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Acousto-Ultrasonic Evaluation of Adhesively Bonded
CFRP-Aluminum Joints

Seung-Hwan Lee” and Oh-Yang Kwon*

ABSTRACT

Correlation between the amount of artificial defects in bonded region and the acousto-ultrasonic
parameters(AUPs) including signal amplitude and then the static strength of adhesively bonded
joints of carbon fiber reinforced plastic(CFRP) laminates and Al6061 plates has been investigated.

The effect of the frequency content and the bandwidth of input signals was studied by using
200kHz, 650kHz, IMHz, 2MHz pulses and IMHz tone-burst signals. With increasing fraction of
defects, the signal amplitude and AUP1 were decreased whereas AUP2 was increased. This result
has been attributed to the energy transfer characteristics of bonded joints with delamination-type
defects and the change of spectral content due to the defects. Considering the highly attenuative
nature of composite laminates, a pulse signal with major frequency content at the third harmonic
of thickness mode resonance, 650kHz for the dimension of specimens used in this study, has been
found optimal for acousto-ultrasonic testing of FRP-metal joints.
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Fig. 2. Shape of bonding area with artificial defects

Fig. 3. Schematic diagram of experimental setup



A BEHAMESEE

E=N

=3 2Z5 3, AE DSPH 2|49 MISTRAS-2001 % C-scan A%< £ ZAFo|th Fig. 4(a)& typel
2 o]Z #E3ATh AE DSPE F8) dxelelAd  AUF AHE 25%9] SLAHES ZAelm, Fig.
AFE FFT Hgleld Fi4 Asezon wgsia,  4(b)e 12.5%9 Zelth &8, Fig. 4(0)E type II
222 AUPSE Asigich B8 349 484 2 A¥F Z2FuE 25%] SLA¥] ZAFolx, Fig.
AR S A8 TLT AP & wEsAh 4d)E 12.5%9] Azjolt}.

glo] w2 58 AUPs Aldto] gad ARe A% NE 74 2 AR ol 88 HEE HYe FAe
NE7E olgsld HAPEE et AAAEY  F 100m FEE AT gk ZElolng, C-scani
Q3AEE, 2317 AUPs 2 ZZ(amplitude)zte] 4 HEE HY RN wilEe 285 2 59

HAAE LobE T FZo] Z@slgon, =3 AE Zizte] AHEY A
A& FAVL th AolE HYozM Fig. 404 Ho]
= C-scan éJ—H Zo] T Holxle AE & # ¢

4. 743} =Bl 5% th 2y, A deE vlmseld & o, Fig. 44
A vehde Fdael Ay Av], 94X 2 Fe=
4.1 %21} C-scan Fig. 29} Z& g2, 2 AJH 7Y =8 54
Fig. 4= #u8 32 g0 289 NEHE 25 o 9 Bl US4 U
(a) Image of 25% defective SL(12.5% {b) Image of 12.5% defective SL(6.25%
defective DL) specimens(type I) defective DL) specimens(type )

\ ‘
{c) Image of 25% defective éf(lZ.S% (d) Image of 125% defective SL(6.25%
defective DL) specimens(type II) defective DL) specimens(type II)

Fig. 4. C-scan images of specimens with artificial defects



U % H35 19986

SFEEHAUNY 8 S8A8 FHAFT vI99A B}

2
&

Voltags{mV)
& & &

000 005 030 015 020 025
Defect fraction

(a) Amplitude (SL type D

©00 005 010 015 020 025
Fraction of Defect

{b) AUPIL (SL type I}

3400
9200

Fwon

E5

o] o

E

<8004

2400{ .
000 005 0.10 015 0.20 025
Fraction of Defect
{c) AUPZ (SL type D)

Fracton of Defect

{d) AUP4 (SL type D

Fig. 5. Results of AU measurement for type | specimens of sin-
gle-lap joints using an 1MHz pulse input

4.2 olzstg STl e AUPsQ| Bis}

Fig. 5& IMHz g2 2138 F9a & 42 4
Z22E A" HE(amplitude), AUPI(MO),
AUP2¢} AUP47} Q13AE o] Jolute} Wiztsle 7
e HoFe Aotk orix Aje] F 2‘-7}011
wtg} AZ(amplitude)s} AUPLL M#gAog 743}
o SBA)d), AUP29 AUP4AE Z0188 & 4+ o
Amplitudeet AUP19] 734 sle HEe zﬁﬁe Z3)
AP E7}t HEEZ HUS AEE JAFEATE B3t
EREELERCL oto1 Z7la5E Ao E
quA7t Zadhe A ojglg F slen, o|HqT
AR gl wgow Age) 2771 B A3

B3k ek FelA B o, 28] Fel 4t
Aoz o&sle Ade ¢ F Uk

Fig. 6ol olu] AMg-8 IMHz pulse 4259
ol AlE7t A& B3l F¥E A3, 281 Azt 4
39| Fy 28EFL el Atk Fig. 6(b)olA g
2ol 44 ¥z FAFIE IMHze] o 3
A% Fo¢ d9dE e AFAYA B2 3oA,
Fig. 6(d)¢) 2343 ~dEdxe JHHE
IMHz A& o] 650kHzo = F8 A Fo] EAjsl=
AL £ & gith oldtel, A dHAdzE A9
200kHz, 1MHz, 2MHz "2 AlFd] 650kHz HA
NZE JYHoR FURl 4ES sRed, O 2de
Fig. 75} 2t} Fig. 5¢)A IMHz 22 A3E =3

Qe Assh ohils AAAY AL FIVE £
H‘} AL & F Sich ae, 650kHzo A el At

i
.\0'

g 3 H

& 103},
- g

K

2 i <

1 2 3 4

{a} Input pulse

5 10 15
Time{usec) Fraquency({MHz}

{b) Power spectrum of input signal

58 o888

Voltage{mV)

20 0 20 40 0 80 100 120 140
Tima{usec)

1 2 3
Fraquency(MHz)

(c} Detected AU signal {d} Power spectrum of detected signal

Fig. 6. Waveforms and power spectra of the input and the det-
ected signals

IMHzoj| X €] ésM] st oL Adko] & el
doleke] AR a3 A Fol= AL & F Utk
ol B é# % AUP2s} AUP47} g@_o/] o

o e} Z7kere Ae APels] sddted 2 x|
U@ Fie ~NEAS vlzele Fig 82 2zt
Agulgo] dsled A8 FAT F S Az
R ZHAEUE ek ARe] Ao 37}
@45 300-400kHze] F34 4¥-e 3243 pash
© um, S00-600kHz9) 23 ARES Ao wg
o 9ee B 4 Utk & AFY uge] FUSE
e FAeAEe Assh e Foeype Aay

0.00 0.02 004 006 0.03 010 212094
Fraction of Dafect

000002004 005005 010012034
Fraction of Dafect

{a) Amplitude (b} AUP (Ma}
5600 T
et
L300 e g‘m.
Ed —
ésmo - . I
- .
S5000] ¢ e
<l st
45004 ¢
ao®,

£.00 002 0.04 0.05 003 0.10 012 Q.14 VL0 002 004 005 008 010 032
Fraction of Defect Fraction of Dafect

{c) AUP2 (&) AUP4

Fig. 7 Results of AU meas.urement for type Il specimens of
double-lap joints using a 650kHz pulse input



BERAMEREE

°
g o.025
¥ o.ozo
% o.015
£ 0.010
< ©0.005
0.000
0.0 0.5 1.0 1.5 2.0
Frequencv(Miz)
(a) Spectrum of AU detected signals from specimens without defects
&
T o.ozs
_4_:4 ©.020
T oc.013
£ o.010
< .00
o0.000
0.0 0.5 1.0 1.5 2.0
Freauencwv{MHzZ)
(b} Spectrum of AU detected signals from specimens with 6.25% defects
.8 .05
2 o004
i 0.03
g ooz
¢ o.01
0.00
0.0 0.6 1.0 1.5 2.0
Freauencv(iViHx)
{c) Spectrum of AU detected signals from specimens with 12.5% defects
Fig. 8. Power spectra of AU detected signals from the mea-

surements for type | specimens of double-iap joints
using a 650kHz pulse input

t duiEen & 9 e JHER, 35 439
ZFyjpo] g e IS ovshe AUP29} AUP4
= Z74e & & grk mE, Hxo whdsle
AUP49] Z7lete A 28 =g2H d9o] 7%
gt} &, 300-600kHzo] ZAw 2% E 9] FE)r}
500-600kHzd o2 FFdozn HIYTs Zas)
7] WEelth ol AAAHQ] ~dEH P vluE

1 olFoiA e, WA Fig. 8(a)e] A AHS
g Az AAEHY Ay AHoE B 1S
£ £32 ~d9EHo] o]Foix glon, Fig. 8(b)%}
(c)ollA AlHel AgH|-go] F7EFE Fo JEY
&b A, JuAlyt 538 Faigdlel] JEH
v ~¥9EZ] FE & BodFa 9o}

M ol of

4.3 QI2iNs FD40| THE AUPsQ| i3t
AUPS| olx)e dgdze Fse 429 Jug
golr 7] 9sked 200kHz, 650kHz, I1MHz, 2MHz

00 o

5 19 18 s 10 15
Frequency(MHz) Fraquency(MHz)

(@) Amplitude(perfectly bonded) (b) AUPHperfectly borded)

Vottags(mV}

PRS -~ 2000
I g
1009 4 A < 1500

20 00 o 20

5 10 15
Froquancy{MHz)

e} Amplitude(with 125% defects) (d) AUPRLwith 1258 defects)

Fig. 9. The effect of frequency content of input signals on AU
parameters from the measurements for specimens with
single-lap joints

B2 H3E ez ey A dke Fig. 9
s} Zt} o] AzlzRe A9 o ERsin AAA
o] maje] okAke 200kHzojAl 650kHzz g4l
F9] FupdRo] Friee] wE HF(amplitude)
AUPI2 Z7sle] 650kHzol|A HUlgtg #3, o] &
IMHz¢}l 2MHzg 4843 Faert st o
e §43 #ags B 4 ok

2 dFoA o838 EF37vle] A IMHzY
YEATE 23 A= AY €T F dE HaH
olgdth 1 Eg, BE 100-1200kHzz €x]z70]
AER AE A3 AXE o]83le] ole|d AFE
8] slojA IMHzEG & 955 e 49
AZE ojfditle AL Ade A € HE84E
A9l 71dE 4 gittn dodch

qHNZE] Fapg AJEo] AUMES] Ao 1A
e 93%E BEldes A9l 9t e Ag
< AR SANE 3T Mg =k

& 7t
Ak FRFgE, g oo 4om Ak
n v )
£ _2_7(,1 1,2, 3, 0 Jreeenrreencnininnnns (4)

A7, ne BAFTH5e] 52, v A=Y 2
gie] RYSES Jeln de Aol $AE UE
oH8).

£ AT0|q A3 AL FT0)FAIC061)7} ¥
QAE(CFRP)Z 77 Nz T2 AZE A3 A



B 11% 55349 19986

SYESHAUN 98 STAR AAAFT vy g7} 7

Table 1. Calculated resonant frequencies and their harmonics
at each thickness (kHz)
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