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ABSTRACT: The controllability of the performance of smart structures depends on the quali-
ty of the bonding along the interface between the main structure and the attached sensing
and actuating elements. Using interfacial adhesives providing optimum bonding conditions be-
tween them, vibrational properties of the composite beams with attached sensor and actuator
were investigated. Three different adhesives, i.e., ethyl-2-cyanoacrylate adhesives (Type A),
toughness and stiffness controlled epoxy adhesives (Type B, C) were compared with each
other. An optimal type adhesive was chosen based on their mechanical and wetting proper-
ties. Under a severe flexure loading condition epoxy-Type C was found to be most suitable for
the vibrational structure model assuming that the composite beam/adhesive layer/PZT
system deforms with the same curvature. In addition, Type C adhesive provided the opti-
mized bonding for manufacturing the smart structure and transfer the elastic behavior pre-

cisely. In addition, the beam with Type C adhesive provided the fastest response time for the ™

vibration control. This means that the optimized bonding between composite beam and PZT
was formed relatively using this interfacial adhesive.

Keywords: interfacial adhesive, wettability, perfect bonding, PZT, sensor, actuator, damping
ratio.
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Table 1. Material Properties for Navy-Type PZT
Used as Sensor and Actuator

description values (units)
lateral strain coefficient 1.8x10° ¥ m/V
Young’s modulus 63.0GPa
shear modulus 23.4GPa
Poisson’s ratio 0.35
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Figure 1. Specimen shapes for (a) tensile and (b)
flexural test.
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Figure 2. Dimensions and layout of the test beams and controllers.
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Figure 3. Schematic plot of vibration experimental system.
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Table 2. Mechanical Properties of the Epoxy
Specimens on Various Curing Agents via Tensile
Test

. . tensile strength tensile modulus strain at breakage
curing agents

(MPa) (GPa) (%)
mPDA? 84270)  25204) 55(0.8)
D4o0? 41.4(38) 2.000.2) 8.8(2.6)
D400+D2000°  35.8(6.6) 1.76(0.2) 466(1.9)
D400+D2000¢  24.6(19) 156(0.2) 66.6(5.2)

* Test conditions : Cross head speed=1 mm/min and 4 speci-
mens were used.
“ mPDA : Brittle resin; ® D400 : D2000=3g: 0g; < D400 : D2000

=2.7g:03g ;7 D400: D2000=25g:05g:* ( ):Standard de-

viation.

Table 3. Mechanical Properties of the Epoxy
Specimens on Various Curing Agents via Three-
point Bending Test

max. flexural flexural de?;"::ﬁ:: deformation
curing agents  strength  modulus strength at fracture
(MPa)  (GPa) (m“rﬁ) (mm)

mPDA¢ 139.7(43¢  290(0.13) 11.10.2) 14.0(0.9)
D400° 87.0(20) 25%025) 6.4(04) 41.0(7.0)

D400+D2000°  844(42) 245(028)  63(07) -
D400+D2000¢ 58.0(64) 184(059) 7.2(08) -
* Test conditions : Cross head speed=5 mm/min, Span length
=50 mm.
* 3 specimens were used ® mPDA : Brittle resin: ® D400 : D2000
=3g:0g;<D400: D2000=2.7g:0.3g: Y D400:D2000=25¢:
05g: “( ):Standard deviation ; / No breaking.

Fejo] AlHE AMEF A ZAA HAAN S QZAE
Z7& Table 20 Jepidx, 2159 $3-¥8 I
A€ Fig. 49 A8t mPDAE AR 27o)
71} 2 st ZAEE By, D400 : D2000e
ZHE 249 Type C AlHA 713 Re ge B
Art. 281, mPDAS} D400%t 2123 Type Bel
AR 2 AL Hojug ANE HAAE A}
£ A4 HAol N 27 Al Aol HA
Yoird Aoz Wz

Table 37 Fig. 5& Fig. 1(b)dlA BojZ= &
Bjo] AJH g A}2-3 31 FUAYY Aas} ol9] &
-3y JHE =AE Aotk AP A}
AL Z8e BYon, gz £ 9 & 2x9 %
BEE BAed ol 3 FYANEY A0 9F
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® (b) D400:D2000+3.05:0g
sol () D400:D2000=2.73:0.3g
(d) D400;D2000~2.5¢:0.5¢

Tensile Stress (MPa)

15 40 " 60 80 100
Steain (%)

5 10

Figure 4. Stress-strain curve of tensile test of various
epoxy matrice.
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(b) 1)408.112000=3 0g Og
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Figure 5. Stress-strain curve of flexural test of vari-
ous epoxy matrice.

Aldel 7$uc AHY FRT Wi ZRsi= 2
e J8e 9 W) gioz mdc. mPDA%}
D400%re Hrigt AlEERe] sz, D400}
D2000& HAHA ZHstd $& AJHe Hasz
%1 FolRg nAct JIFE &3 A (a) D400
Tt 3718 A (Type B), (b) D400 : D20002] vl &
ZA3le] F7Fg AlH (Type C)o] ¥ Al E vlwa}
Atk F ol o] 23 Type B AlHo] 3 Fx7}
< A& Yepidd. F, Type C7t 713 & U4
RoFzog £ HdYd st AladdzN 48
28 Ae Aoz AU

Table 4%} Fig. 6& Fig. 1(c) ¥eje] AL A}
&3, 919 AF 9 STAYANA Hedd JZA)A
AEA 2% Fe 8508 Bo] AALHI Y=

mo mo
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Table 4. Mechanical Properties of 3 Types
Adhesive on Epoxy Beam via Lap Shear Strength

hy i la
lap shear strength lap shear  strain at max. lap

e T
me’?‘e TAL42°  2803)  94(119)
(;xy b) 93010) 22032  151(020)
(;;xyc) 407 15000  9%073)

* Test conditions : Cross head speed=0.5 mm/min. “( ): Stan-

dard deviation.

Table 5. Surface Free Energies and Critical Sur-
face Tension for 3 Adhesives and 2 Adherents

g BE¥AE FXEY JFA W AFFHL E4o F g

adhesive adherent
surface free energy
{m}/m?) * e epoxy  epory epoxy® PZT
(Type A)  (Type B) (Type C)
polar surfacefree energy 10 51 72 5 122
(rD
ispersive surface fr
disersive s (:f)e T w7 W9 ;s 412 W8
total surface free energy
§ “&)“’e 07 B0 A0 462 B
critcal surface tension ()
pe %4 OBS NS 43 BT

* Values are cited from Ref. 14.

cyanoacrylated] £ HAAE ¥33 3 Types 3
A& AM-E lap AGAIF Az} o9 2F-W
¥ & vehd Zolt). Type A9} Bo| A9 A
Dzt AGRE=TL A4g & e HYon,
Type C& 713 B @& ngon AHE gjus)
A gt} ol Type C AAEIA7} ¥AHE AA
o] Type A, B ZA$2c} IR o] a9, 2 Ao
71¢ Atk AL oo g,

Table 59l &3 AAA Type Agt T £5F o
FAAQ Type B, Co dAFHZHA gHR)
€ Yehligla, Table 69 159 PZT9} o) Z4]
Bol i 44 2 udE 459 FES Yeh
At} Fig. 7& Type Bo] tist FHAE glo] A2
Fojd 4714 LulE AMgdld 2% 53 Yz
o d§ 2¥8g RojFEo) gujo] FAPY o] 7

w20 A)233F A1z 19993 1€

o a7

8

12
101 (]
=
g o
2 (G
4 (a) Cyauoacrylate (Type A)
f 13 {b) T:poxy (Type B)
-
5’ © (c) Epoxy (Type C)
Ll
2}
0 5 10 15 80 100
Strain (%)

Figure 6. Stress-strain curve of lap shear test for 3
Type adhesives.
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100 +

Force (mg)

~200 " 1 2 1 A 1 L 1
-4 -2 Q 2 4 6

Immersion Depth (mm)

Figure 7. Dynamic contact angles of Type B
adhesive in 4 different solvents.

o}d4E  advancing® receding el <l
hysteresis7} £olocy S B -4 9. Fig. 8&
PZTo] g dAEHEFL F38}7] 98 Zisman
plot& =& Zols, Fig. 9% PZTS} o ZA|d) of
g Foizl FEAHe T gEM zZ LujoA,
Wilhelmy AgHE A4S FHH2Z gsg
Owens-Wendt&]l o2 A& Aojc}. & 2z ¥
Aol e AAEBEE (7)) ol 242 HEA9)
methylene (-CH,-) )1} methyl7] (CH;-) 2& A
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© Cyanoacrylate (Type A)
a Epoxy (Type B)
4 Epoxy (Type C)
08 F o PZT
0.6
[
0
c
Q
0.4
0.2 1
L]
[} 20 40 60 80 100

1o (dyn/cm)
Figure 8. Zisman plot of critical surface tension for
PZT and epoxy.

© Cyanoacrylate (Type A)
O Epoxy (Type B)

4 Epoxy (Type C)

10 ©PZT

0 0.5 1 1.5 2
(V% o
Figure 9. Owens-Wendt plot of surface energies for
PZT and epoxy.

FA7I7 Bol EAlsle Aoz <A fen, o
o] AdAEHRAH Flo] 2 A$= hydroxyl
(OH-)°]1} amine (NH,-) 2-& 354 Al ¥o| o]
ZA s Aoz LAA U 2L qEAALY
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Table 6. Work of Adhesion (W, and Modified
Work of Adhesion (W') for 3 Adhesives and 2
Adherents

. adherent
work of adhesion .
(m)/m) adhesive  cyanoacrylate epoxy  epoxy
(Type A) (Type B) (Type C)
W PZT 602 64.7 632
: Epoxy 739 91 746

W, PZT and Epoxy 701 68.3 61.6

FAlgtn gzt Ao FF Tol wel ¥de
st Aol tl2A 43 F7] w2 ol &
Adixe B2A4E Bed Fivh. PZT HHe| polar
glo] 7to ol Zxle] AeHTl gA ¢ & ¢E BE
t}. ol= PZTe| AqEANUR g FollA polard
o] 12.2dyn/cmo.g JiA o2 433 & ¢ 7t
2Apg dEA He o ZAA HEAA (Type B, C)
1} cyanoacrylate 2| (Type A)<}e] ZE§eo]
453 Aoz Addr.

Table 694 olZA} Hel PZT ZZz7tel d¥4
W.,e ol ZA] Type B7} tiax & @& E¢ed, 2
vio) WaE A9 WhE cyanoacrylate 3¢
HEA Type A7} 718 & @& 29tk Type C&=
Type Ast Bel W,ub W', gtucie oia g
Table 2~4¢} Fig. 4~69A Uehd 4o 2RE
F3E F Ue dAHEE 2T dE= FYIF] F
aAEE AFdPd digt ARHIANZ HHolgt
1 Azdc. 3, Table 40]49] AWML
713 AL §Gg HAE A JaAFALE B+
Kok g9 HgAe B4 FoM YR, ¢
g, 3 A8E dE ol dAERREE FA
ol 7} lap AGRES} e 7|AR EAT 7
Aoz APl Ue Aol ol AXFH oz tdx
24 ARz g slodgicia =g,

EE B NE SMof chist AlHMEHe F
& £ A7 FE B F F2EF F FEEJ
Faele hdA gl WA To] dAE ¢ U=
4d HaAdHE B F= AREA Y ans
AFHPE 53l glsh=d Ad 3714 o)
ARPAAE olg3le dAAEQA PZTE F +2
23 YA F nla WS £ 5 gl e
A5 7719 FEE A F (static bending) &

-
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Figure 10. Photographs of adhesive layers using 3
different adhesives.

o N

E@A8 2o 9 A}do] Fig. 104 ot Fig.
< Hd M3 50mme] F FeolA 3714 HEA)
A& A PZTee ARHE AuHE el
th. Type A9 &HAAE A8 B9 7] 8
deloliAl F2tde] Hojzien, Type Co D400}
D2000& =4 47t 713 A4 7) Holwto

+

#2|0f A238 A1z 19999 1¢

NEg F2ES AFAld de ARFE 5o G AE AT

Figure 11. Strain distribution along the thickness of
the beam-bond layer-PZT structure.

o, Type Bl D400%re AHE® Z9& HAo

Type Co] A$urt Zop AlRo] Wolx e A

& 2 5 Utk o] Zate R BYslE A%
A

—

T PZTZ 9wo] 7AE Ho] £5 WAL T3l
AERYe vde 4 57} U .
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Figure 12. Time responses of beam with different
type of bond layers with controller off: (a) Type A; (b)
Type B; {¢) Type C.
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Figure 13. Time responses of beam with different
type of bond layers with controller on: (a) Type A; (b)
Type B; (c) Type C.
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Figure 14. FFT spectrum of controller off and on for
3 Type adhesives.
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