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Abstract: In order to better utilize the outstanding mechanical properties of shape memory alloys
(SMA) in both shape memory effect and superelasticity in aerospace field, the research progress of SMA
in terms of materials and process, constitutive model, shape memory effect application and superelasticity
application was reviewed. The research features of the ternary high-temperature alloys, such as NiTiHf and
NiTiAu, SMA heat treatment process and 3D printing process, shape memory effect and superelasticity
constitutive model, SMA wire, tube, spring and belt actuators designed by using shape memory effect,
vibration dampers and adaptive structures designed by using superelasticity in aerospace field were mainly
discussed, and their current shortcomings were presented. The future trend of SMA application was

proposed: with the integrated development of materials, process, control, and information technology, the
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structures with SMA could show more structure diversity and work in a wider range of working

temperature with more intelligence.

Keywords: shape memory alloys; shape memory effect; superelasticity; aerospace;

constitutive model; hold-down and release mechanism
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T s

meg REFR (AR )/
(mm>mm)

TiNi 554 0.45 0.1 360

KAIST 15 0.05 275 35x72

NEHRA 20 1 400 70%38

REACT 35 10 354 78x78
REACT V2 5 1.1 230

SUNVR 0.78
SMA-30000 30 14 430 46x84
SMA-10000 10 0.1 240 41x60
SMA-3600 3.6 0.3 250 42x61

RLLPD 0.35 8

3.1.2  EIHAERLH

4 SMA 2245k F 3l A8 T8 450 1) — 5 4tk A
) 52 Je AR S5 K v 3 PR IR A AR 5 FL
Iy 2, i SMA B S 4, in el AR 45
PR AR A B, 5 SRR L (R DB, M S T B
X — SR 38 R O ML A R AL, 5 B K
K 1, I Z R H SMA 22 33K ) .

TSN AR I 4 22 P AL sl T S S A Y
TR %% o 9% [ B i =5 2 mk 5% 31 X R (DARPA) 7
1999 4% T % e L 25 5 0l 0 4 1F R SR iR iE
(SAMPSON) 4, tu & GEHLEL . it Jr 55, Horp
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SMA BRI A 1 R 3R s 2, 3K o) 24 3 B2 1S Al
ok 2 B SIE Y AR LA I U 3 45 0 AR
2000 43 A Hampton 5 77 3 XU #E 47 1 38 56 56
TE, IR YGE B T IZ 454 7 SE bR TAE RS T (1M fg:
RSB T, SMA SR8 & A 7E 30 s N UK 3h
RS 6. IR MUIESL 23°, 2020 4, Ashir %
U BFSE T —FP 3T SMA 22 FIHG 5 2T 4E 1) 14 38 1
IEHLE, [ 7 k1 SMA 22 1E WL AR Hh i T A J5
L, ORISR R ZAIEALE AT ERN 1A
FIZAET, VE3h 60 s 5 ik B K2R TE 2.8 mm,

SMA 223K 3l i) £ S AR TE 45 438 2Rk 2
HSMA 22 LR = 3K 3l g, B 75 2225 R 0K B 11
)25 Pk, BEAh, BT SMA 2202 i A 2 58 2
e h, AT BRI 5 5 0 | VRS Y
FHH B Bl R R )
32 SMA &

SMA & HAK, H LT SMA 22, Hii 2
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Fig. 7 Working principle of SMA wire in the

mechanism deformation!”
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Fig. 8 Frangibolt mechanism'™
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Fig. 9 SMA rock splitter (SMARS )+
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Fig. 10 Spanwise adaptive wing (SAW) !
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Fig. 11 SMA pipe joint
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Fig. 12 LFN mechanism(®**
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Table 2 SMA spring driving hold-down and

release mechanism

I = CIVAND =5y 4151 1A %< 1) (e NV

kN $ g (mmxmm)
LFN 12~13 10 250  38x89(EEx )
TSN 25~80 0.05 300 38x76(HARXEE)
KAU 1597 0.022 50x30(CKEE < L)
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Fig. 13 VGC Schematic diagram!”"
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Fig. 14 Imitated rubber metal shock absorber!**!



%1040

RS BRI A ST A R U Y T 2 3 2137

WS RE B 0T B R S iR AR . H TR SMA
IR . FHJE ARFERERSOR IR . S B 2%, ROk
25 A YA AT B R A SMA B A F A A
BT HE IR B 0% 1R 1428 0,
42 KTREEE

SMA 8 # P 38 ] LU F 3 PR AR T 2R 45
M&sc. SMA TG b & R A AHAE, P2 A58
KA, fEH 5 TR BE T8 & M &, X — ¢ mi
SEA N TR FH UL SR A R, B, AL SMA
AR T DL AR AR I 9 58 4 Il A I A A, 1T
T B A KARIE I 58 42 BV () H3E 1 25 F .

FIH SMA 8 B TH 0 B A N 4548 1 24
SRR . FEE R AP HE R A SMA [
PP BETT SMA B2 A%, W] DL SZ B & S W2 i 422 )
— RGBT 1 [ 38 NS B . NASA £ X kR R
DA 55 v pl 12 B T 0K R B 5 i
K AR TR g el 8, 4 R T LAY SMA JE i
PEFSIA®Y, & 15 ) NASA K B AR GRS R, %
KGR HIBL A S50 B 95 58 1) 3Lk SMA 22 4 241
MR, B GRS e fd Y 340 iR . SMA W] LKAz
) B 78 I 240 SR AR A 30 435, BRI AT L ol IR 2 5
R T EON ARSI ()

B 15 NASA JORERREY
Fig. 15 NASA Mars rover tires®”

FIHT SMA G P ] 7 Az RARTE [0l 04 45 A
BT B B S5 R A] RAAR 4 1 1 PR 5 AR AL
EAE N ] i 5 225 1 SMA 9% 55 K H Al M fE
B TE IR

5 Kk#EBE

BEE M EL. T2 mH . FEEARN AR,
SMA £ ML 25 T R S008I K B8 32 5 ZEWF 5T 7
1T, PACER B AR Y 224 B aE ORTRL A AR AR . R
BLT 44007 HE:

D) MRS T2 BEE SMA 16 A [R5 5 55

H ), AR SMA BRMA 2 R i 5 fin 3 &, LA
TS R FHERBEIRE R (2R . H AT, SMA 41
BHER B R BT 75 °C B BYBFSE S50 B 488
5t SMA TE R R INEE T G5 0 i D
Bt X 2 R I v T 2K, WS HE AN Ze 1 =0T
NiTi & il SMA € 248 B 8 R M (B it
Ab, AL G T2 AN A B AL I 25 T 7Y
T2 R I K ik B A B A R T SMA 3RS FR
FERTEMRICIZ . RS ERE . #E 3D FTER U7 I,
JEOREATS A 14 50 T I8E  110 90 P8 42 o) S5 B R T 2 o
AT .

2) MR FEE SMA 75T 28 il K DL M 5
TR . R ZR AR Aar PR 5T T 9 1 ke i 22, R ke 11
ARG IR AT 25 B 57 . il A Z AR R
EEXF SMA # UL 5 BARTE ML, 046 5 F AR AR AR |
AR AN SRR I | BRI LN R
ARXF R, T B T LAUERA 38 DL A T ML
48— 0 72 AR A R Y, R4 T SMA 3K 51 1% ) —
AR BT . X £ 5 SMA R FH B3, 7
TR AN 25 SMA ZETE ML UE AT B BRI AR 1
AR PR HY

3) JEMRACAZEL N B o SR AN [R) 45 44 JE =X
1) SMA, Al DL TT254 Bk . nlSE w3k sh 25,
2415 ) 3R S g 3k A7 7 ) ) R B R AL Y A 3h
A Y G N =T S S Y= S L ok
VB Y B2 AP AL, SR SR
HCHILAR B PR RS S A, $E R SMA R 4
REAL KT QU T AL [ 35 B 45 4, JF AT XA
[ . AS R 28 Aar AR 5% F 9 I FHBIF 9, 38 mdL A
i FRETR A A I AR B

4) HBAPER . SMA SR I FH, — 5
& AR B TSR PR RE, D) — i R
1T SR ) 2R Ak, TG e P S 1 N
WMl o AR T L5 A A s i R 400388 1Y) L FH R 1
o TT R WG T (B T : — 2 S T S8 IR 4 1) 45
P 35 2 I R i SMA 1 PR e s ok A K
F4 N 9T

6 %&£ it

A T ICARICTE A G AR 25 00 R 40Uk 11
N FHASE 98 R, A5 3 40 4538 DR #& =0 NiTi
B 4aMRHBEST & R, NiTiHE, NiTiHZr (44728 15
FEIRF 150 C, W2 T A K # A0 Sh R 58 45 15
AT B AR SR, H T8 T SMA A R v L



2138 o= 3

A=

i o537 4%

PAb BT 200 R RS SMA J1 2 LR i 242 T,
A T UU S AL S R PR A A/ N A P
K 3DATEN T XM KRS T A SMA il i &2
ZR RS FI R F AR, A2 i 22 nh S5 TR /R T4
5% B O JH T 7 o @A KR L) e e A 13- X SMA
AHZAEAT S B Koy 1 3 SN v A, OB 8% Bt o i
AR BE AR B A R T, ORI FITEARICIZ R 7]
il it 22 M S5 A IR U 3R Bh i, Hom W HoA 254 2
e, P TRTAE | ARG e H AR R (A A
Z3 (6] DA AR L R sl A ) R A A
Z3 PR TS B T IZ T, SMA RSl 8% 52 B 42
Ak A SR REAL Y K R o, AR ORILERE
LR e — 2L 5L TF o @RI T 35 mT o 3 R 2
R T RESS 1, 76 W RE IR AR IE [0l 52 37
PRI, XTI RELE A4 B2 B A T AR A 10 A
R BT, SMA FEAL 2 A R S5 1 1
BIFFEHRE 150 26 B 58 0 T Al L S ) S o At 4 T
AFYEERL T SRR SR S R RERY VR B L
T 1) A

CESd S

[1] OLANDER A. An electrochemical investigation of solid cadmium-
gold alloys[J]. Journal of the American Chemical Society, 1932, 54
(10): 3819-3833.

CHANG L C, READ T A. Plastic deformation and diffusionless
phase changes in metals-the gold-cadmium beta phase[J]. Transac-
tions of AIME Journal of Metals, 1951, 47(191): 47-52.

BUEHLER W J, GILFRICH J V, WILEY R C. Effect of low-tem-
perature phase changes on the mechanical properties of alloys near
composition TiNi[J]. Journal of Applied Physics, 1963, 34(5): 1475-
1477.

XK B, 953 =, 200 B R & 4 T R EOR 237 0.
b E RBHE AR B, 2018(11): 29-30.

LIU Yongkang, JIANG Nayun, LI Wei. Analysis of patent technol-
ogy of copper base shape memory alloy[J]. China Science and
Technology Information, 2018(11): 29-30. (in Chinese)

{EE . YIETEIRICAL G SRS 5 R BT R (9], 3 AR,
2014(6): 42-45.

REN Yan. New progress in research and application of iron - based

[2]

(3]

[4]

[5]

shape memory alloys[J]. Advanced Materials Industry, 2014(6): 42-
45. (in Chinese)

B NI 2 IN TR VA
2015.

STEPHANE L. Issues in the design of shape memory alloy actua-

[6] B neL M. JLET: Bl R,
[7]
tors[D]. Cambridge, US: Massachusetts Institute of Technology,
2002.

HOLLERBACH J M, HUNTER I W, BALLANTYNE J. A com-
parative analysis of actuator technologies for robotics{M]. Cam-
bridge, US: Massachusetts Institute of Technology (MIT) Press,
1992.

LIU D Z, LIU W X, GONG F Y. Engineering application of Fe-

based shape memory alloy on connecting pipe line[J]. Journal De

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

Physique: IV, 1995, 5(C8): 1241-1246.

AL, KF, B4R, F OB RICIZE & EEEE AR 2
H5 WA, 2017(12): 30-37.

GU Fan, ZHANG Ling, WANG Wei, et al. A review of shape
memory alloy pipe fittings[J]. Construction and Budget, 2017(12):
30-37. (in Chinese)

HARTL D J, LAGOUDAS D C. Aecrospace applications of shape
memory alloys[J]. Proceedings of the Institution of Mechanical En-
gineers, 2014, 221(4): 535-552.

HUMBEECK J V. Non-medical applications of shape memory al-
loys[J]. Materials Science Engineering: A, 1999, 273/274/275: 134-
148.

MCDONALD S L. Shape memory alloy applications in space sys-
tems[J]. Materials Design, 1991, 12(1): 29-32.

YAMAUCHI K, OHKATA I, TSUCHIYA K, et al. Shape memo-
ry and superelastic alloys: technologies and applications[M]. Saw-
ston Cambridge, England: Woodhead Publishing, 2011.

FRANK S, SUBHASH G. The effect of alloy formulation on the
transformation temperature range of Ni-Ti shape memory alloys[C]//
Shape Memory and Superelastic Technologies (SMST-2003). New
Hartford, US: Special Metals Corporation, 2004: 13413.1-13413.9.
2R, By 1, SR R R 2 8] B SR R N VA HR 0]
B4 B T RE, 2012, 9(3): 37-40.

LI Tao, YI Zhong, GAO Hong. Summarization space environmen-
tal worthiness evaluation technology for spacecraft material[J].
Equipment Environmental Engineering, 2012, 9(3): 37-40. (in Chi-
nese)

KARAKOC O, ATLI K C, BENAFAN O, et al. Actuation fatigue
performance of NiTiZr and comparison to NiTiHf high tempera-
ture shape memory alloys[J]. Materials Science and Engineering:
A, 2021, 829: 142154.1-142154.9.

KARAKOC O, HAYRETTIN C, CANADINC D, et al. Role of ap-
plied stress level on the actuation fatigue behavior of NiTiHf high
temperature shape memory alloys[J]. Acta Materialia, 2018, 153:
156-168.

MONROE J A, KARAMAN I, LAGOUDAS D C, et al. Determin-
ing recoverable and irrecoverable contributions to accumulated
strain in a NiTiPd high-temperature shape memory alloy during
thermomechanical cycling[J]. Scripta Materialia, 2011, 65(2): 123-
126.

CASALENA L, BIGELOW G S, GAO Y, et al. Mechanical behav-
ior and microstructural analysis of NiTi-40Au shape memory al-
loys exhibiting work output above 400 °C[J]. Intermetallics, 2017,
86: 33-44.

DREXEL M, SELVADURAY G, PELTON A. The effects of cold
work and heat treatment on the properties of nitinol wire[R].
Irvine, US: the 2nd ASME Frontiers in Biomedical Devices Con-
ference, 2007.

KOK M, DAGDELEN F, AYDOGDU A, et al. The change of
transformation temperature on NiTi shape memory alloy by pres-
sure and thermal ageing[J]. Journal of Physics Conference Series,
2016, 667(1): 012011.1-012011.8.

BENAFAN O, MOHOLT M. Spanwise adaptive wing: an
overview and challenges of in-flight wing folding using shape
memory alloys[R]. Konstanz, Germany: the International Confer-
ence on Shape Memory and Superelastic Technologies (SMST),
2019.

BENAFAN O, NOEBE R D. Shape memory alloy rock splitters
(SMARS): US9649780B1 [P]. 2017-05-16.


https://doi.org/10.1021/ja01349a004
https://doi.org/10.1063/1.1729603
https://doi.org/10.1016/0261-3069(91)90089-M
https://doi.org/10.3969/j.issn.1672-9242.2012.03.009
https://doi.org/10.3969/j.issn.1672-9242.2012.03.009
https://doi.org/10.1016/j.actamat.2018.04.021
https://doi.org/10.1016/j.scriptamat.2011.03.019
https://doi.org/10.1016/j.intermet.2017.03.005
https://doi.org/10.1021/ja01349a004
https://doi.org/10.1063/1.1729603
https://doi.org/10.1016/0261-3069(91)90089-M
https://doi.org/10.3969/j.issn.1672-9242.2012.03.009
https://doi.org/10.3969/j.issn.1672-9242.2012.03.009
https://doi.org/10.1016/j.actamat.2018.04.021
https://doi.org/10.1016/j.scriptamat.2011.03.019
https://doi.org/10.1016/j.intermet.2017.03.005

210 3 R

5 TRICAL A ST S i R G 1 I e 4k

2139

[25]

[26]

[27]

(28]

[29

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

BENAFAN O, NOEBE R D, HALSMER T J. Shape memory al-
loy rock splitters (SMARS): a non-explosive method for fracturing
planetary rocklike materials and minerals[R]. NASA/TM-2015-
218832, 2015.

BENAFAN O, NOEBE R D, HALSMER T J. Static rock splitters
based on high temperature shape memory alloys for planetary ex-
plorations[J]. Acta Astronautica, 2016, 118: 137-157.

RAO Zhixiang, WANG Xiaoyuan, LENG Jiaming, et al. Design
methodology of the Ni50Ti50 shape memory alloy beam actuator:
heat treatment, training and numerical simulation[J]. Materials and
Design, 2022, 217: 110615-110630.

YAN Xiaojun, HUANG Dawei, ZHANG Xiaoyong. Note: a novel
curvature-driven shape memory alloy torsional actuator[J]. The Re-
view of Scientific Instruments, 2014, 85(12): 126109.1-126109.4.
LIU Xiaopeng, WANG Yinong, QI Min, et al. Effects of heat
treatment on shape-setting and non-linearmechanical properties of
Nitinol stent[C]// Proceedings of International Conference on Smart
Materials and Nanotechnology in Engineering. Harbin, China:
SPIE( Society of Photo-optical Instrumentation Engineers) , 2007:
64233.1-64233.7.

MAHMUD A S, HONG Y, TEE S, et al. Effect of annealing on de-
formation-induced martensite stabilisation of NiTi[J]. Inter-
metallics, 2008, 16(2): 209-214.

BEN F B, GAHBICHE A, ZGHAL S, et al. On the influence of the
heat treatment temperature on the superelastic compressive behav-
ior of the Ni-rich NiTi shape memory alloy[J]. Journal of Materials
Engineering Performance, 2017, 26: 5660-5668.

DA NITHE AR 012 45 4 60 5 TR 41 90 1k A2 2 AL B 2% )y 30
s AL AL BT 5E [D]. W 2R 35 I R I TR K 2%, 2017,

HU Li. Investigation of plastic deformation mechanism and local
amorphization mechamism of NiTi shape memory alloy based on
canning compression[D]. Harbin: Harbin Engineering University,
2017. (in Chinese)

DADBAKHSH S, SPEIRS M, KRUTH J, et al. Effect of SLM pa-
rameters on transformation temperatures of shape memory Nickel
Titanium parts[J]. Advanced Engineering Materials, 2014, 16(9):
1140-1146.

NEMATOLLAHI M, TOKER G, SAGHAIAN S E, et al. Additive
manufacturing of Ni-rich NiTiHf20: manufacturability, composi-
tion, density, and transformation behavior[J]. Shape Memory Su-
perelasticity, 2019, 5: 113-124.

XIONG Zhiwei, LI Meng, HAO Shijie, et al. 3D-printing damage-
tolerant architected metallic materials with shape recoverability via
special deformation design of constituent material[J]. ACS Applied
Materials and Interfaces, 2021, 15(33): 39915-39924.

faf DU DL 32 DX O 48 AL TINDE IR IC A2 & 4 #v— T 48 & BUfE
A58 40 B 552 3 BF 5% [D]. B4 5L - R B A 28 AR K2, 2016.

HE Beibei. Numerical simulation and experimental investigation on
thermal-mechanical behavior during selective laser melting of Ti Ni
shape memory alloy[D]. Nanjing: Nanjing University of Aeronau-
tics and Astronautics, 2016. (in Chinese)

ARGHAVANI J. Thermo-mechanical behavior of shape memory
alloys under multiaxial loadings: constitutive modeling and numeri-
cal implementation at small and finite strains[D]. Teheran, Iran:
Sharif University of Technology, 2010.

sK/INBE L TR 55 77 i 0 A9 SMAZS ) R A Je HC TR oy
[D]. b5t Jb AT 2 i R K 2, 2012,

ZHANG Xiaoyong. Development and applications of a SMA con-
stitutive model for actuators fatigue life prediction[D]. Beijing: Bei-

[39]

(40]

[41]

[42]

[43

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

hang University, 2012. (in Chinese)

TANAKA K, KOBAYASHI S, SATO Y. Thermomechanics of
transformation pseudoelasticity and shape memory effect in alloys
[J]. International Journal of Plasticity, 1986, 2(1): 59-72.

LIANG C, ROGERS C. One-dimentional theromechanical constitu-
tive relations for shape memory materials[J]. Journal of Intelligent
Material Systems and Structures, 1990, 1(2): 207-234.

BRINSON L. One-dimentional constitutive behavior for shape
memory alloys[J]. Materials and Design, 2002, 23(1): 11-19.
ZHANG Xiaoyong, YAN Xiaojun, XIE Huimin, et al. Modeling
evolutions of plastic strain, maximum transformation strain and
transformation temperatures in SMA under superelastic cycling[J].
Computational Materials Science, 2014, 81: 113-122.

LAGOUDAS D C, ZHONGHE B O, QIDWAI M A. Unified ther-
modynamic constitutive model and finite element analysis of ac-
tive metal matrix composites[J]. The International Society for Opti-
cal Engineering, 1995, 3(2): 153-179.

QIDWAI M A, LAGOUDAS D C. Numerical implementation of a
shape memory alloy thermomechanical constitutive model using re-
turn mapping algorithms[J]. International Journal for Numerical
Methods in Engineering, 2000, 47(6): 1123-1168.

HARTL D J, LAGOUDAS D C. Constitutive modeling and struc-
tural analysis considering simultaneous phase transformation and
plastic yield in shape memory alloys[J]. Smart Materials Struc-
tures, 2009, 18(10): 104017.1-104017.32.

MIRZAEIFAR R, DESROCHES R, YAVARI A, et al. On supere-
lastic bending of shape memory alloy beams[J]. International Jour-
nal of Solids Structures, 2013, 50(10): 1664-1680.

XU L, SOLOMOU A, BAXEVANIS T, et al. Finite strain constitu-
tive modeling for shape memory alloys considering transformation-
induced plasticity and two-way shape memory effect[J]. Interna-
tional Journal of Solids and Structures, 2020, 221: 42-59.

T NITUR ARAIC AL & 4 2 41 WL H -0 H 6 798 915 A% g 453 280
FE[D]. WA P T A 38 K4, 2015.

YU Chao. Thermo-mechanically coupled macro-and micro-scopic
constitutive models of NiTi shape memory alloy[D]. Chengdu:
Southwest Jiaotong University, 2015. (in Chinese)

PATOOR E, EBERHARDT A, BERVEILLER M. Micromechani-
cal modelling of superelasticity in shape memory alloys[J]. Journal
de Physique: IV, 1996, 6(C1): 277-292.

THAMBURAIJA P, ANAND L. Polycrystalline shape-memory ma-
terials: effect of crystallographic texture[J]. Journal of the Mechan-
ics Physics of Solids, 2001, 49(4): 709-737.

THAMBURAIJA P, ANAND L. Superelastic behavior in tension—
torsion of an initially-textured Ti-Ni shape-memory alloy[J]. Inter-
national Journal of Plasticity, 2002, 18(11): 1607-1617.

GALL K, SEHITOGLU H. The role of texture in tension—compres-
sion asymmetry in polycrystalline NiTi[J]. International Journal of
Plasticity, 1999, 15(1): 69-92.

RAE, A, . 2 SNITUE R IC A2 & 440 28 (9 400 5
AR BERY 0], 428 24, 2013, 49(1): 123-128.

ZHU Yiguo, ZHANG Yang, ZHAO Dan. Micromechanical consti-
tutive model for phaes transformation of NiTi polycrystal SMA[J].
Acta Metallurgica Sinica, 2013, 49(1): 123-128. (in Chinese)
MIRZAEIFAR R, DESROCHES R, YAVARI A, et al. A microme-
chanical analysis of the coupled thermomechanical superelastic re-
sponse of textured and untextured polycrystalline NiTi shape mem-
ory alloys[J]. Acta Materialia, 2013, 61(12): 4542-4558.
GRAESSER E J, COZZARELLI F A. A proposed three-dimension-


https://doi.org/10.1016/j.actaastro.2015.10.009
https://doi.org/10.1016/j.matdes.2022.110615
https://doi.org/10.1016/j.matdes.2022.110615
https://doi.org/10.1016/j.intermet.2007.09.003
https://doi.org/10.1016/j.intermet.2007.09.003
https://doi.org/10.1007/s11665-017-2974-2
https://doi.org/10.1007/s11665-017-2974-2
https://doi.org/10.1002/adem.201300558
https://doi.org/10.1007/s40830-019-00214-9
https://doi.org/10.1007/s40830-019-00214-9
https://doi.org/10.1007/s40830-019-00214-9
https://doi.org/10.1016/0749-6419(86)90016-1
https://doi.org/10.1177/1045389X9000100205
https://doi.org/10.1177/1045389X9000100205
https://doi.org/10.1016/j.commatsci.2013.07.022
https://doi.org/10.1002/(SICI)1097-0207(20000228)47:6&lt;1123::AID-NME817&gt;3.0.CO;2-N
https://doi.org/10.1002/(SICI)1097-0207(20000228)47:6&lt;1123::AID-NME817&gt;3.0.CO;2-N
https://doi.org/10.1016/j.ijsolstr.2013.01.035
https://doi.org/10.1016/j.ijsolstr.2013.01.035
https://doi.org/10.1016/j.ijsolstr.2013.01.035
https://doi.org/10.1016/S0022-5096(00)00061-2
https://doi.org/10.1016/S0022-5096(00)00061-2
https://doi.org/10.1016/S0022-5096(00)00061-2
https://doi.org/10.1016/S0749-6419(02)00031-1
https://doi.org/10.1016/S0749-6419(02)00031-1
https://doi.org/10.1016/S0749-6419(02)00031-1
https://doi.org/10.1016/S0749-6419(98)00060-6
https://doi.org/10.1016/S0749-6419(98)00060-6
https://doi.org/10.3724/SP.J.1037.2012.00319
https://doi.org/10.3724/SP.J.1037.2012.00319
https://doi.org/10.1016/j.actamat.2013.04.023
https://doi.org/10.1016/j.actaastro.2015.10.009
https://doi.org/10.1016/j.matdes.2022.110615
https://doi.org/10.1016/j.matdes.2022.110615
https://doi.org/10.1016/j.intermet.2007.09.003
https://doi.org/10.1016/j.intermet.2007.09.003
https://doi.org/10.1007/s11665-017-2974-2
https://doi.org/10.1007/s11665-017-2974-2
https://doi.org/10.1002/adem.201300558
https://doi.org/10.1007/s40830-019-00214-9
https://doi.org/10.1007/s40830-019-00214-9
https://doi.org/10.1007/s40830-019-00214-9
https://doi.org/10.1016/0749-6419(86)90016-1
https://doi.org/10.1177/1045389X9000100205
https://doi.org/10.1177/1045389X9000100205
https://doi.org/10.1016/j.commatsci.2013.07.022
https://doi.org/10.1002/(SICI)1097-0207(20000228)47:6&lt;1123::AID-NME817&gt;3.0.CO;2-N
https://doi.org/10.1002/(SICI)1097-0207(20000228)47:6&lt;1123::AID-NME817&gt;3.0.CO;2-N
https://doi.org/10.1016/j.ijsolstr.2013.01.035
https://doi.org/10.1016/j.ijsolstr.2013.01.035
https://doi.org/10.1016/j.ijsolstr.2013.01.035
https://doi.org/10.1016/S0022-5096(00)00061-2
https://doi.org/10.1016/S0022-5096(00)00061-2
https://doi.org/10.1016/S0022-5096(00)00061-2
https://doi.org/10.1016/S0749-6419(02)00031-1
https://doi.org/10.1016/S0749-6419(02)00031-1
https://doi.org/10.1016/S0749-6419(02)00031-1
https://doi.org/10.1016/S0749-6419(98)00060-6
https://doi.org/10.1016/S0749-6419(98)00060-6
https://doi.org/10.3724/SP.J.1037.2012.00319
https://doi.org/10.3724/SP.J.1037.2012.00319
https://doi.org/10.1016/j.actamat.2013.04.023

2140

= B

A=

i o537 4%

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

al constitutive model for shape memory alloys[J]. Journal of Intelli-
gent Material Systems Structures, 1994, 5(1): 78-89.

WEN Y K. Method for random vibration of hysteretic systems[J].
Journal of the Engineering Mechanics Division, 1976, 102(2): 249-
263.

WEN Y K. Equivalent linearization for hysteretic systems under
random excitation[J]. Journal of Applied Mechanics, 1980, 47(1):
150-154.

=) 58 75 B AL AT T SMA IR # K 1% 1 9 7% 2R 16 5 1 56 F
FE[D]. AbHT: b AT 2 ALK K%, 2000.

YAN Xiaojun. Theoretical and experimental study on SMA damper
and magnetic vibration absorber under random excitation[D]. Bei-
jing: Beihang University, 2000. (in Chinese)

g Sl SR AT AR G A TR A S S MRIR B e AT 5
[D]. M /R 5 2 Iy IR 3% Tl 2, 2016.

ZHANG lJingye. Study on vibration of superelastic shape memory
alloy hybrid composite structure[D]. Harbin: Harbin Institute of
Technology, 2016. (in Chinese)

A B 71 SMA-SMPRH J& % ' xh XU FL 35 45 48 1) i 722 F 52 [D].
T Ki%E: REM T R, 2021,

NIU Jian. Research on seismic response reduction of wind turbine
tower structures using new SMA-SMP damping device[D]. Dalian
Liaoning: Dalian University of Technology, 2021. (in Chinese)
GARDI R. Final improvements and tests on a SMA actuated,
lightweight mechanism for microsatellite[R]. Bremen, Germany:
the 54th International Astronautical Congress of the International
Astronautical Federation and the International Academy of Astro-
nautics, and the International Institute of Space Law, 2003.

YAN Xiaojun, HUANG Dawei, ZHANG Xiaoyong, et al. A one-
stage, high-load capacity separation actuator using anti-friction
rollers and redundant shape memory alloy wires[J]. Review of en-
tific Instruments, 2015, 86: 125005.1-125005.8.

OKAIE M D, BUSCH J D, JOHNSON A D, et al. Release device
for retaining pin: US5771742 [P]. 1998-06-30.

YOO Y I, JEONG J W, LIM ] H, et al. Development of a non-ex-
plosive release actuator using shape memory alloy wire[J]. Review
of Scientific Instruments, 2013, 84(1): 015005.1-015005.8.
VAZQUEZ J, BUENO J 1. Non explosive low shock reusable
20 kN Hold-down release actuator[R]. Liege, Belgium: the 9th Eu-
ropean Space Mechanisms and Tribology Symposium, 2001.
NAVA N, COLLADO M, CABAS R. REACT: resettable hold
down and release actuator for space applications[J]. Journal of Ma-
terials Engineering Performance, 2014, 23(7): 2704-2711.
COLLADO M, RIVERA C, INES J. Evolution of a resettable hold-
down and release actuator based on SMA technology[R]. Munich,
Bavaria, Germany: the 18 European Space Mechanisms and Tribol-
ogy Symposium, 2019.

NG, FIRE, 25 J . TR RIS AL & 4 0 I8 =5 ) fi Bt
LA BB 5 IR AT 58 (9] DL T A2 2441, 2010, 46(17): 145-
150.

ZHANG Xiaoyong, YAN Xiaojun, YANG Qiaolong. Design and
experimental research of a shape memory alloy space release de-
vice with segmented nut form[J]. Journal of Mechanical Engineer-
ing, 2010, 46(17): 145-150. (in Chinese)

HUANG Dawei, YAN Xiaojun, ZHANG Xiaoyong, et al. Note: A
SMA wire actuated extremely long-lifetime release actuator using
two ball-lock mechanisms[J]. Review of Scientific Instruments,
2017, 88(5): 056107.1-056107.3.

RAO Zhixiang, YAN Xiaojun, ZHANG Xiaoyong, et al. Detailed

(71]

(721

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

design and life prediction methodology of novel SMA actuated re-
peatable launch locking protective device (RLLPD) for magnetical-
ly suspended flywheel (MSFW)[J]. Smart Materials Structures,
2021, 30(5): 057001-057017.

CALKINS F T, MABE J H. Shape memory alloybased morphing
aerostructures[J]. Journal of Mechanical Design, 2010, 132(11):
111012.1-111012.7.

WER, EFiE, WHIBRICIZE S TR E R
SOz FHBIE 5 328 JR (). B A 25 K R 22 4R, 2019, 51(4): 438-
448.

TAN Huijun, WANG Ziyun, ZHANG Yue. Review of Applica-
tions of shape memory alloy in Inlets[J]. Journal of Nanjing Uni-
versity of Aeronautics and Astronautics, 2019, 51(4): 438-448. (in
Chinese)

COSTANZA G, TATA M E. Shape memory alloys for aerospace,
recent developments, and new applications: A short review[J]. Ma-
terials, 2020, 13(8): 1856.1-1856.16.

ASHIR M, HINDAHL J, NOCKE A, et al. Development of an
adaptive morphing wing based on fiber-reinforced plastics and
shape memory alloys[J]. Journal of Industrial Textiles, 2020, 50(1):
114-129.

MCKINNIS D N. Fastening apparatus having shape memory alloy
actuator: US5160233 A [P]. 1992-11-03.

KAISER F. Shape memory alloy (SMA)[J]. Fkaiserpbworks,
1998, 64(1): 44-46.

BUSCH J D, BOKAIE M. Implementation of heaters on thermally
actuated spacecraft mechanisms[R]. Cleveland, US: the 28th
Acrospace Mechanisms Symposium, 1994.

BUSCH J D, PURDY W E, JOHNSON A D. Development of a
non-explosive release device for aerospace applications[R]. Green-
belt, US : the 26th Aerospace Mechanisms Symposium, 1992.
RUGGERI R T, BUSSOM, R. C., AND ARBOGAST, D. J. De-
velopment of a 1/4-scale nitinol actuator for reconfigurable struc-
tures[C]// Proceedings of Industrial and Commercial Applications
of Smart Structures Technologies. San Diego, US: SPIE (Society of
Photo-optical Instrumentation Engineers), 2008: 69300L. 1-69300L.
12.

HERRINGTON J S, HODGE L H, STEIN C A, et al. Develop-
ment of a twisting wing powered by a shape memory alloy actua-
tor[R]. Kissimmee, US: the 23rd AIAA/AHS Adaptive Structures
Conference AIAA Journal, 2015.

BENAFAN O. Spanwise adaptive wing[EB/OL]. [2022-06-29].
https://ntrs.nasa.gov/api/citations/20170009544/downloads/201700-
09544.pdf.

T #E, ZEHEE, MOt % SMATE A Il TR /Y W B 58
HEJR[I]. MRS 2 98K 508 61 RE G 45, 2016, 30(S2): 98-102,
107.

WANG Yao, LI Chunfu, LIN Yuanhua, et al. Research progress of
application of SMA in petroleum engineering[J]. Materials Re-
view, 2016, 30(S2): 98-102,107. (in Chinese)

TAK W, LEE M, KIM B. Ultimate load and release time control-
lable non-explosive separation device using a shape memory alloy
actuator[J]. Journal of Mechanical Science Technology, 2011, 25(5):
1141-1147.

CARPENTER B F. Shape memory actuated release devices[C]//
Proceedings of Smart Structures and Materials 1996: Industrial and
Commercial Applications of Smart Structures Technologies. San
Diego, US: SPIE (Society of Photo-optical Instrumentation Engi-
neers) , 1996: 420-426.


https://doi.org/10.1177/1045389X9400500109
https://doi.org/10.1177/1045389X9400500109
https://doi.org/10.1177/1045389X9400500109
https://doi.org/10.1061/JMCEA3.0002106
https://doi.org/10.1115/1.3153594
https://doi.org/10.1007/s11665-014-0964-1
https://doi.org/10.1007/s11665-014-0964-1
https://doi.org/10.1007/s11665-014-0964-1
https://doi.org/10.3901/JME.2010.17.145
https://doi.org/10.3901/JME.2010.17.145
https://doi.org/10.3901/JME.2010.17.145
https://doi.org/10.3901/JME.2010.17.145
https://doi.org/10.1088/1361-665X/abed41
https://doi.org/10.1177/1528083718823295
https://doi.org/10.1007/s12206-011-0304-4
https://doi.org/10.1177/1045389X9400500109
https://doi.org/10.1177/1045389X9400500109
https://doi.org/10.1177/1045389X9400500109
https://doi.org/10.1061/JMCEA3.0002106
https://doi.org/10.1115/1.3153594
https://doi.org/10.1007/s11665-014-0964-1
https://doi.org/10.1007/s11665-014-0964-1
https://doi.org/10.1007/s11665-014-0964-1
https://doi.org/10.3901/JME.2010.17.145
https://doi.org/10.3901/JME.2010.17.145
https://doi.org/10.3901/JME.2010.17.145
https://doi.org/10.3901/JME.2010.17.145
https://doi.org/10.1088/1361-665X/abed41
https://doi.org/10.1177/1528083718823295
https://doi.org/10.1007/s12206-011-0304-4

% 101 RS EWRICICE ST R S N BT 25 ik 2141
[85] PEFFER A, DENOYER K, FOSNESS E, et al. Development and [89] YOUN S H,JANG Y S, HAN J H, et al. Compressed mesh washer
transition of low-shock spacecraft release devices[C]// Proceedings isolators using the pseudoelasticity of SMA for pyroshock attenua-
of IEEE Aerospace Conference. Big Sky, US: IEEE, 2000: 277- tion[J]. Journal of Intelligent Material Systems Structures, 2010,

284. 21(4): 407-421.

[86] CARPENTER B, LYONS J. Validation report for the EO-1 [90] KWON S C, JEON S H, OH H U. Performance evaluation of
lightweight flexible solar array experiment[R]. Greenbelt , US: EO-1 spaceborne cryocooler micro-vibration isolation system employing
Technology Infusion Forum, 2001. pseudoelastic SMA mesh washer[J]. Cryogenics, 2015, 67: 19-27.

[87] PECORA R, BARBARINO S, CONCILIO A, et al. Design and [91] #HZ K, S 4N, XUl , 55, B i ¥ 8k 108 09 08 5 45
functional test of a morphing high-lift device for a regional aircraft SR [I. WLES B F1 2E 41, 1999, 14(1): 51-54.

[J]. Journal of Intelligent Material Systems Structures, 2011, 22(10): DU Yanliang, ZHAO Weigang, LIU Xiandong, et al. Regulation
1005-1023. behavior analysis of auto-even-load connecting component.[J].

[88] LEAL P B, SAVIM A, HARTL D J. Aero-structural optimization Journal of Aerospace Power, 1999, 14(1): 51-54. (in Chinese)

of shape memory alloy-based wing morphing via a class/shape [92] PADULA S, CREAGER C. Shape memory alloy (SMA) tires: a

transformation approach[J]. Journal of Aerospace Engineering,
2018, 232(15): 2745-2759.

new paradigm in tire performance[R]. Akron, US: the 7th Annual

Meeting and Conference on Tire Science and Technology, 2018.

(i TEHE)


https://doi.org/10.1177/1045389X11414083
https://doi.org/10.1177/1045389X09355665
https://doi.org/10.1016/j.cryogenics.2015.01.002
https://doi.org/10.3969/j.issn.1000-8055.1999.01.013
https://doi.org/10.3969/j.issn.1000-8055.1999.01.013
https://doi.org/10.1177/1045389X11414083
https://doi.org/10.1177/1045389X09355665
https://doi.org/10.1016/j.cryogenics.2015.01.002
https://doi.org/10.3969/j.issn.1000-8055.1999.01.013
https://doi.org/10.3969/j.issn.1000-8055.1999.01.013
https://doi.org/10.1177/1045389X11414083
https://doi.org/10.1177/1045389X09355665
https://doi.org/10.1016/j.cryogenics.2015.01.002
https://doi.org/10.3969/j.issn.1000-8055.1999.01.013
https://doi.org/10.3969/j.issn.1000-8055.1999.01.013

	1 材料与工艺
	1.1 相变温度的拓宽
	1.2 热处理工艺
	1.3 3D打印工艺

	2 本构模型
	2.1 形状记忆效应本构模型
	2.1.1 宏观本构模型
	2.1.2 细观本构模型

	2.2 超弹性本构模型

	3 形状记忆效应应用
	3.1 SMA丝
	3.1.1 压紧释放机构
	3.1.2 主动变形结构

	3.2 SMA管
	3.2.1 直线驱动器
	3.2.2 扭转驱动器
	3.2.3 径向密封结构

	3.3 SMA弹簧
	3.4 SMA带

	4 超弹性应用
	4.1 吸能减振
	4.2 大变形回复

	5 未来趋势
	6 结　论

