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Abstract: The structure of wind turbine blades and aircraft wings is a kind of large-area curved plate-like structure. The structure health
monitoring (SHM) technique based on Lamb wave is highly sensitive to slight damage, which is one of the techniques that have wide
application prospect. The traditional Lamb wave sensors are generally made of piezoelectric ceramic, which features brittleness and high
hardness, therefore traditional PZT ceramic sensors are not suitable for the detection on curved surface structures. In this study, a new
type of flexible 0-3 piezoelectric composite was prepared by combining PZT ceramic powder with epoxy resin. The influences of mass ratio
of PZT ceramic powder and epoxy resin, polarization electric field, polarization temperature, polarization time and etc. on the PZT
composite performance parameters were investigated. Multiple factor orthogonal experiments were conducted to determine the optimal
polarization processing parameters for material preparation. Experiments were performed to investigate the sensing response characteristics
of the sensor made of the PZT composite to lamb wave. The sensing response characteristics were compared with those of the sensing
elements made of MFC, PVDF and the traditional piezoelectric disc. The prepared sensor was applied to airfoil surface plate and the

elliptic positioning method was used to carry out damage detection. The study results show that the fabricated piezoelectric composite
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material sensor possesses good sensing response characteristic. The sensor can nicely fit the curved plate surface. The acquired Lamb

wave signal is more accurate compared with the Lamb wave signal acquired using traditional piezoelectric disc that can only partially fit

the curved plate surface. So, the research provides a new type of flexible piezoelectric sensing technique for the SHM of curved plate

structures.

Keywords : piezoelectric composite; curved surface structure; orthogonal experiment; flexible sensor; sensing response characteristic

0 3

[l

WUIIHLI R RALATLEE 45 25 ) SR 4y 52 2 ot T e 28
Z546) , Lamb 3 76 M 28 548 v HA 4 16 IR 29 08 X 4 4
PR AL A, o BTN ISR A )32 18 435 K 4549 A6 ) 4
AU, Lamb P B AR B SR AT By Bk R 4T R L B
( piezoelectric ceramic , PZT) JUA-AE J L jdes , SRMAE H 1Y
JE F T o LG % PR AN 2, X A 5 T T 45 4y ¢
Mo JCAERAAFN RO TV 2 R n et e A2
G EL R ZMNEB RS, Rk wm L
('polyvinylidene fluoride , PVDF') 8l 1.3 MR A4 e 4
FHRE 1 0-3 B HUE SRR . PVDE J H s 5
AN FRMER B R HH e H 1 B 52 PR IR R S 0 U B
R, 1-3 BUTEHLE G AR R A/ H AR 00 e v 27 2
SJHRIESR G YIN , IWF AL (1) Smart Material 23 F] 1
J L 27 4858 6 44 B ( macro fiber composite, MFC) I MIT
TR B4 7% o T e 2 4 52 & 4 8l (active fiber composit,
AFC) " Acellent 2> ] %) Smart Layerm] R (SN
T REIL IR A AR BRI AN T, L T T
FATHER LU TR M

0-3 AUE HL A GBS HI AN ELE 1 PZT B %k Rt
KLy BT e RS Y, R B B A AR S
PIRIPIHIATEHIOPE S . 1978 4F, Newnham % i LR ]
W BRI T 0-3 B PZT/ B4 WAL KL . Egusa 25
K PZT 3 A TN IR S8 B 1R B il bl e FiL 4 2 9 v FH 1
EERBIRLIN . Payo 45 SR ] PZT KA K M N A R
A I HAR IR S AL 37 WAL ] A A 5 i
5 PZT ikl s BOG R . Kang 55 70f PNN-PZT oK
MIAARARE A, H- 456 oL AL+ AR N H T K pLnt
SR S I RIS AR TR TR R A5 0 e
HLAE A ARG R , B RV br R B = el e
TR O 855 RAF I LR G PERE . N2 TR 2 % Hodk
REEAT TS, SIS R[] PZT Ry AR 5 36 S b Al
A R T AL S B PZT K3 KX He v 8 dyy 1952
W RS R AR R 45 PZT-PZN/PVDF
ML A RRL, IR 1A R B 1 5 2 AL 1 1 SR ) L 45 il
HEH T LSRN dyy WM. K84 TFET 0-3 7Y
PZT B &/ P48 M v S5 AR P RE TR A 5T, JEH L
FH T Ui e e 5 fig iR 4 o

i T 0-3 B PZT Mg &/ A L 2 A MR HERES
Bopm N R £, TR PZT My %/ AW N8 i1 &
L AR Ak L I B AR Ak B[] 5 B 3R A R 2, A F
FRZW IR Z X H A RE S B ), WA R 2
AN E G ER KR, ACRAIER SR R 5T
ZNFENT PLT W%/ A i A A RHEBES B0 Ik
AEONE I, AT $ A sk il 4 09 B A 7 585 45 & Lamb I
FAR B ILHIES Lamb P HEINAG IRAS , SEI0 512 A5 12
A A IR B 4 I S B 1Y MFC \PVDF Fl{% 40 i iy
R S BRI B MR W R AT TR EL T o

1 ##S&

ARICR ] PZT B e 5 30 A M IR A4 B 5 Rk il 4 0-3
R SR, PZT R R MLy (H BTG A8 B
B/ 5 IR SEA IR S 8 SR 5 W, T2 e, R
Jya, AR RN RS PSR . PZT B S5 3 S iR 2
T LA B BROR B BT R AR AR B R TR
AR T 55 T W5 T 52 2% il T 45 A4 2T

AR SCI) P B 3 oK VIR IR R A BR A W
PRAE SR FiBE i PZT- 5a Ji L Fg B bR, SE B Ri 42 H
100 pm, PR AR YIS FIRRBH A FRA AR AL, B
579 SY-3 150 A, AR AR S FEAGIBCEE ) 1021, KR
PRI A PR AR IR LA [ B i LU AR A, SR LS BRI
BEHEEI S PR, ATl 1(a) Bz PRI S0k
TR HR 10 MPa JE 77 F Bk, B0 2 A 6k
Gl 1(h) Fr , OEAR N 25 mm  JRHE 1 mm,

|

(a) FEBEHHL

(a) Vacuum mixer

K1 R SRS &

Fig.1 The piezoelectric composite preparation

(b) R &8

(b) Piezoelectric composite

T H, A AR M SR ] ETS00 R 32008 B R A 7
B A e . AL SE RS EIREE 24 h, R
JH TH-2838 RS BHATL A RN Z]-6 A U o e 285 00 {3 AG:



512 1

P 25T Lamb Ji 09 e L 88/ SR IR G A0RME AR BN H] 21

A v AT H PERE SR, T AR AN 14T 2 s o

(a) TH-2838 R s 25 FHHTAX
(a) TH-2838 precision impedance analyzer
I = o
Iy

(b) ZI-6 AT HEFR AR

(b) ZJ-6A quasi-static measurement instrument

K2 JEHREEHEERES I

Fig.2 The instruments used for piezoelectric composite

material parameter measurement
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Table 1 Orthogonal experiment factors and levels

ZES
K-

A B C
1 501 3 20
2 6:1 4 40
3 7:1 5 60
4 8:1 6 80
5 9:1 7 100

2 EREAMBERSHEEMERSN

2.1 RELEMEAMBIT BT
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Table 2 Orthogonal design

i H it H

A B C A B C
1 1 1 1 14 3 4 1
2 1 2 2 15 3 5 2
3 1 3 3 16 4 1 4
4 1 4 4 17 4 2 5
5 1 5 5 18 4 3 1
6 2 1 2 19 4 4 2
7 2 2 3 20 4 5 3
8 2 3 4 21 5 1 5
9 2 4 5 22 5 2 1
10 2 5 1 23 5 3 2
11 3 1 3 24 5 4 3
12 3 2 4 25 5 5 4
13 3 3 5
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Fig.3 The influence of the mass ratio on material
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Table 3 Orthogonal experiment result

s L H R JEHL R R
WH  daTME ||mH daTHE ||mEH ds T
/(pC-N71) /(pC-N71) /(pC-N71)
1 32.4 10 45.12 19 35.49
2 44.85 11 51.23 20 35. 81
3 51.73 12 55.2 21 57.79
4 50. 58 13 76. 46 22 29.93
5 52.1 14 40.07 23 47.55
6 51.05 15 58.57 24 43.32
7 59. 57 16 42.68 25 45.11
8 54.19 17 56. 44
9 68.97 18 28. 67
=4 HESW
Table 4 Variance analysis
FERE  AHE ¥75 F e
WAk % 4 18.70 1. 00 >0. 05
WA 8L 4 462. 31 24.70  <0.05 *
g 4 260. 15 13.90 <0.05 *
R 12 18.72
w5 WESW
Table 5 Range analysis
o etk Hs s Bt
r PRt E/(kV-mm™") /°C
K1 46.33 47.03 35.24
K2 55.78 49.20 47.50
K3 56. 31 51.72 48.33
K4 39. 82 47.68 49.55
K5 44.74 47.34 62.35
W 16. 49 4.69 27.11
SSNWIE S 3 3 5
651
2ray
Q45
<35
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Fig.5 Distribution of piezoelectric constants under various factors
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Fig.6  The original signal and analysis result for the

excitation center frequency of 20 kHz
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Table 6 The voltage response amplitudes of different

piezoelectric sensors (mV)
#i %/ kHz
iH
20 40 60 80 100 120

PZT BR¥%/ M4
M/ 13.2  6.43 3.44 1.42 1.08 0.79

Pl 1 A%

PVDF 497 159 1.15 0.24 0.31 0.14
MFC 5.45 129 202 271 1.33 1.20
BIERRL  36.30 32.00 9.87 4.72 4.16 3.83
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(a) Sensor layout (b) Acquired Lamb wave signal
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Fig.7 The detection of the PZT ceramic/epoxy resin sensor

and traditional piezoelectric disc on curved panel
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Fig.8 The experiment system for the airfoil curved plate

simulated damage
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Fig.9 The experiment signal measured with the PZT
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