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Abstract
A deployable radiator regulates the temperature of a spacecraft by changing the area of heat-dissipation

surface. ISAS/JAXA is planning to utilize shape memory alloy (SMA) to replace mechanical actuator in
the radiator for weight reduction. The SMA actuator is designed to operate by large-strain axial bending
to achieve large stroke needed for deploying and stowing the radiator. In this study, superelastic Cu-Al-
Mn SMA samples with high slenderness ratio subjected to 100 cycles of large-strain axial bending with a
displacement exceeding 50% of their original length at room temperature (RT) were studied to clarify the
contributions of transformation stress and stain needed for optimal performance of an actuator. The cyclic
mechanical response of samples having a fixed geometry and several grain sizes (i.e., polycrystal, near-

oligo crystal and single crystal) are evaluated. This thesis consists of the following chapters.

Chapter 1: Introduction

The requirements of SMA actuator and basic thermo-mechanical properties of SMAs are introduced.
Besides that, the limitations of existing single-crystal Cu-Al-Ni SMA actuator and advantages of Cu-Al-
Mn SMAs are discussed. Literature surveys on axial bending of SMA revealed that cyclic loading study
was up to three with bending displacement less than 20% of their original length. Finally, the aims and

overall flow of this study are stated.

Chapter 2: Grain-size effect on uniaxial tensile behavior

All Cu-17A1-11.4Mn (at.%) SMA samples were solid-solution treated at 900°C for 15 min followed by
water quenching and ageing at 150°C for 120 min. Near-oligo crystal and single-crystal samples were
subjected to several cycles of heat treatments (500 to 900°C) prior to solid-solution treatment to promote
abnormal grain growth. Polycrystalline samples which had the smallest grain size with different
orientations exhibited the largest transformation stress and smallest transformation strain; grains are three-
dimensionally constrained and fail to effectively transform. Near-oligo crystal samples with grains
oriented around <101> and <001> had the highest transformation stress and smallest transformation strain
than those of single-crystal samples with <101> orientation; the contribution of grain orientation becomes

dominant as the number of grain boundaries and triple junctions decrease.

Chapter 3: Asymmetrical bending in near-oligo crystal samples

During axial bending, both polycrystalline and single-crystal samples bent symmetrically, but near-oligo
crystal samples bent asymmetrically. During axial bending, the transformation in each grain in near-oligo
crystal samples is highly orientation and position dependent. Finite-element (FE) analysis on axial bending

of a tri-crystal sample consisting of grains with different transformation stresses and strains showed that



stress concentrates around the grain boundaries and then led to asymmetrical deformation.

Chapter 4: Grain-size effect on cyclic large-strain axial bending behavior

Polycrystalline samples generated the largest output load attributed to their highest transformation stress
but were susceptible to brittle fracture as loading cycle increases due to their smallest transformation strain.
Near oligo-crystal samples, despite their largest transformation strain, had also poor fatigue resistance
since dislocations are induced around the grain boundaries easily due to strain-incompatibility induced
stress concentration. Moreover, they also had low reliability as twisting during asymmetrical bending
yielded severe macroscopic stress concentration. Hence, near-oligo crystal SMAs are suitable for
applications requiring uniaxial tensile deformation, however they are not suitable for axial bending due to

asymmetrical deformation mode and poor fatigue resistance.

Chapter 5: Feasibility of Cu-Al-Mn SMA as an actuator for deployable radiator

Single crystal Cu-Al-Mn SMA was identified more reliable than polycrystalline and near-oligo crystal
samples as an actuator for deployable radiator since it deforms symmetrically and possesses relatively
high fatigue resistance. While both single crystal Cu-Al-Ni and Cu-Al-Mn SMAs with the same
orientation exhibit comparable transformation strain, FE analysis showed that the latter is prone to local
plastic deformation during large-strain axial bending due to its lower yield strength. Thus, Cu-Al-Mn SMA

is reliable for cyclic axial bending with displacements less than 50% of the sample’s length.

Chapter 6: Conclusions

This study has elucidated the mechanical response of high-slenderness ratio Cu-Al-Mn SMA samples
having different grain sizes subjected to 100 cycles of axial bending with displacement exceeding half of
their initial gauge length at RT through experimental and simulation approaches. Single-crystal Cu-Al-Mn
SMAs are promising for actuator application as they had uniform bending and better fatigue resistance

compared to polycrystalline and near-oligo crystal samples.
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Fig. 1.1.1 Schematics of a deployable radiator in (a) stowed state when cooled and (b) deployed state
when heated.
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Fig. 1.1.2 Deployable radiator put in the spacecraft[1].
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Fig. 1.1.3 Opening angle and temperature relationship of deployable radiator[2].
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Fig. 1.2 Schematics of gauge section in an actual SMA actuator (a) before and (b) after loaded to a
displacement of 47.5 mm during large-strain axial bending; t, w, 1 and d denote thickness, width,
length and axial displacement, respectively.
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Fig. 1.3.1 Operating temperature of schematic for applications.[11]
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Fig. 1.3.2 Temperature variation of stress hysteresis of the Cu—17Al-15Mn single crystals in relation
to the superelasticity, with Ti—-Ni SMA [12]
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BRITEIRIREE CLRERMN O Ee % 2m LR FOILHRH 2 52 202 & T, SR TEE
RHEKIE TR Z LIZE > TH LN D, Fig 141 IZREEIESEDISH—BE—0T R
HIAR O 2 7R T, My, M~ /L7 A NSHEBRARTRE, & TIRE T A, A l3WiZ e
BRARIRES, M TIRE TH D, ZRRIREIIME-CMER, BULBLR e B2k > TR S,

TERFLES&IZITX 3 2OMWEN H 5, EHME (Superelasticity), TIRFRIEZIE (One-way
shape memory effect), Two-way shape memory effect T& 5.,

FERAE & TR TIRE (A) LETEZ DD T, JSNZARML T AT A b
EREFEICNNZET DA —AT T A MELDL AT A MEICERRL TOT AZ3AE
3% (Fig.1.4.1, Fig. 1.42), ZOWREN SIS EZRT 5 L WAEENEZ Y, & & DOIRkE
~NERD, T2 UALL ORI T X HITREZ BT CWOEEREFHEICH AT ERE
ELDICTELY bE<7ed b, T oA NEREFH I S D BIEE O E 2 BRIk
HEDBRELBRDTEOHHEIENEITEZ D, v T oA NERBITAE TR0,

RGBSR & 1T~ T A AR TIRE (Mp) AR CISEART 5 & Twinned
martensite 7> 5> Detwinned martensite [ZHHAEREZ K Z L COTHANHEETLH LV LD TH
%, Z O Detwinned martensite Z JNEL L RBIREIZ3#E T 5 & Austenite FH~E 2L L, B
Kb ITDOIR~E R D,

Two-way shape memory effect |TZEREIR AL 2 5 Eoil I CHE Z ¥, Austenite FH7> & BiMERE
BUCHY T 2 REDOS N 0T RRETCREZAGL L, ZRBIREICET 5 & Detwinned
martensite ~ & FHZRET D, IS &AM L7720 BIRE 2 M09 O XIS L TIRE 2 im0
FTEwAT oY A NAOMERBRIZY LT A FOBCHENEZ Y, ~ 7 milicidE
WZAL D720 Twinned martensite & 72 2 D& <TeO ThH D, & AMT H 2 & THERE
BOBRNI T FOAERERETE D, BEANIT U FOANRHTLS 52 LT, ZREO
THBEFHID, Detwinned martensite (ZZ5L L72 b D ZNNET 5 & RIRFLIE RN & FIRFIC
F—=ATF A MENEHERLOTA LI~ ERED, 2O LI, BIREESSICITEA
TRPEE DN B DT, EFRMETIXH OREECHIIRR, Two-way shape memory effect TIEHE D
TEROABET 2 Eikx 2RISR TV S [34],

TEAIRFER A GITERET 5 & IR BEC L, HERT S & ZIIWEAKIEEZRT, SMA
2B DR, BN S OFEAX & Fig. 1.4.3 12-37[35],
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Fig. 1.4.1 Schematic of typical thermo-mechanical properties of SMAs as a function of stress, strain,
and temperature. Ms and My denote start and end of martensitic transformation temperatures,
respectively, whereas A and Ar denote start and end of reverse martensitic transformation

temperatures, respectively.
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Heated

Induced stress

—>

Twinned martensite Detwinned martensite

Fig. 1.4.2 Schematic of phase transformation about SMA

Stress (O)

.:AH COP = AHIW T
> =}
© Strain (€)
Fig. 1.4.3 schematic of heat release and absorption during transformation [35].

14



15 IRERBEEDEEDORE T V= —F 2T 528

JEBH 7 ¥ — & O BB I IR LR A 4 D Two-way shape memory effect 2 %,
FHEOIDIRENG Z TWERIREEEECOERIREIET S L, v T U NERE
ZRZ U CRBADNHMN VIG5, FHEOHNOREN /LT A NEREK TIREIZE
T5 L, REBA AN, BT V=203 ItEn s (Fig 1.1.1 (a) ),
FHHE O OIREEN W REBRMRIREEIC 2 D L BT Vo —F O VITE LIZ U ®, W
IERERE TIREEIC T 25 LIRB T o — 2 O3 VITSERICRET % (Fig. 1.1.1 (b)) [36],

Destiny+lZ 81 5 JBEI 7 ¥ = — % 1 200 cycle DR Z TE L TW5, FHEICR T 546
FRF X 4 5 OMERENMLETH B 728, 800 cycle TOHAMNKD BN D,

Fig. 1.4.1 1ZR 9 X 912, #EiME L Two-way shape memory effect (X~ /L7 A FZEREIC
BIFOEROTHBERR TH D Z & PLREHEIS ) HIRE & OB H 5 2 &b s
FrME 2 B35 Z & T Two-way shape memory effect (Z331F 5 ZEE THIFRETH D, AW
e CIEfEE 22 M 71k & U Cl M2 W= B 2175 72,

1.6 RIEARFHECRL I B ¥ 2 S T %

Cu-based SMA [ZB W THIUKFMEDR B 2 DIX 1.3 ETT TIZBERTWND A, Z 2 CTlidhs
BARAFMEIZ BN T E DR FERE RS T D NN DN TFE AT 5,

A AL IR E RS IR EME I B W TIFZE S VT 5, I4E 1L Bi-erystal X2 Oligo-crystal
E VS THLRKRIC B W T ORFZENR 72 ST 5, Bi-crystal 272 Su HORFFE T, &
REB LIS DN DRI BIE I TENETNORINERET D2 L, RIRACTIRIEFTRERI Y,
KRN~ T oY A SHBFRET D Z L0303 > T 5[37-39], Ueland H1C L% & 3 DDk
THER S VLRI D B3R TIE, 3 DR ORI ST S IETRNR 5 2R 8 b A
FRELEZMRIT 545705 TV D[40], L LR D, ffdhkite 228 2 - i F 2 B4 5 F
JEILRIZ 72 STV,
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1.7 FEJRIZBE 3 5 T4
B, @W7e EORRM OFEHAEZ BRI E LT, Ni-Ti SMA OJEJESHFZE STV 5 [41-

43], W HITHBICEBWTMELEZE 272 & & OEBEE) L [ERFEEOE Ve, JEIF 2K )
DAT =R N, Z L CEBRTEZ EMICER L FEEIRE LT,

Rahman 5 /% Aluminum <° Stainless Steel & Ni-Ti SMA % bt L, SMA O i 258h 2 fil =
FERINT B 502 L7e[41], MR MR & S ITEME SIS 1T DR REFH LIS ) O 5 DS S )
XV L@z, JEMEICBIT A~ T oA NERENE Z o 72 R A RS IR O R
T OMIMEPME L 72 D BRI Z D &) 2 BEEOZERREZ 5 (Fig. 1.7 (a), MR E
W EEREICB T D EEFHEISNGET 5 X0 bR, HBRIGIZET 5720, HEEK T
FLICHEETHE W) ZEeZRLTz (Fig. 1.7 (b)), S 5HIZ SMA IZHBWTIL 3 1 7 iRk
Z1TVY, SMA I 3cycle TIEHEB OB D720 LD SMA 1348V K LFEHAIHET, il
BRAMICEL TS EVN) ZEHRA L,

Pereiro HITMIE L EE 2 7= & X OEREFEEZHMEIZ L, 7D, ARERMITICXL - T,
JISDERBRPTLGE (hREL 70 v 7)) I 5 Z & 2l Lc[42], Mkt ¢
EJEJERIE (Pg) ORI EZERZERA (1), 2) IT77,

L auge

gizg (1)
4m%El,

P = =% ©)

gauge

L
k

ZZTH (1) IZBT D Lo (FEERE S, i i3Wim 2 2, X Q) BT D E LIFE
NENY Y 7R XO, Wi 2IRE—A N THDH, Wrm 2 ¥R () ORDFIFA (3)
(2T,

i, = |Z 3)

F 72, Parametric study & L CY U VRELER - EOHBELFE LT, BWMELD
GElx, A—AT7 T A MEOY U 7R EGIIREJEMICB T DEREROT B DN ENE L
JEATE & PSRRI BT D, YU VBN EWIEEEEMEILES 2D, Sl9E & EREIC
BILOEBOTHOEDRKRENNIEEBZRMEIIRE <D, BOMRLOLGAIE, MR
bt 12 BUTN DR DA Ui W ERE R & FARIC~ VT A b OESR & EMEIC BT 5
EREFEIS NN ENENRBRAT O~ VT A N O & OBIRIG 7] & R D28 fE
HRICNBEE 5256 Z 2B 60T Lz, BlEEEMICBOWTERBOT AN R 5
B Lk, BIREIEMICBWTAEL BRI 7V FBRRRLIGAERENEZDOND, &b
(Z, BEEMIZ B TER DN D D % B < 72D 2 BB AR i B 2 IEREIC T 2 7201,
Ty T I T MW IR 21T o 1o, R, BRx RHIRIEICB W TERE —KT 5
JEEJEAT B DR IR P LT,
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Asfaw 51X DIC fi#ht 2 2 FE RSB O BIEL N D, MRS\ W ERER T I EZ I D
TIHEMEOEEL Y LEREOREENKEMN TH L Z L 2R LT2[43], Tz, HBuliE 2242
T EORBIZONTHEm L TW\D, RBREENRE 2D &EEWHIEEORER A Tk
BRATIF O N IR T HEMDBRELS 2D, OTHPEELTNWDLZ LA2RL, 2612, &
Bl 2B b Sglo L E D~ T oA NERE, WARRIZIT 25BN, WAL Z B0 L
HEREFE N K E N~ LT A N OEEE, @ghﬁLruL%LTWﬁ%@ﬁé k#
TET, WESIGRF G SR EORE L 725 L &R LT,

SEATHRE TIIEEEHIEM O FEIZIRE SN L 7e > TR Y, EEE I IXE8E0
20 %LLFC, YA 7 VB ERK 3 VA 7L CEHICEEEE T E MR Lo i 1a7 5 00 34
&I o TUWND,

ARFZETIZ RO L EDOFE S & EE S, 72 100cycle v K U CJEE S5 (i
FENZEMET D) 728, RBAICEFORENH T 23T TH DI, BEICLDEHD
FRIT e STy, E72, BATHFZE CTlE Ni-Ti SMA DA 24> TE Y, Cu-based SMA
TOMEL TR I TR, S BICEBRATEIRIZEB W THEM DA LDMT > TWR,
HAEM TR M CTOREIRTH D &, LY LA T 2WriEfEnsmy 52, HHick
Z i 7 e g TR S ST ey,

(a) L/k = 38 (a) L/k = 68
Elastic ~ Transform 1 | Elastic Buckle and after that
2 transform
Buckle
Z z
= =3
o o
By ©
o 1 9
- 4
0 2 4 0 2 4
A (%) A (%)

Fig. 1.7 Buckling and post buckling behavior of Aluminum, Stainless steel and SMA with (a) L/k =
38, (b) L/k = 68.[41]
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1.8 AFFEE A

AWFFE Tl Cu-Al-Mn SMA JERH 7 ¥ — & ERLIZ T 72 RER T OB fE 2 B & 3
%o REFBHFIZBIT DG/ RT A —4% & U Tt SRR 2572, ks 2 21k
EHDZETHWERESRIES EREBREROTHEZMN CTX DEORMEEIED Z LN T
xHEEZT,

KREFH T AT D00, BRD 3 OOREE (SR, HACRH, Bis&) |
T BEE, JEMERBRAITV, RSk X %@%#mﬁﬂ%ﬁi%ﬁmb,ﬁﬁﬁwa
RIZH T DRI, MR YEZRE L, B OMROGEENEZ MR 5,

WIZ, REFHETIZE O TRESBLS KIETREFBH S IR T 2 EEZH LI T 5, FE
Bk & AT D> O AR & A AL K D KRBT ok, I&57m, O3 Ho% b
RN A I M K D EEN R OEALEH ST 5,

RIBICIER T Y= — 212815 Cu-Al-Mn SMA OFEFTREMEZ 54 L, Cu-Al-Mn SMA
DR T ¥ = —Z IR EH LT 5,

L DHERK &

Fig. 1.9 [ZisL O A~ 7, 1.8 BICHRRZFHEZ EZOETHREB L TWANEE L DT
W5, FEOBE AL L TIIRT,

H# :Cu-Al-Mn SMARE B 52 T—42FA1tICR - XL h 7 DEE

+ 515k, EREICHITDIRBEFIRICN, BEU IHIkFEAHER
PEREFARDDRUVERUY $HICHT DB RAUEIRETM

+ AXFEHTFICHUTs ERNEREFHORE
3E:MANMICHITZIERTHTER
4F: RV IRL AEFEMITICHIT 2R K UED FE

« BRSO T —2FH MO %
5E: BRI —2FET

Fig. 1.9 Outline of this thesis.
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° 2%iwwmmmSMA’%%T%ﬁ%@ﬁﬁ&@%ﬁof&"Té#%ﬁﬁﬁf@)
722 3 OORBRICBIT A5, JEMABREZITY, Rk % ASORE b TR AT
M AR 5,

o 3 E CHRKAIZTIT 2 IEXFRENTER)

MR Z 8T 5720, 3 DOKZ AT 5E7 /MW Tl Ml Iz kT 2 ARRE
SEETZATV, MRS 1T D8l 2 DR S TTNEDS K i?fjtziﬂiﬁh‘Tf\OD%ﬁégléiﬁ, RZE
FEHIT OEGA I =X L% 60 E LT,

o 4FE (MY IRLKEHHITIZEBIT AREEHMEDEE)
ﬁ%%@m%i#ﬁ&”ﬂMﬂMA B B =REM VK L 100cycle KA T (ZA01E
RER T D 50%LL 1) OB EORHMli A R T o — 2 D7 J F a2 — 2SI BIT DK
W 7R E OB ENE 2 B b 375 &) B CIT o 72, R AR TR DR (%4
fm, LKL, HEEE) 2A T 528BRT 2 EROICEHE L7z, ZAUIERESRIS 1A RO
f&ﬁ%%??z~&@ﬁﬁﬁﬁ%ﬁﬁr CEZDRBERET DO TH D, I
PEOT o370 2 A IREEFRAEATIZ L0 EBFERORR A ST 272 DIZFmH Lz,
AFEORERICHE L L T4aTEL AbFEAR T2, 4aFL 4bEOMEE LI FITRT,

® 4aE (REWMHITIZERIT 5AMRERMHT OEHEML)

RTINS DA MREEFR TG R 2R LTy, ARERMEHTICI T 5 2L POV TORT
VER D%, KB TIL 4 FCR LICMHTRERICIS T 2 fif AL R & SEBRR R O fif AL
R & e U, A RREESRMRAT O RN 2 MEE L7z,

o 4bE (BHEHEMDORKEFHITIZIIT D Parametric study)
REFGHITIZBNTEREOT 7, BREFHEICT), BRIS78E D EDRENEIZ &b
T % 2 ODMEMRED S R LTz,

o 5FE EBRSV—¥EIE
Cu-Al-Mn SMA (28T 2R 7 v =—2 OEM R 2 MEET 572012, BIfE EM iR
F CEMAEOKFENE T LTV 5D Cu-Al-Ni SMA & Ol & 1T 57,

o 6E W
ABlOMFIERERCETMA A E LT,
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2. Cu-Al-Mn SMA [ZBWTERBEIL I K OERBROT AITBIT BRI ENE

2.1 i

Cu-based SMA [T R BAKFNENR H D Z E BB TV S [19,25], Sutou B DAFZE Tl
25k dn D Cu-Al-Mn SMA (2B W TR T 2 & & 1T, fEsRhLE oM E N 70 < 7
O, BRROTHN/EEMNT S Z ENMONTWDH[16], AHFZETIESIE, EMICBIT 55
PIRIKAFEZ A G NCT 52 & C, BHOMEOERMELZHET 5L & bIT, FabhifRic
& DB A RS D,

2.2 EBRFHIE

2.2.1 B GE

Furukawa Techno material (Japan) 7> 5 XXfa SN 72870 5 3 DORIR (Sfkdh, Ik, H
fteatl) @ Cu-17Al-11.4Mn SMA Z M\ 5, SCRHMIZEVHFEIES TS, Z OB 2 2L
PR 5 Z L TR A 2L &85, Cu-Al-Mn SMA OYREEX % Fig. 2.2.1.1 127597[44], Cu-
17A1-11.4Mn SMA |% 800°C LA LT BFHE 2 D, BHNERBELEZ T L RoTWVWD 72D, B
HAL 21T 5 BENR D D, PHEAILEZIT 9 7= OICITRER A % 800°C UL L TR HLFE & L7-%%,
Bex ANEITH Z L CREMEROMLENRD D,

800

A\

Temperature (°C)
— —_ A O
> o o S
S & 3 3

—
O

15 20
Cu-10at. % Mn at. % Al

Fig. 2.2.1.1 Phase diagram of Cu-Al-Mn SMA[44].
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BRI T 2BV )55 % Fig. 2.2.1.2 1087, ZiAbaaA 1% 900°C15 43 DAL ILEE T

BEAL T2 EEHICBES ANEITHY 2 & TR &2 B HARIE (B2) L, =Dk 150 °C120
FORENEATV, AR TH D B2 (B HiAH) 76 L21 B HAH) ~o#AL 24T 5
[25,44,45], RHHDOHHANLIZ L > TOTAHADORE 2~ LT A FOHBIRT Y R
LT RO EBROPFHEIN TE 5, Cu-based SMA (28T B RAHDOIE #5151 Kainuma 59
Ciatto HIZL > THLMNZSINTEY, K 1iEiE%s Fig 2.2.1.3 127 77[4546], a (A2), B
(A2, B2) BAHAEE THY, LREOTHN/NE W, HAKEL T B (D03, L21) 2325
ZETROTAHAZEREBTE D,

BEghBEf 2 120 0 k0 bR T2 AT 4 MEREBZ 5, <A+ 4 MrtaghiFs
72 1Z 150 °C120 43 DIRFZhIRER] & L7z, FEehtg > SEM it % Fig. 2.2.1.4 1237, XA F A
MTHNEE TWeWnWZ L 2R Lz, KihREZ 150CE LeolX, RERzh§ 5 Z &
T, FTHBOHIEIITNT WD TH D,

MRS & BAE SL R 1L Fig. 2.2.1 2 |Z/R T BVILER 217 9 AN BRI E (AGG) Z1T\,
Hifk bz S5, 20k, HIKAIZ900C3 OB X 22 E L&21T\, HHZ BHAEND
at+BD2FETSH LT, KREHEELTH DRI O 72 IREED B HRR £ THEIT 5,
Z Dk LAE G & R, HLIRIA X 900 °C15 2y O R AL EULEL C B Bk L S w714, 150
°C120 /3 DR E4T 5, HAERMIX AGGIZ X Y BHAATE EO R ENE T L TWD
72, KRhORZITOERANES® 5,

ARBR DA BEIRE D DSC % Fig. 2.2.1.5 1277, T _XTORBRAICHIT DA REIRHE 1T-
100°C~0CDTH %,

AR OB M ORI % Fig. 2.2.1.6 IZ7~x 7, RifEIX Linear intercept method % V7=,
IR 1 mm (2B THEIO L A5 OBLBLZAFClE, RIEIX 3RITHICRET 5 2 & 2%
SN TWB[47], KROBIEIIHFER ERRE M JEOL JSM-7100F) T EBSD
(TSL-OIM) RSN TW5 D% fu/=, EBSD Tl E AR T IR B f A
CAEARRIRR EBIER LT,
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Annealing Homogenization Ageing
(a) 1000
3w O 800 B
8 T 225 ! H
-§ 2 £ oo e .
g3 3 400 | soo°c waq 150°C
238 e 15 min ™ 120 min
8 200
| w.Q
0
1000
(b) g
O 800
S [T26C N
= £ 60t gip
2 g 400 | 900°C Q  150°C
° E oo | 180 min i 120 min
=) - 5°C/min w.a
£ 0
= 1000
@ (c) B
g ~
D DU 800
g TR
= § 600 r +B
2 § a0 | a 150°C
E 200 | 120 min
| w.Q
Q

Fig. 2.2.1.2 heat-treated condition of (a) Polycrystalline (b) Near-oligo crystal (c) Single-crystal

samples. (b) and (c) are after conducted Abnormal grain growth (AGG). W.Q means water
quenching.

Disordered structure

Cu

Al

3 2(B2)

in Cu-Al-Mn
Fig. 2.2.1.3 ordered and disordered structure of Cu-based SMA[45].
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Fig. 2.2.1.4 BSE images of Cu-Al-Mn SMA samples after 150 °C 120 min ageing.
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(a) Polycrystal

DSC
mW

M, =-71°C M, =-46°C

0.00

A,=-51°C  A;=-27°C

-5.00

~100.00 0.00 100.00 20000
Temp [C]

(b) Near-oligo crystal

DsC
mW
5.00

M, = -72°C M, = -59°C

0.00

-5.00 AS = _4500 Af = _34OC

-100.00 —5_?32‘] rel 0.00
(c) Single crystal
mooMf =_71°C D COOIing
Ms=-60°C
@ Ag=-61°C

" Heating » | Ar=-43C

-100.00 -50.00 0.00
Temp [C]

Fig. 2.2.1.5 Transformation temperature of Cu-Al-Mn SMA (a) Polycrystalline (b) Near-oligo crystal (c)
Single-crystal samples obtained by DSC.
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Sample Polycrystal Near-oligo crystal Single crystal
D 0.5mm =2 mm -
IPF of B phase
111
500 ym
001 101 —-—

Fig. 2.2.1.6 Inverse pole figure (IPF) and orientation image maps of  phase in the tensile loading
direction of polycrystal, near-oligo crystal and single-crystal Cu-Al-Mn SMA samples.

2.2.2 HBRATIR

SIERER A IIE 1mm, 77—V ES 16mm, 77—V Smm O Ky 7 58— U IRARICHE
INTHEZ T L7, SRBRA TR O ZRocX % Fig2.2.2 (2R3, 10 H LA
Ty F o7 LI RICHRIE S 7 — %2 3 JRE L, g & 75— PIRICR D 23720 2
L ZHEDDT,

JERE BRI 2 B <728 9 x 9 x 9 mm® DL F AR TIT - 72,

R15 10 mm

16 mm ¢ —
>

ISmm

Fig. 2.2.2 Specimen shape of uniaxial tensile test.

<

10 mm
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2.2.3 R FHE

FIIERBR 1T B RERT SR Autograph & WV TRIETIT o 72, OF Zr (T FERE M OME &

(TR-view X) Z AW CHIE L7z, BIHEHA X 0.1125 mm/min & L, O AN 2.5 x 107
Y81 B K OITERE LTz, JEMRBRICHBW T b RBEE - CRBREE, JEMEE IXRET
Hb, LoL, BB OFfA—JANNS W2, FEREMONES TIT a7 2 AEES 2
ENTET, EfEROT HAMETIR, TDOTDOT RIIROTHT —T % HTHI
& L7-, Cu-based SMA IZTONT Al EEARIFIEN H D729, Yin & OWFZETIZONT Aol D3
72 DI DN TEREFBILIC I DRI D Z E B> TN DH[48], Z DMFFEFRERMNMD
SR A R E LT,

Ist cycle XA IRRBRZBAG L T, /L7 A MEENKTL, v~ T7 A ROk
BRI E LTI & ZA TS ZERM L, fffE2 10 NFREIZZR>72& 2 AT 2nd cycle &
BRsE L, B4 2 £ THloEo 7, EMRBRICB W CIXAREFH RIS S O AHE LT,

200 - — =6.4x10"
o — g =1.0x10"
F v —— g wd 8x10"
E £=5.3x107°
S
b 175 1
2
2
17
= 150
=
=
(=]
Z

125 -

2.0 4.0 6.0 8.0
Nominal strain £ (%)

Fig. 2.2.3 Strain rate effect of Cu-Al-Ni SMA[48].
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2.3 RBHER
Fig.2. 3.1 IZ& G aubiBRIZ I8 % Ist cycle D5 IiRABRE R 2 <7,

400 I I I |
300 Polycryial |
T

Tensile stress (MPa)
S o
o o

Near-oligo crystal

0 2 4 6 8 10
Tensile strain (%)

Fig. 2.3.1 Stress-strain curves of polycrystalline, near-oligo crystal and single-crystal Cu-Al-Mn SMA
samples obtained within their respective transformation strains by uniaxial tensile tests at RT.

TEREFH IS IE S, B, MR OIEIZE <, BRROT AT AR, Hikh,
ZhiEM DIEIC K E o T, AMBREICK DS AT U o 21385, KL, B
MONRIZKE o7z,

FliEsER, JERERERIC X o THE O EHRE % Table. 2.3 12, #PBHRFMED EFK % Fig. 2.
3.21T77, o, EIXENEIULS, OFT &, WHEEZ=~T, t,c,L, U, SE, P, i=121TFNE
ABlaR, FEAE, AT, BRfT, B, JEME, BM, BMHEOTARICB T ENERO S AR
LTW5D, i= LIERERIS R 2 -3, MOBHRR RIS (BD, EPEEk (SE), %I
(P) IZHHIND,

JEMEIC IR W T B ZEREFF IS DTS AEah, Bifkdh, MARRM OIEIZE > To, BT
HIEREFHAIS NI E ORIRICBW T HBEOEREFEIS NIV b RE o, DL S 72
Cu-based SMA D 5|k & [EMEIC I8 1T D EREFH ELIS ST DB TS| 5E & M Tl EA R W
THTLS AN T ERER DG TH 5H[4,18,49,50],
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Table 2.3 Experimental tensile and compressive properties of polycrystalline, near-oligo crystal and single-crystal Cu-Al-Mn SMA samples at RT

inputted in FE analysis.

Material properties
UtSL UtFi UtSU UPU €SE 6<S:L Ea Ew 011) €1 02P )
(MPa) (MPa) (MPa) (MPa) (-) (MPa) (MPa) (MPa) (MPa) (-) (MPa)  (-)
Poly
215 298 202 116 0.019 281 37274 20913 298 0.034 384 0.054
crystal
Near-
oligo 107 150 79 51 0.078 329 31666 10430 267 0.11 274 0.12
crystal
ingl
S:;i:i 170 172 160 152 0.055 418 39849 15418 717 0.084 758 0.17
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(0 = 2.6 =2)
A
(0= 1.€6=1)
O
W)
(2}
o
Z S
Ot
=
i GFU Strain (¢)
<
£SE
<
£total
S
OcL
SE El SE P

Fig. 2.3.2 Default stress-strain curves in compression and tension of superelasticity model in
ABAQUS; they are characterized into elastic (El), superelastic (SE) and plastic (P) regions. Here, o,
¢ and E denote stress, strain, and modulus, respectively. Subscripts t, ¢, L, U, SE,P,i=1and i =2
denote tension, compression, loading, unloading, superelastic, compressive, plastic, the initial and

subsequent points of plastic region, respectively.
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2.4 B

ZhEeM SRR 2 b5 b, SRS L0 B HLIKRRM O PEREOT AR E L 7
0, ZREFHEISTELS 2D, ZHUTRROBEEIZERT S, Sutou H[16]DHFSE TITRIEE
MREL 72D ERIRIEOWMENTHE D Z ETEREOTANKE LY, BREFEHEIE MK
KD ENMBNTWD, KR LOWRNITED Z LI Lo THAx DRINERSTHZ &
NTEDLHD, BEOHHELZFERDD ZENTED, A, SRESEORERIT 3 RITHITH)
WENTWDA, KRBT/ D ERBEDPIRE LD RE W2 2 ot & 72 v, KilE -+
DFRND I I o TND Z NN D,

FLIRIA & BLAE S 2 b D & BRSSO S SRR IE R & WIc b b &3, MAkibt o
FINERROT IR E < BREFHEIS S MEV, Cu-based SMA 15 T ARIEMEN BV |
HDOFEEERIN K E 2D ERESRIR OB L Y LSS SN OFED BN LERIN 72 5[51],
Cu-Al-Mn SMA OZEREOT A 1F<001> HALIC TSI ERE 20, <> 0icr-3< &
ENE LD (Fig24), AEIER U7 IRIA O fE & 500 X<101>fFT (O3 &
7~8 %) E<001>fFir (BREOT A 10%) THDHDITXF L, AL O s FALIE<101>1F
T 5~6 %FEfE L 7e 0, HLIRKIA O 5 B fEdh FALIZEB 1T DEREOT AN K E WV, ERFERIT
COHGEL ET D, R 3 DR ELNRD LSRN H DEEE R E < T<001>23T
WS AL Z BT H b DOPRE REROT A TIRWEREFEIL I ERb 02 b,

—J5, e 2TV 2 AIRERRIEE D IRAKATFT Do ZAUTRERPENRE S RDITD
NTHREOBAHBENEL 7852 L TEENR—KIZEDR D TH D, Ortin H OFFFE TILELE
e I — D OB E LR 220 0lxt L, SR IESBoEREE2FF 7o A7 Y
VANBERT D Z LN TWBH[52],

BB T U — X IEREFH G T, ERROT A, IS AT U ANRENEIH AT,
T A 7 VEE GREOT ), BREBHEMEICEDLL D, 2TE2EETLILNERNL DS, K
e CIXBIRCOFMEEIT > TV D72, EICHIWE, HEOTH, A 7 VREICHE
H+2azZ L9 5,

111

001 10.3% 101

Fig. 2.4 Relationship between orientation of loading direction and transformation strain[14].
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2.5 FEd

A TIXSRE A, HLRKA, BRI 25198, EMRABREZITV, LT O
i,

Sk, JEMEIZRIT HEREFEIG S, BREOT MR SRR & FE s I IIRTE L, R ZHE
B bA 7 D HLUCRIM FEFE IS BRI TR AT, RIS LRI R S CR&ELS 2D L, 1
BTN D ST BIFESRIEE L 0 L BRI & 72 B,

EDRIBRIZBW T EMEICB T 2 EREFH LIS IO ST N EIRICBIT 2 EEFLIC XL b5
W,
AR FRI O B A7 U o A TEES BRI O IR K AFT 5,
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3. HRRIAT T 1T 2 IR Bl 1T T

3.1 i

BITE, ML AKIFT (Near-oligo crystal) (Z351F 55k, F%ﬁiﬁ%’ﬁ 2B\ TIE Ueland 5[53]%°
Liu H[54]1Z & = THIZE S LT 2 23 R AT igil 7 g T I2 B8 W CTOMFEIE e STV R0,
5RO Tl fE ~ @ﬁﬁ%i@ﬁoﬁiaaﬁﬂ@ﬁ'ﬁ"é ﬁfaﬁﬂiﬁﬁﬁ IZETHEEREL, O
THERET D, ZORITHTFICBWTHR U TH D2, FETHsy mgh o ciEsbgE, &
HE I e~ TR ATRIL ’Ffjjﬁéqjﬁj(% {725 Z EMBIE, EME& I3RS, &0 biT Cu-
based SMA (23N TIZHTER 53 DG Eh T AT D B3R <AKAET 5 72 EUEROWFFE TILfRI =
NTWRWERD D, ZIKET AR I3 1T 2 SRyt 5 a) h F % G BREZR AT IZ L -
THHE L, FRRM ORER T ORE A T 5,

3.2 fEMT IR

3.2.1 AT ET VIR

MR OFT V% Fig3. 211277, BRITHTES 70mm, §4mm, HE 1 mm Th
v, TORBRFWNE 3 OORIUIHEILTZ, B 1, 21FZNTNE 2 3= TH S MR,
i b A OM B2 IV TV D (Table. 1), 77 v 7 OFEIC X DT 02D 7Y
Y TTEGORNET NV E LTe, 7V v T HE2EZOMT VI =0 AORHTRERIL 4 =T
WBRHZE LT 5,
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Bulk near-oligo crystal
properties

Bulk single crystal
properties

Bulk near-oligo crystal
properties

Fig. 3.2.1 FE model of gauge section in a fictitious tri-crystal Cu-Al-Mn SMA sample inputted with
the bulk material properties of near-oligo crystal and single-crystal samples in grains ‘1’ and 2’,
respectively.

3.2.2 fRETFRIE

ABAQUS2021 % F\TFafigiLfEtr (Dynamic Implicit) Z41T-72, E7 /L% Solid Bk T
& FHEIT CIDSR & L7z, MR TN 21T 72, Z OFNTISEEIEZE), T %2 8hig
BrTd b, ABAQUS THERf ZHh 737206 Fig3.2.1 IZHIT5 Y iz CTHEDENL
BNz 5 EMERICEDL T, JEMEE 725, FBEEMNTT 5728 Fig. 32212783 X 9 72 fif
WraiT o7z, ZOFET VL Cho b DT LA S M LT2[55], RS Fig. 3.2.2 ()2
T, F7, Step | TZHMOENZMA, R OREZFET 5, 22T Z HHOEN
DR E SNIENE Z D/NEN LT 5, Step-2 Tl Step-1 TR 72 Z H RO % R
L, Y FMIZ—47.5 mm [EfE SE 5D, FH%ZIZ, Step3 TENL 0mm F TORRMZIT 5, fENT
FCIEOTHAZRLF =D E SN TUSIREH S,
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(a) Initial (b) Step 1 (c) Step 2 (d) Step 3
X X, Z=0 X XA
S
£ £
' o)
! I~ o
| <+ I
Displacement _>\ ' >
Z=0.35 \ >
| X v Y
« X,YandZ=0 ' ; X£—> Z

Fig. 3.2.2 Boundary conditions applied in the FE model to simulate the 1st cycle of axial bending.
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3.3 HEER

3 DRI THERL S 4 D HLICRIA O fETHRE R % Fig. 3.3 12”7, (cHIZITHh Mo # —
TA v ERT, RBRIIIEGHEREZ R L (Fig 3.3 (c1). B OIStz 5 &,

R OWEJT IR, EhUTR & BISH PR R A & o TR,

2 DOORLFAFIT TIP3

o TWNDZ ERDND (Fig. 3.3 (b, c2). &V b BT AT H Sl o3 ATV R4 Tl
TN RKE VW, RIERTICHETNEZ H5DX Ueland DI L > THRINTWAD
[40,53,54], L22L72223h, KREBHIT O L 9 2T AN T O A T = X NI E TR

LTV,

-21.1 mm

Y ==47.5 mm

—— — — —
ONEG)C
eletotates
elelelele)

955006
Coooo;

oNhO®

(b)

Fig. 3.3 FE model of gauge section in a fictitious tri-crystal Cu-Al-Mn SMA sample inputted with the
bulk material properties of near-oligo crystal and single-crystal samples FE-analyzed von Mises stress
contours after loaded down to (a) —1.1 mm, (b) —21.1 mm (c) —47.5 mm during axial bending.
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34 B
3 ODRLTHERR S ND KRR D~V T WA MEFEE (MVF), EiUﬁﬁ®ﬁu

i % Fig.3.4 \ 27, AN TIEREBRF O Rl b WAL T 282 2D H b,
REFEIC A DMEN S O, T b bkl 3 KA O EHRE) 231 U oI RE #5<mg
34 (a), £D%, K3 D~NVT oA NERHET L, w7 A SO R TR
RIS LI ETE N hE D, WA E > T EA TR ROR TH Dk 2
(HEAE ST DR B PE) DNEREFEICNTE L T~ AT oA NEREZ BT D, = DR,
ﬁzwﬁ ERFOMIMEITRL 1 O¥EMERERIC ﬁémﬁiw%ﬁwkw,ﬁz@vw%y%4

HEDNKL 3 OWBMEATE L0 HEEMICE Z 5 (Fig. 3.4 (e), EMORIFITHBNTY,
%%tﬁﬁﬁﬁw%@ ﬁl(ﬁkhﬁ®ﬁﬂ%$)#ib@’w%¢éo_®ﬁ%i_
DET MRS T2 2 & Tlid7e <, BREFLIGINTE L THNT ORIPEDL L 72 o 7RI 3 &
FWINCERET D, 3 DORLO HALT E A ERICEAT b B EHEEN 3 SOk TED
DR WG A TR & 7o 58 2~ T, SRRV TR T2 AR T U
F 2 DlE Kato HIZ X > TORIILTVD[56],
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Y=-11mm |Y==21.1mm |Y =-47.5 mm
(a) (b) (c)
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Fig. 3.4 Evolutions of (a—c) martensite volume fraction and (d—f) equivalent plastic strain in a FE-
simulated fictitious tri-crystal Cu-Al-Mn SMA sample (cf. Fig. 3.3) when loaded to different
displacements during axial bending. Solid line in the FE model indicates the center of position,

whereas dotted lines indicate the grain boundaries (GB).
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3.5 M

REETIL 3 DORIH BB ST HLKRRIAIC X D BIRERZMNT 217V, LA T O m 215
7=,
MR T, RFUTINTTET R Z A7 OIIERMETE 2T, BIEA D=L E L

Tix, REFTEREOFRETH D WNET7 U v TEINSH DRI TR REFH LI /) MR
HDINGERET D, TD%, RFTEEINIH DRIk & L ZZREFHEINIZE L, MEIO A

T ORIWENRZELT B EbiroTz,
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4. #V IR LREFHITIZRT DM DORE

4.1 il
BITE, HfEA Cu-Al-Mn SMA O5[5ECIEMEIZ IS 1T D40 K LI Kato H7 Bz k-

THFFE STV 5[4,57), 1% D OBFFE TIELAS AR DI 2 & AL D BFAREAL DEA
ZE b~ T oA FOERBIZCEI DV EROTHNFEALT LT EnmbILTD (Fig. 4.1),
L L723 5, Cu-Al-Mn SMA OIS EIZIS T D 7 FEEIIME S LTV e, I
GlE & EMEOBEEZEBE ThH D720, BIIROME R BITHNT R R 2 TRk RV, &6
IZ SMA DJEJE, JEJE#HZFENZISIT 2 FATHFRIC W T H MR IR Ui 5 i dh (7123681 2%
FIXEIwm SN TR, EDIZ, FATHIEIC BT 287 m O LT EER £ S D 20 %A
ERERHIT L0 bERAMN DT, KRERBICEBIT 287 O28h30H 52> CTldzk
l,\

AHSECIEHh T [ B 236 1T DG SRR DB SR E A b e T8, SHIT4E
_ﬁ@%fMﬁwﬁﬁr_owf KU, 4% b Clidhymah i FIZ RO BORERIG )
DRIFTHEEZHLNIT D,

r MN=I10

Stress, o/MPa

. — MN=1000
=™
; -
g i
L-:'._J: -
* 1 = [
0 5 10 0 5 100 0 ° 5 10

Strain (%)

Fig. 4.1 Cyclic stress-strain curve of single crystal Cu-Al-Mn SMA in tension by kato.et.al[4].

39



FAFE IR LKREINT 2T 2 bR D8

4.2 EBFIE

4.2.1 BVOE5E
HULERT 2 IR T B L RIEETH 5,

4.2.2 RBRA TR

RERFTERIT 4 x 1 mm? OWrE THIT RS 70 mm, 7V v 7 TRy 2 & O T B
E31X90 mm TH 5, &R oBL%, — v F 7 Ll O PRSI 5 E % Fig.
4221 1ZRT, ZORMND G EERM SRR TR BIZETX 5, Fiz, BEHEMEICRT
D REFCHT ORVEZ AR T 5 7212 A1050 Offi Aluminum (Z%F LT [T IR O3 ER
R aEMAE L, i Aluminum OREBRTIZEIT 25 0T 2% Fig. 4222 IZR-F, #l
Aluminum [IZFERFO N THELR V70, 77 N—IZEET 572D, SMA v /L7 A K
BEDEEN LTV D, O T T O A TV T NI &, BT AR KE N
T O REFCHNT i TRl L7222 &, SEfTa%E TdH 5 Rahman H OAFZEIZIVT b Lok
MEE LTHWHRTWD Z EHEE LT,

(a) Polycrystal

(b) Near-oligo crystal

(c) Single crystal
— 5 mm

Fig. 4.2.2.1 Optical photos of (a) polycrystalline, (b) near-oligo crystal and (c) single-crystal Cu-Al-
Mn SMA samples prepared for axial bending.

40



0

0 IR URETCHNTIZ 31T 2 fh i 2 D 28

&
N
i
*

120 . . .
®© 100

%80{ .
60 .

20

0 1 1

0 5 10 15 20
Strain (%)

Stress (
~
o

Fig. 4.2.2.2 Stress-strain curve of pure Aluminum.

4.2.3 RBR5E

4.2.3.1 EBFHE
BRI SHIMADZU #80> AUTOGRAPH % FAVCEME J7 161 ~DZENT d % 0~47.5 mm D

[l C 100 cycle 0 i UJEAE S 72, RBOEE X 60 mm / min & L7z, #f Aluminum /% 17
B D I TEME L7228 Cu-Al-Mn SMA IZ%F LT, BREBABIIRRRE T L2 2 KT T 7,
FRBR T O 3G B SR & B AT T EE (SEM: JEOL JSM-7100-F) % HWCHlZL
7oo F7z Isteycle DEIT IR E I A T T LT,

4.2.3.2 RATET AR
ETFNAERIE 321 ERUMITFES 70 mm, 184 mm, & 1 mm CTHDH, ZIUI2FED

Table 2.3 [T/ Lo EHEZ AN TS, ZRbaaA, HOCRIES, BiEEH O 3 SO £
FIVEVERL L7-, Element VA X, mesh VA XL 3.2.1 L[EEETH D, £7=, 7V v D
B L DA EET D12 Fig. 4222 B4 6724 Aluminum O 5 [5EFE: 2\
THTFEX 70 mm, 4 mm, RWE Il mm O7 YV v 72 LET A EMITEX 90 mm, 1§ 4
mm, HE1mm D7 v 7T H0ET ML DR EToT,

4.2.3.3 fRNTFIE

ENT FIEIL 3 IR LI HIEEREECTH D, 7V v 7i5dH Y OfffTiciW\WTiZrZ ) v 7
RO RGMEE 7Y v 7 LOMRITIZEHB T A0 L, FTHEOBWMBESENR T 5 L5
R LT,
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4.3 REBHER
4.3.1 EBER

4.3.1.1 #i Aluminum OFFEENT HiMR

Ist cycle (23517 D ffl Aluminum Ofif AL Mi#R % Fig. 4.3.1.1 (27~ 8 ff BT L
LD BRBAMEIL T 7 b= D, Birad 5 B OmETA (Bl Lkd,
MR LY A 7 vE3 5 & BRI 12th cycle TRk L7z,

160 T T T T

80

Load (N)
o

_160 1 I I I
0 10 20 30 40 50

Displacement (mm)

Fig. 4.3.1.1 Load-displacement curve of pure Aluminum in the 1st cycle of axial bending tests at RT.
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4.3.1.2 FEdRIRDZEAL

LA O —-21% 100th cycle O HH IS THEEr L, AR DO —21% 82nd cycle D 7'V
o AL TR LT, T OO SR EA, HRRA, £ L TR TOHEREREMIT 100cycle FF
e L7z, Fig. 4.3.1.2.1 (ZHLICRIM OMIE S5m0 5 B7- 2RO F M 5 5 (Fig. 4.3.1.2.1
(a), (b)) & Wrim OWE S I KRBT 58 S oM &2 on LI B FEMEEEE (Fig
43.12.1(c),(d) & L ChEE O SEM B (Fig. 4.3.1.2.1 (e), () Z~7, @M Ik
Do THENE X TRV, RFEMETEORE S OMNLbEIIIEND DH Z &0, b
KLD X 5 72 I > TS & T D Z L3 D, £7-, SEME# (Fig. 4.3.1.2.1 (e))
NHE~TBNBETE D,

—J5C, MR O FBAMERIC K 287 M~ D 8 S 4540 TIXSRE M I TRk
DR T-, S5 SEM it/ 51 Dimple M- K 9 2 b ORBE Sz, &
BT, kW L7edo 7258k 100 cycle %2 O H % SEM (IZ L W BIZE LT/ R, ~ 7
YA OB HER ST (Fig. 4.3.1.2.2),

Fig. 4.3.1.2.3 [Z4&Ri£212 81T 5 1st, 2nd, 100th cycle Dfif AT #hfR 2 7~d, far AL dhR
HZERER T ORI ORI 2 BT EAT TR L Th D, Fig. 4.3.1.2.4 IZ3RBR T OZAL 23.5 mm
& 475 mm IZBIFLAEEHOME TR L R, Lttt (Fig. 43.1.2.4(a)) & HikEaH
(Fig. 4.3.1.2.4(c)) 1IHRBREFE 2R LT, HIKM (Fig. 4.3.1.2.4(b)) (Fh AT CIEXS
FRiCEA Y, FHm~MEW = # IR & 72> 72, Table 4.3.1.2(C Fig4.3.123 b HH L7z
BRIRIZIT D 2 DORBRA BT 5B OMEEEAE, 2 DORBRAITI T 5O
W Z EMC IR L b 02 RT, 2 TORBRA ICRBWTREIEE /I 2 o FER 5
DT EMRERICH T 2 EREFEIS ) LV b RENo7, st cycle Tlfaf HIXEARAIITHE
MMUT-RREEMEICEL, MEMET LTI b—E7kd, ZOWMERK NI N~ T
VYA NEREIZET DENCERMEICET 27202 5, ARIORBR A ORI 242
THY, THEIKRERMEREZAT D L2 D[41-43], EREE, R OME FA Y IIE
N25mm BTV TLE LT T b= %, ZHIERER R O RFFZEERIZES O TR 112
REBIISINCEL, ~ T oA NERMEUT%, PRERDDERE~LT VA M
Lol T EIZRKT D, A VBRI, REBRA OfTE (BEREE 7T N —1f
) I 3RAIEAD L, EIEMEO X O R RKMEIT 20 cycle FREETIH A D, st cycle DFR
T RF L HLORIA & BAEAT IZ T OB TH D 0 mm (TR L7z & ST EIZIZIE ON Tho
7zo —7T, 0 mm Z{ZIZRL £ TIZERMMITADOHE (5IEGMOME) Z20ELE L
72

ZHEEAIE 3 ORI DR O CRIKR M ENE -T2, 22TV D &R0
HEIEREME & BRRMED Z & 2T, AR LRMICBITAMEE 2T U X280
TIEZ A, HRRM, HSEEMOIRICKE ol
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Fig. 4.3.1.2.1 Optical photos observed from the thickness direction of (a) polycrystalline sample
which fractured in the 100th cycle and (b) near-oligo crystal sample which fractured in the 82nd cycle
during axial bending. (c, d) show the top views of fractured surfaces with height profiles along the
horizontal lines. (e, f) show the magnified secondary electron image observed from the framed areas
in (c, d).

TNFHA L

/

Fig. 4.3.1.2.2 BSE image of residual martensite in 1.0-mm thick sample after 100 cycles of axial bending.
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160 (a) Polycrystal (b) Near-oligo crystal (c) Single crystal

(a1) (b1) (c1)

_ (a2) (b2) A (c2)

(a4)
V4
/7
‘/
_160 1 1 I 1 1 I i I I I I L
0 10 20 30 40 50 O 10 20 30 40 50 O 10 20 30 40 50
Displacement (mm) Displacement (mm) Displacement (mm)

Fig. 4.3.1.2.3 Load-displacement curves of (a) polycrystalline, (b) near-oligo crystal and (c) single-
crystal Cu-Al-Mn SMA samples in the 1st, 2nd, and last cycle of axial bending tests at RT; side views
of deformed sample at different displacements in (a—c) are schematically illustrated in the insets.
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=

Polycrystal Near-oligo crystal Single crystal

23.5 mm

Displacement

47.5 mm

[

Fig. 4.3.1.2.4 Optical photos of side views of deformed (a) polycrystalline, (b) near-oligo crystal and
(c) single-crystal Cu-Al-Mn SMA samples during loading in the 1st cycle of axial bending.

Table 4.3.1.2 Maximum loads and corresponding stresses at instability point of polycrystalline, near-
oligo crystal and single-crystal samples during the 1st cycle of axial bending (cf. Fig. 4.3.1.2.3 (a—

c)). The experimentally obtained compressive transformation stresses of bulk Cu-Al-Mn SMA
samples (cf. Table 2.3) are listed for comparison.

Polycrystal Near-oligo Single crystal
crystal
Load at instability point (N) 27 17 24
Stress at instability point (MPa) 108 67 97
Compressive transformation stress (MPa)
(cf. Table 1) 281 329 418
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4.3.2 fEMTHER

Fig. 4.3.2.1 {24 Aluminum {Z351F % 1steycle B —47.5mm D7 U » 7H Y GBI E S
90 mm (HIFEX 70 mm, 7'V v 7 ETH 10 mm) 77U » 772 L (IFEZ 70 mm @
F) DOFFHTIZET 5 side view & ARD Mises i 1T (omises) W 153G % 7T, 27U » T ERIT I
NHMTEZ ST 7Y » 7/ L TRERICEIZRN O 7 U > 77 U THIT 2 5 %17

IbDET D,

Side view

Whole view

0'Mises
(MPa)

110.00
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91.67
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73.33
64.17
55.00
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18.33
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0.00

With grip
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91.67
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27.50
18.33
9.17
0.00

Without grip

Fig. 4.3.2.1 Distributions of FE-analyzed von Mises stress (Gwmises) in the samples when loaded down
to —47.5 mm during axial bending. FE models of pure Aluminum.
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Fig. 4322 IZKRIRIZET B 1st cycle AL —47.5 mm D Mises iz /T (Omises) & H IR DM
O H (&) AT Z T, (Q~C)IZITEFmDe L % —F 4 v ERT,

TRTOAREHE ﬁﬂﬁ%wv IMER 2R L, ISERITRFERT TCHL7 ) v
& ':Pﬁ'%*ﬂft; STz, BWEOT AT SHREREM TRK (6 = 19.5 %) , TRIZHL RIS (g, =
4 3%), IBICHFERM (5,=1.1%) L7257z, Table 23T K D ISR 1X 3 D DKL

@Eljfaxzjc@fﬁ EOT A (18 %) AT 20, HfEEM ORRIST) (758 MPa) LV &
{E&b\ﬁnpﬁtﬁ;jj (274 MPa) % FF>, Ziupx, H—MEHEEZ AN RER M OET /L
TITHARIA T ARG L 0 & B AR 2050 5,

Polycrystal Near-oligo crystal Single crystal

oMises (M Pa)

6080 | |& =19.5% £ =1.1%

Fig. 4.3.2.2 Distributions of FE-analyzed von Mises stress (owmises) and equivalent plastic strain (gp) in
the samples when loaded down to —47.5 mm during axial bending. FE models of (a) polycrystalline,
(b) near-oligo crystal and (c) single-crystal Cu-Al-Mn SMA samples were inputted with their
respective bulk mechanical properties in the loading direction (cf. Table 2.3).
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BRfr 2L, ZhEaAIE ON THOZEN (0mm) (L7, THUIERESAM I
PEETERAETTHY, 0 mm B E CRTICTAOHET b bLIIRMENNEL 25,
— 7 THLRRIM & BGRB8 W TUTA DR EITLE 2 <, ON TILOEAITE LT,

Fig. 441 \ZFREENLE 7T N—TiEOER, Fig 4.4.2 258580, MR, HAESEM
2B D 20cycle Z L ICRBITHEEEN E T T F—fE (MITFEEME) ONFfERT,
FERREATIIME O N ICBIT D, AMBREEICB T AEMOETHY, ZIUIRBRF 0%
OTHEFMT H7-DICER LTz, ZIUIRHT V= — X 2B T 580 K LEHOOT 74
FIERZ RO THY, BREEMMREVIEERERNEN EE2RLTWD, EEEN
(Fig. 4.4.2 (a)) (XY A 7 VESEINZ LN L 7=, Kato 5[4]%° Shrestha & [58]df# 0 K L
SIIE—JEAEBRIZ B W THAAL O EASCIEN. DB NI L D~ T A FOEEIZL > T
e \HEENR DD Z E AR LTINS,

77 b EITAMICB T DAL 25 mm O EEE T 5, ZfL 25 mm TOME & EF
L7=DlE, EORBETHEN 25 mm TIEHABRF OREN T T h—L 25720 Th 5.

Fig. 4.4.3 \Z38BR i odh 7 M & i, SBRA T IEICB T 2~ T oA F ORREER
(MVF) OBRAERT, Zhbamb, MR, HEESE OT X TOMECTHRER A O EH
R 75 h—L 70 B L ZIZTHRENERIC AT oA F o TS Z LG EN
Do ZOZEMHLREBRT OFREAERIITAT oA NERET A2 ETCHlITFE—2A Y |
NEALL, BB 2T 5 DI T2 N EL b TH D, 77 F—HEITRRA O
EREFFEIS IS L, B TZ o —2 %R (BRfirks) CUU (AR OBRD H 711
HEEWKT D, 77 F—frElX 1st cycle 75 20th cycle (2200 T 5, ZiUTEEALO
ERICL > TEIEZ KRS TR T 1T R - 7RRE & 72 0 ERICEIE L7 72572 Th 5,
JEJEATE DS 200 cycle (T T < 72 o 72t%, 77 MW EITHBNRZET D, ZIUIRBRA
NENETNOEREFEIC OB CEREEZED DS THD (Fig. 44.2 (b) D7 Z h—fEK),
3 OOREBR T OF TR b @ WEREFBEIS ) A R OZ MMM T 2RI —F &N T T b —fr
HERLIZ, L LG, ZREEMITEREEM bR O TRRTH Y, ZiUuizhk
b DEBEOT HMENZ EITRINT 5, Z OERBENMOFERIT 1st cycle (281 2 HRE
FINTICB N THRKOHEOTHE R LI EICL > CGGE &N TV (Fig 43.2 (d),
il L 72 BR A I3 E RO T AN SN T ERKIFE L DOEREOT AR —H LW\ Lick b
SRR CRIRAREE L= & & 2 5N 5H[40,59], RIFUSISAER R Z 0, BN A

49



B4% VB LREBETICET SRR oK

DT NI LI Liu 5OMFEICE > THERIINTWD[60], WA XSRS J14E
Db REWFRFTTH -7 (Fig. 4.3.1.2.1 @), 77 M—MEIIHRZ D L, KEOIZ
TR O T h—REL D b/hELhotz, ZHIFRARDOEREZRIEL TS, AR
DI XV HIPEIME T35 D1d Huang 5 @ Cu-Al-Mn SMA (281 =B OV K L 3 55
PRI L > THaREN TV H[61],

FLIORIA & BUAE A I3 2 R L 0 IRWEREHEIG /) & RERERROT AL FHFOZ &
D O/NS IR RERRRLR T R AL R LTz, MR O 7 Z b —WEIIR/NTHY, =
AULT T b —FiE AR O R T EICALE T 280 5 6, F/NOZEREFH IS ) % FF
KL (<001>J70r (Fig.2.4)) ([ZXIGT D720 Th D, HARM & HiEsb O RKRER i1z
BT DIRBEZNLIL 1steycle 75 20th cycle F TIEIER UfEZ R TICH 200057 (Fig. 4.4.2
(@) ), H—BEHREE T L OFRERMATIC L - TR AL 1st cycle DEMETT A THL
KK (e,=4.3%, Fig.4.3.2 (b)) DOITNHFEMM (6,=1.1%, Fig.43.2(c)) LV b R&En
STz, HRRIM DN BRI — B 2R LT IRET D &, 2RISR KOERED
TH (18 %) ZHTDITHEDLT, KWEIRIST) (274 MPa) D72, MPEETDE
ABRL L B Z EBENT N B D> TWD, — 5T, 3 DOk (LKA & B S O
2SIV B OREHREME)  ORERL S VT B IRERMENTE 7 VITIEFI N S RO 2 (g =
0.4%, Fig.3.4(f) Z#/RL7-, 3B CTH/RLIZLDIC, BIRLIESSOEER (ML,
FEPRPERES, VEMESERR) BT D T & TR ORIMENL—Z L B L, R Dok~ &
IS, DTN ED L2 Th D, 2D b, HIRRMIZEBIT 5 KRERiT
DA FRELFENTIIME 2 ORI TEFEIZET ME SN DDOREHEERH D &2 D,

LRI Z 31T DFREEALIT 40th cycle PARRITHRE R L0 b RE o7, HFEREM O
NI~ /LT YA FOREEEIZEAIND IO 0b B F[4], HARIH OSN3k R
BHIZEANIND, ZHIEZENLENORIZEB W TEROT AN ONEBREFHEIC IR D 2
LIZEVEZY, ZOREISHEFRAFIN e & A 7 VIt ENMELS 72 5[37,62], B
(2, MK OFER T O —-D I3 G A O (100th cycle) £V & R (82nd cycle)
L, B L= o C B HREDNE o 7o, BRI L7 ZAE s i L=
R TR L7212 b 20 59 (Fig. 4.3.1.2.1 (a)), LKA IE 7V v FERASUT ThEr L
7= (Fig. 4.3.1.2.1 (b)) , HLIKIM DLETTRLOFE S AL & F N ORLONL 258 < AKAFS
Do FNENORUTER DI TERL LS LT 570 HEFNEZD, Zarnath
ZHlEHZ Lz (Fig. 43.12.1 (1), T4 > FAOMOT- X 5 223 9712 L 5B eas il
=B ELR ) —FAMDIENIZEVEZ 72 L 2R LTS, AU IFHRE LD
L7 Uy T TCTHEERICR Z D, 2T Yy TR RRE L TR S LTTERY, A
HEMENZ SICERT 5, RERERBOT AL AT DMRBMITBIRERALEE TS
JEFSEITE LTV AN, HFREIR 279 2 & S KRB #h T O I3 L TuhZau,
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Fig. 4.4.1 Definition of residual displacement and plateau load of axial bending.
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Fig. 4.4.2 (a) Residual displacement and (b) plateau load of polycrystalline, near-oligo crystal and
single-crystal samples as a function of number of loading cycles during axial bending. Filled marker
connected by dashed line denotes the averaged value of two tested samples, whereas unfilled marker
connected by dotted line denotes the value of remaining one sample.
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4.5 WEDHFE &L DHER
Rahman 5[41]IX=IRIC Téﬁ§w®mw%#mNﬂwMA®ﬁ%@ﬁ@Lbﬁﬁﬁ@

FHFENZB LN LT22Y, U LEEIT 3ENCE EF-TEBY, 2ol mOBALIE
B OBl TR S D 20 %A Thh o7, AW TIL, aéwCMMMﬂMA@MTdMA
LD REREBREROTHEA LDOEENENZ L6, LDV A 725 Z L3
TX, RERESHMEMTHITLZENTELZEEHALMNILT,
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4.a REFITITRIT 2 A RERMIT OFHEME

4.a.1 FFif
I, AIREBMATII O A0S J1 5340 % 3K D 25 72 80 e O A FATIC 36 1T 5 TR

T 72 & Tl < Af ézhﬂ\é LosL7en s, HIRERMHTIE Mesh OB) Y H08E R &
OB E i &, BT TR 2EENRNL D, £HRIXRRBICEHLE2 TR TS RN END
A IR T 5 CP-FEM%Dcode AW T 2B T 5 UMAT 72 E LB & TV 5
AN ARG SRIEE & & TR DB R &~ 7 1 B ARV TR S EBR D EBRFE R L E o
S HBWERNHLNEHERL, KEWMIT O~ 7 v REEMFIT OEHEME 2 REET 5,

4.2.2 FRMTTIE
FIEABRA 1T Smm, &S 50mm, HRE Imm ORGEABRAF Z2€7 v E LICET VIE

K% Fig. 4a2128%, ZOFT/LIE Node5488, Element4320, C3D8R T&H D, F 3 Step-1
TETNE ETFHIANCFE CEMTETBIE, & D% Step-2 TIOEN~E R LT, HEHIEH
AR X OICERENS 5 2 DA HE LT,

i 7 P AT ISR\ CTiE 4.2.3.2, 4233 12D iE & [RIREZ 7 1L TRRIT 24T - 72,

A 0 / 5/77,77

A

ww Qg

A

Z X N

Fig. 4.a.2 Schematic FE-model of uniaxial tensile test.
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423 FER

Fig. 4.a.3.1 [Z&RIRRIZIS T 2 FEIRAE R & A IRE RN & Lol L 72 IS ) O B i 2 7~ 9
EDRBR AW T ERAE R & TR R IR —H L T D 2 LR nn5,

Fig. 4.a3.2 [ZKRRITIIT 2 EERAER & AIREFRMIT O EEM MR A ~T, St
LKA & B M 2Tl — B L7z, 2RI W TIIRRATRFO I ERFER &
RO, BRI TITERF R L0 BTSSR O 7 A RTBRETH OIS ) B A
FTUANRNNE o1,

400 T T T T T T T T T T T T
2%
L]
= 300 i
o
<
% 200 Near-oligo crystal Single crystal
= [ /
m -
2 r
£ 100 |
2
O 1 1 1 1

Tensile strain (%)

Fig. 4.a.3.1 Stress-strain curves of (a) polycrystalline, (b) near-oligo crystal and (c) single-crystal Cu-
Al-Mn SMA samples in uniaxial tensile tests at RT with experimental and FE-analysis.
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(a) Polycrystal (b) Near-oligo crystal (c) Single crystal
160 T T w w T T T T T T

80

Experimental

FE-analysis |

Experimental 17 Experimental

Load (N)

-80

-160

0 10 20 30 40 50
Displacement (mm)
Fig. 4.a.3.2 Load-displacement curves of (a) polycrystalline, (b) near-oligo crystal and (c) single-

crystal Cu-Al-Mn SMA samples in the 1st cycle of axial bending tests at RT with experimental and
FE-analysis.
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4.0.4 ZE

JEIEMEITRBRA Ot v T 0 72 h K D%, EBREREMTERS—ELIZ<\VWZ &
DHIHILTVD[41], ShEamM I I T REBRAE R & TS RIS EZNRIBIZAE T 2 REO—
D& L THEERLIF L OWRNZET b b, SiEdmp TITRI 3 IRTHIZHR S5 72 h
FEFAZB W TEBRIIER T 52RO MER S 5720, RIS RER L, EFT
% & EITHNOBANKE Z 5, —HT, S5 ORL S HIORA & RIERIZE & ORI R
LRSI /T D720, FREOT R TR AR EICALE 9 5 1E % ORLO LU 7
HAFT Do 2O ORI ERFER IR ROMES LTEZX 6D, SEITFERRIC
BWTC, ZfEamH O RFIEERICH T 2RO M RN 51k T~ 7 n G b Ly
MRHE L U & R EWTZOBRMRFICAATAE R EBRAER L0 RN RELS D EEZ
bIb, Fio, TOMOEEL LT, SMA [X515E & JEMEIC L D BROTHNELR DN,
A Bl DN TIXERROTHDZEIZ OV TEE L TR,

BRSO TR A DB 2N S 23 b T AR R OIS 1 8 2T U & A NRETHE
REVKEL D, Cu-Al-Mn SMA D& FEBRFHZ~ VT YA ME & RHEO AREES M)
DAERBHITERAL R U D, fRITIC VT A ME & RO ARSI SNz
ZOXEIBRBRNEZ D, BIREROMEHREEZ AN TV DI S b b7 Z Ok RiE
DEEZ DO, EAFREITIIERE L EROEEEE THDH Z &, REBMIT TERES
MBI REFIZ AR TR TR E W LI T 5,
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4.b HESEM DOREFMITIZIIT 5 Parametric study

4.b.1

Cu-Al-Mn SMA (3SR FEER H D Z ENMbR TN D, —fRICT AR Clds ke
OMIPEN BTN B A 5.2 5 2 LN LIV TV 5[63]73, ﬁiﬁwﬂ[ﬁ%ﬁ%ﬁ@k%ﬁjﬁﬂ Fizk
WTY T ERLGI0R & EMEIZ BT 2 ERROT HDOEDNEES D Z L3 Pereiro H[42]DJEAT
WEETo o TNDHN, EREOT HRRERIG I D BT T I DOWN TS 025 THVRL,
ARFECTIIHFE A 12 381F D Parametric study 21TV, EREONT ARG ) O R IF T 2%
HEMNET 5,

4.b.2 FENT A
MENT 51513 4.232 £ 4233 1R T LD AR TIETITo 7, A LIEETVICEBITS

MEHEF: % Table 4.b.2 |Z759°, Parametric model 1% Kise H DO LA S L THEAZFEE L=

[51], JEAEICE T DR EIS ST 300 MPa & L CEHR L7z, MIRLOEWEMIZE VT

IXEREL U L BIRDEENKE W & A Pereiro B 72 E[42,43,64)12 L » THIEES LT 5

7o OEHEIZ Téﬁﬁﬁaﬁﬁ_mj} =8 Smgle crystal DEF /LT 2 BT3RO 8[BEFREZ VNV,
Parametric model (Z35(F D fEdh HALITZERE O T B2 —F K E < BRSSO <001>H1A7 &

L7,
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Table 4.b.2 Tensile and compressive properties of parametric and experimentally modeled single-crystal Cu-Al-Mn SMA samples at RT inputted
in FE analysis.

UtSL GFL GtSU GPU €SE G<§L Ea Em 011) €1 Gg €
(MPa) (MPa) (MPa) (MPa) -) (MPa) (MPa) (MPa) (MPa) -) (MPa) -)

Parametric /g 285 160 154 0.103 300 23000 2059 220 012 250 0.55
model
Experimental
Model 170 172 160 152 0.055 418 30849 15418 717 0.084 758 0.17
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4.b.3 FER
fEMTAE R % Fig. 4.b.3 (27”7, Parametric model MDZEREDOT 7+ 10.3 % T Experimental

model DEREDT A+ (5.5 %) LV HLREWVIZHLb BT, RIFTEETICEIT 2803
1% Parametric model (g, = 8.4 %) ™ J573 Experimental model (g,=1.1%) XV H KX)o
7= (Fig. 4b3 (¢), (d), F7=, RETMFHICBIT L2~ T A4 MEEREE I
Experimental model ® J57)% Parametric model XV & K& o7z, /T oA MEREITRT
EREHTHLHPREL 7Y v FEHTEL L BERICEENTE T LT,

Parametric model Experimental model

0.050 &, = 8.4% & = 1.1%

Fig. 4.b.3 Distributions of FE-analyzed von Mises stress (owmises) and equivalent plastic strain (gp) in
the samples when loaded down to —47.5 mm during axial bending. FE models of (a) parametric study
and (b) experimental model of single-crystal Cu-Al-Mn SMA samples were inputted with their
respective bulk mechanical properties in the loading direction (cf. Table 4.b.2).

60



FA4TD B OREZMNTICET % Parametric study

4.b.4 B
ZEREONT A3 K X U parametric model (10.3 %) 73 experimental model (5.5 %) £ Y

PEOT BB K E o728 & L T parametric model (2351 2 FEIRIG /) (220 MPa) 23 Hifk 5
MIcB T HBRIEH (770 MPa) X0 KW Z &, Z LT~ T o3 A b OPER)EG
LTW5EFEX BHILDH, Parametric model NHFMETERB L X o721, ~ /AT A RO
PR & FERIS T DR N T2 DIZERER T 23l 23 0 097 <, T ISBIRIGIET B T2 O BIHEATE
DB AN Z Y LF VN, — 5T Experimental model (23 TIXABEOT A2 Parametric
model & H_T/HNIWA, w7 A FOHMERPE WD, S ERA 2N 0 Iz <
DRERIC TN E N OB E P Z D IZ KBUEROBEARIHITE 5, ThbbX
BT OWPEOT RIIEREOT ALY b~ T A b ORI OREIRIG T DO FZE M
REWEWZ D, ZHUTRBRFZ Y = —47.5 mm £ THIT CW25HA6THY, A48
BRI D ZENL T D Y = —20 mm 2 T H AL parametric study D 5723~ /LT A R
PEEFERFIZ I 2 VA 7 NIEITI K DAL OEARHL OB NIZ L D~/ T A FOF%
BB oD 6EMERH 228, AENXY = —47.5 mm #1175 L 9 2 KRERIZOWVWTEK
THZELET D,

R OEIIR E ~ VT oA FERHEBOHBA OLE LT SITKET D,
Parametric model CIFFER T DO~ /LT A N ORI RAEIZ IS 1T 2 PRI O PR O
10 77D 1L & IEF IR =8, RFTAEEIC#T 23E 2 2 & AREREfEN & ORI 773
REWORBE A LR A CER LI DA Mh23 %, —J7, Experimental model T
LR O~ VT YA N OFEMERNRFEIC IS T B BRI OB O 5550 2 RETH
0, REGRIRINE D ZED D 72N T DR A O JRFTATEE DY Parametric model £ V) &K L 22
TETRIFAL 72 D,

AR OTCROZBACITIEOT RIS BT 5, v T oA PERBFHEENAS 2D &
PARBNZEREN D D DNIEL 725, Parametric model TIZZANL Y = —21.0 mm 75> & ¥EPELS
e MG E D DIk L, Experimental model TIZZNL Y = —31.0 mm THIMHEETE N EE H, =
DL HIZHAER A OHN VIZ L ZFEHEEROMENZ b DR 5,

INHOZ ENBRBRA OREMITIZI T 2 MMEOT HIIRERIS T & ¥ o 7325 <
BETHENZ D,
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4.5 HEd
AR T IR 1T 12 3515 2 RS R 0 B BT D T & AT BRI AT IR AL
DWW Cakim L, AT OfEimE 157,

1.

TR COLREEM & BRSSP 2 L2y, SRBR A OmRO5 0L ok %
BT DRI IME & DORLO#E bl LD JAE T BT K0 I ETE &R LT,
FTARTCOFEIRNT R L CHRRE AN ITERAL OBARCHEN. OB A L D~ LT oA b
DI > THA 7 VBN E & HITHR LT,
705 F—fiEIT 1~20cycle TRUHIZIE T35, ZAUTEEALOBANIZ XL BHEOTHO
TPV A DR > T 2 TREBA DB L2 b7 Th b,
FHH*&L ITEWEREHEIS N EZHTH520EWT 7 b—mEEEFLND, —HTE
REOTHD/INE ORI, FREEMNRKEL 25, BB O—21% 100th cycle THE
L,
KRB ITEBOT BB RE WD, IEAMAETR 2T 2 & bMREHORE et
/1Nl %éﬁmo#o,ﬁﬁﬁ@o%weom&muwmmﬁmffvyﬁ%ﬁ%b
7o
KA TR RN D 20N 2 LI B SR TER O BB EITmWS, 7V v
TEICRIFR RN D% & 7Y TEOWENHR LY RAET D,
%%%Mii%%%tﬁﬁﬁyﬁﬁﬁi D HIRWZ®D, 7T N —ffEITZ S KD
BIRLS R D0, BRROTHDRENI EORAN 2N LI K VOB AR D7
w:&ﬁ%ﬁﬁ%r_@MTwéo#Af@ﬁﬁmﬁilmcwmﬁﬁ¢KM%L&
o f:o
RIPE % 28 2 CTAT o To A IREERRAT O ff AN BRIZ U T, ZREaRATI R IR R &
ﬁ#ﬁ?ﬂ%%@ﬁ>—‘£ﬁl/i£ﬁ><>f;o TAUEERS, SRR TRREA TV D
ZEIZkY, BETHRICIEMNOEANEZ HZ L TERREOTADBET H1HT
H5,
HfERAIZ351F 5 Parametric study OfE R, KETZHIT st cycle [Z351T 2 WO 4
TSI L v TRICEDEBERRE NS0 oT2,
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5. BT Vo — 2 ~DESE

5.1 Frim

1 EBCTHBRARZ XY ICBAEDRERR T Y= — X ~% Cu-Al-Ni SMA OFHNRAA LTV
%o LD2L72A 5B, Cu-Al-Ni SMA [IEREOT HD K ZW<001>H L %2155 72 DT BE S
ENRRBESNTNWDSZ EIZEY X MB35, O, AAF5ETIE Cu-Al-Mn SMA @
P AR T2, Cu-Al-Ni SMA ITERFHEE AR Destiny+~DOF| AN RAA LN TE Y, EMA
BrE CORBREIENHFA TS, AETIE Cu-Al-Mn SMA & Cu-Al-Ni SMA O /)22 454 %
4% Z & T Cu-Al-Mn SMA B ED K 9 R ORERA T ¥ — X I T 50 3FE5Er]
REMEIZSOWTE LT 5,

5.2 ERFE

AR AT 421 IR T ERAIE L R TH S, Cu-Al-Mn SMA IZH\V Tl 4. 2 5 TR
U 7= BRE A 2 e, AREIE 0.5 mm & B B Cu-AL-Ni SMA (Z%F L CIFARIE % 0.775 mm
& 1 mm D 2 FECRER A 1T > 72, Cu-Al-Ni SMA (Z%f L CIIHJE 0.775 mm O & D 700
cycle ®BRZ1TVY, 1 mm O b DI 325 F TR 21T - 70, WM L7238 Ok 1
A EE 2 O CHRE L=, BfbSh Cu-Al-Ni SMA X EBAD #8LC, Z O EHME%
Table 5.2 IZ/R9,

Table 5.2 Material properties of single crystal Cu-Al-Ni SMA

Properties Value
I Young’s modulus I 30 MPa
Yield strength 950 MPa

Elastic strain limit 9.0 %

53 HER
Fig. 5.3.1 I Hiff s Cu-Al-Mn SMA (WRJZ 1 mm) & HifE S Cu-Al-Ni SMA (/5 0.775 mm)

DL#E %777, Cu-Al-Mn SMA @ J5 7% Cu-Al-Ni SMA £ ¥ & RIS K& 2B 2R LTz,
Cu-Al-Mn SMA (A Jii ff 7% 100th cycle TIX A HNRWDIZKF L, Cu-Al-Ni SMA TiX 700"
cycle (IZBWT L EBMTEIL Ist cycle & LR H BN -T2,

Fig. 5.3.2 |2 Cu-Al-Ni SMA 1 mm ARJE D7 [a) #h (T 5ERIZ 31T 2 faf AN AR 27~ T,
Cu-Al-Ni SMA 1 mm #RJEIZ DV Ti 391st cycle T L7z, Istcycle &k L 7= 391st cycle
BT D EENI IR Z 7T, Cu-Al-Ni SMA HE 1 mm I8 2R Cliii sz — B9
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BB DY 1 N T T L » 72728 391st cycle DOfaf AN HHR IS IZ AN OfE D I
ERALTOD, BEWEIIMEERIECH D 2 DD EHEEIC L 58 IO K 0 iR
iz (Fig. 533 (a), F7-MMimNICBRN A>T (Fig. 5.3.3 (b)),

160 (a) 1st cycle (b) 100t cycle (c) 700™ cycle
Single crystal Single crystal
80 Cu-Al-Mn SMA 1T Cu-Al-Mn SMA 1 r
Thickness = 1 mm Thickness =1 mm

z
k] 0 E
8 Single crystal : i
S ingle cry Single crystal Single crystal
_ Cu-Al-Ni SMA Cu-Al-Ni SMA Cu-Al-Ni SMA
Thickness = 0.775 mm Thickness = 0.775 mm Thickness = 0.775 mm
-80 1 1r 1
_1 60 1 1 1 1 L 1 L 1 L 1 L 1

0 10 20 30 40 50
Displacement (mm)

Fig. 5.3.1 Load-displacement curves in (a) 1st, (b) 100th and (c) 700th cycle of Cu-Al-Mn SMA and
Cu-Al-Ni SMA samples of axial bending tests at RT with experimental and FE-analysis.

(a) 15t cycle (b) 391t cycle

Load (N)
o

fg & : }E 1.

0 10 20 30 40 50 0 10 20 30 40 50
Displacement (mm) Displacement (mm)

Fig. 5.3.2 Load-displacement curves in (a) 1st, (b) 391st cycle of Cu-Al-Ni SMA samples of axial
bending tests at RT with experimental and FE-analysis.
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Fig. 5.3.3 Optical photos of Cu-Al-Ni SMA with 1 mm thickness (a) observed from the top views of
fractured surfaces with height profiles along the horizontal lines. (b) showed the magnified image
observed from the framed areas in (b).

54 B8
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