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Abstract: Using the recovery effect of shape memory alloy (SMA) to introduce prestress into fiber reinforced poly-
mer (FRP) is a new idea. In this paper, FRP and SMA are compounded to form a new composite material for structur-
al strengthening and repair. The mechanical properties and limited recovery properties of FRP/SMA composites are
tested. In the mechanical property test, the number and diameter of SMA wires are taken as test variables, and their
effects on the tensile properties of FRP/SMA composites are analyzed. In the limited recovery test, the SMA wire dia-
meter and pre-strain level were taken as test variables to analyze their effects on the recoverable properties of SMA
wire and FRP/SMA composites. On the basis of experimental research, the regression equations of recovery stress
temperature of SMA wire and FRP/SMA composites are given. The test results show that increasing the number of
SMA wires can improve the maximum fracture strain and tensile strength of the composite. The more wires are

added, the greater the residual strength after fracture. The diameter of SMA wire significantly affects the tensile
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elastic modulus of composite specimens. In the limited recovery performance test, the recovery stress of FRP/SMA

composites shows an obvious upward trend with the increase of temperature in the phase transition range, and the

maximum recovery stress of composites will increase with the increase of pre-strain level. The modified model

based on Brinson’s model is proposed, and the predicted values are in good agreement with the experimental

values, which can effectively predict the relationship between the recovery stress and temperature of SMA wire and

FRP/SMA composites.

Keywords: fiber reinforced polymer; shape memory alloy; composite material; shape memory effect; recovery

behavior
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Fig.1 Fiber reinforced polymer (FRP)/shape memory alloy (SMA) composite prestressed strengthening system
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Table1 Physical and mechanical properties of materials

Diameter Austenite tranesition Martensite traansition Phase Strength/ Elastic Flongation/
Material temperature/C temperature/C transition g modulus/ g

@/mm MPa %

Start A FinishA;  Start M, Finish M; stress/MPa GPa
SMA wi 0.5 106.12 121.40 55.34 27.34 122 982 12.2 78.0
W' 0 79.13 105.46 59.00 35.81 117 906 10.4 75.0

CFRP - - - - 3000 247.7 1.2
Epoxy resin - - - - 35 2.2 1.6

Notes: CFRP—Carbon fiber reinfored plastic; A;—Austenite finish temperature; A,—Austenite start temperature; M;—Martensite start

temperature; M;—Martensite finish temperature.
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Fig.2 Stress-strain relationship of SMA wires in monotonic tension
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Fig.3 Two types of FRP/SMA composite specimens
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Table 2 Two types of FRP/SMA composite specimens

Specimen tvpe Specimen Number of Diameter of Prestrain/% Length of composite
P type Sp SMA wires SMA/mm ?  section/mm
FRP/SMA-I1-0.5-5-4% 5 0.5 4 250
FRP/SMA.I FRP/SMA-1-0.5-10-4% 10 0.5 4 250
) FRP/SMA-1-0.5-15-4% 15 0.5 4 250
FRP/SMA-I-1-10-4% 10 1.0 4 250
FRP/SMA-II-1.0-10-4% 10 1.0 4 2x70
FRP/SMA-II FRP/SMA-II-1.0-10-6% 10 1.0 6 2x70
FRP/SMA-II-1.0-10-8% 10 1.0 8 2x70

1.4.2 [ -0 AR O 7 il 26

& 5 25 tH T 12& FRP/SMA & & b BHa £ 2.9
P A B BRI N A -R AR e . T, A
IR SEN R 2 NTIB I IR S
Wi 2 5, R A — e R AR IE, Bk
H F A& Wi 241 CFRP £F 4 fil SMA 22 ) 5Tk . 36 1]
VAW, XFRE B R IR i, b s
SMA 2z i M AR 3G N, FRP/SMA & & # EHP)
W BRPT 50 B A T RRAIG, T T 2N AR FEARANAE . 4
e BR ¢ #7298 JF i FRP/SMA-1-0.5-5 i 14 2 #Y
2 544.0 MPa(°F- #4 {8 ) [% fik #| FRP/SMA-I-1-10 i £
ZH 1Y 2 031.0 MPa(CE 2 {H), X 07 b B K e 224 )i A%
H1.3%~1.4%, (HAFEREAE, XT &4 g
5 NN S W 1 R R AT 1 Bl SO SR R [ I 7B
CFRP F M i BT H 5 B, U6 BH X F il SRS X
SMA 22 %t & & F B bt $ i B /Y 53 ik AR AT R
CFRP 2 3| £ 2 A/EH . % 345 i T 12¢ FRP/SMA
A MR Y G 25

A E 258, FRP/SMA & & M BHER IR Z
TR 7 -7 738 6 2 m] AR MG 2, RV ) 45
TR A RSB R Z S, IADh CFRP

(a) Longitudinal splitting failure
of CFRP sheets

(b) Middle burst failure of
CFRP sheets

€4 FRP/SMA &ML
Fig. 4 Failure modes of FRP/SMA composites
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Fig.5 Stress-strain curves of FRP/SMA composite specimen
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Table 3 Test and analysis results of FRP/SMA composites
Strength/MPa Elastic modulus/GPa Fracture strain/%
. Failure
Specimen NO.  Test Calculated o>t value/ Test Calculated ¢ value/ Test Calculated -t value/ mode
calculated calculated calculated
value value value value value value
value value value
1 2206 0.78 158.7 0.68 1.39 1.16 -
gi};/SMA'I'O'S' 2 2617 2840  0.92 186.9 2347  0.80 140 12 1.17 iol’;‘t%;;“dmal
0 3 2 809 0.98 205.0 0.87 1.37 1.14 pitting
1 2326 0.86 169.7 0.76 1.32 1.10 o
fg_%/sMA'I'O'E" 2 2566 2697  0.95 1929 2229  0.87 133 12 111 Eolri‘tgtﬁl“dmal
o 3 2 828 1.05 212.6 0.95 1.28 1.07 pitting
1 2 602 0.87 154.9 0.73 1.68 1.19
fE}}_%/sMA'I'OE’ 2 2992 3000 1.04 188.4 212.4 0.89 1.65 141 1.17 Burst failure
? 3 2999 1.00 196.0 0.92 1.65 1.17
1 1968 0.95 145.8 0.85 1.35 1.13 o
fgi;sMA'I'l‘o' 2 2085 2078  1.00 156.8 171.8  0.91 133 1.2 111 iolriltgé;“dmal
o 2039 0.98 156.8 0.91 1.30 1.08 pitting
Average value 0.95 0.85 1.13
Standard deviation 0.08 0.08 0.04
Coefficient of variation 0.08 0.09 0.04

{UEEa R G g iR ERUE S A I SOLER I 8

2 FRP/SMA £ §# IR B & 1% 88

9T TR ML T i FRP/SMA S 4 kR 0] 5 1
g, AN SCHEAT T SMA 22 [ FRP/SMA & & 1 B 1)
ZBR MRS, SR A E F AR A R R B T
2.1 SMA £H[EIE %8k
2.1.1 it

£ SMA 2z Inl g vEpeik e, Bt 7 7 ik,
BRI S 2 MREE, SMA 23R/ Wi 3 3k 22 ]
#9200 mm([&] 6), 1250 48 5 o SMA 22 1) 1A% Fl
WIEE PN AR K, EH A K 05mm Al 1.0mm, %)
RPN BTN 4% . 6% . 8% F110%, U155 4 FiR.
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Table 4 Design and test results of SMA recovery
test specimen

Average value of

Length ~ Diameter Prestrain/ maximum
Specimen of SMA/ of SMA/
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stress/MPa
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SMA-1.0-6% 200 1.0 6 312
SMA-1.0-8% 200 1.0 8 391
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Fig.7 Recovery stress curves of 0.5 mm SMA wire with different pre-strain levels as a function of temperature
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Fig.9 Stress-temperature simulation curves of SMA wire recovery
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Table5 FRP/SMA recovery test specimen design and

test results
Average
Length of . value of
. . Diameter of . )
Specimen activated Prestrain/% maximum
. SMA/mm
section/mm recovery
stress/MPa
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