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Time reversal imaging method for composite delamination monitoring

WANG Qiang, YUAN Shenfang”

(The Aeronautic Key Laboratory for Smart Material and Structure, Nanjing University of Aeronautics and

Astronautics, Nanjing 210016, China)

Abstract: Based on the time reversal theory, the active Lamb wave damage imaging method for composite
structural delamination detection was researched. The theory basis of the time reversal process was analyzed, and
the focusing process to the source was discussed. Depending on the character of Lamb wave propagation, the
damage scattering signals were time reversed and reemitted to the damage, and then they will arrive at the damage
synchronously so that the damage scattering signal caught again will be amplified. Details about the time reversal
amplifying process were analyzed and given. Based on the focalization ability of time reversal theory to the wave

origin, the wave propagation was rebuilt by an image method which displays the damage as the focusing point.

Experiments on the glass fiber reinforced composite board indicate that the sensing data energy can be amplified by

this method, and the location and range of the damage can be expressed well.

Keywords:

AT, AR LUHUB Y ) A P REAT B T
KBz B N . U A A S AR A R R R
7+ % EAPRHE il 3 A9 9 68 T F b ] fE ™
LR RECGFEE B, A A RE S KB, K
BAE R R BRSO R R B
e AR E BB AIE 2 — . X B 4545 9
Wt BA B L. E5) Lamb JEH AR H i #F 5
B2 (¥ —Fh S A BRI 5 A B M T Rl
T Lamb PR G BFRHEG AR b 015 1% 53 7 LA S 46
P4 05 & e M PLRI AR A2 2% R A £ 3 Lamb J 451
(it R M I BRI A5 5 o0 M B R XE s H R SE 45

Wi B HI: 2008-06-02; WIEMFEEHI: 2008-11-11

composite materials; delamination; monitoring; Lamb wave; time reversal

TR A AT o 0 FLAF HUIHA . 25 5 i BAR T L
BAR A5 5 09 50 B A0 b e B2 E — 2B 1 m . A
1A AR M 0 5k R MUK B L TRl R R A A
EANOLE B PR AR E R E S P R A
FR . R 19 23 B 5 ik L RE WA o 4 000 B o7 . ik
BONMER LR R B TS . SEE LR R Yuan 5§
AR B AR B D R T ¥ i 36 Aty R AEL S B
05 19 S I AR » TR N T AR O S8 B E Ay
(19 g A T o — i MR Y AR R . EL I
MR 2 T4 ST S W B A B[]
S e 1) 2R 8 B ) LS B X IR A0 1 5 SR AR

ESTA: FH5 863 %I (2007AA03Z117) ;5 [H % B AR 4 (508302015 10872217) 5 V.75 448 HF 5% 4= BHIIF A 73 % (CX07B_0762)
BIRAEE: 2T B2, Uy O SR I | R AR S E-mail: ysf@nuaa. edu. cn



+ 100 -

2 = H 5 R

PG % B © 22— LE [ A Ah 22 3 T et R i 4
ARG E H AR S BRI 2 A R
IS o (3 O BRI

AR 3 Fp R T I ] 5 e BRI Y 1 SR A
JECRE g I ) B A PRS2 B 5 AL Lamb {5
SREE AR AR N AR 5 AR S O RE R I R
RIS A b s R, MR I (] B A 3 B 2R
FEIR B, R 5RA5 5 SIS 5 P R 2 A )2
P # E AL5 R

1 B REFEEEM

) 52 2 CRA BRI iz A A8 L R A A 2k ) 2
T 1 AR B 7 R R S I ISR S R K
W RS L, BRI R ERIRR. BN
T VER B Y 22—, A RSB A S A
S — PTG BEA T A il i /A% B A% M RN 45 4 1Y)
JE 56 LR AT DL S B A S Y A R I Y
. BERER Fink 568 i 18] 55 v it 2
Sl Ry FH B 7R A U, T TR e S5 A
gEhe,

H1 T 01 B AR O R B A AR DA AR v A
B2 . E5ES 5 R G h EAE, %
AR L W A AR AR T — N E S LR
g8, W SCw) FRMINGE S Mg, H, (w) FR
fRH RGN AR WA AL 6 R A NG 5 &l fL i 1
XiF o A% SR 25 i A% RS 1T 5

Ri(w) = S(w) « Hi(w) (D
2 X ()2 R, (o) B S I (i 30 rp RIS B 5O B
Xi(w) = R/ (w) = S" (o) « H (o) (2)

R 7 I A% 40 10 L ) P IS, — L A% R 3
SE A DR RS TR A3 ks B RS 1%
AR5 X (o) 1805 B A2 I & B, BIAE L (2)
PiiL TR H (o) s LES T AF B IR A nT 45 245 5
LU
Z(w) = S (@) + D H () « H (w) (3

ST Cw) S BN A 5 1 A0 S8 I B R B A 5
“H (o) *H; ()" —H2 . IERE, BAER
TR B R A . SRR A G
WA, 2% 38 T 1 B2 0 45 SR A AR % B 2 a0 A 5 e {E
RS, BRI I ) S R AR I
A, XD ~RK G H, X () AN ALK
TR E 5 I RS A » Z () FTIA N S s 5 2%

A B 5 YR AL i e A

2 SEAMBRMNES G EREEGK
o 7 32

T LB FE T Lamb 3 E 3 Wil 073k . A& 2%
152 B0 45140000 O R 5 — O oM Sz 2 i Ak B
IR . 355 R A& AR AF 5 0k B T 1 — A ik
PR——157» $5c SRS [R] B BRI 6 55 10
A6 RS O AL SR N AT LA S B A 45 5 A 11 A i 3R
e VR A RN R R S Q 'Y Y LD BRSPS
RN . AT RS2 SR £ 5 A 36 5 45 4 1 5 s
2.1 ESERAE

BT IE S AN . A E B Lamb 5 4547
HOAR b — 8 SR S L I A A S 3800h oG 1 R A% IO
Fo BRIR BTN AL S ROTIE R R G=
1. 2.3, «e) o AT LABEsE A0 oG 1 3048 45 Ak 1 1%
S AL BB Ha (w) 111 458 15 40 3 45 £ I8 5 14 1
BN Hox () WG 8655 D (o) F145 1%
AR R BUHE 5 R ()
D(w) = S(w) * Hup(w) (4
Ri(w) = S(w) » Hap(w) » Hig () (5

B I AE 5 Ry (o) I SN U A5 458 45 4k 7T LA
1%@”%*7 De(w)ﬁﬂ—F:
D.(w) = >}S" (&) » Hip(w) * Hix (@) + Hig ()

= ES* (w) » HK[)(Q)) . ZHSRI (w) + HI)RI (@)

(6)
AR 8 1) 52 B9 o X 3B DA 2 7 2R R
Loy VAT R M e 2R . D () J 45 5 IS 5 I R 288
JE A E B0 b SR ARG SR IR AS T . AR R PRI
RS B4 19 55T B 0 00 O£ S A
R, () = Hig, (@) + S* (@) » Hip(w) »
D Hix (@) » Hig ()

== E[S* (w) HRD(w) * HBR’. (w)] *

[Hog, (@) * Hig, (0)] )
Hip k=1, 2, 3, o NN 7)) R L M.
“S* (@) Hip(w)* Hig ()75 @ & RS 0]
GUURN T AR B I AR 5 B AR S Y B IR S e
5% 1M Hr, (0) * Hog, (o) 7 55 @ A T
VER B 2% « 265 k >R i G R 1R A A% I8l o 1) 400 405
TR A2 J i A 32 PR B



E O AF A BORMRIBZ B4 A0 I ) S AR

FE IR AL B B v AR AL IR AE 5 T AR TE
B 453 103 T8 15 5 22 A0 ) oAt o 137 4% 5, A7 | i
PR SR 5o (R 2 B TR IR —, &
A I B 2 AR A ] A s T R 2 i 28R B gl R A
FEGE— B, DR A B cp R BE ML it G 1%
SR, e B (7 R B RO T S IAL SR AE 5 T i
A 55 Re B 1o 28 Hh I . AT S5 e L B

X B A MR R Lamb P45 3% BRER LR R
Z s TEAR D P [FFELL S(w) » 745
R,=R:(w) *» S(w)

= D[S () » Hip(w) » Hix ()] -

[S(w) * Hig, (@) * Hg, (0)]

= >Ri(w) * Ry (o) (8)

s R () VTGS UR A S5 @ A s e
A B A 05 UM 5 I RUAE 5 R () M5S0
AN F TR BN IR AR R A T R TR A 3 B A 1
SHES . RO HESF SR, o LHIAH Ro(o) H
55 ST (@) + S VE R b B A5 5 B 1) 38 5 452 4
BURE 5 . 3ORE Y Ab BIOKE R OK A Ak T B dE B R 5
. MHBE T S () Sw) 5 FE 55 B4 H
AR AR AE . ARG Lamb P AL 741, ZA BB AR
SRS 0 1 1 B 45 7 HE R
2.2 WG GEE

MR (6) 1y Rk, 76 R M 20 % 0 B A& I A
5[] B 25 A5 45 A AR LB . G A 05 Ak R
AGER R RE R ORI Ty . 3 I8 Lamb P AL HE 1
JEHE L AT DB 4 R A S T U SR R
ZEF AL ARG L . B4 A R A5 s AL IR B 1 R
IRAE . LLRE R N S B0 X — 34 25 51 G 0 i
FoR ok WE BRAZ AP RE R die K 22 A B O 545 A
R T LA S BG4 405 A 1 I, R R A8 A
BRSS9 1 R BB 2R ¢, 015 5 Bk s — A
TG IRES BT 20 o0 YEHL 0. >>000 LA ¢, —t, KB H] 3
H o 43 i RS 1R 85 5o O 76 B B3 P 0 Al AT] %
MR FAES £,G=1, 2, -, N); ¥ R¥& )50 1%
AT 5 78 XF N A AR B T, 0 7E A
A —— B ke R Ak AT LA E I R A A R AR
S W RENZNR ¢, F IR S R # T
PRI IR EE AR /I . A6 B3 LN | 45 0 S M B i 1
&1 I (0] 22 7] DL Z W o B 52 5 b A S5 (] BE R 43 S
AT, B BAITX R — A AR bR . AR A AR
PR, AT RATEMR P ST o 2 RS B B I, %

ISf 24 i — A BT R Bl R T DA ol T SR A5
N

S/nn - ZAz * f‘i(tnmi)’ Z‘mm' - tw
i=1

Fovp s A A 25 AR TS 5 B AR AN ] 51 E it 2 Uk
MR R B oy Lamb P AL R s R, WA
FLIT Gm s m) BN A% SRR P S

K TR L M B AR 43 1 28 B 37 7 £ s Fi o
PHVE B e . Htoo Ve AR I EOT i, & A Rk
AR » B X LE W R 04T B ] LA 4SS A
JE S WA O AL o R S SR A T 1) S R A R L

R TA) T 3 5T AR O A AR R
IXAE ) AR 7 125 e T AN 4 R DA 4 1) I8k I T 3
)RS RAT I IR, DR I X s v e o A RO
A A Fs WL T 0 FT LA 8 — A WD B s [e) s SR
FH e L 0 991 2 1 R AT DA 5 KAk el %o 468 3 45 T 1)
AORRAEFEAT 40, DD 0 A0 T R AR ) 2R . AR S
HGE 4 AN ER TS BN W ES . 5L 5
TS HL B R SEERCR 52 5 SR 48 ML Y R
[ C52 137 32 i 493 495 o0 T RN 4 A AR sh 2

v

3 ZEMR
3.1 ZWiEERIRGE

S8 vh R B WA A5 5 S A A A R S I 0 I 5K
55, E 1 FrR, wEMEEN 40 kHz, L5056
T 7 R Z AR R h R 7 A2 1) Lamb B8 DL AR X
HE . XA ARG S o0 5 AL BEAERE . S
55 KA SR A U BEFr HAT T A 1 238
EEBAERG, XRS5 HAL EHNE S &
AL DERTR B AR AR 5 KRR, R g
2() R . S I IR E 5 R FEM A 5 MHz,

1.0

051

Amplitude /V

00 001 02 03 04 05 06

Time / ms
B 1 s S sOE R
Fig.1 Exciting signal waveform
SLH RN R B L MEfR . R 800 mm X
800 mm X 2 mm, | & L IC 4 9 1E 395 1K WL 0N
TE S5 AL b AR AR M0 P 25 0 XA — s B Y TR



2 = H 5 R

(a) Piezoelectric scanning damage diagnosis system

(b) GF/epoxy composite plate specimen
with piezoelectric array
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(c) Positions of piezoelectric array and damage
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Fig. 2 Experiment set-up and epoxy glass composite plate specimen
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Fig. 3 Damage scattering signals actuated by PZT 4 in

minimum PZT array combination
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Table 1 Piezoelectric patch(PZT)coordinate in piezoelectric array
No. 1 2 3 4 5 6 7 8
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(b) Intercepted image by threshold
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Fig.5 Damage imaging by minimum PZT array combination
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Fig. 6 Damage imaging by maximum PZT array combination
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