M E DB 2025F HF67H F£7H:621~629 ¢ CRER2E) Jedait
L MRERN G LTS SCIENCE CHINA PRESS
CrossMark

& click for updates

Rt TERE Ry EGe M E e e A 5 ok i

S 1% o yal* A2 ol 51
3! mas AT KB 28, MEE
L AR Tl KRR S G 430, JEaT 100124;

2. JEE R AAG R A, 65t 100041
* B &R A, E-mail: jiaojp@bjut.edu.cn; gaoxiang@bjut.edu.cn

2021-07-09 Wk, 2021-11-04 18], 2021-11-09 $3Z, 2021-11-11 MR A FE
% A AR E4: (11972053, 11772013, 12004018)%F 1)

e HERANREENEZAN TR, BELEWET WG NA 2. AR BT E RN EAERT, 258
REatER2EAE N, FEYHBEELEMG TR, Hik, FHE R E 0N — B TR U R A
B AW ERAREHREREERE T 25 BRI, Ex LR TEH S e RE A
GHkl. REEHFEDNRINIEETFN, MEIMEEFERTURREREERLFRAERN RGUE 7 | i
TR, HREA—MAREREERE G F S ORI F B AR SUNIE 04 A FoAd I 5250 7 07 W & 3k S 4 7=
BAEFERTHRAN 5IF0 7 TR R BHATT R, AR T &P 2 iy A e e &b A B
K, MBTREFEELFRUAXELNHAER, wEEUREER . FaEREA LRy EEEZ NS
MRS XWEATHTHARFRAFHERALT LN EHFFRRERN, KGR £, RAAE
GMERE EFRER - SARTABRANBEFREB S ER AL L AR INHERED. FN, M T 4
MR, B RGBSR AUERARAEREREELZREN T AN LR R, dBEEFTERS LELE
AERMB AN L EHATT REL.

Rutinl MR, RSN, FaMAE, BahdE Sk, MR E, EHRAN

VRGN L BB AN 7T 3, BRI
AERR. RS, WA S FsE T BRI

P 7 AR R R AR E ) B R 454
MR TESE IR B e SO, A SRR B S T g

A, BB TAUEAUR . T AR
IS ST, FE I R rh, 2R Ah AR MR
WRMZESEN, SRR 5 R Z ] 2377 208
A 1V VRGeS = 0 o | 3 1 M~ 7 1A e o e
K. TR R R B RE T SRR
FIEEVE S A, DRI, A RO I BV 6 4 S T
PEBEXT T80 PR Tl BE A i AR i dOUEPE SR
MR ROCHE . T AR B 2 1 SO 8
F A A E B, RS P BRI — ELE O
A ST P R A A 57 i 2,

ARSI B A AR KRR, A5k h A R BB P o 5 5
A E SR AR, A R R B R. BT
e, [ AN E B A 2 TR A ol S DA R A5 S A
HAEMDTHEITRE T RE AT, JFR 2 R i
AR T PR ORI S PP ARSI L, x4t
Ko 7 i vl 3 A P BRI E LR P R
2P e P R A e P A e A Y
OFs B ERAELE R E A TR ORI . Al
RGN v, 30 A T A T A T )2 o 7 v 7 ¥
Y, S Sh BE R BCRAE SRR

67: 621-629, doi: 10.1360/TB-2021-0677

SURRSA: 250, MM, i, 5. BRI AR S AL A AR M A KR FE . Rl 2022, 67: 621-629

LiL, Jiao JP, Gao X, et al. A review on nondestructive testing of bonding interface using nonlinear ultrasonic technique (in Chinese). Chin Sci Bull, 2022,

© 2021 (pIEREE) kit

www.scichina.com  csb.scichina.com


https://doi.org/10.1360/TB-2021-0677
http://《中国科学》杂志社
http://www.scichina.com
http://csb.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2021-0677&amp;domain=pdf&amp;date_stamp=2021-11-25

M4 %8 B 2024538 E67k E£T7H

AEIEN P ] 3 i) £ 8 2R BRI 1) S R A T AL,
A LU A Z RS T A, ISear B . S ATt
B WASULIE . ML . S9BNEESG. LT RRSRRI,
WL MR A RS B LR S AL T2 G
BHART B, (EHE L S B e LI 0 4 Ak (i B
T PR A b« SR TR 58 B 45 ORI R AT, Ak
S M 75 AR T D 5 R A% G 2 M 75 AR A R ) R
JE 7 A R, A B — i AR B SRR R
T AL ARSI T B AR SCHLL M BRI G I S
977 T X A e 7 R AR e S T RS I S5 A
7 T RSt A T L5 A

(O e PR | B2 3 v g Lty el

WSSk e TR AL (TN A i W = VA | e
PSS MR TIRES S BRI R, Ak, BN
AN B AR i S AR e 2 B AR S BB AT T
TR T R s,

I H UL SR R 2 2 B T A B e M S i) iy
IH45 S th B R B AR e i e R e R %
HARRN R 2 N Z I R i 5 h e Rm bk,
bt — FR A fh AT R PR R 2R e A R fpl
AchenbachZ A0 ZH 52 2 1k — AN AR LR B A
1AL, B H R S NI ROk A R A py dE g
PRk, RS T A AR M AR TR, Pe-
corari' ' J& T B LRI B0 AL NI 2R, S
TP B A SRR UGB R . Biwa
FIshii @ i A R RN, ST A
[R5 0 AT RISt R FEULIERE L, By T i
BEHARTS 4 BEWI BERCRY . e A<D e S A 2
A EAE R A N S8R BH T FR B 2540, dEST T R4
AR MIRG R, S T REIEL M IRIRE S &
FrafbE S B R B RECE R, UL BT E A 5 AN
oy S W RE R s B, ST T B EE N 1 A R AR
ARG R, 193] T Hefl B 0y AR LM s S L.

2 LT 2 JE R /N R R, A e A A
VS BE W] Z 0 X BRAR AL T, A o oA AR 2 A ] ) 42
fil A AE k. )2 S SR ] Y 55 B 4 R 1 fiph
DL R R4 2 Th W A R B A R i S T A, ST A
HRSMAESL, P oE i X AR, X Rl A
AN TESE X i = A AR LR PR HIVE R, it S8
JELR RN TR A AE LR . Solodov! Bl HE AL B
VERER Mk, AT T RARIEAE 75 I A S BB AL, 2

622

fid L T 7 A A T RO DA R Bk B S R R LA Ri-
chardson' ™ o 8 7 I 16 B2 fke 5 G AL A5G 4 AR 22
BONHEAT TRGY, B TR U A A B T B
fERERIRY, JEHES H — AP BB RE AR i sy
Fr. HE T4, Rudenko UV TBIFSY T $5 A S5 i
A SR LR R B R A AR b, ST T A S ROu 2
s 0 e AR L SRR T 3 e L A 5
TR AR R AT T A b, S5ORER, fR
ORI PR A LRI () TN 25 R 5 SE IR 45 R )
B TELPENIE R B T, W VST TR R
B WIS 584 3 FRLE A RS TR 1 AEL
PEAERRARTEL. Jiao%e NN 7K e LK BL I 58k o2 Ak
B, IR ) S BOC R JE L TR AR AR
B3 Al A T AL RE AR, FE i SR SRt L, 220
PEAE N O 3 B2 A 2 bR B LR ST 14 LA
RSN RECG AR, S TR SRR R
il BT AR AR RERI A, AERN R AR TR
FUREFEMICRAS ST, LA AR 3 1 o 5 e X 422 ke
RIS AT, AT T el ST A A E Lt e 2 i

42 PR B 1A )T Sk RIS, iRk
JEE 482 55305 I R AT LAAE A B i AR G T 7 AR R 2k
FEEENAN . FIAN, 7675 R fl TRREDRES B2 L R BRI s
OIS OUT, Delrues APy T 4 il R AR LA
FAREHY, AN LR, IZERR ] RN 7 -7 8 O R A
IRFE B AAAEVER, R PR G B X 58 2 5l
I T B EEEAE U TR, IFl 1012 517 (method
of memory diagrams, MMD)¥FEEHVE 5 | AR 4348 8
L E T, P45 %R rh 3k B DR AS i B A
TP

) A D(1) D)
28 1 O T o 1 n
-1 1t -1

SREME B ) goamh SRR
a(t)=0 a(t)z0
W £)<0 N =
FURTEN L Ib(t-at)zoua(t) | Ib(t-AD<Oua(t)
b(ty=0 b(ty=£0ua(t) bo(t)=bo(t-At)
HZRIR bo(t)=b(t by(t)=b(t)-b(t) b(ty=b(t)-bo(t)
T(H)=N(t)=0 T(t)=2uN(?) T(t=MMD(b(t))

1 (R4 RROR o LS S T S48 P 3 ] R A 42 R A5

Figure 1 (Color online) Three possible contact states in the model of

cracks with rough surfaces'



P A

TE 7% JE 2 foh 5 v AR J3E B e (] J2 R 1 O T
Xiao% NP2t 1 HE SRR 2 SR (112). A%
T A R LR A SR BT OB, R SN
F LU AE S R A P b 5 T P R S I RIRAS . e
FEAM L, ATk 1 MEE D 1] M 4 Ak B
R BN W 370 W oL L N/ 1 1) ek e
PRI 55 XU A TR il 12 i S5 T 1) 7 G R FAR A A 553
FIRES, R SRR IR T BE 5 ) S8 BB JE
T3, BT S A AR LR R R R A, TSN
AR L AL AR R ML . DL R e 25
JE T R b S BN TRDIRZS, oSy 1 ok SRt i Ak
B Mol T BE S T AR i SRS I B T (o2 7
AAS A, X RE 1 5 A A7 T RO M BE S i 5 |
A AAR LT T EE R S T B

SHRHEZ AR BIAEA T,  ELB S B R R
JRIEFEIFAR RAE RN, B4R B0 RO o g 20, 1
IR ZA B A B P 2 R BGR S AR LM R ™ A
PSR R R D, TR R R BUR 1
([P SR | B2 E i A R v o | B2 € € R 1) =
SRARRIEE R R AT, RS, Zhou Ml
Shui VI PG 2 X B4 A A e i sh Oy Rl AT
SRAR, RIS T BRSSO IS S . eS8 SRR
PEEBUT, XSHAN DR AR R ik, %R Hesi i h
22O T UG SR R A BEAT T BR 0BT, Young-
housel ™ fE F T HA KT PEAR A VE B2 2 v A kil
Weridg, Forbr T2 W EE 28 RO R AN — Ui
WA AR VLA DO o AR R A AR R A
AR, IO T T UOE AR R AT R
HNZBIMRR. LRI R AR5 A 45 3
SRR =Bk B A AL, =B sk 5|
AZYERR Y, R R R A AR
UGB AGHIN P 3 AT A A

bt & IR AT, E NS F B Ae B A i B
o T R 25 b8 T AT iR AR L S R 2 R
BHEELE. fFin, XEMTEE NS T AR
E By I [ ey = e P e A R S [ 2 R e S v
P AR 2 AL G PR A ) UG, WS AR R
AL PE s 22 B X R A T HERE TR B T HLE
et AnZE AP T ST A R S RSO
BEELE AR R MR E RO  Fak 2, 158 T OR[R A I
NSRS, BRILZ AN, E NI i
JE T AU AR LR PR BRI RUAR SC A BLE A ST, IER T
L e 435 4 P R R T 0 R I R S A A R
‘ﬁBHQ].

5 EiRWIRZEM, EWSMEE TR T SRR
WA PG DI AR SC B F 5 O fldn, Roses
NV Sy T WA P e I i S TR Ak A YRR A
FHEEARY, T fh 7 ok 32 AR 20 0 1 R R RDAS 2 1,
e L TR St | 22 5 TR T L ) Ay S A <0
TSR 375 5 142 f 10 R4 X R o0 e ) Sty b, R AL
Yok XHRR 4 o FE A TR M, A58 T RS A
TR TR b 7 A B 1 FR ARG . AR, LA
Qb7 A R ABN 5 PR R E L B | R ) A e YR B A
B S BOANTR], ST AL 7 A RSB 23 ] 1] Al 6] J
P D7 AEHE,  TAPRHEL T R B TR AR R YT B — 1)
WS ) 5 AR, . FE T i AR 2 A R Y S A L
Zhang%s NS T g e ) 2 R R KON 55 B
LTI TR, AR R S R ] A% e S kR
AR TR 3 A M RS I AR S5 A T e ] 2 AR A i )
Wk, EBFTR. BUE DT HAS SRR, PIRBRIEA]
TFAF P A 0 55 0 LT 37 S A
TRAFE A T,

25 FRTIR,  MFRTH BB A L ]2 AR R
AELePE &, EWNAMEE B T 2R ah e A m AR b

@ £, ve, Go, o (b) ©
A& =& Eo. vo, Go.po Eo Vo, Go. o
s ig PR R %@@m
"~ M
3 _tf:_ M/W W V‘V‘w i‘ s Enl view, Gen, Pt ii
E89 > B A

R X5 =5
= RIS B E
Ey, vy, Gy, p4

ELATRER

B2 (P4 TOR () R S i s 2 1™ (o) P BT (b) S RORURE ST A ;) I M ALLA T RS

Figure 2 (Color online) Schematic diagram of the rough interface contact model™, (a) Ultrasonic reflection; (b) equivalent rough interface contact

model; (c) thin layer of the virtual material model
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Figure 3 (Color online) Schematic representations of the two imperfect interface models™. (a) The infinitesimally thin finite interfacial compliance

model; (b) the thin interphase layer model
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A review on nondestructive testing of bonding interface using
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As an important complement to traditional mechanical connections, bonded structures are widely used in industry. Under
the combined effect of external loads and environmental factors, the performance of the bonding interface will deteriorate,
which seriously affects the safe use of bonding structures. Therefore, the performance evaluation of bonding interfaces has
always been a hot and difficult issue in the field of non-destructive testing. Traditional linear ultrasonic technology can
effectively detect damage such as delamination and debonding in the bonding interface, but it is difficult to detect and
quantitatively evaluate the early degradation of the bonding interface (such as closed defects and weak bonding). However,
the nonlinear ultrasonic technology can overcome the low sensitivity of the traditional linear ultrasonic technology and is
expected to be an effective means for nondestructive testing of early deterioration of bonding interface performance. In this
paper, we review the recent development of nonlinear ultrasonic technology for bonding interface detection from
theoretical models and testing experiments. From the perspectives of contact nonlinearity of the interface and material
nonlinearity of the interlayer, we introduce relevant theoretical models for nonlinear ultrasonic inspection of bonded
interfaces, such as nonlinear spring model, interface contact model and contact model considering the thickness of the
interlayer. These models can be used for the description of various acoustic nonlinear effects (such as second harmonic
generation, wave mixing and nonlinear resonance) generated by ultrasonic waves at weak bonding interfaces, but the
ability of different models to characterize the nonlinear propagation behavior of ultrasonic waves at weak bonding
interfaces needs to be further investigated. Meanwhile, we review the progress of three nonlinear techniques of nonlinear
ultrasonic resonance, wave mixing and second harmonic generation in the experimental testing of bonding interface
properties. The nondestructive testing of bonding interface using nonlinear ultrasonic resonance technique remains
relatively limited. Mixing technology is of great interest because of its flexibility and selectability of excitation frequency,
mode and area of action, and its ability to effectively avoid the effects of system nonlinearity. Among the nonlinear
ultrasonic methods, harmonic techniques are the most widely used, and have been used for damage detection and
performance evaluation of bonding interfaces, such as bonding thickness measurement, debonding detection, bond strength
and fatigue life evaluation. The harmonic technique is considered as a possible solution for the quantitative detection of the
interface properties of multilayer bonded structures. However, how to distinguish the harmonics generated by weakly
bonded interfaces from those generated by detection systems has been a challenge for its application. Finally, we provide an
outlook for the development of nonlinear ultrasonic detection technology for early degradation of bonding interfaces.

bonding interface, performance degradation, nonlinear ultrasonic waves, contact nonlinearity, material
nonlinearity, nondestructive testing
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