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ABSTRACT

Baced on the engencering application of CuZnAl shape memory alloys, this paper
analyzes the variation law of SME and restoring force of the alloys, from the points of
the thermomechanical training propertys and the phace change properties of the alloys.
Bend method was applied to measure the SME of these alloys. Mictostructure was
studied by virtwe of optical microscope, SEM, XRD and transmission electron
micCroscope.

Experiment result indicates that:(1)Wen the pre-deformation is greater than
2.6%(the maximal reversionable pre-deformation of the alloys),the SME will keep a
montonic decreasing with the increasing of the pre-deforminng amount, but the
decrcasing tendency is slowing up;in two-grade ageing heat-treatment tcchnology,
parent phace-change is basically comprecated within 15minites,30minites liter,The
SME reaches its peak-point.and with the aging time going on,the SME of the alloys
will decrease because of the bainite iransformation of it.zhour later, the SME decreases
severely.{2)When the pre-deforming is not too big(under 5.725%),the restoring stress
will increase linearly with the increasing of temperature,and the “temperature-restaring
stress” pattern, deduced from Clausins Clapeyron equation. can works well to predict
the test temple. When applying the self-made “temperature-restoring stress admeasuring
apparatcrs” t0 measure restoring stress, limited by the poor stressing duration stiffness
of the test sample,its restoring force can’t be fully developed in the apparatus, after
some appropriate mechanical treatment(reinforcing rib),the experimental findings can
mach the data from pattem wellwhich conforms the feasibility of the

temperature-restoring stress pattern.

KEY WORDS: CuZnAl Shape Memory Alloy, Shape Memory Effects, Martensitic
transformation, Thermomechanical training, Pre-deformation, Aging

times, restoring stress, restoring force.
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(a) normal thermoelastic martensitic phase transformation (b) part martensitic stabilization

(¢} loss of thermoelastic property
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8) MERAHRSE: GHKNEEE-RERLRNEN.

(2) BE&ERPEER

CuZnAl & HHHT S LE B REUE, LERIHIE DR AL R
HEAR LTSRN, BE2-2.

BEnmeraan ]

W22 CuZnAl &8 Ms S L4L 2% B
Fig2-2 The relationship between Ms and the chemical constituation of the alloy
ERMEERE CuznAl EEMERER, BESH Ms A5& 2 KX F:
Ms(K)=2559.4-64.552(Cz+1.2445C 4)*"]
Ms(K)=2221-52(at%Zn}- 137(at%AH""
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X k2 AL F A L

Ms(K)=2142.56-58.53(Wi%Zn)-158.1(W1%AL)P¥

BRXEARREFFEKREEETREN, ELAEEN Zn B¥ 0.1%. Ms &
S F 278.2K~279.46K, Al ¥ 0.1%. Ms 25 %F 281.03K~288 81K.

A BRI & T EEME Y, TURSRATEHEANRE. KilE
BRI AR BT AR AR AR A Y R 311K(38°C), 318K(45C):
331K(58°C), 358K(85°C). 361K(88°C), 398K(1257C).

(3) #H Bl H&

WR XA O, o A ooHFNER, EXETFEPHEMEIEE I
A 0.08%ME SH LM RE (La+Ce) #ATHMIE, RASEAIEE, WiEmaARY
o80x150mm M TE, B AKACHER R I# B 1093K (g 24 MBI R, REX
BRRE 2~3mm SRR, BXEESITEIT, KRR 03mm FIE K, HIEIR
0.3mmx8 mmx60 mm HiRF¥.

RS BT R R LR LE, RERTORIEH. SEERERN R
Mo (HEEEDED) BWF, KF, FERN EEIGAFER, T8, Wk, A
B8 TS BE (Smg =#LEE50m) $AR 4 100m! KD JRTL. RIGHEHTHS
BADFRE,

(4 AtBTE

KA WS MG TE—830CTHAELR 30min, HPFBEAZGMS, R
150°C i+ R

(8) R iciZ & & B ER %

WIER N R RESE: 373K K5 MK 423K i 5FH M.

5 KA SR fELARK BN IAZ U, . HE R BT B IR R K 1 )
BB EEAT, AR AMNEFN EPEE 5 B L, RERANSKRE
MRMATAY, BERLREE 50 R, LMESSERINRIC L. REMBEAR,
R FLEE AV 4B R oD AT B R

P LRI AR AN, PR R AU B RIWAR . BSR4 A:

&=(t/d)x100%
Feer, BRI d AFTRIBEEREM A8, AKide D t=0.3mm.
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2 F A F AL F Bk X

(6) TEARTTAZINNG (30 &

AR IRAZ R AT B KA R, M 23 iR, WiREESESY ¢
WM 1800 BT E RN GRER, MUEHOERE A, BARMGIEERAN
B 5 Bit, BRERASHREAA TS, TTRERFKEARRE
BRI BN RIA SR B, WHELAKE, B15 B, DIRFHRR
[0l 32 % AR T AU B

w = B/(180 ~ 4)x100%

M23 HixdgiRioZnERrEs
A--BEFI#A: BNk ER
Fig.2-3 the sketch map of using bending methad to measure the return rate of shape memory
A—unioading rebound angle; B—two-way memory recovery angle
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BAE—RIIMME, wi: pRANKEEE, Mo+ pHIEE, AilSIU RIS
P A G, W& SRR IAZ A0, A EA CHRA R LRI, RPN
B A BT AR AT RARICIZ AT, WI0E — SR e R iR BN i e K
FEAAM. WF Cu BRRE &S, BREEBREREETERKERmRLUER
1 A B MR . EIXOHRE FOREER AR EEN, XA RE IR
ARBRP S RERE, BRI, R LS TR P A SHEREK
W, WHRALERHETE, ARMELEEACRE e R REN, KRR
BRI RO ] 3R It B R W R R — R T8

3.1 RBEAE

FHAREAEPT LT R AR B . AR DR BT A] 43 B3R 15min. 30min. 1h. 2h.
She SREHTHUMTESR DR AIER, AW T 20 KEFI%. 1000 & 2000
DA A SRR PR A0 TE] R, ] CAXEEL 23 4 & A i) O M) ie 42, 3R 4 B o JR 7R

A 31 ARFMAEHEES S, KA G, &5 %0 M i it 128
R G0 1A 5 R
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2 & —e— 1000
{ —8—20005
-
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T——
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F1 3 + 5
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(a) 311K (M ) material
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Fig 3-1 the effect of different ageing time to the shape memory ability of each material

(d) 358K (M) M
(d) 358K (M) material
Bl 31 HPEREN R g R
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i H K ¥R EF LR

HE T UEN, REMBEHZREARR, &8RS &R ¥ b
LM BBRRFANRE, TUEH: B20KAENSE, HENOKERE 0250
F0.5h BN E EAEY, 0.5h EBEM, MG, 02N S
TR, XF FRAEE 050 £ th, BV, th 2 FFEHTHERMK,
2GR B. 1000, 2000 RIBAKE R ERALB LS, HEH 20 K
SRt EF T RS E D, X RE R 1000, 2000 KR, MECZHRES
TERTRE, BAEALMKELTHR.

32 RBRERIH

TER & A0 B, BB RIS A2 3O B L B B BT AR, 15min B 30min
HERIRAZ RN EF B RA, R 15Smin 209, MREELRERT SHE
CEFHEE, HEMNRHEMER, 4 EFERD HEMNEYE, 30mis 25,
CRMNAER, RATE, TEARSHLEHER, HE T RERHES
AR R, MTTMHE T HE I8, SCER(ISI T T X g A 10 2 B
7E 30min F 1h 2 HLEESR, h ZEFKBIZHNEE, #HEiZitrs
BT R, BIT R & A B SR 20 MOBUME DI 46 LA BB 1000 14 A5 5
SR IH

(a) B %RTE 0.5h (b} B Hf 4] Sh
(a) 0.5h of ageing time (b) 5hof ageing time
#3-2 3NK (M) HF20R

Fig3-2 311K (M) 20 times of training



it X K F R+ ¥ 44 o# L

(a) ¥ER¢M 0.5h (b) B H[E] Sh
(a) 0.5h of ageing time (b) 5h of ageing time
& 3-3 M =311K §# 1000 X

Figd-3 311K (M) 1000 times of circulation

Ca) It 44 {al 0.5h (b) B E Sh
(a) 0.5h of ageing time {b) 5hof ageing lime
B34 331K (M) l%20K

Fig3-4 331K (M,) 20 times of training

i f-,.-‘ < Rt -
(a) B %At [ai 0.5 (b) Bf B4 0] 5h
(a) 0.5h of ageing time (b) 3h of ageing time

3-5 331K (My) fE5F 1000 &
Fig3-5 331K (M) 1000 times of circulation
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PLL R EH BIR: 20 KIS s2 e, MAFHHAE 0.5 B AT MBI 4t
RELHF T B — B R, PATHES D KA RALAH T B HE. 5h
BERCTS RAREH IR SR M TR B T R E B AL B SRGESREHAALNE
e R AR T E S LA thEvERE, RRME R SRR,

K.Takazamab %% F) B 4T M 55 F B A CuZnAl & & #HAR ML, &
H: &4 400~500K SR AR g (HF8HE) BN K& HATOR), ERE
7 MR Fr 2 (8] 1y i AR AR 2 1

FEMER MO EEREM,, RUMNEMEAR, M BE2E. W
FRBi AR

M =8 xR (C)
s 5. 8 ¥y v

-
ke

T T T T
1. 00 2% E

“:! & H ()
Bi36 BHARHER M 0

Fig 3-6 the cffect of ageing time to M
WY, M SABTH R, XRS5 &S A RS X, Bt 30min,
M, AT TR, 8t 120min /5, M, FRSERES & k.
X W H AT 3K (M )20 KNEF R THFERNE, i
WF:
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(d) ageing time = 5h
B 3-7 31K M g )y 80t BEAT 5
Fig 3-7 the X-ray diffraction patter of different ageing time of 311K(M ¢ ) material
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b i A A i LM R R R RN S Mt A A, 0.5h B 4R,
BEATH e B 45 T Sh i BOAHE, SR H 0.5 7 RGK A & R B 4F T 5hh G
FE, Xt 169 sh RORFF A UMED IKERERD, AR THEERIIZIER.
— AL RFEA 025h A SHRAFUEEEETR, 050 LB MA, B S6
B EkFESREFAGBLREFTEENMNMED, E—Hotrolm, &l
FAANKE, MENBMER, FrHPKK, BREE, MRLHEEES X
LRARRELNR, BRTOREKRERFMOFILA, BRTHMED
KUH A EERE, SERmTaERERE TATIRENESEES YR,
KEELREwSEETENE, BEHE LR TR,
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LA K M+ F R B X

FNIE  HNAE BN ICIZAN R

W — RIS SEMEBTRTER, RGBS HZE AL _E R 7 25
KR, FRAMEA: (D FREREEREERESHERY, RR20ERR
WICRN () At RERE AR, SENBBRQZAN, TR
RISZMMHE CuZnAl (RE) SEMBEFEME, JhTHARCERELR, R
HHREME A BT R AT e R 1, B AT B2 L B,

AR ARG, R —E ARN VAL R B it R TN
HR—ME —AH— A", MR 20 K, SERAEIEBIZHE, KR
R, AREER (ANEER A, XHBRILAEEREARKES, hit
R B TEAR L B TR W, B R 4-1 B9 USSR X #4438 4T 240 BT 45

41 RKBHE

£ 4l WHERLAEARNXR
Tabled-1 the relationship between pre-deformation and test bar’s diameter

A HEdmm) | 524 4.40 3.84 3.50 2.86 2,60 2.37
Fwibite(%) | 5725 | 6818 | 7.813 | 8571 | 10490 | 11.538 | 12.658
& HfRdmmy | 2.0 1.98 1.78 1.68 1.60 1.28 1.00
e (%) | 14218 | 15152 | 16.854 | 17.857 | 18750 | 23.438 | 30.000

B A IR R R I BB, AR TR 29 R B i 2P RE 1
iR, A& RAFE R A0, WX EA 0Sh, 1ERAIRS A 373K MK
A 423K fil. BUF R 3UK(M MR A R R BB RE .
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Figd-1 the influence of different pre-deformation to 311K(M ;) material
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Figd-2 the effect of different pre-deformation to each material
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M EAEBA RGO MR E, BARKEMENREETNEE, hERRFE
R, BEFR. FOANEMNERE AN, BXANETHNTRLIELY
REMREEMER, LERERNEAMARE, 645 KENEANE, #7F
FESKRA SR, ERNEEHN, BEXBATHEME (R
CuZnAl  2%54™MY) i, A&NRELPTELALPHTR, KBEEARER
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HEX, AHFREMEERZIZAER. b T RADIZ Iz aE 58 T B 1
DG FREAIERR, ARSOH 3UIK(M BB T B A, WM T FUR:

(a) AUMHEHS.725% (b) TR KB.571%
(2) pre-deformation=>5,725% {b) pre-deformation=8.571%

(c) MR 11.538% (d) PNV EHR14.218%
(c) pre-deformation=11.538% {d) pre-deformation==14.218%

/
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o
(e) MNIEH17.857% () N2 23.438%
(e) pre-deformation=17.857% (1) pre-deformation =23.438%

Ma—4 INK(M ;) R E I FHOIZLIERE K B

Figi4 311K(M ) the electronic microscope pattern of the influence of different pre-deformation
to SME
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X F K F M+ F X
TES.T25%A R 4 F, MEEM20K GRS, Y RATHRASHETL
BHF, WU BEACTHIRSRES RS ZHER RS, 8571%F,
HEINSHRT SRFATHNN D RENF SRR, WHEAHUSBERTR
WM, F17.857%4, BRE-RDKERRCLHEK, MEN AW T EXHE

4.2 HRBEERSH

TR RIER D, R BT DR SRR T E, 2 E B RAL
45, T H B 07 21 2 R M A7 S o i, XSRS A Bk R b
16 MRS S TERBI B R LR AR T B2 T SRR AR SR AT HE B SM,
BRI AT A D AR A& T R G RO 1T B (B . X007 Gk A0
RIGEMREMSEPEERRINE R ERATRRN. ERUTREHRERS, T #
DEEFVE R 5| N B4 8 1R 18 I b 00, (8 B B TR 1L R P o 5 P P AL )
P AR B tR, F BRI R4 TR TERE IR R, & &l
Sl TIER 2SRl B AR ER AN BN BRELE S M iE
IR & TE FFE 0 PR 50 & 10 T 4R 4R 5 BE K BB 858 8 57 DU AR B | A B 6 L
KOG FRESB LR, ~BRARERBE RN, EEETHEREFAmE
THER. SERERE, ZENEEKHETERZRERKKEN, HT AYME
ARIERMEM~ AN, BER, SHREEHR, BFT BRERXRHF
BAFREXR, BAFHUIERE. FHTIRENFEEESER. 5
b & B B RE R e

(BT 5 LI SR I A0 R 55 A4S FE i AR AL B B B, AR LS MUV AR I8
FERT 312 BT 6L T M #5 0k 2D RS AR ] B B4R R T B e R R i JLIKCE B
TR, il A 1 #&ES S HERE fEe tECUR Kb Rt e 0
RO AT U T 1000 A4 A S B RSB 14t ) ™

MR RN, AT EREIHERE, EREEMBFPRERH™ET
W, DT ABNAENZMIH TR, MR ERne AR BERELH,
FA AT BB A R E MR R DI B BAVRNE, 1R A1 BB AMIE
fZae, LRZITHE (MEE) RE R/ RERMEESE, TR &
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K K E R KR & A X

LGEAPRERT & BREIZIX—EM, BWKAEAR LR, £%

EISEET 4% ERHRHCIZ BT R SHEMER AR, BTRTR:

#42 EPMEERNNEETEIIRTHEEE

Tab4-2 the SM ability of each material under different pre-deforming

7 & 311K(Ms) 318K(Ms)
Finv % 20% 1000 & | 2000 % 200K 1000 2% © 2000 %
5.725 32.143 10.000 7.862 30.221 8937 7.052
6.318 29.481 8.994 6.602 27.683 7.924 5.893
7.813 26.973 8.398 6.027 25.071 7.307 5.391
8.571 24.015 7.859 5.602 22971 6.887 5033
10.49 20.905 6.422 4.861 19.015 5.796 4.385
11.538 18.205 5.963 4.534 16.415 5.251 401
12,658 15.703 5.339 4211 14.015 4.754 3.752
14.218 13.103 4.772 3.907 11.515 4274 3.452
15,152 1L.012 4.450 3.656 9.545 3.975 3276
16.854 9.125 392 3375 1.786 3.496 2.995
17.857 8.105 3.607 3,195 6.903 3.195 2.873
18.75 6.924 3.453 3.025 6.073 3.051 2.737
23.438 4210 3.000 2.609 4.041 2.603 2.486
30 2932 2.554 2392 2.715 2.306 2.231
ME 331K(Ms) 358K (Ms)
Firi 20 & 1000 3% | 2000 & 20 K 1000 | 2000 7%
5725 28.871 8.173 7.103 28.711 11.307 8.153
6.818 26.315 7.307 5.891 26.019 9.734 7.102
7813 24.775 6.745 5.386 24,807 9.027 6.616
8.571 22.705 6.337 5.101 22,676 8.389 6.243
10.49 18.893 5.524 4.396 18.903 7273 5,447
11.538 16323 5127 4.015 16.277 6.701 5038
12.658 13.946 4.657 3.751 14.005 6.011 4,672
14.218 i1.436 4.195 3.503 11.397 5338 4,265
15.152 9,387 3.907 3.307 9.411 4.861 4,006
16.854 7.693 3424 2973 7.715 4.221 3564 |
17.857 6.847 3,134 2.845 6.833 3.729 3.348
18.75 6.052 3,003 2.699 5.999 3473 3132
23,438 3.876 2,587 2.457 3.754 3.024 2.693
30 2.633 2.295 2.195 2.705 2.564 2,487
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TR K R+ F 4 X

XFE, RARE MR TR B T e AR R K AN, W
# 43 FH RS B2 kg ki B KR

Tab4-3  the maximal pre-deforming to deprive the SM ability of each materjal

e 311K (Ms) 318K(Ms)

g 20 & 1000 7 2000 % 20 % 1000 7 2000 &
MR 30 16.854 14.218 30 15.152 12,658

EES] 331K(Ms) 358K(Ms)

w/A 20 K 1000 % 2000 & 20 K 1000 1% 2000 IX
Tl A5 23.438 15.152 12.658 23.438 17.857 16.854

43 FEBGE

(1) AFHBZRRE & SRR CIL BRI B F RS . T
Fi T RRA 2 B 2 5 B A A B I i R RN

(2) MRERMKAR—BEAM, &SLRRTEHY, TEAFHZER
M, SHERCLBNNERENR, BAESSHEBEAMEM, M
FREEMA (XK 4-3).

(D LRE SN R AR S R n BEIEEA PR & F s
R, JE T RIS, T8, 3% T 08 S0 A b PR M 00 B B T 5 B2 T3 1
Pk AL A

(4) HHEMTFRERTR, LRE&&OFEMRRAARIATEET 50 %
ELRRBREGNERA LR A ARt e, KRR ENLR,
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MEBELEWEL. LERMOAERBLAMLEMENRIKE. HEEL
HEMR TR EHEFFEREEER. SREETEMEMAPREER M
B2, 55 RARMRR R AEA0 R o 348 72 3 Rt R i 5 PR AR AR R A B it
#ORAAE, BILESRER LBV SR FE A D KA AR
i,

REERBHEALGEEN (B SRR RANSTYE, WHERREMN
ERXABELNXR, BAVEREZFSHRERBEEEIHALROTR
LM AR, MAASEARRERERBFZERRIES, &
BT & SRR R & B R HENE (M) HrEw .

5.1 HAISINARER Cu-Zn-Al ARIRIZ A EREEREFIG

511 RENE

HERER LS SHTREREANER, a2NTANERITAEH
TREEAATNG. BFEURE -ERINE&RESGSHMATHE, &
B HENRLEKE VHEREARDMER. BRAREER: HMINALLR
RRABSNTEHEREE —ENEW, HTRE-SEREDORE, 56
B, £XHEMT R AKR R, EEARRELP AEMNER, B-H
BRRAARMANER, ME&SHTARMAME, B0 BRE B & R
[E5 & LS #AT B RS REIR, WHERNRE SR E, ERERFZE.
BEBEREAREZR. BALAKEALE, BEASOKNE—K, BH
TR 5K B 40000K
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#5-1 AERBHEEESE GUK) BHEBAK

Tab5-1 the phase-change tempreture before and after circulation of 311K ( M ) material

A, A M, M, A M
AV BARER Al 308 318 311 303 275
b2 b =TTk P 307 322 315 301 276
¥ B4 3R 500 % 306 326 316 298 288
AR 10000k 306 327 3t6 397 279
¥ 0 R 20002% 306 327 316 317 279
#1081 30007% 06 326 316 208 278
A PP EE40009K 306 328 317 297 279

#£5-2 HHEBEHNGEER (318K) HHZEK)
Tab$-2  the phase-change tempreture before and after circulation of 318K ( M ) material

A, A, M, M, AM,
AR BIER 2 315 323 318 310 270
KAREREELE 314 315 319 308 27t
7 5 PR S00K 313 329 321 305 273
¥ $ R 100018 313 331 322 304 274
¥ BB R 20000K 313 33t 322 304 274
# .08 230001 313 331 320 304 274
¥ A FR40001K 313 332 323 304 274

£33 ARERMGESE G3K PFHEAK)

Tab5-3  the phase-change tempreture before and after circulation of 331K ( M) material

A, A, M, M, A -M

R A2 10 327 134 331 322 69
BHEEPERELR 327 335 331 321 270

% AR EF 500K 326 337 333 319 271

#1000k 326 339 334 319 271

o A FR20000K 327 340 334 319 272

¥ MAH 3000 327 340 334 319 272

¥ 45 IR 40002 327 340 334 319 272




X A R F AL F L # L

¥ 54 AHMERGESS (358K) FAEAK)
Tab5-4 the phase-change tempreture before and afier circulation of 358K (Af ) material

A, A M, M, A-M,
£V MR .2 B 350 363 358 346 288
EHBEFRELZ 349 364 359 344 289
# MR R 5009k 348 366 361 343 289
& HFEFR 10001 349 368 362 343 290
% #1% FF20001% 348 368 362 342 290
# Fr IR FRI0001K 348 369 362 342 291
# J45 FF 40000k 348 376 363 342 291

#55 APEANRGE G6lK) MHEEHRK)
Tab5-5  the phase-change tempreture before and after circulation of 361K ( M ) material

A, A, M; M, A M
ARG it 361 366 361 346 278
BEBERREELE 351 373 365 342 281
HATEIR 500K 349 378 367 338 284
# B FF 10002 348 380 368 337 285
7 AR 2000 348 380 368 337 285
# R 30000 346 380 368 335 285
7 HIE 5 40003k 346 380 368 335 285

£5-6 NAMUREEE (398K MHERK)
Tab5-6  the phase-change tempreture before and after circulation of 398K ( M ) material

A, A M, M, A-M;
F G IRZ BT 390 403 398 385 278
EaEREELE 389 415 405 379 283
A AR IRS00K 388 425 408 371 290
A H TR 1000K 388 425 408 371 290
# # 8 5£20000K 388 427 409 37 291
# AR 3000K 388 427 409 370 291

7 AT 4000K 388 427 409 370 291

37



XAk F M+ F 4R
HRS-1-RS-6 T LAE . B EABMA MG KB, 508 HEi
RAEMHBHE A SEFEM. SHHER, —RISKUTHAE —HREM
278K--279K. AW —HWMN276K~277K; R HBAEIIKU LK &S —#
18 280K ~ 284K, M — S ¥4 N 280K ~ 286K, = B £ & 7L 4 B i SR 5009k 2 8T
gk E R EH TR RN E YRS AMARNER, §&HHETEZRSE

RN, BRIEFI000KE, &&mHEREELERED. HASH N
I b, KRBT A, K BT

5.2 HBHERM

SCHR[42]IA N, 7E CuZnAl S &ML IKEP, WRFAS/ET 1/2(1120]624 .
EXNET AT V410, BETKASEESEVJREEET,
1/2]1120)4 55 E 1/3[100]5 1/2[1/31/20)45 4~ - fr % KR AE B, 1/3[100] 40 5 35 3)
FHBAEETFRE, M 1/2(1/3120147 #E 30 U F N #F on HF 5 non .
Yo HREEEEN, M, ELER, Tom HREESE, M ATHS. 55
AEEARBAPHEERE, FWHAEENTFER, WM R EAV,
R FREMFE, BHRYERERTEY, AUIREAEFRE/REM A
.

di e, D mAER, HRMEdREHETRHR,

G=G,+0, (1)
AP ¢ —HhFRah G,— L FANLE, 6, — ki,
Btk R AL S K A A 9 A B2 a] BUS R
AGP™M = AGE™ 4 Ag M (2)

o F I PG PR AR 2R 1 AL S R R /0, T LUKEARE 1 92 AH 2V U AS 7Y B E
SREEE I, S ERTER:

AGP™Y = AHPM —TAS?M + AQM

=AHﬂ*“[1—L]+A9£*” (3)

0

Hef, T,HAG, =0E. MAHEDKE, FRREE D KERERE,
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P ERFRAETAREEEY, BAGSY =0, WNNEBETHED
EREHEEM,, Mdx (3) #&:

M, AgaM
=l
T, AH

DRREMER, ASHBFHEREos ™ )RR (a0 )i
RE# (A02 )aik, B

(4

AGEM = AGFM L AQSM (5
#HRERARDE:
AM A-M
M, =[1+ clid AH”;ffG }r,, (6)

— kB, B (A0f Y )RR RO e RN T A AL, 1T 5 1 (A0S Y
TR, TFRHENERN, M8 7 SRERBE, AlRRRRRE Qe )

F ETRSG TSREAERR.

—BH DA ER, B TERItUER K, BERERE. BiumR Y
EAUA SR~ KRR EAMER. dTARENDKE, THB
LRARBHEEOREYU —ENEERK, AEHRNXETRSE, B
REEMX KK, WRBKZHZER . BT, AT KRG
BHTHRER, LADIREANT, BRERREDKBHALHAEEHELE
A, TARRZELRBE D, BREEEFNELEHFE- T TEBLIR, £
W SEAEEE —AMERY, XHEE NEEREORS, XREAHF . —
BA kBt IE R 96 BIX — R0 — iR, Blib, S eitiorkfesf. XM R
B mER R ERAL, BEATEMBNELE, CHEHEREH 2N
ARG K, FTUEAREDRENELE D, RELEH A, EHE
A, HTREXEED. KRG, BAECERCLESRABRICLHE
RsER AR 173K E 413K, HFZREOHNTRIEERERLT, LKA
TEREIA () 083 12 o VT B 2 i e MR 2 6 805 A 6B 1 O ) 0 RE U AT 4
KR, AETHERAE, HEBCEAIK. EmD k- I R ) 57 A D G-
SR KR MA TR, AUEREDNEAESEAE BLEAMBMHESKE
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SR RBEAZ BARX G SHRANE AR BB, 1 H AR AR,

52 Cu-Zn- Al ZRIEE G DS REHEERE N ERFR

BREZE SN E—HREERARN—DEETE, LEEENHIHT
&, HERBKENATEENESEL. BREZAE (SMA) £LEKER
AB RS AT U KPS BAR AR & i RSMAE i 2 o R 8t R W B PR,
TSMA#E PO B4R R Sy, AFIEMNEF & ). SMARIX SRR BEfE
HAAN RN TR, THEEANRE SRR TH, #2HA.

521 A%

DA HEURBEAE A2 L& FET1mmkME &4 5 E
RTEE AT HERA RIS TERT B R0 K8 P 5 45 b Sk 085, 3 6l PE A iR
A BRA - RAER HEENEREARAREE S FITITH L
FE:830°CIREI0min, A ZE M P +150°C i RE I0min, = FEER &P FEH
RN E6-7. RIS RO M BB AR, A B HIH2.103%. 5.725%,
8.571%, R E T4 - H1K-150°C M- % IR 200K M AR % AREEE
H-150CH R A BR300, BIEILARIE, MEMEFERIZIE RN E R,

(2) TRGPAHT B -RE-FEFE 2 T2 BRI R AR
b HEAT, BT S LRI AL B R Fy (.
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0 =y, 5HY
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(a) 31K (M Wi H

(a) 311K (M ymaterial
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—a—p 107%
— 5. T25%
8 —&— 511%

H/ N )

T e me  m
i e c)

T T ¥
[} L. 12

(b) 331K (M )k ¥
(b) 331K (Mg ymaterial
B 51 =SAFRERT 33K (M, ¥ K685 -0 &
Fig5-1 The relafionship between stress and tempreture of 331K (M ; Ymaterial under three
pre-deforming

M o(a) M () ATR: REMENHERKERA, BIENHMEESMHE
W EBEALE . HiREETEDREERARE(A S, BEIRED%E
K, BRESEAR, PIEEIMAKNEEERTHARKE, MM
ERENABREN RS TR, SIEHRIEN L —BEREZ> =4
BrE: B—BB, RARA AMREERB; BB NS R TE
THEMAINAERSREERBREMHOIVN S FERLRENER: B0
Brt: M, ELERRENER, ey, BENIZHTIRERERAR. BAR
BERAERI T B, R A H N S KT, MAREAEEE N, KK Y
MHALRBRET TR, BRHBEHREK.

MO RAESHERFGEE N LmFHHE, E2350 74K
F. FERENS. HERERAS. HENHEHFER, FRSERTE R,
RERIR AR B 0 K. B K PIE N DR EMH AR IR AETEE,
HERRGRAKBEEN RSP HRIA, RSN TSEEEATERRA,)
RE EI R RLA MM AT AT &, (68 Y REEATNETRIERBEEA X
.

AERE FAREEEEDGRERSETER, 24 D KETERENTHHE
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AT REGHBTRNENE BREFORENE S BB Bms &mFam
HEBHRRRNGENEREY . YIRERT A, B, B0 S K 0 B
(M 4, F TV &, PP B D K 5 B D, T B A PR AR S i
FTMOAMEERARRN RN HEEAREGH TRRAE N TR FRER
1h, 20 T 8 23X A ¥, B oF 9 BEMTRUR A 200 55 GO T B R B R
RENEHFEHNERAN T FAENERN o, , BERERA G, KR
HEDREHZEEEF PRFEMNHONERET K FAEEARNESLT,
B KBNS KA R B CAREER R TH i, M LIRS
BEN. A CuZoAl & &5 KA M IS BIE T 8,57 LU MF H i fE
AT BHEEREREERADR KPR, 11D KA M 17 ot 5
HEENEATRHGRETAIUAIERFEHTEEH LER N AR
(R 5 B AR 2 P A K E TR 7 A R o 2 2 B A4 2 4 P 0 ) A e o 2 O 8
TR e AR MARREMREEKFHEIREERGAL, tetn2EIEM
B-MREE R, BRMEAE, RIERATFEEEN. FIRNERLREHGT,
P ATI BN ERE AT RO GG BNER c AEM TS,

523 HEAENSESESRAMNEE

(1) M. il s5—1 fAs—-2a i, ABENANERE, HEIHT
R, Bz o BE A RS 2B —Er . ¥ LiFE
FEH R, BRI K .

(a) 31K(M ¥
(a} 311K (M, )material

42



A RKERLTF LB

1 —B—110T
00 —a—[25C
—dh—140C
——150C | o

ol e ——————T |t
»~ HO 4

— 7 Y L

H .
LN

(b) 33K(M W8

(b} 331K (M ; dmaterial
Bl 5-2 FRERNFIEHRBN

Fig5-2 the cffect of pre-deforming amount to restoring force

TR, REAHHAZEERR, EATERNGRFAL R, PSRN,
MERBE ISR ES. ERALEE, EYEEIN~ELHELER
RIEZEEWHENERTAMENTHE R, SARAMMAERKA, HIHAERN
BHEA, FHRAERIEASKE SRS MEERELHRL TR L,
BEER AR, X HEGHHTEH, §e&PTELKASERMAUNE &
WG Em. A8, AEESRERTELERE, YEXSTEDIRERY
WA AR, B40HTE MY RS 4 FEE) THREENE HES K
GREERMEBTEMLERE. DREREM, MXTHREHTMELR,
DREEM B AR LR

(2) HZERE: RETERIEHFANANET, SUKREREHES
F 3K AHFRET-

#® 5-7 FMERAR AL %) i

Tab5-7  the comparison of the phase-change tempretuze of the two materials

A Ay M M,
308 318 31 303
316 322 318 310

RAIRIE SMA £ #1320 AE OZ fal K ANk T He 19 38 55 I P i 2 PR RE
¥, it HENed BT HRA S, ERPSRHRMEET,
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HYEREMEREHEMRE TAREN, WL PIZINEARALE. R

SMA GRANBREEETIREE BLHENEEER £ T &
A=Ay, MMRBEFTHRERFBABTREE, A MAZHBENREK, B

HEABMAK. MMM NS ErRARERER, SHKEHEL
REFEEAD, A HRRFNERT. WRFHEHERDE A5, 311KR
PEAEEREUEE, REFTESHAMLE, THEARZILRNEANHE
HREK.
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(1) BEAR BB R BB, & &% HTE M SAMABE A, 5
HARE. HOSRDEE M, SRMBHE A TAHIRE. XEEEHFH
s, BRTDRERETE, Al FSH R @aef A 5.

(2) R AEHEAHESL2EIFHAZEAMNESHATESREEER
K, i ERMEFRRMHA. 7KU TR & & REA278K~279K, Hii—#H
276K~ 277TK. 34TKEA B/ & & ~BUR M280K ~ 284K, #— i fr 280K ~
290K, ME T EHABEFS0K A,

3 RRESEDRARAMERE, AREGTRT NN, 27 ERR
Ry, B OK/NBEE & TR T

(4) EARRFHT, 311K HEBRAEEN 7 180~185C, 331K #
¥ % 185~190C, BEEMATHEFT HTHEBERATNY RAHE, RiHE
KB R T RREE R E TR

(5) HYMEMAGEHN, KAGRTIREEHES SRR,
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BAE  CuZnAl JERICIZE SR HE T KAKHIE D

kSt

ERERELEGENIREAT ANTERARTROE I 5—ERE2E
GRBD FixR. AMIRRT —EBFRU AU BRREMERERTHE
HEBE. i E RS E E KA Tanaka #2111 SMA BIAHX R,
EFHRRHA: Tonaka A REAFA S H AN RRIRARER, BHX
Pk, REAHERESLERBEARRKBHA,

61 BE-BE () h#ERMET

Ak, FLFIA-PHEE, EAHENMEAIRZ A, ERENTES

BT T
TK
o,/MPa
51%

M /K
T, /%
A,/%
A%
€,/%

£, /%
C,/GPa
E/GPa
E, /GPa
E,/GPa
E, /GPa

MR ELE

Al &8 g

ALK& R

) R M2 AR

F2EF R

AR MR

BHRTATRE

il Y38

¥ 8 KT (A 5 0 A
BEHESRAESEINEERE

ASMA MRS R, SHRPDREFIREX
PHSKEREER

FE R A R

% SMA DA IR T A PR £, Fhthattagua

ELRBIETEHHBAT, Clausius Clapeyron F FPNEER A R )
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M, BEZEKER. BEEREZESTREERES, BBt KA E
Tl R B Dt i X, FUlEAAESEHEILEY, %8 SMA £~
RET o, O/RTFHE AEHEHM 4T B SMA KREHT o HEN
(T+dT o, +do, E+dEYHETHMOVEH KN IBNR do, THE THELK
e

B BREE M R EAHE NN IEHEE do SMA FIREE D
(T+dT o,+do &) HHEHEMNHE R Clausius Clapeyron J7#2. % J1 /) 14 n %31
A SMA MM T,

£=do/E
E=¢(E, -EHE,
FHPAERM:
<50 o T -2t g AtA 5
.f-zﬂsm[aA(T 3 )+b,0] .'Zfr[aA(T 5 )+b,,0']+2

2z a g
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B BB T +dT A7, B SMA FIS h#E & do, 1 SMA KWV 25 4,
b e 7E SMA {IHIEN &84 SMA (¥ 3 K R, et
do, =EM=E"—dc7
E
U EREIERE—IMEBEIE, SMA BWRALER (T+dT o, +do,
E+dE) NI B AR

do,=do~do, =CA(1—-%~)dT

Eﬂar=£CA(l—%)de\

EREMANEREHRRA, K C REHELRFEE SN S

st C,~20 AT e e, SRR AT, €, TUE
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AT T AL E R HEL: E, = 2‘5- [cos( :'_‘; Y+ 1]+ E7

f x

X, SMAMER (F) hERRE

(o jiq(l-%)dr

do AHYT N
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EA 4-T
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[COS(A,—A,) 1+ E]

6.2 AN R (IR 81R Z B H9 3

P 311K (M) 331K (M,), FFtE S.725% TR A, B LA RE
RO AT R - RS T, 5 0 BB i b A 50 B0 B BA R b,

RAPRBIBAT T, R 6-1 REHEA D ¥ RS H.
£e-1 3NK(M,) BIK(MOMHERN I FHES K

Tab6-1 the parameters of mechanical nature of 311K (M ;) and 331K (M . ) materials

M /K T,/K A/K A /K £4% ev%
31TK(Ms) 3n 298 308 318 5725 24
331K(Ms) 331 298 316 322 5725 2.5
C,/GPa | EYiGPa | E!IGPa E, E,
311K(Ms) 2.33 35 3.4 35 77
331K(Ms) 2.45 36 3.6 36 9

FIRZERMTEER, BAKRS MU, mTEAR:
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(b) 33IK(M Wi
(b) 33 1K( M ; ymaterial
B 61 LM HEHERFERN RN
Fig6-1 the comparison of exparimental sivess to mode-calculating stress
BB 6-1 AT W WIEEARE, EIRA Iy b e W Rt e — AR, K
ZERSE AR M B4 T B W, X R TR A SRR T R A,
BERIA I AE R 7 BB RE R FH o O PHEE, BT A& SMA RAEEHRE, B
BABLMNARKE, WTHR Fid=HolH 2
(1) IR 28 (0 5 B 1446 A8 0 A G B 48
(2) FNEHDRAEEEBRRENE, B HEEE AR
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(1) BHERABEANEREAHN, SE&AHMEM SAMAREKA R
HAiEr. HEsRAWEOM, SRMANKA REREK. WRXHELY

BHEESSETAMMEHEME.

(2) BE. ANTUASENHERREWAESHER T AN EEEE,
HPRERANE, MELERYEE, HReEHH MK, EH M A5
WERHAMEER I AEAERREEER, SHFHMEONARKXE.

(3) H Clausius Clapeyron 7 REESHBHNER TAMEIKEME L%

HH: o= j;(:,,u—%w, B 45 82 7 B IO R S 0 M AL, SRR
W R B R B 2 I S, DAk S s o) T AL
63 URERKENEEHAKRESHH

631 UMEERRENAR

K4, SERBATAMIRES SR, Sl jEER, MK H0
Bl 0.5/, REED MR F2.103%, 5.725%. B.571%H iR 3 &1 1749 % Il 2420
K, REGIUL LB S RAT30RA-AEF, MHH Szt e, Mk
oAb RRTT BRI EUE-E S AR B LT, wEATR, BiERsERTo~
200°C BZIER MR
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S RO ] Bk ® &
ﬁﬁﬂ 3 R W14

W62 1 HIRIE LTI R
Fig6-2 the self-made tempreture-restoring force admeasuring apparatus
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&2 LHWANE A
Tab6-2  exparimental restoring force

| AEIC 50 65 80 95 110 125 140 135 170 185 | 200

JUKN | 138 | 573 | 1194 | 17.53 | 2012 | 21.77 | 22.94 | 23.82 | 24.37 | 24.72 | 2408

I3EMN 1.61 | 574 1 1487 | 18,74 | 2093 | 21.88 | 22.62 | 23.04 | 2295

BECHEIEAD BT, SR AR, BRHLHEE R RERARZE
HEREETIHRBREAEK. URSGERZ NG EIEFEAERIEREBMTHE,
BIEAHLAR 1IN 25, ERHERESHER, XATEFRT AEIHAE
EEATRENT KRB, WA THER N, ARAEH LT EER
KRS, TR, MRAEREELREWNFENREREEER, WTHRES
SHERNREIARE, E5RKATRRNLERNEY, 0 FEAF:
gk

73
X

RRARAEMTEMARRE-MEHXER, F3W0THRE:
#6-1 EXWAPIEA (hndakh)
Tab6-3 exparimental restoring force (reinforcedrib)

wHeg/T | 50 65 80 95 110 125 140 155 170 185 | 200

JUKMN | 135 | 597 | 1225 ] 17.86 | 26.66 | 29.63 | 36.06 | 41.57 | 4548 | 46.93 | 46.61

I31KN 167 | 563 {1507 | 20.78 | 29.42 | 36.75 | 426 | 47.77 ) 4708

632 URARREXENITH

BEARE, HEABREEE, EEELAARGENT, RN E"4E
— RS g, HFMEEEED T - PIERNQ= a8, » EFIEN AN
R Yo b 2 e — A S RIQ, [ i 4% s Lot A R B DB 2 s 12 70 R A o bt 77
—AhEE, SR hEMEE. XERFWFEL.

BEEATEA  FI=qQr
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g =Ya_ O 28 s a0t
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AL HENREN L, TRERMT KA.
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Tab64 mode-calculaling restoring force

2N 50 | 65 80 05 110 { 125 | 140 | 155 | 170 | 185 | 200
MK/g, | 7 | 34| 61 87 | 112 | 135 | 156 | 177 | 194 | 207 | 214
JUK/AN | 1.61 ] 7.8t 1 14.01 | 1998 [ 25.72 | 31,01 | 3583 | 40,65 | 44.56 | 47.54 | 48.69
BIK/ g, 6 a8 7 104 | 135 | 162 | 186 | 205 | 212
3IEN 138 | 873 | 1631 | 23.89 | 31.01 | 37.01 | 42.72 | 47.08 | 45.15
633 REHERSHPTRERZH
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(b) 331K(M WS
(b) 331K( M g ymaterial
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Figh-3 the comparison of exparimental force to mode-calculating force
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