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Application of shape memory alloy in damage

monitoring of composite materials
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Abstract: The damage of composite materials poses a threat to the reliability and safety of the structure, and has at-

tracted widespread attention from domestic and foreign experts and scholars in recent years. This study embeded

the shape memory alloy (SMA) in the composite material specimen, and discussed the relationship between the

SMA resistance change and the composite material strain, established theoretical models of composite damage

monitoring under different monitoring conditions. Based on this model, the damage monitoring behavior of SMA

materials in different initial states was discussed. The research results show that the damage of the composite ma-

terial has a linear relationship with the resistance change of the SMA. The temperature load has little influence on

the damage monitoring when the SMA does not undergo a phase change, and has a greater influence on the dam-

age monitoring when the SMA undergoes a phase change. The research can provide theoretical guidance for the fur-

ther engineering application of SMA-based composite damage monitoring theory.

Keywords: shape memory alloy; composite materials; damage monitoring; change temperature; phase tran-

sition
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Fig.1 Schematic diagram of composite material

embedded with shape memory alloys (SMA)
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Table 1 Classification of the conditions during the heating process of the SMA
whose initial state is low-temperature martensite phase

Temperature section SMA initial state Loading phase

Composite material Uninstall phase

No damage
0<osma <051
Damaged
) No damage
To < Mt Martensite 051 <OTsMA < 07 0<osma
Damaged
No damage
Of] S OSMA
Damaged
No damage
0<osma <oy
Damaged
‘ ) No damage
M <To<M* Martensite 051 <OSMA < 07f 0<osma
Damaged
No damage
Ofl S TSMA
Damaged
. No damage
M®<Ty< A Martensite 0<osma 0 < osma

Damaged
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Temperature section ~SMA initial state Loading phase Composite material Uninstall phase
No damage
0<osma <ow
Damaged
A< To < AT Martensite and < e < o No damage S 0< oemn <o
S0 austenite mixed 4 S USMA < T4 Damaged TSMA > O As4 < OSMA < TAs
No damage
Of4 S OTSMA
Damaged
No damage
0<osma <05
Damaged
) No damage OSMA  OAf5 < OSMA 0 < osma
Af < To Austenite 055 <OSMA < 05 S
Damaged Z OAs5 < OTAs5 S OAf5
No damage
05 S OSMA
Damaged

Notes: M'-Martensitic transformation completion temperature; M°-Martensitic transformation start temperature; A*-Austenite

transformation start temperature; A'-Austenite transformation completion temperature; ogy,—Stress of the SMA; o1,01;—SMA begins

and completes redirection to critical stress; o;p—SMA completes the critical stress of martensitic transformation in M'< Ty<M®;

03,03 —Critical stress for the initiation and completion of martensitic transformation in M'STy<A® of SMA; 074,04, Tas4»0Tas—SMA

begins and completes martensitic transformation and austenitic transformation in A*<Ty<A' section; o5, 05,055, 0 Ats— SMA begins and

completes martensitic transformation and austenitic transformation in A'< T, section.
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whose initial state is high-temperature austenite phase
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Table 2 Classification of the conditions during the cooling process of the SMA

Temperature section ~ SMA initial state Loading phase Composite material Uninstall phase
No damage
0<osma <051
Damaged
) No damage
To<M' Martensite 01 <TSMA < 07 0<osma
Damaged
No damage
o] < OSMA
Damaged
No damage
0<osma <op
Damaged
No damage
o < OSMA <0, P
Martensite and Damage:
MfSTQ<MS . . 0 < osma
austenite mixed No damage
0';2 < OSMA <O’£2
Damaged
No damage
O <OSMA
Damaged
No damage
0<osMA €03
Damaged
No damage
MS<Ty<AS Austenite T3 <OSMA <03 0 < osma
Damaged
No damage

013 < OSMA

Damaged
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Temperature section ~SMA initial state Loading phase Composite material Uninstall phase
No damage
0<osma <ow
Damaged
No damage
AS<To < Af Austenite 54 <OTSMA <Of4 TSMA > Tast 0< OsMA < A4
Damaged
No damage
Of4 S OTSMA
Damaged
No damage
O<osma <O
Damaged
No damage OSMA  OAf5 <TSMA 0<osma
f< Austenite TS
A" < Ty 055 <OSMA < Of5 Damaged > 0As5 < OAsS <OoAfs
No damage
75 < OsMA Damaged
'71 [ 1:7‘
o o
[ ' "
p— [ ' -— " * T [
y r /n—
O L op [ +
] {
(28] - A Og | h I\ A
b e (] Jt] “f ? 1 / < 1l
4 [ .
) ) / . » # / | | 4 L
" 3 }
% % }D I / [ ] % g‘ Q i { L 1]
|
N s s ® £ () s> (s > 40 >
M 2 M §A&§A§ T §M§§M gA gA ] r
g 7 g g & g &a ) ) g
3 5 ] g 5 E. ] g 3 = s S,
2. 2. 2. 3 2. = 2. a 2. = = =
— -+ — — a — - [¢] (¢ [¢]
o a a =IKS) @ 8 ©
58 =2
g o, g_ o,

P2 IR FCAR AR THIRAS AR  (a) s i B A IR AR v (b) AR s o 16 6 507 17 5 3 BE 22 [R] 4 56 -

Fig.2 Relationship between phase transformation or reorientation critical stress and temperature during the heating process of low-temperature

martensite phase (a) cooling process of high-temperature austenite phase (b)

N 77

T AEAS R W) 46 RS AN R R B B, %
[P 5 Yl B E AT N 7 0 ) it A v A A MR A i
A5 SMA FLBELAF X AR 1k 1) O¢ R AT IR ADESR o
2.1.1 XfAb TR S [CRAH ) SMA Tt
2.1.1.1 To<Mt

SMA WIHRIRE A S ICIK, 6o = CiTo+Cwm, N
#Hood B b SMA KA HEE W AT, SMA A KA R
RARAHAS, #he=1, A6=0, m13X (10) AT %0 IR
J& BN SMA Jit 32 1 1 5 H BHAR R 22 AR 0 5C &R

A

AR=(1+2v) +aM(T-To)+H(és —és0) | (12)

(1)0<osma <01

B B SMA I8 K & AT E AT R, #iés =0,

GBI XN S T g, ME A
AL B L 13 AR K T SMA Y B e b AR B, 42 6
BRHEA B AE, Blep=0, 1H SMA 1 H 23 %

AR, BLEE SMA JI 52 1 77 55 F BEAF X AR 4k 5¢ &
= (12), BEBY B A MR 345 B AR ep ok 0,

TE LB B N X R ) AT I, SMA T 32 L )
5 i BE A AR OC R R 2L (12) &G MR R 6

AR 8F7’*70

GMEHE B X ﬁLﬁMﬁ MES
AR M AR /N T SMA Y Bk R AR, & A At
ﬂ#ihhm@,%w%m%xmﬁﬁﬁmmﬁ

Ay R (12).
= (11)~(12) 7 Z0 0t 1sF 52 A b R 407 1 AR
FEL BELAF X AR A 1R 5 22



- 1182 -

EEMRER

R loxe
= - T-Ty)—-— 13
To37 ag( 0) o (13)

TE G By BN X B ) ATV, SMA Fi 32 i )
5o BHAR X A OC R F X (12) &4 AR 4
I 7% 55 BEAE O A8 Ak 1 06 & Rl =X (13)

(2) o1 <osma <011

IEFTBE SMA IEAEAAE R E AT, H0 <& < 1o

BAMBCH: XN TnE, YRS
AR A AR KT SMA [ 5L 1 AR 55 AR AR AR
ZHE, EEMEEA RGN, Be=0, H
SMA 1) HiL B 25 & AR A8 4k . LI SMA JiF 32 W 1 5
F, BEL AR X AR A 56 &R ] 20 (12) BE B Be &R & R Y
400 1 A2 e 2R 0,

T I B B N ORE R AT 12, SMA it 52 0
5 R BH AR S A OC R Rl (12) &G 0k 54
MR ep 2k 0,

BAMEAII: XN T ng, MRS
AA L 5L AR /N T SMA 1Y 5 10 AR 55 RH A8 iy AR
Z R, A MBS RN AR, i SMA IF 2
N 775 F BELAH X A8 A 1 OC & [l 2 (12) € ] 2o
TN 395 K IR R 4305 SMA T 32 i 1 1Y

EF

K FR R
1-&s0 T 1 +&s0
&g = 5 cos e (O’sMA —a-gr) t— (14)

o (1)~(12), X (14) AT AR A R R
A 1z A% 55 F BELRE X6 A2 b 1Y 5C & Rl = (13)

FESL By BL X R ) AT I, SMA Fir 32 i )
S AR R A (12), &AM R
I A% 55 Fe BELAE X A2 Ak 14 56 & Rl = (13)

(3) o1 < oTsma

I B Bt SMA © 458 I HE E M 472, s =1,

AR SR T, YEA
AR G B 1B AR KT SMA F 3347 10 7 5 4 AR 1 AR
ZHE, EEMEIEARGNAE, Me=0, H
SMA [ HLBH & & A= 481k . BLBY SMA fF 3Z 1 11 5
HL B AR X 28 KOG R A (12) BE B B & 4 RHY
A5 AR ep A 0.

TE M B Be X B ) 64T 12, SMA B 52 8 )
5B A R F X (12) &AM R R4
AR er k0,

EAMBE B R T mEE, MEE
AR S N AR /N T SMA Y 5P i A5 5 A1 AR iy AR
ZREE, AR AN A, M SMA T Z
N 775 B B AR XS AR AR ) ¢ R 2 (12). B & # K

10 1 A8 5 A BEAE AR AR YOG &R A X (13),

TE I B B N X R AT T2, SMA Jir 52 g )
5 A BE AR XS S A OC R R 2L (12) G BB B 6
Joj 7% 55 F BELRE X AR Ak 1 56 & Rl = (13)
2.1.1.2 MI<Ty<M®

R BE BE N SMACIRZS oy S G AR, 4t 72 rh
SMA &A= J 5 AT Ny, VR SR E 2, SOt iR
FE BN A #ORH A 1 AR 5 SMA H BEAR X A2 46 1
FA&F 21117,
2.1.1.3 MS<To<AS

IR BE BE N SMA RS S B [, in gt &
AR E AT R B B GRS 1)
o DR B G M R 15 0 A8 5 SMA HiLBH AH
KA 5 & ) 2.1.1.1 5 H (1) BBt
2.1.1.4 AS<Ty<Af

IR BE LN SMA RS A E . BIRG 1K, il &
R IRIRAS TS B B AR AR B 4, o = (1-&)
(Ca1T +Ca2) +&(Cvi T + Cni2) o JINZRIE R 1 SMA 23
B H RARAEAR

(1)0<osma <Tw

BB Bt SMA 8 R & A B [GIR A AR, e =&

BAMBITICHIG: XN TN, YR A
RE G R B AR KT SMA b B AR Y, B A b
BHEA BN A, Hep=0, {H SMA M HFH 2K
AL . B (7) ATATILES SMA FT 32 b 7 5 U BE
AR AR R N

AR=A6+(1+ZU)[ TSMA

EA +&o(EM - EM)

(*+ &0(@™ =a™)-(T - To) + HE (15)

Hrp, As=0,

B Be &2 5 b RE R 45 0 1 72 2R 0,

TEG BT B X I S AT AR, 4 SMA i 32 )i
J1osma = oauftt, SMA T 32 1 F1 5 e, BH AR X725 4k
xR (15), 24 SMA JIF 32 . J10 < orsma < 0 as
N, SMA &A= B IRAKAHZS , SMA Jir 32 v 71 5 Hi. BH
AR AR R R

AR=A6+(1+ZU)[ TSMA

(* +£@M-a™))- (T - To) + HE (16)

Horp o5 F AR B B0 120 < € < &
A MBI N A e M 0,
SAMEBA G MR Tk, B84



KA, IRARICAL A S AR A OB 7 I v B4 Rz

- 1183 -

FEBHR SRR S /N T SMA USRI AR I, 25 44
B A BN S, I SMA JTAZ 1% g 55 e BELAR X
AR AR F K (15).

A1 (8). =X (15) T A I 52 5 B RH 45 493 1 22
55 L BHARRS A AL 1 F

1 G
= — (AR-A8)—ag(T —To) - 28 1
EF ]+2U( 6) — ag( 0) o (17)

TE B B X 1 7 AT IR, Y SMA it 32 i
Jiosma > oasafil, SMA T 57 i 77 5 B AR X 28 £k
KZF K (15), &G AR5 0N A8 5 H B AR X
AR KR A (17), K As=0, 3% SMA P 3%
N J10 < osma < oaulit, SMA JIF 32 i 71 5 Hi, fHAH
AR SC R A 2L (16), &G BRI 45 8 A8 5
RELAE X A2 AR ¢ R A= (17), Forprs

_U=9CMT+Ch)  &CuiT +Cyd)
- S0 S0

AS 1 (18)

(2) s < TsmaA < i

BEBTE SMA IEAER A SHIRARAS , &y < €< 10

EAMRIICHI . X T AR, YR A
FA L 5L N AB K T SMA 1Y) 3 10 A% 55 R A8 iy AR
ZRE, EEMBEAHRONAE, Be=0, {H
SMA 1% HiL B 25 & AR A8 4k . I SMA JiF 32 W 1 5
H, LR X 22 Ak G 2R [A] =X (16)

TE I B N X Ry ) #EAT AR, a0 ) 2k i) )
SMA 5 [RARRFR B €1, 2 SMA Ir3Z ) Jiosma >
oasaft . SMA FIT 32 ¥ 71 55 L B AR 2210 5E 5 A

O SMA i
EA+&(EM—EA)

AR =AG + (1 +2v)-

(* +&1 (M =a™))-(T - To) + HE (19)

24 SMA Fff 5% W /10 < osma < oaualf, SMA &
A BRI S, SMA T 52 B 7 55 A BELAH X A8 1k 5%
K (16), H o 5 [RIREBUE0 < £ < 16

SHEMBAEBG: XA TmE, Y484
R AR I A8 /N T SMA b 3P 13 735 5 4 25 iy A
ZHB, BB ARG N A, LR SMA T 32
N 77 55 H BE AR AR A 56 R R K (16). X (5).
X (11). =X (16) AT BLI 5 A B4 R0 55 1 A 5
BHAR T 284k 1 6 R W28 (17), Horpas i 2 5L (18).

FESL I B XN S AT IR, XY SMA JiraZ 1 /)
osma > oasafif, SMA 1Az I 755 B BHAR X AR AL 5 2R
[Fxt (19). H=(5). =X (11). =X (19) AIHULI A4t
H 3 10 A8 5 i BEAE AR AR DG R 2L (17), 2

_ (I=&)(CaiT +Cr2) +§1(C1\/11T+CM2)_
do 0

24 SMA I 3Z W 10 < osma < oauff , SMA P
2 N 775 H B AR X AR A OC R Rl =X (16), &G R
1405 7 AE 5 H B AR X AR AL O R A S (17), Hrp
AS T R (18),

(3) ota < osma

HEBY BE SMA © 2258 WU 5 [RIRAHAE , =1,

BEAMBLICH G XN TImE, YR A
AR A 5L 1 AR R T SMA Y 3L 1o AR 5 4 A8 iy AR
ZHE, EEMEEAEBGNAE, We=0, H
SMA Ay HE B 25 % 8 4k o i 3K (7) T AT SMA
JIr 3% 1 75 L BEAR R AZ AR DG 2Rl

AR=A6+(1+20)| TR +M-(T-To)+H | (21)

TERGBY B A XS I S AT IR, 4 SMA Ji 32 )i
J1osma = oault, SMA JIF 32 1 J1 5 e BH AR X725 £k
K Z X (21). 2 SMA T 532 [ /10 < osma < o as
B, SMA JIT 52 I 7 5 Ha B AR %22 46 2¢ & [l =X (16).
KA PR B A5 A er 2k 0,

HEAEMEE R R TmaE, YEA
ARk B IR A8 /N T SMA F4 8P 1 A48 5 41 28 iy 245
ZREE, AR R AR, I SMA T2
I 7 55 H BEAE A2 AR 6 R R =K (21),

= (5). = (8). = (21) AT 40tk i & & A K
P 43 A2 55 e BH AR X AE AR 56 R Rl (17), s
_CmiT+Cm2

do

TE LB B XTI T #EAT IR, Y SMA Ji 32 )i
T1osma = oasaf, SMA Jr 3z 1 77 5 H BH AR XS A8 1k
KRR (21), &G MR 05 0 A2 5 H BHAH X
AL R M (17), HbAsii 2K (22), 24 SMA
B2 10 < osma < oass . SMA Fr52 i g 5 i BH
FEXT AR AL G R A2 (16), & A MR 540 B AR 5
HLBEAHXS A2 5C 2R TRl (17), HirpAsTil 2 =X (18)
2.1.15 Af<Ty

I B B Y SMA RS BLIGHR, ié=0, 6o =
CaiT+Car, NNZEGTFED SMA 23 & 28 T [RAK AR S

(1)0< osma < 055

I B BE SMA 36 R & A 5 IR A AE , #é=0,
AS=0,

BAEMRIEH . X s, 4B 4E
ARG SR S A8 KT SMA By SPE Y AR I, 5 Ak
BLEEE B AE, Blep =0, {H SMA (1% H B2 &

Ao

1 (20)

AS 1 (22)
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Al . A E (7)) BT SMA BT AZ N o S5
RELAR AR £k 56 R A

O SMA
EA

VLB BB A AR 3495 0 2% eph 0.

FE B B P9 XN Ty HEAT EI 2R, SMA BT A2 N )
5 A B X AR O R F 5K (23). B A AR 4
MR ep 2k 0,

BEMEA B SR s mEk, ¥EA
4 RE A B O AR /N T SMA [ 3t R AR B, 82 A AT
B A G AE I SMA BT 52 7 7 55 F BELAH %
AR 5 & A2 (23)5

i 2 (8). 2N (23) AT 0L &2 A 41 R 405 1y AR
S BEAE X 2R S R R X (17), HAs=0.

FE B B P9 xR Ty 64T EI 2R, SMA BT AZ B )
5o BHAR N 2 A OC R F =X (23) & A AR
;7% 55 F BELAE 6 AR B 9 06 R R 2K (17), HiAs =0,

(2) og5s < TsmA < Of5

IEBTBL SMA IETE A AE S [RIRAEAR , 0 < €< 1,

AR R AT, MRS
AR B A I A8 R T SMIA (14 B4 7 A8 5 8 g A
B, ZEMEEEBRGNAE, Me=0, H
SMA 1Y HL B 25 & A= 7224k .t =X (7) Al Rtk i SMA
Jit 3% 1% 715 Ha BELAR AR £ 56 &R R 5K (16)

FELLB B B ) AT EIER, 1C I BAT Z] SMA
RARIRF BN €1, 24 SMA T2 H1osma = 0 ass
iF, SMA JT 52 v 3 5 H BHAH 622 46 0C £ [ =X (19).
Y SMA JIi 52 ¥ ] o ags < osma < oassiT, SMA I 5%
I 7 55 A BELAE X AR b 6 R A 2K (16). 4 SMA T2
R F10 < ocsma < oarsiT, SMA AT 32 1 F7 55 B BHAH T
A R A (23). &AM R A eph 0,

EAMBAE B R AT, MR A
AR B A I A8 /N T SMIA. (14 B 7 28 5 28 oy A
ZOREE, A MBS RS, B SMA T2
N7 7 5 e B X A Ak ) 56 FR R X (16))

X (5). X (8). =X (16) AT A1 ML 5 4 41 K
143 17 7% 5 E BELAE 6 A A 56 R Rl (17), Horp

AR = A6 +(1+2v) +a™ (T -To) (23)

Asifs 22X (20),
3 (20) T I AR AR 43 0 2 1
1 M 0_2 (SM _ SA)
'3 =§{Cos aM(T —Mf)— ;w—H~(a'H+ fﬁ-
o(apm —ap)(T - To))] + 1}
(24)

{rfr: oM =TE/(MS—Mf), CM hy b G AR i
B, S=1/EXMMEFRE.

TE I Be X ) AT IR, 24 SMA Fit 32 i
Fiosma = oassit, SMA T 32 1 7 55 e BELAH X A8 1k
KARR (19), &6 M8 0 AE 5 H B AR X
AR KR (17), HhAsi 2 (18),

24 SMA JiIlf 5% W, 7] oags < osma < oassif, SMA
T2 0 7 5 L BHAE X AR AL OC R W2 (16), &AMk
FA A 47 7 A8 55 F B O AR A 1 oG R A2 (17), Herp
At 23X (18). 3K (18) v B [ AR AR 4 it 2 1)

EAES

2(cM_ ¢A
£ =%{cos[aA(T—AS) - C(IIVI—AH-(O-H+ M+
amM—amauﬂmﬂ+1}
(25)

A aA:n/(Af—As)o

24 SMA JIf %2 V. 110 < osma < oassfit, SMA it
32 I 75 A B AR R AR A OC R RS (23). B A MR
1A 453 43 12 A% 5 f B AR X A2 AR g OC R R X (17), H
FAS =0,

(3) o5 < osma

IEBBE SMA T 28 56 iU 5 [GAAAHAE , g =1,

BEAMBITICH: XN TIng, YRS
R Y SR IV A8 R T SMA Fb 3 3 725 455 A A8 7 AR
ZHE, SEMEEAHGNAE, Me=0, H
SMA [ HLBH 23 % A= 28 4k o el =X (7) AT I SMA
JIr 3% 1 75 L BEAR AR A OC R R X (21),

TE LB B XTI T #EAT I, Y SMA Ji 32 )i
F1osma > oassit, SMA FIF5Z I F1 5 e, BHAH X 48 1k
KR (21). 4 SMA 321 JToars < oTsma < Tass
I, SMA Fr 52 v 77 -5 HL BHAH X 28 46 56 & R =X (16)
24 SMA fif 52 W 110 < osma < oassfi, SMA JIF 32 i
J1 5 A X R e R A 2K (23). &AM R
PR 72% e 0,

BEAEMEBAEH: XN TN, YR A
W RE Y SR I A5 7N T SMA Fb 3 37 725 45 A A8 7 A8
ZHEE, AR R AR, i SMA T2
i 355 F BERE X AR AR 1 56 &R Rl = (21)

= (5). X (8). = (21) AT 0k w52 A AR
1405 A8 5 H B AR X AR A A 06 R A X (17), Ho
Asi 23X (22).

TE U Be N X 0 ) AT EI 4, 24 SMA it 52 i
Jiosma = oasstl, SMA Jir 52 i 7 5 B AR %22 £k
KA (21), &AM 022 5 H B AR X
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A SC & WX (17), Hdas w2 (22), 4
SMA JIt %Z b JJ o ags < osma < oassiT, SMA T 52 Jij
J1 5 AR XA R A 2K (16), &G MR
£ 7 78 55 H BHAR X A4 ) O R R X (17), Hibas
i /22 (18) 24 SMA T 32 W /10 < osma < oassh
SMA Jir 5z i J7 55 L BHAR X A8 4 6 R R 2L (23), &
A AR 1 A2 5 L BHAR X AR AR OC R R (17),
HAFAs=0,
2.1.2 AT i B G AR AH ) SMA B i
2121 Af<Ty

IR BE B Y SMA RS S B IRAA, &4 AR
iR A% 5 SMA HLBH AR X AR fb i 5¢ R [ 2.1.1.5 75,
2122 AS<Ty<Af

IR B B SMA IR S S BLIGAA, &6 A R
13 % 25 5 SMA HL FH AH XF 28 46 19 ¢ & [A] 2.1.1.5 45 .
B J2 75 ) 48 5 72 A fF 78 SMA it 32 I 1 &b T
0 < osma < oasBir Bt o
2123 MS<Ty<A®

IR B B P SMA IR S S BLIGAA, &6 A R
1 % 25 5 SMA HL BHAH XF 28 46 19 ¢ & [F] 2.1.1.5 15 .
(R FE H G R ARAEAE SMA T2 N 1 AE Foass <
TsMA < 0ass IO < osma < o apsPITEL o
2124 M'<To<M®

i B BN SMACRZS 5y . BURG K, 12
A IR ST B S IR B B, s = (1-4))
(Ca1T +Ca2) +E)(Ci T + Cyz) o ML FE ' SMA (1Y
WRR S R B IR AEAS | B [RAR s AR )

(1)0<osma <o

BEBT B SMA IETER A SHIIRAHAS , gy < &< 10

HAMELIICHIG: M TN, YRS
Rk 8 B 13 A8 T SMA 4 8P i 748 /A A5 vy A5
ZHE, SEMERAHOINAE, We=0, H
SMA WY HLBH 25 & A= 784k . i =X (10) AT 0 SMA
JI 52 1 7 55 Fa BELAE X AR 1R OC &R A =K (16).

I B B A2 AR A 40 13 72 e 0

E I B B N X Ny ) AT AR, a0 ) 2k ) Z)
SMA I [CARAA R A3 B0 &, SMA JiT 32 i J 5 H BH
AR AL SE R

AR =AS + (1 +2v)- ISMA

+
EA+& (EM-EX)

(aA+§q(aM—aA»-at—no+qu] (26)

EaMEA I XTI, S A

R M B AR /N T SMA Y 3L 197 AR 5 A1 AR 1 AR
ZREE, AR AN AR, R SMA T2
;355 BE AR X 28 4R Y 56 & R =X (16) 2 (5).
K (11). =X (16) AT AL & A B RHG 05 N A2 5
REAE XS AR fb 1 ¢ R A 2 (17), Hohas i 2 5K (18)
1 [y BE N XN ) AT T4, SMA Fir 52 1V )
S AN KR F X (26). Hx(5). X (11).
2 (26) AT 52 5 A0 RH 05 1 28 55 H BHAH X 22
ey R A (17), HAp AT 2 -
Ase (1=&(Ca1T +Ca2) . E(CmT+Cwm2)

-1 (27
5 5 (27)

(2) o2 < osma < 01

LB BE SMA € 2 58 i 5 [RIRAH AR, ié=1.
HA R KA AT .

ARG XN T, Y2 A
AR B M 1N A8 KT SMA A B I 25 15 AH A% i AR
ZHE, SEMERABGNA, We=0, H
SMA WS R A2, AL (10) AIFILAET SMA
JIT 52 i 1 55 Ha BE A 6 AR 1R G &R A2 (21)

TE I By B X 7 AT VL, SMA i 32 i )
5 AR AR OC R AL (21). B A MR B
N AZ eg A 00

HAEMBAERG: XN hmE, Y84
AR A S 1B A8 /N T SMA Y iU i A5 5 A1 AR iy AR
Z I, BEMEE AN A, I SMA F 32
I 7 5 H BEAE A2 AR O R R =K (21),

= (5). X (11). = (21) W] 1ML A &2 & R}
P 3 10 AR 55 AR AR AR 6 R A K (17), b
Asis 2 2K (22)

TE I By B X 7 AT VL, SMA Jif %2 i )
5 A O R F X (21), &AM R
;7% 55 e BHAE X AR AR 06 R A (17), FLh Ao
2R (22),

(3) os1 <OsmA <071

I B B SMA € 28 58 L5 [RIR AR S, IEAE #E4T
HEMITH, =1, 1-& <& <1,

HEAMBIICH G XN TInE, YR A
AL A S S8 AE KT SMA Y iU i A5 5 A1 AR iy AR
ZHE, EEMEEAE RGN, Mep=0, (H
SMA 19 1 BH 25 & A 2 4k o i 20 (10) 7T 1 0 B
SMA Jit 52 vj 77 5 H BHAH X A £k 56 R A= (12),

FE L By BE X R ) AT EHIE, SMA Jir 32 i )
5 A BE AR XS S A OC R R 2L (12) G BB B 6
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MR ep 2k 0,

HEAMEEI: XN T nE, MRS
A1 G 3P B AR 7N T SMA F i 107 AR 5 R0 A8 iy AR
ZHES, ZEMEE AR N A, T SMA BT 32
N 75 H BE AR X AR A OC R A X (12), o ) i
T 15 K B IR R 43 505 SMA I 32 v 1 1Y
K FZ A (14)0

m (). X 8). X (12). X (14) AT A2
A BB 0 AR 5 H SE R X AR 1R B O R R 2L (17),
Hrasif 2L (22),

FE UL B B N XTI 3 AT VR, SMA i 32 v
S AR A R A 2 (12), A MR
o7 A8 55 H BH AR X AR A 1) 6 R R 2 (17), o Aol
£ (22),

(4) 11 < osMA

IE B B SMA B 28 58 i 2 FC AR AH 428 i E A2 ) 5
R, ME=&=1.

BEMR TG X s e, YEE
AR 1 5P AR T SMA 118 P 07 AR 5 4 AR g AR
ZHB, BEEMEEAEBGNA, e=0, H
SMA I HL B2 & A28 4k . /12X (10) AT Ntk sk SMA
Jiv 3% I 775 H B AR A6 OC & ) 2K (12)0

TE I B B N XTI ) AT VR, SMA FiF 32 0
5 AR 2 e R A (12). B A MR8
MR ep 2k 0,

HEAMEE . XN T TInE, YR A
FRE B S B AR /N T SMA Y U 7 7% 5 A 78 i AR
Z R, BAEMEBE RN AR, SLE SMA B3z
i 775 B BHAE X AR A 9 6 R Rl = (12),

L (5). =X (8). = (12) A %0 M Ik & A b Rt
ot 0 7 A8 55 H B AR X AR AL OC R A A (17), Herp
Asi £ (22),

FE UL B B N XTI ) AT VR, SMA Fir 32 6
S AT R A L (12), Z A& MR
AR 55 e B AE X AR AR B O R A X (17), Hrp AsTH
= (22),

2.1.25 To<MF

I B B Y SMACIRZS S 5 [k, &2 A 41 ki
13 N AF 5 SMA H BHAF X AR AL 9 56 F& [R] 2.1.1.1 75,
2.2 BERHX G KN Zm

H5E TR AB AE BE — WD LR O (91 4n 51 28 ) 46 ek
J& Ty F SMA JIT 52 W J7) #5477 1% 22 1) i i ey 2022 4k
T T AF 15 VL B8 7 28 X 453 47 1 I F 5% Wi

SMA WA H [T AR, M= (11).

3 (8) AT AN, i 1 7 AR AZ Ui B B AR B 52 m , SMA
A TSR APIREES T Fr 32 Bl a2 e ARl . =250 R
SARE: £=1,0<£<1,6=0,

e=1mF, iz (7). X (10) AT H BEAR X
AL SRR RN
AR=A5+U+2w@ﬂ%T—ng+H] (28)

Hit (5). A (8). X (11). 3L (28) Al Ik i 45}
55 7% 5 F BHAR X AR Ak 2 B e R R (17), H:
A 2 (22),

0<é<1my, M=k (7). X (10) v %0 ik B H BH
FAXH AR fE 5 9 BE B R N

AR =AS + (1 +2v)

(aA+§@M—nA»(T—Rﬁ+H4
(29)

= (5). = (8). = (11). =X (29) A H1 w45

5 A8 5 e B AR R AR Ak 22 ) A e R T R (17), H

A ASTH E

_ (I-=6(Ca1T +Ca2) N §CwmiT +Cm2)

50 60

E=0mF, =l (7) F= (10) AT 50 otk s A BH AH

AR SRR RN

AR = A6+ (1+2v) [ (T = To)| (31)

m= (5). = (8). = (11). = (31) AJ H1 45
3 7 7 5 E AR W A2 A 22 8] A o6 R RS (17),
hASTH 2
_ Ca1T +Can

AS 1 (30)

AS - 1 (32)
0
G 147 A H AR AR AR B S R
1 (AR—CM1T+CM2T)+1)—
1+20 5o
ag(T - To) - 2——2»5 =1
1 _ ) CMTHCA) +8(CmT +Cv) |
N R 5o
p=

adT—ﬂﬂ—%9ﬁ<§<l

G
1 C
al+Cay )
1+2v 6o

oG
ag(T —To) - E—G,f =0

(-

(33)

i (13). X (17), TR EIRFPIR RS
R T 6 1 B )R 24 B 005 07 5 SMA
BRSO 5 b 36 2R 5 i ad X (33), T A4S B ik
TR0 525 003 4 9 B
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3 HEEH

N T SRR T SMA HY R AE S A bR A7 e
RIS, AR ST B B AF Al SR AS IR AR i B A
B (B EE ) J B, Bl B 2T 4t 5 i 4> H0h 63wt%,
WEMSENE 3, £ 4 Fn, A 03), XQ17).
3 (33), LA SMA 4 4 R 285 0 AR itk 5 PR A4 9 7 i it

BTy <M. A< Ty < AHI SMA W IR S 0 & il
BRI R AT R M < To < A5, AT < Tl B
B, x5 A ARG AR 5 SMA H BHAF X AR £k
1) 5 22 R JE i 28 % 52 A A4 LA 497 W00 114 5% i
17 T HUERL

®3 SWAR/TIEMRAE SMA B XMFRISH

Table 3 Material parameters related to glass fiber/unsaturated resin and SMA!'% '**!

M/C M/ C A°/C A'C E‘/MPa EM/MPa a®/C aM/C™! H/%
-85 -52 0.2 28.4 60 000 25400 1.1x1075 6.6x10°° 3.5
Eg/MPa C(MPa-'C™)  oG/MPa o /MPa o /MPa ag/C™!

33400 5 417.1 100 170 3x10°®

Notes: E*—Elastic modulus of SMA austenite; EM—Elastic modulus of SMA martensite; a®—Thermal expansion coefficient of SMA

austenite; aM—Thermal expansion coefficient of SMA martensite; H—Maximum recoverable residual strain; Eg;—Elastic modulus of glass

fiber unsaturated resin; C—Stress influence factor; og—Stress on glass fiber unsaturated resin; o{" —SMA reorientation starts critical stress;

o-?r —SMA reorientation ends critical stress; ag—Thermal expansion coefficient of glass fiber unsaturated resin.

4 SRERELNHSH

Table 4 Material parameters related to resistivity™”

Cm1/(Qm-C™") Cyp/(Q@m)  Ca/(Qm-C™)  Cao/(Qm)

7x107%° 0.87x107° 8x107"° 0.72x107°

Note: Cmi, Cwmz2, Cai, Cax—Material parameters related to
resistivity.

3.1 =R X R A1 3 4T n ED £
3.1 XHAhFARIR D FC R AH B SMA FHE
3.1.1.1 To<M'

SMA IR Ay 5 [CAA, 36 i 6 A2 Ot 7 B2 B 1 4
—iEE, ZERIMEB AWM SEH 5 (13),
A5 21 fim 2H 28 By BE A 450 4 10 A8 5 FR BELAE X B Ak Y 56
FNE 3 s, AIHL, 4 SMA HLBHAH XS A5 fk 35 2]
— EAE BN T I R A i, B8N As S5
RELAE X A8 Ak S 2 OC 3R o AN IR0 2 Uk BE 43 493 g
7 55 BEAE X AR A G AR R, = R R A ) 285
i, SMA WA LB [CIRIRAS, SMA Hi FH 1Y
FHXTAE L 0,
3.1.1.2 AS<To<Al

SMAIRAS . BV G AR, E  W 2 A i
=ANEEE . 10T, 15C K 20C, 55 £ 3ME 4
A RS0 S (17), A5 200 B B 404 B
5 5 B AR S AR B S R AN 4 Fros . mTAL, 24
F, BELAH X6 22 3k 3 — A I 3% 3 A e A= i, A
AR IR BE TS, B AN T b 4 3 5 1% v BELAE X6 A8
PRAEANTR] o Bl 38 50 %) 45 493 17 722 5 Fl, BEL AR R 722 1 52

0.04

0.02

Damage strain &

0 0.02 0.04 0.06 0.08 0.10
Relative change in resistance AR

3 To < MR SMA $5 43R 45 5 FL BAR X 25 1A 6
Fig. 3 Relationship between the damage strain and the relative change

of resistance at T < M for SMA

LR, RPN R L SMA 4 F 5 K
T PR PR TR A R 2SR ) G AR 75 st v BHL 2 A9 A
AR AL AR ], AR A S A T TG R 5 R AR (H R 58 4
T o
3.1.2 WFAL T i R FC R A Y SMA IR
3.1.21 M*<Ty<AS

SMA MRS Ry BLEC IR, 36 i W A2 DL 1 — AN 3R
JE: -30C. -20C &-10°C, 45iH3 3 Mk 49
RSH5Q7), 530 E G B0 AR
H BEL AR X AR fE A S R A& 5 BT 7R o AT, 24 HLRE
FRR AR Ak 3K 1) — 2 (B I B 3 A0 & AR 0, E R )
BT BE T, 3 B O B 400 3 B 1 r BELRE X A2 Ak
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0.15 0.06
3 010 & 0.04
% g
£ o
17 on
0] <
& 0.05 g 002
£ A
<
a

0 0
1 1 1 1 1 1

0 0.1 0.2 0.3
Relative change in resistance 4R/(a.u.)
K4 AS < To < AT 5 828 55 L BEAR XA (L 9 K 2
Fig. 4 Relationship between the damage strain and the relative change

of resistance at A® < Ty < A

0.04

0.02

Damage strain &

0 0.1 0.2 0.3

Relative change in resistance 4R
K5 M <To <A SMA $if7 1748 5 L BHARXT AE L 56
Fig.5 Relationship between the damage strain and the relative change

of resistance at M* < T < A® for SMA

ANTR] o 3% 38 4N % 45 473 17 7% 5 Fi, BEL R X A2 £k 2 3 B
MR, RERAE M EKEZE SMA 4 F &[Gk,
A [R5 DR 785 0 TG (PR 25 A A BHL 2% g A Xof A8
AR, VR R A A IR A A
3.1.22 A'<Ty

SMA IR Ay BLIGAA, 36 8 W 2 LB 1) = AN i
JE. 35C. 45C 2 55°C, 4547 3 M 4 1Ak
ZH 50 (17), A5 30 E B B 45 4 N S 5
BHAH X 2R AL ) 6 R AN 6 ff s o Al %0, 24 L BHLAH
XA AR 3 B — S (R I B B N A AR s, FEAS TR Y
TREETR L RS B9 I 4 450 03 Ik 1 el BEL A %o 22 f f A
] o 3 35 9 1) 403 4 107 722 5 P BELAE 0T 7228 £ 222 0 L 2k
PECR, RPRAFE MR Z SMA &b F 5 ik, B
TR TR A5 bR 785 0 [ ACBR 25 B i BHL 23 7 A X A2 1k

0 0.1 0.2 0.3

Relative change in resistance 4R
6 A" < Tof SMA 4545048 15t BELAR X AR AL I R

Fig.6 Relationship between the damage strain and the relative change

of resistance at Af < T for SMA

ANTR), VR A AR G AR AR HOAR AR SE AL,
PR SRS 3 0,

3.2 RET TR AR

3.2.1 SMA ¥R A 5 Kk

3.2.1.1 [ 78 W) 4h I A [R] [ B 3T i B ey 48 %)
4493 17 A2 119 5 )

T 7 il 2 I B B D A6 TR R SO TR [ R T
To=-80C, osma = 150,200,250 MPa , %5 & % 3
M 4 A B2 805 5K (33), 15 2 [E & 1) bh I B
AN TR] [T 5 7 3 404 S R RE Y G &R an 1 7
INo AR, PNAE SRR AR, X
S TR -100°C 221 F] 0°C B SMA 4k T 5 [T
AR A (a8 (17). =X (22) AT, B a7 48 %) 46
A4 W 0 5 i A X AN

0.035
& 0030 F-—~"""-"""-"-""°"°"T-Tooo
£
<
Z —— 150 MPa
% - - - 200 MPa
g - 250 MPa
8 0.025
0.020 . . . .
-100 -80 —60 —40 20 0

Temperature 7/°C
7 To=—-80°C WA SMA $l iR A8 Sl B R
Fig.7 Relationship between damage strain and temperature under

different stresses and Ty = —80°C for SMA
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3.2.1.2 [ N AN [R) [ 5 W) 46 IR BE T TS 4 8000
5493 07 A 119 5 M)

TE 7 Tl A2 O B Y 1 ) B A (] T E A IR R
osma = 150 MPa, Ty = —90,-80,-70°C, Z5473 F
L AMESH 5 (33), 520 E R HAS [ [E
FEWI UG TR S i AR SR EE R SC R WK 8, W
AL, BN SEERIEMEECR, XEHT
UL B FH -100°C 284k 3 0°C Bt SMA Ab T 5 [C AR 2
(A0 (17), = (22) AR, B 0 453 005t D00 52 i)
AEXT /N

0.0222

0.0221

0.0220

0.0219

Damage strain &,

0.0218

0.0217 : : : :
—100 —80 —60 —40 -20 0

Temperature 7/°C
K8 osma = 150 MPa bR [RIMIGEEE T SMA $i 151348 5 L I 56 &
Fig.8 Relationship between damage strain and temperature at different

initial temperatures and ospma = 150 MPa for SMA

3.2.2 SMA PIIHAIRAE R B KK

T 32 8 A X 458 493 W DN ) S T A 2% B B R )
R BEASH R, T T 43 S0 % T 28 9 B R ) 3 B B
I 3 82 i 286 463493 W 0 %) 5 e R AT T 1S
3.2.2.1  [&] 22 046 R EE A [R) #5228 %
473 107 A 19 5 i)

TR B B . T A I B ) U6 R R R AN [
FEN H . To=-5C. osma = 300,350,400 MPa,
GG 3R 4 M B 2805 (33), 153 &
W) L U R AN () [T 2 7 7T 4497 1 AR 5 R R A O &R
WE 9 Fros o AT, I B a7 806T 45 47 W DU 7 5 e
1E SMA &b F 5 [CHACR S B 2 &S R (=X (17).
3 (22) AT, B g 28O0 5 477 M 005 e R /N
455 7 AE B B2 T SMA & AR I [ AR A AR
(3 (17). X (30) AT ), 2 3 i 2 — %E e i
PN R 0, RFAWIRIRET=-5C, PR
JEE R Z AR B R 7738 B2 A s B B AN 18 R & A B i

IR M B 1R 5 A LIS G A0 B TR R R AR [ [
FERN 1 To=-5C. osma = 100,200,300,400 MPa,

<1189 -
0.04
N
’ . \
0.03 o
\ —— 400 MPa
¢ B -~ -350 MPa
£ o0 | % - 300MPa
2, P
S \
g : \
£ 001 | o
. \
\\
O \
40 20 0 20 40 60

Temperature 7/°C
9 To=-5C NG BEARFER I T SMA Bifji A8 5l A H956 R
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