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Abstract

Adhesives are used to join some critical structural prtsreraft, for example, the wing panel.
The inspection of such joints, to detect degradation imthmesive and the bond line is critical to
ensure the operational safety of aircraft. Ultrasgnicled waves provide an effective tool for
non-destructive inspection. Guided waves have a multi-moatare which permits stress wave
energy to be directed to any point in the structure and @veng distance. A theoretical study
for understanding the ultrasonic guided wave propagation ¢bastics through an adhesively
bonded lap joint can help us in the identification of ptgisfeatures to guide inspection. With
the use of a hybrid analytical method and a numerical appraguided wave reflection and
transmission through an adhesively bonded lap joint widrfiacial and cohesive weakness was
studied. The analytical method helps select a suitabldeduwivave mode and the numerical
method provides a benchmark/visualization with which the raxeatal results can be
compared.
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joints

1. Introduction

Adhesive joints are used to join structural elementsroraft. Compared to the conventional
structural joining techniques such as bolting, riveting and imgldadhesive joints minimize
stress concentration and fatigue problems. Adhesive jardgssusceptible to environmental
degradation and hence it is imperative to use methods gatisn which provide information
on these structural joints. Ultrasonic non-destructiveduation provides an attractive choice in
this regard since the propagation of ultrasonic waves aradepieon the mechanical properties
of the system.

As noted by Ros&!, the early literature on the inspection of adhesivet§oimbased on the
use of ultrasonic bulk waves. One of the most prominesfitsein this context is the use of shear
wave energy introduced using shear transducers or obliquaifiogton for detecting the
cohesive or adhesive weakness in adhesive jGinBince an ultrasonic guided wave is the result
of interference between longitudinal and shear waitesan introduce shear at the interfacial
region in addition to being able to propagate longer dissahe

A step-lap joint is one of the simplest adhesive joantfigurations. It still involves transition



from a single material waveguide to a layered structadeback to a single material waveguide
even with isotropic materials. In order to understamdpitopagation of ultrasonic guided waves,
geometric dispersion is studied. Researchers have stihgiexhergy reflection and transmission
at geometric transitions using the finite element mettlpa global-local finite element method
8] and semi-analytical approacHés In our previous study!, the sensitivity of reflection factor
to the changes in adhesive material was noted. Sieceeflected wave does not interrogate the
entire length of adhesive, a transmission based appi®aeing considered in this paper.

In this study, an amplitude transmission factor, compuyeadblbmalizing the spectrum of the
transmitted wave is used. A hybrid-analytical framewddsed on the orthogonality of guided
wave mode$ % s used to calculate the energy amplitude transmidaitor for a bonded joint
with simulated adhesive and cohesive weaknesses. Numealadtion is performed using an
explicit finite element solution implemented in ABAQ@Ua commercial solver. The results from
studies on an isotropic lap joint are presented in thisrpape

2. Formulation of guided wave based approach for inspection of joints

Ultrasonic waves undergo multiple reflections and mae/ersions within waveguides like
a plate. Interference among these waves resultseirfotimation of guided waves possessing
unique geometric dispersion phenomena, or variation imeweelocity as a function of
frequency, characteristic to the waveguftle

(a)

(b)

B Epoxy (Adhesive— 0.2 mm thicl

Aluminum (Adherend— 1 mm thicl

Figure 1. Geometry of (a) an actual adhesive step-lap goith (b) a step-lap joint used in this
study.

The figure 1(a) shows the geometry of an adhesive apeint. A step-lap joint involves a
transition from a single layer structure (aluminumatthree layer structure (aluminum-epoxy-
aluminum) and back to a single layer structure (aluminwmdhis study, we are considering an
infinitely long overlap length in the adhesive joint, sl®wn in figure 1(b), to understand the
excitation of guided waves within a three layered strecliurm a single layer structure. The lap-
joint considered here has a geometry transition fsoinmm thick aluminum plate to a bonded
structure comprised of two 1 mm thick aluminum plates bowdiéld an epoxy, as shown in
figure 1(b).

In order to efficiently transfer energy across themgetric transition, a region of maximum
overlap between the superposed dispersion curves (Figures2)onsidered. For the waveguide
dimensions specified in figure 1, in the frequency range of K58 there is good overlap



between the dispersion curves of the aluminum and epoxgea aluminum structures. Hence,
we use a frequency range centered at 350 kHz for this study.
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Figure 2. Dispersion curves for a 1 mm thick aluminum p{deshed line) and for a bonded
aluminum (1 mm)-epoxy (0.2 mm)-aluminum plate (1 mm) (sbilie) superimposed.
The guided wave modes are shown labeled with smallerfoaghose of aluminum
and upper case for bonded aluminum.

Two approaches used to study the guided wave energy refleé@immission across the
geometry transition in a step lap joint are brieflgaéed in the following sections.

2.1 Hybrid Analytical Method

A hybrid-analytical metho# ' was developed to study the effect of change in geometry
and material on the ultrasonic guided wave propagation iaddesively bonded joint. The
hybrid-analytical framework considers a 2D plane strain prabiThe procedure adopted for
solution is described as:

a) Eigen-solutions for a waveguide provide the phase velotithe wave modes — both

propagating and evanescent, that can exist at a given frequency

b) Using the principle of orthogonality of guided wave mqodesormal mode expansion
(NME) is carried out to express the displacement®ims of all the possible modes
existing in both the aluminum plate and the lap joint ggoyn The coefficients for the
wave modes in the NME are the unknowns to be determined.

c) A single wave incidence is simulated by imposing the ap@tspwave structure (or
cross-sectional displacement distribution) at thengegtoy transition. A solution for the
unknown coefficients is obtained by imposing the steegsdisplacement continuity at
the geometry transition.

d) The energy partition between the guided wave modes is paskble by using the
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NME coefficients. An energy conservation based cheskies the convergence of the
solution.

2.2 Finite Element Method

In order to numerically simulate the wave propagasioross an adhesively bonded joint, a
2-D plane strain model of the joint (figure 1(b)) was madimg ABAQUS, a commercial Finite
Element (FE) package. The geometry was discretized usimgngom plane strain elements
with a linear dimension equaling a tenth of the waveleogtihe dominant wave mode in the
waveguide. An explicit time marching algorithm availalleABAQUS was used to obtain the
solution to the wave propagation problem. The sO wave mb880 kHz was excited within the
aluminum layer by using input displacement matching the wstveture of the mode. A three
cycle Hanning windowed input pulse was used for the displacement

Figure 3 shows the snapshots of the sO mode propagatiamghthtibe aluminum layer into
the epoxy bonded aluminum joint, obtained from FE solutidme reflected and transmitted
modes can be clearly seen in figure 3. The reflected srogiag separated in time are identified
individually. The transmitted modes cannot be distinguistnedh the snapshot. In order to
identify the transmitted modes from the FE soluticame signal processing techniques have
been applied.

Incident s0

—-
e e ]

50 atinterface

D — T
2

C— —
— T rr—————S.  EWU 1T TUTT T

Transmitted meodes —

Feflected 50 Eeflected al S0, AD and A1

Figure 3. Snapshots of the propagation of the sO mode thtteghluminum layer into the
epoxy bonded aluminum joint, obtained from finite elenwaitition. The guided wave
modes reflected from the geometric transition from @umm to epoxy bonded
aluminum, are separated in time and identified in tgar&. The transmitted modes
overlap and hence are not identified separately.

3. Case study results

In this paper, we are reporting the effect of a coheseakness i.e. weakness in the adhesive
(epoxy) layer, and adhesive interfacial weakness oremleegy transmitted across an adhesive
joint. Cohesive weakness in the adhesive matergmslated by reducing the bulk longitudinal
and shear wave velocities, separately and also togetkduckon in the bulk wave velocity
causes a reduction in the elastic stiffness values aintiterial. In order to simulate interfacial
weakness, the adhesive layer was modeled as a threedlaiyedeum with the properties of the
thin top and bottom layers modified to represent stramty & weak interface. The interfacial
layer properties were varied in the same manner asfdotiee cohesive weakness case.
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A quantity called the amplitude transmission factor ifinéd to quantify the effect of
cohesive degradation in the adhesive on the propagatiomtrasonic energy. Amplitude
transmission factor is calculated by dividing the fregpyespectra of the transmitted part of the
wave with that of the incident part of the wave. Figdrehows a comparison of the amplitude
transmission factors for the symmetric wave modeaiabt from the hybrid-analytical method
and the solution obtained using the FE method under silmddmg conditions. In both cases an
sO wave is simulated to be incident on the geometrysitian region. In the FE method, a
displacement is specified at an end of the aluminlatepaway from the overlap portion, such
that it matches the in-plane displacement of theng@e.

It can be seen from figure 4 that a reduction in the rsheadulus by 10% shifts the
transmission factor minima to the left. A much largkiftscan be observed for the case of
reduction in shear modulus by 20%. The case of adhesivéatitdrweakness also shifts the
minima of transmission factor to lower frequency. Thétsis lower than the case of 10%
reduction in the properties of the entire adhesive ldyavas observed that a reduction in the
longitudinal velocity produces only a small amplitude chatgéhe minima of transmission
factor, and hence it was omitted from the plot in figdrteThis additionally reinforces the
importance of shear waves in monitoring the adhesivatgual
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Figure 4. Amplitude transmission factors for symmetriwevenode (s0O) incidence, calculated for
different cases of adhesive joint. The solid lines &om the hybrid-analytical
method and dashed lines from the finite element methpdct@&l shifts clearly
indicate bonding degradation.



4. Conclusions

The hybrid-analytical method and the finite elementhmétwere applied to determine the
amplitude transmission factors for adhesive jointshwsimulated cohesive and adhesive
weaknesses. It was found that cohesive weakness sithulsiag reduction in the wave
velocities produces a shift in the spectral minima eftdansmitted wave. A similar trend was
observed in the case of adhesive interfacial weakness.tBathybrid-analytical method and the
finite element method agreed well on this trend. The Hylmalytical method solves the
problem at every single frequency. This makes it an idedlfor finding the optimal frequency
for inspection. The FE method would agree more closetlygd@ctual experiments since it uses a
finite bandwidth incident pulse.
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