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Abstract: Shape memory alloys possess shape memory effect, super elasticity, good corrosion resistance and mechanical
properties, thus they belong a kind of functional material with great development potential and application value. Shape
memory alloys have atiracted extensive attention since their initial discovery, and have been widely used in numerous fields.
This paper systematically summarizes the types, preparation methods, main applications and the latest research outcome of
shape memory alloys. Particularly, we focus on the research progress of high entropy shape memory alloys, expound the fac-
tors affecting the properties of high entropy shape memory alloys in terms of three aspects including alloy composition, ther-
momechanical treatment and phase structure, so as to clarify the main factors hindering the development of shape memory
alloys and analyze the research value of high entropy shape memory alloys. Finally, the future development direction of shape
memory alloy is proposed.
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SMA | il SMA | fiE SMA R & SMA %, JEIkiciZ
H AT 50 KSR S 2 PR

(1)3%38 SMA FEALHE Ni-Ti 5. Cu B, Fe 3L, Ag
e Au . Co KE SMA %5, HorP Ni-Ti &t SMA fO&E& 1
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T, AR I BE 2R 254k,

(2) il SMA — e o [RAR R AR i I RS (M) 5 T
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Pt, Au)5 Ni-Ti-Y(Y=Zr, Hf), #4> NiTi 25 R SMA
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Table 1 Properties of NiTi-based high temperature shape memory
alloys
Transition  Thermal
Alloy temperature hysteresis  Reference
M /C AT/C
Tisq Nigo Hf |5 184 82 [3]
Ti 3 Ni 4 Hf 5 Cu 143 88
TizNiy, Hf 5 Cus 162 32 4]
Nisg 5 Tiyg 7 Hf, solutionized 142 47
Nigy 3 Tize 7 Hf,y aged-550 C 178 50 [5]
Nisg 3 Tl 7 HE,y aged-650 °C 177 56
Niyg 4Tizg (HI), as-cast 195 52
Niyg 4 Tisg Hf|, solutionized 200 105 [6]
Niyg 4 Tisg ¢ Hf}, annealed 190 60
Tiz6 Nig Hf 5 203 49
(TisgNigHf5) g9 5 Y0 5 200 49
(TizeNig Hf(5) 99 Y, 193 51 (7]
(TizeNiggHf15) 055 5 190 49
(TizgNigHf)s5) o5 Y, 192 50
Tiy; sNigHf 5 5 210 48
Tig; NiggHfy5 5Scq 5 198 52
TisNiy sHf 3 55¢, 193 50 8]
Tiss Nigg sHf 5 5S¢, 171 49
Nisg 3 Tizg 7 Hfz 155 53
Nisg, 3Ting 771y 123 54 )
Niyy 7 Tiso, 3 Pdys 193 8 [10]
TisyNi;5Pdys5 Cu g -solution 170 41
TisoNi 5 Pdys Cujg-solution-aged 162 46 (11

Ni-Ti-Hf 2 £ 4 & I FH A7 S 8 R i & i SMA, AH G SC
KT HRGE 1 G Z AT U R N T AT NG T AR
BX, T Nb CZEA LIIE Ni-Ti &4 A e, i
SEAF i B 5 XA 4 A ISR R A T SMA TR S 1
TRIRICAZ R T 52 B TR

(3) FE Tk SMA MFRMEEL SMA, 248 H A $haifph o [
AR RO RETE &4, HETE SMA AU AIRITIZ RN AL 32 1
FEUKS)y, 2 BI0E 0K E), BEEON 2B 2 L], HP
W75 R g 1 ) TG AR 22 o B ) R 120175 e 5 TG
A, A ETE TR AN N, BARERR, H AR E TR 2,
TMiJa & W N K, J& B ATREEL SMA MRFFT# s .
WEE SMA Hr, Hy [C AR R b 78 v 7 A o e 1 12 588 559 N
PR | Jiang SERFFERBL7 WA AR TN
AR A B AR, o B R A R I AR R A

1M Aydogdu 25" YBFFE R, B LR £ W5 0 SMA Y
SRR HATREEC SMA DL Ni 25, Fe 21 Co #4546
JE, HAEIRE S SMA 1R R AL FE Ni-Mn, Ni-Co, Ni-Fe,
Fe-Pd, Fe-Mn %,

(4) B4 SMA L4 @bk, ToHLAE 4 @ Aok 1
R, ARSI G A R Rk, T 2R Pk
TRFBESRAARZE & )5 TE B0 P AH 2 2 AH B MR R G, X
SRR H FE AR ML 1) KA P RE, B H—
SERTERICIC T e R, 1E 8 — R B ARIE 12 & 42,
PR A e RE R, AR B 8, T A A I FH B 22 491
2.1.2 #mA#Res s £

JEARACAL B & He Bl o oy 28 £ EALHE . Ni-Ti Sk
SMA . Fe %t SMA . Cu %t SMA FIH Al SMA, HAT, FE
LA AT RICAL & 4 B bR . 22 P W AN AT s o
4 1, BEPEREERICIZA 4, k2 PR,

(DNi-Ti ZIERIECE L Ni-Ti & &2 BTk
B R EZRIERIEL G ek R —, HIER
M RICAZBON T Z TR . S| YT
AU Bk A I, NiTi A H NTi S X 3T A 3 At
M SR BENY, M NiTI & 4 B A B4 R IC12 8L
N, Nit5TifJEF R 101, 5HA SMA A, Ni-
Ti e AR, Ni JiF5 Ti 53] g 6 % sk 48
W J - 4, BN Ni-TE S A i Cu, Co, Zr,
Hf JCF AT LU L ( NiCuCo) 5 ( TiZeHI) 5, (9% 5 F L & 4
[

(2)Fe HILIRITIL G4 Fe-Mn-Si 54 & Fe FHIEMR
WA 4 B LR F2 . Fe-Mn-Si 1012 & 4 B UMK .
T PERRAE . VIMIMERBAF S0 A, ST A A T2 |
Bk | AW TN, SR Fe-Mn-Si 2£i012 &
SWIERICICRN B2, TR S 56 i 79145 o 348 K i
BN, T IEARIKE RN 2% ~ 3%, 165 i TAER
WS R A I Sk, PAARER | A-HLBR AL AR b
FHEE T B — 2 R EE 3RS Fe-Mn-Si 12126 &R IR K
R, AN, BT I RICIZA £ 22 Tk RE, E
RN Cr S AT B3 Fe-Mn-Si & & TR ik 1

(3)Cu HIERICIZAE 4 Cu BIBRICIZ A & h e
WL EEIREN Cu-Zn-Al Il Cu-Al-Ni, X 2 Fh& 44
ARES . Cu-Zn-Al & & 0N THERERR LS, 765 A0k
ARRET 2 AR e LS Cu-ALNI & &4
AR B ATk 200 °C, ] T A IR R IR A
fF, RIMZE SN TR 2%, WERMEMA £
EHATHGE, M T Hof SMA, Cu 2t SMA HA S &
PG | P IR S B S R AR AR B S A5, (LRI A
R SR/, RIEFMESEARE,
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F2 KEMAHRAERITIZE SHRE (FKITE 2022.07)
Table 2 The approved standards on Ni-Ti shape memory alloy (till 2022.07)

Category No. Standard series number Standard content Time issued Effective date

Standard specification for wrought nickel-titanium shape
1 GB 24627-2009 memory alloys for medical devices and surgical implants 2009-11-15 2010-12-01
(BEST RSN A AR - BB ARICAZ & 4 T A )

Methods for chemical analysis of titanium nickel shape

memory alloy—Part 1: Determination of nickel content-

Dimethylglyoxime precipitate separatioin—EDTA

2 GB/T 23614. 1-2009 2009-04-15 2010-02-01

complex-zine chloride back titration
(RBIBPACAZ B S r i 5 1 84 B A P
T ZHiG DUHE /Y B —EDTA 454 - AL EHR 2 )

National
standard Chemical analysis methods for titanium nickel shape memory
EE) alloy—Part 2 Determination of cobalt, copper, chromium,

iron, niobium content-Inductively coupled plasma atomic

3 GB/T 23614.2-2009 2009-04-15 2010-02-01

emission spectrometry
(BRBIBRICAZ & A2 Bk 38 2 7oy 4l A % Bk
Pe ik B E HLIEHE 5 55 B8 TR R LR L)
Titanium-nickel shape memory alloy plate

(BREREARICAZ A AR

4 GB/T 39985-2021 2021-05-21 2021-12-01

Superelastic titanium-nickel shape memory alloy bar and wire

5 GR/T 90 R SRR T 2 A HE b FIZZ b )

2021-05-21 2021-12-01

National military
standard 1 GJB 5913-2006
(R A brE)

Specification for NiTiNb shape memory alloy bars

BRI ITAL & e H BT 2006-12-15 - 2007-05-01

Standard test method for determination of transformation

temperature of nickel-titanium shape memory alloys by bend

1 YY/T 1771-2021 2021-03-09 2022-04-01

and free recovery
(ZHll- B PR IE R ARICAZ & SR TR L)

Test method for shape memory properties of nickel-titanium

shape memory alloys—Part 1;Tensile testing
(BB IRICAZ G il I RE Iy
55 1 RAY R r i2)

Test method for shape memory properties of nickel-titanium

2 YS/T 1307.1-2019 2019-08-02 2022-01-01

shape memory alloys—Part 2; Bending testing
(BREIEIRICAZ & S ic I RE Iy 2
55 2 e AT )
standard Nickel-titanium shape memory alloy seamless tube
(ATl i) 4 YS/T 1136-2016 for medical devices 2016-07-11 2017-01-01
(ERER-BIBIRICIZ & 2 TCEE )

Terminology for nickel-titanium shape memory alloys

(BB RICAIZ B B ARTH)

Method of constant temperature tensile test for
6 YS/T 969-2014 nickel-titanium shape memory alloy wires 2014-10-14 2015-04-01

(BB RICAZ & G 2 A TR IR R a6 7 )

Phase change temperature measuring method for
7 YS/T 970-2014 nickel-titanium shape memory alloys 2014-10-14 2015-04-01
(BREOEIRICAZ & 2 AH AR TR 2E 7 1)
Titanium-nickel shape memory alloy wires

(BRBUBIRICAZ & 8 2287)

3 YS/T 1307.2-2019 2019-08-02 2022-01-01

Profession

5 YS/T 1064-2015 2015-04-30 2015-10-01

8 YS/T 971-2014 2014-10-14 2015-04-01

() EABRIEWRACIZ A4 B Ni-Ti £, Fe 25/ Cu iCIZThBE AR EZE S, W RT3,
FILMICIZ A4, Co H. Ti-Nb ZEF1 Ni-Mn 454 4 2.1.3 FEWIkinlipm 4%
WAFEIRACIZ RN, (HiX G S AE S22 R AR 2 | ERICZ A & LR AE-FHE BRI E 5, R
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TR SRAE AR, 40l 3 fs

e B AE, WEERICAZBRIF A RIE R
FERNEARES, Bz —E R NG AR, WL
“UNER” DA - I IR IR | 249 SR A A0 Ao B R 9 P AR T 45
MR TESBERe 2 B SR E R
ROVE, SO E A A 2 R S AR AT Y, TG
ST E A B0 1, DR R,

(a] (] [c]

' @ Y
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Fig.3 Schematic diagram of shape memory effect: (a)one-way, (b)

two-way, (c)all-round

2.2 BRICIZEEMEIEEREFTE

TEARICL A 4 0 25 5 LI 5 0] LAy A Ge i T
HiliE SR Eg N TH i, o LA F LS, 7B
HUOUE R . BroRiG 4 BseEss, rea L EEs
BOCINT. | GRS P PRAA DR S T T T A
JURpE FIBTEARICAZ A 4 i 45 T ik
2.2.1 ¥4kk

IEHEIAE R Tl b AR = KAV B 8 T Bz —,
EA SRR S E T2 W s, R 2 &
TERICAL A A —Fh e w ik . Bkl 48Rl
1CA A ME S AE T = il B & S E R S T bRl 22 [ i 5
TRV, Ti JGE i F s s, o 5 80 3R
MERLSORE, 5 DL SR | CaO I | AL O, HEBR ]
FHT A 720 NiTi & 4. Druker 2520 5@ i S0 5L HI % T
Fe-15Mn-5Si-9Cr-5Ni SMA FF#E47iR K AbBE, W57 45 R %
B, 800 °Cil ] fifi & 4 T R 2 R Ak A S TE R 5%
MR EF] 83%H13. 6%, i 650 C 1B K f44 W) ELAT f i
B M AR B M . Ehara 257" A9 BIF 58 5K A < 5L +3E

KT LT3 Fe-Mn-Si SMA JRPK & %, I B4k
[ A A4 e 1) E BRI TR f e e S B TR
T FLVEIE 2 (e AR . — R4 D EC A R A ) 3 o AR
TR A SRIAS, BEBCH Y AS T &k, Tasaki %51 FAE 85 7%
4% T Fe-Mn-Si SMA, I HI ¥ #5% o1 7117 5% (electron
backscattered diffraction, EBSD) £ R #f 5¥ T Fe-Mn-Si
SMA TESB AR TE 3o 78 v O 25 44 1 28 Ak, R W30kt B
TE M IRBEMGEAETE 5 AR A 38 Ak 23 T8 128 H
QAR TTAER 75 5 L EC A AH A2 f o 1R BE (M) B3 A2
TS TE &~ By (AR 1A 1 58 BT 125 i B TG A4 R 90° -
rotated 'y—ﬁ RAK

WAL, ISR I RICIZ G A W Y R
Itz —, KEFFERY], s B N R F58a
RIS | SRACTER U | SR s SRR
PEES | WS E KNSR Lu SR < e PR
27 il %8 NiggMn,, Cu,Ga,, FRIEAIRICAZ A 4 W I 1 TiR
KALFR, EIRFRI 700 °C B K 2 A 2y FHPIE L,
2R Y ( differential scanning calorimeter, DSC) ok
REIRZ 700 °C/5 hiBKJEFPEHEZ AR, #1k
W LIRS, R R AP R IAE RS E M
2.2.2 M EEEHRREE

BUBA G At —FP o TR AR P2 R, ARG &
JE— P B AR N R be g MR R R 5 s
SERARLL, BRI SRR T ORGSR 6 4 0 fk2f oy,
WARVE R RS A, JF Bl TR 2 AL a2
HFTAE ™= B 241 NiTi JPARICAZ & S F 2 TRz
— Saito 55 MU A ATk S PRESH AR Bl B TR
ICIZALN Y Fe-30Mn-6Si 454, Ji IR5RJE 29l 500 MPa,
B TEG S T4 1) Fe-Mn-Si &4, HFIEWAN G 41k
JEAeHE Mn 1 Si JEFYH, By A, S8 A A
AR S AR . Arslan BIFFT 2 BF 9T T Bk 1 AR R S
TEARICAL RN 1 P F, 45 5 Kk B ER S B[R] J2& 52 i)
Fe-Mn-Si SMA JEARICIZAUN Fe R R 2R, 24 B S Ak 1]
120 h &, Fe-Mn-Si B3 A R g /N F B A% i FCC
¥ HCP, HUME &AL S8R G S e RS b n] Az ™ foke
/N R BRI Fe-Mn-Si SMA, SRl Xu SEHF 5% % W] 20 by
Kb aHI& G S hr s AR AR AR, X 5 ReaiFe i
AR | FLBRR/IN BALBR I AT AT O, ) By R S IR
ZEFITT A B S RS BRI, Pricop 277 ] Fe-18Mn-
3Si-7Cr-4Ni B a AR P I AREAR IR BFRE G 0], BRZ AR i
R DRI 200 5 5 W 2R A 17 2 B S 4 T
2.2.3 BORMAIE

WO ERE R S FAR FR 3D FTENF AR, B—FhitT e
B-MERRUST B ) RO SR Rlowy 2RI A R PR S ol 2
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AR, 3G TSR IR 0 E s B — RO, 2 21
20 f B R L RN ) i pERHR S A TR Z — H
iR R X EOEIR LR R (selective laser melting, SLM) EL7E
il s RIC I &4 T w R B E KA S, B RiE N A
BTG HI I RICIZ A SR FEE T ETE
PEALIR R AL L AR B % 7 1T, Zhang %5 5@ i SLM
il % T PO AR AR IR e = R ) NiTi e RIgiZ & 4, 4
FH R AR B A RS A B0 Y NITE B IR AH, 2
FA A ) 2 7E T FC R o AT 1 NATi, AL Lu %5 A
FH SLM 48 1 HA 88 40 Sk 20 22 R 2 TR AR e AZ R0 1Y
Nig , Tisy o SMA, F34 1 FH A5 I 32 Bl 334O0' B o 25 B2 1 R AIK
MREAR, 28 10 YON-ENEAE IR 5 T ARMK IZ R 3K 2 T 98. 7%,
TAEG IR NiTi & 4. 2R BT T #OGH
X TiNG JEARICIZ G S AU ERR s, 45 53R 0,
Bl SO A B A RN, A AR AR LR SR BRI S T
L CYEEE R R 900 mm/s B, A AR B R, PERE
B, PO RN 46 R AR 43 o 3120 MPa Fl 41%

B0 T4 47 ) 38 Fe-Mn-Si SMA A AF 5T SCHRAR 8 %8
b, B RO M HOR fl A B R Il
NiAEM Fe-Mn-Si F4x, (HARA RE AR U4 B IR 1] 52 2 bifi
TS B KU/ N RS, HASCAFFE RIS | Fe-Mn-Si
FRICARICIZ A A1 1 52 07 7 52 0 A S5 2R A 2 ek
iR R/ NGB E R, X T LR A (] O bk
[ 4% AR ToHE BB 23 Fe-Mn-Si SMA [IERICIZEE ST .

3 BRAERIZIZES

AR, Eh A4 (IFRZ F 06 4 ) R R p 25
PRSI F12A R, O RS I A, T
WA A BT, SREIRICIZ A 4x (high entropy shape
memory alloys, HE-SMA) [RFSE B #TRIT, T 1 £ Bk
I ARACAZ A 2 AR BOB i 78 R R A 47
3.1 ERERCZEENARERE

1994 AF I EFHE K 5 B LA 1 42 )8 JC &K LA S5 BE /R
PR TE— R IR A e T L, WA R N
£ 1. 5R DA B BVATARCh i & 4 (b RO SUARH L,
{H} 8.314 J/(mol -K) ), FiHi&E P EMICRRKE TS
P 5% ~35% 2 (6], it 1A 245 ) 308 85 Ay 7 BRL 11 i1 375 4k 285
o Guo =57 $E A B YR B (VEC) J40 T DL T0 25 4
G A RS

VEC = 3, c,(VEC),

B4 HEmaSMBREtS VEC WRR, X VEC<
6.7 B A 4B TR R FCC, X4 VEC>S8. O A {5 i)
L BCC, 4 VEC AT 6.7~8. 0 IR FCC+BCC 1Y
WAL 2,

IR e B A DU R AR ;R RN A T
RONE, SEIRYFRBON FIXG AN, i 4 218
FICSONE AT AT M ) J T 7 it i A, (IR R
AR B AY S FARRH AL, DRI mDRE s 0 5 i A T B
iz T B A i RIC L & 4

i ™ AlCo (YCuFeNi; ® AlCoCr, CuFeNi
| Y Yoo A AICoCrCu, FeNi; ¥ AlCoCrCuFe, Ni

! 4 AICoCrCuFeNi ; <| AlCoCrCu FeNi
g i “ AICoCrCu FeNi; < AlCo CrCu, FeNi
EE% B AlCoCrCu FeNi; ® AlCoCrCy, FeNi

; # AlCoCrCu, FeNi; % AICoCrCu, FeNi
* & CrQuFeMnNi; @ CoCrFeMaNi

: ; ™ Al CrOuFeMiNi; [] Al CrCuFeMnNi

H : A Al CrCu, FeMnNi; ¥ Al CrCuFe, MnNi
o AVY Al CrCuFeMn, Ni; <] MoNbTaw

= Q [> MONbTWVW; (O AIB MaNiTi
| % AlC, CuFeMnNi

DOUJ

: 1
50 55 60 65 70 75 80 85 90 95
VEC

4w A AL ST (VEC) e R )
Fig. 4 Relationship between HEA phase stability and VEC!?

2015 4, Firstov 25 I FEEJH 1 o NiTi JEARIEAZ
BEWITT Ay By, WEIFF s RICIZ A Sk &R,
e s g, Hob A JEF R Ti, Zr, Hf, Nb, Ta, BJ&
¥ Ni, Co, Cu, Ru, Rh, Pd, Ir, Pt, Au, Firstov
A5 P BICRS H  AR  4 (THZeHE ) 5 (NiCoCu) 5 55 4
BARICI A 4, TEAE P MER] B2 BIIKR+B19° H 4
GIZEM IR IIZ S5 T FARFE AR /7= 4, Li % 3t
T —FH A i, I Zr,, Cuy Niyg mIERICIZ &4, TEH:
HE RIS R MR R ZE 250, AR AT R A A
¥15), SR SR I B HE R Ni, 5 R 2R R] X
BUE S Ti, Ze R Cu, WK 6 BTN, %A A TE 285 C &M
TR 4. 0% WP IKE NAE , HIJE IR S T 1. 65 GPa,
Yoko ' S45 T TiPd M TPt =TCE &ML ETLE S

B2 intermetallics
of the AB type

Fl5 HIM AsgBsy mRTEARICIZ G 4 1T 2R 7E T H R % b i
fir 03
Fig. 5 Positions of chemical elements for constituting A5, By, high entro-

py SMA (HE-SMA) in the periodic table of elements>!
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Fig. 6 Backscattered electron images taken in the planes perpendicular

to (a) and parallel to (b) the solidification direction; EDS

maps of the elements (c¢) [36]
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Fig. 7 Shape memory effect of ( TiZrHf) 5,Ni,;sCo;oCu;s HE-SMA after
1000 C/2 h solution treatment under different flexural stresses

applied in a three-point bending test!*)
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Fig. 8 Compressive stress strain behavior of ( TiZrHf) 5yNiys Co,,Cu;s in unaged and aged conditions at 25 C (a), 100 °C (b) and

=75 °C (c¢); TEM image and corresponding diffraction patterns after compressive testing at 25 C (d) L471
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Fig. 9  The principle of SMA pipe joint: (a) pipe joint thinner than the
outer diameter of the pipe, (b) enlarge radius at low temperature,

(c) assembly, (d) radius reduces when heating
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Fig. 11 Schematic diagram of SMA reinforced concrete structure
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