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Abstract The current work presents the analytical studyhefeffect of the mechanical and geometrical
properties of the adhesive layer on the coupledadha electromechanical behaviour of thin piezocétam
sensors/actuators bonded to elastic media. A sactoator model with an imperfect adhesive bondiayer

is proposed to simulate the two dimensional elestrchanical behaviour of the integrated system. The
analytical solution of the problem is provided tady the effect of the bonding layer upon the dyigam
behaviour of the sensors/actuators under diffeleading frequencies. The interfacial debonding #&ad
effect on the interlaminar strain and stress temsiechanisms are discussed in detail. Numericailtee
obtained show that even for perfectly bonding céiseslynamic coupling between the sensors/actuatats
the host structure is significantly affected by thaterial and geometric properties of the bondaygt. For
imperfect bonding layers, debonding and loadingydescy interact strongly to each other at certain
frequencies, showing a significant coupling effect.
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1. Introduction

Using piezoelectric sensors/actuators in smartstras for position control, vibration control, and
damage detection has attracted significant attenfimm the research community [1-4].
Piezoelectric patches could be permanently bonddubst structures using proper adhesives. The
adhesive layer transfers the load between the sBantimator elements and the host structure and
significantly influences the efficiency of the semgactuating process. It is, therefore, an impurta
issue to study the effect of the adhesive laysuich smart structures.

Beam, plate and shell elements have been extepsiueéd [5-7] to study the global
electromechanical behaviour of piezoelectric strres. To understand the load transfer through
bonding layers in these structures, detailed Ideébrmation near actuators/sensors must be studied.
A one-dimensional actuator model has been develtpetudy the static local stress field near a
thin-sheet piezoelectric element attached to anitafelastic medium [8]. A similar analysis was
also conducted based on a more general model witded both interfacial and normal stresses
[9, 10]. The development of techniques of genegasind collecting diagnostic elastic waves using
piezoelectric actuators/sensors has showed thet gre@ntial of continuous monitoring of
composite structures using distributed piezoele@dtuators/sensors [11]. The study showed very
promising results for using integrated piezoelecactuator/sensor systems in structural health
monitoring. A special application of piezoelectactuators/sensors is in the electromechanical
impedance method, which was developed for idemigfydamage by monitoring the changes in the
impedance of the structure [12-15]. Piezoelectciwators/sensors are also used to generate wave
propagation in smart structures for the health moomg of the structures. To study the
high-frequency dynamic behaviour of a piezoeledtnio-sheet actuator, a one-dimensional model
was developed and used to evaluate the effectahggic and loading parameters upon the load
transfer between the actuators and the host steudfib, 17]. This actuator model is further
modified to study problems with varying electrieltl distribution along the actuators [18]. Newly
developed piezoelectric actuators can sustainyahigh electric field without electric breakdown,
and, therefore, can generate relatively high sirathe adhesive along the edge of the actuatar, an

-1-



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

may finally result in debonding [19, 20]. Existisfudies on the electromechanical behaviour of
piezoelectric actuators with imperfect bonding hbeen mainly confined to the global response of
piezoelectric structures [21-23].

The current work reviews and presents the analystaly of the effect of the mechanical and

geometrical properties of adhesive layers on theplea dynamic electromechanical behaviour of

thin piezoceramic sensors/actuators bonded toielastdia. A sensor/actuator model with an

imperfect adhesive bonding layer is used to sireuldie two dimensional electromechanical

behaviour of the integrated system. The analyso#ltion of the problem is provided to study the

effect of the bonding layer upon the dynamic bebaviof the sensors/actuators under different
loading frequencies. The interfacial debonding @acdeffect on the interlaminar strain and stress
transfer mechanisms are discussed. Numerical sesbiained show that even for perfectly bonding
cases the dynamic coupling between the sensoratacguand the host structure is significantly

affected by the material and geometric propertfab® bonding layer. For imperfect bonding layers,
debonding and loading frequency interact stronglgdch other at certain frequencies, showing a
significant coupling effect.

2. Formulation of the Problem

For surface-bonded piezoelectric thin sheets vhighgoling direction along the thickness, as either
actuators or sensors, the axial deformation wily@ dominant role. Since the thickness of the host
medium is usually much larger than that of the paébectric elements, the host medium can be
modelled as a semi-infinite medium. Accordinglynsiaer the plane strain problem of a thin
piezoceramic sheet bonded to a homogeneous anwpiotelastic half plane through a thin
bonding layer, as illustrated in Fig. 1. In theufiga represents the half length of the actuator/sensor,
and the thicknesses of the actuator and the boray®y are assumed to beandh’, respectively.
Debonding at the bonding layer forms an interfaciatk, with the half length beirdy

z

Host Medium

Figure 1. A surface piezoelectric element with debog

For an actuator, a voltage applied between the upper and lower electrodekeopiezoelectric
element, which results in an electric figddexp(—iwt) along the thickness of the actuator, wheze

is the magnitude of the electric field intensityjwdaw is the angular frequency. For steady state
problems, all field quantities contain the same pgeral factor exf-iwt), which is hereafter
omitted for brevity.

2.1 Modelling of the piezoelectric elements

For a thin-sheet actuator/sensor, the axial sapdsstrain can be assumed to be uniform across the
thickness. The normal stress between the actuatbthe host medium is ignored because the upper
surface of the thin actuator/sensor is tractioe.ffdne piezoelectric element can then be modelled
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as a one-dimensional element subjected to intaifashiear stress and electric field with the
governing equation being

dof'(y)  7(y)
: AN
dy h
where aay, p? and u""y are the axial stress, the mass density, and tha digplacement of the
actuator, respectively. The axial stress of theaot is related to the axial strafty and the electric
field E;by the following general constitutive relation
= 2
oy (y) = E%5(y) — e E; )

whereE? ande® are the effective stiffness and piezoelectric camist][].
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Based on this simplified model, axial the strsid displacement in the piezoelectric element can be
determined in terms of the interfacial shear st(@sand the applied electric field intensify,) as
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which represents the deformation of the piezoateetement caused by the interfacial shear stress
and the applied electric field.

2.2 Thebonding layer

The bonding layer connects the piezoelectric eleraed the host medium by transferring shear
stress. The shear stress in the bonding layevéndiy its constitutive relation as

Hh _ I.CU]/b

i
where 4° and j® are the shear modulus and the coefficient of viscasf the bonding layer,

respectively, and+ andu- are the longitudinal displacements of the uppet lawer surfaces of
the bonding layer, respectively.

[t (y) —u"(y)] 4)

—1(y) =

2.3 The governing equations for debonded piezoelectric elements

When debonding occurs, the shear stress in thendelopart of the piezoelectric element will be
zero. By solving the governing equations for thezpelectric element and that for the elastic host
medium, and satisfying the continuity conditionsktinterfaces, the following governing equation
for the entire system with interfacial debonding & obtained,
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which represents the contlnwty condition across ddhesive layer. In addition, in the debonded

part of the adhesive layer following continuity dition should be satisfied,
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from which the interfacial shear stress can berdeted. In this equatiomlg=2(1-"), and
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which are determined from the elastodynamic sahutibthe host mediunkK= a/c., k=aJct aretwo
wave numbers witlt, andcr being the longitudinal and transverse shear waeedpf the host
medium.

2.4 Thesingular behaviour of the debonded piezodectric elements

Interficial debonding forms interfacial cracks. general, oscillating singularity will occur at the
tips of the debonding. For the current piezoelectiement with a partially debonded layer,
however, the well-known oscillating singularity a@igpears based on the model used and the

corresponding governing equations, because thdlatsaj singularity occurs only at perfectly
bonded interfaces.

3. Resultsand Discussion

The existence of adhesive layers could signifigaiifect the behaviour of the piezoelectric
actuator/sensor [24-27]. The response of the pleetoi&E element to an applied electric field
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(actuator) or an incident wave (sensor) has beediest under different geometric and loading
conditions to evaluate the effect of the bondingetaupon the load transfer between the
actuator/sensor and the host medium. In the foligwiliscussion, only the magnitude of the
physical stress is presented. The numerical cdlonlas conducted by solving the governing
equations using Chebyshev polynomials expansiothefshear stress The convergence of the

solution has been carefully evaluated.

The piezoelectric material considered is piezocaramwith its material property being given in
Table 1[28]. The properties of the bonding layer [3] ahd host medium [29] are given in Table 2.
The mass densities of the actuator and the hosumeate assumed to be 2,700 kg/[28].

Table 1. Piezoelectric properties

Elastic 11 C12 c13 C33 Ca4
(Pa) 13.9 x 10T | 6.78 x 10'° | 7.43 x 10" | 11.5 x 10'° | 2.56 x 10
Piezoelectric €3 €33 €15
(C/m?) 5.2 15.1 12.7
Dielectric Al Asg
(C/Vm) | 645 x 102 | 5.62 x 10-2
Table 2. Properties of the host and the bondingrlay
Host medium
Young’s modulus E" (Pa) | 2.74 x 10'°
Poisson’s ratio »" 0.3
Bonding layer
Shear modulus x” (Pa) 1.0 x 10°
0.75 : I . .
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Figure 2 Shear stress distribution along the aslbdaier of an actuator
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The amplitude of the dynamic strain ratio
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Figure 3 Axial strain distribution along a sensor

One major effect of the adhesive layer is thatdluces stress concentration at the end of an actuat
Figure 2 shows the shear stress distributicrgE®E,, q=7E"(1-V"%/E* ) along an actuator with
a=1cmandh=0.5mm for the case where the loading frequendyais1.0and y, = 0.0 for different
thicknesses of the bonding layer. Evaluating tikecarves in this figure shows that, as thiealue
increases fron® to 32Qum, the stress concentration at the tip of the aotugta = 1.Q decreases
significantly. The adhesive layer also has a sigaift effect on the response of the piezoelectric
element as a sensor. Figures 3 shows the amplifuitie normalized strain along the sensor caused
by a normal incident wave for the case whael.0for different bonding layer thickne$s 10, 40,

80, 160and320 xm. Significant decrease of the strain with incregdoonding layer thickness is

observed.
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Figure 4 Shear stress distribution along a payt@ddlbonded adhesive layer of an actuator
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Figure 5 Axial strain distribution along a partyatlebonded sensor

When debonding occurs at the adhesive layer, thargiress in the debonded region will disappear
and the shear stress will be redistributed in tbeded region. Figure 4 shows the shear stress
distribution in the bonded region of the adhesaxeel for an actuator under the same geometric and
loading conditions as that discussed in Figure a2, the case where the debonding region is
-0.5a<y<0.53 for different thicknesses of the bonding layei='/a). For very small layer
thickness the shear stress shows square-root aiitgudt both the end of the actuator and the ftip o
the debonding. The existence of the adhesive hlajleremove this singularity and generate stress
concentration, which reduces with the increase h&f layer thickness. Figure 5 shows the
corresponding normalized axial strain distributadra sensor in response to a normal incident wave.
Significant decrease of the strain with increadingding layer thickness is observed. The adhesive
layer also has a significant effect on the respafishe piezoelectric element as a sensor. Figbires
shows the amplitude of the normalized strain alilvegsensor caused by a normal incident wave for
the case wherka = 1.0for different bonding layer thickne€s 10, 40, 80, 16@nd320 ym. It is
observed that debondind)(5a<y<0.59 significant decreases the strain level in thessebot only

in the debonded region but also in the bonded péttse sensor.
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