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Abstract. A numerical study is carried out to understand adhesive layer effects on the
electromechanical coupling of piezoelectric sensors bonded to structures. This study shows that
electrical  signatures depend on the bonding conditions along the interface
structure/adhesive/sensor. A mathematical model for electrical signatures was established using
the Maxwell’s equation (Gauss law for electricity). The mechanical analysis was defined
considering only shear deformation along the adhesive layer. Numerical solutions were obtained
by the finite element method and compared with analytical solutions. The analytical solution was
provided by solving differential equations in terms of displacements. Results indicate that the
thickness and length of the adhesive layer have significant effects on electrical signatures and
these effects can be applied to detect debonding of piezoelectric sensors.
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1 INTRODUCTION

Piezoelectric transducers have begun to increase in popularity in different areas of structural
mechanics in the last few years. They are used as sensors and as actuators in smart structures.
Piezoelectric transducers are available in many ways and shapes (PI ceramics, 2010). Most
extensively, piezoelectric transducers are used in the form of thin sheets which can be bonded or
embedded in structures by means of an adhesive layer. They are used to measure directly the
local dynamic and static response of a structure. When the structure is stressed mechanically, the
piezoelectric material bonded to the structure acts to produce an electrical charge (piezoelectric
sensor). On the other hand, a mechanical strain through the piezoelectric material is produced
when an electrical field is applied along the perpendicular plane which presents a dipole
(piezoelectric actuator).

Especially, in the last few years, piezoelectric transducers have been widely used in structural
health monitoring (SHM) for damage detection in structures (Park et al. 2000; Ritdumrongkul et
al. 2004; Xu et al. 2004; Yang et al. 2006), nondestructive evaluation (NDE) (Tanasoiu et al.
2002), nondestructive inspection (NDI) (Diamanti et al. 2007) and applications of several types
in structural engineering (Sun et al. 1995; Giurgiutiu and Zagrai, 2000; Bhalla and Soh, 2004a,b).

Electrical signatures of piezoelectric sensors are emitted depending on deformation conditions
as it is related in constitutive equations (see Eq. (1)). Mechanical and electrical relations in
piezoelectric elements bonded to structures are determined by electro-mechanical coupling. An
analytical and experimental development was presented by (Crawley and De luis, 1987). They
used piezoelectric materials as elements of smart structures. A scaling analysis was performed to
demonstrate that the effectiveness of a piezoelectric actuator is independent of the structure size.
An analysis of the electro-mechanical coupling of piezoelectric actuators integrated in
mechanical systems was realized by (Liang et al. 1993). This study determined the actuator
power consumption and energy transfer in electro-mechanical systems. The study of electro-
mechanical coupling in piezoelectric transducers and structures leaded to introduce a new
concept of coupling relating the mechanical impedance of the structure with the electro-
mechanical impedance of the piezoelectric transducer. This concept is called electro-mechanical
impedance and was introduced by (Liang et al. 1996). These studies did not consider the adhesive
layer between the interface structure/ piezoelectric transducer.

The electric behavior of piezoelectric transducers bonded to structures as strain sensors was
investigated by (Sirohi and Chopra, 2000). Strain was measured in terms of electrical charge
generated by piezoelectric transducer as a result of the direct piezoelectric effect. In this
reference, strain through the piezoelectric sensor was considered constant and the piezoelectric
transducer was modeled as a capacitor and the adhesive layer was not considered.

Other models have been established to study electro-mechanical coupling between
piezoelectric transducers and structures considering the adhesive interface. A modified model of
the electro-mechanical impedance of piezoelectric sensor and actuator was presented by (Xu and
Liu, 2002). The model considered the adhesive interface between a piezoelectric patch and a
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structure. Complete mechanical system (structure / adhesive / piezoelectric) was established as a
spring-mass-damper system for carrying out the electro-mechanical analysis. The effect of
bonding layer on dynamic interaction between piezoelectric actuator-sensors and structures was
thus taken into account in this reference. (Balla and Soh, 2004) analyzed the force transfer
mechanism through the adhesive layer at the adhered interface. Force transmission between the
structure and the piezoelectric element occurs through the bonding layer, via shear stress
mechanism. Force transference at the adhesive interface by means of shear stresses causes a shear
lag effect in the ends of the piezoelectric sensor.

In this research it is shown that the adhesive interface can significantly modify the measured
electro-mechanical. The dynamic behavior of piezoelectric sensors depends on the bonding
condition along the interface between sensors and structures. The effects of the adhesive layer on
the dynamic behavior were studied by (Han et al. 2008). Results indicate that the mechanical
properties of the adhesive layer present significant effects on electrical responses of the sensor.

Numerical models have also been developed using the finite element method (FEM) as an
approximation to coupled electro-mechanical solutions. An important model for vibration
analysis using tetrahedral piezoelectric elements was established by (Henno and Huges 1970).
They introduced the concept of ‘static condensation of the electric potential degrees of freedom’,
which presents the electric potential and loads written in terms of the mechanical properties of the
structure. An approach of a piezoelectric finite element was also carried out by (Tzou and Tseng,
1990). In this study some applications of dynamic measurements and control of structures were
shown. Some finite element formulations for piezoelectric elements were derived from the
principle of virtual work and were verified mathematically and numerically by (Chen et al. 1996).
A thin solid plane element with 4 degrees of freedom per node, 12-nodes triangular was
formulated by (Tzou and Ye, 1996). They used shape functions quadratic in the two in-plane
directions and linear in the transverse direction with the assumption of a layerwise constant shear
angle (Mindlin hypothesis). Other formulations to beams including the adhesive effect were
proposed by (Tylinkowski, 1993; Pietrzakowski, 2000; Benjeddou and Trindale, 2001). Most
recently a finite element model of smart beams with distributed piezoelectric elements was
proposed by (Bendary et al., 2010).

This study presents a static and dynamic analytical model which represents the deformations
of a piezoelectric sensor bonded to a structure, considering its adhesive interface. FEM was used
to determine the deformations in different cases of adhesion (sensor partially bonded). Results
obtained from analytical model were compared with numerical solutions obtained by FEM with
(COMSOL, 2007). The effects of the geometric properties of adhesive layer on the mechanical
and electrical behavior of the sensor are the principal aims of this work. For instance, in this
study it is shown that partially debonding is not necessarily considered as a failure. Therefore, it
is very important to understand theoretically which are the effects of the mechanical properties of
the adhesive layer on electrical signatures emitted by the piezoelectric sensor. Comprehension of
bonding layer effects can be used for detecting debonding and to evaluate sensor performance.

Copyright © 2010 Asociacion Argentina de Mecénica Computacional http://www.amcaonline.org.ar



8394 H. TINOCO, A. SERPA, A. RAMOS

2 ELECTROMECHANICAL ANALISYS
2.1 Piezoelectric sensor

The mathematical model, which represents electro-mechanical coupling in piezoelectric
materials (PI ceramics, 2010), is expressed by the constitutive equations

Tij = CijiaSk — €ijkEr

D; = e Sk + €irEr (1)
where, S; is the strain vector (6x1) (dimensionless), D; (C/m?) is the electric displacement of
size (3x1), Ej, (V/m) is the applied electric field vector (3x1), T;; (N/m?) is the mechanical stress

vector (6x1), &, (F/m) is the dielectric constant of the piezoelectric material (3%3), e;;; (3%6) and
e;jx (6x3) are piezoelectric constants (C/m*) and c; jki (N/m?) is the elastic matrix (6x6).

Using constitutive equations (see Eq. (1)), the equation of the piezoelectric sensor (see (Yang
and Ngoi, 1999)) is established of the following form (electric field is not applied in the
piezoelectric material, £}, = 0)

Tij = CijiaSk
D; = e Sw- (2)
2.2 Coupled static model

Figure 1 presents a piezoelectric transducer used as a sensor bonded to a structure. The
piezoelectric sensor is bonded to a structure by means of an adhesive layer. The adhesive layer
provides the mechanical force transference between the structure and the PZT sensor.

yA
Upzt
Piezoelectric Transducer
Adhesive Layer
S } E Host Structure _:' .
| :
External Structure E' * ! E+ e

Figure 1: Axial deformation of structure-adhesive layer-PZT

When the structure is axially loaded, the phenomenon of axial deformation in the structure /
bonding layer / piezoelectric (PZT) sensor is shown in Fig. 1. Force transference from the
structure to the PZT sensor is carried out via shear forces. u,,; and u, represent displacements
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of the PZT sensor and of the structure after applying the force P to the structure. The reference
system 1is established in the following form: the x-direction is located in [/2 and at the y-
direction is located in hg/2, | is the length of the PZT sensor and h; is the thickness of the
structure.

In order to establish the static equilibrium of the set shown in Fig. 1, it should be defined a

differential element at a x distance of each section of the structure, adhesive layer and PZT
sensor. Force diagrams are shown in Fig. 2.

Pa(x)

P

P(x) dV(x)dx p(x)
dx

z
y X P.(x) 4P (x)
v )+de
dP,(x)
P(x) + x ;x dx dx
dx @, dv(x)
% "B dx

Structure Adhesive layer Piezoelectric sensor

Figure 2: Differential elements structure-adhesive layer-PZT

It is necessary take into account the following considerations for determining the equilibrium:
av(

Wx)dx = 7(x)w,dx, where V(x) and t(x) are the shear force and the shear stress through

interfaces structure / bond layer / PZT sensor. Then, 7(x) can be approximated by

T(x) — Ga ub(x) ;lupzt(x), (3)

where h, is the thickness of the adhesive layer, G, is the shear modulus of the adhesive layer.

The coupled differential equations obtained from differential elements (see Fig. 2) are given
by

d?uy(x) G, ) = G, )
dx?  hoEh "0 T T Bk, (et

dPupe(x) G
dx?2  huEph,

up (%), (4)

- __a
Upzt (x) = hy E, hp
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The following boundary conditions are applied to Eq. (4),

dupzt(_l/z) -0 dub(l/z) _ P dupzt(_l/z) _
dx - dx  Ewgh,’ dx B

up(—1/2) = uy, 0,

where E; is the elasticity modulus of the structure, h,, is the thickness of the PZT sensor and E,, is
the elasticity modulus of the PZT sensor. It is important to mention that for obtaining equations
(4) some considerations as w, = wg = w,, were carried out, where wg,, w,,w,, are the width of
the adhesive layer, the structure and the PZT sensor.

The solutions for coupled differential equations (see Eq. (4)) are determined by

Upze (X) = ¢1 + C3x + ¢3 cosh(Bx) + ¢4 sinh(Bx),
up(x) = ¢; + c,x + A(czcosh (Bx) + c4sinh (Bx)). (5)

To obtain deformations from Eq. (5), the definition of strain (E = Z—Z) can be applied. The
constants are determined by

B =+ki+ky, (6)

G G 2 .
—*— k, =—"— A =1-—=— Constants c,, ¢, c3 and c, are determined by the
hq Eshs hq Ephy ky

application of boundary conditions.

where k; =

2.2 Coupled dynamic model

The dynamic model is established using the same elements of Fig. 2, but considering time-
effect. Partial differential equations given by

0%Q(x,6)  0%Q(x,0)

atz C axz + KQ('X: t) = 0; (7)
_ ub(x' t) _ CS O _ kS _kS _ Ep _ Eg _ Gg

is the density of the PZT sensor, pg is the density of the structure, characterizes the dynamic
equation.

The solutions for coupled Eq. (7) are determined by

u,(x,t) = (a; cosh(1;x) + a, sinh(4;x) + a3 cosh(1,x) + a,sinh (1;x))e“?,
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up(x,t) = (B1(ay cosh(A;x) + a, sinh(4;x)) + B, (a3 cosh(4,x) + a,sinh (A x))elt,  (8)

where

2 2 ’

A _ \/_Cl +\/C12 _4‘C2 /'l _ \/_Cl —ﬁClz - 4‘C2
1= ) 2

€, =— <Cl (ks — w?) + Ci(kp — w2)>, c, = (ﬁ (ks — w?)(kp — 0?) — %>,
s D pCs

CpCs
1= (— = 0%+ (e — w2)> and B; = (C—Sazz — = (ks — w2)> :
ks ks ks ks
The constants a4, @,, @3, @4 can be determined by boundary conditions.

2.3 Electrical response in the PZT sensor

Electrical signatures emitted by the PZT sensor generated by mechanical deformation can be
determined using the first Maxwell’s equation (Gauss law for electricity, see (Ballas, 2007)),
which relates electric charge density o with electric displacement D; as

o = div(Dy). €))

Total electric charge accumulated in the PZT sensor is determined by

Q= [ff, edv, (10)

where V is the volume of the PZT sensor. (Sirohi and Chopra, 2000) analyzed the PZT sensor as
a capacitor due to electrical charge and discharge effects. Therefore, the voltage produced by
electrodes can be obtained as

szt = C£' (11)

pzt

where C, . is the capacitance of the piezoelectric material (PZT) and it is calculated by

eszl,w
Cpae = =4 (12)
14

where e3 is the electric permittivity and L, is the length of the PZT sensor.
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3 NUMERICAL EXAMPLE

In Fig. 3 it is shown a structure or rod bonded to a piezoelectric sensor by means of an
adhesive layer. Table 1 shows the physical properties of the structure, PZT sensor and adhesive
layer.

Sensor

Adhesive Layer P

4 Structure —)-

Figure 3: Structure-bonding layer-PZT sensor submitted to a P axial force.

Item PZT Sensor | Structure | Adhesive layer
PZT-5A | Aluminum Araldite
Density (kg - m™3) 7500 2700 7850
Young Modulus (Gpa) 120.34 70 2.84
Constantd;< (C-N~1) | 5.84x10° | ...... | ...
Relative permittivity 1470 | ... | ...
Thickness (mm) 0.2667 0.25 0.3
Length (mm) 5and 15 | 5and 15 5and 15

Table 1: Physical and geometric properties

Static results shown in Fig. 6 were obtained using the definition of strain from Eq. (5). The
solutions of figures 7 and 8 were obtained by means of equations (3) and (11). Dynamic results
shown in figures 10a and 11a were obtained differentiating the analytical solutions established in
Eq. (8). Figures 10b, 11b and 13 were obtained with (COMSOL, 2007). Figure 14 was
determined applying equations (13) and (14).

3.1 Static results

The static problem was modeled in (COMSOL, 2007) to compare the analytical solutions

obtained with the following boundary conditions: u,(—1/2) =0, P=20N, %(—1/2) =0,

%(l/ 2) = 0 (strain in the end points of the PZT sensor is zero) and w = 15 mm (width of
structure, adhesive layer and PZT).

Figure 5 shows displacements obtained by finite element method using (COMSOL, 2007), and
the analytical solutions shown in Eq. (5). The mesh established for the numerical model done in
(COMSOL, 2007), presents 2240 triangular elements and 9282 degrees of freedom (see Fig. 4). It
is possible to verify that the finite element method and analytical solutions presents a good
agreement.
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The displacements of the structure and the PZT sensor present nonlinear behavior, since

distributions of strain through PZT sensor are also nonlinear (definition of strain for the sensor

d . .
ep(x) = u:}fx), for the structure €,(x) = du;fo), see Fig. 6). Displacement values along the

length of the structure and along the PZT are different, as it is shown in the Fig. 5. When the PZT
sensor was not bonded to the surface of the structure, displacements through the structure

(structure in form of rod) presented linear behavior (constant strain given by (:—x (EA Z—Z) = 0) as

it is shown in (Kwon and Bang, 2000)). After bonding the PZT sensor in the structure, the
displacements and deformations of the structure are evidently modified.

Figure 4. Mesh applied to the set with COMSOL
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Figure 5: Displacement solutions by FEM and analytical solution for l = 5 mm
3.1.1 Mechanical effects

Figure 6 shows the deformations of the structure and the PZT sensor for different thicknesses
and lengths after applying the force P. In this figure the strain distribution is nonlinear for the
lengths of bonding 5 mm and 15 mm, and for different thicknesses of bonding layer. Figure 6a
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shows that the PZT sensor strain is separated of the structure strain in interval x € (—2.5,2.5).
When the thickness of the adhesive layer is smaller than h, = 0.3 mm, (h, € (0.1h, 0.9h,))
the strain values of the structure and PZT sensor can be considered approximately equal. Figure
6b shows that the values of strain in the adhesive interface are more effective when x € (=5,5).
This represents 66.6 % of the total length adhered. It is important to denote that the length
influences significantly the force transmission through the interface.

x10°
12
{= 8 I
= &
4|
—+ Structure - Structure
—— Piezoeletric sensor (PZT) — Piezoeletric sensor (PZT)
0 -
a) b)
L L L 1 1 L 1 1 L 1
2 3 75 -6 -4 0 2 g
1 0 1 2 x10 2 48 Togp
x(m) x (m)
Figure 6: Analytical solutions of the deformation of the sensor and the structure, a) l = 5mm, b)l = 15 mm
x10° x10°
[ T L T L T J T T L T T T T T T T
Shear lag effect /
2| 2 Shear lag effect
g 17 5 1}
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B0 o §o .
1+ P 1
4 $ E
-1 At !
Non effective zone Effective zone !
-2 a) 21 b) |
2 a0 1 : 6 -4 -2 0 2 4 6 S
x (m) x10 x (m) x10

Figure 7: Analytical solutions of shear stress at the adhesive interface to a) [ = 5 mm, b) 15 mm

Figure 7 shows shear stress through the bonding interfaces for the lengths of 5 mm (see Fig.
7a) and 15 mm (see Fig. 7b). Shear stresses shown in Fig. 7a do not present an effective zone in
which the transference of shear forces can be transmitted without distortion of the adhesive layer.
In this case, the adhesive layer does not present distortion at the point x = 0, where the
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mechanism of force transference is purely shearing along the interface. On the other hand, it is
possible to verify in Fig. 7b an effective zone where shear forces deform the adhesive layer
uniformly. This means that there is no distortion of the adhesive layer (shear forces are null). In
the effective zone, the effect of displacement shown in Fig. 1 (displacement of the structure
bigger than displacement in PZT at a point x), will not be presented through the entire interface,
since the displacements and deformations in the effective zone are equal. In this Fig. it can be
observed that the shear lag effect is presented only in the ends of the interface (see (Balla and
Soh, 2004)).

Axial deformation produces a symmetrical strain distribution (see Fig. 6) through the bonding
interface. This principle can be used to determine debonding (Xu and Liu, 2002) and simulate
debonding with the decrease of the stiffness of the adhesive layer dividing the electrode of the
PZT sensor (in this study this will not be considered).

3.1.2 Electrical effects

Figure 8 was obtained by means of Eq. (11), the electric displacement was calculated with the
strain of the sensor (see Eq.(2)). This figure compares electric potential (electrical signature
emitted) generated by the PZT sensor of two lengths and for different cases of adhesive
thickness. Results indicate that when the thickness of the adhesive layer is bigger, the electric
potential emitted by the sensor is smaller, as it was presented by (Han et al. 2008). Furthermore,
if the piezoelectric sensor is longer, the electric potential is bigger. In all cases of adhesive
thickness the electric potential emitted by the PZT sensor of length 15 mm is bigger than the
electric potential emitted by the sensor of 5 mm.

1.8 T T T T T T

Piezoelectric sensor Length of the interface

electric potential N

N /=5 mm
L li=i5mm

electric potential (V)
o
o -

o
[=))
T

o
-y
T

1 1

0 0.5 1 15 2 2.5 3 35
adhesive thickness (m) x10°

Figure 8. Adhesive thickness effects on electric potential
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If a fully adhered sensor is partially debonded in the ends, the electric potential generated by
sensor under the same conditions of force will begin to decrease, because electrical signatures are
smaller when the length of the PZT sensor is smaller. If the PZT sensor is partially debonded, it

can emit electrical signatures due to local deformation in the structure (the PZT sensor is also
deformed).

3.2 Dynamic results

Dynamic problem of Fig. 3 was proposed and solved for two cases: PZT sensor fully bonded
(solved with the analytical solution, see Eq. (8)) and PZT sensor partially bonded (solved with
the numerical solution obtained by FEM). The analytical solution was determined with the

following boundary conditions, such that u,(0) = 0, P = 20sin (wt), where w = 20 Hz is the
excitation frequency, % (— %) =0, % (— %) = 0 and w = 15 mm. In such a case the length of
the set shown in Fig. 3 is 30 mm. The physical and geometrical properties of the problem are
shown in Table 1.

%10
3'_ T T T |
ug(x,t) : u,(x, 1)
21 Analytical \ Analytical |
Model Model

= ----comsoL f = \--- COMSOL
21 1
Lh
&
50
a
]
2

1
—_
T

_2-
-3~ L 1 L L |
0 0.02 0.04 0.06 0.08 1
time (s)

Figure 9: Displacements at x = [/2 to t € (0,1)

The numerical solution of the problem shown in Fig. 3 was obtained using (COMSOL, 2007)
with a finite elements mesh (see Fig. 4) of 2240 triangular elements and 9282 degrees of
freedom. This model was established to compare with the dynamic analytical solution shown in
Eq. (8). Figure 9 shows the displacements of the structure and the sensor at the point x = [/2.
The analytical displacement solutions present a satisfactory approximation with respect to
numerical solutions. In Fig. 9 displacement can be observed that the displacement of the point
x = [/2 of the structure is bigger than the displacement of the PZT in the same point. This means

that one part of the deformation energy remains in the adhesive layer when forces are transmitted
through the interface.
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3.2.1 Dynamic results with debonding (5 mm)

Figures 10 and 11 show the deformations of the structure and of the PZT sensor for two cases,
fully bonded and partially bonded (25 mm bonded). In Fig. 10 one can observe that when the
PZT sensor is debonded, the strains of the structure increase in the debonded area. This shows
that the measures of strain obtained by the PZT sensor are smaller than real deformations
produced in the structure and smaller than the deformations outside of the bonded section
(structure-adhesive layer-PZT).

0.03

time (s)
a) time (s) 0.1
b)

Figure 10: Strain of the structure, a) sensor fully bonded (I = 30 mm), b) sensor partially bonded (I = 25 mm)
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time (s) i 0.05 002
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Figure 11: Strain of the sensor, a) sensor fully bonded (I = 30 mm), b) sensor partially bonded (I = 25 mm)

Strains through the sensor, caused by applying force in determined period of time, t € (0,0.1)
s, are shown in Fig. 11. Figures 11a and 11b correspond to the deformations of the PZT sensor,
when the PZT sensor is fully bonded and partially bonded to the structure (debonded 5 mm in
left end). In Fig. 11b one can observe that the deformation in the area, in which is localized the
debonding, presents null strain.

Due to the debonding in the end, the sensor loses performance (energy relation input-output)
and effectiveness (force transference along the sensor) when it performs the task of monitoring.
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The mechanical effects of the debonding will be reflected in the changes of deformation near
to the debonded end of the PZT sensor. Failure or rupture by fatigue could be generated in time
by this deformation due to the action of periodical forces which act in the debonded section. The
debonded section of PZT sensor will act as a short beam submitted to periodical bending forces
(see Fig. 12 left end)

3.2.2 Electrical results with debonding (5,10, 15,20, 25 mm)

Figure 12 shows the set structure-adhesive layer-sensor. In this case one end is not fully
adhered in this figure, d represents the disjoined of the structure and the sensor, [, is the
effective length of adherence in the sensor and the structure.

1
! Sensor
X Adhesive Layer
- '
d ! Structure
1

=Y

|

|
|
| L. |
Figure 12: Set with one partially debonded end

Electric charge generated by the sensor to the different cases of adhesion is shown in Fig. 13.
Electric charge values were obtained with (COMSOL, 2007).

6 T T T T T '
d=0 mm d=5mm d=10 mm

Generated Electric Charge (C)

d= debonded Length
1

1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
time (s)

Figure 13: Electrical charge generated by the PZT sensor in different cases of debonding.
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In Fig. 13 it can be observed that when the lengths of adhesion are smaller, the generated
electric charge by the sensor is smaller. It is important to mention that the debonded sensor emits
electrical signatures caused by the local deformation of the structure. This means that the PZT
sensor presents functionality when it is partially bonded. However, when a sensor presents
debonding, the disjoint of the sensor is considered as a failure. The failure could be evaluated by
the performance of the sensor taking into account the decrease of the electrical signatures
emitted.

In this study, it is established a relation of performance which permits to measure the electric
charge percentage respect to the initial measurement of electric charge generated by the PZT
sensor, in same dynamic conditions. Therefore, we establish the electrical charge performance

(P¢) in two measures of electrical charge as

_ Vmaxc

P = (13)

Vmax;’

where Vmax, is the maximum value of electrical charge obtained initially to a periodical

excitation, Vmax;. is the maximum value of electrical charge obtained after a time in the same

excitation conditions. Also it is established a relation of adhesion effective percentage (P,) with

the effective length of the following form

Les
7

P, = (14)

where [ is the initial length of adhesion and L, is the effective length of adhesion after dedonding
the sensor. Relations established in equations (13) and (14) are shown in Fig. 14. In this figure it
can be observed that the electrical charge performance (P.) decreases slower than adhesion
effective percentage (P,).
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Figure 14: Adhesion effective percentage (P,) vs electrical charge performance (P,)

Copyright © 2010 Asociacion Argentina de Mecéanica Computacional http://www.amcaonline.org.ar



8406 H. TINOCO, A. SERPA, A. RAMOS

4 CONCLUSIONS

In this study it was verified that the properties of adhesive layer present effects on the
mechanical and electrical behavior of the structure and the PZT sensor. Deformations along
bonded interface in the sensor and the structure present a nonlinear distribution of the strain, and
displacements determined in both parts (structure and PZT sensor) also presented nonlinear
behavior. Electric potential emitted by PZT sensor when the structure is submitted to a known
force is modified when the thickness of the adhesive layer varies. The mechanical effects of the
adhesive thickness were reflected on strains and electrical effects were reflected on electric
potential generated by the PZT sensor. Shear stresses were affected by the length of the sensor.
For instance, when the length of the PZT sensor is larger, the force transference is realized by
means of deformation of effective zone, in which deformations are equal. Transmitted shear
forces create an effect on the end of the PZT sensor, where shear stresses are bigger in the ends of
the adhered surface. On the other hand, if PZT sensors have smaller lengths the mechanism to
transmit forces is completely via shear stress through the interface.

When the PZT sensor is debonded, structure strains increase out of the adhered interface and
PZT sensor strains are null in the disjoint section. For different cases of debonding, electric
charge generated by the sensor diminishes as the value of debonding of the adhesive interface
becomes bigger. Relations established (P. and P,) for the cases of debonding show that the PZT
sensor does not lose effectiveness when it is debonded. For example, when the PZT sensor is
30 % debonded the effectiveness of the electric charge is 90% and when the PZT sensor is 65 %
debonded the effectiveness of the electric charge is 80%. If the PZT sensor is partially debonded,
it can emit electrical signatures, due to the local deformation in the structure, the PZT sensor is
also deformed. This demonstrates that it is necessary to evaluate the performance of the sensor
for determining optimal operation conditions and not to consider the debonding as failure to such
a point that it presents minimum effectiveness. The knowledge of the effects of the adhesive
layer can help to keep the PZT sensor health monitoring as also the structural health monitoring.

FEM (using (COMSOL, 2007)) was necessary for determining the solution in the cases of
debonding. Since that the analytical models obtained were proposed for the interfaces
(structure/adhesive and adhesive/sensor) fully adhered. Numerical results will present a
satisfactory approximation with respect to analytical solutions determined.
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