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Fig.1-1 A T-t-c system diagram where the microstructural change from single phase to two phase
state for hypothetical alloy is schematically illustrated.
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Fig.2-1 (a)Schematic illustration of the hypothesis binary phase diagram. (b)Microstructures of composition
homogeneous sample at composition of A,B,C,D indicating figure (a). (c)Microstructure of composition

gradient sample whose composition changes from A to D.
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(a)

Arc coupling

High temperature annealing

(b)

Composition gradient sample

Fig.2-2 Schematic illustration of one typical method how to make a sample having macroscopic
composition gradient. (a)As coupled of two compositionally different alloys by arc melting.
(b)After annealed in single phase at high temperature of coupled sample that has
macroscopically compositional gradient in it.
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Standard deviation,~/G
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Number of composition data

Fig.2-3 The comparison of standard deviation for the various number of composition data.
Open and solid circles indicate the standard deviation whose composition is determined from
fitting composition profile and by one measurement, respectively, whose analyzed position is the
center of composition data points. Open and solid squares represent the standard deviation
whose composition is determined from fitting composition profile and by one measurement,
respectively, whose analyzed position is the end of composition data points. The true standard
deviation for each measurement is 0.5.
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- ®  As annealing (1373K,3.6ks)
e After ageing (1023K,2.42Ms)
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Fig.2-4 The composition profile normal to the coupled interface of Fe-Si compositionally gradient alloy . Black solid
squares and circles represent the values of the alloy as annealing and after ageing for a long duration, respectively.
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[ Compositionally homogeneous alloy]

the same volume fraction region

(b) o® © ‘0‘0‘0}
® * ® o 'o':‘.:: ::::
® .: ® ::.o':‘ .:}

[ Compositionally gradient alloy]

Fig.2-5 Schematic illustration of the microstructure of (a)compositionally homogeneous and
(b)compositionally gradient alloys. The solid circles show the coherently precipitated particles in the
matrix. The bold rectangular indicate the region having the same volume fraction between the
compositionally homogeneous and compositionally gradient alloys. |
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RS T H USHBTE BT S M O BTN LN A B,

Temperature, 7/K 773
Average alloy composition, % (Mo content) 0.3
Compositional gradient, Ac/zm (Mo content) 0, 0.1, 0.5

Elastic stiffness, C,/10'MN-m™
ce, ci, i

CMo Mo Mo
n, Ce Cy

23.3,13.5, 11.8
46.3, 16.1, 10.9

Lattice Mismatch, 77 0.083
Calculation Area, L/10”°m 120
Interaction Distance, d, /10™°m 2.86
Number of Fourier Wave, N 256 x 256

Table 2-1 The numerical values used for the calculation of Fe-Mo alloy.



Fe30at% Mo, T=773K

29.0asMo  (@)s(d) 240s" 50 (b),(€) S60s' (c),(f) 1600s'

o

Fig.2-6 The time development of the phase decomposition calculated for the Fe-30at%Mo aged at 773K. (a),(b) and (c) for

compositionally homogeneous alloy and (d), (e) and (f) for compositionally gradient alloy whose compositionally gradient is
10at%/pum. The composition of both ends in the compositionally gradient alloy are indicated in (d) with arrows.
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Fe-30at% Mo, T=773K

-y . = | '
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Fig.2-7 The time development of the phase decomposition calculated for the Fe-30at%Mo aged at 773K. (a),(b) and (c) for

compositionally homogeneous alloy and (g), (h) and (i) for compositionally gradient alloy whose compositionally gradient is
50at%/um. The composition of both ends in the compositionally gradient alloy are indicated in (g) with arrows.
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A Compositionally homogeneous sample
O Compositionally gradient sample
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Fig.2-8 Change in wavelength of modulated structure with ageing at 773K for Fe-19.2at%Mo compositionally homogeneous
alloy and for Fe-Mo compositionally gradient alloy whose analyzed composition range is Fe-19.2at%Mo.
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WA &R DOFEIRERIZ T N Z N Pearson FOH K U MassalskiiZ & O Fig.3-1(a),(b) D
LIITHREBEINT IS, ZThoDPHERBERIZSEIZL T, Ni-34at%V G474 5 KU
Ni-20at%Mo &&% 7 — 7 BRI THEE U, EX# 3mm OHREBHIEI D Uik, #E
Ni &7 — 7 BRI UTHEAS U, Ni/Ni-34at%V 35 & U Ni/Ni-20at%Mo EEXT 2 /EHR L
7o HEARE & EEITEZH 0.5mm OHRIZEI D H U B REPAFRETICHEESHA L,
B—BEPARERIRD 1373K 12 Ni-V A& Tld 3.6ks. Ni-Mo &4 Tl 7.2ks ZhEh iR
Fr UkkHicges Ansc, S OBMMEIC X D BEEMREICEEE ¢ m BE DM RMM 5
BRI Ic, fER U IHBBEARAE % Ni-V &8 T 873K 5 1173K DR T,
Ni-Mo A& TiX 923K » 5 1123K DM THEERHER L. £D%, V1 Vv NER
DREESEE & A TSR 2 L U fco BRPTERICEEA Lo BRI S L UM%
IZ Table3-1 1279 MGBEIIERETIAMEE JEOL 2000FX)Z AT, Fo. M
BT EDS s3#rde % VB Hi2S & U T Tracor Northern #18 TN-5500 2 U2, 7836,
53 DBRIZIX Cliff-Lorimer #59% AW T k RFDRIIEZET » 7o 7o, ST ED RN REE
{E Ni-V R Tid 0.2at%. Ni-Mo & Tid 03at% TH - 72,

System Ni-V Ni-Mo
Electrolyte H,SO,: CH;OH=1:9 H,S0,: CH;0H=1:9
Temperature (K) 233 ~ 243 248 ~ 258
Voltage (V) 40 ~ 50 50 ~ 60
Current  (mA) 100 ~ 120 120 ~ 140
Flow count 5 5

Table 3-1 Condition of electropolishing
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Fig.3-1 (a)Ni-V binary phase diagram proposed by Pearson ef al.”’ and (b)Ni-Mo binary phase

diagram by Massalski®®.
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Fig.3-2 Microstructure formed by ageing at 873K for 1.38M:s for the Ni-V compositionally gradient alloy, indicating the

coherent precipitation limit to be 15.5at%V. The red solid circles indicate the measuring points for the solute composition,
whose values are correspondingly described in the insert.
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Fig.3-3 A newly proposed coherent precipitation line of Ni-V binary system.
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Fig.3-4 Microstructure formed by ageing at 923K for 864ks for the Ni-Mo compositionally gradient alloy, showing Ni,Mo

particles' precipitation limit to be 13.0at%Mo. The red solid circles indicate the measuring points for the solute composition,
whose values are correspondingly described in the insert.
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Fig.3-5 (a), (b) 001dark field electron micrographs of (Ni+Ni;Mo) two phases region, (a) taken from one D1, variant and (b) taken from the

other. (c) is made from superimposing (a) on (b). (d), (e) 001dark field electron micrographs of NisMo single phase regions, (d) taken from
one D1, variant and (e) from the other. (f) superimposed microstructure of (d) on (e).
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Fig.3-6 Microstructure formed by ageing at 973K for 432ks for the Ni-Mo compositionally gradient alloy. The red solid
circles indicate the measuring points for the solute composition, whose values are correspondingly described in the insert.
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Fig.3-7 An enlarged micrograph in the vicinity of (Ni+Ni,Mo)/Ni;Mo phase boundary and the solute composition profile,
showing the boundary between Ni,Mo and (Ni+Ni,Mo) to be 18.5at%Mo.
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Fig.3-8 A newly proposed coherent phase boundaries of Ni-Mo binary system.
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Fig.3-9 Fe-Al binary phase diagram proposed by Kubaschewski
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System Fe-Al

Electrolyte HCLO : CH;COOH=1: 8
Temperature (K) 280 ~ 291
Voltage (V) 30 ~ 50
Current  (mA) 140 ~ 160

Flow count 6 ~ 17

Table 3-2 Condition of electropolishing



58 #3%F KEHEREEE OGN

3-3-3. KBRER

Fig.3-10 iZ. 1023K TREM (86.4ks) B§%h U 7c Fe-Al MM K D A2-B2 BAIAH
AIZSHERGIT R D PN ETHEAE T BAE TIMERIC L 5 100 BEHREBHER LTS, HFOD
FAUTM ST E AT - 2 BFTOHFLEER U TE D AERIIHARICR LTS, &
Ero7 7 A IVEDBEEOAEDSLEIZHN > T Al BENMELCMET LTINS Z &N
BbH, A N> TRAZHEEN B2 AU R A M U THO, BLHIND SR 7R D
fHIBIZ APB (EALHIEER) 2HK LT 5, & AlBREMTIE, KEZBRO B2 HAIME K
A4 UH APB ICHHENHBER LTS, Al BEDOIKTIZHEN. 2F D #HEKIH
Al « AERAIZRBEBICIT S IZHE. APB DFEENE L. B2 # KA A DY A XHU)
B> TWLEFNRIE - ) LBRINS, ZDLIIT. ESHBDHRA - AHRAUK
REML RS S CAISHEWIRAIME R A A1 DY 1 XHYAPB HBEDHEIN & & 1T I Ik
PUTWLHEFRD, AFELHNA I EICEIDUIHTHRICH S Z o,

X 51T, AR TH SNICHEHHGE, 5. B - AHRAURBHEETIE. APB &R
LUt KA AV THRIN ARG —SHBNERHENIC O DDOTHEET S L
HERB . BH. APB D& 5 B—HORKIE. BEhE & bICHBHD SR I N BIETT
H D EHRITIE APB AN SR~ EHEER UTHAMED A 1 3R & & BITK
EBLTH T TH B, LHL. Fig3-10 DHBEEIZ. HA - FLHULEBHEEE T,
APB EHAME U7z KA A VU THRI N5 AE— SN R UTHINEZETH
5T EERBRLUTNS,

A% XFEERAOTHA - FHRAUKRBRIEDOHRAMED KA A ¥4 XORZI
IEEBRTHI LT BRRRVERNMEONE EEZ o605,

F 7o RERE T OB (zin-sin: FERYRELTHAR ERRF U7cE £ NEEGL 8RS
BFE) ICTHAE, BA - FTHAUAZERO L DN ROHEBRETHELSEEZ 5
NBEHFIE S XOODPR BT T ENTE S,

Db, XFEZRND I EICXOBBEI SARAFEANE. AEHEAEDERZE LA E
HMITHOZA B ENTE S,



b 48] )
o) ~ (e =]

composition (at%Al)
[\®)

Local average

[\
=N

Fig.3-10 A dark field TEM image of the Fe-Al compositionally gradient alloy aged at 1023K for 86.4ks,
showing the microstructural change of ordered domain with composition in the vicinity of A2-B2 transition line.
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Fig.3-11 (a)Fe-Mo binary phase diagram. (b),(c)Typical microstructures formed by ageing at the
condition of (b) and (c) shown in (a). (b) and (c) are correspond to a nucleation-growth region and

spinodal decomposition region, respectively.
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¥ 9°99.95wt% M BREL & 60wt% 7 = D E ) 7' F A MD Fe-22at%Mo &7 5 K
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TH5 1673K T 7.2ks REF L. IWHEETTH S Mo Mrich BHFTHMPTH % R FEITH X
72, (¢) 1623K X THE UKKFABEANT 5, Z OFEHITHr a2 R B o e
D Mo RFE2W DAL DT M D iIZ# 12~22at%Mo £ TH umiZb/zh </ il
MO ZEALT B AR BT R EN S, F7o. Fig3-13 (378 U/ R K o
PIERAR A% 7R 9B A SRS IC & 5 HIEHE T R OFASHMBRAIT E1T - 723580
DHFLEFELUTEY KB RIBAKICRLTNS, BEELETAHD BN HH N
1673K THREEMLE LB L. R TH2, BET0 770 kD, BEEFOD
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£ MM LR BT BT, B%. UIDICHAB 2K BREICT 0, AR T
(AL ERT AR E MR B U7 BRRE TNz~ 7 078 2 4B#ERE (adiE RAE) &5 TWH
5. LU, HEEHTANSHEBRBEREBTIIEROZELIZH S DD, mALOMIZHT HY
REDI Y PSR MIBEINT, TXRTafBEHRETH S, £ T, FPE T
A SRR BHER R . T THRIRALAABE 24T - TS U, 7EBL U 7o BUESHEHT 773K
TH~ ORMEERRZ U, KKFITBEE AN, ZD%, B2 ERT A Y —#TEX
#10.1mm ETHIFEL/DODS, VA vV =y MNERPFELREE % A THEGRHE 2 R
PHBIC K O EBML UEBBEFIMERAR & Ulkc, BRDIE ISR U ERK L LU
PGS Table3-3 IZ7R7F, FR U 7B OEBE FIRMSEELZIZ. JEOL2000FX %4454
U. EDS #EZr 14 HE3 1T Tracor Northern 18 TN-5500 % U 7z, 7id. ST ORE
IZid. Cliff-Lorimer #%% T k RFORIEZITU SHTEOMHN 13 02at% TdH >
72
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System Fe-Mo
Electrolyte HCl,0:CH;COOH=1:4~5.5
Temperature (K) 278 ~ 283
Voltage (V) 90 ~ 100
Current  (mA) 10 ~ 15
Flow count 3 ~ 4

Table 3-3 Condition of electropolishing
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Fig.3-12 Schematic illustration of the changes in concentration profiles (a)as solid

solution treatment, (b)after aged at 1673K for 7.2ks, and (c)after cooling to 1623K.
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Fig.3-13 Microstructure formed by annealing at 1673K for 1.8ks and then cooling to 1623K in the furnace for the Fe-Mo alloy,
showing coarsened R-phase (molybdenum rich phase) precipitated in the matrix. The red solid circles in the photograph show
the measuring points of solute composition, whose values are correspondingly indicated in the insert figure. The composition
analysis indicates that R-phase absorbed surrounding solute atoms and made compositionally gradient region around it.
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Fig.3-14 {2 Fe-Mo M BMRIELE 773K T 10.8ks Fesh U 7 BRD PIERAAEL TH&EBE 1A
PREEIC L B BEFR TH B0 KFPORIISMBEATELT » 1 BTOPLRERLTEHED
AERIBARIRLTWS, BETD7 7 (VLD BEOGD SEIZEN > T Mo
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AE ) —F AT E D {100} EREENBEIN, 200 XKy MOADICEIY TS A
MBI XN D, —H. &KMo BEMTRENDOI Y S X MERE, I LS 2
YRS Z MIBERINT, BHRETHEZEVNHONTH 5, BHPRENTR LIS
L BB TIZ 200 2Ry FORDICYF 54 FOBEINT REITR LB
BRI FHGE D TE R X N B IR D Mo MBRDALEIZHIEL TS LA 5o FWFRT
3. 754 FRBEINS & SR AEER LIciRE X E ) — S IV SR
MEFFRT EIZT B, DED. COBRRMICEIT 5 XY ) — IV RRGEIE & ARG
EASTBMBRIIBETOT >4V LD 19.2at%Mo THH ERETE 5, .
Fig.3-15 {3 Fe-Mo MLARSHRARPE 773K T 115.2ks BRI U 7 RO NEBIE A CTEBE IR
s X AHEEETH D, RDORHLIEFig3-14 ERFETHD. BES 0T 71V EKD
Mo BERIBEEDAN SENEPMMIET LTS, & Mo BB TIT YIRS B
ENEEINSHDOD, 200 ARy MY T T4 MIBEINT. 200 ARy bt 2
DIZHHBULTNBEZ EDED, DI Eid. BEKREER > TOAKRABERSD S
FEPDRIL B Mo-rich # & Fe-rich #HD 2 AN EIERAL LT LER LTS,
S OMHEMTIZY T 54 MIBEINLEOD, WKL RAMEERAE ) -V
Ik - THERENICE LT, HRGRABBEIBEIND | EE R E ) — 7 IV
L35, Mo BEDETICHNV., EHHEEIIRPOBBEANOIME THIL. THLDIK
AT F IR SICHRROITHNBRINS, Z OMBIIKAER - KBTI EREIC
MR TH 5, o, BRRAIDIEMo BETRTHAITL LI Y F S5 ML
BEIhd, BHESTH 2. BELD . RE ) —F IV EREED O 4SS R TS ##
MR D, HBITEE D B LIESENTH D, FELETHRNZ EEHOSNTH S,
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Fig.3-14 Microstructure formed by ageing at 773K for 10.8ks for the Fe-Mo compositionally gradient alloy, showing modulated
structure formed by spinodal decomposition. The satellites around the 200 diffraction spot for each reglon in gradient alloy

are shown in the photograph. The satellite disappears at the position with arrows. The red solid circles in the photograph show
the measuring points of solute composition, whose values are correspondingly indicated in the insert figure.
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Fig.3-15 Microstructure formed by ageing at 773K for 115.2ks for the Fe-Mo compositionally gradient alloy, showing modulated
structure and dispersed plate shape precipitates. The satellites can't be observed at high composition area, but fundamental

spot splits into two. The solid arrows indicate the precipitation limit and broken arrows show the position where modulated
structure is broken down.
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T, BESOT 7 AN0ED. COBHEMICKITBRAE) —SVABREIREBE
B - RERIAMRGER & & 50T BRI 16.7at%Mo TH D | FHEICK > TRD SN D AE
) —FIVEBE T U T B, o, BER - SRR RN & BHAGER & %2557
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DENMIONTHRATE B,

Fig.3-16 {2 Fe-Mo &&IZH1T 5 c-t HRERER L7c b DT, KEBISFFIRFR, B
BEEAERLTOS, KA, B ORXULEARSTICY UKES . AFRICLDES
NI BBERIIERNIC 51T 5 R E ) — S VA BSRIEIL & NG - RE B RFIROEAE
FTERFEBERL TS, Thd b, BHRERE 2 HERE 251 2RI, Kbk
IR OB TEIN, RE ) — IV AR - RERO R & OBER 3HE
BMTEIND, JIT. AE) —YIVARER LK - REBRARES S OERE
PARTHER LB, Fig3-15 TRLALIITR E ) — IV RS O AR - Bk
RS ARG DB LS T do D IR S RAHE TR BLNS TH B, &I THR
THERET LD, TOERERHEAD SBHNE R ) — IR EFT—HL
TUB &V D BREOSICBIED S 5D 5 TH B,

EZ AT, BFICiE, BH—HRORRE RN ERDHEIC & - TH SN i fE R
AR TRUTH D, AAEHEEL. ASALSTICAVDLER,. Zheh, XE)
— 5 VAR, AR - RERISRRIC L DRI NN BEI NI EER LTV S,
DI, EFRTHONIc-t HIRERIZ., AEROEBRER LB —BERLTEH
D, ZHBHBDEFR 5,

Tl H—MBOREERNERTIE, 1 ORI SRHD 1 SOERUHES
h3'. TNENOBEEIEIET 5 FROBERERET BRIV DHHELEET S
B, RFETIE. BORORED OB L CERERETE B,

Plb. AFRIZ. c-r HIRER S NCHARBHOR S 2R & (. HhOREE S
ST 3 ENTEBEARFETH S EMRENI,



Fe-Mo system, 7=773K
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Fig.3-16 c-t diagram of Fe-Mo alloy system. Large solid triangles indicate the minimum composition that modulated structure can be

observed for each ageing time. Large solid diamonds show the precipitation limit for each ageing time. The small open circles denote
' that the single phase is observed in composmonally homogeneous alloys. The small open triangles and diamonds represent that
modulated structure and dispersed precipitates are observed in compositionally homogeneous alloys, respectively.
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3-4-4. INEE
MK BRI RIEE A Fe-Mo BE& DAY ) — FIVEEEICHB I 28R mICEH L.
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(1) RE) —=FIBREBA T, MBROZEALIEO NETRR IS ERNICEAL T 5 2 LK
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—RZIZ, 2 MO T, A TE ARAMKT O LIEBEHM, R
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9B &Ik NFOPERMBRE c,(r) EHFH A X r EOBREERIICE X H
TIENTE S,

CNET, HrhF3 1 X &P RMHERE & OBIRIL. BIFRHTIZIT Gibbs-Thomson D
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22T, AECHER, TEBEMROBRICE S Zb] 2SI THHT-OFE
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3-5-2. EBRFHE

Cu-Ti A& DFHRAER 2 Massalski®IZ & D Fig3-17 D& HICHREZIN T B, DR
R ATCICU TOFIATERET 700 T9°\ Cudat%Ti ASERABMEZEERFICT
B, BEEES L OCBHEEDHR. FXH 1mm OHRFARHTEI D g RIT, B
iz & b BRI A R IR X ¥ 5, T ORI E Fig.3-18 AV TREMA T %o
HD @b SEIRABPOBRESHGERRMTIRLUT NS, 7'\ () —BEBEERED
1173K T 10.8ks IEAALALER Uok/KFITHBEA N (b) 973K T 86.4ks fRIF T 5 Z &ITLD
HATE CusTi HAEREEHTH X5, (d)id. O)DRBOAREEZBE MK TEHEL
F2BEOBRHE G TH O 1pum BEOME T Cu,Ti HAFREEITH L THWAE I E%2R LT
W3, £ LT. () DR EBUCE—EREFIEO 173K TERMQo~15s)REF L. A
SEANETAE AT . JOBMMICLD ., FEFEHTHYOS A 5 FEIZ< 7 OISR
BHEEITER I NS,

VEBL U 7oA R E a M (Cu BAR) & CuTitHED 2 TR TSH % 873K 18 5
N 823K THi4 OBFESEMZ L. BREBICHMER LRI E 5, TO%. #H
BRI A ) =K TEXH 0.1mm L THIFE L/D B, Table3-4 ISR BMPHERHT
R A BRUTEIC L D R UERE TRMSERTNM & Uiz, fERLIGANOEEEF
SAMSEEIZZ I3, JEOL2000FX %A L. EDS M3 28T Tracor Northern #1Hd
TN-5500 % iz, 7k, T DBRIZIX Cliff-Lorimer %% AU T k B+ DRHIEZTTL \;
SHEOHXEZL 02at% TdH > 72,

System Cu-Ti
Electrolyte HNQO;: CH;OH=1:3
Electrode Ni
Temperature (K) 233 ~ 243
Voltage (V) 5 ~ 15

Table 3-4 Condition of electropolishing



75

(9]
-

1400
i L
1200 +
o :
- & 1
2 1000 |- '
= '
<P I E"
= : . ant-|
5 (X+Cll4Tl E: : @)
=~ 800 |- T =5,
©
i [
]
]
600 ' ' ‘ -
0 10 20
Cu at%Ti

Fig.3-17 Cu-Ti binary phase diagram proposed by Massalski'”.
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Fig.3-18 Schematic illustration of the changes in concentration profiles (a)as solid solution treatment,
(b)after aged at 973K for 86.4ks, and (c)after reversion at 1173K for short duration. A photo (d)
shows the microstructure aged at 973K for 86.4ks indicating the coarsen discontinuous precipitation
of CusTi.
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Fig.3-17 £ | Cu-Ti &DI& Ti & MICIE cu MCRHRIEEE) & Cu, Ti MEEAIF.
Dla #:&) & @ 2 HBUREAET 5 05 AP TiL. Cu/(Cut+Cu, T HEERIZHER Lz,
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Fig.3-20 {3\ Fig.3-19 £ ) X o ITHe%) U7, 873K T 60s Be%h U7z Cu-Ti MR R D
BAMEFOGEOVRBETH S, CONIMMICEITI T 7or MRROAKkEE
FITRUIEMTHD, TOMBIIBET 07 » 1V LD 2.18a%Ti EREXN B, &
IETED 30s BRY LICAB DT 7 0 0 MERK (2.30at%Ti) 12~ BRI % » Fa5E
RPUNEBBLTNE I ENASHTH S, ZOMHT o r hOBEIN., M s
TIRIENZ &3t DIFRIRERTITN U T b RSB 2170\ & e BeRg &:ﬁ?‘%%éﬁﬁ
BERHRE & LT Table3-5 KDBHATH B, Table3-5 IRT L HIT, HriE7 oy Mg
BERDITPEORIERNIAEABAN O 7 F L THTS . Bk SO THEL TR
SRR, SO T oY FORIC L 2BEIN. BRiFo< /7 oBEOBEICRERE
THLDTIRRLTIENWI ETH B, F2E2F TR L T, Fos (MRS
EEZROGBICELU T, BP0~ 7 0RO FEMT R ICE X 28I
TEHMICKRET U, RIS < 7 oBEOEDGAE NI &3k, WHEBRSAKIC S
75 RHEIEOELERMICDERMCOHEAL TV,

FFEITLD | Fig3-21 ISRTEIICEREEBICBENTRUTE 7 0 MK
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Fig 3-19 Microstructure formed by ageing at 873K for 30s for the Cu-Ti compositionally gradient alloy, showing Cu,Ti particles.
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The red solid circles in the photograph show the measuring points of solute composition, whose values are correspondingly

indicated in the insert figure.
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Fig.3-20 Microstructure formed by ageing at 873K for 60s for the Cu-Ti compositionally gradient .a]loy, indicating that
the precipitation front moves toward the lower composition side with longer time ageing.
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Ageing time, Coherent solvus composition,
t/s Ceon (at%Ti)
5 2.35
10 2.30
15 2.28
20 2.29
30 2.30
60 2.18
120 2.15

Table 3-5 Changes in the coherent solvus composition Ce, with the ageing time in the Cu-Ti

compositionally gradient alloy aged at 873K.

Cu-Ti 873K,823K

900

Temperature, 7/K
o
o
|

Cu

g
Ageing tirqe

i
Ageing time

Cll+Cll4Ti

800
1.5

2.0
at%Ti

2.5

Fig.3-21 The coherent soluvus composition C., changes toward lower composition side with

ageing and finally reaches coherent phase boundary composition.
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OBFEERMICEEHTIENTE S, BE. WHOOIRHEE P HBE 2 EBR
BNSRD B3, WHERHEEDORMICK I 2 BEZERZENLLEXH BN, €DK
H78. T BABEICEII2BELXRET S LIXEENICAIETH S, &AM
Fig.3-22 ISR T & I B HITHEZ, FERABREE ¢, 2 HEEMNITKD 5 2 ENTE %,
Fig.3-22 O LEICIZ. BB Bichic 2 F ke, OFILETRTRE 0T » 1 IV
. PEACIINEHEAE (RUEASHITHHERLTNS) | TRICIZRENTRUICALE
D, QITBIBHYOBEERE 07 7 A VEREMRL TN S, Y OKES
2. CORDEFTEHNT,

f=a= (3-1)

EEZ o B,C-DEANOHS XIS MEQOD L) I FOSEELETS 200D
BAIZiE, FEHEBHRE c 3880 FEMMc, LRREIN, MEOQOHE Iy D
LI f ~0DFA IR, WHHREITK ) 5 FERBHRE c (3. BE&EDOFEMc, &
BIFHELNETTH S, LIA->T 7o MTBOTIE, Tl RHAERE ¢, L
BT A Xr EDORITHRALY B8R % EBRICERTKD SN 5 8k e, &HrHibLF
YA Xr EOBFENSKDBZ ENTE S,

Ub&D . HRZHRFRICHENT, Hiti7 02 PTHRESNINFOY 1 XEZOILE
DEEHKEDBRERND Z &id, F IR FY 1 X L FE R EE & OBR%:
ERRINCAND Z EIMIE S0 BB HFDOY A XEBITT BB, BALEZGAT
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Fig.3-22 A schematic illustration of the principle how to get the relationship between equilibrium
solute composition of precipitate at the interface with the matrix, C., and particle radius of
precipitate, r.
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Equilibrium composition, | Particle radius,
c. (at%Ti) r/nm
2.35 4.55
2.30 5.20
2.28 5.45
2.29 5.55
2.30 7.50
2.18 11.5
2.15 25.8

Table 3-6 Changes in the equilibrium composition ¢, with the particle radius r in the Cu-Ti

compositionally gradient alloy aged at 873K.

#9 & Fig3-23 £ 5%, 5. Fig3-23 IIIRRNRE % 823K IC U CTRIBRIEER T - 7C
HREPEETRLUTWS, Fig3-23 &0, FEHRHEBE  SHFY 1 XOFEH 1/r £D

RIS BIBE DS LTS & EDNERINICH S O &7 - 7,
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Fig.3-23 Straight relationship between C, and 1/r of the Cu,Ti precipitates in the Cu-Ti compositionally gradient alloy
aged at 873K and 823K.
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3-5-4. HERAEBE
(a). Gibbs-Thomson D BH%E

KT OFH R () EHTFHA X r LOBRERTHBNE LTHSNTNS S
DIT. B R T & OREIC 1) 5 F M2 RE L TliHE OBk EE i Lo, Gibbs-
Thomson DEFER®NRH 5, 9. ZOROFOEREWEICT S DITKOE LT

>

Do

(Gibbs-Thomson DR DEH)

Gibbs-Thomson DBAEEIT. #ritiAH & BHEOCEERIRRBIZ & 5 R DI F O F i IR K
c,(r) ERLFH A X r LOBRERTHTH S,

FHHE & AT AHACEERRRBIC B B &0 & BHOLERT V¥ v by, EHTHAEO
FERT VY )b p, W UWRBIZH Do DE D Fig3-24 IR T LD I, 2 HOFE
T BFOEED S dV EH THHAIZZEL U, SISHr AED S av 8 TRHIZEAL L
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Mg BRHALEM AR R VF—ZRD U REHZRVF—3HNT5EEZ 5,
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*ﬁ‘:’ﬂ*ﬁ 4 r+dr

Fig.3-24 Schematic illustration of the condition for equilibrium state of particle.
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LEATAGS HUTFOERIZL Y, FHHHRE () LBEST N5, 4. EL
TIBHHS, HMEGTHTRALOMEERIERTES & LS. k& SHEADH
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HAHE &R & OF#RIfR (B PR BRATRIN S,
p(0) = p1,(®) = g, +kTlnc, () = y; +kTlnc, () 3-7)

ZIT g, 1 TN SATHAOEEERIBIC B I BAFERT Vv VTH D,
¢, (), cn() Ity ENENKE SMRADHTHHOBE & T EF T 2 BHEOMETSH

D, kiZRVY = EH. TREVRETH S,
Fio. KEr OIRIROMTHIM &P 2B & K& SWIRKOITIEAE & DILFRT
VY VDE (o) - p(r) 13 G-DHAEFIAT S &

14(%0) = () = 1 (20) = 11 (r) = 5, + kTInc, (0) — 17, = kT'Inc, () (3-8)

Ko T p,(0)— p(r) iEs

() - () = —len( C"‘(r)) (3-9)

ZZT GOREHMNEFEH I OERNIHBRBE LI bDNAG THED T, HhA.
AGPIEB-10)R &L B,

AG™ = %[,up(oo) -~ 1,(")] = —VLRTln( (") (3-10)

7272 Uy RESKER. V. A TUERE L. N, 27 K4 Fofe L. R=kN, OB%
3 LAY ‘

(3-6),(3-10) &k U . (3-11)RD Gibbs-Thomson DEFRANEFEOSNS, KEI I T,
ca(r) Zc(r)~ () % () £ LT,
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c.(r) = (o) exp(—zr%’l;—"') | 3-11)

y AR T & RO RE T X VF —HEE, V, 3ATHA T OE/VAER, REVAER. T
FIEEE. (o) 1Y A ZERROKFOFERHBETH 50 B-11)HdE (2r7,)/ (RT) A
INEVBRITIRG-12)RUCTFT L RRSEMTEEY, chk b, FEEHERE () &
B FH A XD 1 iZHBIBBRICH B T ENERINIREIND,

er)= c(oo)[l o(2) ﬂ (-12)

& AT, Fig3-23 1R Ulc & 512y WF-OFEBARRE ,(r) EHLTFH 1 XOHEL 1/r
& DRI IZHABIE DRI T B & ENERIITKD SN THE D, EBRTHSNIRERIE,
(3-12)R427% U7z & 5 72 Gibbs-Thomson DEMERER L TNB LEERX B ENTE B,

Z ZT. Fig3-23 DEHOBEEN S, (-12)xX%F AV THF & B O R RV F—
WEy AEHUTHS, BV, ¥ AEH. BEEZTHLEN V, =17117x10° m’/mol,
R =83145 J/mol, T=873 ,823K ERET B &, B-12)HA 6. 7,13 873K, 823K DX
ZNOENEEICN LT, », =023 Jm® (873K), y, =017 Vm? (823K) L EBRHITHRE S
h3, CHhET, FEERICHT BT (CuTifd) SR (CuBEBKE) LOo%s
REICH I RELRINF—EEILRD SN THRND, —RICEESN FORE TRV
F—HEIZ 001 HS 0.15 BEOTHLOTHHE/KRIL, ATRKEIDRTEELEEZEZI SN
5o
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)T RIVF —RIIEE

& AT MFOTFHRHME c (r) ERT VA X r EOBFRERTERNI, AILO
Gibbs-Thomson DEMEHKDMUC BLL T OBEICL DEE T I LNTE S,

BAZOE 15 2 BRI Lhid, ZB. EEOEHT TR, HEBRRIIROF TR
HHTRIVE-DETT B HANEETT S, LIchi-> T FIZAIE Fig3-25 IKRT LD
i FHED SITHAEDERT 3 EICL D ROBHIINVF—DMET 5D THNL,
O AR REICHH LB S A5, STUTFIK. TRXNVF—HICKEIHHEHTE
BHFO. FHRHBE c (r) EHTFY A X r LOBRERD TS S,

152 I
I’ ‘\ AG SO
: ‘r_: —
#T 18

Fig.3-25 Schematic illustration of the condition for stable nucleation energetically.

B SHF A CER r OFRERE) DMEKRT B0 HH T RIVF—EILAG 1T, &1
LM EDREILY +—FTHBEREL. WHELRIVF—2FEUEITNIE,
G-13)RTHEZ 503, '

AG = g-ﬂT3AG:°l +4m’y, (3-13)

STy AG IR, BAAESH o QR EHTHAE L OLENABH I RIVF—-DET,
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BOMBEIRD . MFEBIEEULENET B,y 3B EATHAEMORE T R ILF -5
ETH5, -13)xH 1 L. BOHIZ L ALENARTRNVF—DRPEELTE
D\ B2 L Z LIS K DFCC REATER S 115 BED R T R IV F — DY
MERLTNS, F1IHITHFED IR, E2HIIEERD 2 ROFETHSHD T, 2 DD
OFMIIREABEM L. BRICELTHOORWD L. HBFEEULETIR, AGRRED LD/
T ETE B,

r OFALIZHENAG R O L DIET U778 S BMHICE D - TN EICHT
5ENA%, TDORDFEHEG-B)RLDKDS L -1 EM B, B, AR TII.
ZDE-14) Bl TR FHEREE [BMALEZK YA X LLRZ &i1d 3,

AGe =31 (3-14)
r

oI, V Z2EIVEEE L, G-15ADKILT S Z EEEET NI,

vol ______!__ cm(r)
AG® =~ RTln(—cm (Oo)j (3-15)

G-1)REG-16)RERL Y | FHEHHRE (1) LR TV A X r EOMFIEE NG,
Th& D TRVF— MR LIS B M T ORI ¢ (r) M4 1 XD
B Ur & ORI SEAIBRABATT 5 & & RS,

yV V
¢,(r) = c(oo)exp(—y—ﬁTﬂ) ~ c(oo){l +3—i;—‘—]:"i- %} (3-16)

r

Z D(3-16)F4E(3-11,12)F.D Gibbs-Thomson DEAFRKAF D 2 % 3 12K Z 12751 T\ hizL
CAUATH 3,

(G-12)xZ M T Fig3-23 2T L. RETRVF—FEE RO & FREIC, Fig3-23
DEHBRDHE LB-1RD 6. KT EBEMORELRIVF—FEy 2EET 52 EH
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T& 5. BIVEHE, W XEH. BREEXZTHTH V, = 7117 x10° m*mol, R =8.3145 J/mol,
T=873,823K LRET S &, (3-16)KD 5. y,13 873K, 823K DZENZT DRI
HUTy y, =015 Jm® (873K), y, =011 J/m® (823K) L KBRINTIREI N D, —RICKS
WA DORETRIVF—EEIL 0.01 2 S 0.15 BEITH D EI1Z XD Gibbs-Thomson %
AOWTRDIHERLD b 2B SOBEATRDIHI L DRENZENE Shi,

Pk, ERIICH S NIOFERIERE o (r) ST 1 X r EOBIRE 2 DOEHMIC X
DL TEI, LML, ERTHONIERE LD S OEMR THRIT T~ X0 WAREICE
> TV, ORI REISENRS [AEREB OB | SHEICEEL TS50
T, ZTITHICHLIHRE LT Z &iIT 5,
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3-5-5. /M
BB RN R Cu-Ti B4 DB SHERGTEORBOBITICER L, friihi+oO
SRR SR A X & DBMR A ERINTRAE LR, LTORRERI

(1) Bigh& & bITHT i 7 o v MEBITHERICHE D > TREMICBEIT S 2 LOIKERK
IZHIDTHONE 512 COWH 7oy MAKOBENIHTD 02at% TH D KFEE
BIEE I BT CTHERRR AT CE2FANTFETH L LB 1,

Q) BFOFHERHIIBE c (r) ERTFY A X r LOBRERRINICHID TS A Pk
FHIBEE c,(r) SRLTF-Y 1 XOBH 1/r & DRI HAIBIRORILY B Z & EH ST LT,

(3) TRIVF—HNSREIH H TE DR F O RIBREE c,(r) ERLF YA XOHEEL 1r
EDORMITITHBIBFRY D B T ENBERINCH SN ETE T,
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3-6.458

AE T, ZFEERAOTRERICE T B HEERBE STICRAE ) —F)UELEEE O
BT AT PER. ERMICKRET S ENEODTHE L IN T A ERERHO
BORTEGEHOSMN L. UTORERI

(1) AFFHEIEDTORRD» SBOTHE X CREREZRETE 5 A THAERRT
HBTHB, Fio. MBEOIED SHEREREL THB DT, FERBRO ST
STHERTE LS, BEEHGL EH oW ERMMREEMICIRET X BN/ FE
THB, Lichio T REKPHEBOMRICEN T FFEOFHKIBH TR L

BA %0

) AFEHA - FENEBEISOMBORITICANS Z &Ik, M1H T, HAl
D O RBAIF AN LM BEDOZEALICHE S MO EHRELEERIICHSMNTT S &N
T&fz, Ch& D, KFRHZHEROEITHT 2 EBOEENREICH S 5GMETF
ETHH I ENRINI,

() AFth% Fe-Mo A&DAE ) —FIVEEHEOMBOBITICEA L, X/ -5Vl
B R THARDEAICAE ORI T S 2 ENERMICH S &L -7,
F7o. SRR . BEBE T IHOREMERT -1 KEZER X  KBRAIT/E
BT FER U T oot IR —BROREHE AW BEROERFER L RO —HE R Ui,
Ih& D FFEIEBINC ct REFRT IFREFETH S L0Z 5,

(4) ZFELZBAHERIHEOMSFHITICERTSZ LItk ). BEHEHARBICE N T
DT BAMHERERNRROICEN & & SICBEIT 2B 0. hTFH 1 X &P
BELEOBBREEBRIICETT S E0TE I, &0 FFREZOTHTHEKORE
fBiz & 75 ) MR R A SIS RES. FRAFETH 5 2 EAVREhics
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84 F ZEREE) DFET

4-1. 48

BAED S DT X L 5 RO BB RS IC DU Tid. Becker & Doring D% A BEE R
IRE XN D IR E IR OEH & LT, Cahn-Hilliard ORI 7E EBIFEIC
ELFTHEICE L OHRBPUTROONEINTN S, LHOLERSHELAICENTDH,
BAE IR U2 BRTIREL, DVFENRALNE L, 202 Lk, W22 DEE
Rz U THAEERER OB ET - L ROOL AT HHON T, HEERE
D 151 OREHHT U BHB OO TN, BRI, XBA0)D Fig2 O Al-Zn B&IZET
% GP /— v OBEFREGEY A X T AEREEREDODHED L H I, MENEL—HLT
WEWBEALH B, ThoDF—HOFRIE, Bk LUEROMEHICHSEEI SN
IhE TOMAERICH T BERIE, AFRICHNRT, BEKOWE MWK E S ity 1
ZAWEBITNIVEBGE T TIT> TS ), KO Y 1 XL IEREICEHET 5 2 ENEL
. Ffo, BEMENEOEZETTERLUTHIEAICIE. BEKDOAR S THFOHK
LBRBORIEFCE UT, BAEBRBRZ LI ZERICBINTETWVINI ERZNEZEZ oh
Bo DX ITHERICKT EEROFHEREICENT Y DRESNRHY, CHET, &%
H RO Y M E+ M T E 2 ERFIIBD THRLNENR B,

BAEBIMCERREINICK > THEUZBRRATH 506, BREIEBICHEHBE T 5103, &
H RO BRBY ] & i ICZ L S B IS UTREBRNED X ) ICRLT 20 EHRRSD
DOROBVBINFETH L EEL oND, LHLANS, AEMENERE X NIcBH D
A& TIX. BB OESNZEEBSITE. BELEGEMCENLIEI44 T TRYT S
PISMTIE K. ERIITRD TRE L - ERBERIHT BRI 212567,

LT AN, MBHEAENEERANDZ LIt ASHBRERLIEER, TUubD
BERORB N E A TKBREITI) I ENTE, BERBROXEEMSZ 5 Z LM HE
ThbsEEZONS,

Z T FETIH. MRBERIEZIEE Ni-Al B8% LU Cu-Ti A& SR
OHMEBRZOBATICEA U, EBRIISH S X SNAR/NDOITHEY 1 X (LU, &/IMF
Rt A X & K3 OESHBIKEREERICHOMI U, REROBA KB ROZ L H
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SliT B & & b, TRVE—RIL SIRERIIED SHERRREMOAEL
HERIZONWTHEN S,
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4-2. KL T- DR/ Y 1 ZOBRGE

4-2-1. EBRH

Ni-Al &EDOFHERERIE Willey'IZ & D Figd-1 DL ITHREINTIV S, FDIRKEK
ZTCCU T OFIHTEREIT > 7. £\ Ni-15at%Al B&% T — 7 BRICTHEEIT 5, 5
BULASEM NI O LicDE, A&MKITET — 7 THEIT I 1T & D NiNi-15at%Al $
EXEVERT D, HAERTMEEEICEIH Imm ORRKICH O L-Db, FEWHEHE
FICEZH A L. REROE—ERAFIEO 1373K 12 3.6ks MMBERFE. kP IcHEx A
ha, COBLBITIDEAREICEYE v m BEOMRBEAFEENEREN S, (EH
U7c S Sk 2 2 MEIENEET 5 973K T4 ORISR EK L. £D%.
VAUV xy NERPTEBEREE RO THBBER AR T 5, BRUTEBICHE L ER
W K UMEAZAMIS Tabled-1 ISR, MEEEZILEBAEFIAME (JEOL 2000FX)% T
T F7o, MBSHTIE EDS A% AU 28 & U T Tracor Northern #181 TN-5500 %
Rl . s DBUTIZ Cliff-Lorimer 2% AUWVT k RF-OMIER4T 570 F7z.
RO EDHNRZ L 0.2at% Tdh - 12,

System Ni-Al
Electrolyte H,S0,: CH;OH=1:9
Temperature (K) 243 ~ 263
Voltage (V) 50 ~ 90
Current (mA) 300 ~ 400
Flow count 5

Table 4-1 Condition of electropolishing
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Fig.4-1 Ni-Al binary phase diagram proposed by L.A Willey"".
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4-2-2. FRIER
(DNi-Al &&12 BT B R/IMTHE Y 1 XDIRE

Fig.4-1 IZ7R Y & 912, Ni-Al D& Al A<M Ni HCRARIEBE) & Ni; Al HER
AIFE. L1, #5&) ED 2 HESONEET 25, AL TIE. NUNi+NiADFER L IZ BT
% Ni; Al #HOHT BRI ER L7z,

Fig.4-2 {2 973K T 10.8ks F%h U7c Ni-Al MAMEFER OSBRI 65 D TR -
RUTH D, BREFHEMBICLS Ni;Al #HO 100 B 42RO BHERTH 5. B
CIHRTBRTEEINSHFH NpAl AT THY, BHEESITELTHS, B
HEHOFIITHEBHTELT - IeBrOF LR ER L. EOATHERIIATOHMARIIRL
T3, IFOBEMBRLD . MBEEEOENSENEH 1 m 12725 T Al BEELER
DD L TWBZ ENRSOTH B, KD 2 HORENEFEI ML DE Al AN TIAL
FHERRIZA o TRA ZEEATE NpAlITHHOEE CITH L TH B3 DI UL 1K Al #LR
AT HBERED o, B—ERER LT > TS, 2D HPDOKRHDALENZ D
BERIEE RIS B I DA HIR RS TH D, TOEFRMAITBEERD S 12.0at%Al EPRE
Ihb,

Fig.4-3 {Z. 973K T 86.4ks K¢zh U7z Ni-Al MR OB AHER T D 100 B
BTHD, CORMFEMICEITIEAINHBRAIRIRFPORNOAET. € DML
11.7at%Al TH 5, MBEER T U7z 10.8ks KeRh U 72 Fig.4-2 OBASHTHR AR & T 5
EIEALFBANC Y 7 PLTWS, O LK) RENEEB E DM DFHEEIZH B R Fid.
Figd-2 & D X SICREHEOBEMC L O FIIHHUIRFTH B L0 5, 1, BHEE
h. BAWHRFEBGEEIHTE UlchiFi, frii LK FORPTRORE LY 1 XE2H
LTHED. D EDLIEKRETENF ORI VITNS TR FORFEL TORNZ E0#E S,

ULDEBREREZBEXKMNIZET & Figd-4 DEHIZE S, BROETITHEN, AT
B SRR IEALBNS & 7 b L THTC & S B E R » 7, 1, & THELTS
NN SR DIR, TOBAITHERSR (UR, thiho7o v b EX3) ORI K
LRI, BHFO< 7 nBEOBHIERNT S bOTRRLTIENWI ETHS, FE2F
5 TN/ KT, KRXTRER PO~/ o SHBBHOFEESTHRRIZEZ 5%
BIZOWTEHMICKRE LTE D, B3PI 7 o BEOEANLE UL &3 m#h,. il
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Fig.4-2 The Ni;Al precipitate particles formed by ageing at 973K for 10.8ks for the Ni-Al compositionally gradient alloy.

The red solid circles in the photograph show the EDS measuring points of solute composition, whose values are correspondingly
indicated in the insert figure.
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Fig.4-3 Microstructure formed by ageing at 973K for 86.4ks for the Ni-Al compositionally gradient alloy, indicating that
the precipitation front moves toward the lower composition side with longer time ageing.
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Fig.4-4 A schematic illustration of the microstructure changes as ageing in compositionally gradient

alloy. The precipitation front moves toward the lower composition side with ageing.
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R KIS b1 S MEHME & & EERIIC b KRNI SRR LT B,

XT. Fig4-4 O 7oy MEBORFITERLE I Hi7 o P X OIE Al BES
BT UTUWEN S E0 s, Hill 7 oy MEEOR FiZ. ENoBFEEL TS
BIFOSEMBICHT AB/IMTHE Y A XERLTND EERL B ENTE S, DI L
% Fig.4-5,6 KK % FWTHWAT 5, Figds-5s ORP LBICIT. AREBIZH 57
ke, DEAERTBETS DT 74V, FERICIIHNEMESE. TBRICIIKREITR UL
BOD. QIZBIIAITHYMOBRERE 07 7 AVEREMIIRLUTW S, Y OKES
R, COROEEEANT,

f= A% (4-1)
N S

LBz onb, G-DRAOSHED L HiZ, MEQD LI ICHIHK FORSHFET S f 205
AITiE. FHREBE . ZAEDOFEMBic, EIZRT>TNBEN, MLEODLIITf =0
OBAITIE. WHYREICE T 3 FEHBHBRE X, @-DEDr o bHoM LK IIT, &
DOFEM K c, LIFFHF UL SRTNEIR SN, LEedi-T, TOXITHHIITENT
i3, FPERHBE c ETHANTY 1 XEOHOBFRE. ERIITKD Sh 5 Failkc,
EWTHBFH A XEDBMEN OKD B ENTE S,

X 52, BAEROUBAEEZRT Figd-5 OOD L S BEESENE oo 7o v b
Ti3. FERHABRE ¢, ETHATY 4 XEOMICHOLT BFEERD S 2 LI, £E4&Hl
s B BB/ A AR ZRE LI E1C—8T 5, 750 DB Figd-6 IZmT L9
iIZv BUR EDNINH A ZORFNZ DEFFTTER L LI ELTH, ¢ >c, LR DAL
FIIARER L. HWE UTEETEA L ZH. @D X HITR KD KEVHFIEIE
FIEELE D, ZHiER OV A X2 EBLTRE LKBEICHFETSH0T, RO
YA XONFONEETILUMICR KO KREBHNFNNERLOZERT S LIZELSN
AQAW

UEDZ ENSHOMI LI, HHOT oY Tk, ZOEFOFHMBIC L >T—
HOITHRE S, HEFEY A DR TFDADBAEKEI NS, Figd4-4 1R LIcKHIT. D
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Precipitation front

One phase region

Two phase region
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Fig.4-5 A schematic illustration of the principle how to get the relationship between equilibrium solut
composition of precipitate at the interface with the matrix, C, and critical nucleus radius of precipitate, R*



Composition

O

Fig.4-6 Schematic illustration of composition profile of nuclei precipitated in the matrix whose average composition is Ca.

If the nucleus radius is smaller than critical stable radius R *, nucleus is not stable for nucleation and dissolve into matrix.

If the nucleus radius is equal to critical stable radius R *, nucleus is stable for nucleation.

If the nucleus radius is larger than critical stable radius R *, nucleus is stable for nucleation energetically, but dose not precede
the critical stable nucleus nucleation kinetically.
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W7oy MIEIC X - TEBEMICH 2 ICBEIT 255 EICTOHHOREIIGUR
EEY A XOKENH 7 o v MIEKT 5o

P&y, ZESERICE LT, 7oy FTREINWZNTFOY A XEZDMED
LM EDBBERNSZ Ed. FXIHHBY A XLASHEKEDBFRERAND &
IS SN Esb B, Tk, KFOY A X AT, BALETA TSR
RED SR LTz,

Fig.4-7 I% Ni-Al 241261 BRI X SR & DB Z RERANITIRH I TH
Do REEIAT AL DR A BMII A SR ERE L TS, PO RNIEREFRIZE
THH 7oy O I GEETEREINIRFOY A XLAGHREDEHRERL TN,
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T, KPP ORREGRIT. BN BEATHOBREKTEOLHEREZRL TSN
RS S &S ICBY/ MY 4 X3 2 OERBISE S ISRV RBUTKE B,
¥ 10nm ICHET B EBHOHTH B, Fhoy €D LD HEABIIEALHHE U 5 M AFEH
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Fig.4-7 A relationship between the minimum particle radius for nucleation and alloy composition for the Ni-Al alloy system aged at 973K.
The small solid circles show the radius of particle formed in the vicinity of precipitation front for various ageing conditions. The vertical
dotted line indicates the coherent precipitation limit assumed for the infinite radius.
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(2)Cu-Ti BRITH T BB/ IMT LY 1 XORE

3% S THTHM LK Cu-Ti BED Cu,Ti HOW AT X & FERERE & DR %E
AT U7cAE I3, AETHM L Ni-Al A&I1CBIT 2 EBRER LRSI E1T S T &3
T&%,

3ESHD Cu-Ti A& THONTWAERERLD T o POKFOY A XESR
AR E DR, THbOL, BIMTHEY 1 X EAEMMKE DR ERIHERE Fig4-8
12”7 o Figd-7 O Ni-Al A& LR B/IMTHEY 1 &, B TR U B AR K
NHHTD 03at%BEDIEFH ITHKOERER T, SBUCKETEZE L, 20 Hinm ITbE
THILEDHONTH S,
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Fig.4-8 A relationship between the minimum particle radius for nucleation and alloy composition for the Cu-Ti alloy system aged at 873K.
The small solid circles show the radius of particle formed in the vicinity of precipitation front for various ageing conditions. The vertical

dotted line indicates the coherent precipitation limit assumed for the infinite radius.
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1-3. EBRERICNTEEE
3-1. [ERARE YA X & THRREESKY 1 X] LM%

BEHEFRESGEGDMAIZ L THTD 03at%BREDHH T, HFHEY 1 XHEBUIH
KT H5BBEERNICH S IR, FEEOHMABOEHARIMHTTH S,

B2 ISR D —HR 2 MR UM & 3 2RO FEETIE. HERBITEDORK
DTHVARFEEAAN T, K%L 100 5OH%L A THRHEMICIEMIZELIE S 2 L 0ER
EARR[RETH D FHREMOZ 52 LI TN - 7co APFF TR IR B Rh
3. EBHTHREE LRI LT 700, D THROVREIFATH - Th. MBITHT
SHBDEALEIEER S BT 5 ENTE. HEINEBARBEZI Y Hd 2 L 20k
LLTWh5,

STHRHETIR, FERTHON TR/IMTHEY 1 X OASMBKRERZ kD1
ig4-7,8 ZEAMNCERT 5. T, HROBERERIERT S TBREYT 1 X &
D 3-5-4 TTRIVF-RINTER LU TERLERY 1 X] EOBRIIONTHSH
TU. X1, ERERETREOLENS. THENOBROR LM OLREEOTH
IR ZAT D o o IR I AR Y1 X & Gibbs-Thomson & D
ZITDONTHHONMIT B, ,

£\ BABY A XEBRREEY A XEDEHREOMELARICERT S 7-DIT, Ht
VEERERD—DTH S Becker DEAKEREZ AWV THEROHEREEH ST
5. Becker DIAENIMIC LNIE, MO SHHMH CERr DEREIE) DR T ZED
FHIRXNVF-EAG IR TEIN B,

AG = :;—nr3AGc"°' +4mly, (4-2)

TCTy AGH 3, A EATHIA & OB S 7o ) DILFEIE BT X IVF—DET,
1O DM TFERITKEFE T —EMEIMS LT 50 5, (R S HTIHHEMORE L5 )
—HETH D, 4)RE 1 FE, BERIC LB FENEARIXLE DRI EEL, B
IR OBICH LD REEERT 3 2 DICSELRE L XL — ORINAE LT
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50 H1HITFEDI K. E2TIIFRD 2ROEFETH DD T 2 DOFDFUIREAHEN L.
BRICELTOHOHAT 5, Figd-913. BDXEr OFILIZHED AGDELEERE LTS,
HHEEAE SRR TIE. CORRIRIVF—FILHIBK 78 2EOKOERE [HEREY
A Xr*] EEBLTVS, BREY A X rxid, @-2)REricfLT—RMS L. Yok
BU@-3)RD SRKD SN B, Figd-9iTid. BREY A XEREr*TRLUT S,

47’ AG* +8mry, =0 4-3)

@3)R& O BREY A Xr*ld. @-9RXTEIN S,

2y
R 4-4
AG™ (4-4)

XT, @-HROELELEDLDHREANDZS & (4-5)fcaf;5°

AGY = - 2y, (4-5)
r*
SITAGH I (-ORITEIND (B-10RBH) o Ak, HHROBAERERTIE, 7

Hi% DT BERT I c,, (r) (RAEOWT ) U2 33RO R c, () 121 % LU &0 LT
5o DED. AGK IR, T S—BICHhE B—THE B,

| AG™ = —I—/I—RT{lnfi%} = —I—/I—Rr{ln :,,((2)} (4-6)

m m

(“-6)HE@-HNRALTRELEE T2 & R, @-9R3@E-NRITI B = L0 5,

vV vV 1
Ca(r) = () exp(%) ~ cm(oo){l + %‘— : ;} 4-7)
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b
*

Fig.4-9 A drawing of free energy change as a function of nucleus radius of Becker's nucleation theory.
The r* and AG* represent critical nucleus radius and activation energy for nucleation of Becker's
nucleation theory. R* shows the critical radius for stable nucleation defined as the free energy change
becomes zero for increasing nucleus radius. -
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(4-7)3iT Gibbs-Thomson DX TH H . HHAIBKEKEROEFTEL Y 1 XEEK T (@-4)RU3
Gibbs-Thomson DR EFFELXTH B EHWS, X T\ Gibbs-Thomson DEAFRFHUIFRD
IRIVF—DBIMEER D Kl 5 L0 FHOZUMSBEXH LI SDTHY, —H. B
REDEHIZ, FOLRXNVF—PBAREEFELTNEENILREDCBXHINICHDT
HBHMS. HHRBAEBRIERNERET S L ADOERENER UICRES X, TRLVF—
MICRDE S ARELIRBOEIFA SOOHEETHEK L. D ZDOHEE &Fd L
TUBREERL TS LR B k. - OEFREORIER METHRE] & XiThT
W5,

ST~ AR TIRAVF—RINTER L TBRRAREZY A XR*] 1E. 4-8)R
DEIC@E-2D)ADAGHE O LT EROBDFERr L UTEHEL TS, Figd-9 iZi.
REFEWY A XELFR*TRLUTI S,

—:—nr3AG;'°l +4my, =0 (4-8)

o T BRARLEEY 1 XR*IE. @-9REWT,

3y,
R¥=__2Vs 4-9
AG (4-9)

ST @A, )X EZ KT 5 &, HMHWBAERBERNEEST S [BRIEY 1 X r* ]
EEAMAETIRIVF—RINTER U TEERREMY 1 XR*] EOMITIZ. kDKL
LT3 I ENRS,

R¥=Zp* (4-10)

@-10)RERTHSOE LIS, R*Er*DBIRIZAG™ Ry 1T LTIV,
TN RIS KRR TEBRINCH S Z ot TB/IMTEEY 1 X1 2. TEREY A X
r*] & TBRALEKY A XR*] DEDLSDEHDEDY A XITKHE LTINS NERT S,
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4-3-2. TERREY A1 X] & [R/IMTHEY 1 X L DB%

Fig4-7 % LU Fig4-8 MEITTR LI 510, BAMERED & CEETIRB/MTHAZ Y
A ZHHE 10nm IZHETEZENHSHTH BN, 2D &) WRKEILY A XD BARE
ROBMERBERTHIEHATE RN EEUTICBRD, 2D, FRTHSZ SN
re/MMT Y A X3, WEROBRAEBERTERINIEREY A X rxTRANWI &%
BHSMTT 5B, _

PER DRI RE. ¥ ¥ — TIHRREZEBCE Lot OB A REROO LN FREICE
1} % REEA B A Z 8 U7 Cahn-Hilliard OB A KERON 572 5 0%, HERLBEETIX, @
FRRO—HERT I ENWMEINTNED, Llehi-> Ty &2 TR EKER
ZHWT BEBICLEEERCL RVF -2 RERTH oo By/Mr I LA U,
ZOMEOEEHERTT S, B, HROBKEREROFEM®MA T X IVF 1T,
Fig4-9 DS AG* TREINBZIXINVF—THY . BREY A X r DAL T 572D
WEILILRXIVF—-LERIND,

2 (4-11)id Becker D IAIKABIEMRICT T B BERD I D DEMILT R ILF — AG*
EEERBEY A X r* EOBRERL TN, ThEAWTERERTE SH - R/IMTHE
KX U BERDICDDTERILLRVF -2 BT 5, 22T, &I, D Ni-Al 64
DRI UITU RELRIVF—EEy OEIE. y, = 0014 Jm? & Uiz,

AG* = gfw » (4-11)

ST AG*OEMACRBER T, EBIKOEBNTEETH 5 AG*DIfIL. BE.
AG*~10° KI/molREETH B, & B0, AEKBRTH SN 7K R Sonm OHF LI B
AG*DIEIZ. (4-11)FUT ZHUTAG*~10° ki/mol 1ZH78 D H1R 5onm OBEMERL X W B FE
”ﬁli%n’éi)% LEZSND, LD U SERINCIZ, Figd-7 IZR2 &5 I12%% 50nm
bOREBIFHEBOFELTNEN S, HHATIIIE, AEREREABWTERNI &
IHSNTH B, 2F D, KU TH SNIcR/IMTHEE Y 1 X, A R RNE
BUIKHERE YA XTRHDAMNI LMD, T, @-ORDEREY 1 XA ETHE
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(4-7)Z\D Gibbs-Thomson DHUZ. MHKITH T BEEEFT S BICIIRA SRR EL D, Uis
H3-> T Fig.3-23 O HAF DO 1 X EFH RATIE & OBIE %KD - EBRIER & (3-12) 2,
@ Gibbs-Thomson DX T XETLNZ EHRB,
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433, TBERREY A X & [RWritisgs 4 X] LDk

BAEDE 1. % 2 HANC L, HERERRIT Gibbs HHZFIVF—HUET 5K
ANEHITT B LIchio Ty Wi LICB T RV F — T REICFE LB B 12D, &
DB ICAT I U7 B RO Gibbs BT X IVF =D TSI UL S8, 186
FERIER, EETTHOA TN EEXL T 5,

22T, KED 4-3-1 TR~ EHIC, T TR BBEEDH 5 HEIRKITED - 1B
WCRDIFIF=HET L. DD, €D LI BEHEMICTHRDOFTR/NT A XO¥% %
[FaRZeER ] & LTEH L. BB T 2 ERLER Y 1 X2 HMINIKD . KEBT
B oSN TN B BB T 2 BT Y 1 X & BT L7,

() FHEAHE

BTSN 1| DAERT ABEEEEL. TORKERIE T, BETHRETDT 7 1
Ui 3 RITEREIR Ty Fig4d-10 1SR T &I ICRBAFAORE T 1 7 7 A VXS ZIH
KTEXNBE LK, COLHIC, ROFHEATRET D7 7 A VEBEKIT I LITLD,
EERROBE SO 7 7 A IVERETEIENTE D, FIAE. KOGZHAFORHN %
137 EEALXHEB &, BETS DT 7 A VOBREAREDH Figa-11 1IRT L IZRLT 2,
Lzhio T BETO T 7 A VDBIRE. ¢ ,c,,7,15,nD 5 HDEPEIREZ 5T LI
FOEBICRETE S, k. ,OERB. B&MMc, Ec 0, ,5,n,nD 6 ALK O HH
DKL DEE NS,

éf\myuou%bt&éﬁ%ﬁfn774w%ﬁ¢5&ﬁ$&bt:&nxé%®
BT RIVFE—FLAG 12(@-12)2UTERIN B9,

AG = %‘L[AGC +’{ég(rﬁj + nzY(c(r) - co)z} dv (4-12)

V, 3O BMBEETY, =@4/)m K TiHAEI NS, /0. HHI XV F - DXL
AG(Cy,6, ., 11 1y ) S B RBBAEE T Do 7L fr) BEOF.L0 o DHEEr T T
AEEBETH D, X510, KPR TIE. r DBEERDOFELT S,
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Fig.4-10 A schematic illustration of the composition profile used for calculation. The composition profile is represented by above four
equation. An arbitrary composition profile can be set as a function of ¢,,c,,7,,7,,7, ,n.
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BEHMK c, DB OBRETHEY 1 XR I\ 1 nn,0,c, ENERESE, @-12)RD S
AG %3K¥D. TDAGORATHIO L BRSNS N EE, 201 DEEBEREERY 1 XR*
E¥ 5,

X T, KETIE. KERTH Ni-Al A SO REEL S A XOMBURE A KD B,
ARV B AR ST A — 51k, RO &S ICRE LI,

FERIBEOBK)ICH T2 (Ni BEA) St (NsAD EOMOOILEMERT
FIVF—IL. Hultgren SOBNFERT — 5% S L2, BT 3@ 2 2% (1
W->Ts @-1B)RTEINS 6 RATEMU LI,

G(c) = a, +ac+a,c® +a,c’ +a,ct +a,c’ +a,c (4-13)

a,=-112x10% ,a, =160x10° ,a, = -450x10° ,a, = 487 x 10 ,
a,=-251x10*,a, =616 x10° ,a, = -581x 10°

o, FEERBEICKITS, BUKRE, BEER BT IX2y FRROLIICLULTERD
oo BV, FiROEIVEE & ABRIIRFEEC ) SKd Iz, HEHRIT, Hearmon
DM EMDEEELEHRD T — F D SHERBEICHE L TRDI, I X<y Fi3, K&
B DEMB(0~15.2wt%) D EiR TOHFELEREEIHIE L7z Corey 5DE®P M S EiRIC
BT B EHEL SN OB TERERE L. T & B, T OB RIGEC) %
AOTHERE TORTFEREREN TSI EMSKRDI, oy RETXIF —HEDH
3. Ardell SUNTX D RD SN T BHEEMBEA L, FFBICHAW RS A —Sli%
Table 4-2 IZRG e CNHD/ VT A —FIFEBREAT - IBREISHIE LI A =& & FNT
B, LEh-> T, SHEMREERER L EEREMICHBREITTE S,
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Molar volume, 7, /10° m* - mol™

2.791

Elastic stiffness, C;/10°MN.m™

Ni Ni Ni
Cl 1 C| 2l ’ C‘Ml

20.21, 14.79, 9.74

Lattice Mismatch, 7

0.0434

Interfacial energy density, y,/J-m?

0.014

Table 4-2 The numerical values used for the calculation of Ni-Al alloy.
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WBo LD OEBHFEICL D RD SN BHBICE T BERBERY A XTH 5,
&Y. BREEEY A X3, BB TRUCHERGO SBR TV BEICIE, 1ZEA
CHLBRICN U TR THnmBE TH 205, HEROZ GEETABICAX A
1057/ A= PMUNIHET B ENRD, X510, BBUIEHNR SN2 5HH0 3at % LA
EFHBITRMBHETH B - L DD, CORDE LD DEGTRIN S FRLEH
YA T THE S A OO, BBRO_FEEIE, Hil Ul xoLE—rs
REIHFELELFRETR Uy TUFERIIEA T X V¥ — Ic BB I AT E 1L il
LT3,

ST FEEICEOTEBO¥EL LT, Figd-10 IRUAERSBERICL - TEHX
NBBETOT 7 AV ORMERE LTI B, 0T MOEBEEL b U< idr 085
LTH Fig4-13 DFRERIBZIFLAEED SN &3 Figd-12 OBEREEROBE DT »
AIVEOHSNTH B,

RIT. Fig4-13 DIRIVF—RICETEIHE UBREEH Y1 ZOMBIKER & &
KBRTH SNIR/IMTHIE Y 1 XOMBUREYE & % W U R % Figd-14 10553, HEsl
BEOY 1 XM ESHREE LT3, EEND OEHEMEE I & KD shic
MRICE T BBEREERY 1 XTH Y Fh, ZLDD OBEAFIHDOERIT X bRk 5
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Fig.4-12(a)(b) Composition profiles of various particle radii calculated for (a) Ni-12.35at%Al
and (b) Ni-11.75at%Al, showing the critical radius for stable precipitation, R*=3.0nm for
Ni-12.35at%Al and R*=22.0nm for Ni-11.75at%Al, respectively.
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Fig.4-13 A relationship between the critical radius for stable nucleation and alloy composition calculated for NisAl precipitation at 973K.
The vertical dotted line indicates the coherent precipitation limit determined by experimental study.
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ntﬁmﬁm&ﬁ4ffﬁéoﬁ%%mﬁbfwéﬁﬁxﬁﬁ\ﬁ%ﬁ&ﬁmwﬁfﬁp
TCHERBRO Z GEBTRBUCKE (185 8P, RMUEANR SN 2588 0.3at%RE
THHZENREFTERREIFEREREBO—HERL TS, 2O ED S, KERTH
olcR/MT B E R, TRV F-RUICREICFETELR/NOBAHOAICHODT
HoTc EBIRTE S,

/o, LROFHETIR. XY BELFMELTD 7odd. B S E O R O#EE SR
ZER U T RIVF —RNEZBED SEERRERE KD IO, Figs-12 ODBEREEMDEE
Ta7rANED. Ve —TRBREEELTZRVF—FEEE2T -2 LTHENIFE
KETBRERFTNWEEZ SNDB, £ T, Figd-7 DR/MTHEY 1 X & AEHK & DBE
B35 S TTB LA & 510, BUMTIILS 1 XOWE & FHRARRE (7o b
TRAESHEKEIFIFELL) LOBRICERL. G-16)REHANT. BHENI) & HriHH
NiADEDRE T RIVF—HEREy ZEHH L TAS,

V
¢,(r) = ¢() exp(ir};{—’?—fl) ~ c(oo){l + 3}1/{TM %} (3-16)

ENVGRBE, FXAEH. BEEXEhEN V,=2791x10°m¥mol, R =8.3145]/mol,
T=9BK LERET DB L. G-16)HA0 6. RETRIVF—HEEy 12, 7, =0013 Im* LEB
FIZBREZ NS, EZAT. KESRITH T 5 RHEN) EHHHENGA)EORESREICH
UERETRIVF—HEE y 1E. Ardell ST LD N Al FTHAEOM A L EBI DO EEBEM S«
yi =0014J/m* EREINTNS, Zh&b., G-16R0 BN RELRIVF—5
BEOMHEIZZY L SDTHD LR B,

Pl ZEBRTHONICR/IMTIEEY 1 Xid, TXVF-RINICREBICHELETE B8/
DEEMS AT bDTH -1 LRSI Sh 5, |

& AT R TERICE SN R/IMT I, RO A IR 3R
KHEH LTS L b, KR, TEROBAERERICHERH 2 2 Eid@-100K &L S5
ThHbo H/IMTHEY 1 INEREELY A ZICHIEL TN D &9 5 &, BERIGY 1 i
BT 1 XD 3 50 2 DAY B, Ulctio T EEBRTE NI BMIEY
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Solute composition

Fig.4-15 Schematic illustrations of composition profile for (a) macroscopically composition fluctuation and (b) nucleus.

A macroscopic composition fluctuation plays a precursor stage of nucleation.
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Fig.4-16 The time development of the composition fluctuation calculated for the regular solution alloy whose solute composition is
15at% aged at 1173K. The area indicated with arrow shows a condensation of solute atoms. The condensation area is large in size,
but small in amplitude of solute composition. The nucleation happens on the base of that macroscopic composition fluctuation.
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