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Abstract

The present authors recently developed a TDGL formulation for ordering processes of B2 and DO, in binary alloys,
taking into account the symmetrical relationships between these ordered phases. In this formulation, multiple types of
variants of the structures are represented by three order parameters which can be measured independently through crystal
structure factors. Kinetic equations for time-evolution of the order parameters and a composition one are derived from
the Ginzburg-Landau type potential consisting of mean-field free energies and interfacial energy terms. On the other
hand, coauthors have investigated domain structures in two-step phase separation of Fe-based Fe-Ni-Al alloys. The
evolution of three-dimensional domain structures and composition profiles has been analyzed by electron tomography
imaging and energy-dispersive X-ray spectroscopy. Assuming the heat treatment, the authors recently performed three-
dimensional numerical simulations in which a single spherical B2 domain is set at the initial state. In this work three-
dimensional simulations started with two spherical B2 domains close to each other. The anisotropic initial profiles of an
order and composition affect the formation of domain structures. It is also demonstrated that the microstructure change
within the initial B2 domains depends on the formation of A2 phase regions on the interphase boundaries between the B2
domains and A2 matrices.
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ERERLTIEDNTEL, HAHEER, bec Z2HAL LTBY, AHEM A2 RETIE, BT v 5270V
A 2505, E—BEOA L BERETOMTHINEDR S - 23854, B2 AL IFIEh 2 HHIBEEIER S, Zh
R L5 E RO OOHMN KT ORIK T 5% o Twh, B2HIICBW T, Zo0FIKTDIH, AL B
ELLOEFPERNCEHE SN DTHRELWHM NV T U b)) P2MEBHFET LI EIh5. Rix MO
NYT Y IBELLEE, 2212, EFESIOENDS a/4<110> & 7 8B R (Anti-Phase Boundary; APB)
WEREND. TIT, ald, Fig L ITREN TV HEMBOKTEMTH 5.

FEAE, Fe-10.3Ni-14.3A1(at%) A4 T O 2 BB EEBRRICB VT, 22— 2 2 F X A4 VHEESBIE ShTws
51 BB OSEATI, HAIG S OB IZ, B2 FAAL Y& A2 B L 5o TWwh. D02 BBl
TiE, WHB2 XA & A2BHHNZENRZENIC, B2 FAAL V& A2 DB ENE. 2L R FAL UG %
HONCLE) ETHE, 2RIEFHRANOHEZHETH 5 8% OE B E T HMSEY: (Transmission Electron
Microscopy; TEM) 12 & 2 BI£HETIE, Tatdswiihiw, ik, BFHRINEZI 74, $4bbarda—
ZNEZ 574 — (CT) &&MAE-HM$ED: (Transmission Electron Microscopy; TEM) 7= 1% 4510 % M A1 & 1
B85 (Scannig Transmission Electron Microscopy; STEM) % % N0 7= 2728, SHEFZED 438712 b b
HOTWAY FEH SR ZOHEMZVT, MPIB2 FX A4 YNICER ST S A2 Hl & B2 Hl& BRI O 3 KT
GO 2 Z8 L2

Fe-Al & OFAMLMERIZOWTIZ, AV AIY v 7 Zdifi g % 2512 L7 TDGL (time-dependent Ginzburg-
Landau) 12 & 2 @820 20 b s Tw a2 s o' F VIR, WY 5 KXo Z WA TR
BRABLATIIRT L, HEIBERE LY A XTI D F AL VBEORBEZERT2OIHATH L. FH DI,
LLRG, A& SR Ox Bt % £/ L 72 B2 B X 0V DO, BAHMLBEREO 7 V" 26y, 2 BERS H o4 EB AL O £131)
REEL LTERIROB2 FAA V2FEL3IRITEYIab—arz2iThols. ORI P A UM, FEES
RLEILFHLTEY, A2BHEMI B2 KX A VL DBRTO A2 O DS, PO A2 HOBBICKE {3#
BLCWLI PSRN -721". EBOSERTIE, B2 FAL Y ES LIZEHLTEY, A2 B 2Tl
L, FALVMTOLHEZRIZLEo-TWLEEZONL. 2T, RFFETIE, 2 BB H QMR DM
REELTCEBELZ2MHOBIRB2 FAL VAR E LY I2ab—2a vEF) 2L T, EBBERIOHT2MA%
W, HHIEEZ MK OMRE X OIS T22 L2 HNET 5. &b, ZoxERboficiy, MERZERICX 2%
TEAOHPRIE TN TR, HSELREOMY A, S P ILERICBVTIE, X4 U2 A2 oY 4 XosEh
BERELRL, BTEAID S, BHMLEMREN T b b OBENEREZLEZOND I LICL S, Dk
&, W2ET, BICEEO T o @A b HICHIT 5. BI3IFIE [YIab—Tvarokikl H4 55
X, FheEh, [RREES] [Hiam] T4 Th.

2. R

O TIE, B2 HBAMLERIIH 5@ b2 fHICHIHT 5. iR & MURAE L7z B2 BUBIALASE Z 5 2
THEERA,BLEE2D. 2T, eld, {LFEFAK AB 2 S50REOTIhE2EKL TwD. EXMbix, B2 A
BI{b oAt iZ DO, BIBLHIE % & [6 UBHLA TH ) KD 726, 8MHD bee LS 7 B HAK T % 31T 5. Hifis,
Fig. L IZRENDB XN, 4DDFRIEF o, B,y BI I D 400 fec BIMFICHHRENS. HREFICI B9 A b
B S AMERIE, Table 1 1I2HD LI, 4D00BAIENRT A—=F EnBLOE, MBI A—=% c DKL LT

Table 1. Atomic occupation probabilities close to stoi-
chiometric composition A4, B,,, for the lattice sites

@ :O-site defined in Fig. 1
e -site site A-atom B-atom
O:Y -site 1 ]
O:S-site a Z(3—e+n+2§) Z(1+e—n—2§)
B %(3—e+n—2§) %(l+£—n+2§)
y %(3—8—17+2€) %(l+e+n—2§)
Figure 1. Definition of the four fcc sublattices a, B %(3 —g-1m- 2;) %(1 vE+N+ 2@)

p, yand 0.
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Hzohs, P%, jBHBORKTY (=a,pf,7,0) IZBEFEZRCZTHERETLE, ABHA2IRETIX, P=P=
P=P=(1+e) /ATH Y, HHIENSTA—F513E=n=C=0L7%%b. —) B2, P=P,+P=P;, T721%, n+
022 E={=0TRHEDIT LN, Zhnb, B2ERBAHO 2 2DN) 72 ME, n OFFICL o TRHIENS S
Eilh. bLgpATHELS, PEROBETEZad A e YA M2ELENICEDS. —TF, IED kL

T,y 6N A4 b2 L DELEAT L. BITEBRICH 2 4EmEER T FhDX, h, k [ 232 THREE 72134
BThrl& nxBHELT,

MB-e)f +(+e)f,), ifh+k+I=4n
F(hkl) = {4(f, — fy(E i), ifh+k+1=4n+1 (1)
A(f — fom, ifh+k+1=4n+2

L, FRUMNOYEE, FhkD=0% %%, 22T, fildjE¥f (j=AB) OETFHEHTFTHE. D,
B 213 222 Bragg O THe 5 172 TEM BAHE I, n° ORBERZRT I L1245,

B2 AUHHML 2R Z 3RO HBHT ANV F—IL, &5, (BLPed Landau B OER THEBI SN S, A2BX
O B2 BT 2 HHZ A VT — 0 d 21

fEng.al)= AO(T){a(TH D)o =D +2 V(TP + =+ Y @ E = 16 +§)} @

E7%b. ZIT, Ay a, b, and g ZiE T IKGET HIEORBTH B, 785 2 —% Y(eDIF, ZEMDOIREE PLd
TBY, Y+0 THIUIB2IRED, Y=0 THNWIT A2 IREPLEL %5, HOLEMNL, THHAHZALVF—D
BB LT, BUEEDSIR 2 3 kot — 2 ) v N2 (&0, ) 1B AMREMNEEZEZ LI ETHLNIRE.
Y=00 kX, £, B (E=np=¢=0) IZR/MEZHD, A2IRENZEERD. Y00 L &, fIZBEMICHRAZ
PO LMBEIS, nilih ko 2 05 n=2Y(e,T), &=C=0 ICh/MER D, SRS B2IRBICBIT L2003 7 ¥ MIH
MI 5. RHFRICBWTIE, BEREZFHOBRINEEZ A TH-T, BHHUIEEL (X, 3EAL0EALED. BE
Y(e,D) Db ro T, EFVPATIRERIDGES IS OMETE L. BYREO YD EET 52 LI
X0, Fig. 2128 T &9 7 Fe- Al ROPATIRER 215 5. 72721, HEEOERE 2 r —Vvid, EZBEOAERICIEIS
LTy,

DX, ZIEORCHMER I 7 uAa¥y 7 2 HMEZ H2BEEGAL, BI¥NRFHE2R-> TR LA
FROHHIANLVE =T RhbBLATNENRT VI Yy V2L FTOLHITEAT S

olens.eT)=[{1Enc.eT)+glVevn¢ Ve ldr )
T . e=-0.062 ZIT, gl RHHZAVE—BETH ), A2 i, (gradient
: square approximation) * & FWWCLL T 0 & 5 |2#E 5.
L ,
It ~ \2 =~ \2
gVEVRVEVET) =v(T)VE) + u(T) (V)
A2 Ve +om(Ve) @)
- 2T, BREvD, u(DBEY o(D)IF, HWEIKAEL, FIZIEOMH
""""""""" 7 WA, HHAEE L Qi sl L72X 918, BEALHER/ W
o) W, BEEERLOR, u ko Thh, RPBIFRTHRED S 13§
&€ 02 0.1 0.0 0.1 N7z & EORIMRBIE L MEOEE, DT L mshzhitk
at% 20.0 22.5 250 27.5 SN s [8,9]
N KIHE) EEZ BN .
Figure 2. A model phase diagram of Fe-Al 85 on _ (T op 0¢
type. A system of Fe-Al type with ot —-L(T )575 E__ o )5777, 67 -L(T )575
e¢=-0.062 was considered in the simula-
tions. A dotted curve represents a spi- aj =M(T)V? @
nodal line. Filled and open circles denote ot o€ (5)

the thermal processing assumed in the

simulations. 22T, LD, LD, BEXOMDIZ, KnERZEMNENS. Zhk
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0, BRIEE & n, 1S3 2 ERAFELO TDGL A OEE S LA, MK & 123§ 5 AP 0B B /5 #582%, (2)-(4)
KTERSNDIBNFIRT VXV ds, DTOXIHITHLNS.

% = LAY E-2vEn - (B i+ )Ly VRE, ©)
i: LAV -Y(E= ) =n(& + 77 + )} +L,uvn, 7
%‘ M-V C Y- B+ + )LV, )
Zg—MA V{bg+{(§ ~n-(E P+ )Y }}—va“ ©)

RETAVF—HOR (4) LK, HIEERHZ LD %9 B2 BBAMLIZB VT, BHE L CRIFEALHE
iz, EEZOIR()EO)THA.
3.2l —arOhEE

BHAMED T 3 2L —3 3 vid, 120x120%240 X v ¥ 2D 3RITCVTTET O &, FMEREG 2L TfTbh/:.
TDGL i #3(6)-(9) 2L L, BUEMICEL 2 12X - T, HENE LMK ORMZERE S5, ki
£=-0062, REAHHT A VF—DRBICBE LTI, u:o=22:50% L7z, 2BeBEAHEESAR (IS L 72 BU0LE I
Fig. 2 @ Fe-Al D& F NPHRER ETHESNTWS. RET=T, TOI I 2L —3 3 v OHE—ERTIX, fHE
OHIMFIIERE L2 2 ORI B2 F A4 V2B E, MoFlEdid A2 BHE Lz, B2 F X4 ORESHIZ, £
FIVEERIRERIC B DIEMREF X v 7P OED STd Tn b, 2ok, HHIE LK O/ 85 2 —5 D%
LSRN AT OB B LD, T=T,TYIalb—Y 3 Y&1500AF v 7 £ 721330000 A5 v FELE. 2K
BHOY I 2=y g g, T=T, A% L2%ho T=T, TO5RKR) 2% L T{Thbh /. Figure 2 TOHMNLD
DS, AC I FIVBMOEMCIH LI s, A FVGHEIHFEFTE 5.

YIal—YarvoORRERRTL 2RIy ECZIE, RO N EGERELZLOZFRL TS, HHIE
N AL T, ZOMIEAITRE 25 EWB L, M T X =% e IZDWTIE, fHA B2 HOFHHIZIE D &
HaHLLTwh

4 fBEREER

Figure 312¥ I ab—Ya VEiRo—o2% 2kt~ y ¥V 7Ry, MIIREIL, F—BERoYI2L—Tvar
#1500 A7 v TELETHOLNLZDOT, vy ¥V r7D(a-1) L b-DPHETE. Zo¥Ialb—Y3rTiE, #
HIEE L /S5 X =Z 12t LT, MR /A REEBAT vy 7TEMA TS, 2k A7 v 7T, (a-2) & (b-2) AR
T LI, A2 BHICB VT, 145 ﬁﬁi"tuo“(b‘ =, B2 N A A YNERIC B W CTIIHAMEAETTL, A2
FEAH & OB FRAEIC BV TIE, HAMEDS KW ITHE /Vf WA RZIT 5N ((a-2)) b, B X 2B AT I
ZoTwZW((b-2). SkAT Y 7TIE, A2HPEEREZALS L, HSEENB2 A4 VHEBICOIERI > Tn5.
Figure (a-3)-(a-5) & (b-3)-(b-3) 2VR$ & 912, MR TITAHI8EZ P o 72 AN L, A2 MHofEIE, A2
FAHE B2 KX A4 VHERGFIZBWTHELTWA., LAL, YIalb—3a VORKBEFEIZBWT, B2 KA AL~
WEET D A2 HIFHIBIZ/INE L 5T b ((a-5) & (a-6),(b-5) & (b-6)). Figure 413, Fe-10.3Ni-143A1 54125\ T
2B H oA EET O, TEM BISSERTH L. 22T, A2HEMBLIOB2 FAL ViE, BWwEEZHswa v b
FAMEFNEFNRT. 0.75h12BWT, B2 FAA Y% A2 FHHNICH A 2 223 CTE 5. TEME(2)-(4) 205, A2
MO E B2 FA AL Y oOMOBER LS L, BERAENS F AL YHEICED S #FHIR T, BHAME % ) HEA
PR SN D O b 5. A2 FFEIEZ OBHIEOEWHIR L ) SNHNIHT L, BRI & & Ik
LT, #&h2bld, LAMIL TV EITHSE., TDXH) % FAL UHEEOFEREOFHIE, Fig. 30
(a-3)-(a-5) TELHHENTWAS, Figure513, ¥ Ial—33>rT, A2HE B2HOBREE % 3 RILFER LT
LOTHY, MIWIB2 F AL YIS SN D A2 Ml & DBERTA DA 5 L 5 ICFREPHZRATWD. IR
DSk ATy 7T, TOBEFREHOMAPVHEEN LTINS, 72, B2 F AL VA2, BEICEwa Y M7 A b
ZRT A2 ORI > TWAIENZOMRL D25, 10k AT v FIZBWT, XA YN0 S
MBULDHETTH LT, ROOLNTHERRV R —TE2H TS, LaL, (2)-(4)TlE, FEO2 725 A5 &
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time steps : 0

N

25

time steps : 10 k 15k 90 k

Figure 3. Time-evolution of processes of ordering and phase separation. Two-dimensional maps of #° (a) and
¢ (b) are placed at upper and lower rows, respectively. The gray level varies from dark to bright with an
increase in their values.

time: 0.75h 12h 24 h 96 h
Figure 4. A series of dark field TEM images of microstructure change
observed in Fe-10.3Ni-14.3Al during iso-thermal aging at 700 °C
for the second step of the phase separation. Regions of phases A2
and B2 exhibit dark and bright contrasts, respectively. These
images are related to mappings of (a) in Fig. 3 according to eq.(1).

EBIVIDLTRITELL T b, ZORREIE, A2 MBS WHTERIHE L7720 TH5. 72, 15k A
T THz0NS, B2 FAL VEM, L2220 A4 YOEEERT, A2HOE SR ARONE. 20
FEA, FAA CAETIEBAIEDZS EA L, A2 e o miE, M, <N TL 5. Figure 6 1%, Fig. 5 ITHIGL
72 Fe-10.3Ni-14.3Al A4 T s L7z 5‘%@@3&(752%?'@5% Figure (1) & (2) 55, EpRhEER 25 #1201,
MAEIZ X o THID DS d 52002, Q)25 4) FTTIE, #iZ, RV DIZH > T L OB H 5
Figure 5 L DR HH D, ¥ I2ab—2 a UVIERDPEFHKEERL CWELE25. /A AeBAT Yy 7ITLE
25 L, HAELHRO T a7 7 A VEFIR SR L&, O EWRELGHDIT W, £22C, Wiy I 2 —
av’T, A REOHREOAGZ 1D DET, FAL YOO T 2172 (Fig. 7). —#0 (a-1)-
(a-3), (b-1)-(b-3)ICH SN B F A4 UHEEIE, /A X% \\720, Fig. 2 O (a-4)-(a-6), (b-4)-(b-6) X ) & %2> 5 H
BIEH->TWh. B2 FAA YHOME 7T 7 7 4 vid, HAMLA TS 51200, BET25 A2 B & OBER
LSIZEAHICH2 > TBEIL TWAEZ EERLTWA., ZORSE, Fig3 TRONS X HIT, FA 4 YHICBITS A2
B DR S K#F%kt%~ﬁ4?%;k#%%#L&ot.E@mSH,%&Tvghtbxﬁ/WﬂAlﬁﬁ
DRI TH S5, 0.75h 25 24h TTORH, REVBPLTVWEIEEZRLTWVS
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time steps : 15k 90 k
Figure 5. Simulated three-dimensional iso-order surfaces in the region of two B2 domains close to
each other.

time:0.75 h 12h

Figure 6. Three-dimensional surface-rendered views of Fe-10.3Ni-14.3Al
obtained by an electron tomography.

H ﬁﬁm"ﬂﬂmf_\ :

AT

time steps : 15 30k 90 k

Figure 7. Time-evolution of processes of ordering and phase separation. Two-dimensional maps of #° (a) and &
(b) are placed at upper and middle rows, respectively. The gray level varies from dark to bright with an
increase in their values. (c) Dark curves represent the profiles of the values of ¢ at the corresponding
regions indicated by dotted white lines in mappings (a) and (b) . Upper and lower lines are related to the
values of equilibrium states of A2 (¢ =-0.127576) and B2 (¢ =0.01729) obtained by a model phase
diagram in Fig. 2.
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a2 30
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=
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0 20 40 60 80 100

Thermal processing time [h]

Figure 8. A volume fraction of A2 phase regions
within an initial B2 domain of Fe-10.3Ni-
14.3Al measured at 0.75 h, 12 h, 24 h, and 96 h.
One can recognize the decreasing in the volume
fraction between 0.75 h and 24 h.

time steps : 10 k 15k 90 k

Figure 9. Time-evolution of processes of ordering and phase separation. Two-dimensional maps of ” (a) and ¢
(b) are placed at upper and middle/lower rows, respectively. The gray level varies from dark to bright with
an increase in their values. (c) Dark and gray curves represent the values of ¢ and the absolute values of 7,
respectively, at the corresponding regions indicated by dotted white lines in mappings (a) and (b). Upper
and lower lines are related to the values of equilibrium states of A2 (g =-0.127576) and B2 (¢ =0.01729)
obtained by a model phase diagram in Fig. 2. Interfaces between B2 domains and A2 matrices in an initial

state correspond to regions (A), (B), while an interface initially formed between two B2 domains is
related to (C).
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A2 BN O T 25, W B2 KA A4 YN XD 5 CBRAME & ARG BERFEDSESTT 2 01, FERGFRTH 2 BHIED
BRPEGFERTH LML OETNETT LI EICE 5. A2 FMTIE, BHIESMEZ #7723, B2 KA 4 Y OEKIC
EBLHIEE O IZBEM L T 22T TE WS, Wi B2 KA AL YNIZBWTIE, A2 AT 5012, iz
72HHNER0ISED R T NI L S wh 5 TH L. MR TIE, HHAES X MR OZLA TR E <,
ZOHMBORMIANF =% TIFA720, WERA2ZHIN TS, ZOHMIZL-T, FA A4 YHEBTIE, 8
JEF SRR & SITHMUOTRCBE LT &, BUINEAER D SEICIA2 > THIMLTw 2 &k b, Th
L0, W A2 AW T 2720121%, T X9 BANEOMMNAYEZ 25012, BHIEORS 5 +4KEL R
HLENRH L, T T, OMIREZRETAE—ERHO Y I 2L —3 3 VIZBVWT, E58LA7 Y 7% 1500
A5 30000 N LR LT, REOAEE L DFERLH»IC L. 2L T, BHE 7 12835 TDGL KRR (7)12H 5 K
IBEBDEE 2Lz I alb—ra v ETo7. ZOMREE, Fig 9I1RT. B, /A X%2527-01%, W
WIRRED A TH 5. Figure (a-1) & (b-1) % Fig. 3 @ (a-1) & (b-1) L7z & &, REIDDIT > b5 A PHIFRTT
WBIEND, UHOREALVESDICRoTWVE I ENbMRSL. 2k AF v 7 TIE, A2 B TOMSHEDS
Fig. 3)»(a-2) & (b-2) LRI LD SND DY, P B2 FAAL YHAKREL LoTwW5D, T2, ALV EHLDOE
AR U OB AL TO A2 IO A, L0 D% d—HTidZzwv((a-2) & (b-2)). ZHUE, HIHDE AR H
BRI A2 OB EZ5N72720T, A2 M TOMGEICE > THIET2RR AL V05T T - 724
B, HHEDREN > TR AL YHEBAERLZEZEZ NG, 0L X, BRM» ST SHHOFIR TH DR 2
DT TWB DI, Fig.(c)® A & BOFHBAVRT X912, WHIREBICBT 2R/ TORHMEDIES X5, HAL
TV ZAEREZEZOND. ZOFMTOMGEHIFER & & HITHEITLTHLD, FA A4 ) LOERITEVHE
WCIHBBREBEIICESTHRI 52w ((a-2)-(a-6), (b-2)-(b-6)). BEFUTBWTIL, Fig.(c) TOHEB CART LI
2, PIHPRECTOBAIE B X ORLK /ST A — 7 OZALAS AB OFHIRE AR TER DI, A2HAL ) BAHHL,
ZofHETiE, BHAEORS EAKE L 22011, BHMEASS—FRICHEA 2D THS. SkAT Y T0H15kAT v
FIZF TR, BERA2AMTS A2HAWHT 5. v~y 7 ETHEZ RS 5 A2 I, (c-2) & (c-3)AVRT LD
W, M S 5E L T 2 HMHIGER S, NERCTHAMES X O BEAHELT L CO BT 5 L 2ATH Y, H
HIE LB 707 74 VOMENEL, RATARAVEF—Z2HZ LI E LT, HOBESEZ sZEEZbNE. &
HIZZONM D A2 #I3E, BERAMAED S OBAEDEE L, ZOEBTIIZITTwiwv, 15k A7 v 7595 90k A
Ty TETIE, FAAL YO A2 HEES SRS LTBY, ThEIToyIal—aryeRlL, #K
TAIRRBE L T EEZ5NS ((a4) & (a-5), (b-4) & (b-5)).

5% =H

2ODWEHE L B2 AL YEMPIRBICRET A EICE), B FA L 2Ol L 3822 RG> v
a2l —vavEBESE. TORKBE FAL CNEBOMGEECT 5, A2 B & ORI ORER, HUE &M
KDDL HBE DRI 572, EBEERICBWT, FAL YOBRZEFEZRLTWEY, 2, A
T AN 2o 7ZMEETICE DL IR TEADEETH L. EBEOAERTIE, TORRITL-T, &K&W
ISR & 2 A2 XS 5" 32 —3 3 VIZBWTIE, FAL YISO A2 ML, Vo
A ENT MR, WAL T —hThb. EBEOBLEZFIEL T, FXAA UHEEEGEFEII T 5 A2 HED
52, BTEAOMEEENLICHD ANDZ LD, SHRULETHLLEEZONL.
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