Feature-guided waves for monitoring adhesive shear modulus in bonded stiffeners
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Abstract

Adhesively bonded stiffeners are employed in aerospace applications to increase structural
stiffness. The potential of feature-guided wave modes for the verification of adhesion and
curing state in difficult-to-access regions has been investigated. The properties of guided
wave modes propagating along a T-shaped stiffener bonded to an aluminium plate were
calculated using the Semi-Analytical Finite Element (SAFE) method. Feature-guided
modes dominated by shearing motion were identified to be well suited, with energy
concentrated at the stiffener and bond line, limiting energy radiation into the plate and thus
maximising inspection length. The influences of the bond line stiffness and thickness on the
guided wave behaviour were investigated using SAFE and 3D Finite Element calculations,
and found to be significant. Experiments were conducted to measure the properties of the
guided waves during the curing of an epoxy joint attaching a stiffener to a plate. The
feature-guided mode was excited using a piezo-electric shear transducer and measured
using a laser interferometer. The measured phase speed changed significantly during
curing. The frequency dependency was found to match well with the SAFE calculations for
a variation of the shear (Coulomb) modulus of the adhesive. The potential of the feature-
guided shear wave mode for bond line inspection and monitoring has been shown and the
choice of guided wave mode and frequency range for good sensitivity to the bond line state
discussed.
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Introduction

stiffeners are widely used in aircraft structures. Typically they participate in a complex
structural assembly with the aircraft skin and the airframe, to provide both strength and
stiffness. Adhesive bonding is a very attractive means of fixing the skin to the stiffener, a
continuous bond here providing good stiffness and force transfer with relatively low
stresses. The adhesive bonds between skin and stiffener are thus important to the
performance of the whole structure [1], so the quality of the adhesive bond has to be
verified. Typical problems which would need to be detected include poor adhesion of the
adhesive material to the adherends and inadequate strength of the adhesive material itself
caused by incorrect curing [2]. It has been shown that the speed of bulk waves in the
adhesive material, which is dependent primarily on the stiffness of the material, may be
used to infer the state of cure of the adhesive [3]. This has motivated studies to monitor
curing using ultrasonic techniques [4-7].

If the bond line geometry is continuous in at least one dimension then guided elastic waves
can be an attractive means of interrogating the bond. Conceptually, it is expected that a
guided wave which propagates along a length of the bond may be exploited to be
particularly sensitive to the properties of the bond. This idea has been pursued in many
studies of adhesive joints of parallel plates using Lamb waves and interface waves [4, 8-
10], and is reviewed for the different possibilities of guided waves in [10]. In a slightly
different configuration, it has also been shown that guided waves dominant in a parent
material can be used to interrogate the attachment of another material, such as a spar on a
skin [1] or repair patch on a skin [11].

An interesting further development is to consider a wave which is guided along a feature, in
which case a trapped mode may retain its energy at the feature, so enabling long distance
propagation. Trapped modes may exist in many topics of physics and have been previously
investigated: the circumstances that can support the existence of trapped elastic modes
include local deformations of the waveguide geometry such as bends, thickening or
thinning; the nature of these phenomena has been investigated by Craster and co-workers,
see for example [12]. The ideal case here would be a mode whose phase speed is below that
of any of the modes which may propagate in the parent body, so that there is no possibility
of energy radiating from the feature; this we might call a perfectly-trapped mode. But other
cases, of partially-trapped modes, in which some energy radiates yet the mode remains
dominant at the feature may also be interesting. This idea has been studied successfully for
the case of a butt weld between two plates. The geometrical profile of the weld cap,
presenting a local increase in the thickness of the plate, allows the existence of just such
modes. This was found first by observation of a compression-like mode [13], which is
dispersive, partially-trapped at low frequencies, and perfectly-trapped at high frequencies.
This geometry was then investigated by model and further experiments, showing the
existence of both the compression-like mode and a perfectly-trapped shear-like mode with
very little dispersion [14, 15]. The shear-like mode is slower than any other mode at all
frequencies, and so does not leak any energy into the adjacent plates. The possibility of
using these waves to inspect the weld material and the material in the nearby heat-affected
zone (HAZ) was later demonstrated.

In the present work, we consider the potential to exploit feature-guided waves to inspect
adhesive bonds between stiffeners and skins, in an arrangement typical of aircraft
construction. A wave which is trapped in the stiffener region (including the stiffener, the
adhesive bond and the zone of the skin that is immediately underneath the bond) may be



useful to perform rapid inspection along a long length of the stiffener with little or no loss
of energy into the skin to which it is attached. In principle this approach could be used to
detect any number of candidate defects in the stiffener. In this study we consider the
particular case of the inspection of the layer of adhesive which attaches the stiffener to the
skin. As discussed above, the strength of the adhesive is understood to be related to its state
of cure, and this is shown by its stiffness. The stiffness of the joint is also affected by its
thickness. Therefore, if properties of feature-guided waves in the stiffener are found to be
affected by the stiffness of the adhesive layer, then there would be a basis to use the guided
waves for the inspection of the state of cure of the adhesive and/or of its thickness. This
could be useful for fast inspection or for inspecting components where access is difficult.

The paper starts with a summary of modelling work, to identify and understand the guided
wave modes that can propagate along a stiffener attached to an aircraft skin. This has been
done using the so-called SAFE (Semi-Analytical Finite Element) method which employs a
two-dimensional Finite Element (FE) modal approach to determine the propagating modes
and identify suitable guided wave modes. A three-dimensional FE approach has been
employed to model the wave propagation, validate the predicted dispersion behaviour, and
to demonstrate the proposed signal analysis which is based on a two-dimensional Fourier
transform. The studies investigate the effect of the properties of the adhesive layer, found
by parametric variations in the models, on the wave propagation characteristics of the
chosen feature-guided shear wave mode, especially the phase speed dispersion curves.
Following that, the paper describes the experimental work, involving the measurement of
the speed of the feature-guided waves during the curing of the adhesive. The results of the
modelling and experimental work are compared, to assess the feasibility of determining the
properties of the adhesive layer from guided wave measurements. Recommendations are
given for the choice of feature-guided wave modes and frequency range.

SAFE Modelling

The first task in the investigation was to identify and understand the guided waves which
may exist in a stiffener attached to a skin. Whereas the calculation of guided waves in
regular geometric shapes is straightforward using analytical techniques, it is necessary to
resort to numerical methods to study waves in complex geometries such as the stiffener. A
popular method for prismatic waveguides is the so-called SAFE (Semi-Analytical Finite
Element) method, which uses Finite Elements to discretise the cross-section of the
waveguide, combined with an analytical description of the behaviour in the direction along
the waveguide, thus limiting the FE model to two dimensions [14-20]. This has been
shown in the literature to be particularly useful for some well-known problems of
irregularly-shaped waveguides such as railway lines [16, 17]. In most cases SAFE analysis
has been deployed using specific programming, or advanced use of a flexible commercial
code such as COMSOL [21], but it can be possible to perform SAFE modelling very
simply, using standard data inputs without programming, in popular proprietary
commercial FE codes [19].

The study presented here made use of the implementation reported by Predoi et al [22],
with the extension for complex propagating modes reported by Castaings and Lowe [15].
The latter is necessary for the solutions for partially-trapped modes, to enable the model to
include waves which leak energy from the guiding feature (the stiffener) into radiating
waves in the attached plate (the skin). The method, applied to the stiffener problem, is
summarised in the following paragraphs.



Harmonic guided waves propagating along the stiffener (x; axis) are considered. There is
no geometric variation of the cross-section (shown in Fig. 1) along X3, so the behaviour in
this direction is simple and can be written in analytical form. Thus the displacements vector
ur in the waveguide can be written as:

ur(xl,xz,x3,t)=U,,(xl,xz)el(kx3_m) I=+-1, 1)

in which k is the complex wavenumber along the axial direction (x3) of the waveguide, o is
the angular frequency, t is the time variable and the subscript r = 1,2,3. The real part of k
describes the harmonic wave propagation while the imaginary part describes its attenuation,
which may be caused by leakage of radiating waves into the adjacent plate, or by material
damping if this is included in the material description. The function U, represents the
behaviour in the cross-section of the waveguide (x1-x plane), for which the geometry is
irregular, such that it is incorporated in the model by a two-dimensional FE discretization.
Full details of how this is done are given in [15, 22].

For chosen values of angular frequency o eigenvalues of the complex wavenumber k are
found, that represent guided wave modes propagating along the stiffener, while possibly
radiating energy into the plate. For the construction of dispersion curves, each solution at a
chosen frequency reveals the wavenumbers, attenuations and mode shapes of all of the
possible modes at that frequency; the full dispersion curve spectrum is then found by
repeating the eigenvalue solutions over the desired range of frequencies. The formalism for
the eigenvalue problem was implemented in the commercial FE code COMSOL [21].

Figure 1 shows a schematic of the cross-section of the stiffener, adhesive and part of the
plate, which were discretised in the SAFE model. The 2D model included the T-shaped

aluminium stiffener (size: 20 mm x 20 mm, 1.5 mm thickness, p =2700kg/m?,
C,, =107.84GPa, C, = 26.54GPa ), the adhesive bond (several thicknesses ranging from
0.5 to 1.0 mm and material properties to simulate imperfect curing were considered in
different models, p =1050kg/m?®,C,, = (5.6 +0.5i))GPa, C, =m(l+0.1i)GPa, where m

varies from 0.02 to 0.5) and the aluminium plate (thickness 3 mm, same material properties
as stiffener). Absorbing regions of length 0.8 m were included on both sides of the 2m wide
aluminium plate, to avoid standing wave modes and to allow proper representation of
radiating leaking waves if present. As described in reports of previous work with absorbing
regions [23, 24], the absorbing region had the same mass density and elastic properties as
the medium of interest, but its viscoelastic coefficient gradually increased with the distance
away from the region of interest. Continuity of displacements and stresses was imposed at
the internal borders between the stiffener, the adhesive layer and the aluminium plate.
Stress-free conditions were chosen at all outer limits of the domain. The whole geometry
was meshed by approximately 1500 quadratic Lagrange triangular elements, the exact
number depending on the bond line thickness) with side lengths comprised between 0.2
and 4 mm. These elements were automatically generated by the software, and were finer in
the stiffener and adhesive zones than in the adjacent plates. The various element sizes were
chosen to ensure good spatial representation of the field in the cross-section. A series of
numerical trials indicated a good convergence of the FE solutions. The number of degrees
of freedom was approximately 25000, and the equation was solved for 56 frequencies in the
range from 10 to 120 kHz.



For each frequency, multiple solutions for k were obtained, including the wanted
waveguide modes, with behaviour concentrated in the stiffener region, but also unwanted
resonances of the whole domain that had to be separated from the collection and discarded.
Potential feature-guided wave modes were identified from the axial component of the time-
averaged energy flow (Poynting vector [25]), in a similar manner as was deployed in
previous SAFE studies of leaky wave problems [14, 15]. Figure 2 shows the mode shape of
the energy flow of a suitable mode (solid line) with energy flow concentrated close to the
stiffener, and no energy flow in the absorbing region. The dash-dotted lines depict
unwanted modes at the same frequency, being resonances of the whole cross-section.

Identification of Feature-Guided Shear Waves along Stiffener

From the SAFE calculations detailed above, the dispersion relation in the low frequency
range up to 120 kHz was calculated for assumed typical values of 0.5 GPa shear modulus of
the adhesive with a layer thickness of 0.5 mm. Only feature-guided modes with a time-
averaged axial energy flow concentrated close to the stiffener were considered. Modes
dominated by longitudinal, bending and shear deformations were identified and the energy
distribution and mode shapes were characterized. Shear modes were chosen as the most
suitable type, as they showed limited dispersion in the frequency range of interest, good
sensitivity to changes in the bond layer properties and negligible leakage in the side plates.

Figure 3 shows the dispersion diagram for the feature-guided shear modes (identified from
processing of the SAFE calculations and marked as modes 1, 2, and 3) with the SHy mode
in the aluminium plate plotted for comparison. It can be observed that in the frequency
range of interest there are three shear modes. The phase speed of the feature-guided wave
modes is below the SHy speed in the plate (~ 3135 m/s), one of the necessary conditions to
obtain no leakage of the shear mode into SH, plate waves [15]. The mode shapes for phase
velocities close to 3000 m/s are illustrated in Figure 4 at frequencies of 15 kHz for mode 1,
40 kHz for mode 2, and 100 kHz for mode 3. The colour in this figure corresponds to the
energy flow along x3 and the shear motion can be seen from the arrows showing the lateral
motion in the cross-section. Different relative motions of the plate, bond line and stiffener
can be seen for the different modes at the shown frequencies. The upper part of the stiffener
has a bending motion characterized by the ratio of the wavelength to the stiffener height. In
general good energy concentration close to the stiffener and in the bond line was observed,
with a variation for the different shear modes and excitation frequencies.

Finite Element Modelling in 3D

In a separate model study, the propagation of the feature-guided shear wave modes was
simulated using a 3D FE model in the proprietary code ABAQUS Explicit [26]; the model
is shown in outline in Figure 5. The model was set up to represent the same stiffener and
bond line cross section as had been studied with the SAFE model, (Fig. 1). The 3 mm thick
aluminium plate to which the stiffener was bonded was modelled with a width of 1 m and
length of 1.2 m. The plate was discretised using linear brick elements (C3D8R) of
dimensions Ax; = AXz = 2 mm, AXo = 1mm. Smaller elements with size AX; = AXy = AXz =
0.5 mm were used for the stiffener, and Ax; = Axz = 0.5 mm, Ax, = 0.25mm for the
bondline. The plate, adhesive bone line and the stiffener were assembled using surface-to-
surface tie constraints. Absorbing regions [23, 24] of width 0.4 m were implemented at the
lateral extremes of the model, parallel to the stiffener, to avoid reflections from the edges of
the plate.



Forcing in the x; direction was introduced at the stiffener front edge to excite the shear-
dominated feature-guided modes. The specification of the excitation was chosen to
represent the setup for the experimental study described below. The excitation shear force
was applied with equal amplitude on the nodes in a 1 mm by 1 mm square section at the
conjunction of the beam and base of the stiffener. Thus an excitation pulse was defined,
comprising a 5 cycle tone burst convolved with a Hanning window. The centre frequency
of the tone burst was set as 40 and 100 kHz respectively for two separate runs of the model.
The mesh refinement in the propagation direction was therefore a minimum of 11 elements
per wavelength in the coarsest case.

Explicit time integration was used, and the time step was chosen as 50 ns to adhere to the
usual stability criterion [27]. The amplitude in the x; direction of the propagating wave
modes was monitored along the length of the stiffener. The line of monitoring nodes was
located on the top of the stiffener base as shown in Figure 5 and consists of 301 nodes with
a step size of 1 mm, starting 500 mm from the excitation location. The set of time traces
was processed using a 2D Fast Fourier transform (FFT) [28] with zero padding in the X3
direction to improve the resolution in the wavenumber domain. Based on the amplitude
maxima at each frequency, the wavenumber and from this the phase speed of the dominant
shear mode in the signals were determined.

The illustration in Figure 5 includes results of the model for an excitation frequency of 40
kHz at an instant in time during the solution. The colour contours show the magnitude of
the resultant displacement, from which two wave packets can be seen propagating along the
stiffener. These two modes correspond to the shear modes 1 and 2 marked in Figure 3 at 40
kHz. The arrival times match the predicted group speeds (1050 m/s for mode 1 and 2750
m/s for mode 2), with mode 2 propagating significantly faster than mode 1. Both modes
appear to be trapped at the stiffener, although mode 2 radiates very limited energy in the A,
mode in the plate close to the stiffener. This is similar to the localisation seen in the study
of the weld-guided waves in [14].

The 3D FE simulations were compared carefully with the results of the SAFE analysis. The
feature guided shear wave propagation along the stiffener was recorded, and the
wavenumber of the dominant shear mode extracted by 2D FFT processing for each
frequency. The phase speed was compared to the dispersion diagrams obtained from the
SAFE calculations. A range of model results was computed, covering cases with shear
modulus of the bond material from a very low value (0.02 GPa) up to the nominal value of
0.5 GPa, intended to cover the range of properties of the adhesive from uncured through to
cured conditions. The results of this comparison are shown in Figure 6, for the shear guided
wave modes between 30 kHz and 120 kHz. The results show good agreement between the
predictions from the SAFE model and those from the 3D FE model.

Discussion of Findings from the Models

The reduced shear modulus of the bond layer results in a significant drop of the phase speed
for modes 2 and 3 (Fig. 6). The drop for mode 3 is about 10% for the considered variation
of shear modulus and the shape of the dispersion curve does not change significantly. For
mode 2, especially below 60 kHz, a more significant change of the phase speed of more
than 20% is predicted as well as a change of shape of the dispersion curves, corresponding
to a higher sensitivity of this mode to changes in the bond layer. For mode 1 a significant



variation of the phase speed is only predicted around 20 kHz, however that is very much at
the lower end of the useable frequency range (for the investigated geometry and excitation).
For the modes above 30 kHz the phase speed extracted from the 3D FE simulations
matches well to the predicted dispersion curves from the SAFE calculations and the
uncertainty level is lower than the predicted changes due to the variation of the shear
modulus of the bond layer. This suggests a good sensitivity for the monitoring of the bond
line properties using the feature-guided shear wave propagating along the stiffener.
Nevertheless, it should be remembered that this is in ideal conditions with optimally
obtained noise-free data.

In practical applications the adhesive bond layer thickness cannot always be well
controlled. The influence of a variation of the thickness of the bond layer between 0.5 mm
and 1.0 mm on the dispersion curves was predicted from SAFE calculations for a shear
modulus of 0.2 GPa. Shown in Figure 7 are the dispersion curves for the same frequency
range of the three dominant shear guided modes. For a variation of the bond line thickness
by a factor of two a smaller influence (< 10%) on the phase speed and shape of the
dispersion curves can be observed over the complete frequency range. Mode 1 shows
almost no influence of the bond line thickness. For mode 3 it might be difficult to
distinguish between a variation of the bond line thickness and material properties if both are
uncertain, as this mode shows a similar behaviour as seen in Figure 6, although with a
smaller change. On the other hand, the behaviour of mode 2 between 30 kHz and 60 kHz
could in principle allow for a monitoring of both the bond line property and the thickness,
as they have different influences on this mode. A realistic variation of the thickness
influences only the phase speed by less than 10% but not the overall shape of the dispersion
curve, while a lower shear modulus due to incomplete curing leads to a change in the shape
of the dispersion curve as well as a larger change of the phase speed (Fig. 6). However,
these distinctions of shapes of the dispersion curves could be difficult to achieve in practice
when the measurements are affected by noise and other uncertainties. Therefore it is safer
to conclude for practical exploitation just that the sensitivity is sufficient to allow for the
monitoring of the bond line thickness for known shear modulus of the adhesive, or vice
versa.

Experimental Setup

An experimental programme was conducted in order to validate the findings of the model
studies and determine whether it could be practical to exploit the observed sensitivity to
measure the properties of the bondline. A T-shaped aluminium stiffener (cross-section: 20
mm X 20 mm, 1.4 mm thickness, length: 660 mm) was bonded adhesively to a 3 mm thick
aluminium plate (size 500 mm x 660 mm). An epoxy-based adhesive was chosen
(DGEBA-PAMAM adhesive system) that cures over a long time, depending on the
substrates, the bond thickness and the ambient temperature. The curing behaviour of the
adhesive over time had been monitored in an independent study using bulk ultrasonic
waves [29], providing the shear stiffness over time with a final value of approximately 0.5
GPa after 52 hours. The bond line thickness was measured using a dial gauge as
approximately 1 mm, with a variation of +/- 0.1 mm along the length of the stiffener.

A piezoelectric shear transducer was used to generate the feature-guided shear wave, as
shown in Figure 8. The transducer was positioned at one end of the stiffener base,
transmitting the shear motion via the SWC shear wave couplant supplied by Sofranel. The
transducer was driven by a 150 V amplitude chirp waveform to produce motion in the
frequency range from 10 to 100 kHz (down to -6 dB). A Polytec laser interferometer (OFV



505/5000) was moved along the stiffener using a scanning rig to measure the transverse
motion of the upper part of the stiffener. Retro-reflective tape was placed at one side of the
stiffener for optimum reflection of the laser beam, to improve the signal to noise ratio.
Time traces of the out-of-plane displacement were measured every 5 mm over a length of
270 mm, using 150 averages.

The wave propagation was measured regularly during the curing process over several days.
Two typical time traces measured 170 mm from the excitation are shown in Figure 9 at 3h
from the start of curing and at 164h at the end of the curing process. The incident, multi-
modal wave pulse can be clearly seen from 0.2 to 0.6 microseconds, with the reflection
from the end of the stiffener visible after 0.9 microsecond propagation time. A significant
change in the pulse due to the curing of the adhesive can be observed as a change in
amplitude, shape and arrival time of the components between the two time signals. A time
window was applied to suppress the reflections using a cosine tapered window from 0 ms
to 0.8 ms. The measurements were processed using a 2D FFT with zero padding both in
the space and time domain, as was discussed earlier in the context of the 3D FE
simulations, but with slightly different settings. From the wave number — frequency
diagram the 3 dominant shear modes were identified as local maxima, and the phase speed
dispersion curve of each mode for the frequency range up to 120 kHz was calculated.

Comparison of experimental results with simulations

The measured phase speed dispersion curves in the frequency range up to 120 kHz are
shown in Fig. 10 for three time steps during the curing of the adhesive. The time steps at
3h, 8h, and 164h from the mixing of the adhesive show, as predicted, a general increase in
the phase speed of the shear modes and a change in the shape of the dispersion curves. The
best fit of the SAFE predictions to these results was found by varying the modulus of the
adhesive within its permissible range up to the value of G = 0.5 GPa (fully cured), while
holding the bondline thickness to the known value of 1 mm. The best fit results were at
0.02 GPa for 3h of curing time, 0.07 GPa for 8h curing time and 0.5 GPa for 164h curing
time (7 days). The elastic modulus of this adhesive material had previously been
characterised by independent means (bulk ultrasonic measurement and wedge test) at
various stages of cure as part of a separate investigation [29]. Our results indicate a slower
curing than that in the separate investigation of [29]. In that case the shear modulus after
3h of curing was about 0.22 GPa, and after 8h of curing was about 0.42 GPa. The curing
rate of adhesive is very sensitive to temperature and thus the configuration, which differed
significantly compared to [29] (thickness 0.16 mm, assembled materials aluminium and
Carbon Epoxy composite). However, the shear modulus for the fully cured state matches
well with the previous results of approximately G = 0.5 GPa after 145h.

It can be observed from Figure 10 that the measured and calculated dispersion curves show
generally good agreement. As predicted from the SAFE simulations, for mode 3 above 60
kHz a smaller influence of the adhesive properties of about 10% change in the phase speed
was measured, with no significant change in the shape of the dispersion curve. For the
lowest shear modulus value (G = 0.02 GPa) and thick bondline (1.0 mm) the dispersion
curve of mode 3 matches the dispersion curve of the stiffener as the energy is localized
only in the stiffener without coupling into the plate. Around 80 kHz one can observe a
drop-out of the experimentally measured phase speed curve as the mode is only excited
weakly at that frequency (this was observed in the 2D FFT data). For shear guided wave
mode 2 from 30 to 60 kHz, a change of about 20% of the phase speed with the curing of



the adhesive was measured, with a distinctive change in the frequency dependency of the
phase speed. The lowest shear guided wave mode above 30 kHz showed almost no
dependency on the curing state of the adhesive, as predicted from the numerical
simulations. Around 20 kHz a distinctive change in the phase speed can be observed,
however that is too close to the lower practical limit of the inspection frequency due to the
low frequency cut-off of the transducer.

It seems therefore that the best sensitivity of the shear guided waves is predicted for mode
2 between 30 kHz and 60 kHz, and this is also verified from the experimental
measurements, for which this was the most strongly excited mode (amplitude at least twice
that of other modes at each frequency). For the investigated configuration it would be
sufficient to concentrate on this mode and frequency range. For different configurations the
optimum mode and frequency range can be predicted with sufficient accuracy solely by
using the fast SAFE calculations of the cross-section without the need for full 3D FE
modelling.

Conclusions

The propagation of feature guided waves along a stiffener adhesively bonded to a plate has
been investigated using both simulations and experiments. The propagation characteristics
of the wave modes along the stiffener bonded to the plate were predicted using efficient
Semi Analytical Finite Element (SAFE) calculations. This model study identified the
existence and properties of shear-dominated guided wave modes whose energy is
concentrated along the stiffener and adhesive layer. They have limited dispersion and
energy radiation into the plate, and thus may propagate long distances. The wave
propagation of these modes was simulated using a 3D Finite Element (FE) model. The time
traces of the waves were recorded at a series of locations along the stiffener, enabling a
two-dimensional Fourier transform (2D FFT) analysis to be used to extract the wave
speeds. Good agreement with the dispersion curves calculated using the SAFE method was
found. The influence on the phase speed dispersion curves of bondline thickness and shear
(Coulomb) modulus was evaluated. Significant influence of the variation of the shear
modulus on the phase speed was observed between the uncured and the cured states. The
shape of the dispersion curves was as well observed to change. Experiments were
conducted during the slow curing of an epoxy adhesive, bonding a stiffener to the plate,
with bond strength and stiffness increasing over time. The excited shear mode was
measured using a laser interferometer and evaluated using a 2D FFT analysis in a similar
manner as was used for the FE simulations. The measured phase speed changed
significantly during curing, and it was shown that these values could be matched to speeds
predicted by SAFE calculations for part-cured adhesive, for a realistic variation of the shear
modulus of the adhesive layer. The potential of the feature guided shear wave modes for
bond line inspection and monitoring has been shown. From the efficient SAFE calculations
suitable feature guided wave modes and frequency range were well predicted, allowing the
optimum design of the monitoring measurements.
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FIGURE 1. Schematic of SAFE model of aluminum plate with stiffener, adhesive bond layer, and absorbing
regions shown (not to scale).
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FIGURE 2. Axial component of energy flow in stiffened aluminum plate, calculated from SAFE model at
f = 40 kHz; suitable mode with energy concentrated around stiffener (solid line), unsuitable modes (dash-
dotted lines); boundary with absorbing regions (dashed lines) and stiffener (shaded) indicated.
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FIGURE 3. Phase speed of feature-guided shear waves propagating along stiffened plate calculated from
SAFE model (3 modes, solid lines), bond line shear modulus 0.5 GPa, thickness 0.5 mm; phase speed of SHq
mode in plate indicated (dashed line).
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FIGURE 4. Mode shape illustration of feature-guided shear wave propagating along the stiffener, calculated
from SAFE model at a) f = 15 kHz, b) f = 40 kHz, c) f = 100 kHz; arrows depicting motion in waveguide
cross-section. Color coding for each mode shows relative axial energy power flow (blue: low to red: high).



Excitation

FIGURE 5. Schematic of 3D FE model of aluminium plate (size: 1000 mm x 1200 mm, 3 mm thickness)
with T-shaped stiffener and adhesive bond; guided shear wave excitation at plate edge, monitoring locations
and absorbing regions (width 400 mm) indicated; colour coding shows relative amplitudes of propagating
shear guided wave modes for 40 kHz excitation frequency (blue: low to red: high).
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FIGURE 6. Effect of shear modulus of bond layer on phase speed dispersion curves. 3D FE simulations

processed by 2D FFT: G = 0.02 GPa (blue, squares), G = 0.1 GPa (red, circles), G = 0.5 GPa (black,

diamonds); SAFE predictions: G = 0.02 GPa (blue, dashed), G = 0.1 GPa (red, solid), G = 0.5 GPa (black,
dash-dotted). Bondline thickness 0.5mm.
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FIGURE 7. Effect of thickness of bond layer on phase speed dispersion curves, predicted by SAFE
calculations: thickness 0.5 mm (blue, dashed), 0.8 mm (red, solid), 1.0 mm (black, dash-dotted). Bondline
shear modulus 0.2 GPa.
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FIGURE 8. Experimental setup: a) aluminum plate with adhesively bonded stiffener, shear transducer, and

laser interferometer (illustration) on optical table; b) detail of shear transducer excitation at end of stiffener,
retro-reflective tape and illustration of laser beam.
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FIGURE 9. Typical experimental time traces with chosen time window, out-of-plane displacement on
stiffener measured using laser interferometer, 170 mm from excitation; a) 3h curing time; b) 164h curing

time.
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FIGURE 10. Experimentally measured phase speed dispersion curves during curing: 3h curing time (blue,
squares), 8h curing time (red, circles), 164h curing time (black, diamonds); comparison with SAFE
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predictions for best fit of bond layer shear modulus: G = 0.02 GPa (blue, dashed), G = 0.07 GPa (red, solid),
G = 0.5 GPa (black, dash-dotted). Bondline thickness 1 mm.



