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1-1 HER

SBEMEOFE - BERERMEA ED20ITiE. AEK, MROBRICMA., BEUN AR
BEHET DI EHDETH D, HiE. ARG UEEAOUEZS % 2%, Tablel-111iC
R & L REERIEPTON TS, ZOFTH, FHRMOMMLS LUEZMOD
B —agbix, EHESPEMELS L BEE LRIED I LD TEIRDERRMEM
HIEEETH Do T, SIAETIEZ. MEAD 2 VIEBRAPICA—RTFH P& T =5
£ M)DOBETHERIRI Z2ZEDPBROBETH . ThEAAH UBREKOMMLIX
BhTE, LEREMTH COMEREZHME DRI ZIFT, FIIRE 3~4um O
WHhBSNBI EDHISNTWBER, —F, FREREEZE T HE T, FAEEEIC
In—meNF oY Ma)EFRIE, ZONIFERCOHERICK DB E2ET S
yREMEEBL I LICHINLEREDH BB, ZDL D RN MAML 2D &3 5 HM
HENT. LR, . BEREAERELTWAD, BF. ChoZzABNICHEIEE
B2 MTAMEDSERINTWEET, ZOHRTH, HIEEZE, IEBH, F—X7 4+ —
LlE. HICERTH S,

F—2 7+ — L. MIEIREDOVE» ST o4 POMERIEZNETH D,
MENZIILEMITHUBEOFTRIEETH D, COFETIE MOBEPRELS LR
TRZHPPOST, - FUENFELACEKT LRVODBRHTH %, £ JOUNHEE
ZOEAE L. 30 FELL & Hilc TRIP(Transformation Induced Plasticity: M ZHEER M)
FMHspAR X /=68, TRIP X, MITIZL > TYlHPICRE L R HERBICZNZENT
2535072 b M BEEIZER L. BINOBEDENKLDOERZIIIEY 27289,
RERY—RUDBESND, MBI DIEHZERA L TyMD M ZRE L, BSIGHER
EREMLTWADIFTH Y., HMEEMHOMBIKRFIENWE 5, ZOXSIZ. TRIP #ixIE

Tablel-1 Microstructure control in metals (after Maki, T:4).

1 Size and Shape of Grain refining or coarsening
Microstructure Aspect ratio control of grain
Precipitate refining

2 Quantity and Distribution Homogeneous dispersion of
of Precipitate fine precipitates
3 Grain orientation and Texture control
Grain boundary character Grain boundary character control

Grain boundary structure control




BICEHH MBI TH 2D, LEOVHEZEREI R RTRE RSBV =D, BEE8fiE s
SEZ/FRN OB T O L IADBEMTHL-OHE Liero=, LI LEE, & Si
W THBRNZEBOREVEEZE D 2 LD T E DERELEBINIECG — X5 > ) S —JLF) HS B 5
Ih., ZOERPYHIZL 2 TRIP BHE2FH L THRE —EM -8 S o BN RO
BREDPED SN TNWAU, ZDXHkR, A—XF U S—EUNCS. BT
ERRZ RS A TOBMMIEDHELI N, LD EHTBELREBREI TR 2> TE -,

REOMIHNEETH LN RIMMAAERRIE lum BETH D5, ERKREDN
0.1pym FEE X THMILTZ 2 LHEABEICEVWMEDIEONDZ EEZI SR TS, ZHh
A FERAKIEE 0.1pm 2152 & LIIEEM OMEHIEICB I 2 KRERBEETH S, LidmT
BALEELIANC G, BE, AN ANV - 70A 2T, BMETFOBERE. 7EILT 7 A0
B2 EH LWAEIC &5 TF ) A —F —H 4 ZOBMHAKHES N T WS, Takaki 5
i3, THERAFBEZ A=AV - 3D VI L > THML LEE, B, FIET A2 &I
L@ ZEZE T2/ NIV HEER L, Z OB 2HE L 2. Fig.1-11ZZ0N)V
D #RD 0.2%iM I DFEERFIKEEEZ R L TW 5, TENINTHANECHE SN ZREIEKH
Sum THH., COREOHBRHBALIE. LTFLHBEICHLTRECERL WS LI
EARWVe ZNITAT L 1um DUFADORERR AL I, ERELICy U THEMICEHEST 2
eI b, TOHE. 0.18um FTHMLT 2 &, 0.2% 11X 1.6GPa IZF&ET 3,
BRI & > THEBRIEAOEBPEE D, Lo TRUEEMNEEIh TV
2. Fig 1I-LIR U#RIE, BHEICIZEZEFMEoRMBH D, SHEREZIES
DEBPHBHIEERLTNS,

PLE. BEMICER L. MEHE. &b ERKEMELIC D\ TR, BEeM At
BHIBWTCHHEBHIENILERICEETH 5, BREESETIE. LIZUIEE VIR URHE D
BRkIhd, —EEIC, BRERESOME - HHE. BRHEFICBT 25 HEDOEMN
DHRETH DI LITERAL. ZOMRKE L THRBROMMMEDIRETH D LEZ 5N
T3, Fig. 12043 Cu-AINI(-TDERFEE AR B 2 B HIER G ORIk EM 2R
LTW%, BEHFMI. SRHEOMMLICLVEZFIIREIN TR EDDbD 5,
Cu-AI'NI(-TDERIZB N T HHIEZ 20um LUTFICE THAMET 2 &, EHHEMIE 1058 <
ETHZEL, Ti-Ni BEREEREES ST 2FEPEONE I 2R LTWS, Zhi.
RERKAI N X 2 MERERE B OB RFITH D VWL D, EHIT. TDLS RIEIREE
BETIE. MTHDOFEHIEHPELE,. HEMI, 20RRED /Sy &) U 7IC L 2E84
OB L2 L D, ARECERM O - WENK SN TV AE521, JRiz, SHEEIE DS
DETHDLEZ NI FEBNT 5. HBFE. WBKISELTERREZLEL S
FEIRECHEE & D, Ullakko 5RAZ K > THEINFHZB O TWS, TOERKEIX. #
BOBHPRRET—A L PORGKRICERT2HELIIRR D, B2 R T AR <)L
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Fig.1-1 Proofstress of bulk iron depending on grain size (after S. Takaki, K. Kawasaki

and Y. Kimural13]).
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Fig.1-2 Variation in number of stress cycles to failure as a function of grain size in
Cu-Al-Ni (-Ti) shape memory alloys (after G.N. Sure and L.C. Brown!!4).

FUHA hDS) 7Y M, BBIC Lo CHEESIT S Z L THET 5o NiaMnGa 249D &
T 23R4 25 —445% FePd BEOBER T, 1024 —F —OHIFBEEMSFLOLTH
322, UL, 2h50EERTIE. BERERZEROZNICLA, 1RV L 2 #HEL
DOHBIRT H 52526 E R ROBEEDZ OB RZETIETCNWE I LIZHALDTH D
ERMLESD S IF. SREBTZORM 2R LI LI EDEE L BUIRHEMHIEIC
&of%ﬁﬁtﬁﬂ%tﬁhﬁ\@ﬁtyﬁ~\@%T?%nl~9~&bfl¥%mﬁ
BHiEIhE, oL, EEMBO Y - #EERER LIS %wMW%mE@mt
T HMGHBEHPEETH . SETI mmﬁum%&&%%# . B DR A
HEBLE ORISR ETH %o

R ~zD, %< OMBHEIIAZRE, EEREERE ULBER - BRICE#ET 2
-3-



BHEZFAL TS, FiIZ. BEBRIBEZRETH O, ZHEERY A b EEBEDOEREN S
WCERINTWD, —BRINIC, BENBRBERY A P& LTI, BRENAE. BREICE->T
BAINEEA, BEE. MEMREDBBETFONDS, —FH, HERORE X, BR%ED
REIZREL. FEFADPKRENTE, BRY A XFNha L rd, BF. HERIIHESH

ICHARKELEENEZB L THE D, BREY A XIIHEARTIE 0.1um LITIZR D 1§25 H,
HERTE 1um BEICEE D, HERO A DPHBERICHA, KENICE SRR A CEE bHs
e COXIBMER. BREZXRETHABREREZSROUTHIEHTLSI LICXD, Brd
U HBHI D aRE L B E o, BARMEMY A MIBIT 2MERERZEFH O - HIH
M BRI FEOHROREZEL ZLEESETH R,

1-2 FEERI R LA RE
WE. ILFEHIN WA EEMAHL. FHRREEEMEO—EEZR\T. I XTEHE
BTHHEVS>THRETIERV, ZNSHBOHFICITILARRICHEBNADELEL., ZOF
fb’ﬁ%ﬁ‘fi%’:?ﬂ@c‘i@"%éﬁ%‘@ CHEWEELEZRIILTWA Z LIRAMDEETH 5. M
*‘E)%@W'Jﬁ*f <. BENADR ﬂb’??% < HND, iz, RIEITHRREZLD
iz, *B BRI EERICEERENMHgEDS <. FOESEMRY 1 b LTORBEER
ﬁi *ﬁﬁﬁﬁ’ﬂﬁﬂmﬁﬁﬁﬁéh%o UL Laahis, MERZMA LU CHEERIE T 255,
Retl E OB ORER G UEFREZE L RITHIER 5%V, Fig.1-3(@MeENL, Zh2
71”L7FE':|3 CEBMDP@FEDREBAMON) 7 MEERET., 50 LIIRERL -5
Ay DRES NN T Y FOEEBMPERZRK L TER L 256 O E BB R ERDOK
AKX ZTRL TV, Fig.1-3ORID L S ICEBEDBE LN 7 U FThHNE, 12 2% <D
MDD ER LIz LTH. ZNODE - L. BRAZERT 2ICEE b #llk
FFonmn, — RIS, BERMOEBEMERY A b TH 2ERENALEN R EDR TR
g EICERBBEDBHERT 2585, ThoonN) 7y MIFEBICHIBEI ., B—3H 5 WIIE
BIZROGNEHON) 7L FOEBKLUIER LBEWS EBHISN T3S, Fig.1-3(0)27
(. Ti-15V-3Cr-3Sn-3Al B EDBRL AT H L =kl 2 R FEER A THER T 2 BREMIZ.
BT SRMEOWT WD —HF EREDHIREFRZ S > TERT 5. 20RO, Ffiz/N)
7o NOEEHDPBEEL, SHUKEBETARLTLEVWT A NVLAREEL TN, &
R DR L Z 918 & 975 SRt OMBHIHOZIC I, BHOKRPEAR EDRT
REGEMERY A & LTRRBIZFBERIE RS WM, EAEDONY 7 P BIERIC
fREh 3 L ICFEBEZILDRIEER SN,
COREIE, SHKFAMEHZ RO SN, BRANOERIIZK2BEORTZIFTIERL,
MRABEZSIEREI T, HIZ2 I, [BYERRICE 7 VLARICHE LA Z 14 MDL
FUEBEIN2 KL U7 a VAREA L A NI BB AOHIEZS SR L

.4.
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BRLLUT, kMM HORERELZETIE WA, ZOXS>RBEOITHEL LT
BLRtEDITb, HRIHET 2L A LA bed—R7 +—3 U712 & > THHME
RECIIN) T DT U MU L #EREDH 280, ZDX5IT. SHEHEE
RETIX. RRICBIT A2EEREMPEEONY 7 MEIR, BIZIZHEEREORESICD
WTHR—LEREBEISOhDDH %,

—F. EILBAGEEEM BBV TH. BRNAZID L T 2R FRIBICKEFELZ
Y= E I DWW TR AR EPITbN T & =B85, Mageel33lid, Fig.1-4 IZ7R"9 &
iR, BEBIRSRBERERE (A) TEEMERLTWEL Y AIRM BEBHELE. £ %
ERMEHE, B R0 BERMEHIHEARE N M ZREREE (M F)ERT I N5,
— SRR RIE M BRROEAMERY A P LT EEZ SN T E =, ZNITH L.

(a) matrix product

-

Fig.1-3 Microstructure development by phase transformation: (a) with no variant
selection and (b) with severe variant selection which occurs locally, and (c) optical
microstructure of precipitates formed at a flat grain boundary of
Ti-15V-3Cr-3Sn-3Al alloy (after Furuhara, T. and Maki, T:27)).

Fig.1-4 Optical micrograph of Fe-33.1Ni before (a) and after (b) cooling to -100°C for 5min
(after Magee, C.M.133]).



Tsuzaki 5B, BWHNR. 5V LRAEZZONEREEEROM RAUICHERERD
mOohBRNWZ s, ZNOHADOHMERENEIE SRV EHR ST . Tz,
KajiwaraBsl, iR OBEICIEZE > TR WD, HEEORADBILT VP A NERE
DEFERY A P LTEK Z 2B LE. 20 L5 REEROR ARG %
9 % C ki, MEOHBHEFECHZrEHE25Z2. TOHER. BB EMEOR
HICEDPDHZLIIHBATH %,

AR FLIEORE E LTX, REITHRRTWHHEEZEEHLNCD. BUHEZEE.
BERPHLEIEBETH D ZLOMEBITONTE =, ZOME. ZHESEMRD,

BMER Lz5mE. NAGETIIRAEZEN T 2B OAAER EIIKEFE L. BFTIGH
DOREPA—REEIBISHIIND I L0, ZORFIER L, MAEFEOHER
BT EIEDREINTE 2 CONTOMFIL ZHEREE AW EMRIFZED S
FHRERPELN ISR EAVEREALHEB LT o 2,

BFEREIE. BRMNAZEN T2 EROERANEEBICEIRT 2 LN TE, R
DF A TN AMNEREEZHHICRET DI EHAETH D, LoT. MAEHETEL
BB T DRI OBREHIE L T\, S5, BRI T 2E
fl, KABEICN T AREMOIERBICHAET LI EDBAETH D, TDOLD RFIEIINHE
RAREZ 1 DTS ERE AW ERRR BRI EZFTTERACITDN., BT 58
BRI D TR D EEDEER CBEUERICRI TRBRA O ELBAOE RN FEFEICH
i 5 BN EERANIERR S TR AR EEBUzeI R B RL EBAL D LR DTz, 2O
KO, BERERAWEMRZEE, FBCERRERZGZI T Nb, £/, A THEMNL
7=& 57 TRIP BEZRMA U @E — & - $MENS O AIZENEMHORRICIE. B
BERY A FTHHARBRBIARICBIT 2HERERB LI ZOERBIIAT I IO EDIE
BICERIIR ST %, IhbHid. MERE, BRERL ICK AR EOFBREFPEHIC
WAGO>TWDEEO, ROZHEREZRAWEMETIE. ZOHBICBANH 2, DL
REMLTTROBBIIN U, BERERWEMFREERCENTH D EXERFOERE -
. BENEEMOREOARS T, NABGNOKEDNSICEITHRESIVLZ L
MHABETH 5,

AR SHEREOEREAE UTREREHV., MBRAFIIGEOHEERRESIC AT
TR, ARG IR EBRFOREIZOWVWT, ThZPhOXERFEZIEEL. 2HH
WCHETHZ L2 BN E Lz, FFC. SFMploMssiE. RIREEREDIRE2D & T 51
RERICEERRINEZREZT MEREZRD LIF M EREFHICHETIIERICE < OEREN
BRF—IDBEBEINTWS FeNiGEZHWE. £, BONEEBRRNMRICEDSE,
R L 2RO & 2 EEIE. BN ERNASIEHOR - RFEORBHERL L
zERMEBERE Uk,
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EHEEB AT 5 BN R 0DV Tk,

@9 BT, MEBOITIRBCERNSNTE LT, M ERORRENREE F3l - Zdd
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B2E )T YA DEROITIMEEERN ST

2-1 WEHIC K HEREDFED

—RREINZ . FHERBIII LR B AMER(T VT V4 FEBRICKAIS NS,
A EE 2 DR T RIEFILEIC L > TERDET T 2D L. BEFEEIBELESHFD
HEZRERDS HANKICEEQ R TFEBU T T LICIDERPEL 5, 0T,
TNT YA PMERBIISEER CIETE 5D T, HE T (operator) & L TDIT5 %
WTRHTE S, HERIITIIRBFENFEN D EHATCEZ 20X MERORROFHTH D
BREFHREBEADP S, REECERAMNEREND L T2HERETRINT A -4 ZEENIZ
FH T 2HEED THREHwm) EMEEND, ZOTHRMEICK S —BEERICE.
Bowles-Mackenzie (B-M)# &2, Wechsler-Lieberman-Read (W-L-R) BB & h3d %,
LIRS TV ADBARENIZIEMTH 26, KETIE. M BEREROTHIREFHE D K
WIZDNWTiiR 3,

AR TIX. EFIVAE L UTEILEE FCC-BCC 2% 19 Fe-32at.%Ni &% AU
7zo FCC-BCC £, Fig.2-1()IIRT LI, BHET 2 2 DD FCC HF(RHE)HICHE
3 2EtV2 0 BCT 5, X, YH#ICI> TR, ZEICIR > TEL ., #litb 1127252
PiZEbhHEL D, Zh% Bain £2(Bain deformation; B)6l1 2 FE(X, FCC W& % A 3 5yl
¢ BCCHEZE TS MMEOAMBERIIRD LS ITXRIND,

(001), //(001),,  [100], //[110],, 2.1

MZERIE. ZOLDRREDHEIIR > 2R - B BAMERE ZHAAGDEDI LT
ERE . ZOERIEERFEFR(attice deformation) ¥ 5, FCC, BCC D FERHE %
hZha,. a, &3 2L, FCC-BCCERBITHSKFERTIIL, x5 2) BIERTRDL
SICREND,

x/EaM/aY 0 0
B-= 0 «/EaM/aY 0 (2.2)
0 0 ay/a,

F /=, Fe-Ni &I BT 5y, MHEOEFERIEZ. NiEED 29.0~35.0mass%D#: I
BT Ni EE Xni (mass%) DB E LTRRNTcEZ 505,
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a, =(0.35553+0.00910X,,) (nm) 2.3
a, =(0.28846-0.00683X,,) (nm) '

M ZEREELRTELA2DT, BMHOARBLVEHE MABICBIT 5 ARABIUEHIIE 111
ICHIE LT3, 2R EiETExt(attice correspondence) & FEUN, BEAKIZIZHFE & M AH

DHEEREBRTHD, RATRITIENTE S,

X Y2 12 0yX
yl={-12 172 0||Y (2.4)
Z 0 0 O0Z

ZORFANISIZEE L. /& F oS s & (correspondence variant: c.v) DS D H B,
Fig.2-1(@IZ B\ Tid. FCC-BCC ZRICBII 2% z e LTWBE D ZhZh.
Fig.2-1MIZRT LT, x. y BMICERZ L ARETH D, ZNIWUTER - LHAUD
M DR E N %o FCC-BCC ZRED Bain BB N TIX 3D D cv.ATRETH b &K
XTI, £h2h TGl TG2y TG3y L&ET %o

(a) o , {001}t

Cfcc (v Elbec. (o
{100} fec//{100} bee, <110>fec//<100>bec

Fig.2-1 Bain deformation (y—>a) and its three modes.
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F-. M HEBHEDERIBETHIILHMLEBETHS-H. TOERIIEEH
(undistorted plane)7» D #E[H#xH (unrotated plane) TRRITHITR 572 T D 2 DDEHF
%57 9 i % T~ & H(invariant plane) & .55, M ZREIX, ML MAHOBER BT EEHIC
BBEICKEID VNI EINDPEERMOLERTH O, TOFII LD HAEEFR, B
EREDBREIND. L LAY S, Bain BRIIIFAERDBFEELRVD T, HIOEED
DEERD, COERER. BFRZTECTL2HDOTRINERS /WS, B 7—
TH . ZNERFITE L (attice invariant shear; P) & .5, C D F AR EERIL, BCC
OEMERIIBIT 2 ETHMEBRROBRESEIC LT, {112}, <111>, &EZ B D
AEeTH . FCC DEERIZHEIZERT S &, {101}, <101>, 705, X5, ZOEE
EHEREEEIC R D F T OB FRER@ZE5Z 322 LIV FEEDPEET DL DI D,
COLIRBIEEBRALE. MEBELAKZIID T 2 HEE T 2 FiKE(shape strain; Py & I
*, RATRIND,

P, - OPB (2.5)

M ZRIE, Fig2-2 ITRT LS LEHHE MBEEAZTLER L T 2LETH D, Bifiad
T TEMICEERABANOHHEZHEAGODELEERTH S, >T. TEEREE
ROITINC K > TRHTE D,

P, =I+md,p, (2.6)

C T TIXBATHL m BRERORE S, 4, IEREFRFEDOELRT Fv, p, i

/

P
mi dw)

mi"p1

Fig.2-2 Schematic illustration of invariant plane strain in martensitic transformation.
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SEEEROBMRY PVERT, £, FEEERE. ¥ 77— (m)) & BERH (m])
CART B EHHTEETH D, mMNIERBICHES FBEELICHET 5, —RHIC, #sEitR
M ZEHETIZ. AEELENNZNDT, m! =0, md, ~mPd? & LTHD T &HE 0,

TH%H) 2AVHE. BEE. BPREEAAREDOHERFNIITA -2 TXTRD
L2 LDERETH b, KEFZETHWS Fe-32at.%Ni 580 M FRIZH L CERA L THS
Ni-EE % Table2-1 1277177,

Table2-1 Results based on phenomenological theoretical calculation for martensite of V3.

Solution for V3

m, (magnification of lattice invariant shear) 0.24989

0.01694 099372 0.11059
-0.12757 -0.10756 0.98598

0.99169 -0.03080 0.12494
@ (rotation matrix)

p1 (habitplane normal) (0.17559 0.70703 0.61304)
d; ( direction of shear deformation) [-0.19822 0.69411 -0.69204]
m,; (magnification of shape deformation) 0.22777

0.02776 1.1218 0.09692
-0.02768 -0.12142  0.90337

0.99207 -0.03478 -0.027677
P, (shape strain)

HEHmICE->T MADERT 2 & &, BP ORER. TR 20 ERTHI &0
BeTH b, BEE MAOHEREANMBERIIEMTH 20, BEBEHPRRLR DL EREPENLE
%, 2N % S5 (habit plane variants; h.v.) &S, KK THWS Fe-Ni 5T
3. FHHEE M AHOREIZ RO Nishiyvama-Wassermann (N-W) 5 AL BIfRBIAMBELET %,

{111}, {110},  <112> // <110 >, (2.7)

2D N-WBRICIE, 128D D cv.DIELE L. HEROILIHED SIE. 12x2=24 FEOD h.v.
MEET D, 2D 24 B D hviINT 2R AR, BEHIL>TRDOENEHND
A —4% % Table2-2 I ¢ o KFETIE. TOEBIIHESWTEREZIT> .

2-2 K FAEREA~DEH
MEROIIHHN S MAEOEREIIN LT, REEOMGRE L ZREOHKZHH LT
2% L DK BITbh, KERMEINZRD . BEHEPOKREIBRFN T A—F
. BE. BHEICBII2. $2 1 D0BERICESVTREINTWS, ZRIIX LT,
KRR TEOKS TERER RO TARKRL X2 o0&, 2D 2 DDOEERERY
551, BEHzEzHAWT MEROERENBIT 21T 256, SBRENIZA=F0D
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Table2-2 Variant notations and crystallographic parameters such as orientation
relationship, habit plane normal and shear direction vector based on

the phenomenological theoretical calculation.

Variant notation

Orientation relationship

Habit plane

Shear direction

Vi (111),//(011),, 2T T}/[011],, (0.613 0.176 0.770), [0.692 0.198 0.694 ],
vI' (0.613 0.770 0.176 ), [0.692 0.694 0.198],
V2 [(T2T}//0T1), (0.770 0.613 0.176 ), [0.694 0.692 0.198],
V2 (0.176 0.613 0.770 )y {0.198 0.692 0.694 1,
V3 [TT12},//[071], (0.176 0.770 0.613), [0.198 0.694 0.692 |,
v3' (0.770 0.176 0.613), [0.694 0.198 0.692 },
v4 T T //011),, [21 T} /[0T1], (0.6130.176 0.770), [0.692 0.198 0.694 ],
V4 (0.6130.770 0.176 ), [0.692 0.694 0.198],
V5 (12T} /011],, (0.770 0.613 0.176 ) [0.694 0.692 0.198],
V5 (0.176 0.613 0.770), [0.198 0.692 0.694 ]
V6 (112}, /[071), (0.176 0.770 0.613), [0.198 0.694 0.692],
\"3 (0.770 0.176 0.613), [0.694 0.198 0.692 |,
V7 (AT 1y //(011), [21T} /(0T 1}, (0.613 0.770 0.176 ), [0.692 0.694 0.198],
V7 (0.613 0.176 0.770), [0.692 0.198 0.694 ],
V8 [12T},//[0T1],, (0.176 0.613 0.770 ), (0.198 0.692 0.694 1,
\% 3 (0.770 0.613 0.176 ), [0.694 0.692 0.198],
V9 [T12},//011],, (0.770 0.176 0.613), [0.694 0.198 0.692 ],
vy (0.176 0.770 0.613), [0.198 0.694 0.692],
V10 (T11),//(011),, [2TT}/[0T1], (0.613 0.770 0.176 ), [0.692 0.694 0.198],
V10’ (0.613 0.176 0.770), [0.692 0.198 0.6941,
Vil (12T} //[011],, (0.176 0.613 0.770), [0.198 0.692 0.694 ],
vir (0.770 0.613 0.176 ), [0.694 0.692 0.198],
Vi2 [1T2}//011], (0.770 0.176 0.613), [0.694 0.198 0.692 ],
vi2' (0.176 0.770 0.613), [0.198 0.694 0.692],

AR B ISR 2 2 e PRBETH 20 ARITHEL KERRROEME 5 2 5 RIEATY
Nbbw\T/VW®@&Z@®£JE60k BEEBANDOHEAEICDONWTIER D,
(H¥:1751; R)

Fig.2-313. 2 ODEIER, 0-xyZ. O-xyz &R L. BIH % new FEIER, BE % old
BRE T2, XEO old BEERIZN T 2 HARKDM a,,a,, 2 NERATRI N Do

a,, =cos(X"x) a,, =cos(X"y) a,; =cos(X"z) (2.8)

Ere. ¥, ZHICOLCHAKICRT I LN TE 2o T HARKOMETR LT BT
EUTFIORT. ZhIEETIITH S,

(2.9)
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N|

&§ y

0) old

X -
X

Fig.2-3 Rotation of axis system.

(2 I‘)l/”k]fﬁ)
old BERZRICHBIT BV Mvr 2, new BIERD R /AT ICEM T 5121E, Eid. BIER{THIR

Eﬂf)ﬂéﬁ‘fﬂz&)%; EMTE D,

r=Rr (2.10)

(2 VINVEHL)
old IBAZZRIZBITEFT VLA Z, new BIEERDETAICEHT ZI1TiX, L0, HEE{TY
REAWTHUERTZZLIZLIORDBIENTE DB,

A = RAR! (2.11)

ZZT. RIZRDERETHTH %,

RFFETIE, Fig2-4 IR T XD IC, MAZEHET 20 /EE A, BICH LT, #hZh
O-x, V.2, O-x,y,z, FBIERA, ﬂ%mﬂskﬂbfO-—xyz@%ﬁ:é"%’iiﬂ‘éo YNV EEA
T, g /X YAl Y/ Y 2ol 25 12 TH D y BHIKFEERIC BT %, TDLD
WA REROBERE B - M—352 LT, MERIIBVWTHE—DER TR H %
DikS Z LhagEL 2%,
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yB
Crystal B

_.+y

Fig.2-4 Schematic illustration showing bicrystal and definition of axis system for bicrystal

or each component crystal.
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38 Fe-NiMEFOAMFREI T YA NERE

3-1 ¥35

— RIS RIVTF U A MWD BRI FRIGICKE LT —ICREI S 2 RIS TW
2. LD DIFERERIE. MEROEIZERY 1 P THI2LEZOSN, ZLOMAEL
FHIhTXRL, COMEICE®EL, M EEICRIFTHEBRY A XOEEIZOWTE,
BB HIICHIZE D R X hlel, ZDRER, BREKY A XWNhE <7 d e M EERKLE
BE(M BIMETT 52 EhRL Ll iz, SERPHEtIs & MEBOETK
B A P THAERBRMAOEAEEIERTICHEDLT. MaPMETIT D0
. —RAFPETIEED —BHRERER>TVWE, ZOFETHHEIIH LT, Olson
5. JEBICEREVERE SR Lz, Fig.31 &, BLakEE2ET 5 Fe-32.3Ni-0.004C
BLLERO M ETERIAE . BSIRNIER S ONZ Acoustic emission(AE)E % iV THI
FUEBRERLTVS, BEORED L L HIC, BRIEPREIC X D EST W= M £ERL
AMp S)IHE T Lz, AEETHESINE M BERHAMsY ROIX LR L. 2hZh
A S hEEEEEREIR. Z0HEEORHMICKRE L. fiFidaEdpeks UToRFR.
BE MR - BIRRIERPIRBEI NS, XoT. ZOFBRIE. HREAD M EEOE
ERERICH L TES L, BFEETIIMRNIC MEBPELTW DM, e LT
OMEEIZZIE>TOWRNWI L ERLTWS, 7 0% M EEEHIINT 2RO
ERIroNWTE., COEIRM—LERESBONTERZ, Lo T HEOHRIE. LD
MR I AN S HERE LT o 720

0 1 1 | 1
Fe-32.3Ni-0.004C alloy |

Ms (°C)
R I S
5 & & o

Single crystal value

e T T T T ]

_70 [ [ 1 1
0 200 400 600 800 1000

Grain size (um)

Fig.3-1 Grain-size dependence of martensite-start temperature determined by
acoustic-emission, M'* and electrical-resistivity, M,
(after G. B. Olson et al!7]).
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Kajiwaral2liZ, ¥ X COEERADEIC M EEOBEMERY A & LTE I DIF TR
., HAEDERRMADAD M ERICH UTHHRENICEH Z c‘:é??liﬂ:bf’:o Ll %
O FEMRR OB EIZIZES P57 Mageellld, Fe-33.INi 5% HRPICHELET 25
MM EBHRIAETL VIR M EDBELRICER b’ChZﬂfi?%ﬁ% L. TORFIIMZE
BEOBEMAERY A P LT < LE Lk, —7. Tsuzaki 58I, BESINRER. >
L F LRIREST Fe-32Ni 58 NER. BiER. ZHEROMAZRET LI T, MR

'@ﬁimﬁ4rabf@ EHBWRIE LS. HMNBER., SV LHREZEONER L H

EROM,SICIEEREENRO SN 22O T, T SKRAOKAERENIERE &
WEERDIT . L L, ZRERANOM, SdEERAICEAGWMEZ RLEZ &2
5. Kajiwaral2l X . H» 2R EORALS M BEOBEEMERY A P LTEIZ L2
BT LTz COL DT, BRRAE M EREOREIIDWTIERICEZ S DRI RINT
X=H KRBT BEBEBERD A = X i EARER R BEBIIREZEBHET N TH R,
ZOBERE LT, FLALOMENSHBEANVUTORTE LI EDBEIT LN S,

AMETIE. B hERRE 1 OEFESONEREZAOT. M ARSI RTITRA
MRROEE L ZRPDPDOERNICRE Uk, AETIE. M EREHORFMERIRENE, K
FIZBIT DBIMERD AN ZZLIIDONVWTEET Do

3-2 FEER L
Kaufman 582 & > THEI L= Fe-Ni 5%(Fig.3-2; REXD M ZEIZHIT 5 LR
BEE. BRI EENRE #, Figd3-3I2m Lz, THICEDE, aitﬂ{’ﬁ%'é?:c & TN M ¢ 53

EDBRGTH 5(M 57D 100~200K FBE) S S E BIR Uz AR TERL 258
Fe-32at.%Ni & TdHH. FCCHHH) — BCCMMNERZ TR T o
1600 T T T T Y T T T T

1538 C 1514'C
N L 1440 C 1455'C
1400 £ \(oF¢) B .

1594 C

1200 | .

1000 (yFe,Ni) i

912'C

800

770°C[™

Temperature (°C)

O ... Tc (yFe,Ni) 4

- 517.C ~el
.

600

400 -
3543 C

0 10 20 30 40 50 60 70 80 90 100
Fe Atomic Percent Nickel Ni

Fig.3-2 Phase diagram of Fe-Ni binary system.
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Z 500 :
g

5 400 _
©

) . To (calculated)

g“ 300 \Q\\ AF Y =0 T
(] N

[_4 .

200

100

0
27 29 31 33 35 37 39 41

Ni content (at.%)

Fig.3-3 Variation in transformation temperatures with Ni content in Fe-Ni alloys.
Open circle indicates calculated equilibrium temperature
(after Kaufman, L. and Cohen, M.18]).

(1) ILEESEZ AW BGE R O /ER
EME Fe 2 5 NI ZESME 7 NVI VEESHTTIAYT— VBT LI LITLD,
Fe-32at.%Ni & # B8 Lz, 2 OREE % AV TOLERF AR (optical Floating Zone
melting method: FZ )iz & . NEC SC-35HD FIC BV CHIERZER L. O,
gEE T Earr )L O BESP CRESE 5.0mm/Mh TEHR L. AP ORERIT 201
Z2-olc FFonw REZhZh 2.0rpm OFEECHHAICEEI Y, £, BmED
B AEZ T B TERICIE. 10 BFE»FTERIX THRE L. /BohMEaEk
Ta HCTHREL B, OEBICTIVIHAL, 1473K T 48 B#Faﬁ@i’ﬂﬁ{bk%fiﬁ{gﬁ@bf;o
. BREEEZZhZH 100K/h, 200K/h & Uiz, JOHBED S KEMIHEZHH
T, FEDOHMEET 2 2 DOHRRBRET D H Lz, 2B, BRALOREIEEZ »
THEEAVTT 2o YD HLEHERIET A ) —#K400~1500 FNZ L 2HMITEZEL
. BIEERE 10% / KFEE 90%(vol. %R EEEZ AV, BRICTERMELZME L. £
he 2 SDOEREFEOMHMNAMERDESICEELEE. ARBIZTNVIVEAL,
1273K T 100 BrRRIE T 2 2 LI K DIBUES L. MR ER1z.
(BEHEH & SR DZER)
AFFZETIE. 2 OORERHICH L, ROWFEREZERL 2o
D M ZHREE BN MIITRIA DY A TIRENS
- OWEHERICH U, Fig.3-4 IT7RY 90°<211>KFMEMA 7 & THNZ 90°21134a L b KL
BAETLWEREER L, WEROEARAIZIE. KA EWHELT 2 MIEROH
W ERSMEGRE RT AT L ARE LR U BERIERAFS&EOEN G
BITEMTH D PRREDERD L VWIREEET 5. LoT. 20 2 DORRIIK

RERBIREFEEREF T HDITEL TV S,
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( a) z<941>

[941] [941]
o o ——)y
- £ Qo) x211> [149]
[121] Component A [121] Component B
(])) z<941>
T
i i
H
i
n/4
i
[o41]]  ; [——.To4i]
<o 1211 = - [121]
[149] Component A [149] Component B

{100} {110} {111}
ComponenterystalA Q A [
ComponenterystalB @ A B

Fig.3-4 Schematic illustration of Fe-Nji bicrystals with (a) a 90°<211> symmetric tilt or
(b) a 90°£211} twist boundary and corresponding pole figures showing the orientation
relationships between component crystals A and B.

© MEAKFIHED M ZREENC RIF T 1A DB 2
CORFEBIIN L. Fig.3-5 1273 & 510, <211>0 AR Iz LT A6 %
FEF L\ x=90° 130° 150° 180°¢ 12 % 4 OISR Z/ER L =0 = 2 C. 180°<211>
ARMEA R TIPS BER & E M TH Do
CNOBHEERD S, Fig.36 IR L5 7 — Vi 2x0.5mm2x 3mm DE[ZELERF DOk
EHTHABEREMTHICE DD L, 208, ChbDREEZEEZIC 7L TS
HA U, 1273K T 1 BefE5E, AkDIclEE AR, Zh 5 el EHI B, - BAERTEE 2 1
U BB e L,

.22.



—» N

grain boundary

X <211>

Fig.3-5 Schematic illustration of bicrystal with the <211> symmetric tilt boundary and
definition of the tilt angle (x).

RS
T s ) o
° : ji grai; boundary
3 IV WU G
L2 s A
- > X Y4

Fig.3-6 Shape and dimensions of specimen.

(2) FZ %KIZ & 2 RS ROER, SRa&Rar ol

P, EdESEoM. FZ E2AVWTIEREER Uz, Figd3-7T IR LD, FIE
DHRICI D U BEEROm R ZERH L, ETOMMERICNUT y 80 /7 KR EE
EE Y OREESZ. FREDHMBRICAEL &, RS T2 L TURRERF/Z. 2O
k. RIRE AT IR AT MR AER T 5720, L6 DiER. BRERIDORELER
YOEEEEE T X BN RIGERERETH 5. TOHET, 90°<211>3FHE
FE L R BRE EER U7z

F7-. MERPZECEEL. 1473K T 2KBOBRERUE LT Z LI2X D BEHEX
REREPZRICSHE/BERH 2 ER Lk, BHNEREREL. BRARCEET 5<211>H
FMEAR AR (=180°)TH H. FEF! IR DPE VKA TH %0
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melted zone

Fig.3-7 Preparation of bicrystal using floating zone method.

(3) ZHREIRE DHIE

M . Fig3-8 ICRTREZ AV, BRI & CwALERIC B! [HEELZ
BIE LRE Uz ik SAZEEIUICBER L ENE ?J?(Takedaleen)b)% 100mA O ERER
ZREBIY., M CFREIENICE L 2REEN 2. BREN Z51(TakedaRiken) THIE L 7z,
BRI OFEREENORELRITZ -0, BEAMEZSEIVHEL . EBRATMA
WXL 4B DHEIE L. &K - R/ MEZFRROZEIEB@OEIIED 5 BRIBIUEZ KD o
o EXIEPEIETIE. ER - ERWmFEARCEEZEI RN Y MAET 52 LB —RIT
HED. FNICL BB NORE, BEFAEOERREDEEVBRINDS, ThE[F
WY S0 BRI Y — FEZ MR - BE L, AL Lz, TR, EREARH
BOEMLLBRWEIICEEL .

Fig.3-9 ICZE@m~7TK OREHIEREDONBZ TR .7 27 —OEICE Y EDWREAER
ERETZE, T2V -HMOBELFMICRELARPHEET 2, MEAZRRED S5ARDE
IEEMIEDZZLICED, AHBEEZELIEE, £, AHOBEERZ. SABHEEIZAL
BELET7NVAN =0 XNABNOHMEENZRE L., ZOREZARRRE & Uk 2B,
WHEE X, 1K/min & L 7=,

(4) FHRERR
FEMEIE ) IV R F RS TSBIOEBEMERIC X DB Lz,

(5) #&&H RLfEAT

M ZEEEIC & o T U RERNK A M - BREFEIC XV RNERE B L, BRAR
Ble Lz, BRI IX. SEM-EBSP(Electron Back Scattering Pattern /
JEOL JSM-840A, 25kV, 3.0 x 108A, TexSEM Laboratories)it % i) 7=,

-24-
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Data g-_
pc I UNIVERSAL Specimen

> SCANNER

Demand L
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— |

Digital
voltmeter Thermo

couple

Cold
junction

Fig.3-8 Schematic illustration of apparatus for electrical resistivity measurement
by DC-4 contact method.
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Fig.3-9 Schematic illustration of cooling apparatus in electrical resistivity measurement.
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Fig.3-10 Grain boundary produced by diffusion bonding.

Table3-1 Chemical compositions for single crystal ingots determined by chemical

analysis.
Ingot Fe Ni C N
1 Bal. 31.8 0.0128 0.00162
2 Bal. 31.8 0.0128 0.00284
3 Bal. 32.0 0.0137 0.00324
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Fig.3-11 Change in electrical resistivity of single (O) crystal and bicrystals with
the 90°<211> tilt (A) or the 90°{211} twist ((J) boundary as a function
of temperature on cooling.

Table3-2 Martensite-start temperature (M) in Fe-Ni single crystals and bicrystals
with the 90°<211> tilt or the 90°{211} twist boundaries.

Series Ms (K) Remarks
Single crystal Tilt bicrystal ~ Twist bicrystal ~ Original ingot

1 180 234 180 1

2 115 180 118 2

HRROEEBERZITLIEMNHLIP RO, T, M ROBAD S 90°<211>Fi
AT, MEBOBAERY A b LTBZEBEZLNS,
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Fig.3-12 Optical micrograph of thermally transformed martensites in single crystal ((a),
(d) and bicrystal with the 90°<211> tilt (b), (&) or the 90°{211} twist (), (D) boundary:
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Fig.3-13 Theoretical (100) pole figures of ‘martensite and y parent phase in component
crystals A and B of bicrystal with (a) the 90°<211> tilt or
(b) the 90°{211} twist boundary.

Fig.3-14 Stereographic projections of habit plane normal for component crystal A of
bicrystal with (a) the 90°<211> tilt or (b) the 90°{211} twist boundary.
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Ey phase

Martensite

Fig.3-15 Phase image (a) and (100) pole figure (b) of EBSP analysis for thermally
transformed martensites in Fe-Ni single crystal

grain boundary grain boundary ~ 100um

Fig.3-16 Orientation image of EBSP analysis for thermally transformed martensites in
bicrystals with (a) the 90°<211> tilt or (b) the 90°¢{211} twist boundary.
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Fig.3-17 The martensite-start temperature (M) of bicrystals with the <211> tilt
boundary plotted against tilt angles (x).
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Fig.3-18 Optical micrograph of thermally transformed martensites In Fe-Ni bicrystals
with <211> symmetric tilt boundary at x=90° (a), 130° (b), 150° (c) and 180° (d).

v

A
grain boundary

. Fig.3-19 Orientation image of EBSP analysis for thermally transformed martensites in
) Fe-Ni bicrystals with <211> tilt boundary at x=90° (a), 130° (b), 150° (c) and 180° (d).
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grain boundary lOOum

Fig.3-20 Optical micrographs of thermally transformed martensites in Fe -Ni bicrystals
with the <211> tilt boundary at x=180°. Two types of morphology are observed.

Fig.3-21 Orientation image of EBSP analysis for thermally transformed martensites
in Fe-Ni bicrystals with <211> tilt boundary at x=180°.

‘ Fig.3-22 Optical micrograph (a) and orientation image of EBSP analysis (b) for
l characteristic morphology of martensites observed in the vicinity of
<211> symmetric tilt boundary at x=180°.
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Fig.3-23 Optical micrographs of thermally transformed martensites in Fe-Ni bicrystal

® (Crystal A
© Crystal B

Fig.3-24 Orientation image (a) and (100) pole figure (b) of EBSP analysis for thermally
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Fig.3-25 Optical micrographs of martensite formed at annealing twin boundaries
In polycrystal.
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. (b) Trace of
grain boundary plane matrix B

matrix A

Fig.3-26 Phase image (a) and (100) pole figure (b) of EBSP analysis for thermally
transformed martensites (M1, M2) in the vicinity of annealing twin boundaries
in polycrystal.
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Fig.3-27 Stereographic projections of habit plane normal for component crystal Aof
bicrystals with (a) the 90°<211> tilt or (b) the 90°{211} twist boundary.
Open circles indicate the observed variants.

Fig.3-28 Stereographic projections of shear direction for component crystal A of
bicrystals with (a) the 90°<211> tilt or (b) the 90°{211} twist boundary.
Open circles indicate the observed variants.
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Fig.3-29 A stereographic projection of habit plane normal for component crystal of
bicrystals with the <211> tilt boundary at x=90°, 130° 150° and 180°.
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Fig.3-30 Change in deviation angle (6) between the habit plane of all variants and
the grain boundary with the tilt angle x.

— 7. Fig.3-22 T L7z & 5 1y=180°D1F A, KFRITEE Tldx=90°~150°IZ . ZED
NY T DERENE. x=180°LIAD<211>EAK R Tld. Fig.3-30 127K U7y - S HiRR
PO ENDMEZTTNY 7Y b T RhbBHRICL > GRRE NPTV T2 b —FK
BICIEE S e ZHIH L. x=180°Tld. Z DK ADHERFH NI ENZ LITER
L. V1, V2 V3 VI, V2, V3 &\ > =8B/ ) 7> kDA UHR/hofE(6=26°)%2 T L Tzo
COBSED S, x=180°D<2IEAKARTE L ONY T Y P HBREINLZ EHERICHE
fRT&E =,

—F . SMEDEAED S TIBBETERVNY 7Y FH VL DDPEREI N x=180°T.
Fig.3-21 TR U7 & 5 10 REBH & M REHSBERRICENNY) 72 hOERDED Shiz.
ZONY) Ty MERMEICOWTIE, 3-4-3 TEEL (iR, iz, x=90°TRDH 5Nz V3,
v=180°TRD SNz VAR KX, ZRZhOMR CHEINKEREZ L 2 ICHEDLTE
LTV o V3IZ V2IZ, VAZ V2 ICRTHEE L TV Z Eh 5, 205 IR FUHERITK
HELTERLENY 7Y MV, VI Lo TEEREI N AN 7Y P THHEHE
ZoNte CORZOEMIOVWTIE, 442 TFHELLHERS,
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LI b, SFMEAR R (=90° 130°, 150°, 180°), R U bR FEHETHEMKT 2 M RO
BARRT 21TV, RFIEEDONY 72 FBIRANCIDOWTER L HER. KAEE T,
BB A 2R E . KRN USREE D ETRRIEW N 7 b BEERIERE R
LT EDHLPERD T,

3-4-2 KFRICBIT B EREDERME

WHEERD M EREZBNI KA DY A 7HEA AL VIR IKET 2L BHL P LD

o RUDKRARNEROM  AITEEROFNEIFLEALRUTH o =b, MNIMEARLF
ﬂ%naacstiﬁnaakttfwﬁ% BWM EER U, . ZOXFMEARF IR TIE.
FRAERAE LEHERRL VR M &b RIS U THIRMCBERE U TER L 720 & 512,
ZNSITERFMCEMNN) 7Y N THoFe TOXD B M BOFEE. N 72 hER
. HEAKRICIBITS M ’i%"%xﬂ%ﬂﬁkﬂbf& LTWBIETTH Do RIETIE. 90°<211>
HEARIR, 90°211aL b KIRZED LiF. M ZREREHOKADY 1 TREEIIOWTH
=3

Fe-Ni &0 M Z#iE, FCC -»BCC ZETH b, FERICKESREREPRETLDT

EREHICEZ D ZOREIIERTER D, i, B2ETHRRELDIC. MEREZTH
REFHBIR WD TETRETH b, HEHmsUWEALhIE. M ERBIIERETHIE LTRERT
X2, COLIBEREZRAICBITZ M EZEIEAT 2 -201I2F,. RE1DEHNTH
EROBRERICHUERT ANEDSH B, I I T, 90°<21I>EAKR, 90°{21131 L b ki
RIS 0T B AR THIX. Table3-3ICRUL=@O TH b, COREICLDESN
= BGE R RICBIT A ERETHIP,O—BRETZRIITT

sxx ny Yz
l)l = ny Syy sz (31)

Y Y zy £ 7z

¥ /-, Table3-4 I B MERTERBICEDSNENY 7Y bORKREZTT
Livingston & Chalmersi'sWZ & 2 & RFIEEDPERL T 28F. MR TEN KRR T ND
ERIIBVWEDIZE. UToRAEGEIHEEINRITNERS R0,

B

A__B A A_,B
8xx_‘(:xx 8zz'_ezz sz—sz (32)

ZT. A BIRAZEMTI2RMERERL T D, DX K FESHEX. #EE,
*Jﬁﬁ%d)ﬁfi*ﬁ/\ BRI 2 BT DBRICEE ST E 20619, Miyazaki 518190,
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Table3-3 Coordinate transformation matrices for component crystals of bicrystals with
the 90°<211> tilt and the 90°{211} twist boundary.

Axis system Crystal A Crystal B
S22 12 1
% B 6 % ¥
: 1 4 9 : 1 4 9
Tilt g.b. ihpsl-— ——— gl T _Z_
& MR I W2 M BN N A N
9 4 1 9 4 1
72 W2 2 742 2 2
1 4 9 R 4 9,
72 2 T2 72 W2 2
y 1 2 1 y 1 2 1
Twist g.b. SR - — L g -
& S B N R 3 o Y AR RN
9 4 1 9 4 1
2 12 2 2 W2 2

Table3-4 Shape strain matrices in the bicrystal system (x, y, z) for observed variants in
the vicinity of the 90°<211> tilt and the 90°{211} twist boundary.

Type of boundary Crystal A Crystal B

0.9454 -0.2044 -0.0022 0.9454 0.2044 -0.0022
90° < 211 > tilt wprit=1 00195 10729 -0.0196 prit=|-0.0195 1.0729 0.0196
-0.0100 -0.0577 0.9996 -0.0100 0.0577 0.9996

-0.0099 1.0440 0.0106
0.0229 -0.1972 0.9537

1.0190 -0.0846 -0.0407
Iwist PV7 =
18

09573 01927 -0.0229
-0.0106 1.0440 -0.099
0.0407 -0.0846 1.0190

90°(211} twist "RV =

0.0137 09268 -0.0359
-0.0556 0.1880 1.0922

0.9989 0.0059 -0.0175
P =

Cu-AlNi TR B A S OISR 2 ER U, BURTHRIC RIF TR AMEE DEEIC DUV TG
Lo BEREZER LSS, HAEAMOEH2HET 2RATHIET 52 i3l
Eh. ZhEHBE LR VKA TIIRAREE L=, MAESGHEEFZHE L TORWKRRT
. WMRAMICL 2R EEDTRTEICESISHEFDRE L. HABRIIED D
AN, . Miura 500F Cu-Zn-Si AENEREAVWERRICLD, K
SRR LT O RRE SIS EE RITT I L 2mE L,

FiFE I RRICBIT 2 BREEEROH S 2 A ESHEOBRAD 5 EE Lz, Table3-4
SR UERREFIICBWT, RB.DDRFEAERM (e, e, v )WMAMNTERTZ &, M
@*ﬁﬁ%ﬁ%/\fé V11 DBE L= 5BE MBORRER A TER L TWDE I LD Dr 5,

NIZR L. AU DKRRTIEZORIREDERE L TRV, THIT. TANTOREER/NY

IZxt LT, EUERBERCBIT BRED KD ZORR. NIMEAKIFR T
%ﬁﬂﬁl\“) VOSBRSS, DTRRICBIIEEEOEGHEHFTEDN A
UhERTIE. WFhON) 7Y b BBHELEL LTH,. HRICBIT S EEEOERMEZ

YT BN TERVWIEDHES P ERS e TOX S R FEATEIC S %K AER
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REMIZ. BOEROMMER. OF b EBEERTIICERIN TS, Lo T WA
R R, AEMICHABESHARETEARATH . HIC. RUDKHRE, ZhzX
BRI ﬁ%(%ﬁmhﬁf@%tmz%o

WRDY 4 ZIRE LR RIC B 2 EREEOEGFMICE LT, Bt T &k D 2
?6@f%hﬁ\ﬁ%m%ﬁéﬁﬂ%@%§mb W REEEFICERT A5 RETTHAT
B2, L LEMS, Table3-4 1275 L7 & 3 RILIRETINIE NG DOREDREFRRIZE
SWTCEHENEEDOTH . THEEOKRE F TIEFHETERV, BRICZNZFHET 5
Tt BRELICERINAEREERORINE RS0, T I Ty 24 fEED N-W Y

7> MZ Fig.3- 1312k L L S I2. 3D Bain V)V —7IC AT 5 2 EDPAHETH Do
A8 3 PR T A KB L3 DTHAHDT, 24 BHONY 72 MIIR LT, $TD
BHEBIB RO D 2 LITIEEICEEHI S L 3FED Bain V)V —TIIH ULERT S0 T
+5TH Do BRELOERERDBHNC, FREREIZRIZBT 5 Bain ETH2E
ULFo ZD§ER % Table3-51Im 3, ZDHmESD. nﬁﬁA@@*@@m EET A E.
FRR T, B 7V —7hBE L EBA, BRICB 2 EREOERS MRS .,
L:\mbbwﬁf@m?n®7w~7#%%bttbf%ﬁ%ﬁ@éﬁﬁiﬁ%énﬁ
WS EBbD B, 2DLS7 Bain EITHIN S, UTOEREICLD, BRAE LOESLZ

Table3-5 Bain distortion matrices in the bicrystal coordinates (x, y, z).

Type of boundary Crystal A Crystal B
1.077 0.0137 0.123 1.077 -0.0137 0.123
" BYl = 1.129 -0.00735 it Ul = 1.129  0.00735
sym. 0.858 sym. 0.858
0911 0.109 -0.109 0911 -0.109 -0.109
90° < 211 > tilt B = 1.078 0.0772 B = 1.078 -0.0772
sym. 1.078 sym. 1.078
1.077 -0.123 -0.0137 1.077 0.123 -0.0137
B 0.858 -0.00735 "B = 0.858 0.00735
sym. 1.129 sym. 1.129

1.129 -0.0137 -0.00735 1.129 0.0137 0.00735
wist BG1 = RO =

1.077 -0.123 1.077 -0.123
sym. 0.858 sym. 0.858
1.078 -0.109 0.0772 1.078 0.109 -0.0772

90°{211} twist M B = 0911  0.109 i BUZ = 0911  0.109
sym. 1.078 sym. 1.078
0.858 0.123 -0.00735 0.858 -0.123 0.00735
wist B = 1.077  0.0137 i B = 1.077  0.0137

sym. 1.129 sym. 1.129
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HELE, Fig.3-31 IR T L0, SMAERORAME LICEEMS 28 ET 5. DR
il S, FAREER(Y) RS TIZZN S DHFE S xy) D 572 B EEERNDRRIZEEHATY] RIX
RATCERIND,

S
R=| y (3.3)

Sxy

CORZHV, S5ICSERNATACEZEDAMICEZZ LT, MAREEEEL LZERK
ETHERD D DT E D RFEEGEDORMHG.2DITHIRA e, e, , Y JITEET 5 &\
SHAMDOEEMMTe, & LT, Sxy) AEADFEER ML, & LTEND, £72.8S & (Sxy)
FEWICERZLTWA D, ¢, 13 SH 90°HEE L =De YT 2, £oTe v v,
DEFHETZ D KA LOELRZFET 5 2 LIINET 5. Fig.3-32, Fig.3-33 (&,

ZhZzh 90°<21I>EAKIAR, 90°{121A L b K ARICBIT B e\ v, MDD HKESE 2R
LTW3, HAKRIIBWT, BiafR A, B THELDERIE, Fifi/ Bain 7 )V— 7D
BLESGE., BRIC-BLTHWS, ZRIEXN L. QU DKRATIE. WIhd Bain 7)V—

g.b. normal

L
b

Crystal A Crystal B

(Saxy)  (Sgxy)

\/ )\/ > y: g.b. normal
Sa Sp

Fig.3-31 Schematic illustration showing the rotation of axis system around the grain
boundary normal to calculate strain field in the boundary due to the formation
of martensite.
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-
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Fig.3-32 Change in shape deformation matrix components of ¢ and y for,Bain distortion
In crystal A and B depending on the orientation of y parent phase
on the 90°<211> tilt boundary.

G2(A) G2(B)
G{(A) G}(B) /] G3B) G3A)

0.2

02 G2(B)| G2(A)
Crystal A '[m] [101]  [u1]  [101]  [111]

Crystal B [101]  [111]  [101] [111]  [101]

Fig.3-33 Change in shape deformation matrix components of ¢ and y for Bain distortion
in crystal A and B depending on the orientation of y parent phase on the 90°(211} twist
boundary. Solid and broken are corresponding to the component
crystal A and B, respectively.
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THBEELEELTH, ZOEBIITADBELTCLED, UL, KUDKAREMLTGL
c‘:Gla?)ZoL\c;tGSKGBbSB?H%LT:Jﬁ I ZOEBOTNDBIER I/ NI W &by
%o HEAKR L EME. %7 Bain ZV)V—7DRFICTHELTCHTREZ TRV, £
BRICIIERIhAaro . Zhid, KIRICBIT 2 E0EKGMEDNES ICHMMREFTH B2
CERET DL EHIZ, RARIIBIT2EOEGMEDPEEICREN-ZHG. VIO TRERNR
M EEEFHIIKMEINDE I EE2RLTNWS, 22T, Bain ERICHUTERLEDY, Z
Ofamit. LB UL=ZED, KRDY A TIKGE LU BREERTYOMEERM L2 DT
HH. NWNUTL MR UTERLTHEFMRHERICITES <o

COLIIT, WABEHEOHADS, HRHMAEZRELL 2DIIHHTER,

O HABESHEZHETE DA (EAKR)

@ HREAEMEBmETESRVKR U LKA
BIEIE. MERBIZBWT, #L4aNN) 7 MDPRATHET LI EICED, HRICH
EREEOEFGEDHERF S I, BEFII M LRI T KR &5E@ﬁﬁﬁéﬁ%¢é
CEMTERWIEEZTT, Thbb, &L, KWAEETMEPERLEZSBE. KRS
BREEWMEIEL-0, HAEEIEMER L 2TNERSBRNWIEE2EKT 5, TN
EERAMICET L Figd3-34 L5, KRICBIF 2 ERBEOERMED, @RI h T\ 515

Matrix

grain boundary

(a) Compatible (b) Incompatible

Fig.3-34 Schematic illustration showing compatibility of displacements (d) on a grain
boundary in bicrystal. The displacements in component A and B crystals are
compatible (a) or not (b).
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&, DRI NTORWEEET T HAKARTIE. MEBICI>TRAEEICAELE
MERLSI—BRITZIEHTEDLDT, Fig.3-34@IZHY L, kRIT M B0 E iz Ml
LW, ZRUCH LT, AU KR TIK, KMAELICAE U EMEEEELIT TIEERI
—HIBBZIENTERNDT, Fig3-3dOIZHY T 2, ZOHA. MoREE BIX. Al
EERADPSELSE M BORKREMDEFIERD, BAERRALIEWNCRAREFTEL
DMEEENHITAEEZONSE DL KRBT Z2ERBEOEGMEDOE DS
HEAKRIE M EEOEEEERY A P LTBLZENTESLD. RUIKREM B
BRSO L TR ES T2 N TERVWI EPBEMICHATE o £o. HA
WRTHRDSNE, Sfie/N) 7y PR AEBRA TCHBOICHEERT SR 2,
Cooperative Nucleation (C-N) | & E# L /=,

—%. AU DRRTIE, KR TEREOERUZHRTCERVICHEDS T, FED
NY T P DRRBBRATHEDHEE THIEL TV AEEN LIXLEED SNz, fIX
X, Fig.3-16(0)D V4L VIR ETH %, R U DKHAMERO M Fld, BEROZHEIE
LAYALTHD, HAPM BOBEEERY A b LTE» RV, ZORR. KATHK
ERLUZMBVOD EEABRTHRIZHEE L. 2O T—Ib I AREN LT M&EVY)
DEMEFE L EEZ 5N 5 (Fig.3-35)0 sFMlllLRE TN D D5, KR ZE A UG OIE
3. Livingston & Chalmers!3l|Z & > THA I W2 G HEZERE(N, )z O CEHii© &
Do BIRTHR L. RIFIZEZE L= VD 9021 L WA Z M LT, 248 D O&REFE
NYT7 L hEBELEBE. 7N ENEITNRMICEEINTWE D ERT/NT
A—% N AE&RFE LTz ZORER%E Table3-6 12779 ZON, fEIX. 1IN TTHZHRE

| (a) Nucleation in grain

» (b) Shear transmission across
the boundary

| (c) Formation of specific variant
by transmitted shear stress

Fig.3-35 Schematic illustration showing formation of martensite by shear transmission
beyond the boundary.
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Table3-6 The stress transmission factors, N i for the combinations of variants against
V4' across the 90°{211} twist boundary.

v4' v4

V1 0.756 A28 0.638

V2 -0.324 V2! 0.346

V3 0.123 V3 -0.425

V4 0.621 v4' 0.451

A% -0.658 \%) 0.108

V6 -0.201 A% -0.825

V7 0.474 VT 0.538

V8 -0.024 Vs -0.744

A\’ -0.759 A\%% -0.117

V10 0.407 Vi0' 0.521
vl 0.164 vir -0.468
V12 -0.553 vi2' -0.032

Y TR EEETE S, £ M BOBRERIZ., BEEISHE>TEL . TDL,
BN R T P — B DR ICEEI N B ICIE. MAEN L CORBEOBGRMENS
DIFE Lo D 2 DDERMEFBELENY 7Y M, TOHE VITH D, KERICED
SHENYTY R EBEW—BERLE. £oT. Fig3-35 IR LELS %, KATERL
=M BDSHRICEET I THIBRICEEDONNY) 7Y bOM BEZFHRE LR LW HEM
A7 OtREIRYTHLENZ D, TOBRGPEULFER. QU DKRAIERE T, L
X LUIXKRAZ M aazb>ﬁﬁb7”:cl: SIHMBPEEINEZEEZION D,
COEAICRAREESMIMEEEH IR T IEFRICEEREFTH LI PO
Lotz ¥z, MM T &)%htﬁbtﬁMBHODWﬁ% AL, BRERINEDITT
. BR - MAMKERB UEERTH 2 2 & B BERBITIC X DI T E L,

3-4-3 WHEET XV ¥ — LB ER

<211> R FME R RIS RIL, BERICHABOIM SE2RTET TR R THM
N 7 B L TERT % Cooperative nucleation(C-N) & E# L = FH# e i% L
RILEEE T T o AETIE. FEMEAKRICT, BEDON) 7Y MIk 2 CNBEENIZE
U BRI DOWTERET 5,

(B R %A U 7= B ©38%; Cooperative nucleation)
M ZTHETI. FTEEEED I LICL D ERICES ER2KIIBITHENT 2 LB TE DN
REOL 7—RAEBELTLED. LL, BRoNY 7Y b llAaahbEs I &I
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I, ZOEEENT I LDTEETH D, TOF 2 BHOEBNKED TV T Y A
b O B 2 #%(Self-accommodation) | & MEEN %, Saburi, Wayman 521233 HIHE
LW 2 EEE/N) 7Y MAICH LT, REHICL D Zh2hORIREP, 25HE L%
Yoy, METHICEROD TR DI ERL, BN 7Y bOEAGOEIZED,
MRRELERENTEBZI L BRUE. COHCHEL. LRy 4 7OHBER M AR
TRH SRl EREEERBRICEERBRE 2R LTV 5,

AR EITH & BV BRI, BERD 2 WIXKRAICHIT 2 MEEICH L TE
AanCEEN, KT, HAEEDO M ZRICH L TFO#EREZRAAZ. flE LT,
90°<211>MAR R TCHEINE VIL O CN 2HD LiIF 5. HAKEANTZEDNY 7 2 b
(VIDDS B THER LS ORRETYHIX Table3-4 IZ/RLZED TH 5. VI1 O C-N H
U EBEORRETII(P L. RICTRTIICZNLDFEE 2D,

0.9454 0 -0.0022
0 1.0729 0
-0.0100 0 0.9996.

PIZLI%(PIX“ +P, )= (3-4)

Yo Yoo Yy Yo B0 LD, TEORRBITIN LA, BAFFFITESNTN o &
D CN I L 2R EOHD I, HAEN L~ HOHCHALTHD LWL Do Fh. EN
ERNXhTLEOT, MR BB THRERT 2 HAIC A, HAKRTO CNIC LML
RIEERITH Ho L LENS, HORENRORRETNZLET 22D TR, HEH
BHLOREERSNTOBEDPTHTH 5,

. M ZREC L ERERE A, (LT ROLF —TH, JHEET RVF—TRS
7330 BEE M BERICHES MAMDRET X)L F— Bt - BHET AL F R
5733, TOBEEC LD, MABIANZHEHRECRI 20T R, BHRHLEL
5%, CN 2SO ECHEEE. MBERICHES FEEHT IV F—2ETFSE, ZhiEM,
BOLRICRES LELBND,

MR TR )NV F—DEEH)

Eshelbyelld, RMAARICBELAEHE2ET 2N EMDEBRINEZE. RETSHMEET
INVF—EEET B WHhOD INAEWMET V) 2RIBLE, Z0%. £ OMEENM
THEEND L THELRIRZIIAN LT, 20 Eshelby MimZE#EH L RE QBN Z N
(2733, M OHCOHBIZHESPIC M BEBOEETANF—2BDI R EEHITEI T
WADT, BUETANF—OHEREEREREEGZI T NZETTH D, £I T K
OIREIZ L DR ETHID S M BRI BHEE XL F—(U )2 KD,
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FAREGINE, RS ZELEODENMTH D, 22 TRAE AN THIFET €] I
ZHUTzo

+ P, .
gl =1l § (38-5)

ZZT. &, & Kroneckerdelta TH 2, MEEHICe, RAZENEELEHARICELD
EHET XNV F—(UNIRA RN,

U, =j;ii o, de; (3-6)

S 77K BV T Hook’s law ASERIZL T 2D T, #MEET AV F—(U )L ey DERS
ZRVWTRATRI N,

UO = %(Exx +£yy + Ezz)2 '*'c}(sxx2 +8y)'2 +£zzz)+ ZG(nyz +Yy22 +YX22) (3.7)

2T, GIEZRMEER, viZ Poisson’s ratio TdH b,

EMEECRANF - SERRICBITEN) 72 MEIR BB ER)
CNIZE>TRETZMUEETLANF—(U)DZ 24 BEORBERNY 7> b 4 EHED
<211>RHFME ARLF (x=90°, 130°, 150°, 180X LCEE L. ZDER%Z Table3-7
WZRT e 2y ENV T MORBEEH K AEDRTAG B RKRIIR Lz, Fig.3-36 i,
Table3-7 2R LT ATOET RN F—(U) % BERCRATD THAG)E AW TEAE
LERREEZTT. M @HORNIC B T4 (Independent nucleation) L /=35 & DE T %
WV F—(UIEH 1500d/mol TH H KHICHR TR Uz —A.CNIZHT Z2EZ RN F—
(U, N 7Y NMzBEDbS 3, BMBERDZN XL D LTERWEZRLEZ, THIZEM
BAERIZHENT CNDBERHTHH, ZOU,OFDEIMHOLRICER LI E2RBE LT
Who Fiz, EERENWZ LIZ. ExxNVXF (U)K, HAQIZIFEA CIKES T, BEEH
CRIFED T HAOGHITE AR L Tzo 8ED 0°, 90°1ZE D < IFE CNOETZRINVF—(U)
IR DL T A ehbhok, ZHiE. ZOLIRMEDN) 7 MZE % C-N BB
AR FRICBWTHMNTH D e 2RB LTS, ERIZ, F<211>{EAK R T,
BSMEZTRTNY 7 D CN DBHEI N, I 5IIy=180°D<211>HAK R TIX. RFF
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Table3-7 Values of deviation angle (8) between the habit plane and grain boundary, and
calculated elastic strain energy (Uy) for cooperative nucleation of 24 habit plane
variants in Fe-Ni bicrystals with various tilt angles.

Variant x=90" X=130" x=150" X=180
notation o Uo d Ua o Uy o Ua
Vi 448 1238 307 642 262 356 258 368
vr 658 1226 473 817 384 595 258 368
V2 707 1144 509 1089 410 954 258 368
V2! 215 641 66 125 1.5 80 258 368
\& 3.7 799 190 479 182 369 258 368
V3 566 1339 402 1276 331 907 258 368
V4 463 979 656 893 754 762 894 264
\z 849 1078 672 1166 586 1078 458 783
Vs 89.4 1461 701 1334 605 1143 458 783
Vs 620 950 738 356 803 176 894 264
V6 747 525 861 352 880 477 789 825
V6! 557 1184 756 1017 856 873 789 825
v7 777 123 829 831 858 583 89.4 264
VT $5.5 1190 474 1088 455 916 458 783
V8 642 823 692 664 727 659 789 825
V8! 80.5 1463 895 1326 859 1137 789 825
V9 659 1121 545 1097 501 936 458 783
\% 768 538 818 204 846 147 894 264
Vio 578 1079 655 1162 704 1104 789 825
V1o 336 992 534 1135 634 1014 789 825
v 150 488 234 428 317 506 458 783
vir 610 1182 726 980 790 695 894 264
vi2 450 1468 644 1047 741 635 894 264
V12! 276 847 296 500 348 522 458 783
1600 T T T T T T T T
= 1400 Independent Nucleation © o
TED A ) A
= 1200 | X T8 &y 0 o
= o 90 A A% a 8 OD
- 1000 F |2 130 o L AD )
> a 150 o © O o
2 v 180 0 o o ab
2 800 [ ° s O "
- o A A4 .
5 600 | o o B
2 ® A a0 © O
8 400 O w A A
8 v
o200 Py ]
0 I. 1 i 1 1 1 1 1

0O 10 20 30 40 50 60 70 80 90
Deviation angle, d (deg.)

Fig.3-36 Calculated elastic strain energy for cooperative nucleation of 24 habit plane
variants against deviation angle (5) between the habit plane and the grain
boundary. Solid marks indicate the strain energy for actually
observed variant at each tilt angle x.
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e RATOSEEERIGENN) 7Y MZL D CN ERICEREINZ. LPLARDS,
SRR HSR R A U CRTERICEWEE . RADPERERED Y 7 —Mian 2R L
7. FOLHIBRNVT U IO CNDBEXEMTHoZEEZI NS,

DI, BRIZBI B EIRER. FEH 2 M BEKOERIE. REOEMIZE
BICEE L, RARICBI 2 M EEEE, BAKERE. 23V TF—os/MlilXE S h
TWARELNWZ Do

(AL M HED)

SRMEAR FEE TIX. ZORRICBWTR/NDOMEZRT/NY 7 2 b DMERRITERS
h. S5 CNBZRLE, 20 C-N BUEERO M EREBHIGDO Y H—IZRb, MRz
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Fig.3-40 Schematic illustration showing formation process of cooperative nucleated
martensites at the boundary prior to the nucleation in grain.
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Fig.4-3 Optical micrograph of thermally transformed martensites in 0.1% pre -deformed
Fe-Ni single crystal (a), (d)) and bicrystal with the tilt (b), (e))
or the twist ((c), () boundary.
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Fig.4-4 Orientation images of EBSP analysis for thermally transformed martensites
in 0.19% pre-strained single crystal (a) and bicrystal with
the 90°{211} twist boundary (b).

Fig.4-5 Orientation image of EBSP analysis for the lamellar-like morphology
in 0.1% pre-deformed Fe-Ni bicrystal with the 90°<211> tilt boundary.
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Fig.4-6 Typical stress-strain curves in Fe-Ni single crystal, bicrystals with
the 90°<211> tilt or the 90°{211} twist boundary.
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Fig.4-7 Schematic illustration of each controlling factor for the change in the M s
for pre-strained single crystals and bicrystals; work hardening behaviour
depending on the crystals leads to the change in the M .
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Fig.4-8 Dislocation substructure in (a) single crystal and (b) bicrystal with
the 90°<211> tilt boundary deformed at R.T.. B/(121], g//(111].
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Fig.4-9 Optical micrograph of surfaces of single crystal ((a), (d)) and bicrystal with
the 90°<211> tilt ((b), (e)) or the 90°{211} twist ((c), () boundary deformed
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Fig.4-10 Schematic illustration showing the formation process of lamellar-like
morphology in bicrystal with the 90°<211> tilt boundary.
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Fig.4-11 Schematic illustration of relationship between the compatibility of shape strain
at variants interface and the sign of N; value.
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Table4-2 The stress transmission factors, N i for the combinations of variants against
V11 and V2' formed near the 90°<211> tilt boundary.

Vi1 V2 V11 v2'
V1 0.479 0.625 vI' -0.489 -0.371
V2 0.330 0.434 V2! 0.852 —
V3 -0.874 -0.816 V3 -0.423 -0.371
V4 0.486 0.596 V4 -0.490 -0.429
Vs 0.237 0.330 V5! 0.797 0.924
Vo6 -0.923 -0.918 Vo' -0.510 -0.493
V7 -0.417 -0.485 \Z 0.601 0.478
V8 0.929 0.795 \'%3 0.331 0.246
Vo -0.490 -0.490 V9! -0.922 -0.916
V10 -0.383 -0.500 V1o’ 0.645 0.483
Vil — 0.852 vir 0.437 0.337
vi2 -0.387 -0.426 V12 -0.828 -0.876

Fig.4-12 Stereographic projections of habit plane normal for component crystal A of
bicrystals with the 90°<211> tilt boundary. Observed paired variants are
indicated by large open circles.
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Table5-1 Chemical compositions for single crystal ingots determined

by chemical analysis.
Ingot Fe Ni C N
1 Bal. 31.8 0.0128 0.00284
2 Bal. 314 0.0236 0.00243
S grain boundary

Fig.5-1 Definition of the angle, ¢ between tensile axis and grain boundary plane in tensile
specimen. The angle is selected to be $=0, 45 and 90°.
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Fig.5-2 Schematic illustration of cooling apparatus in tensile deformation.
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Fig.5-3 Typical stress-strain curves at several temperatures in Fe-Ni bicrystals
with the 90°<211> tilt boundary.
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Fig.5-4 Change in martensite-start stress(o,, ) in Fe-Ni single crystals (O) and bicrystals
with the 90°<211> tilt () or the 90°{211} twist ({]) boundary as a function
of temperature. Solid marks indicate yield stress(c,, ).
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Fig.5-5 Optical micrographs of stress-induced martensites in Fe-Ni (a) single crystal
at o, =164MPa, (b) bicrystal with the 90°<211> tilt boundary at o,  =60MPa
and (c) bicrystal with the 90°{211} twist boundary at o y =113MPa.
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Fig.5-6 Phase image (a) and (100) pole figure (b) of EBSP analysis for stress-induced
martensites in Fe-Ni single crystals. Orientation images for bicrystal
with the 90°<211> tilt (c) and the 90°{211} twist boundary.
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Fig.5-7 Change in martensite-start stress (o,, ) In bicrystals with the tilt boundary
depending on the loading axis at ¢=0 (O), 45 ((J) and 90°(A).
Solid marks indicate yield stress (o,, ).
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Fig.5-8 Optical micrograph of stress-induced martensites near the 90°<211> tilt boundary
of Fe-Ni bicrystals. (a) p=45° o, =304MPa; (b) $=90°, o, =224MPa.
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Fig.5-9 Orientation image of EBSP analysis for stress-induced martensites in Fe-Ni
bicrystals with the 90°<211> tilt boundary. (a) =45, (b) $=90°.

grain boundary 100pum grain boundary S0um

Fig.5-10 Optical micrograph (a) and orientation image (b) of EBSP analysis for
martensites induced by tensile stress at $=45° in the vicinity of
the 90°<211> tilt boundary.
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Fig.5-11 Change in martensite-start stress (o,, ) in Fe-Ni single crystals (O) and
bicrystals with the 90°<211> tilt boundary (A) as a function of temperature.
The necessary stress producing the difference of M, between single
crystal and bicrystal with the 90°<211> tilt boundary is estimated
from the o, -T relation in single crystals.
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Fig.5-12 Optical micrographs of stress induced martensites in the vicinity of
the 90°<211> tilt boundary. Both micrograph (a) and (b) show similar
morphology though the size of martensites is different.
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Fig.5-13 Relationship between applied stress and shear deformation of martensite.
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Ndo

AG'=AG +E,, (5.4)

E DADHE, EEMOERDPIEINS EEZ S,

—7%. FCC—BCC ® Bain ZiZ. Fig.5-14 I § FCC BEREIZR (K, v, 2IZBW
T, BEEEICIR S EM S e, £, &, CRIRTE D, iz, FEHE SERMO
R¥AEZNZNG. 0,. 0,LTBLE, BRAELLD, 2T, NUT7 Y MERIZ
RETARIBHOBTGE2ETINTIA—FE2H—F 27280, M OEHZEIRY 2587
(E,)2EREIH(oNINT HEIGTRIFEL, E,2U TEHLZ,

(U/0)p =&, c0s0, +£, cosO +&,cosH, (5.5)

738, LD & lattice deformation ZEk L., IWIREET NI XL B85 A—4 & X
T 50 LT,

Z
Szzﬁ 18]
0z eyy
Oy — y
Ox o: applied stress

¢: transformation strain along (x,y,z) axes
0: angle between loading axis and (x,y,z) axes
£xx X

Fig.5-14 Relationship between applied stress and transformation strain components
in lattice deformation model
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@ BHLEBIDP _EXAMBOZEAMERICES TS

Borgers & Burgers24id, BAMFHD 1 DTH % _HY AW Fi(double shear
mechanism) 2218 U /=, FCC SO H 2 {111}, H L Ta, /18<112> OEAMHEL,
X 5ICftio 111}, L Ta, /12<112> OHAMMPEL % 2 & T FCC KT BCC ¥
WZHBENINTH D, CORRD 2DODTADRIINT % Schmid factor 23K 5 Z
LIZk b BAERICNT 2 HAROMREZFHET 2OBIDETINVTH %o BAEMA
HZZXLIZLE L DIFEBIC L > THEEI NI, 2 ODDORAMD. H 2 —EDERIC
HBEH. INSDTARD ZEFERHSEECI Y 2 EEMAMIIIERICRESND 2D,
ZDETIVEBEIG L AT D0,

—F. EEREEDEAMERISEVEBEER M ZETIE. 20ERIIXNT S
Schmid factor K&, /3 7> NERM 2B T 215805 5117, Schmid factor %
KO ZETEMULTWE D, AERICIZOAHB NI RERERICHEET L VWDET

ICHMTH %o

EFNVOIF LR UEBBIC L D ERASIDERICDRNDOT, RFRTIIWMOFEDLT, €5
VO % AGHFLIT @A LTz,

F 3 ERERTEF VKD, RG.2DL D 24 @Y OEMEHNY 72 MINT B U/ o)fE
ERKDI=. ZFDFER % Table5-2 2T o Z DEHEIZIX Table2-2 T L Zf@FH)/ ST X —
YEBAWE, SITEREEEFVLSIE, SERICHTOARICED. 2OU/o)ENIET
RKERBEEETDHN) 7Y POERDBPIEI NS,

M ZHEEZE)IC RIF TR AN E ARG OMRE T 2720, RRDY A TE2RLS
B, S HARAAE—E L LEBEO/SY 72 MBRIRMISER Uz, Zhid 90°<211>{E£4
R, 90°{211 A U b R R AEEIC A Uy ¢=0°DBIERIG T M AREEFRE L 255D /\ )
7 NBERMICHY T 2, RUDKARIEROR NFELRETIE. V5, VEONND 72 b
BEEXN, ZheNU 7Y bOU /o) fEixZhZh, 0.0729, 0.0922 THH. IETKE
MEETRUE. 3BTl LS, Hehd M ARETIE, SEFHEHKIFREIC X U TRT
BRISGEWLWN Y 7Y b RREE TIERE NS, L2LRDS, RUDKATE. WY
NON) 7Y PHBEELTH, R TEREOEGE SRS RWEH, N7 b
BIRICRIFTRAOMBRIZZNTIERSRVWEEZOND, Lo T, WHBEREEREIIBN
T. QU bR RIZ—FBORNEFRY A P LTORBE, N) 72 MERBIRIITRFMER K

DHARBIOMENRIKBINEZEEZL OGN D,

—7. M¥MEAKANEETIE, V3, V11, V2O 72 P PEIRIN TV, £D
hC V3, VI2D U /o)fEiZFhZh, 0101, 0.100 THH. EOKREREER L. £
NoENY 7Y FOERIZBAFEMEERTRDON BP0 T V3, VI2iE, BRLER
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Table5-2 Contribution of applied stress to work done for phase transformation
from austenite to martensite using (Ulo) values.

Variant notation Ulo value
$=0° ¢ =45° ¢ =90°
CrystalAorB Crystal A Crystal B CrystalAor B

Vi -0.0977 -0.0232 0.0248 0.1003
V1 -0.0637 -0.0232 -0.0246 0.0159
V2 0.0787 -0.0232 0.0604 -0.0397
V2! -0.0397 -0.0232 0.0604 0.0787
A% 0.0159 -0.0232 -0.0246 -0.0637
V3 0.100 -0.0232 0.0248 -0.0977
V4 -0.103 -0.0022 0.0003 0.1009
v4' -0.0745 0.0183 -0.0799 0.0108
V5 0.0729 0.0183 0.0535 -0.0004
V5! -0.0430 -0.0022 0.0535 0.0954
Vé 0.00374 0.0300 -0.0799 -0.0559
V6! 0.0913 0.0300 0.0003 -0.0616
V7 -0.0468 -0.0022 -0.0246 0.0190
VT -0.0577 0.0183 0.0248 0.1009
V8 -0.00113 0.0300 0.0604 0.0922
\%3 0.0922 0.0300 0.0604 -0.0011
V9 0.101 0.0183 0.0248 -0.0577
V9! 0.0190 -0.0022 -0.0246 -0.0463
V10 -0.0599 0.0300 -0.0799 0.0037
\200) -0.0616 0.0300 0.0003 0.0913
Vit -0.0004 0.0183 0.0535 0.0729
A\%2%% 0.0954 -0.0022 0.0535 -0.0430
V12 0.101 -0.0022 0.0003 -0.1028
V12 0.0108 0.0183 -0.0799 -0.0745

HZE->THERINZEWVWZ S, LLEES, 2henN) 7y boRAITK AT L TR
ZIZ—BLTWBZ Eh6, BRIBNDOMROAEZ MU /N 72 MEIRTIIRWES
Zoh3, AMEARRIE., SMie/N) 7y MSRFICTHE LRSS, REESHEDH
BIhbd, —R. BERZNVT7 MDPRHATCHEL TS 6 MAEGEHEZHEL
TWRWESZEDbNRS, LELARDS, WD) 72 Ml Bain V)V —7I 38T 5 LR
UCG3IZET 5.3 &bBE . Bain V)—7¢ LTORFEESHRIHEEL TVWEZ LIk,
£oT. RUDLKARDISITHEFY A & LTOAEBNWEDITTIERL, KAMRKRD
FEINY 7V MERIIRBINTWEEWR %, 2. BFEREETNVICEDE, &7
W—TINTBIEHOFEGHEH Uiz, ZO#HRE%Z Tables-3 2R3, TOU/0), 5 b
G3 DIGHARIZE > THRENZZ Db b, RICEREEREREET VD SESND
BREFETDHHIIRV. 2OLIIT. TNHOBRITEMEIHIEH L TVWBE LI M
BRER T AXCHBENY 7Y MIHIME LIRS O TR < Bain 7V —7ICH48 LIS 2
CHEBETCHDHIETHBLTND, £, MMEARFEETIE. ETKRERU/0)E
EHETAN)T Y MIMZ, BFEEBTEDONEZNY TV b VI OERD BICBES
hize ZONN) 72 hD U/ 0o)fEIX. -0.0004 TH O EDEEZTT, BREEET VO
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Table5-3 (Ulo),, values for each Bain group based on the lattice
deformation model. o /<941>.

Bain group (U/o)ip
G1 -0.115
G2 0.0530
G3 0.153

BOLIE, ZDLSBRADOU/o)EZETZNNY T2 MIRTARICE D ZOHEMHH
Hlahzd. 2NIZHBED ST MEAKFIEE TIE, SBEEHEARIFRE I U CRITRRICE
WD) 72 MZED CNDRD SNz S5, EAKNFICNT 20 hAaknREEL
BB Ed. ZORNAMEICEI>TEBRINW 2NV 7Y MCEB CNDERTHELEZ, 2O
LI, EARFAEEDO/NY) 7 2 bBIRMICI, BB SRR EORR, 2o ISR
BILEEGMOEENER IR AN, RNEREETIZBVWTH. KAD M EREZH)
. ZOBWKFMERRIRERIC i S é:biﬁﬂf‘ob)é:t;:ot:o

PLERART= XS, WHAREAETICBIT 2 MEEICDOWT, MAEED/NY 7 b #E
Rz RS DORE L ARICHDHR L L’Cﬁ%ﬁ L. ﬂﬁ@‘é‘% ZEMTE

5-4-4 Tk &R D 2 REBRAGIG /1

oy~ M BOMEME. NV T2 PBEIRREDIGIFEERERZEGIL. BROY A 7T K
Tl ¥7/2. REMIPEMTH 2L LTHo, —-THRIIKR - KROY A TIIREL
TZ&L LU=(Fig.5-4), 22 C. Fe-Ni BfE&E, QU KRR, EAKFRIERICBT

%0, -TRAROAEZ R/ _FETKDZMHER% Table5-4 1279, =72 L. yHHEMERA
TMEEPFEINZHEDAENEE Lz, £/, FeNi RAEDLZHEREICHIT 2HER
7,281 [FRFIC R L 720 HAKRMEED(do,, /AT MED, i #E 5 I o~ M2 K & 72 (8
ERUTE. . HARKAMNMER TR, AR TII6HERARWICKEL, o, -THE
FRDPBEFICEL LU = IONEFE M EZEDPE L 2 EEHO —ERERMGF T TIE. o, DPoIZk
HFLROBEGRZTR L=,

oy(at¢=0)>>0,(atp=45)>0,(at $=90°) atconstant T (5.6)

DL 0o, FOIREFELTEA LD, —7A. RMAEBETERINLZ N7 ML ¢
(A E I R E AR E N UCHTREIRISEN VI & 2 W V2R s IR h, KL
FIERROLE D RS Nz AR AR NFEER T, HAKRIZTM &
DMBEMIRZAER T 2D T, abEEO M ZRERHGIE. 20 M BOBERICXEINS,
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Table5-4 The (do,, /dT) values for Fe-Ni single crystals, bicrystals and polycrystals.

Type of crystal do,/dT Remarks

Single crystal 3.8 Present study

Twist bicrystal 4.6-12 Present study

Tilt bicrystal 23 Present study
Polycrystal 6.3 Fe-31.72Ni, Ms+5K~ "
Polycrystal 8.1 Fe-25.3Ni-0.65C

(*1) Hosoi et al. [27]
(*2) Onodera et al. [28]

WH->T. o, ~-THEROEMITHAIIBIT ZEEMEMRICEZEINTND LNWE %,

— BN M I R TR S DX Clausius-Clapeyron D H 5 W ZZ &k
R LA TR I T /=293, Fig.5-15 i, £HAH& MAOD B B )V ¥ —DOimEKREN
EMEEROHHNOBZREZRITEAKTH 5, M EBRIL, B PHEERET,)TRI %
DTIFIe L, BRIIDELREHNI(AGWM:s)) 275 -D0BBBPLETH 5, £, AT
HEBED 5 b, Ioh i{mﬁ‘tl—lﬁ@*"hﬁ%ﬁﬁﬁﬁi@ 1DCTHHDT. WHERT M ERE
ERETED, DEOM AL LORETH, ML EFZHHI ANV F—BTHE
LT\ B EREN N 2 M BRB (W) TR D C D HTHETH 5. M BREEFET 20128

Free energy, G

Temperature

Fig.5-15 Temperature dependence of free energy for parent phase (G* ) and martensite
(GY ). AG(M,) indicates the driving force of martensitic transformation and T,
the equilibrium temperature of both phase. AG(M ') indicates the driving force
above M, and W the driving force by external factor except for temperature.
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BEREEHIIRATRT I LD TE D,

AG™ (x,Ms) = AG” (x,T)+W (5.7

T AGM (o Ms) IS EAREEDO M sIZ BT BN, AGY (xT) IZRE(T)
CBI DIEERE . WISEWIERE I TH Do F2. AGY (xT) & AG” (xT) & Ni £V
BEG()ECEETORBRHEE LTRATEZ 5H 501,

AG™ (x,T) = (1- x)(1202 - 2.63x107°T* +1.54x107°T?)
+x(=3700+7.09x10~T* +3.91x107'T?) (5.8)
+x(1- x){3600 + 0.58T(1-1nT)}x4.2 (J/mol)

HMIIEREN D Wik, M OEREIRE T 2B U NCHAIL TV EEEZSNDDT, R
ATRIIEDVTE D,

W=b-(U/o) o (5.9)

CIZTC. PIEENMEARBICEETZERTH D, 2DLHIC, RGEDICBITS WIHEHE, ok
U /o) EDOBEE LTRTIENTEREDT, RAOARKDOE/IN) 72 MERIZH T 55
WHERB HIZBRICRDBIENTEDL, 22T, RG.IYEXGNIRAT S L. SEE
HIkATcRIh D,

M single _ ch
s AG™ (x,Ms*"™*) - AG”" (x,T) (5.10)
b-(U/ o)

ZCZT, oML Msst iZZ M BEEERICBIT S5 M ZRREGIG 1. M ZRERGERE TH
%o 2OEHIT, "X T, b, U/o)EDOEME LTERT I LMTER, Figh6a)b)T
T UL SIZ, FerNi BEEROISHBFR M EETIEIARTONY) 72 FOERDEEST N
ED. BHEARTAILICED, ETCKER(U/0)VEERZETHNY T FOEBD RS
KBIERISNELEIDONRYTH D, 2O M BOEEDS MY A—ab, BHHET
B2 ) 7y P DSEBERICEREINZEEZ N b, Lo T R(5.10)D (U / 0)IEITIE,

0.101(V9or VI2)Z XA T BRI EMNTE D, ZDREIL. Patel & CohenliZ L > TIRIEX
NEEREREEF VOB EFE LRV, £z, MHSRNE, Fe-Ni-C GEDMNFHRE
BEIZ BT % o, -TBROEE, (do, /dTYEIZDOWT EREREET NV EAWTEE L 2o
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ZOMER. M HEBELOBREITIE., (doy, /dT)OERHEM & EREIRVW—BETT L
HELEE. 22T, RGIOTEHEZ SN AHERW o, -THEFEE Figh54 (257 LEEH
oy -TBRZHE LU=, EB b % 105 325 L, RG.1O)DEH o, -THREEEELLE
WU,

AFEEELRSWIIRAFEERIIBOT, HAKREETIEILTEEDNY 72 M2
LDCNDBEUE B3ETIEH, 2O C-NICL W EAKAMERDM SO BRI
ERUZEHFEDIT 2o ThiZ. M EREBIRICHELRERS N D BER & AR RIS RO
FTER->TVWIILEEKRT 5, 2O HDOEIT, HAKRTARDSN D C-NIZER
LTWDZ EEES R/itDR <, C-N DBEUL B I L TAG” 2 IFEREICHELRERE) 11 D5
PULEEEVWZ %0 £2To AGPIFMRATRT L0, BIER L EAKAIERDOM  H0
EPOLRBEOBHIENTED,

AG*” = AG® (x,Ms™™") - AG** (x, Ms™" (5.1D)

Z 2T, Ms™ . Ms™iX, ZhZnBER. AR RN maa@%(ﬁu LEM RTH 5,
Fig.5-16 . Kaufman & Cohen D’#i5 U 7= Fe'Ni &0 M BREIZ LB (L FER 8 H 218
BEOBRKE LUTRLTWS, /=, KHIL-HES tftaﬁ*lﬁﬂﬁnaa M mRBTR LT,

1500 = ',,,;‘_‘,;_..,,_.,_‘A,_A%‘_.‘_;AV_M_,,_____,_,,; e s |
an : f } AGroop —2751/mol
=1 7% Y Y
. 1000 | 2 1 1
O % = L
= 2 ;
£ L s
g 500 | \g e
! = =
O 3 g
3 ol Yy ;
- : |
. :
B ! Fe-31.8at.%N; |
500 : : | - ; € a 1;
100 200 300 400

Temperature (K)

Fig.5-16 Temperature dependence of the driving force for martensitic transformation, AG
calculated by Kaufman and Cohen®3U in Fe-Ni binary system. The calculated values of AG
at measured M of single crystal and bicrystal with the tilt boundary are shown.

-98-



ZOBE. AGr=275(J/mo) & RFED SN izo THICEBILZEREZE IETHIT oM
WM EROREREEBADEEMOREMICE U2 EHERREEIZR L TRV, E15
ONMEEEZB L TCELRINTF—2HE T CIIHENTHINERICEMTH 5, T2
T, KETIZ, BRILEM A5, AGr2EHBLEEZHAVE, X(G.1DERG.10)IC
RAT 3 &, EAKRIFEROERN T M EREREIG oy IRATRDbI N5,

0"‘[, ~ AGM (x,MSsinglc) _ AGch (x,T) _ AGCU()[) (5 12)
" b-(U /o) o

MEAKFEE T, BEDNNY 72 MIL 3 CNBLFEERICE L, ZORAMERRL
RIFERD oM BRELTNWDEEZLOND, Lo T R(5.12)D U / o) HIZKFIT THEE
BAERT 2N 7Y MIdd 2EE AV, EARFUEE T, IBHARABIIKS 3
29 VI, V2ZONN) 72 MHBIRE K, ZhenNU 7y MIRT 5 U/ o)fElE. RO&
HABEGRE LRD LS IZEL Lz HlE LT VILIENT 2 U/ o) EOMRFMLEZT T,

—0.0004 (¢ = 0°) — 0.0535 (¢ = 45°) — 0.0729 ($=90°) for VIl  (5.13)

$=0°Tld. BO U /o)fEETR L. ZhiE. BREIGADBZD/NY 7 2 bOEKZIH T %
TEICHYT BN, IITIRU/0)=0 EHRT, —FH. ¢=45°TlI. WERD B
AT AEEMDIER D O, fRSERTU/0)EDPRRS, ZOHE. K& U/ o)
EEETAHINV 7V FOEBDPCNZFZRTIEEZ. ZOEEZHWS,

DL BRBRTCELERT B3 7 b V1L V2IZNT 3 U/ 0)EZEAG.12)ICHK

L. IS HERABIKE L EARA S ROMEHEN 2o, -TERZRD. Figb5-17
. BRIICKRO o, —-THEBEERICL>THELNEHREEERICTR T, HRIZKRD
f= o, -T BRI, ¢=45° 90°TRD SN EBYBRD o, -TREBRIEHERTCERPS7ZHD
D, BHERAEIKE L= o, OHMBEFR. ALV E, ERERZRERL TV
rBbhd,

ZDLAIZ, WERD o, -THRIZ, RATEIMERT 2 M HBIINT ZaR0 10
HEDOREFSIIIEHREINTNDEENZ, RIFFEICK D RRICBIT 2@ LR & ARG
HOMESER ZHBRICHERT 22 &N TE .
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350 F Q. -

! \\0‘~ ~.
l‘ .\\\\ O .
300 | : N iSOVl
g 250 F <« $=45°(V2)
S 2
~ 200 5 $=90°(V11) ]
g8 1s0F =50vzy
w2
100 ! Calculated relation
s - - — - Measured relation
50 | 20 8a =
0 1 1 1
180 190 200 210 220 230 240
Temperature (K)

Fig.5-17 Calculated and measured image for martensite-start stress (o M )-temperature
relatjons in Fe-Ni bicrystals with the 90°<211> tilt boundary for ¢=0, 45 and 90°.
Measured values for $=0, 45 and 90° are represented by the symbols (O),

(D) and (A), respectively. Solid marks indicate yield stress (o, ).

5'5 r\[d:l:;

90°<211>MFRMEMAKI R, 90°{2111A L W kiR 2T Fe-32at.%Ni &&MEmE H T,
oy« M BOMBERSKNINY 72 MEIRICEB L, KRICBII 2T —ERIIXTT 5
BREISTIDNRIZDNTHRET Lz BoNEEERMRZLLTICHEET 2,

(D IEHFEMEREICBIT S, 0, MBOMEBRSTIIN) 7Y FEIRIZ. KROY A 7
W25 <IKEL 2o

(2) o F1D Efarid, 90°<211>MFRMEAKRI R, 90°1211a U W R FRIZHBIF 2 EREBIE Lo

(3) 0, - T BAFRIC HERVKLSR - RAMERSIRTEME DR D S iz, EAK R AR Do, /dT)
L, BERMOZNICHAREFIIRERMEETRLEZ. RUDKAERD o, 1X. B
G HAKAIERD o, -TBROBTRERIESDEERLE. 200, DIESHDOE
. BERY A MIERT 230 TH 3 LiEHmST =

(4) 90°<211>MFFEMAKI FIAE DN 7 > b OB, [EHEROEERIFLA L ST
Dolze WWHARFNTICHNWTSH, SBBESRAREICN U CRTERISGEW Y 7
Mfi%?}%é:n I HITKRFIUTTHFEMBNY 72 DB U TCHERT %5 CNBFEDH SN,

R UT, AU DRFIEFED/N) 72 MEFRMEE, KRR L b RIS OED
5‘§<iiﬂyeé’7h\ IETCRERU/NBEEETZN) TV MDEBIREI N,
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(5) 90°<211>H FHME A K A BIE R D o, (TR ARE I T B I5 HER A EGIZHR KE LE
B UT=o MAFREELIAE U ZEEHICBNT, $=0°Do, &, $=45°, 90°DZhIiZtt
N, BEEFEISWMEE TR LE. 200, DELIE. HAKRICIBIT 2ESERERE ZHI
NI 2EaRNTOEENRIZL S R DIT =,

(6) 90°<211>MFMEAR A IFE R D o, - T BRIZ. RRIZ I > TEIREND NN 7 MC
N BARINTDOEFES. §obBER LR ABRFIZHIT S C-NIZEZ BEROEW
HPERE N 2ERT 22 LiIck>T. HARMWICHBR TS,

& S Xk

[1]
[2]
[3]
[4]
[5]
(6]
[7]
(8]
[9]

[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]
[19]
[20]
[21]

Patel, J. R. and Cohen, M., Acta Metall., 1953, 1, 531.

Machlin, E. S. and Weinig, S., Acta Metall, 1953, 1, 480.

Goodchild, D., Roberts, W. T. and Wilson, D. V., Acta Metall., 1970, 18, 1137.
Richeman, R. H. and Bolling, G. F., Metal Trans., 1971, 2, 2451.

Olson, G. B. and Cohen, M., J. less-common Metals, 1972, 28, 107.

Meyers, M. A. and Guimaraes, J. R. C., Mater. Sci. Engng, 1976, 24, 289.

Chang, S. N. and Meyers, M. A., Acta Metall., 1988, 36, 1085.

Kakeshita, T, Shimizu, K., Funada, S. and Date, M., Acta Metall., 1985, 33, 1381.
Kakeshita, T., Yoshimura, Y., Shimizu, K., Endo, S., Akahama, Y. and Fujita, F.
E., Mater. Trans. JIM, 1988, 29, 781.

Kakeshita, T., Shimizu, K., Tanaka, R., Nakamichi, S., Endo, S. and Ono, F,
Mater. Trans., JIM, 1991, 32, 1115.

Otsuka, K., Sakamoto, H. and Shimizu, K., Acta Metall, 1979, 27, 585.
Satyanaryan, K. R., Eliasz, W. and Midownik, A. P., Acta Metall., 1968, 16, 877.
McReynolds, A. W., J. Appl. Phys., 1949, 20, 896.

Buchheit, T. E., Kumpf, S. L. and Wert, J. A., Acta Metall. Mater., 1995, 43, 4189.
Kato, M. and Moni, T., Acta Metall., 1976, 24, 853.

Kato, M. and Mori, T., Acta Metall, 1977, 25, 951.

Murakami, Y., Otsuka, K., Hanada, S. and Watanabe, S., Mater. Sci. Engng.,
1994, A189, 191.

Higo, Y., Lecroisey, F. and Mori, T., Acta Metall., 1974, 22, 313.

Onodera, H., Oka, H. and Tamura, 1., J. Jpn. Inst. Metals, 1978, 42, 898.

Olsen, G. H. and Jesser, W. A., Acta Metall., 1971, 19, 1299.

Kakeshita, T., Watanabe, K., Tadaki, T. and Shimizu, K., Trans. JIM, 1982, 23,
535.

- 101 -



[22] Zhang, X. M., Gautier, E. and Simon, A., Acta Metall, 1989, 37, 487.
[23] Eshelby, J., Proc. R. Soc., 1957, A241, 376.

[24] Borgers, A. J. and Burgers, W. G., Acta Met., 1964, 12, 255.

[25] Sato, A., Kasuga, H. and Mori, T., Acta Metall, 1980, 28, 1223.

[26] dtkoR—, 2k 4 1985, 71, 91.

[27] Hosoi, Y. and Kawakami, Y., Iron and Steel, 1963, 12, 1780.

(28] /NP3 F1E, MEL, ANSE, ELEFAE 1978, 42, 898.

[29] Ortin, J. and Planes, A., Acta metal, 1989, 37, 1433.

[30] Anderson, M., Stalmans, R. and Agren, J., Acta metal., 1998, 46, 3883.
[31] Kaufman, L. and Cohen, M., T¥ans. AIME, 1956, 206, 1393.

[32] Hausch, G. and Warlimont, H., Acta Meta]]., 1973, 21, 401.

-102 -



6 E Fe-NiMEROUWARLEE

6-1 ¥ 5

FREEDYNVT VYA PMEREESHOSZERN T 2T %720, Fe-Ni XERE%EH
W RHBIRIFERZITo . B 3 BETIH. M BREEENIIRFTHBHADOEEIIDNWT,
4, 5 ETIE. ZORAEFHEDOEEEHIRFIIHNEFOREBIIOVWTERE Lz, IR
WS T HE 2N 72 MEREMZES S, M BRREEGEE(M 5. M ROEERK
KIR - RARMRORE LR KR UEZ I Uz, FIC. NFMEARR T, FlmN
D7y b RIR B A THFRMCBEE LU THERRT % Cooperative nucleation(C-N) A3 938
Do, CORBMBEBERBERDSM SO LRICENLZIEPHL P ER . T2,
ZOCNIE, FPMIPARIGALHEMEAL, e M EREHZFISEITI LN
HEhizo TOEDIZ, MERE RV ERKKRAHZEIC X b M EREZEH O R R RIEN
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Fig.6-1 Schematic illustration of heating apparatus in electrical resistivity measurement.
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Fig.6-2 Change in electrical resistivity of single crystal and bicrystals with the 90°<211>
tilt or the 90°{211} twist boundary as a function of temperature on heating.
The specimens which were transformed to martensite just blow
each M, were used.
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Fig.6-3 Definition of the reverse transformation start (A,) and finish (A ;) temperature
based on tangent method.
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Fig.6-4 Martensite-start (M), reverse transformation start (A,) and finish (A )
temperature of single crystal and bicrystals with the 90°<211> tilt or the 90°{211}
twist boundary. The specimens which were transformed to martensite
Just blow each M, were used.
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Fig.6-5 Change in electrical resistivity of bicrystal with the 90°<211> tilt boundary as
a function of temperature on heating. The specimens which were fully transformed to
martensite by cooling below martensite-finish temperature were used.
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Specimen for
in-situ observation

Fig.6-6 Preparation of specimen for in-situ observation of change in surface relief
on heating.

100um

Fig.6-7 Optical micrograph of Fe-Ni single crystals containing thermally induced
martensites whose surface relief was removed (a) and reversed austenite by
annealing at 773K for 2hr (b). The crystal was annealed again at 773K
for 2hr after the surface relief due to reverse transformation
was removed (c).
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Fig.6-8 Change in surface due to the reverse transformation of martensites on heating
in fully transformed Fe-Ni bicrystal with the 90°<211> tilt boundary;
(@) R.T, (b) 493K, (c) 513K, (d) 533K, (e) 553K and (f) 573K.
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Fig.6-9 Image quality (I§) map by EBSP analysis for polycrystal containing martensites,
which was cooled just below the M . Dark grey shades in the image
denote lower I€) value.

- 110 -



AMTERDEIND. M EREROD Fe-Ni §ETld. M, yAHEH. WIThoHIZBWTHH
BH, EVIQEDNBOLNTNWEZ ENbIrE, /2. KHRIZIZERS 2 DOVRENELE
LTWBW, BERAMIIKELEZ IQEOELBIEBITNIN &Hhbr3,

Fig.6-10()(0)(e)ld. M, mUATFICWA L EAKANERZ 773K T L., LS
ZiEm L7z O 1IQ map 2R L TW5, —77. Fig.6-10b) (DI, BEEDFRFHIXT LT,
X512, 873K T 3RO E L =KD IQmap 2 RLT W3, JIT. IQ DEX
£ % 1Q max=100 ((a),(b)), IQ max=50 ((c),(d)). IQ max=30 ((e),) & E(L X ¥ /=, IQ max
EZESTHILICELD, IQ EHERVEHROBEREBEIIEDTED, M FREER
(Fig.6-9)IZ X, Fig.6-10 IZ/R T WL YD 1Q map &, 24 & LT IQ EMEEIZEKT
LTWBZ bbb, &< OMRBFLEIIDBI[IEL TN B L HIZ, FerNi SEDHERET
HEUEHEBEICIZZEOGRMAMPEE L. FEEBL M ZEENICELUTWEI L E2TERL
TWbo Fiz, Fig.6-10 5, 73K I TOMBAIC L W HEREZFE L%, 873K T 3K
ROFBMBEAE2HET I LICEL>T. . IQ map DI M X MELEKRE L THEL kb, R
NICEBINEEDNFERINEZZ DI S, OO ZET I ICL > T,
dead point DA U, EBSPEIC X B ERAMBTDAIGEE R o =0 I HIZ. BEHIEE %
BLTHLEHINTOWEEIFARSIW D, BEEDFEUEED, EEEEOEREN
RHERZ DI LD TERDP o, Lo T BEEBVEOER AN AFRBICIX, BikE
LI & UT, 873K T 3 RFRIDBES ZHE L 7=,

Before 873K annealing After 873K annealing
(b)

~
V]
~

IQ max:100

IQ max:50

IQ max:30

50um
Fig.6-10 Image quality (I§) maps by EBSP analysis for reversed y phase induced by just

heating up to 773K at 2K/min ((a),(c),(e)) and reversed y phase whose strain was
released by additional annealing at 873K for 3hrs ((b),(d),(®).

- 111 -



~

%

BXHEERIC. LERFORMNE L L, M EByHOKERFEH 2R % EBSP #%ICT
7zo Fig.6-11 i, (@EAKR. (bR U b RFRITFEIZBIT 5 EEyFE O Inverse pole figure
map TH 2. WTNDFERICBNWTH, FELAEDM @D TOVHDERGAARE > TV
o CORERDPSH, FeNi BRICBITI2HEREDS M EEMIZELTVWDE I Db 5,
HL. fbﬁﬁ*ﬁﬁﬁf%’ﬂi L ‘/}Uﬁ M BORICHIET 5 LD RIEFICE < DERAKRFRD
BELE. COLDIC, HEREIIEANII M EBEDOHDBRELZZETELTWD D, EAK
FaEBCcAER L M E!Bcj:\ ﬁéc:ciﬁ:@y*ﬁﬁm«\)?om\m\: LETFBRLTWS, b
BTz KD ICHE BB ARSI, SERBVHOERFN R HHICOEEEEZ 22 DHL
Peix-olz,

grain boundary

Initial orientation
of y phase

Fig.6-11 Inverse pole figure maps of EBSP analysis for reversed austenite in Fe-Ni
bicrystals with (a) the 90°<211> tilt or (b) the 90°{211} twist boundary.
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Fig.6-12 Temperature dependence of free energy for parent phase (G? ) and martensite
(G™). AG™ indicates the driving force for reverse transformation and
T, the equilibrium temperature of both phases. AG™(T) indicates
the chemical driving force and W the driving force
by external factor.
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Fig.6-13 Image quality (I§) map on phase image by EBSP analysis. Dark grey shades
In the image denote lower 1€) values.
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Fig.6-14 Schematic illustration of back stress for martensites showed
cooperative nucleation.
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Fig.6-15 Change in constituent phase in stages I ~IV on heating in fully transformed
Fe-Ni bicrystals with the 90°<211> tilt boundary, which contain fine and
cooperative nucleated martensites.
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()

100

Fig.6-16 Orientation image (a) and (100) pole figure (b) of EBSP analysis for reversed
austenite in Fe-Ni bicrystals with the 90°<211> tilt boundary:.

(@) (®)

boundary

Fig.6-17 Schematic illustration showing rotation of crystals around specific axis on
the boundary during y-M transformation in the vicinity of the tilt boundary;
original matrix (a), cooperative nucleated martensites (b) and
reversed austenite (c).
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Fig.7-1 Orentation and dimensions of specimen for VSM and definition of the angle E.
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Fig.7-2 Demagnetizing factors depending on the aspect ratio (after Kobayashi et al./%l).
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Fig.7-3 Orientation dependence of I-H curves In Fe-32at.%Ni single crystal
containing randomly distributed martensites.
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Fig.7-4 (a) Orientation dependence of I-H curves in Fe-32at. %Ni bicrystals with
the 90°<211> tilt boundary showing lamellar-like morphology of martensites
and (b) a magnified image of region A.
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