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Abstract The application of shape memory alloy (SMA) offers a convenient solution for structural
prestressed strengthening. With two groups of Chinese-made NiTi-based SMA plates (NiTi-SMA and NiTiNb-
SMA), static tensile tests were conducted to characterize their mechanical properties, while thermal activation
recovery tests were carried out to study their stress recovery behavior. The NiTiNb-SMA plate shows higher
recovery stress than the NiTi-SMA plate with a maximum value of 448.6 MPa while prestrained at 8% and
thermally activated at 180 °C, which is the optimal thermal activation strategy. The influencing factors of the
stress recovery behavior and their mechanism have been preliminarily analysed. The highest recovery stress of
this NiTiNb-SMA plate exceeds the average value of its international level by about 50 MPa. Besides, the
NiTiNb-SMA plate can generate sufficient recovery stress under a moderate thermal activation temperature.
Therefore, to some extent, it is a suitable candidate for the application of the bonded SMA strengthening

system.
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Table 1 Results of thermal activation recovery tests of

NiTi-SMA 3
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NiTi-A-1 A 2422 | 3.03 120 | 130.0
NiTi-A-2 2659 | 2.88 140 | 133.6
NiTi-A-3 3359 | 476 120 84.0
NiTi-A-4 3709 | 474 | 140 | 1682 15
iTi 6 192
NiTi-A-5 3419 | 471 160 | 184.9 le - 4
NiTi-A-6 4078 | 462 | 180 | 1834 B3 NiTiND-SMABEPER < (R : mm)
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Table 2 Results of thermal activation recovery tests of NiTiNb-SMA

AR BRI s 1% | WKHMR S o MPa | SRRNAEs 1% WMERE T OV | ER T o, /MPa

NiTiNb-A-1 587.3 2.31 120 295.9
NiTiNb-A-2 4 588.0 2.26 180 3449
NiTiNb-A-3 586.9 2.36 240 343.9
NiTiNb-A-4 6 612.5 3.85 180 3753
NiTiNb-A-5 630.5 5.65 120 341.0
NiTiNb-A-6 639.5 5.61 180 448.6
NiTiNb-A-7 5 603.5 5.75 240 438.4
NiTiNb-A-8% 616.8 5.59 300 410.9
NiTiNb-A-9 703.6 7.43 120 355.2
NiTiNb-A-10 655.4 7.43 180 414.2
NiTiNb-A-11% 660.5 7.44 180 409.2
NiTiNb-A-127 10 678.3 7.42 180 428.2
NiTiNb-A-13% 693.0 7.22 180 408.0
NiTiNb-A-14 666.8 7.43 240 440.9
NiTiNb-A-15 12 694.7 9.03 180 3753
NiTiNb-A-16 778.3 12.63 120 273.2
NiTiNb-A-17 16 778.2 12.65 180 330.8
NiTiNb-A-18 786.8 12.64 240 380.4
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Fig.5 Stress-strain behavior of static tensile tests of NiTi-SMA and NiTiNb-SMA
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Table 3 Mechanical properties of NiTi-SMA and NiTiNb-SMA
G YA B E /GPa 13 J3°F-£3/MPa IR R £ 1% HUhLE o /MPa

NiTi-T-1 33.2 148~270 6.7 1 058.66
NiTi-T-2 24.1 136~254 6.1 917.33
NiTi-T-3 28.7 169~281 6.6 872.88
NiTi SEH{H 28.7 — 6.5 949.62
NiTiNb-T-1 69.1 574~592 37.3 896.81
NiTiNb-T-2 69.9 569~596 37.0 925.64
NiTiNb-T-3 65.8 601~634 432 939.61
NiTiNb V-1 68.3 — 39.2 920.69
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Fig.7 Recovery stress of SMA under different thermal activation scenarios and the optimal thermal activation strategy

4 FR AN AR N [ B, X T NiTi-SMA , S A
1, 6% A FRRLAH R AR AT LA S 3R AR AR X R R
PRIV J7 5 T %) F NiTiNb-SMA , Ky 3545 58 J& A 1K
SN, HAA I B P N A SR 8% B 10% . X
— B T /INECH R IAK 5 R S 10 T g o I

A, AE I T 0V BBl Y, NiTi-SMA 9k & 67 1
151 A G5 #) 184.9 MPa, X 1 1) Fe D B & o s
6% B T A N AS AT 160 °C A FRCE IR X T
NiTiNb-SMA , YK 52 Ji; 7 f5z 5 7] 35 3] 448.6 MPa, %f
I 1) S5 PG FR K A TR S 8% 1 I A Ny AB AN



ZEM T RENNES 42 4 26 4

SRIRF 5T -
180 “CHIFIH K IR FE .

AN TR T A 1 A Xk F SMA YK & IV 1A 3
R S AL AT L S ek A i A 2
fif R . LA NiTiNb-SMA A1), [&] 8 g /R 1 H it fif
I FEMENL . GnlEl 8(a) o, PAf {4 NiTiNb-A-2 2y
R, HF 7 A 35 18] () DIC R 2% = 18] 52 W3 1
R AT SR AL I 4, S 9 A ] 43 s (e 1Y)
FHAR 25 5 4% W TR 07 AR (3 7= A= SR i
2R R 19 WA AR 728 25, T LA 30 4 1 J 34 iy A

1
|
[
§

ol fk R Bl
(5] B3R % 2R

€|m: Epes
(a) DICRZE z El(IRfFNITiNb-A-2)

DI :
I B F A AR

WA S 8% DL I o #e5 2Z, HA Sl 1 i T if
I AR FE o 8% B, AR S5y A AT e se o B, ik
PEA REHEARTE A AHAS o f ] 8 (b) 1y TR A 7 -
I 738 TR AT 50 . — 7 1T, 8% 15 109% Y T A )i 28
WU T 1 B R R AR XA TN A
W 2 EAAR B AR AR 2o AR 2 S8 3 LA 40 1Y, (RE T
SME [ 55 80 &A% 5 o5 — 7 T, 8 3k 10% 1 T
AR K AF NiTiND-SMA 3E A SRAE B B , B ik — 4
SR SR N AR X T SME RS2 AN FI )

800 —4% ——6%
----- 8% ——10%
T00[ - 12%—16% o5

600 F wi ‘.....p-f:.'..._: iy
- F
& 500
=
.]:3»\ 400 |
= 300 ’ :,I r
200 [
o /)

!
H

0 é 4 é IS .1.0 IIZI ll4 |I6 lls
NASe | %
(b) RIS - A

P18  NiTiNb-SMA FhLfif i A AL
Fig.8 Profile of the prestraining process of NiTiNb-SMA

3.4 XFSMARKE N HBIKGI5

M HE [ P D 2% 3 XF Fe-SMA M Y BF 97 45
SRS G i T ARG A e R N ) R
XN AR R IR B LI R TR 9, IF 5 AR S
NiTiNb-SMA # (138056 iff 5% 45 S kA7 Lu X . 7wl LA
RN, Fe-SMA MR 5 10 7 52 B 25 TR BN, ¢
U B AT DL SE LA T 600 MPa (VK 1% 11, 228045
RTE 350~450 MPa i [, 455 1929 300 MPa. 1H
Fb 2 T, AR SCAY NiTiNb-SMA A A8 fe KPR &2 1 1124
450 MPa, ZEU{H C 1T EIFRF-H7K 725 50 MPa.

T — A BE &, AR SCIY NiTiNb-SMA A fE i
IR PR IR, = A A v W A 7 g, KT
AT DSBS 7 0 0% ORI SMA Jin 361 22 5 1
TEECE . DR TR U SMA Jin [ 22 45 /) SMA £4
BIERY , A SCHFSE ) NiTiNb-SMA Hs g —E 1
#EWT.

4 HIRERE

AT Ak I SMA bt (NiTi-SMA Az il

— e e e e e - - - -
600 A o B IR A P R
| I
i (113 L
s00 B MW R
v'Xx & | A
& 400t B A
= |‘
R0 ® @ ]
= | * #x @ [33]Michels®¥, 2018
® - ® [29]Baruj®%, 2002 W [18]lzadi%%, 2018
= 'l A [30]Leinenbach®. 2012 @ [4]Gu%%, 2021
WV [28]Li%%, 2013 Q@ [34]5RNHLSEF, 2023
100 1 @ [B1]Lee2%, 2015 ¥ [35]Liu%%, 2024
« [32]Ghafoori®, 2017 PR R B ER
. | (3] Shahverdi®, 2018

160 200 240 280 3I2(J 3&}0 4;.]0
MERIRE /T
9 SMA RN 1% b
(NiTiNb-SMA 5 Fe-SMA #1£.)
Fig.9 Comparison of the recovery stress of SMA plates
(NiTiNb-SMA vs. Fe-SMA )

NiTiNb-SMA 4 ) JF J& i 5 AF 55 5 % b 43 #r , i i
B R E A N2 N T e = AN VA RS AN A
R PURIR A 12 REHR bR 5 1 P &k
SR S W N TR ATy B Fe KA B )
550 I B A A A SR, I X B R B AT R A
BTV LB T, BEAE B NiTiNb-SMA i 5



Structural Engineers Vol. 42, No. 4

- 116 -

Experiment Study

Fe-SMA fi FBFFE BUEEAT HU XS . L4518 A0F -

(1) NiTi-SMA #x I NiTiNb-SMA Hz i) 51 A5
40 0 S 5 AR AL 9 1/7 1173, NiTi-SMA V-1
PUPLE L 35 950 MPa {H ZE M AL (W7 24 R
6.5%) ,NiTiNb-SMA e EL =51 i (921 MPa) 5 1= 4E
Jr A (B R 8 39.2% ) .

(2) 72 B KI5, 1 L F NiTi-SMA # ,
NiTiNb-SMA # 7T DA7E % A B8 5 2 i 1 77, 2K
CAADSY LN =

(3) NiTiNb-SMA # 1 £z K & & N J1
448.6 MPa, X 1w 1) e DL T & SR s 2 8% 1) T
fi R AE F 180 “CHYFUA IR L . FIBUA IR B2 1 42
Th A HANK N T 38 25 o TR AR S
I35 AR UE 7853 A0 A2 (] B ki S ast £ 7 98 1 7
A R SR A R KR N ) I EE B

(4) #H EtF Fe-SMA #iz , NiTiNb-SMA # 119 £z
KA R I 8 it B BRSF ¥ 7K SF 25 50 MPa.
NiTiNb-SMA # B %38 4o i H (9 OOk IR B 7 A=
B R S N g, T BC TR I SMA i R 5t .

AR SC B AIEFE B T AE — o R B O 25 1
SMA TR Sy 5 i 52

(1] RMT, X000, 365, 55 R TR RIS I & 4

4T R, ) 4R B TR ()] AR K22
e CHSRBIERD ,2022,52(2) : 402-416.
Zhu Hong, Liu Ziqing, Dong Zhigiang, et al. New
prestressing technology based on iron-based shape
memory alloys and its application in engineering [J].
Journal of Southeast University (Natural Science
Edition) ,2022,52(2) :402-416.(in Chinese)

[ 2 ] Ghafoori E, Wang B, Andrawes B.Shape memory alloys
for structural engineering: an editorial overview of
research and future potentials [J]. Engineering
Structures,2022,273:115138.

[ 3 ] Shahverdi M, Michels J, Czaderski C, et al.lTron-based
shape memory alloy strips for strengthening RC
members: material behavior and characterization [J].
Construction and Building Materials, 2018, 173: 586~
599.

[4] GuXL,ChenZY,Yu Q,et al.Stress recovery behavior
of an Fe-Mn-Si shape memory alloy [J]. Engineering
Structures,2021,243:112710.

[5 ] SRR, A 1% . Fe-SMA b1 RL MR BX 25 1 % 55 M fig
ZEIR[J]. 540 TREN, 2022, 38(5) : 182-190.

Wu Shuigen, Yu Qiangian. State-of-the-art on fatigue
strengthening of steel structures by using Fe-SMA
materials [ J ].Structural Engineers, 2022, 38(5) : 182-
190.(in Chinese)

[ 6] smpZr, OMS, 28, 5  BREIEARITIZ & & hnlEl

G ANRBE L B AL ST FE Rt e [ ]. 454 T
i, 2023,39(6) : 214-228.
Qiang Xuhong, Wu Yapeng, Jiang Xu, et al.
Strengthening mechanism and research progress on
strengthening steel beam and RC beam with Fe-based
shape memory alloys [J]. Structural Engineers, 2023,
39(6):214-228.(in Chinese)

[7] Abdy A I, Hashemi M J, Al-Mahaidi R. Fatigue life
improvement of steel structures using self-prestressing
CFRP/SMA hybrid composite patches [J]. Engineering
Structures,2018,174:358-372.

[ 8] Li L,Chen T, Gu X, et al. Heat activated SMA-CFRP
composites for fatigue strengthening of cracked steel
plates [J]. Journal of Composites for Construction,
2020,24(6) :04020060.

[ 9] Zheng B, Dawood M.Fatigue strengthening of metallic
structures with a thermally activated shape memory
alloy fiber-reinforced polymer patch [J]. Journal of
Composites for Construction,2017,21 (4):04016113.

[10] Deng J, Fei Z, Wu Z, et al.Integrating SMA and CFRP
for fatigue strengthening of edge-cracked steel plates
[J].Journal of Constructional Steel Research, 2023,
206:107931.

[11] Deng J,Fei Z,Li ], et al.Flexural capacity enhancing of
notched steel beams by combining shape memory alloy
wires and carbon fiber-reinforced polymer sheets [J].
Advances in Structural Engineering, 2023, 26 (8) :
1525-1537.

[12] Qiang X, Wu Y, Jiang X, et al.Fatigue performance of
cracked diaphragm cutouts in steel bridge reinforced
employing CFRP/SMA [J]. Journal of Constructional
Steel Research,2023,211:108136.

[13] Jiang S, Liang Y, Zhang Y, et al.Influence of addition
of Nb on phase transformation, microstructure and
mechanical properties of equiatomic NiTi SMA [J].
Journal of Materials Engineering and Performance,
2016,25(10) :4341-4351.

[14] Suhail R, Amato G, McCrum D. Heat-activated
prestressing of NiTiNb shape memory alloy wires [J].
Engineering Structures, 2020,206:110128.

[15] Yang C, Liu T, Zhong M, et al. Enhancement of
recovery siress by annealing and prestraining of

NiTiNb wires [J]. Journal of Intelligent Material



<117 -

LER) TARINES 42 45 56 4

[16]

[17]

[19]

[20]

[21]

[24]

[25]

Systems and Structures,2023,34(17) : 2047-2060.
XU, ST , PR 2ERS , 55 S8R NiTIND JE R 1242
B 4 FE TR BE - 45 K 32 3 24 SR ] iy 1oz FH F 2
JEL) ] FESI45H,2024,54(1) : 111-118.

Liu Bo, Xie Jiangsheng, Zhong Weiling, et al.
Applications and analysis development of wide
thermal hysteresis NiTiNb shape memory alloy in
active confinement reinforcement of concrete structure
[J]. Building Structure, 2024, 54 (1) : 111-118. (in
Chinese)

Vijtech J, Ryjacek P, Campos Matos J, et al. Iron-
based shape memory alloy for strengthening of 113-
year bridge [7]. Engineering Structures, 2021, 248:
113231.

Izadi M R, Ghafoori E, Shahverdi M, et al.Development
of an iron-based shape memory alloy (Fe-SMA)
strengthening system for steel plates [J]. Engineering
Structures, 2018, 174(Ju1y) :433-446.

Izadi M, Hosseini A, Michels J, et al. Thermally
activated  iron-based

shape  memory

Il

alloy  for
Thin-Walled

strengthening  metallic  girders

Structures, 2019, 141:389-401.

ChenZ Y,Gu X L,Zhao X L, et al.Fatigue tests on Fe-
SMA strengthened steel plates considering thermal
effects[J |.Journal of Structural Engineering,2023, 149
(3):1-13.

Wang W, Li L, Hosseini A, et al. Novel fatigue
strengthening solution for metallic structures using
adhesively bonded Fe-SMA strips: a proof of concept
study [J].International Journal of Fatigue, 2021, 148:
106237.

Deng J, Fei Z,1i ], et al.Fatigue behaviour of notched
steel beams strengthened by a self-prestressing SMA/
CFRP composite [J]. Engineering Structures, 2023,
274:115077.

Li L, Chatzi E, Czaderski C, et al. Influence of
activation temperature and prestress on behavior of Fe-
SMA bonded joints [J]. Construction and Building
Materials,2023,409: 134070.

Wang S, Li L, Su Q, et al.Strengthening of steel beams
with adhesively bonded memory-steel strips [J]. Thin-
Walled Structures,2023,189:110901.

GB/T 228.1—2021 & J& bHRHL AL 55 13970 &
TR g k(S ]

GB/T 228.1—2021 Metallic materials-Tensile testing-
Part 1: Method of test at room temperature [S]. (in

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Chinese)
YS/T 1307.1—2019 BT ARICL A B L2 PEREN
W7 5 ARy PRI [ S ]

YS/T 1307.1—2019 Test method for shape memory
properties of nickel-titanium shape memory alloys—
Part 1:Tensile testing[ S].(in Chinese)

Suhail R, Amato G, McCrum D. Heat-activated
prestressing of NiTiNb shape memory alloy wires [J].
Engineering Structures, 2020,206:110128.

Li K,Dong Z, Liu Y, et al.A newly developed Fe-based
shape memory alloy suitable for smart civil engineering
[J]. Smart Materials and Structures, 2013, 22 (4) :
045002.

Baruj A, Kikuchi T, Kajiwara S, et al. Effect of pre-
deformation of austenite on shape memory properties
in Fe-Mn-Si-based alloys containing Nb and C [1].
Materials Transactions,2002,43(3) : 585-588.
Leinenbach C, Kramer H, Bernhard C, et al. Thermo-
mechanical properties of an Fe-Mn-Si-Cr-Ni-VC shape
memory alloy with low transformation temperature [J].
Advanced Engineering Materials, 2012, 14 (1-2) :
62-67.

Lee W J, Weber B, Leinenbach C. Recovery stress
formation in a restrained Fe-Mn-Si-based shape
memory alloy used for prestressing or mechanical
joining[]J.Construction and Building Materials, 2015,
95:600-610.

Ghafoori E, Hosseini E, Leinenbach C, et al. Fatigue
behavior of a Fe-Mn-Si shape memory alloy used for
prestressed strengthening [ J]. Materials and Design,
2017,133:349-362.

Michels J, Shahverdi M, Czaderski

strengthening of structural concrete with iron-based

C. Flexural

shape memory alloy strips [J]. Structural Concrete,
2018,19(3):876-891.

SRAELL, SO, 2 RETE RO 5 4 Ty e
FECE W & PR A5 [T ). U K== 4 (B SRR
J2),2023,51(5):718-727.

Qiang Xuhong, Wu Yapeng, Jiang Xu. Experimental
investigation on mechanical properties and activation-
recovery performance of Fe-based shape memory alloys
[J].Journal of Tongji University (Natural Science) ,
2023,51(5):718-727.(in Chinese)

Liu Z, Dong Z, Hu L, et al. Mechanical and recovery
behavior of a new iron-based shape memory alloy plate

[J].Structures, 2024, 61 : 106049.



