Journal of Theoretical and Applied Mechanics, Sofia, Vol.52 (2022) pp. 365-380

SOLID MECHANICS

INFLUENCE OF TYPE OF ADHESIVE ON THE INTERFACE
DEBONDING OF A BAT103/EPOXY STRUCTURE UNDER TIME
HARMONIC MECHANICAL LOAD AND ELECTRIC FIELD AT

ENVIRONMENTAL CONDITIONS

TATYANA PETROVA!, ELISAVETA KIRILOVAl*,
WILFRIED BECKER?Z, JORDANKA IVANOVA?

' Bulgarian Academy of Sciences, Institute of Chemical Engineering,
Acad. G. Bonchev Str., bl. 103, 1113 Sofia, Bulgaria
2Technical University of Darmstadyt,
Franziska-Braun-Strafie 7, 64287 Darmstadt, Germany
3European Polytechnical University,

23 Sv. Sv. Kiril i Metodiy Str., 2300 Pernik, Bulgaria

[Received: 26 February 2022. Accepted: 05 April 2022]
doi: https://doi.org/10.55787/jtams.22.52.4.365

ABSTRACT: The study deals with investigation of the effect of the used
adhesive upon the interface delamination at adhesively bonded piezoelectric
patch/layer structure BaTiOs/Epoxy subjected to time harmonic mechanical
load and electric field at environmental conditions. This is needed for a predic-
tion of conditions, at which these type of structures work safely (without fail-
ure). For the interface shear stress in the overlap zone of structure, at two dif-
ferent thicknesses of its adherends and three adhesives used, a solution method
based on shear lag and Fourier method has been applied. The types of so-
lutions obtained depend mainly on the adherends’ thickness, the magnitude
and frequency of the applied mechanical loading and the shear modulus of the
used adhesive. Based on the analysis conducted it has been shown that with
increasing magnitude and frequency of applied mechanical load, the delamina-
tion length also increased. The delamination could be avoided if the stronger
adhesives and thicker adherends are chosen. The debond length is highly de-
pendent on the magnitude of electric displacement. The analytical equation for
resonant frequencies in the considered structure is developed on the base of
obtained solutions and they are calculated at all three investigated adhesives.

KEY WORDS: patch/layer structure; adhesive influence; interface debonding;
dynamic time harmonic mechanical and electric load.
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1 INTRODUCTION

Over the last decades, the damage tolerance design of adhesive bonded joints has be-
come significantly important in the aerospace industry as well as automotive, marine
and other industries. The design parameters which affect the strength and durability
of adhesive bonded joints are surface treatment; joint configuration; geometric and
material properties of adhesive layer and adherends; the type of applied loading and
environmental conditions [1]. The type of bonding method [2] and the critical strain
field [3] also affect the strength of the considered adhesive bonded joints. These pa-
rameters are very important when the stress strain behavior of the smart patch/layer
structure is considered [4]. For damage tolerance design of such type of structures it
is very useful to predict the stress distribution and the conditions, at which adhesive
bonded joints work safely (without failure) under a given loading (static or dynamic).
For that purpose, closed-form analytical methods and numerical methods such as fi-
nite element method (FEM), boundary element method and finite difference methods
have been developed [5, 6].

FEM are used mainly for investigation of the fracture behavior and geometric and
mechanical properties of adhesive layer and bonding conditions. For example, Zhu
and Kedward [7] have investigated by FEM and closed-form solutions the thickness
and ductility of the adhesive layer in adhesively bonded joints under tensile shear
loading for stress distribution and failure prediction. Based on the analysis conducted
it has been shown that the maximal strength of the adhesively bonded single lap joint
increased with decreasing adhesive thickness. Matt et al. [8] have investigated the
behavior of composite adhesively bonded joints at the presence of bond defects by
a semi-analytical FEM and experimentally by ultrasonic testing the propagation of
ultrasonic guided waves across the joints with poorly cured adhesive and disbonded
interfaces. The obtained results have shown that the ultrasonic energy transmission
through the joint is highly dependent on the bond conditions, with defected bonds
resulting in increased transmission strength. Sandu et al. [9] have evaluated the load
capacity of some configurations of adhesively bonded single-strapped joints based
on analytical pre-dimensioning calculus and nonlinear elastic finite element analysis.
The authors have discussed that a spectacular improvement of strength performance
of single strapped-joints with small gaps between the adherends ends can be obtained
by filling the gap with adhesive and by using straps thicker than the outer adherends.
Tinoco et al. [10] have conducted a numerical FEM analysis to understand adhesive
layer effects on the electromechanical coupling of piezoelectric sensors bonded to
the structures. The authors have developed a mathematical model for electrical sig-
natures using Maxwell’s equation (Gauss law for electricity). The obtained results
have shown that the thickness and the length of the adhesive layer have significant
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effects on the electrical signatures and these effects can be applied to detect debond-
ing of piezoelectric sensors. Afendi et al. [11] have used finite element analysis for
investigation of the effect of bond thickness upon the shear strength of an epoxy adhe-
sively bonded joint with dissimilar adherends. The obtained results have shown that
the shear strength of the adhesive joint decreases with increasing bond thickness and
the strength of the shear adhesive joint is also dependent on the elastic modulus of the
adherend. Some authors incorporated cohesive zone models in finite element analysis
for prediction of the repair’s elastic stiffness, maximum load and corresponding dis-
placement in the bonded assemblies [12] as well as for prediction of failure initiation
and delamination pattern of such adhesive joints [13].

Besides FEM, other methods for analysis of the stresses in bi-material adhesive
bonded structures have been developed. For example, Chadegani and Batra [14] have
used first-order shear deformation plate theory for the case of a void within the adhe-
sive of such type of structures. For each section the authors have formulated balances
for forces and moments and the continuity of displacements as forces and moments
at the interfaces between the adjoining sections has been imposed. On the other
hand, Valeva et al. [15] have used 2D boundary element method to determine the
debond length along the interface in a pre-cracked bi-material ceramic-metal struc-
ture. Jin and Wang [16] have proposed a sensor model for investigation of the effect
of mechanical and geometrical properties of the adhesive layer on the coupled dy-
namic electromechanical behavior of a thin piezoceramic sensor bonded to an elastic
medium.

Furthermore, the behavior of bonded joint structures is affected by the properties
of the adhesive used. Hass et al. [17] have studied the failure of adhesive bondlines
at microscopic level via tensile test and the interaction of cracks with adhesive bond-
lines under various angles to the crack propagation as well as the respective load-
ing situations for the adhesives: urea-formaldehyde (UF), polyurethane (PUR) and
polyvinyl acetate (PVAc) which have distinctly different mechanical behaviors. Fer-
nandes et al. [18] have investigated experimentally and numerically by finite element
analysis, cohesive zone models (CZM) and extended finite element method (XFEM)
the performance of three polyurethane adhesives ranging from brittle to largely duc-
tile behavior in single lap joints with varying values of overlap length. They have
evaluated which family of adhesives is more suited for a given joint geometry.

The proved performance of the shear lag method in the case of combined dy-
namic time harmonic load, electric field at environmental conditions of smart hy-
gropiezothermal elastic patch/layer configurations has encouraged us to apply it for
the investigation of the magnitude and the frequency of applied mechanical load
as well as the electric displacement at which a possible interface delamination ap-
pears [19]. The efficiency of the proposed approach in [19] is proved on a adhesively
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bonded patch/layer structure PZT-SH/CFRP with polyacrylate thermoplastic adhe-
sive. Three type of closed-form solutions are obtained for the interface shear stress
in the structure. The results show that the choice of the ratio of of the thicknesses
of the patch and the host layer plays a significant role on the interface shear stress
and debond length. Decreasing ratio of the thicknesses of the adherends leads to an
enlargement of the frequency interval at which no delamination appears. On the other
hand, the frequency interval of applied dynamic load can change drastically the type
of the solution at given constant ratio of thicknesses of the adherends.

The current work continues our investigations in [19], adding an additional fac-
tor affecting the debonding in bonded patch/layer structures under the applied dy-
namic time harmonic load and electric field at environmental conditions — the type
of the adhesive used. Three types of adhesives are considered and their influence
on both the interface shear stress and the debond length is represented at case study
of BaTiO3/Epoxy structure, subjected on the applied dynamic time harmonic load
and electric field at environmental conditions. Shear-lag model predictions [19] for
interface shear stress and debond length are illustrated for each of the adhesives con-
sidered, for two type of solutions with the same thickness ratio for the structure ad-
herends, but at different thickness of layers. The influence of the electric displace-
ment and the magnitude of the mechanical load and frequency on the delamination
in the considered patch/layer structure are also investigated.

2 MODEL SOLUTIONS

The detailed description of solution derivation is given in [19] and here for brevity
only the final differential equations for the displacements u 4 and u g in the structure
layers A and B (Fig. 1), boundary conditions (BC) and solutions for interface shear
stress 77, deformation v/, in layer A and electric gradient E 4 are presented:

(1) u'y —k(ua —up) = —€uax, uh+ MNua—ug)=-nug,
(2) qu(O) =0, UA(Z) =0, ulB(O) =00, u/B(l) = 00,
where the following notations are introduced for simplicity:
Ax , Ax Ax
ez e " e
Er=ciy + 2235 Ep=cf'; Da=—"1Dy;
€33 €33
EZPAWQ- n:pin. k= 1 & A\ = 1 ﬁ
Ey Eg hiha By’ hgh; Eg’
Ax
* € * * *
(3) OéAZ(afl—%pé“); ap = oy’ B =B
€33
UA — U D eA* Ax
TI:GI( A—up) E.a= Zf— o A—pZ*T; hy =ha+ hp,

h )
I €33 €33 €33
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Fig. 1: The model of the smart patch/layer structure.

where h 4, hp are the thicknesses of the adherends, c; i (i,j = 1 + 3) are the elastic
constants transformed from 3D case to 1D case (measured at constant electric field),
e;kj and afj are piezoelectric and dielectric constants (measured at constant strain),
adr, BA*, ofr, pP* are thermal and hygromechanical stress coefficients for the re-
spective adherends, p?* is the pyroelectric coefficient for the patch A, oy, B are
thermal and moisture expansion coefficients for the layers, Ef, is Young’s modulus
for the layers (k = A, B) and G is the shear modulus of the interface layer I, re-
spectively. E, 4, D, 4 are the electric gradient and the electric displacement of the
patch. The poling axis is along the axis Oz, the origin of Oxz is set at the left end of
the overlap zone. The problem is solved in the selected overlap zone 0 < = < [ with
length [ (Fig. 1) for the lightweight structure of the smart patch and hosting layer,
where is assumed that D, 4 = Dy = const.

After some transformations of Egs. (1), we get the following differential equation

for the patch displacement:
4) ul) — AAUy — BBus =0, AA=k—-¢4+X—n, BB=kn—&n+ .

The corresponding characteristic equation is: r* — AAr? — BB = 0, r? = z,
z? — AAz — BB = 0 with the roots z1 5 = (AA + VAA? + 4BB)/2.

The following solutions of Eq. (4) for the displacements u 4 and upg, the electric
gradient E, 4 and the shear stress 77 are given for 3 cases (two positive, one positive
and one negative, and two negative roots of the characteristic equation for z in Eq.
(4)). The type of roots depends mostly (see the parameters in Eq. (3)) on the material
properties of the layers, their thickness, the applied frequency, and the shear modulus
of the adhesive used. Related to the materials chosen in the next section, here only
solutions for CASE 2 and CASE 3 for interface shear stress, deformation and electric
gradient in piezo-electric layer A will be presented.
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CASE 2 : ONE POSITIVE AND ONE NEGATIVE ROOT 21 > 0, 290 < 0 WITH

lei\/a, T2::|:i\/|22’,

T1(z) = hjkz{(g + 73)[A; cosh(r1x) + Ay sinh(rix)]

+ (£ - T%)[Ag cos(raox) + Ay sin(rgx)}},

(5) u'y(z) =r1 Ay sinh(rix) + r1 A cosh(rz)
— 1o Az sin(rox) + 19 Ay cos(rox)
_ Do e Py

=2 _ — 57
Ax Ax A Ax Tt
€33 €33 €33

EzA

The integration constants A;, ¢ = 1 = 4, are obtained from the boundary conditions
Eq. (2) and are

[b—a(k —&+r3)][1 — cosh(r1l)]

r1(rf + r2) sinh(rl)
[b—a(k—&—r})][cos(ral) — 1]
ro(r? + r2) sin(ral)

[b—a(k —&+73)]
ri(rf +73)

[b—a(k —&—r7)]

ro(r? +r) '

Alz— , A2:_

)

Az = , Ay =

The following equal notations

a_DA+aAT b_ao+aBT+ﬁBH
N E4 T Ep

are used for both CASE 2 and CASE 3 in integration constants A; for brevity.

CASE 3 : TWO NEGATIVE ROOTS z1 < 0, 29 < 0 WITH

r = :l:i\/\zll, T2::|:i\/|22‘,

G .
T1(z) = h};{(& — r%)[Al cos(rix) + Agsin(rix)]
+ (£ — T%)[Ag cos(rox) + Ay sin(rgx)]} ,
(6) () = — r1 Ay sin(riz) + r1 Ag cos(r1z)
— roAssin(rox) + 19 Ay cos(rax) ,
D eA* pA*
EZA = A(i - Zl*u:‘l - ?4*

€33 €33 €33
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Here, the integration constants are:

[b—a(k — &+ r3)][1 — cos(r1l)] Ay — _b—a(k =&+ 73)]
r1(r? — r2)sin(ryl) ’ ri(r? —r2) ’
[b—a(k — &+ rd)][cos(ral) — 1] [b—a(k—¢&+71d)

A — A =
3 ro(rf — r3) sin(ral) ’ 4 ro(rf —r3)

A=

To find the elastic-brittle debond length of the possible delamination along the inter-
face of the patch/layer structure the following criterion is used:

7 () = 7.

where 7" is the critical value of the interface stress for the adhesive. The value of z
in the overlap zone 0 < x < [, for which Eq. (7) is satisfied, is the debond length or
delamination length. Graphically, it is the intersection of the interface shear stress as
a function of = and the value of 7 for a given adhesive.

For the reasons of safe operation of the structure it is important to find the resonant
frequency, which is dangerous for the structure’s stability. These resonant frequency
can occur if the displacements become too large, i.e., the denominators in the inte-
gration constants A;, i = 1 + 4 go to zero. Hence, for constants A; at CASE 2 it
results to condition r? + r3 — 0, or after some transformations and rearrangement,
to the next quadratic equation about the resonant frequency:

27G1( Eahyg+ Eghp )

(8) wé=—
hr \hahg(paha + pshB)

It has to be notified that BB has to be positive to assure the existence of 2 roots
(positive and negative) for CASE 2.

Respectively, for constants A; at CASE 3, the condition is different 77 — 73 — 0,
and leads to the following bi-quadratic equation in respect to the resonant frequency:

) Pu'+Quw*+R=0,
where the values of coefficients P, ) and R are

P_(LA_LBf

Es Ep
0= 2G1(paER — ppEa)(haEA — hpEp)
hihahp(EsER)? ’
R = Gr(haEs+ hpEB)

hihahpEAER
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For CASE 3, the requirments for existing of two negative roots for z are AA and BB
to be negative, and AA? 4 4B B to be positive or zero.

As it is seen, the resonant frequency will depend on the patch/layer materials
‘densities and Young moduli, their thicknesses and on the shear modulus of the ad-
hesive used in the construction. An example of the full frequency analysis for similar
kind of problem (interface behavior of bi-material plate under time-harmonic load)
could be found in our previous paper [26]. In the next section, the behavior of the
considered structure described by the model represented will be illustrated with real
data for the patch/layer structure, the adhesive, the geometry and the given combined
load.

4 NUMERICAL EXAMPLES

In order to illustrate the abovementioned results on the behavior of the interface shear
stress, electric field and appearance of a possible interface delamination, the follow-
ing materials BaTiO3s/Unreinforced epoxy (Table 1) and three type of adhesives (Ta-

Table 1: Materials’ properties of the patch and host layer

Layer A Layer B
Material and physical constants BaTiO3 Unreinforced
Ref. epoxy Ref.
c11 150 [20] 3.5 [21]
C12 = C21 66 0
Elastic stiffness constants, C23 = €39 66 0
GPa C13 = C31 66 0
C22 150 0
C33 146 0
Piezoelectric constants, e31 = e13 = €39 = €93  -4.35  [20] 0 [21]
C/m2 €33 17.5 0
Dielectric constants, €11 98.7 [20] 0 [21]
x10710 C/(V m) €33 111.6 0
Pyroelectric constants, D3 20 [22] 0 [21]
%1076 C/(K m?)
Thermal stress coefficients, a1 0.09329 [20] 0.21 [21]
x10% N/(K m?) Q29 0.09329 0.21
Q33 0.09329 0.21
Moisture stress coefficients, B11 0 [20] 7 [21]
x10% N/(K m2%) Bos 0 7

Density, x10? (kg/m?) p 5.7 [20] 2.7 [21]
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Table 2: The properties of adhesives

E, v, Gr, 7,
elastic Poisson shear ultimate
Adhesives modulus, ratio modulus, shear strength, Ref.
GPa MPa MPa
Thermoplastic polyacrylate glue (TPA) 2.5 0.5 800 18 [15,23]
Araldite®?2011 (AW 106/HV 953U) 1.35 0.45 465 33 [23,24]
Araldite AV 119 3 0.35 1110 70 [9,25]

ble 2) are chosen. The other parameters (geometric, electric, temperature, moisture
concentration parameters) of the structure are constant as: [ = 0.08 m, 7" = 300K,
H = 0.25%, Dy = 2.55 C/m?, unless otherwise stated.

The considered patch/layer structures have been investigated at different thick-
nesses of the adherends: hy = 0.00l m, hg = 0.0l mand hy = 0.0l m, hg =
0.1 m. The thinner structure corresponds to solution (CASE 2), with one positive
and one negative root, Eqs. (5), while the thicker structure corresponds to solution
(CASE 3) with two negative roots, Egs. (6). The values of the resonant frequencies
are calculated from Eq. (8) and Eq. (9) for both Cases and for the chosen materials,
adhesives and thicknesses (Table 3). For CASE 3 and all adhesives considered, the
discriminant in Eq. (9) is negative, or no real resonant frequencies exist.

Table 3: Resonant frequencies for both solutions at different adhesives

Type of adhesive
TPA AW 106/HV 953U AV 119
CASE 2: hy =0.001l m, hg = 0.0l m 56.2685 42.899 66.279
CASE3: hy =0.01m, hg =0.1m N/A N/A N/A

The shear stress, electric gradient and debond length in the patch/layer structure
are calculated by both model solutions (CASE 2 and CASE 3) and the influence of the
adhesive type, applied mechanical load og, frequency w, and electric displacement
is investigated. All calculations are performed on Mathcad Prime, all graphics are
created with Sigma Plot, v.13. It has been found that the influence of the temperature
and humidity is not significant and their values remain constant. The influence of
the geometry i.e., the change in the adherends* thickness is taken into account in the
different types of solutions.
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Fig. 2: Interface shear stress as a function of z for 3 different adhesives, at different
0o and w — CASE 2.

The influence of the adhesive’s type on the values of the interface shear stress for
both solutions — CASE 2 and CASE 3, is presented in Fig. 2 and Fig. 3, respectively. It
can be seen, that each adhesive has a different value 7 of the critical interface stress.
In both figures, the interface shear stress and the possible delamination (intersection
of 77(x) and 7) in the overlap zone depend on both this level and the values of
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Fig. 3: Interface shear stresses as a function of x for 3 different adhesives, at different

oo and w — CASE 3.

applied mechanical load. A weaker influence of the frequency values on the interface
shear stress is seen for CASE 2; for CASE 3 (Fig. 3), this influence is better visible.

For CASE 2, (weakest adhesive TPA) the frequency of applied loading does not
affect the interface shear stress. The latter remains practically unchanged, especially
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in case of higher mechanical loading. For adhesive AW 106, the behavior is the
same, except the case of the highest frequency corresponding to the highest delami-
nation value, and it increases with an increase of the mechanical load value. For the
strongest adhesive AV 119 the delamination depends on the values of the frequency
and it is better “separated” for low mechanical load, than higher one. As expected,
delamination is the highest one for the weakest adhesive, but it should be mentioned
that no parameter can affect its value. For the other two adhesives by changing the
magnitude and frequency of the applied loadings, it can be expected that the delam-
ination should be only minimal, which is desirable for the safe operation of many
electronic devices and sensors.

For CASE 3 (Fig. 3) the behavior of the interface shear stress for the three adhe-
sives is totally different — practically there is no delamination for AW 106 and AV
119 in the investigated intervals of loadings and frequencies. Only for the weakest
adhesive, delamination occurs and this happens for the frequency about 40 kHz, and
higher loading.

One additional validation that results obtained for 77 () are in the “safe” frequen-
cies range is the fact, that the dangerous resonance frequencies for both CASE 2 and
CASE 3 (Table 3) are outside the range of the frequencies studied (see Fig. 2 and
Fig. 3). As it has been reported in [19], for PZT-5H/CFRP, both solutions (CASE
2 and CASE 3) are obtained and change from one to another at constant thicknesses
of patch/layer and exactly determined frequency (limit frequency, after which the
solution changes). The debond lengths for CASE 2 and CASE 3, for all adhesives
considered, as functions of mechanical loadings (10* < 107 Pa) and frequencies (1—
60 kHz) are presented in Fig. 4. The behavior of the debond lengths confirms the
results represented in the Fig. 2 and Fig. 3 for the interface shear stress. For simplic-
ity, the legend with the mechanical loadings is the same for all results represented in
Fig. 4.

0.04 0.04
Case 2, TPA Case 2, AW106
0.03 _
,,,,, et
=  gTomoooT oI T — — -
E 77— E
~7 A - Dy — e — = .l
e |
0.01
0.00 0.00 - T T T
1000 11000 21000 31000 41000 51000 1000 11000 21000 31000 41000 51000
[HzZ] o[Hz]

Fig. 4: Behavior of the debond lengths for CASE 2 and CASE 3.



Tatyana Petrova, Elisaveta Kirilova, Wilfried Becker, Jordanka Ivanova 377

0.030 0.030
(b) — Gane s
se 3 0.025 4 i

0.020 0.020 4
E 0.015 Lt E" 0.015 -

0.010 ' 0.010

0.025

0.005 0.005 -

0.000 0.000

2 2
D,, C/m D,, C/m

Fig. 5: Influence of Dg on the debond length for g = 10 MPa and w = 20 kHz; (a)
for CASE 2 and CASE 3, adhesive TPA and (b) for CASE 2 only, adhesives AW 106
and AV119.

For CASE 2, the delamination length increases with increasing the magnitude
and frequency of the applied mechanical loading, for the first two adhesives, reach-
ing 0.035m (about 40% of overlap zone). For AV 119 the delamination reaches a
maximal value of 0.015 m (about 18% of the overlap zone), for the highest magni-
tude and frequency of the applied mechanical loading. On a contrary, for CASE 3,
there is a delamination only for the first adhesive, which increases with increasing
the magnitude and frequency of the applied mechanical loading. Also, delamination
appears between 18-38 kHz for the first adhesive, there is no delamination for this
adhesive outside this interval.

The influence of electric displacement D on the debond length (all other param-
eters are constant) is shown for adhesive TPA in the Fig. 5(a). It is seen, that if the
other parameters are constant, the “safe” values of D, for CASE 3 (without delami-
nation) are less than 1.5, after that value the debond length increases with increasing
Dy. For CASE 2 there are no “safe” values of Dy, the debond length increases with
increasing Dy, as the values of [, are larger than those for CASE 3. For the other
two adhesives only CASE 2 gives non zero debond lengths as the influence of Dy is
presented in the Fig. 5(b). In this case only adhesive AV 119 has a “safe” interval of
Dg from 0 to 1.5 with no delamination.

The behavior of the electric gradient in the overlap zone for the adhesive TPA, in
CASE 2 and CASE 3 is represented in Fig. 6. For the other two adhesives, the be-
havior of the electric gradient is absolutely the same. In practice, the electric gradient
changes along the length of the overlap zone, at constant magnitude and frequency of
the applied mechanical loading (see the embedded graphics), but in the large range
of the ordinate axis it looks like a straight line. The electric gradient increases with
increasing the value of electric displacement for all adhesives, in both Cases.
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Fig. 6: Behavior of the electric gradient as a function of x, CASE 2 and CASE 3.

The future plans of the authors will include the investigation of the another com-
binations of materials for the structure layers and adhesives, as well as the influence
of the overlap length of the structure on the delamination in it. The proposed method
of solution gives the possibility to predict fast and analytically the safe intervals for
the healthy work of adhesively bonded bi-material structures under quasi-static time
harmonic load at environmental conditions and in the presence of electric field.

5 CONCLUSIONS

The interface debonding of an adhesively bonded piezoelectric patch on a host layer
structure subjected to quasi-static time harmonic mechanical loading and electric
field at environmental conditions has been studied. The closed form solutions for
the interface shear stress and debond length have been applied and discussed. The
influence of the adhesive type on the interface debond length at two types of solu-
tions for (CASE 2 and CASE 3) has been presented and illustrated on BaTiOg/epoxy
patch/layer structure, at three types of adhesives.

The combined load (mechanical in the presence of electric field) strongly influ-
ences the values of the interface shear stress and debonds length, for all adhesives.
The influence of the temperature and humidity is not significant. A stronger adhesive
leads to a reduced interface delamination.

For all adhesives, the frequency influence on interface shear stress and debond
length can be seen more clearly for thicker layer’s structure (CASE 3), than thin-
ner one (CASE 2). The electric gradient is slightly affected by the magnitude and
frequency of the applied mechanical loading, and it is highly dependent on the mag-
nitude of electric displacement. In addition, for the reasons of safe operation of the
patch/layer structure, the analytical equations for resonant frequencies for both solu-
tions at all three investigated adhesives are developed for the first time and they are
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calculated for both type of solutions, where it is possible. They should be used for
the fast prediction of resonant frequencies in similar kind of structures and loads.
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