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Introduction

In the last few decades, adhesive joints became an
indispensable and advantageous joining method when
compared with conventional methods such as welding,
soldering or mechanical screw or rivet joints [1]. Especially
the lightweight construction industry such as the aerospace
and automotive industry profits from performant structures
through the ability to combine an optimal set of materials [2].
In this way, an increase of the strength-to-weight ratio and the
overall efficiency of the entire system can be improved very
effectively. However, these joints must be designed in order
to avoid unfavorable loads such as peeling, to prevent a
subsequent delamination [3]. Next to the classical defects
such as pores, cracks or local delamination, so-called kissing
bonds representing weak interfaces between the substrate and
the adhesive can be present and limit the reliability of these
joints [4]. While the first three of these defects are detectable
with classical non-destructive testing (NDT) methods [5],
kissing bonds do not show noticeable separation between the
substrate and the adhesive and are therefore hard to detect. For
this reason, a reliable and cost-effective NDT method for the
quantification of kissing bonds is needed to increase the
reliability and reduce the development time and cost of
systems relying on adhesive joints. Therefore, a quantification
of kissing bonds by the means of guided ultrasonic waves will
be explained in this paper.

Modeling of an adhesive joint

In order to investigate kissing bonds, a proper and adequate
model is needed. In general, models found in literature for
adhesive joints consist of two substrates and an adhesive
between them. When the adhesive is fully cured, it has an
internal cohesive strength, held together by covalent bonds
[6]. However, the bond between the adhesive and the
substrate, has an adhesive strength, which is mainly due to
dipole and Van der Waals bonds in the so-called interface
layer. This layer has a thickness of around 1 pm [7]. Previous
studies have shown that the material behavior of this interface
layer presents anisotropic characteristics [8]. For this reason,
the 5-layer model shown in Fig. 1 seems to adequately
approximate reality [9]. If the surface of the substrate is
prepared incorrectly or if the wrong mixing ratio of the
adhesive’s components was used, the resulting (weak)
interface layer can have much lower tensile strength than a
correctly prepared joint (ideal interface).
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To investigate this interface layer by the means of guided
ultrasonic waves, only one substrate was considered that was
bonded with one epoxy adhesive layer, generating one
interface layer. This 3-layer system 1is investigated
numerically in the paper considering various interface
qualities (from weak to strong).
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Fig. 1. The 5-layer model of an adhesive joint. Two substrates
connected through an adhesive. The interface layer (black) has an
adhesive strength that holds substrate and adhesive together.

Guided ultrasonic waves

Excitation

Guided wave modes

Space

Tine lZD-FFT

Dispersion curves

Wavenumber

Frequency

Fig. 2. Work flow to determine the characteristics of guided
ultrasonic waves through a plate. Top: Example of a displacement
field in the cross-section of a plate. Middle: Representation of the
displacements resulting wave characteristics in space and time.
Bottom: Dispersion diagram. 2D-FFT of the obtained displacement
data.

Over the last few years, elastic guided waves in the ultrasonic
regime found their way in a large variety of applications in the
field of NDT, structural health monitoring (SHM) or material
characterization [12]. They can be excited in thin-walled



structures and are the result of reflection, mode conversion
and constructive interference of longitudinal and shear waves
propagating through the material under consideration (see
Fig. 2). Displacements on the surface of the material can be
measured by e.g. a laser vibrometer at defined locations along
the propagation direction. A 2-D Fast Fourier Transformation
(2D-FFT) maps the time and space displacement data into the
frequency and wavenumber domain which displays the
respective dispersion curves of these wave modes. Certain
characteristic features depending on these dispersion curves
give implicit and valuable information about the material.

Mode repulsion regions

A feature that this study is focusing on are so called mode
repulsion regions (MRR). These MRRs can be found at
locations that show two dispersion curves diverge from each
other. This feature is predominant in coupled systems where
two plates are connected (bonded) with each other.
Furthermore, these systems do not display further materials
defects such as cracks or pores, etc. In Fig. 3 an example of a
dispersion diagram of a coupled system consisting of an
aluminum and a polycarbonate plate is shown. The green
circle shown in the diagram indicates a MRR of the first two
modes. Interestingly, these regions change in shape, number
and location based on the coupling strength between the
plates. It was already shown in previous studies, that the
changes regarding to the properties of MRRs are
experimentally verifiable [10, 11].

Therefore, it can be hypothesized that a physical dependence
between kissing bonds and the MRR may exist.
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Fig 3. Example of a mode repulsion region in a dispersion diagram
of a coupled system consisting of aluminum and polycarbonate.
Depending on the coupling strength of these two materials, the
location shapes and number of these regions can change
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Materials and methods

Scaled Boundary Finite Element Method

The simulations are conducted with the Scaled Boundary
Finite Element Method (SBFEM) which is a semi-analytical
approach used to efficiently solve the equation of
elastodynamics. With this method, the cross-section of the
plate is modeled via a two-dimensional prismatic element
[13].

The material parameters (density p, Young’s modulus E and
Poisson ratio v) of aluminum, polycarbonate and epoxy were
set to paw= 2.56 g/em?, ppoy= 1.2 g/em?, pppoxy= 1.2 glcm?,
Eawn = 68.57 GPa, Epoy = 2.74 GPa, Egpoxy = | GPa and van =
0.337, vpoly = 0.4, VEpoxy = 0.49, respectively. A convergence
analysis was conducted beforehand to calculate the optimal
degree of the prismatic element for 3 mm thick substrate
plates (aluminum and polycarbonate) and a | mm thick epoxy
plate. A p-refinement was applied in order to increase the
element degree. The computed dispersion curves using an
element degree (d;) were then subtracted from the dispersion
curves using another element degree (d;.;). The simulation is
defined in this paper as converged for the given element
degree when the absolute residual difference of two
successive results are smaller than 107, The element degree
that fulfills this criterion is considered as the optimal element
degree. All propagating modes in the frequency and
wavenumber range of 0 to 2 MHz and 0 to 3 rad/mm,
respectively, were considered. The optimal element degrees
for each material were found to be 14 (aluminum), 32
(polycarbonate) and 22 (epoxy). The values vary due to the
different stiffness modulus of the materials.

Two coupled systems were modeled, an aluminum plate
coupled with an epoxy plate and a polycarbonate plate with
an epoxy plate. The interface layer between these plates was
assumed to have isotropic material behavior and is modeled
as a 1 um thick prismatic layer. As a result, the efficient
formulation of the SBFEM allows the modelling of this layer
with an optimal degree of 2. From the given material
parameters for an isotropic material, the interfacial stiffness
was chosen to represent the adhesive strength. Therefore, in
order to model the wide spectrum from a weak to an ideal
interface, the Young’s modulus of the interface layer was
varied from 0.1 MPa to 1000 MPa, respectively. 1000 MPa is
equal to the Young’s modulus of the epoxy itself.

Results

The result of the computed dispersion curves can be seen in
Fig. 4. Only the results for the aluminum-epoxy system are
shown here to exemplify the behavior of the MRRs and the
possible parameters that can be extracted from them. For a
better visualization, the modes are plotted only for
frequencies from 0 to 1 MHz. The modes are distinguished by
different colors while one MRR is marked with a black circle
and the red circle refers to the changing curvature radius of
the mode colored in blue. In this figure, the change of the
location and the shape of the MRR can be observed. The two
repulsing modes in blue and cyan seem to drift further away
as the interface layer gets stiffer. The location also clearly
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shifts into a higher frequency and a higher wavenumber range. Possible parameter choices

For a low stiffness (0.1 MPa), the apparent center of the MRR ) ) )
(where the modes would cross if they would not diverge) is at As described before, th? distance betwegn the .repulslng
around 0.2 MHz and 0.25 rad/mm. For high stiffness values modes changes when the interface layer’s stiffness increases.

(1000 MPa), this MRR is at around 0.39 MHz and 0.5 Therefore, a defined distance measure could be chosen to
rad/mm. quantify these changes in the MRRs. This parameter is under

further investigation [11]. Another interesting quantity
Alu-Epoxy, Interface Stiffness 0.1 MPa describing the shapes of the MRRs is the curvature of the
dispersion curves at the MRRs. This is shown with the red
circle in Fig. 4, representing the curvature radius of the
dispersion curve in blue at the location of the MRR. As can
be seen, the radius of the red circle is getting bigger as the
interface layer gets stiffer. Mathematically, this can be
computed with the second derivative d’k/dw? of the dispersion
curves with the wavenumber k& and the frequency w. Another
approach to evaluate the MRRs is considering the changes of
predefined local MRRs or the global changes of all MRRs in
the relevant frequency and wavenumber domain.
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: Fig. 5. The extreme values of second derivative of the dispersion
. curves give good indications of the MRRs.
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§ 1 After taking the second derivative of the calculated dispersion
s curves for a given interface stiffness, the extreme values
L adequately represent the locations of the MRRs (Fig. 5). By
. ] taking the mean absolute curvature (MAC) value over all

0 02 04 0.6 08 1 extrema for the interface stiffness range 0.1 to 1000 MPa, the
Frequency in MHz . . . .
curve in Fig. 6 was computed. The curve indicates an almost
linear drop in the MAC value in the interface stiffness range
from 1 to 100 MPa. For a high stiffness value, the change of
this value is nearly zero.

Fig. 4. Dispersion curves of the aluminum-epoxy system for
different interface stiffness values. An example of a MRR (black
circle) shows the change in location and shape as the interface
stiffness changes. The red circle refers to the changing curvature
radius of the blue curve.
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Fig. 6. The MAC value of all MMRs in the frequency and
wavenumber domain under consideration plotted over the interface
stiffness.

Discussion & outlook

The chosen parameter MAC shows promising results in
quantifying the bonding quality with respect to the proposed
model. However, it is not clear to which degree this model
represents experimental measurements and whether the given
model has to be adjusted or extended. As described in section
1.3., the material behavior of the interface layer may reveal
anisotropic characteristics with changing interface quality.
Therefore, further investigation will include evaluating the
changes of the MRRs under anisotropic material properties.
The study focuses on simulation results and a possible
parameter selection to evaluate the MRRs. In the future,
experimental measurements with a NDT method will be
conducted and evaluated on specimens as well as validated by
a destructive testing method using the Centrifugal Adhesive
Testing (CAT) method. In this way, the tensile and shear
strength of the interface layer can be measured.
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