fps (diffraction image), X-ray
energy: 21 keV]. (Continued)
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Fig.3.3.2 Transmission and diffraction images of the massive-like transformation
following undercooled solidification in Fe-18Cr-14Ni at a cooling rate of 0.5 K/s. (d)
d phase right before the massive-like transformation at 1669 K, (e) y phase right after
the massive-like transformation at 1669 K and (f) coarsened y phase after the massive-
like transformation at 1665 K. Observation condition [sample size: 10 mm x 10 mm
x 0.1 mm, pixel size: 2.5 ym x 2.5 um (transmission image), 50 um x 50 pm
(diffraction image), frame rate: 1 fps (transmission image), 1 fps (diffraction image),
X-ray energy: 21 keV].
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Fig.3.3.3 Transmission and diffraction images of fragmentation of y dendrite arms
during undercooled solidification in Fe-18Cr-40Ni at a cooling rate of 0.17 K/s. (a)
Liquid phase before cooling at 1735 K, (b) liquid phase at liquidus temperature (1730
K) and (c) undercooled liquid phase right before undercooled solidification at 1708
K. Observation condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 6.45
um X 6.45 um (transmission image), 50 um x 50 um (diffraction image), frame rate:
1 — 200 fps (transmission image), 1 fps (diffraction image), X-ray energy: 28 keV].
(Continued)
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Fig.3.3.3 Transmission and diffraction images of fragmentation of y dendrite arms
during undercooled solidification in Fe-18Cr-40Ni at a cooling rate of 0.17 K/s. (d) y
phase right after undercooled solidification at 1708 K, (e) fragmentation of y dendrite
arms at 1708 K and (f) fragmentation of y dendrite arms at 1707 K. Observation
condition [sample size: 10 mm x 10 mm x 0.1 mm, pixel size: 6.45 um x 6.45 um
(transmission image), 50 um x 50 um (diffraction image), frame rate: 1 — 200 fps
(transmission image), 1 fps (diffraction image), X-ray energy: 28 keV].
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Fig.3.3.4 Nucleation temperature of 6 phase in undercooled solidification.
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Fig.3.3.5 Relationship between nucleation undercooling of 6 phase and cooling

rate in undercooled solidification. Undercooling is defined as temperature drop
from liquidus temperature of 6 phase in the phase diagram at 8 and 11mass% Ni.
Undercooling is defined as temperature drop from liquidus temperature of y phase
in the phase diagram at 14 and 20mass% Ni.
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Fig.3.3.6 Relationship between nucleation undercooling of & phase and super heat in
undercooled solidification. Undercooling is defined as temperature drop from
liquidus temperature of & phase in the phase diagram at 8 and 1lmass% Ni.
Undercooling is defined as temperature drop from liquidus temperature of y phase in
the phase diagram at 14 and 20mass% Ni.
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Fig.3.3.7 Nucleation temperature of y phase in undercooled solidification.
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Fig.3.3.8 Relationship between nucleation undercooling of y phase and cooling rate

in undercooled solidification. Undercooling is defined as temperature drop from
liquidus temperature of y phase in the phase diagram.
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Fig.3.3.9 Relationship between nucleation undercooling of y phase and super heat in

undercooled solidification. Undercooling is defined as temperature drop from liquidus
temperature of y phase in the phase diagram.
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Fig.3.3.10 Nucleation temperature of y phase in the massive-like transformation
following undercooled solidification.
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Fig.3.3.11 Relationship between nucleation undercooling of y phase and cooling rate

in the massive-like transformation. Undercooling is defined as temperature drop
from liquidus temperature of 6 phase in the phase diagram at 8 and 11mass% Ni.
Undercooling is defined as temperature drop from liquidus temperature of y phase
in the phase diagram at 14 and 20mass% Ni.
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Fig.3.3.12 Relationship between nucleation undercooling of y phase and super heat in

the massive-like transformation. Undercooling is defined as temperature drop from
liquidus temperature of & phase in the phase diagram at 8 and 11mass% Ni.
Undercooling is defined as temperature drop from liquidus temperature of y phase in
the phase diagram at 14 and 20mass% Ni.
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0's (1634 K)

Fig.3.3.13 Morphology of &/y interface during the massive-like transformation
following undercooled solidification in Fe-18Cr-11Ni at a cooling rate of 0.5 K/s. (a)
Undercooled 4 phase right before the massive-like transformation at 1634 K (100 K
below solubility line) and (b) advancing &/y interface for 0.005 and 0.011 s. Average
velocity of &/y interface was 360 mm/s. Observation condition [sample size: 10 mm X
10 mm x 0.1 mm, pixel size: 6.45 um x 6.45 um, frame rate: 1 — 200 fps, X-ray energy:
28 keV].
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Fig.3.3.14 Local velocity from Fig.3.3.13 which of &/y interface during the
massive-like transformation following undercooled solidification in Fe-18Cr-
11Ni at a cooling rate of 0.5 K/s. Nucleation undercooling of y phase from
solubility line was 100 K. Interval between frames is 0.006 s. The arrows
indicated the shortest distance between the interfaces. Average velocity of 8/y
interface was 360 mm/s. Observation condition [sample size: 10 mm x 10 mm X
0.1 mm, pixel size: 6.45 um x 6.45 um, frame rate: 1 — 200 fps, X-ray energy: 28
keV].
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Fig.2.3.15 Distribution of the local velocity from Fig.2.3.14 of &/y interface during
the massive-like transformation following undercooled solidification in Fe-18Cr-
11Ni at a cooling rate of 0.5 K/s. Nucleation undercooling of y phase from solubility
line was 100 K. Broken line indicates the average velocity of 6/y interface.
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Fig.3.3.16 Relationship between the average velocity of 8/y interface and nucleation
undercooling of y phase in the massive-like transformation following undercooled
solidification. Undercooling is defined as temperature drop from To temperature.
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Fig.3.3.18 Relationship between the average velocity of 6/y interface and super heat
in the massive-like transformation following undercooled solidification.
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Fig.3.3.19 Growth of y phase in the vicinity of & grain boundary during the massive-
like transformation following undercooled solidification in Fe-18Cr-8Ni at a cooling
rate of 0.5 K/s. (a) Undercooled 6 phase right before the massive-like transformation
at 1669 K (25 K below solubility line) and (b) — (e) growth of y phase around 6 grain
boundary at 1646 K (48 K below solubility line). Observation condition [sample size;
10 mm x 10 mm x 0.1 mm, pixel size: 2.5 pm x 2.5 um, frame rate: 1 fps, X-ray
energy: 21 keV].
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Fig.3.4.1 Diffusivities for chromium and nickel as a function of temperature. Curves

correspond to diffusivities in 6 and y phases, respectively. Dotted line indicates
extrapolation property.

Table3.4.1 Diffusivity of Cr and Ni.

Element D3 (m?/s) DY (m?/s)
Cr — 239000 — 264000
D2 =23x10*exp| —— DL =1.69x10° exp| ——
cr X Xp( RT j cr X Xp( RT j
(1048-1971 K) (1173-1618 K)
Ni — 242000 — 273000
D} =2.4x10"exp| ———— | D7, =1.08x107° exp| ——
Ni X Xp( RT j Ni X Xp[ RT ]
(1073-1767 K) (1203-1629 K)
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Fig.3.4.2 Estimated thickness of diffusion layer for chromium and nickel in & phase

as a function of temperature. (a) Velocity of &/y interface was 1 mm/s. Curves
correspond to diffusion layers in chromium and nickel, respectively. (Continued)
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Fig.3.4.2 Estimated thickness of diffusion layer for chromium and nickel in & phase

as a function of temperature. (b) Velocity of d/y interface was 100 mm/s. Curves
correspond to diffusion layers in chromium and nickel, respectively.
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