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Fig.2-1 A schematic drawing of the free energy changing with phase
decomposition and microstructural development. The dashed curve is the
chemical free energy of the solid solution. E and E . show the interfacial
energy and the elastic strain energy, respectively®*,

System A System B

Fig.2-2 Schematic drawings show that: System A is formed by omly
continuous prempltatlon On the other hand, System B is formed by
continuous precipitation in the grain and discontinuous precipitation from
the grain boundary.
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Fig.2-3 Schematic drawings show four kinds of systems and changes in
system free energy of each system with the effective diffusion distance.
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Fig.3-1  The equilibrium phase diagram of Nb-Zr binary alloy®®. The
isothermal ageing in present work was performed in the compositions and
the temperatures as shown at the circles.
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Fig.3-2 TEM images of Nb-40at%Zr alloy (a)as-quenched, aged at 723K for (b)28.8ks and (c)864.0ks.
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Fig.3-3

TEM images of Nb-50at%Zr alloy aged at 773K for (a) 1.8ks, (b) 3.6ks and (c) 86.4ks.
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Fig.3-4 TEM images of Nb-60at%Zr alloy aged at 823K for (a) 10.8ks and (b) 172.8ks.
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Fig.3-5 TEM image of Nb-40at%Zr alloy aged at 973K for 57.6Kks.
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Fig.3-6 Changes in Vickers hardness with aging for various temperatures in
(a) Nb-30at%Zr and (b) Nb-40at%Zr.
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Fig.3-7 The experimental TTT diagrams of (a)Nb-20at%Zr, (b)Nb-
30at%Zr, (c)Nb-40at%Zr, (d)Nb-50at%Zr, (¢)Nb-60at%Zr alloys. The each
horizontal line corresponds to the monotectoid temperature. The B single
phase at open circles, the spinodal decomposition at solid circles, the oZr
homogeneous precipitation at solid squares, the aZr heterogeneous
precipitation at open squares and the discontinuous precipitation at triangles
were observed, respectively. The dashed curves show the start of the
spinodal decomposition, and solid curves show the start of the aZr
homogeneous precipitation.
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Fig.3-7 Continued from previous page.
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Fig.3-7 Continued from previous page.
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Fig.3-8 The Nb-Zr binary phase diagram showing the sequences of
microstructural development with the various marks. The bold solid curve
and the bold dashed curve show the experimental coherent binodal and
spinodal line, respectively. The narrow dashed curve is the coherent
spinodal line obtained by P. E. J. Flewitt"?,
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3-3 HAREHIRNF-ERICET R
3-3-1 HWAE

(I BEHR T RV E — DR

A & B OTEHENSKS 2 TEREEE 1mol 47D DILEHEHRITXLF—, 6 it. FHI
B EROCTRATEIN S,

G(c,T) =G (1-c)+Gye+Q el c)+ RT{cnc + (- c)ln(l-c)} (3-1)

G, {BLRE i BRSY 1mol 72D DILFERMEBTRIVF -, ¢ (3RS B DEE . TI3MHHEE,
Q3 AB RITHEREFEOHEIER/NT A -5 RIIKEEHTH S, £ LT, FHHLK, ¢,
DERD ¢, ¢, D 2T BEL 72 & & DI 1mol 472 D DILEIE B T RILFE—, G, iE.
PrHHOBKES R, FEHOTRRTEZ 5h 3,

Gy = G(c,, T)1- f)+G(c,, ) f

f=(o-c)c,—c,) (3-2)

(2) BEEIRIF-—OHMH

BRI RIVF—, E 3. CHE TR A LETINC L B EHBENHE XN TUL B,
AETIE, REFMCLOREBINIFEFEERMCE S A 27 DA Ay & ZH00
ZBAT 5,

ZHOEEE ST HY 2 & LA 1mol H7c D OMMTE T X )LF — 3. Hook DH:A.
FEHBERD, AU XORBERERNT, FEMIIVKRD LI ITE5Z SN T3,

E, =—(/2)f Q- flolelV, (3-3)

ST o (3RO BAHICHEET 5 1 BOHHYD NI e; & eigen E. V, IZEIN
WHTHD, ZOEE, BAITEHRE. DF 0 B LA HAHOEENR T LS N
BERMICRE D, 0. ANBLUMBOREIERT BT NERELTINS, &
7o UTOHETIE, BEEREFINE LTI HGERR AL EZZ 2,

eigen EZHTHY EBABOBTF I X<y F, nicdi4T 30T, TEN pure dilatation &
KETHhIERRTEEIN S,
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T* _ _
€; —77(62 €195

n=0/a)oa/oc) (3-4)
5 = {1(1' = J)
T0GE = )

B-9HXEE-3)RURATHIL,
E, =—(/20n(c, -c,)f (- fot + ol + oL )V, (3-5)

G-5)RES SIZEHT B, Hook DAL D . WEIES, of I HHEOMEEH, C), -
2EWRE), ef FLV cigen EEANVTUTOL Y i XN 3,

I __ c _ T*
on =Chy (ekl €y )

(3-6)
_ * ¢ T+ * ¢ T * c T*
=Cyy (eu —€n )+ Cix (ezz —€xn )+ Cim (633 — €3 )

4. MHREZBEHEREEL TVBDTC,, =Cly, =C,,« BEANEORERE 2 5
B ENid e, =e BLUE-HRELD . 3-6)Ri.

ot =(Ch+C e e, —e )+ Co s, -, —c,)} (3-7)
FIRRIC

o5 = (Cii+ Cy et —nle, - e )1+ C e —nle, ~c,)} (3-8)

EFEIND, Fio.

o 513 = C.;3kl (el:I - ele')
= C;311 (ef1 = e.{l' )”' Cz:szz (e 2~ ezT; )+ C;333 (e§3 —€ ;) (3-9)
= 2C;2 {6151 - n(cz - cl)}+ C;l §3 - 77(C2 - Cl)}
LD GNGEHYRL KR EIN B,

0111 + Uéz + 0'313 = (Cl'l + 2C1.2){2’ef1 +eg, _377(52 -G )} (3-10)

(3-10)R%3-5)ZITFA LT
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(3-11)

E, = _(1/2)’](62 _Cl)f(]'_ f)(Cf] + 2C{2 ){2elcl +tegy - 377(C2 _Cl)}Vm
RIT, G-1)RITHBIT BRTE, e Lef, DEHEZBNSE, TD 2 DOEEERKDB1D

WCHUTD 2R ZH 5, 1 D3 Eshelby DEMNEWOBEEOT, LI TORXTEIN S,

(3-12)

*

o) = Cpulers—ef)=Cpules —ef)
I T C (IRMDBIEEE. e IEMERETH S, KD 2 HMAKHT. B EHTHY
DOHEEEHNEICEIL S inhomogeneous HENE L, Lo L. BEERTIE. MHEIE
LU homogeneous "S855 D AT BTN LT U €I Ty Eshelby (&, ZDORIT K
Y inhomogeneous 75 7E#; % homogeneous 7 EBHZEBM U THILL L) L LT, & I3Z D1
DIZBAINIMRENTETH S, 2F 0, EBITIIBIEEH, ¢, BLUBFIX<Ty
T, ey OWHEHNOL 2ES % BWHEH, Cpn BT IXT T, ] OWHEYHN O BE
BTRATSDTH S, b9 1Dide;, el OBFRRT, UT DR HEREROON & Eh

N56DTH5,

el =S,,e
L (3-13)

=1/ 4JrCy, G e
C 2T Sy & Eshelby 7 2 V)b, Gy (3EHEEHOESHE T — ) THHTELIZDDT,
OO NERTEINSEE. ZDOT AR PHOBEH ELTEZ SN TN B0,

(3-12)xX & D

(cn+2¢, (e, -c,) 314
= (Cltl + C;z - Cu - C12 };1 + (C;z - C12 %53 + (Cu + C12 )elTl + C1263T3
(C;l + 2C1‘z )’7(02 - Cl) (3-15)
= 2(C;2 -Cp )elcl + (C;1 ~Cy Jp5 +2Cpef) +Ces,
o, G-13)R&D.
4mey, — {(Cu +Cy, XGuu +Gyyp, ) +2C,G1 }elTl . (3-16)

- {CIZ (Gun +Gpp, )+ Ci,Goans }est =0
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4res, - {2(C11 +Cy, )G 13 T2C G35 }elTl - {2C1261313 +C,Gass }esrs =0 (3-17)

G1-G1NADEN 1 RABREBS Z LTk el Lef, ZRDB I ENTE, G-1D)R
IRATHRIE XU, A
Vo 3B, ¢ ICHHIT S ERETEZ LIk, KR TEINZOW,

Vo =M,/ pa X1—co)+ (M / o5 ), (3-18)

CCTCVMpRiBFORFEBIUVEETH S,

(3) FREITRIF—OF
FETRIVF =D RMFER AN UTEANTH 2854, A 1mol 472V ORET
RIVF— EAFRRD &S ILEZ S 500m),

Epi = A7, (3-19)

m

A SHEBBEAARE L2 DN A S RAERORERE T, EE. /NMLSIcED . HFHED
WA, f P FRIERE, L OBME LT, ROLHIHIND I L08HMNT

AV SCIOR
A=of - f)/L (3-20)

AdIMTHAHDOY A XG0, TBR. BANICHIT 2 ERBEEICIKET 2ET. =, /N
WoIZE D BRITEYOTFET DB 72 oMs, DHBERGS. e TRBICE
\F 5aDEZEH LT 5009, BEHE AR HONBHEMICS % L TO 2 E808A.
HBH—EDT AR Mk b - Ik 2 159 4 XD HBDRAAIZ S LT3 8% K
CU. SOZEEBRBITT 5 LICL D aDERRD TS, ZDEE, HFOKREIZ LSW
HROVA XA HLD EZ SN IR FOERBICZE L E U, B EEEMETHYO 6
BHIIS VY L%, y, 2 FAEAE, HhD. Z2OHRMIBIERBHAOERICS o ¥ Ak
ELTWB ERELTIS,

KRRELRVF-FET, RENEETHIEE4E. REEHKT2 2 HOBEED
QEIHHIL®D, KORXTEZ 5N 3,

7.:=7,(c, -, (3-21)
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YATBEEN 1 OBORAIAXNF—EETH D, £/o. AAPFEETHIHEE. 4
BRISIF EA EREFETEMTH S L L7

Y=7, (3-22)

(@) TN FRIZERE & B MDA

BIE S TITBRAR B T RIVF— OFREIC R, ¢ QTR S| ¢ ITHET 5 FaiT
RIS, L OB ELTEZ SN TS RIS OETICHEN L (M50 5TH
3o &2 T\ ZOFEFHFIRXNF—2EH UEBERTRVF-EHRIESHTTFRUT
X301, L 1T 2 NEHEBE N TH S, L IEBICHBLZERE LTVWEBRONTENE
THY, WHEICRIF B/ 2 =5 TH b, LDERWERFTA -5 THHEME, 112
E#d B EARRAD,

Fick D& 1 Al & O | HLEFRE, D ODRTIE m¥s THBZ EG0 5, L->TDIR, UL
BOEHE, 1. PLEERR, o HBIEE k E VLT, IR D L IZRT I ENTE S,

D=k(?/t) (3-23)
LT,
t=k(?/D) (3-24)

L1385, T IHALT-HEERE, L A £ L ISHIET 2B EEKT 5 DICLEEB L
BEEEICE L. D ENRETHELOMEIBURY, D L3 hid.

t = k(t? /D) - (3-25)

EFRIND, COREANVTL 2 IZERTEHZ ENTED,

RITHEIEARE, DISDOWTENS, —f%IC Fick D% 1 EANIREN S 91T, I
FBREAENFE NS -TALD EEBIND, L L. HEBDOSFIZE TR, B
—BEBERFTOBRERFIEE L TREOL DGV — Y EBKT HHRLEDOLHIT,
BT - THIEREIZINDHRY, BHFHNERICE > TEAINS I LRFANMOFEET
Hb. DED. EFOHBUIBREARICLIDELEDTIIRL . ZOEEFRVBIIFENIC
FENIIL B KD ITHE LD DTH B, Miyazaki 5id. Darken D). Gibbs-Duhem DX ¥
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FMEERT VL 2 )V EFEEBHOBBZERNEZR T, BN ERZERE U/ HE TSR
¥, DEEHLTNE®D,

D=(Q1-¢)D, +¢D,
={a-c); +cD}, (1+ ZEV j (3-26)

b-ovi e 920

ZITD i BFOBEBHERE. D13 BRFOHECHBFEH. nIEEFRE. G 3Mb¥F
MEHIANVF—THb, D IZD20TE UTOT7 L=y XOXK ) BEKEEEZZE

L7

D =Dy, expt-Q, /(RT)} (3-27)
G DFELELT, 3-3-1 HO)DOE-D)ATRUK. BEFEMEEER/ NS A —7 DRE LMK
KEHEERE UILZOEABEENZR NS & (3-260NF D G D 2 B

¥G RT . \oQ(cT) _
P ZQ(c,T)+—C(1_C)+2(1 2¢) (3-28)

LERINS,

(5) MWFH |
BLEL D . 2HIAEE LIS E BT RV F—, Gt BEHR, o, 28 L72H

DK, c,, ¢, FERE, TOBBER D, BMHEETRIVF— E 3. ¢y ), (B KUHF L
A2y F, nOBE LT, FLRELRNVF—, E 3. ¢ ¢ 0B KERELRNVF %
B, y R, (OB E L TEIAIND, > T MBHBHIRILF —, Gt KK
D&y, ¢y T, 1, 7, tDBEEETE B

Gsystcm (CO’CI’CZ’T3 s 7s7t) (3_29)
=Gy(CyyCy,Cy T) + Eg (Cg5C15C55M) + E s (€45€15C55 Y 55 )

WE. AS%. BhEE. BRELCEBEEESINE. o T, 05 REE D Guald
cy ;DHDEIBETL B . & DIHDMEL, ¢, % LU, A HNLICEAL X ¥ TG, . A BIESHE L
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ZDD LORBELRINVF—WRODMBEAHTRIVF—DETH S, /. ZDEEDey, ¢,
DIEAHEAN T3 22O ER LTINS, DX ITLT. FHRTIE. LT D5
EEOMBIS VBB IRV F-ZFH LT, £OIRNF-—NEBEEESROILE
TEARA RAE U7,

OouBE FIE A
G®. =G* (3-30)
QBRI E &
G2, =G’ (-31)
O (B,+B,) B & 2403 FEAE 4
T ARY N EH100D O AETER % U 7op AR08, RAHANICEE AT TE AR X A 7o ki Ak
Goers = G4 + B + A(F L)Y 18V (3-32)

D(B,+B,)FFE G20 47 AL
T ANRZ b EH100D BIEEFE TR % U 72 08, A I IER ST R X 41 7o 448
G =GP + A(F L) 518V (3-33)
O((B+o)FEBE G 24H 2 FRAR )
T AN D 10D [EERFE FIETER % U 7o fHD B RFEAICIEEE ST TE AL S L 7 4L
G o =G+ A(f, L)V sV (3-34)

system

(6) HMICHWINRSA-—%

A EEFD 2 TTREBME 1mol Y70 ) DILEREBTRVF—, G, 13, Guillermet 12 & Y
bee, hep MG GEEIZDWT, RFEMEIER/ NS A —F, QMK EEBEEDKEREE
ATLBEDIERBEHREUERANTERL SN TNE®, DTICZDHHIXLVF—%2T7T,
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Obec HE1E(BFH)
GXX(T) = ~526.9+124.9457T — 25.607406T InT — 3.4008415 x10~T*

(3-35
~9.72897347 x107°T? — 7.61428942 x 10™T* + 252337} )
298.15K<T<2128K
Gy (T) = —8519.35+142.048T — 26.4711T In T — 2.03475 x 107 T2 (3.36)
—3.50119x107"T? +93398.8T !
298.15K<T<2128K
Qe (¢, T) =15911+3.35T +(3919 -1.091T {1 - 2¢) (3-37)

Ohcp #3&(ofH)
Gy7 (T)=~7829 +125.649T - 24.1618T InT - 4.37791x107°T? +34971T " (3-38)
298.15K<T<2128K

Gy? (T) =1480.65 +144.448T — 26.4711T InT — 2.03475x107*T?

(3-39)
—-3.50119x107"T* +93398.8T !

298.15K<T<6000K
QX (c,T)=24411 (3-40)

o, FEEICHAWIALEH BRI RNV F —LND/S5 A — 5% Table 3-1 IZ5RTe 22
T, B, C,DHEBEERL LURF I X<y F, gid. B4 NEKTHE XNz F—
7% BN 2 FEICE DML, ¢ D 1 RREMT B LIk DRp 1z, pRELSRE
TRNVF—EE, Yppld BFEMEIER/ S A -5, QLBEARIIILVF —FHOBH
@M SHER LT BRIFEERE T RINF —HE, y,ppid F Nb OFESHRDME® %
AL, Zhid, WODDELIIH VT, FREREEMASNRORB L RIILF—1T
RRFLOIEDBRSATVENOTHE®, poffEERELRNF—BE, yp0id
TA49TAVTINTA=ITHbB, B8 RFORBIER, k 13. FEEZRITEIEZF—%
WRDOM SN -72DT 1 EARE LTz, Table 3-1 ISR U7cD,,,, O, & D#EIND 7t DH
CHERE D, (3. ozr HTOETH 2, HLEHREICIZEE BRKEE Tz, A
BMEERDEERT ILEDH LN, EZEOMBIRY ., RESITHT ZRMOWBIRE O
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TSRS SN TUVIND T, Table 3-1 ISR L7 Dy, Q & D &N B IEBAREE AV,

Table 3-1 Numerical values used for the calculation.

Parameter Symbol Value Unit Ref.
Cy (2.07-1.14c)x10"
Elastic constants Cpn (1.34-0.591c)x10"  N/m? (24)
C.  (2.89+0.581c)x10%
Lattice mismatch n 8.72x1072 -— (25)
My, 9.29x10™
Atomic weights kg/mol (26)
M, 9.12x10™*
O 8.58x10°
Densities Pz 6.41x10° kg/m’ (26)
Paze 6.51x10°
Vo) 0.200 —
Interfacial energy densities i}/s(B ) 0.800 J/m? (29)
Yewio 1.20 —
Con:;::th‘l’ gﬁggr)facc a 1.12x10" —an@)
Rate constant in Eq.(3-25) k 1.00 — —_
Frequency factor of the self-  Doxv 1.10x10™ )
diffusion coefficients Doz 2.10x10™" m/s (26)
Activation energy of the Ow 4.02x10°
self-diffusion coefficients s J/mol (26)
Qz 1.13x10
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3-3-2 HEERBLUEER

(1 TIT

Fig.3-9 & 8 U 7c ZH0 A O~®) D F- 28 bl 7- M BEEE, L 169 S48 H =RV F—
DEALERLUI2HDTH 5, Fig.3-9(a)i Nb-30at%Zr 54 623K DFHTHE LIAERT.
B DK IS BEEFEBREDOE BT RIVF— L)L, EHIERIE L 1267 5 (BNb+BZn)EE
& 2 BB OBEBE M RILF -2, — S8R, 8T, TOTHh(ENb+BZ)-
(BNb+aZr)FFEA 2 MR ESDMEBEE ML VE—ZALETR LTS, oEEED H
IXIVF—Z, ZOMEKBETEMNEDEOEEROT, TORIIIIRLTHEL, i
BHERICE T, HEBELZZDBIZE T3 IV F—DOm/MRELZZER LN o
TT5EEZEZSNBOT LG, Fig3-9a) L D BEIBHEN SO RIVF—HEEET /N
REHZ B E, WAL FHEEEN L, £ TIIREM. L, ICTENb+BZYBAEEI R I N,
L, T(BNb+oZr)FEE ST U P RBICHEIET 5 2 &0 5, ,

Fig.3-9(b)i3. RICHKDEE% 873K ORHTHELIHERTH Y. HORFd(a) £LF
BThb, ZOBAITIE. WAL FREEEN L, F TIIBBM. L,<L<L, TIZ(BNb+pZr)IE
BOMEE. L>L, TIZ(BNb+aZnFFEA M HEIT 5,

CD&)BHEAASHEK-BELAEZ TTRE. &2 OHBEH X IVF—HIERD,
REOHEA 7oy 3Ll Fig3-10 IZRT &) HHEICLS TIT B SN 5, 72
LZORTIE, FErHALFEEEE, L 2. (3-25)~3-28)R & D HEILBURE, D THEAL
U7-BR, FICEBR L TH B, ©hThORIZIE, FIETR LU s BROMEEOF TR
FNVF—MIRERLBBIRLTH 5,

KRIZ. Fig.3-7 DEB X DK TTT B & Fig.3-10 DFHE L D K7 TTT KDL %=1T
729 o Fig.3-10 O(BNb+BZ)¥4E 2 MBI LR ERHEEIL. Fig3-7 ODXE /) —F )45
FERRITRIE LTV B, F 72, Fig.3-10 D(BNb+pZ)IEE S 2 HH R X N (BNb+aZs)
FERES 2 MHAMEMET. Fig.3-7 O O ESHT HHAEB L L Sazr HOE—ARE—I
HigI BE INCFEBIEhENWIET 5, 2D &%&ERE LU T Fig3-7 & Fig3-10 %=
Hi#gd 2 &0 BN HERT IHEBOSENAERP. 1 DOEKIZET 5 &Moot
RIZALERRIC DOV TOR D LO—EDRohb, COT &, % 1 DOFEDRE:
BEHBE R I DU T ORER EHRAOKIE S X RE UL, MME BT IOLE— R L D EE
BOEE LERERICH . TITT RO FRHNTEETH B ENH Z ETH B,
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(a) 24.5 , ~ Nb-30at%Zr 623K
=. =
= 25.0 B
=2 25 5| BNb+BZr
> (coherent)
5 26.0 T~
At S BNb+BZr
8 hRS o (incoherent)
==-26.5 ' ' ~ o
= BNb+aZr =~ =~- .
Ll. .L2 (incoherent)
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Fig.3-9 The changes in «m Of each microstructure with the average
interparticle distance, L for l\ﬁ) 30at%Zr alloy aged at (2)623K and (b)873K.
In each figure, the horizontal line corresponds to the energy level of the (3
supersaturated solid solution. The solid curve represents the change in G,
of the coherent (BNb+BZr), the dashed and the dotted curves show that of
the incoherent (BNb+BZr) and the incoherent (BNb+aZr), respectively.
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&
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Nb-20at%Zr

1000
BNb+BZr
M (incoherent)
; 900 monotectoid temp.
&
= BNb+aZr
= 800} (incoherent)
= p
%)
E‘ BNb+BZ
- + r
# 700 (coherent)
600 - I ] I
10° 10* 10° 10° 10’

Normalized time, ¢

Fig.3-10 The calculated TTT diagrams of (a)Nb-20at%Zr, (b)Nb-30at%Zr,
(c)Nb-40 at%Zr, (d)Nb-50at%Zr, (e)Nb-60at%Zr alloys on the basis of the
system free energy theory.
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Fig.3-10 Continued form previous page.
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(d) .
1000 Nb-50at%Zr
BNb+BZr
M (incoherent)
; 900 monotectoid temp.
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= BNb+oZr
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BNb+BZr
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?3) 800 (incoherent)
b .
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600 1 | L 1 | L
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Normalized time, ¢

Fig.3-10 Continued form previous page.
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(2) E&RSwRER

FMEBIRIT B 528 O FE AR & FEHRER OFEHK & DB VI DWW TRANISH
U7-DiE. CalnTH 3B, Cahnld X E / —FIAEBHROF T, BEEIRILF—ITL-
Tmiscibility gaptMEBRANFF LT S, 20 BEFEIRDKD S5 2 2N, &
fz+ Williamsid, BERRTICEIT 5 FE2MHOBEE2HR U, (LFHERATXVF—I1THE
UEIRNF—EMZHEBEOIRNF—ER/IMET B 12L& > T, 2HOBEIKD
SNDB T EEBNTINDE®, ZNoDEX FITETE. (BNb+pZr)ES 2 AN E T
DHBEBIRNF—%, FENERAIRLVF - EEEEIRILF—-DORE U TERL.
Zh LR BEFIEBRERO TR IVF— LB L T, FiEOMEMEL 25 X M EEHK-RE
ZREH EIZRT I I K D BEMSREEE THIL7,

HEMEEFig3-11II7R T, REBRFOKKRL Y RBHIHE L D RDIBEHS#
BHTH B, 1B, HEDIDFig3-8TERKD ONIKBR L ODRDIEENNA ) —FIViR%E
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FHETE 1, Jhi3, BOEEARPEREEROMEABICKEZEEL, HhOZDESE
VB EBHRIC L > TRECRL D LEERMIIBIFTE LI LERL TS,

(3) T-t-c KAREED

3-3-2 /(1) TlE\ Nb-20~60at%Zr &&D TIT KEKD T, TN OITMA. I oIMOE
SHRICH I 5 TITHZRD T 1 DICE ED/DD, Fig3-12 TH 5, ZOKRIE. iBED)-
EEMB () B LUER()%E 3 BT & - 7RIS HEEROD T-tc MR (T-tc system
diagram)®IZ, M EB T R NF—HRmL D RO K EEFOBEHIRERUGERE X 0 1KE
BT BHMEREERLICDDTH S, Kilifgd KOl CH Eh/cSiRIck T,
(BNb+BZr)%E4 2 MMM & (BNb+aZn)FFES 2 GRS . T DO MHEE TlIpBL
MEBEDN, ZhENIRNF—MIZRETH B EERL TN S, ZOMERIZH T,
RE(T) MK () DD SR AT TIREER & LT, 7o, BE@ LER@D#ED S K5 H
(& TIT HELUT, RN S LCHASNTVEBDTH S, ZOMEREZETHI LD
FIAIE. BERHICRED MR MBE B EINCR D LN TE B EICH B, KE4EDH
& pBAFIEEGED Sozr MMWTHT B, FRERNIEEE Tid. ZHICELHpH
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DELHAENE U DT LD Figs-12 K0T CIFEBTES, 2 LT, SEBTx
JVE—BHRARIUE, BRI Tac NABIHT 52 ENTES,

Temperature, 7/K

] ,
:;ZZ:BNb BZr
:z::: / . xperimental N,

0 10 20 30 40 50 60 70 80 90 100
Nb at%Zr Zr

Fig.3-11 Nb-Zr binary phase diagram showing the calculated area of the
coherent decomposition ased on the system free energy as shown by the
shaded portion. The bold dashed curve shows the experimental coherent
binodal line.
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Fig6-12 Temperature-Time-Composition diagram (T-t-c system diagram) of Nb-Zr alloy calculated based on
the system free energy theory. The coherent (BNb+BZr) and incoherent (BNb+aZr) is predicted to be most
stable in the area enclosed by the bold curves and in that enclosed by the narrow curves, respectively.
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AT WEITWO
4 b

4-1 #E

EAAEHOR TR E bR b2 EHN TS DI, Fe-CEEARS &3 5 5M
FEITH 5 LA EEILIFTERICH D . ChEBETEUTHICT 5 DICSERIRIVF—
THBHD I RIEEASTEESBMNEIC LD ZOMBEERNRIZEZ B ENTE S,
FRAKBUTIICED, ULHhbEEEBERLIT, B TEREI EOE—ICERIN
DHEHE MR & UTEMIZ LB DI UVMETH b . BRLCRETERR O SREBERIZ, 21
HEDRFIZENT HHL T ERBZIBBTE S0, 20D, S OB G
PPN ERIIC TR TE, FiB0 50— — Xk UL ETHEREDNTEZ 5 L) 107G
3 L. MBI TEOESICKECERTSIHDOTH S,

ZFITEHETIE, BB EBHTRIVF-—EHREHANT. Fe-CEEDRRNITHD HBTE KR
BAEFHT B E5HA D, Fe-CEEIX. ELSMRPRRNBEIC K » T4 LESIOHE
BONBEINID, ZOFRTH, EROLBINESE T, EEBENLROEMNIT T 25
A FeR=5 4 NEBAHER/OTRUORE LT B, /N— T4 PERER., SROA—XT7F
4 FOMITTEBRICEB L TWCETY. BBREOMERIKEDT = 54 Ma)yfFilt
AL FOMDAEHELTHETI2HRELTHD . Ko W alFITENOMN
0.1~0.5pmD A& TN ER TRBRICEB IN LI RIN S, HFE, N\—F 1
MEZ DO HIBEADFEAIKICHIAZINTE D IR, BHMER L LI N—5 1
MR I TR A HE U 7B, 5.7GpaD EEENR SN TN 5P, £ LT, HiRE
TR, EETRERBEOY — 7 VREBEN T — 7 VOREM. IC) — RT7L—LD
SEMITICAR[REBEML 7 A Y —IJSHAIN TS,
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4-2 EBRHRIT
4-2-1 EBRFE

Fig.4-11%. Fe-CH & D FHHRB R & 7 s E TR L 7T H % o BRI Fe-0.5mass%C
H&%, BEEEIZL Y BEIH1mmOBRER & Uiz, 0 6 OFE ey B D1273K
T3.6ksEARALALEE U 72, Fig4-1D0@ TR L72873K, 923K, 973K AR RNREICH R L7
R EEEE AN, e OB MSERHET - /o, BIMEE. HHIKokPIcERES
ANtz, h. 20 EEORBOFEHERIFERIT. H13umTH - 72, HFohHBD
FHFokl. /=T 4 MEAOERNAED RBEREE, 3%F 1 57— VRERNTERLL
AR REEMBFICTHE L. TOBEMBEEEEEAMH TS5 EICL > THE LI, F7c,
N—54 MEROD F A SHEROAEICIE. HBAREFEAMEE(TEM)(JEOLAL, JTEM-2000EXII
IR EE160kV)Z e, BETFHMEAOHEBERAR L. BERBRFERKHCO, :
CH,COOH=4 : 1)/ U /- B E(EES-15V. KiEKI283K)IC X D IER L7,
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Fig.4-1 The equilibrium phase diagram of Fe-C binary alloy. The
isothermal aging in present work was performed as shown at the circles.
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4-2-2 RERFER
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Fig.4-2 TEM image of Fe-0.5mass%C alloy aged at 873K.
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Fig.4-3 Experimental changes of the interlamellar spacing with aging
temperature. The solid circles show the results of present study of Fe-
0.5mass%C alloy and the open marks show the results of the other Fe-C
alloys by R. F. Mehl et al.?.



Fig.4-4 Optical micrograghs of Fe-0.5mass%C alloy aged at 923K for (a)16s, (b)32s, (c)64s.
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Fig.4-5 Changes in the volume fraction of proeutectoid o phase as shown
at the open marks and pearlite system as shown at the solid marks.
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respectively. The dashed and closed curves show the c-curve of the pearlite
transformation start and finish, respectively.
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S NEREBRNYT 51213, TN ChOMBOMBE BT R F -2 BT 308N S 3,
TITVAHETRET, BOHEICTI—5 A/ MABOEBE AT RILF—, O NE-10))
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Ge="G¢ +RTIn{y /(- y. )}~ (2/n)y L, (4-1)
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KT, HMImolH7- h DRF IR ILF— 13, KAD &5 I252 5H 360,
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Espurf :A}/st (4-3)
I Ty AZSEHAARE S D ITEET Dokl COMDRAEE T, T X FHIR, [ERANT
A=2/ L5Z 505, JRRETRVF—BEETRE, TOBMTRIN, i, Vi35
54 MaBmold 2 ) DEFE T, ofild LUOHOEE, o7, 0 SEMDEIVEE, V)7, v,

x| PHRERD 5B SN L0HOUESE, F2RALTKRATER 6N b, 1ZL,

OFHD EIVERE IS FeH F1mol &ECEF1/3molil 3 A& & L7z,

v, =v1-£°)+v7if°
_MF_G(l_f9)+MFe+(19/3)Mc fe (4-4)
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EEzINS,

(2) F—RXFF4 rEOERBBIRINF—
BERHIEERY 2 2k S vH D FIT o DT BRI, oM DS R, FORMEILOER T —

¥ % LI'F DJohnson-MehlDBEBRR®OIZT 4 v T7 4 VT IETET,
fi=1- exp(—kt") (4-6)
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LEIND, F72, fHlRofl KUREKROEINVERE, VeV, 2HT.
fe=aVvev, (4-8)

LRIND, TIT. W, WHOENER, v TRATS, 4-7)REE-)RELD.
¢"=le i -V FVE-VIF) (4-9)
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EHEETS, £ LT, ZOFOMETH LG A vHOEBEHRIRILE—-ERIT,
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= dLe2 / (éDp ) (*+12)
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U ZRVF—EAOTINoAE S LU/ =541 MEBOA KA FHIT 51212,
YRR D TRV F - DAY —BEZRT LLENH S LB, BOKEESIIID
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Ov#H

‘G =0 (J/mol)
‘GI="G% +46115-19.178T (J/mol)
L%, =-21079-11.555T (J/mol)

m=1 n=3
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OutH
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T ALFHERIRLE-DNOHEIZHANINT A —F %Table 4-1IZE £,
DHFT. CEFORREBIZONTOF — 7 IERIEEREEIHE SN TR, TOIH,
WARLROLSEENMEILEDOZN L) b#BAHENT EEZE LT, REFIAD,,IKOW
Tid. Mehl 52 & » THIE Xh -y FIz 1) 5 CRF OIS BT 3 IREIFIADE
%, BHALTRLF—Q I DT, AU MehlHiZL - THE XN iR OE#L T
JIVE=OD, FE5OMEEHERN U, T DNTIE, Figd-5& D FRFH0.355T
SERHRRE & 75 - To oD BTkl DERRES R, FeOBRZE LiX. LUF Dlohnson-Mehl DB %
RO bDET B, n, ki3, BEKEHEEZZEELTERERNS T4 v T4 V7 3ET

K1z

£ =0.355f - exp(—ke" )}
n=1.13x10% —0.256T +1.47x107*T? (4-21)
Ink = 65.6-7.63x107°T
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Table 4-1 Numerical values used for the calculation.

Parameter Symbol Value Unit Ref.
M, 5.58x1072
Atomic weights kg/mol (10)
M, 1.20x1072
ol 7.90x10° (11)(12)
Densities Vo 7.87x10° kg/m’ (11)
P 7.68x10° e
Interfacial energy density ¥, 1.40-6.67x107*T J/m? (14)
Frcq‘,‘)ﬁl‘;ydi‘;tggf‘f’g;;gram D, 2.50%10° m¥s  (15)
Activation energy of the 0, 1.20x10° J/mol (15)

grain boundary diffusion

4-3-2 HMAERELUEER

(1) BHBECHES S A SHMBOE(L
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ZenerOWFFEOZ I Y EIF . KEHEMER LOHEKETT 5 /oo Figd-70D S, ZenerOHE
KO TFHMUI =51 NERIBEILED 5 A SHBOENTH 5, Bk, FEATIL, 75—
T4 FMREBIIHT 2O OFEER D AN TS 128, HERDOEE ) O—E 05w
of DT HIC b EE I N, /S— 51 MABORRKICEDLN ZERESIE. T EDHE
ICHEWRT 5T B, & 5Ty Figd-TTIE. ZenerOEH, AEREIZ, /$—5 1 NERE
BT R DL EMEREI ) %2 BV THEET 572 MEFHEKTZ L. 54 SBRIBILEIC
REBIT BHRNE—F Uicdd. £ OMERAFHERROBINIVMEER 572, TEED.
TATHREELTE0I0, 5ASHBEEMI T THRIRLVF-DIROEHIT 3
LEDEERVIET HETIT>TWVS, UL Uy ZenerDBHATIE, /S—5 4 MAZO K
REEFOWEBIC L D EIN S LRE L, /=51 MEROEEHD 1/2) 0 RET
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Fig.4-7 Solid curve show the change of the interlamellar spacing with
aging temperature calculated by the system free energy theory, and the
dashed curve show one calculated by Zener’s theory™. The solid circles are
present experimental results.
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2y, /1, = (-2/3)AG, (4-24)
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Fig.d-6 LB % & SHEMRIE. EREOBROMEICHE L TEBREELEOERYT 3
ZEMTETNS, 722, BREEERICONTIE. SFEMENERMBL D SEBBEE
REDIEE BIER LM 5 72, Jhid, FHEICE LT, REMOBED —5 1 MEBOBE
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Fig.4-8 Calculated and experimental TTT diagram of Fe-0.5mass%C alloy.
The bold dashed curve shows the calculated c-curve of the pearlite
transformation start and the bold close one shows that of the pearlite
transformation finish. The plain ones show the experimental c-curves.
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Fig.5-1 The equilibrium phase diagram of Al-Zn binary alloy™. The
isothermal aging in present work was performed in the compositions and the

temperatures as shown at the circles.
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BRRENRE L DDOF Zn BEDOESSIT & FEFTH OGN MVERBAUBTS
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CNoDT—%% TIT IEUTEE LD Figs54 TH5, HHOMEEHIZS £
THBOFHERME L, HFREBEEER LTS, WTFhOE2ItbTh, S
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KRIETHIIZE, FLE mBETHBIFIEMENRBENI 0905,



Fig.5-2 ’g M micrographs of Al-21.2at%Zn alloy aged at 473K for (a)20s, (b)60s, (c)200s and (d)1ks,
respectively” . Micrograph (a) shows the early stage of discontinuous precipitation. Micrographs (b)~(d)
show the microstructural change in the matrix.
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Fig.5-3 Changes in the area fraction of lamellar structure in (a)Al-
16.0at%Zn, b?Al-Zl.Zat%Zn and (c)Al-26.4at%Zn alloys aged at various
temperatures"®,
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Fig.5-3 Continued from previous page.
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Fig.5-4 Experimental TTT diagrams of (a)Al-16.0at%Zn, (b)Al-21.2at%Zn
and (c)Al-26.4at%Zn alloys"®. Squares and solid curves show the changes
of area fraction of lamellar structure from grain boundary. Dashed-dotted
and dashed curves show the precipitation of R phase and B phase in the
matrix, respectively.
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5-3 MRBHEIRIF-ERICET R
5-3-1 HWHE

BIHOEBMEROD SHONE LI 1T, Al-Zn BE£ZERNT 5 & 2 DOMMIBRIN
5o 1203 KIRIZHE W TaBfaRBEBEED S (o, +a,)D GP V' — U DEKI N, FHEFEO R
FEASHCHE U 7o 8%, “PEHOBHICERE T 2 ERITHMETH D, b9 1 Dkl BRI SF
EHEDoE ERHD T A FHMBIRINICET T 5 AEHENETH S, TDH. HER
IRNVF-HRERANTEAEESOMBERBEREZRETT 51013, TNZENOMEBOMEH
HIXNF-ZEHTIMLENH S, €I T, FETIRET. FQ)~Q)HICTHELs DX
IVF—OFHliERZ D~ F(4) RIS TEEAT HAEBOMBE M T R IVF—, Go,., D ()
RIS TSR HAAB OB B = XV F —, Gor OFFlitk L U EEedT AR # D B
BZILEE ] T 5 HEEEN5,

(1) BB RIVF—DOF(H
A & B DITHEDSKSD 2 TCREVEME 1mol 2472 ) DILEHNBEHIRIVF—, G &, IEH
B AROTRATEIN S,

FG(c,T) =G,(l-¢c)+Gye+Q ycll—c)+ RT{cnc+(1~c)inl-c)} (5-1)

G IRER ST tmol 72 ) DALFENHA TR NVF— cldKIBOEBE. TIIHEMNEE. Q,
BABRIHEEREFROHEMER/NF A —5 . REKEEHTH 5,

Z UT MUK, ¢, &, i BE L 7o & & DB 1mol 4 72 D DILEMH BT RIVF—, Gl
ORI R, AZAWTKRRTEZ 5h b,

G, = G(c,, T)1- f)+G(c,, T)f

f=(co-c)le,—¢,) (5-2)

(2 HHEEFEIRINF—OHE

MABEL 7 E XA UBHHEIRILF —1E, FHEMERITED  Williams D ERRHT
BT B BIR @ L O RREFA O TR 72, OB M EBHEOBERNEL S
inhomogeneous’ S & IC DWTHEM U, HiEHRE KOEHE & AR OeigendE I HRIK T

HxEZE L7,
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C(c)C(c,) ™ Py 3
Cle)U-f)+C(cy) f 7. (5-3)

_Lq
Esu—zf(l f)

T\ Clo)EHAR, cDBAETH DM FEH T,

C(c) =3(C,y(¢) + 2Cy, () (5-4)
THASND, o Feigen® Ty B LTHMMORT I X< v F, nE AT

e; =nlc, -¢,) (5-5)

ERIND. V, 3EEDFEME, ¢, IKHHITE ERETEZ Ltk KRATHEINS

@)

Va :(MA/prl_co)+(MB/pB)co (5-6)

IIT M, p i EFOEFRB LURETH S,

(3-1) EEHTHBARORET RN ¥ — DR
RETRIVF —DEERFEIHAMIC U TESHTHEBE. E& 1mol 47-H ORE T
FNF— E JIRAD &S 1052 oh 3@,

Epy=AyY, (5-7)

m

A SHEBHEALRRS /0 O AR & BB OREH T, B L0584 . TN
SILK Y\ BT MO LA DR, £, &THIAT K TRIBERE, L OBI% E LT,
RDOLHICEIN 50,

Az =of (- f )/ L, (5-8)

AIMTHAEY A X345, Tk, RMPICHIT 2 ERIMSE R ICKET B ET. HEND S
ISLD BRI T BEBOE 72 OHE., ERBERGS, e I I B
aDIEZEH L Ti5ee,

RERETRVF-FET, REOEETHIHEE. REABKT 2 2 HOBEED
2RICHAILO, kORTEZ N B,
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Vs =c}/s (C2 g )2 (5'9)

YLBEEDN 1 ORDORAEMLRILVF—EETH S, £/, AEVIFEETHL 5803 M
FRITIE EA EIREBTEHTH S E LT

V=7, (5-10)

F 7o L3S ARG OB R s e S U IR E, D, ZAWTUTOR K
D EER, t EXIE DI BT ENTE 5B,

t=L"/D, (5-11)
DIl UTO7 V= ZAXE*AVWTEREKEEEEZEET 5,
D, =D, exp{-Q, /(RT)} (5-12)
D, 2B SR OREIMIA, 0 RIEHALTXILE—TH 3,
(3-2) FEHHFEERORTTRIVF—
AFHETIE. Fig.5-50 &I 1Sakl EPHIZHESBE L 7o R 5 A M. A o
AACEDN > THRET A LI BETINEEZZ I,
RETRIVF—IE, G-NREAVTEIMEST 5, 72720, S-NRFDAZ. T 4 SHBD

BB H D ICHEET 2ol EPHORTBE T, UTDOLIIIRKD D, 74 FHEAD
Hr i DHERE SR, frplds

for = (nrbz)/Lbz (5-13)

LERIND, ZITLIET A THB r1ROHERENVOFEETH 5, Figs5-5n5H5
L&D 1T, AR 72 0 (/L2 ) A O PR BB BEIET B0, Apld.

App = Z”sz /Lb2

= 2\/7901)}’ /Lb

LEZ o5, BEXFETIR., A SHBORERMORE T RIVF—IZELED -
foo ZHUL, BLRD S 5 A SHBDTEREIED 5 T I DRFEZER T, £ OFREEI.

(5-14)
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Fig.5-5 A schematic drawing of the columnar lamellar structure. L, and r,
is the lamellar space and the radius of the unit columnar cell, respectively.

(4) MEEHTHERORITE

-D~5-12)R & 0 . 28 U B OMLEN BB RIVF —, Gld. FEME, cpn 7
B U 72D, o), o, KNEEE, TORI# L2 0. BHEELRIVF—, E ldc, ¢, B L
BFIZ< o F, nOEHE LT, FRRELRXNF— E ddc, ¢, B FOREIRILF—
W . BRI, (DMK E LTERRIN D, - T XESORATERN D &G
BEOHEZEHBIRILF—, GE_ 1. RRD LI ey, cp,0 T, 1, 7, tDBAEL LTS B0

system

GsSsPtcm(c07C1’C2’T’n’7s7t) (5-15)
=Gy(CgsC15CsT) + Eg (€qy€y5C2M + Egy (C05€15C557 55t) -

WE, AS%. BEHEE. BRI CESEEEEL I T, 0, 7 13EE D, G2, e,
DHDERER D, ZOADMRK, cb &Ue,EMIICE(LI ¥ TCT, A HIEFE L
203 HOBETFVFE— DK BEBEH TRV E—DETH D, 1. 2D EE D, ¢
DEARE N T 3 5 2MOM AR LTS, ZDL3I12LT, AFE TR, UF0D4
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BEOMBITH LHBERH I R VF - LM L. &RDRELMEBMERE LI,

OoB EFE 75 4
GSo =G* (5-16)
@(au +o,) B G 2B FRAH A _
KROAD RS ELE > TERI N /B
Ggg =G+ Ey + A(f o, L,)° Y )V (5-17)

@ (o, +ou,) FEEE B 2HH S AR AR A
ERIR DD BT TERE A I TR X 7o LA
Grmon = G + Aferr L)'V srerV (5-18)
@(o+B)FEEE B 2AH S AR
T RARZY b H 100 BEEEREBRE Uk pHEA BRI IEE S 1T R S N7
Gooon =G5 + A(f e L)'V sV (5-19)

system

B, CNETOMRTHERAINTVWABRHEE KUCHIZDWTIE. ZOFEHER I X
IVF—DIEREENG I ST 572D Ty REHEDHBITITUHE I - 72,

(5) AEGHTHAERORITE
FEETIE, A SHEBEANOHITBRIEL 5. pHILRER EOFEHHEKTH 5
EUT R ERBOBRICEWTEEEI X NVF—RBZE—EC TRV EDE L, &
Ty AT SO ER LR VF—, G 13, (LEHERIRVF -, G,&. off

LBHDOAEICERT 2 RAEMIRNF—, EX OFIELTERIND, (5-1), (5-208 LU5-7),
(5-13)R &9

Goem = Go " + Ay i?’s(a/ﬁ)Vm (5-20)

system

CDEIBIRINVF =% DT A IR BERNFITEOTHEERFIE XL B8,
LISTHET 5 ST kD K, i e REOEERFIE, 70 BE T2 SI12L-T
ERINns ERE LI, £ U T, BENAOBEZEE, vid. LIF DPetermann & Hornbogen
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DER®NIHED bDELT,

V= ;é—exp(— R%){l - exp(— 2—?—)} (5-21)

ZZTOR. EERENBET S DDOEMATRNF-THS, AGIEZDEREINT, Al
D (5-1)~(5-12) B L (5-15)~(5-19)R TR 65N 72 Go,,, EFERBTO T RN F— LN
JEDEIZHYT B, ZHE TOMEOCOTIE AP LBEFIEIEETH 5 LRE L TAG
ERDTNBN, T A SHEBNERIN S & X1 KRINTIEBEIC SEFeif 1l X 510 #
PETLTOEOEBONTH B0, GE,, AN S T & TEEEMT T & 5 AEHHT i

DEREIH DBV EZB LT, i3 ERFORRILEAARE, D,z AT,

, =L2/D, | (522)
L#£XND, DWIUTOT Vo XARXEAWTREKEEEZZR L

D, = Dy, exp{-Q, /(RT)} (5-23)

Dy, E QUM RILB AR M DOIRBEIR EFE ML TRV F—TH 5o

7. AERENVELOBRERFOBRE S %Fig5-6()D LI IIRET 5. T LT (b)
ECDOBETOT 7 A NVENKNIIER LD TH S, ZORLOBERERFOWENX
AEZ DL, AFLBOKRE L, HEE,» SHETHERD RO OERENEL I
5139 TH5, ZOMFREG-13)RALD .

L _ —
=D for [ [12X,-3X,-9X, (5-24)
N3 X,-X,

NEIND, X, X E TN Eatl, pHORER LOFEEKTH S,
IANF—REANTT A SHRBOBAERE FHT 2123 KADTRIVF—-DAH—
BxERT ILEND D EBb., BINTPRERBITILSI0H, AHEICEOTIE &AL
JROBBIZ DO TLITFICRT &) A B L LUIceE T )V ERW, FHEICET S ERIEFRIDY
PEREL 7B ER IO A DICET AEHMNEBLTE D, 0. T4 7B
SNBI LI RERDEHIRINVF-DD U TOIRPT B L) BWHEIT. RICHFET
LENRRED SEPNITT A FHRBIBER UREZIED 5 LRE L7
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Fig.5-6 (a) is a schematic drawing of the composition profile in the unit of
the lamellar structure. L, is the effective diffusion distance. X;, X, and X are
alloy composition, equilibrium composition of o phase and  phase,
respectively. (b) shows a three dimensional model of (a).

FAMITHT 55 A 5l Dphase fraction, fiz. UTFOEI U TRS I, F9, 48
K% ERTEE SN TS SRR, £ ¥E T HRERR Uic, Figs7id, FHEICH
NIRRT FAERICE L b DT, SEHO—HBET VBT, MRHLDS A 54
KL D R TR THE AL U OIS - TEAT LTV AR FORZ S &5 12 LTH B,
COBE. T4 FEMIBAR L TH S, 728 LRI, Fig.s- 70RO
%9 B SHE A ORBOBAITHS T 30T, KROS5 IKESh 3,
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f,= ( [ f}mczdx)/{(4/3)nr3} (5-25)

T

¢

_

2r

Fig.5-7 A schematic drawing of the spherical grain model.

SN AU TEETHIC & 2 HAMENVE U, B SR & AT
ICE BT A SHBHTERI NI BEORLKOBBE BT LF—, G (E. KOL) I
£xhz,

G = (1= £,)G 2 + £,G2 (5-26)

AZ T AEETHABD T A SR, LAERICENSERE. 20)~(5249R&L D 5%
ENFROELEENHE . 5 A 5 Dphase fractionl BRI K = N4 3, L
MU F A SHEBOIENCDIT, -1 LUVG-14)R L ) REE D KRB R ILFE—N
RELSHD. SASHBLZDBONHFEOIRINF -3, T A SHEBHERIN B RIORE
DTN EBRYUIE W, —H, 7 A THRPEBIRE N EXIT, 5 A4 5HEMEDphase
fractionlIFERF IR S CHEMI LA LIETEAVY, HBZOLDONE DT RILF—
RESTH B ENTE S, I Ty TNEhOBMBEAICE TS A SHR, LLAE
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LI TE20REHEL, G oW RZROBITELINUITATHREE X, (5-21)~(5-24)
K& D=5/ MEBOKEREZRE Lic, Thid, HEHERICE T AE8ZELIE,
IRNF-RBBE TRl > TETT L EEZ SN B0 5 TH B,
INFETICBREHESFELZUTICE ED 5, HBELETRIL LS &9 5 58HK

BERIREE AR E LTz (5-1)~(5-12)F LU (5-15~(5-171) R & 0 BRI, £ 1B BHRIAD
EehT M RES 5, €D EEXOMBERATRIVF—, G D S A Efe#rH DERE)
71, AGEE &, (526 & D REHDMMME BT RIVF —, G N EMUKREDH DR BB
V3 B5E975 A TR, LERD. (5-21)~(5-25)RURA LT, EERMOBEIHE., b
LU'T A 5 ##EDphase fractionDEALEE KD 5o IRICKFNRER, £,501C BT HRIBEICE
BAITO RN OEGNT LS KRR D & OSSN LA DZELE FHlT 5,

(6) HMICHI=NRSA—%

Al-ZnEE& D LFEMNE B TR IVF—. BEiIZChen & Changil & - T fec, hep&ht satiiE
IZDWT REFEMEEIER/NT A —F7IJRES KUCHBRIKERELZ B U/ REDIERIGF
U EDEGHIFHEIN TS,

Ot (feckBE)

G =0 (J/mol)
G =2969.8-1.5699T  (J/mol)
QF  =6656+1.615T + (6793 - 4.982T Y1~ 2c)

+(-5352+7.261T 1 - 2c) (J/mol)

(5-27)

OpH(heptiiiz)
GX® =5481.0-1.80007 (J/mol)
G2 =0 (J/mol) (5-28)
Q' =14620 (J/mol)

T, ALFEHEBIRIVF-DUND, FEIZHNINT A —F %Table 5-11ICF £ 7,
ZOHT, R, C,OMBIKEREE XURTFI X<y F, nid, B4 THEEKICE TR
INIcT— 7@ R/NTEEICL D ESMK, c DURFUTEMT S Z Lick D RO,
(o) FFEEG 2SR D RE LRIV F—HE, iy, oid FAIDFHERBROEPTHRAL
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2o ZhiE, VWL OHDEEIE VT, FEARE LERHAORE L RLVF—IZITF
L ENBEINTNBENOTH B, KILBODIREIEH, D, ¥ LUPEHITRIVF—
Oid. BABEBETHMEINLT—F®ETUVZURT 0y b5 LICLY RO &
7o BANBE L TG EXOEMIZBEL TS EE LD BFELCRNEN)WED®
DHB, £oTy T AT HMDphase fractionhf,<0. 01D & F i, HWAILELRE % Table 5-1
oKD SNBD,DED120MEE Ui, 6608 T 4 v T4V T/INTA=FTHb,

Table 5-1 Numerical values used for the calculation.

Parameter Symbol Value Unit Ref.
C,  (1.07+0.224c)x10"
Elastic constants N/m?*  (29)(30)
C,, (6.09+1.39¢)x10"
Lattice mismatch n 2.12x1072 — (31)
M, 2.70x10°
Atomic weights kg/mol (29)
M, 6.54x1072
Pai 2.70x10°
Densities kg/m’ (29)
Pzn 7.13x10°
Vi 0.117-7.00x10°°T (30)(32)
Interfacial energy densities Yetor 0.411-1.20x10°°T J/m? (32)
Yeary  0.72-6.60x107T (6)
Constant of the interface 9
area in Eq.(5-8) @ 8.33x10 —  (DHE3)
—~6
Frequency factors of the D, 2.05x10 m¥s (33)
diffusion D, 4.60x10°° (10)
Activation energies of the Q. 1.01x10° (33)
diffusion 0, 5.80x10" Tmol = 10)
Activation energy of the 3
grain boundary migration 0 7.50x10 Y/mol o
Width of the interface 5 5.00x107% m —

boundary

Mean radius of the grain r 2.50x107° m (18)
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Fig.5-81213. FFHEIZX Y TR U7 3ERDTTITRI %A, Fig.5-4DKERFER & Rk,
EMBIIS A SHBOETMBRIFEEE LTS, T, AHBITRINOSEET L%
RUTHD., 2Ol & » EREAITIR (o) 20 MRARD . EREAITid(op)IE
B SRR ETH - 120

Fig.S-4DEBRAER LFig.5-8DFHEAERE LT 5o Fig.5-8D (o +0 )G 2RI WAL &
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BOMBIRZLTNTNEDDOD, T4 THBHIETT AREHABIQEHRT I ENT
Xl 1L UEETIR. EFOMKIZBENTH. BIRIIEBIIET A FHBOETNEL
B, EREREREXCBAIER LN 572, I EBICINABEOEELT
KIVF—, QIIBERTFHENH D125 0 b 69 FHETIX. Table 5-1IIR L= AL
1o ETBRFMLUTNBIDIEEEZ B,

wit. FFEAFECHZROBEABRNEAOT, ZESHFTHESE AR CFEIC
LD FRTIHENEAITONTED . ZLOEEEBRTNE®, LML, A-ZnEE
D& T, BEHTH S BMOKAN ST A T HMED X 5 7351 D EIAE DA EFeAr BT K
INBBAER. TN EWFTUTHINICE WD TEBITHNT X A HBEADEL B Z ERZ U
D &) HEROBRRIUATUTEITT 5 L) WHBENLEERDA THEITT 5 2 &I,
HEBROLEEINE U EH UBRICEWTHOAERELIEETH S, i LA
BE BT E—ER TR, TILE— 05 F—ORED SHMEARAMITRL T
WB 7, BROBEZOMHEIER LN S EITT 5 &) BHEHETHEBE(EEL, H&K
MASICROE) ZENTES, &Ko T AR TIY LiF OB R ISR H 2 BEmAYIC
BT 28541, TXNVF-REEFROTEOREEZLEN UTHBR L EMEITT S &
NEETH5, | |
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Fig.5-8 Calculated TTT diagrams of (a)Al-16.0at%Zn, (b)Al-21.2at%Zn
and (c)Al-24.6at%Zn alloys. Solid curves show the changes of area fraction
of lamellar structure. Dashed curves show the precipitation of § phase.
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Fig.5-8 Continued from previous page.
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5-4 K

Al-16.0, 21.2, 26.4at%Zne& % ERRRERICEE L VKB THH LIc 2D, ARDE
AT SRR S DS A M E BT RIVF—ERE RO TERIITER U7
BoNTHEREILUTOEY TH S,

(1) AFETIE. REGEHT I OEBIATIC. K OB H SO ERE BT 3L — &
FHRETDOLRIVFE— LRIVDEE T, BT I & 5 A E@EiT H OBRE O
EEE U, 2 LT, S5 RS A MS0aBE BT ¥ — &, SEB0FRLHK
o B TE SN B RAKOEME B TR LE— DR R BT B & T
FGBERE . ST X DB, THE D e AT LB S A R RS B
HBARK U, |

2) ZOHEERNTES AEREHAOITHERERUATITRZFHIL, EBRLOXK
Wiz B UICER. RAICEIT 5GP/ — U SOBHEDITIH., B KURHEN S T £
FHBNETT HEBENE. BRBHT LI ENTE, 2D EE, BHOENLDH
FOWAT U TETT 5 &5 IMHBE L ERICEN T 5 5=D0—> & LT, MEERT
FNWVF—ER/ROPEATHDLI EETRRTEHDTH 5,
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Ti-Cr&
ﬁﬁﬁﬂ BIENDICF

6-1 #E

TiHERECGERE/LEWCBNIEB TH D BEN4.51g/em’ TFeDFHEF LT NI D
M 5T, 5ok D EEIZ300MPall bk LRRFMOIE S ICILHT 5, /. ZLDER
BTR7T VLV AME LOSCENIHEREDTRT, D LET& D MERAEEN P
HEREYELUTEHIWTED. TORERFEAERLTNHS,

FETHZCr, Mo, WEZRMT 5 &, oTi(hepti) &P Ti(beckiE)DE R HONEE DT
EVERAICER L. B*E‘ﬁiﬁb‘%j@‘é 2. BEMNSCEKRTHI LIZL-T. pHHEH
FIFNEER & UTHEHIMICERICR B E LTI LT H S, T LT, BALEITK ST
BW*Eamm%%%ﬁ%ﬁﬁ%ﬁﬁéﬁn@\ﬁ&@mu&@%ﬁﬁ%b@CEE%ﬁé
EMTED, o, MIENBN T A EH S 70 BIEIC X 5 EBHIEHTHE
DELWHEDSPF TEX IpHTIESIR. LF., FICEEEEDTNH00,

AMETIZ. HAWLPETIELS TH ATi-CraES 2] Y ki, Bt MO REE %
BKT 3o Fig6lRESSOFHRERNOT, HHOALAHRITIFPERHOLEN A
J—=FNEERL TS, KEETIE. HODPeHONIODNTOMRERIZHLINT
WBHDD. TDNA ) —FIVRIZET ZHAMREEBORKILTH R H X D THOHL TN
B, o, ZOEAERBF I ATy FRRBL EERE . BERROHSBEE IR
BERITTIEDNEEWNIIEZLOND, TI Ty TOERNA ) —FIVEORATEC
LR EEENIZEH Uy Ti-20~40at%Cra & DM SAEICH T B RERNICHE D M REE)
FERINGEBRT S EEBIT, ABERI R NVF-EHREAOTERYIERT ES S,

6-2 FRRUMIT
6-2-1 EBAE
Ti-20, 30, 35, 40at%Cra L ArERHEOT7T — 7 FICTHEH L, BohicRy A REFZ
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EX1mmBEE IO HUTHIRER E Uice ZhoDREBEEZEH A L. Fig6-1DREN
FIZO TR U PEAGEE THARLLE S Uictk., KKFITEE AN, €0%. BUE
ZEH A L. @ TR L7c723K~1023KD iR B T ~ OB RN AT > 72, £ LT, K
MEE S SICHERGIBIR—0RE e, By 71— XEEFH(EEBREIER, MUMEEFM
By O TRRD ISR D R LA RIE U, MESMAIES00g, 30s& L. 1DOREHI D&
5 V5 LTTEDREEITU A SR/ MEZBR WS DA ED P E A8 & L7,
F 7o, BARIE IS (TEM)JEOLL, TEM-2000FX & 72 (ZJEM-2000EXII, fNEEHE160%
7213200kV) 2 O TREEEZBZE U/, MERAITIZIE. T RIVF -8RI LS
(Tracer Notherntt, TN-5500)% F\ /z. TEMBZAOHEEALHI. BERBRA ¥/ —IViK
(HCIO,:CH,OH=1:10)%{# fi U 7- B E(EE10~30V, #KiELI1213~233K)IC L D EK L7,

2200
2000

Temperature, 7/K

600 /l ] ] 1 III 1 ] |
0 10 20 30 40 50 60 70 80 90 100
Ti at% Cr Cr

Fig.6-1 The equilibrium phase diagram of Ti-Cr binary alloy®. The dashed
curve shows the chemical binodal line of B phase. The solid solution
treatment and the isothermal aging was performed in the compositions and
the temperatures as shown at the open and solid circles, respectively.
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6-2-2 EERER

(1) ARRERE(L

Fig.6-2(a)l3Ti-30at %CraEDHEE ANE. (b), ()IX773KTHRN LB DTEMEE TH
%, BEEANMBQTIIETORER S ENEERIN/IN, TOBEIY M5 X MIBE
RHOTIRAEL . HAMEE TITIRE - TOENEEDN S . BRHOETICEN. b)D &
I IZ[100] A AN AR & 5 WDIZEER O D, ERBAIZE—IcEI L S X b
S TERL. KELTHWE0O0MBEINT, THhoDREEN S, Filbeckrs LIS
Dt AEEEZ R TEFRONT Y — UPBEINBNI E0 6. TORHEMIE. HBK-
KEBIRICLOERINIBHEERUCBHO Y/ - ThHhBEEZ 5, X oITHRBIAIC
B EKRICEITHBHEY — v OE—HrH ERIFFIC. @QIART LI BERELI VIS X

NARES AT IO ERER X, XA L UEDSHK T DR, ()DBEEF DAL
HAITHB T aTif ETiC(7 — N ) HOEFHHEIERK I N Tz, Zhid. 440
BDMERIT I 5 T & TOWHREON S, KRS TEINRIGIC K 0 U7 EEFEAS
N—=F 4 PERO X 2 2HBEREBEERL T HAICH» > TET LTS EE
Zo6hb,

Fig.6-3l3. Ti-20at%Cra&% 773K TR L L 2ONHHBE(TH S, (DBEHR
ICHRDRH O, T2 HSHEUDBRAIZAD > THHUSERIN TS, £LT. B
IZEEDO)D &) ICERK 2T 2 E - TO OVBEI N/, EDSHKAMTO#ER. EEFD
HERBDOHST. €N ThaTif ETICLHEEKIN Tz, T 6 DEBHIB VT, Fig.6-
200D & BE—HHMILE BEINKLI 722 S, BRI SERE. FEHHEICH
SEELI-EEZ 6B,

Fig.6-413. Ti-30at%Cr& &% { M ARE LD bERED1023KTHR L 72 & & D REHEE
TH b, XBEFEH L CEDSHEKA T ORR. DML FHIHE DPTI & TiCHH i Hi4 B
LTNBI EDBh o7, FICZ DD AR B, DEOANEN TRESNBZ
ENG. CORMRETIE. WML OMRESEI SOAERTHICIDHES L %
Zohb, |

Pk, AERTEEINIHARBRE, UTOEETH 5.

@ BHM — B,+B,I—HFH) — oTit+TiCrGHHER)
@ PBHEAM — oTi+TiCr(HERERE)
® PBHA — BTi+TiCr,(AEHHTH)



Fig.6-2 TEM images of Ti-30at%Cr alloy (a)as-quenched, aged at 773K for (b)14.4ks and (c)864.0ks.
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Fig.6-3 TEM images of Ti-20at%Cr alloy aged at 773K for (a) 432.0ks, (b) 1.728Ms.
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Fig.6-4 TEM image of Ti-30at%Cr alloy aged at 1023K for 3.6ks.

(2 EBEAEER

Fig.6-51C Ti-35at%Cra & %47 SR K X D KIRD773K £873K, B LU EHL LY bHEim
D1023KTHERY U7z & X OB BERAETT, £9. HMARELDERIIEN
T, 773KDH4E1310%. 873KDH A IX10° LI, SBUIREED LA LT 5. 24 TEM
BRERD SEBRILEWTHATICLHOHICKZ bDEEZ OB, £/, BYE
B O E— ST HVBEE I N TV AN, O & & ITIEE VDEERLFIIHEN TN
Lo WIT, FHTAEE X D EED1023KTRZ LIcBE1d. REIOHESIZHE W THEE(L
AEOEE LD B AREXL LR LT, TOHDERIHENVEENMET LTINS, 2D
ERELTiZ, B0BE» & 2 { EREOBICTICL AN H L2 SIC KD EED |
FUIH, TO%, BT E) MO ARMD I DITHEEMET L EFERTE 5,
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550
e 1023K
> A 873K
= = 773K s—a-
L /
_g 7 ® K
W / e °
E 450';// /’_____.__.‘.!_/_:_._l . .—/l/
S ¢ =
> I
4%5.({\/ 104 10° 10° A
Ageing time, #/s 5x10°

Fig.6-5 Changes in Vickers hardness with ageing for various temperatures

in Ti-35at%Cr.

(3) TTTRORE

BIEOTEMBEITTR U7 RB LA DMK R EICEB T 5 AR IS DUV T b RIS
BEEITU, £ DR AEEERBIHEE(TTTR)IZ F &8 72, Fig.6-617. Ti-2046 £ U*30at%Cr
AEDTTTRA R T STITRFOKFERIIERSBEISHIELTNS, £/, BFOO
FlZpHAE. ARNIZRHY — v DH—HTH. AFTTII(aTi+TiCr) DM RSB IHTE O
n Tk, WEZPTi+TiCr) DR EGAT HAAGOBREIN I mER L TS, I kD,
EL S DHBRICE T b SEE & O FE TR, BEMpHENAERITHIC XD XS
IZ(BTi+TiCr,) P AR MRARR 1T 3 5, F/o. #ABE L VIEKE TR, pEMLDF
BHTH BoTiETICLAENTHT 205, X SIKRIRTIE. PO HHISESL > TR

= DN E D ENGN S,

THhSDBEERLY . pHY — v O¥—it ORI & R 3 ERAZ R E K+ O sl
B XS IT. (THTICL)DIEMRIENETTT Ll E2RTENEEMBMO L IZ51<
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IENTED, INLD. Ti-30at%CrEETid. ENMARE X DIKEDIZEA EDREK
BT, Y — v OBH—HHNEC TNV BD, Ti20at%Cré € Tid. H—riid 5
BAMEEAIZH LTI SO TOWBONHONTH B, i, CBEMET I SHITHEN, F
BN DA IENE U EL IR 7,

(@) BESHESMERORE

KRIZ. Ti-20~40at%Cra &Il B W TEE I NS BER L FERERO LIS oy b
% &\ Fig6- 1D LI IZ73 5, £ EEE LD SEOCHMEITIE, A& i X Y BTi&TiCr,
HOAITHIAEE L, Zhi D bIEED AFITIE, BEAM X U EH. oTi&TiCr,HDF
BHICAHDEE L 7o 8. X SIEBBOARM T, BER-KERSEIZLDpHEY — U0 E
EUERDENSCH—IH UICEERL TS, Ak, HFO—&8#81d. EFERHED
{LERINA ) — TR ERLTUINS,

AHITIE. Fig.6-2(b)IZR"d & 9 I KIRIC S — IR S AT IR E T L b 5
A MDES T ED S, BEEEDBEHMRI TS EEDN S, THITH UARITIE.
DO &S IR A BRSNS S 7, JHUE. ADSTIE, PHOMSMED
TeHDEREN S X 0 bAESIRICE > THEUZEBEELRINVF—DHFNKRE N, miscibility
gapDFITH DN CH—I2MG T A Z ENTET, Fig6-3IlndT L) ITTRIVF—HY
WAL EISEALE 72 IR R D S EE. FEMHDoTI ETICLHEMTHE L SRS S, £ -
T KEEZRDEENA ) =T IBIIAF EAHOBIZH S EEZ | Fig.6-8DKEHD X
IICRELTze TNKD . EREDRDIEES/NA ) — FIVERIE. EBRET - 1K #
IZH T, BERRIC X DILERNL ) —FIVE LD $100~200KE ., KBAIZH LT
LNTNBEZ EMBHOSMTT - 7,

123, Mebed5id. Fig.6-7FDOHIDEIZT, BHOR Y ) — ¥ IV R EBE LT
W38, XoT, RPDAMMEOHIDEIZ, XEERDBEERE ) —FIVENFET B &
#HxHh 3,
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(2) 1050 Ti-20at%Cr
1000} BTi+TiCr,
o O(discontinuous trans.
g - eutectoid temp
&L aTi+TiCr,
2 900 (eutectoid trans.)
= O O O A A
£ p
g 800 °°
2 -
e | ._2000 o
= AA A AAA
700 - B,+B, (homogeneous ptt.)
65 0 y L 5 1 P | 1 | 2
102 103 104 103 10¢ 107
Ageing time, #/s |
(b)1050 - — Ti-30a1%Cr
1000 BTi+TiCr, (discontinuous trans.)
g = eutectoid temp.
&~ __© aTi+TiCr,
o 900 (eutectoid trans.)
= N AAAA A
o "
S N A BB, a
2 800 B N\ (homogeneous ptt.)
= O A A A A A
5 R N\
=
700 -
65 0 " 1 1 1 1 1 1 1 2
102 103 104 10° 106 107
Ageing time, #/s

Fig.6-6 Experimental TTT diagrams of (a)Ti-20at%Cr and (b)Ti-30at%Cr
alloys. The each horizontal line corresponds to the eutectoid temperature.
The B single phase at open circles, the (B,+B,) homogeneous precipitation at
open triangles, the (aTi+TiCr,) eutectoid transformation at solid triangles
and the (BTi+TiCr,) discontinuous precipitation at squares were observed,
respectively. The dashed curves and the solid curves show the start of the
homogeneous precipitation and the finish of the eutectoid transformation.
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2200
2000/
1800 |
600 | (BTj, Cr)

Temperature, 7/K
- e e
SN
L=
)

600 /1 7 ] .
0 10 20 30 40 50 60 70 80 90 100
Ti at% Cr Cr

A B— B+B,  (homogeneous ptt.)
— aTi+TiCr, (eutectoid trans.)

A B— ATi+TiCr, (eutectoid trans.)

B B— BTi+TiCr, (discontinuous ptt.)

Fig.6-7 The Ti-Cr binary phase diagram showing the sequences of
microstructural development with the various marks. The bold solid curve
shows the experimental coherent binodal line, respectively. Spinodal
decomposition was observed at the circles by A. M. Mebed"?.
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6-3 ARBBTIRINF-ERICEISRIT
AETIE, BRI XLVF-HEREZAVT, IHOERERTERESINIBHEY — »
DO —Hr AR, ¥ L U(aTi+TiCr) ML RGO TE BB % BRI 9 5,

6-3-1 HWAE

(1{LERBHRT RV F—OFE

A & B OTLENSHKS 2 TREBE 1mol ¥/ D DILENERTRILF—, G &, EAI
BEEUERAOTRRATERIN S,

G(c,T)=G (1-c)+Ge+Q ycll—c)+ RT{cnc+(1—c)n(t-c)} (6-1)

G\ 3P R 1mol 24 72 O DALEM HH T X ILF —. cldKFBOBE. TIZESEE. Q4
SABRITHEE FRIOHEMEM/NF A -5 RBAHEERTH 5,

Z UT B, ¢, & iTHs 8 L 7o & & D#l#iimol 2 7 © DALFERIHH T RIVF—, Gold.
M ORRES R, Fe AW TRATEL 5N 5,

G, = G(c,;, T)1- f)+G(c,, T)f

f= (co - Cl)/(cz _cl) ©2)

(2) HEEFEIRNF—OFH

FERTHEINARBE Y — U0, BEEEE > TRHEPICEXKS W BRHORE
%. Fig6-8D LI I > TB ELRET 5, Z ORI, WUNIRIRY — Vv ZRDOE ST
I LEEL AL S RIERXRTH S, BEREOARBTNENRMEE Y — BT 5
FEFEEL. WO LICEMNIRIIFEFIHANIHEA LFEFEEERL TS I &R
LT3, £LT BTEH, o, DBHFIHBTFEY, o, OFR Y/ — V2 1RFREOES
TERINTWEHETFEEL TS, CORTRHER L, BREZEOHDOA. /- VIdE
DHDAHTELTNEH, EBEZIZN. ¢, OHEZED>TVBEDET B, Fiy
ZOHAR Y — U ERDB X FAN S RIcGEIE. &, rOFRRKEL TS D ET 5,
ZDEI R — UK EINI EX IR EOMICE U SEBEE T RVF— L. SURITH
1D A 53 Dlextra half planelZ #1249 B — T Db DOHEE L RN F—TEMUTE
%0900, M4 DIV — F1EY I ) OFHEET RIVF —, B td. Schoech & TilleriZ & 9
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E_=-+_5 bZrln(iJ (6-3)
P 2(1-v) b

EEZ 5N TWBY, B v, bix. TNENRIBER, RT7 YV VH, N—=H—ZAX7 bR
T, 727U ORTIE, BALEDFEIZ2. D OEAMEDELRILF—IEHL TS,

Fig.6-8 A schematic drawing showing the atomic model of the
microstructure of B zone.

Fig.6-8& V. ZOHRRY/ — VOHBEMAIIE T N—H —XEEE#H & ZOHEOD
IN=F = ZART bV, bl B AT OB FREBDZE, (a,-a)ICHET 52 L0305,
Fle. TOV -V UEOHUHE, id. #%, THSHDT, EEERBMNICFET 21OV —
O, BRI ) OEtETXIVF— E (3

Ep = Epyy IV |
_1 B la,-a)f S (6-4)
2z (1-v) ar ‘am —ap1

TERIND, T T, BTEH, oMK, cOBEELTERBIE, a,ida(c) aida(c) &
5o I, BEiE. FHEEROLD. UTOXTHEEEY, C,, CL,EMETT 5h b,

B= (Cu _Clz)/?-'

6-5
V=C12/(C11+C12) &)
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J— VDR, FRIRD & HIZ U TR, TR T RIBEEOL, T H2V — VO
BNELNTH B, & OMBTIE. ¥R, LOKOTITFHAED Y — VN EHET BT L
1215, 2Ty ZOROER EMED ) — L OFBELD J— L DEBHR FNEHETE,
RALD . rAfEL DB ELTETZ ENTES,

f= 2nr 2ap
(473, (6-6)

;r=J2ﬂfA&%i

ZULT A—BROZ D — b, FEAFE, FCRENIIE—ICZHER SN TS

E.=fQ-fE (6-7)

EEXNBOM, [ ASOFHER, /I ERET S Sk D, KRATES
3@

Va Z(MA/prl_c0)+(MB/pB)CO (6-8)

M, p % i RFORFESIVEETH S,

(3-1) pHEY—rORETRINF—DOFHE
BHEY — UASKIPIC I — IR S N /i 1mol %72 ) DRETRIVF—, E,, (FRAD
£IICHEZ oh @@,

Esurf :A}/SV | (6'9)

m

A HBEALAR YO O A S BB O REE T, NATOERET HEZ&OSE. &
e/l Sk D HTHAEOEES R, £, S FHTH AR, L, OB E LT, RO
HICRIND I ENEMN TSP,

App = 0f (1 - for )/Lv (6-10)

WA A X376, ek, BHPICHT 2 ERMEREIREFET 2T, Zii/hlis
2k D BRI EET SO E 7 ol RRBEEMBE. e THBICET S
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aDIEZEEH LT 5@,
y BRI X IVF—EBET, REIESTHIHEIL. RELXHKTS 2 HOBEZED

2EICHBILA, ROATEZX 615,

752675(‘:2 _Cl)z (6-11)

Fro. LIIH— A OBR R I EEEEIC MY U, EIERE, D, ZAWTUTOR K
W, r XSO 5 2 ENTE B,

; =Lv2 /D, ’ (6-12)
DJTiE. UTO7 V= XX =AW TREKEREAZEET 5,
D, =D, exp{- Q, /(RT)} (6-13)
D, 3L BUR B OIREEIH, o BEH AL RILF—TH 5,
(3-2) HXAEREROFE T RINVF—OFH
ZHETOWHFED S, (aTiHTIC)HEERBELIL. N—F 1 MAZDO LS5 72 2 HERE
BTHBEIENEHSINIE > TNBOW 22 TAFETIE R F 5 F5-3-1
I{(3-2)D Fig.5-5 D &) EHERS A SHBEERL T, BLAEN SRAIZED > THRE L

T3 &ﬂii L/f:.o _
Lo T JOMBOBAERE LI Y DRERE, Ay, (3. HEBHBOEESTE, fopn 7

A ER, LZ2RNT, RKRTEIN D,

App =24 fpp /Ly _ (6-14)

T, HRERBOBETHEEELRVF—TI—YELCTE ST, TORAEIITZLIFES
THBERE LI 22Ty RELINVF—BE, 5 BERKICEEETERTH S & L,

Y=, (6-15)
&y, FFEBEBORA T RLF—, EX I, UTOLHiIZEIN 5,

Egi =Ap'7Y, (6-16)

m
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@) pHY—rO¥—iriBRORITE

By — v OMBE BT RNVF—, GS & (LFHEHIXVF—, G LEEET RV
F—, E B LURETRNF—, E DMELTET, (6-D6-13)RELD\ Gor, (T EEM
K, con FBEUI2HDMAK, ), c,n BE, T. FHIXIVF-EE 5. b IOERH, (OB
ELTRBEIN S,

G:;;cm(CO,Cl,Cz,}/S,T’t)
=Gy(CysC5C5,T)+ E(Coy€y5C55t) + E i (Coy€15C557651) (6-17)
- GIH B AT

m

W, 8% BRE. BHEREEANE., 5, T, i3EX 0. GS., Bey, ,0ADH
LD, ZOUHDHRK, o, KU AMILIEMI TGS, A BEHEL. TDHBOD
RIEIRIVF—DKDLBHEY -V OHBER X IVF—DETHS, £ LT, 2D
Gorew EBEIBARD T X IVF —fEE BT B3 EL ., P, BE. BEEZEZL TITU,
B DEMEC LB E% T 0y M5 LTV — v ORFBREFE LI,

(5) HEWEREIEROENTE

AEBRTEEINICAREZRBERL. B _EOFEHERKICH S8 U7z (oTi+TiCr,) HE
R A TN, SEERR TOBRERFOIBUT &L > T FRALAED SKINIZAD > TK
BLTWBEEE L, £- T, EHMEREBOEROBITIE. B 4 E 4-3-1 JHRD/N—
T4 MEROBFERIZESE, UTOXH I -7,

HITERBRBOMBE R T RIVF—, GF 13, (LFRNEHIRLVF—, G, LRETRIV

F— E D ELTEREZ N, (6-1), (6-2)HHB LV (6-14)~(6-16)R KD RADXHITHL 5B,

G:;;cm - G: Ti+TiCr, + ADP i}’sV (6-18)

m

9, MABEMETFAUL LS ET568MK. BE, FEZRE LR, (6-1)«(6-13)%
LE-17)R &L O (KRR, 11T BT 5 RO — T HAEBOMEB A T V¥ —, 6T
ZEETE, &0, IASHBOERE S, AG. FLTAG=EZ OBEFR LY R/NT A
Sk, Ly %28, £ LT, BAURKBICKT 5/¥Y—F 1 MEBEDphase fractionZE AL, df,/dt.
FREROBIBEHR T R IVF—EAL, AG, . SERATTKRD 6N 5,
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df, /dt = (L2 /L, |
(6-19)
MG ey == (df, )G L. +df, /)G,

6-19AFD L, EEALIE T, REKOHBE BT XL F—HRBMIER SV RbRDT
5L NRT AT, L2KDD, TUT, KRKKRALT, RERTOBERE, v, 3t
MEBARLD phase fraction, f, £ 51ET 3,

=46D, /L,*
v = 40D, /L, (6-20)
fo=x/d

CIT\ SLSEENFME. D, IR FILERE . x 135 A SHEEBOKER. 4 3Pk SRk
BTHD. RIT. FRRIC UTHERIEER, 1,50, 1251 2 HMEBERZD f, ZRKH. Thi,
e AL DT REAARE D phase fraction 28 1 IS B TEYETZ Sz kD =~ OB
BFRIZ L% Fil g 5,

6) HEICABW=NRSX—%

Ti-Cr 82D 2 TLREAA 1mol 270 ) DILFEHEHTXILE—, G i3, Murray IZ & D 5
FRMEER/NS A =5, Qup ICHR EIRE DR A B A 12155 O ERIEHFELIA L
T (62D)6-23) RIS LI ITHEZ SN TN BO, 772U TiCr, DB ER T 3L F—,
G, V&~ MK, c=0.667 DT A a7 L K& LTz,

Obec H1E(BFH)
G (T)=-16234+8.368T (J/mol)
Gr(T)=-18200+8.368T (J/mol) (6-21)

Q. =17346-3195(1- 2¢) (J/mol)

Ohcep H1E(atf)
Gr? (T)=-20585+12.134T (J/mol)
G&?(T) = -20568+12.134T  (J/mol) (6-22)

QX = 40000 (J/mol)
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OTiCry T — N A #H)
Grg, =—19959+7.1414T  (J/mol) (6-23)

g, FFARICHWALENEHIRIVF—LHND/NF5 A —F % Table 6-1 IZR"F,
CTHBRTRER, o B LUHEREH, c, DMRIKFR I, B4 THK TR I/ T— 5@
/N2 FEICK DMK, ¢ O 1 RTEMT ST ik Dkd e, HILBLRE, D, (3aTi
FF D Ti O HEHBARBEOTHRA U, AREERE, D,iED,D 1000 f5 & Lic, £, %
ERRIE, SdaTi DBTFEHME Lz, BB, RETRXVF—FE, 4374 v T4 IR5
A—=FThb,

Table 6-1 Numerical values used for the calculation.

Parameter Symbol Value Unit Ref.
Lattice constant a(c) (3.27-0.388¢)x107"° m (25)
C,, (1.17+1.50¢)x 10"
Elastic constants N/m? (26)
Cyp, (1.05-0.249¢)x10"
My, 4.79x107
Atomic weights kg/mol 27)
M, 5.20x107?
P 4.40x10°
Densities kg/m’ (27)
e 7.19x10°
; A 0.40 —
Interfacial energy densities o 190 J/m? _
Constant of the interface )
D,, 8.60x10™° m?/s (27)
Volume diffusion coefficient
Q. 1.50x10° I/mol 27)
Width of the interface 5 3.30x10° m .

boundary

Mean radius of the grain d 1.00x10™ m —
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6-3-2 HNABRELUEE

(1) TIT

Fig6-9 {T\ Ti-20 % KU 30at%Cr G&DFHE &L DRD 7 TIT KAEFRT, RHDOKELIE
HRREISHIS LTS, £ LT, Sp#IIpHEY — v OB—Ir H DBtA % R$ TTT i
B FEFR IR BB D phase fraction ¥ 1 1T 5 72 & & D TTT A 74,

Fig.6-6 DB X VK72 TIT K& Fig.6-9 DFE L HKD: TIT KA HET 2, KB
FREfTocBHICE VLT, FEERIER. FEBOHRT3HBIC OV THOERTEX T
LIEDBHONTH S, LH L. 200 TIT M OBEMEERICOWTIE. T HERT
EE0 . FHREICAWIEREIC. L SUCRBEREESZEINA T
WIZEEZ B,

(2 BESHBESIMER

BV =K SN B EHARER LITRT I SICk D REEOBLHSRER %
FHIL 7, FHEMEREFig6-1010RT . RIER P ORRBADEHE L D Kb -2 S
FHTH 5, 75, HEDIDFig.6-TOER L VKD SNt EENL ) — FILAE K AE.
LFERINA ) — SNV E— SRR TR U, Thi D, HEDORDIEL AL ) —F L
BRIT\ Ti-20~40at%Cré & DHRKEERIZ BT LI/ 1 ) — F VgD 5100~200K1F &
BRMNFLTIFOoNIMBICH D, KBHERESO E{HHT I &0 T/,

Cahnid, MR E ) —FIVAHBEERIIB T, BHEARICL 2L ) —FILEE &
LEHRE ) - FIVIBEDE, AT

_2n*Yc(-c)V,
- kN,

AT (6-24)
EBNTNE®, 0, v,k NIE. ENEN, BT I X<y F. BHEER. KLY 5.
THRAROHMTH S, (620RIHFEERICET WHMEARA UTHE LR, =04
LBV TAT=1400(K) TH - o DE D Z DERTIL, PHIDEE A HE SRS B FFOK
UTRHLTF o, BAHMENEZ SRV EA2BRLTHY) ., FRESIAXCE
BHRREN 512,
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(a) 1050 Ti-20a1%Cr
1000
g - eutectoid temp.
N R
~ 900} aTi+TiCr,
2 (eutectoid trans.)
8 ¢ B
&
g- 800 P
: K
= \ B, +B,
700 - \(homogeneous ptt.
6 5 0 1 \ N ]

102 10° _ 10° 10° 10° 10’
Ageing time, #/s

(b) 1050 Ti-30at%Cr
1000
g - eutectoid temp.
&~
s 900F ad aTi+TiCr,
o (eutectoid trans.)
2 - B |
£ \
» 800
E‘ \ B.+B;
) - N\ (homogeneous ptt.)
e AN
700 - N
N
650

PR | PR | N PR L
10° 10° 104 10° 10°¢ 107
Ageing time, #/s

Fig.6-9 Calculated TTT diagrams of (2)Ti-20at%Cr and (b)Ti-30at%Cr
alloys based on the system free energy theory.
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FEEDLIIT. BF IRy F, nDEN10%%EHZ 2 L5 HEEREROBNESSICE
WTIEN (62T S BN DATHEBE L O DBARFMIND Z L%, RERD SHERIN
TWBEO®, Zhid, BERXE ) —FIVABERIZEWT, IR Y /) — ¥ IV @0
HALEICTHELTWSESNRETEL DI EER B, FiHQ) THRNEMRITES
CHEHETRNVF-ZAOTHE LESESMREEN, EREREL5 THEELTLS
ZED 6. Fig.6-2(b) TERE S NP Y — Lid. R TIRE U7 Fig.6-81SE V% L
THEO HIR/ =2 DLy PEHDAEZEERZZ LT, AR LTS EBDbA
%o

600 | (BTi, Cr)

— —
-

%000=70 20 30 40 50 60 70 80 90 100
Ti at% Cr " Cr

Temperature, 7/K

Fig.6-10  Ti-Cr binary phase diagram showing the calculated area of the
coherent decomposition based on the system free energy theory as shown by
the shaded portion. The bold and dashed curve show the experimental one
and the chemical binodal line, respectively.
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6-4 #HE

Ti-Cr& SO IEFEPHDILFERN N1 ) — FIVBNITE T B BT HHRREY, Eyh—2
BEERAE R LOTEMIC L DB U, TITR S KBS HSBERERE Ulc, T, di
HHIRVF-ERICE SO THEATE BB OBERI IR 21T - 120 BoN R
TOBBYTH5,

(1) Ti-20~40at%Cr&4&D723~1023KIC B 1) B BN LS M MBEENT. KX (3@BHIZS
HFT&E5, 91ibb,
@ pHM — BB, — aTi+TiCr(HRERE)
@ BHAM — aTi+TiCrGEHERE)
® PBHEAE — BTi+TiCr(FESHH)

(2) Ti-206 L U30at%CrEED2HEDOTITR #ERINICHRE Lz, £BSOMERKIZE WL
TH, EMARE LD RE TR, BEMPHENRESH HIC & D 7272 51 (BTi+TiC,) F
BRSBTS 5, Fic, T HEE L VKBTI, pEM L D EHHETH BaTi
ETICLHDHTHH T 500, X SRR TId. FEHDIHICE - TR — o D —
P s Ui,

(3) MBMEBTRLF—HRIIOVDEHLUL, pHY/ — OB —HH B L OHEREREIZH
THTTTHIMRIE, EBREREZMNERT L &N TR,

(4) EBRIDKDIIEENA ) — S LB ERATT - 1A 51T B
I & DALERINA ) — 5 V& D B 100~200KE2, EEAICHR LT ShTu, $ie
BHIY — VAR S N7 2 SISk D A U B BT T 3L F — 25 55 < RIS &
DEME L. EL D BAMAMERE TH LR, ZRERES 2 (ERTE,
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KWL TIE, TXRLE—RD SESHE ORI LD MEEEERIIC T 5FE
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F1ZIFERTH S, HHONTEGEEBRGICTAT S HEICE, TEER] &

[TXNLF—HR] O2BHICKEAFETEIENTES, 209 b, HREBARIIEHN
1857 % DRBHEO T 3L F— WEEEEH LTRSS TIT 5. TXVFE—HRIC
B HkR, HEARRO LS ICEER IS M HERE R  LEDL . RO
HMOYHEEERATE, BEFOWBICES HOWIEBEICERT 5 ENARETH
3, Ldd, TXAE—LE0 FA—ORED SHBENEBENTILESITNS LD, #
BORIEO FBICEST LT3 & 5 HEMSESEIL T O HBNASICRYE) 2 ENT
X, BERICBETVHEND D, LHLENS, HE L OWFRNEIN TN S BERITH
L. ZH DR EEEN U ZRIVF—ROPFRIZI EA ERINTOEWIREBNT,

FETR., GBI XNV -HBROESFHEFEEFR L, JOBERIT, F1E
TBENRIZRIVF—-RICESFEE, LV EMHOEBEMTENETIVTHETE S
JOBBLILDTH B, 2L T, XERZEZAWT, LVESHK-EE B HEHEIC B
RSB, DOERORN 5 iiREsHIC L 2 ABE LD, KFEBREETFHNTHIILE
RAHHEMRED B E BT,

EI3E T, FERAEN>-ZE S OB HBRITISAH L7, Nb-20~60at%Zr & & D
673~973KIZ 1T B BRI 0ES MEEAZE L E . BBEE FHEMS(TEMEE AL THH
L. BAEMKICH T 3 HEERIER(TTTR) 2 ZRICRE Lz, £ LT, AMEH
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SMAENIEHERR TH 2 Tt-cHBRE2HET S5 E0TE,
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