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Abstract: This research focuses on the application of an acousto-ultrasonics (AU) technique, a
combination of ultrasonic characterization and acoustic emission, to nondestructively detect defects
such as voids in bonded metal/composite assemblies. Computational methods are established to
examine the effects of voids on the collected signal. The position of the receiver sensor with respect
to the defect is also investigated. Given a specific structure and type of actuation signal, the sensor
location and probability of detection can be enhanced by the model developed in this work. The
defect detection is optimal provided the receiver sensor is located around the epicenter of the defect.
Moreover, this work highlights the importance of the choice of reception sensor.
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1. Introduction

Composite materials are increasingly used as bonded reinforcements on civil
engineering structures, owing to their lightness and durability [1-3]. Adhesive bonding
enables physically dissimilar materials such as composites and metals to be joined. Used
in the repair, reinforcement and rehabilitation of structures with composites, this extends
the service life of structures. Despite their advantages, the effectiveness of bonded joints
can be compromised due to the presence of adhesion defects or damage such as voids,
porosity, poor adhesion or low cohesion strength. Accordingly, non-destructive testing
(NDT) techniques [4-7] become essential for damage or defect diagnosis using
actuators/sensors installed on the same side of the structure. Defects need to be identified
either during initial control or by inspection during service life. The mechanical joint
behavior may be significantly impacted by the defects [8,9]. Substantial efforts have been
made to develop nondestructive testing methods to evaluate the adhesive bond integrity.
Several investigations focused on adhesive joint quality inspections using ultrasonic
testing methods including acoustic emission, bulk and guided (longitudinal, shear and
Lamb) waves, shearography, pulsed thermography, X-rays or passive thermography [10-
17]. For example, Yilmaz et al. [11] compared the performance of different ultrasonic non-
destructive testing (contact testing, immersion testing and air-coupled) techniques for
bonding quality evaluation on aluminum-epoxy-single lap joints containing debonding
in the form of release film inclusions. Yang et al. [12] used damping and frequency
measurements to monitor a kissing-bond defect in an adhesively bonded joint between
two composite strips. The results showed a nonlinear relation between the defect area and
modal damping as well as frequency variations. Wang et al. [15] evaluated the damage in
an aluminum plate with a carbon fiber reinforced polymer (CFRP) using the amplitude
change of the second-order harmonic waves with nonlinear acousto-ultrasonic detection.
Le Crom et al. [16] demonstrated the strong potential of the low-order SHo- and SHi-like
guided modes to quantify the shear properties of adhesive bond layers between an
aluminum plate and a carbon epoxy composite patch. The precise monitoring of
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structures with composite repairs is also challenging. It is important to detect and locate
a defect, to determine its size, to classify its type and to evaluate its severity.

In this context, several authors proposed the use of an acousto-ultrasonic (AU)
method [18-27] to detect and assess defects. This technique was initially introduced and
developed by Vary [18] and was rapidly used to characterize bonding [19-22]. Indeed,
Tanary [21,22] used the acousto-ultrasonic technique to nondestructively evaluate the
mechanical performance of composite bonded joints. A good correlation between the
acousto-ultrasonic wave propagation characteristics and the bonded joint shear strength
was established. The monitoring principle, based on an actuator-sensor configuration, is
quite similar that used in standard guided ultrasonic inspection. In the AU approach, it is
not necessary to have well-defined wave propagation paths. On the contrary, the
approach requires that the transmitter signal presents multiple interactions with the
microstructure of the material. Moreover, this technique allows an active (emission of AU)
and a passive phase to be combined with acoustic emission (AE) monitoring. This
technique can combine advantageous aspects of both acoustic emission and ultrasonic
techniques. Additionally, it requires the sensors to be located on only one side of the
specimen. The acousto-ultrasonic technique (AU) consists of emitting an ultrasonic wave
with a piezo ceramic transducer and receiving the wave after its propagation in the
material using a similar transducer with an AE acquisition system. The recorded wave is
then analyzed using acoustic emission descriptors. This technique works in a frequency
domain similar to that used in acoustic emission. Furthermore, damage detection requires
knowledge of the structure in its undamaged state. The baseline data or reference signals
are obtained from the undamaged state. The damage detection is then performed by
comparing the received signal descriptors from the tested specimen with those of the
baseline signals. Kwon and Lee [23] investigated the correlation between the number of
delamination-type defects and the acousto-ultrasonic parameters in an aluminum-
composite bonded assembly, mainly using frequency parameters based on a spectral
study of the detected signals. Barile et al. [25,26] used AU measurements to characterize
the interlaminar strength of CFRP laminates in both longitudinal and transverse
directions and to study the integrity of CFRP specimens before and after artificially
induced, barely visible impact damage.

This method, as the standard guided ultrasonic inspection method, is based on the
interaction of the waves with the defects present in the adhesive joint. The main difference
is that the wave modes and propagation paths are not well established. The signal is
therefore difficult to analyze; nevertheless, it is a rich source of information that reflects
the material properties, microstructure and possible presence of defects. A single
experimental approach is thus not sufficient to fully understand this interaction.
Compared with experimental techniques, numerical analyses can offer a more
comprehensive study of wave propagation and interactions with defects in the joint.
Analytical solutions for wave propagation are generally limited to infinite media or
simple geometries and are therefore not accessible for most practical structures. The wave
propagation solution can be approximated using numerical approaches such as finite
element (FE) analysis. Three-dimensional FE approaches are beneficial, since they enable
a realistic structure geometry to be considered, as well as material anisotropy or wave
reflections at boundaries.

Several authors [16,27-33] focused on the modeling of wave propagation in bonded
assemblies to predict the ultrasonic response. All these studies showed the defect
sensitivity of various guided wave modes propagating in adhesively bonded joints and
demonstrated the potential of modeling studies. Crom and Castaings [16] developed a
one-dimensional semi-analytical FE model for predicting dispersion curves and mode
shapes of SH-guided waves in multilayered plates made of composite and adhesive
layers. Numerical simulations were used for selecting the most appropriate SH wave
modes with higher sensitivity to the bond than to the other components (the metallic plate
or composite patch). Some authors [31] used the global matrix method to model wave
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propagation in the multilayer overlap and showed that phase and group velocity
dispersion curves are highly sensitive to the bond state and bonded lap—shear joints. The
study in [28] investigated two different lay-ups for the wing skin and two different types
of bond defects (poorly cured adhesive and debonded interfaces). The models and the
experiments confirmed that the ultrasonic energy transmission through the joint is highly
dependent on the bond conditions. Using FE simulations for each of the modes Ao, So and
A1, Lowe et al. [29] predicted the transmission coefficient of each mode across a lap joint
consisting of parallel aluminum sheets bonded with an epoxy adhesive. Koreck et al. [32]
used computational methods to examine the properties of double-layered, adhesive-
bonded plates. They quantified the influence of adhesive bond parameters (Young's
modulus, Poisson’s ratio and bond thickness) on the dispersion curves. Vaziri et al. [33]
proposed a model to investigate the influence of a void in the overlap area and showed
that modal damping decreased with increasing void size. Janapati et al. [27] identified
critical parameters for the damage detection sensitivity via numerical simulations using a
spectral-element-model-based analysis and experimental results obtained from
aluminum coupons. Their results indicated that the uncertainty in the sensor—transmitter
installation and the damage propagation path have a significant effect on the recorded
signals and the damage index evaluation. Wave propagation was also simulated in the
context of acoustic emission [34—43], where the source was not a controlled emission signal
but originated from a damage mechanism occurring in the material. Since both AU and
AE techniques use the same acquisition system and the same sensors, wave propagation
modeling [34-36,40-43] and receiver sensor modeling [37-39,44] are equivalent. The AE
source modeling is, however, quite different from models developed in acoustics, since
the sources (for instance, crack propagation) are not controlled in the AE analysis.
Although the literature in the field of acoustic emission modeling is relatively significant,
few authors simulated wave propagation in the context of AU.

In a previous paper [24] concerning the experimental characterization of
metal/composite or concrete/composite assemblies using AU, we showed that the
identification of this kind of defect is quite difficult. Nevertheless, the proposed
methodology proved to be sensitive to all the studied defects in two different bonded
assemblies. Therefore, more investigations are necessary to define the limits of the
method. In order to increase the robustness of the technique, a more quantitative approach
based on modeling work is required in order to quantify the defect influence on wave
propagation through the assembly and the corresponding acquired signals.

This paper deals with numerical AU simulations in assemblies made of a steel
substrate and a unidirectional composite laminate bonded with an epoxy adhesive. The
objective of this work is to investigate numerically the sensitivity of the AU technique to
voids within the joint. Three-dimensional FE models are developed to simulate the
influence of voids and sensor location on the recorded signal. The paper is structured as
follows. The experimental and numerical approaches are presented in Sections 2 and 3. In
Section 4, we study the received signals obtained with two kinds of sensors, a perfect
sensor and an R15 sensor, and highlight the influence of the receiver sensor location on
the composite plate.

2. Materials and Experimental Setup

This section describes the experimental setup [24].

2.1. Samples

The investigated geometry, which consisted of a steel substrate and a composite plate
bonded together by an epoxy adhesive layer, is shown in Figure 1. The composite (T800 S
carbon fibers and epoxy matrix) and adhesive layer dimensions were 300 mm x 50 mm
with thicknesses of 1.4 mm and 1 mm, respectively. The steel substrate (dimensions 320
mm x 100 mm) was 5 mm thick. A two-component cold-curing epoxy resin (Sikadur 30)
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was employed as the adhesive. The properties of the materials are summarized in Table
1. Figure 1 also indicates the location of the voids. The reference sample, with no voids in
the adhesive layer, was denoted the a-type sample. For the 3 samples, a void was present
in the middle of the adhesive bond line. The void defects had two different sizes. A [31-
type defect was simulated with a lack of adhesive on a central area of dimensions 50 x 25
mm?, and a 32-type defect corresponded to a lack of adhesive on 1/3 of the bonded surface
at the center of the joint (100 x 50 mm?). The assemblies were instrumented with 3 sensors
located on the composite plate.

Composite - . Joint void
Joint = =

'— Substrate

Figure 1. Schematic representation of the composite/metal assemblies: (a) a-type sample; (b)
sample with 32-type defect (1/3 void); (c) sample with p1-type defect (centered void).

Table 1. Composite, steel and epoxy properties.

e Longitudinal
Longitudinal Transversal e e . )
] , LongitudinalPoi Shear Transverse Density (g/
Young’'s Modulus Young’'s Modulus . . . 3
sson’s Ratio Modulus Poisson’s Ratio cm®)
(GPa) (GPa)
(GPa)
Steel S355 210.00 210.00 0.24-0.30 - - 7.85
Composite
(FLT M514) 210.00 15.33 0.25 5.50 0.25 1.67
Adhesive
joint epoxy 12.80 12.80 0.29-0.34 - - 1.95 at 20 °C
(Sikadur 30)

2.2. Acousto-Ultrasonic Technique

An ARB-1410 arbitrary waveform generator card and an AE PCI-2 receiving card,
commercialized by the MISTRAS group, were used (Mistras Group, Princeton, NJ, USA).
The signal applied to the piezoelectric sensor acting as the actuator corresponded to a
continuous square signal with a frequency of 150 kHz. An 59204 sensor in emission mode
with a bandwidth centered at 150 kHz and two R15 sensors as receivers with a 150 kHz
resonance frequency (Mistras Group, Princeton, NJ, USA) were used. The sensors
(transmitter and receivers) were placed on the composite plate so that they were aligned
along the composite fiber direction. Sensor 2 (receiver) was located in the center of the
composite plate. On the [ specimens, this location corresponded to the location of the
defect center. Sensor 1 (receiver) was located opposite to sensor T (the transmitter) with
respect to the middle plane of the specimen. This arrangement is illustrated in Figure 2a.
A low-melting-point crystal, phenyl salicylate, was used as the coupling between the
sensors and the specimens. To acquire signals with a gain of 40 dB, we used an IL40S-HT
preamplifier with a 32-1100 kHz band-pass filter. The recording threshold was set to 45
dB. For repeatable AU measurements, test conditions such as temperature, sensor
location, spacing and type of coupling were kept constant. To simulate the effects of the
mounting procedure and to take into account the induced uncertainty, seven independent
measurements were completed. Each series of measurements was composed of 10 shots.
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For the propagated signals recorded with the AE acquisition system, several features
could be extracted from the signal, for instance, the amplitude or frequency centroids.

Input signal

AE system

< M‘.\ o
Seﬂ%

AU system

Displacement Uz (mm)

(a) (b)

Figure 2. (a) Schematic representation of the composite/metal assemblies with the location of the
defect and sensors (transmitter, sensor 2 and sensor 1 denote the positions of the transmitter and
receivers during the tests). (b) Simulation of the AU test indicating the locations of the virtual
transmitter and receiver sensors (T denotes transmitter), where each virtual receiver is separated
by about 28 mm.

3. Model Description

A 3D FE model was set up using Abaqus commercial software (Dassault Systemes
Simulia Corp., Providence, RI, USA).

3.1. Simulation of the Source and the Propagation Medium

The assembly was modeled by three layers corresponding to the steel substrate, the
composite plate and the epoxy joint. The behavior of each layer was assumed to be linearly
elastic. The excitation was simulated by an imposed displacement equal to 0.01 mm at one
of the mesh nodes corresponding to the emitting sensor (T) center location (Figure 2b).
The calculation was performed in two steps. During the first step, an input signal was
generated at the emitting sensor location, then in the second step the resulting acoustic
wave propagated in the assembly. The input signal was defined as a 150 KHz sinusoidal
signal consisting of 3 periods, with a total duration of 2.00x10-° s. This signal is idealized
because it is not experimentally straightforward to control the signal emitted by a sensor
(59204), where sensitivity in emission is expected to influence the output signal. Therefore,
it is difficult to achieve a quantitative comparison of numerical simulations with
experimental results. Nevertheless, working with an idealized sinusoidal source at
emission enables the influence of the receiver sensor type and location to be studied, as
well as the presence of a defect, for a given signal. For the wave propagation simulation,
a total time period of 2.80 x 10 s and a time step of 3.30 x 107 s were used. The material
damping was described by the Rayleigh coefficients a and  [39-43]. Their values for
epoxy and carbon fiber composite were taken from the literature [42,43]. For steel, we
calculated the damping coefficients o and (3 using Equation (1) in order to obtain the
known damping coefficient () at a given frequency.

o b )

=207 2

where w is the pulsation.

Table 2 summarizes the values of a and 3 for the studied materials. Linear 3D
elements with 8 nodes were selected. In order to determine the mesh size, a convergence
study was performed. Based on this study, a 2 mm mesh size was selected. It was ensured
that 20 elements existed per wavelength. Acoustic excitation at 150 kHz was sent by the
emitting sensor through the assembly, and the propagated signals were determined by
calculating the out-of-plane displacements at specific locations on the assembly surface.
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Table 2. Rayleigh parameters.

a(s™) B (s)
Steel 500 4.10710
Composite [43] 10,000 6-10710
Epoxy [43] 50,000 1078

3.2. Simulation of the Receiver Sensor

Several receiver sensor distances from the emitting sensor were investigated, from 28
mm to 230 mm (Figure 2b). The sensors were assumed to be sensitive only to the out-of-
wave plane velocity or displacement. Two kinds of sensors were simulated: a perfect point
sensor denoted PS and an R15 sensor. The perfect sensor is a virtual sensor that acquires
signals at a single measurement point (a node) without averaging effects and is sensitive
to all frequencies. A real sensor has a contact surface with the sample that must be
considered. The R15 sensor consists of a piezoelectric ceramic with a 7.25 mm radius.
Moreover, the sensor has an aperture effect, which results in a non-uniform response over
its entire active surface (Figure 3a). It has its maximum sensitivity at its center. Sensitivity
is described by the parameter k, which represents the sensitivity of a point at a distance r
from the center of the sensor surface. It is given by Equation (2) [42]:

1

k(r) = 1—m (2)

The influence of the physical sensor is considered by calculating an average out-of-
plane wave velocity over the sensor surface (S), accounting for its sensitivity:

1 3
V., =—— | vkds ®)
s fsdefsv

In practice the average wave velocity is approximated by a discrete sum over the
velocities v calculated at the mesh nodes. The frequency sensitivity of the sensor must
also be considered. The frequency sensitivity function of the R15 sensor as a receiver is
given in Figure 3b. The calibration curve is obtained by the reciprocity method [44]. Its
bandwidth is centered on 50-400 kHz. This transfer function is added in the post-
processing phase in the Fourier domain, following Equation (4):

Vs(@) X Hpys5(w) = Viys(w) 4)
where Vris is the velocity calculated considering the sensor, Vs (w) represents the weighted
mean out-of-plane velocity on the surface, Hris (w) is the sensitivity function and w is the
pulsation. In this study, the coupling medium was not considered. All numerical velocity
signals were filtered with a 20 kHz to 1200 kHz Butterworth band-pass filter. Several

sensor locations between 28 mm and 230 mm from the transmitter were analyzed (Figure

2b).
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Figure 3. (a) Aperture function for the R15 sensors: evolution of the k factor versus the distance
from the center of the sensor surface r. (b) Reception response of the R15 sensor obtained with the
reciprocity method on a steel block.

3.3. Analysis of the Experimental and Simulated Signals

The end of the experimentally acquired signals was determined using an energy
criterion. At each point of the experimental signal, the cumulative energy from the fixed
threshold was compared to the energy contained in the 10 ps interval following the
considered point. If the energy contained in the time interval was smaller than 0.1 % of
the cumulative energy, the point indicated the end of the signal [45].

For numerical signals, an energy criterion was also used to define the signal
beginning and end using a criterion of 0.1% of the energy for the beginning and 99.9% of
the energy for the end. The main extracted descriptors analyzed were the following: signal
amplitude, duration, centroid frequency and peak frequency.

4. Results and Discussion
4.1. Summary of the Experimental Results

Figure 4 shows the amplitude and frequency values recorded for the undamaged «
sample and the [3 samples. A box plot is used to summarize the results for the 70
measurements. This offers a straightforward way to compare values of datasets. The
figure consists of a box which indicates the positions of the upper and lower quartiles, i.e.,
the 25th and 75th percentiles, respectively. The interior of this box indicates the area
corresponding to 50% of the distribution. The central mark (red line) indicates the median.
Lines are extended to a multiple such as 1.5 of the interquartile range. Outliers are
represented individually by symbols (+). The data visualization shows that the
measurements were very reproducible, even after detachment and recoupling of the
sensors. A significant difference in terms of amplitude and centroid frequency can be
observed for the sensor located at the epicenter of the defect (sensor 2). In contrast, for
sensor 1, there is little difference between the reference material a sample and the
samples for amplitude, energy and centroid frequency. Therefore, the analysis of the
descriptors indicates that defect detection was not straightforward using sensor 1, since
some of the descriptors were similar for specimens with or without defects (Figure 4a,c).
Only the difference in the centroid frequency recorded by sensor 1 is noticeable for the 32-
type sample. In contrast, there is a clear difference between the descriptors obtained using
sensor 2 for samples with and without defects (Figure 4b,d). The location of the sensor
with respect to the defect location therefore seems to be of primary importance for robust
defect detection. However, the size of the defect does not seem to have a significant
influence on the descriptors calculated at the epicenter of the defect.

The correlation coefficients in the frequency domain between the signals received for
the reference sample and those collected for the samples with defects were about 0.7 for
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sensor 1 and 0.5 for sensor 2, whatever the size of the defect. In the time domain, these
coefficients were 0.3 for sensor 1 and 0.20 for sensor 2. It was therefore not possible to
establish a link between the values of the correlation coefficients and the size of the defect.
With a single-parameter analysis, it seems impossible to determine the size of the defect,
and detection only seems possible using a sensor at the defect epicenter (sensor 2).
However, the decrease in the correlation coefficients in position 2 but also in position 1
clearly indicates an effect of the defect on the signal.

The received signals can be analyzed more thoroughly by means of a principal
component analysis (PCA) applied to the signal descriptors. The first principal component
versus the second principal component is depicted in Figure 5. The data are described by
10 descriptors extracted in the time and frequency domains (amplitude, duration, rise
time, counts, energy, counts to peak, peak frequency, centroid frequency, signal strength
and absolute energy). The first two principal components account for 82% of the variance.

100 - - : 100 -
95| %_‘_ D | 95| ===
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90 |- + 1 90
5 8 g gl ]
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Figure 4. Experimental results. Amplitude (a,b) and centroid frequency (c,d) recorded by sensor 1
(a,d) and sensor 2 (b,c). (The “+” symbol indicates outliers).
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Figure 5. First principal component as a function of second principal component for «, 31 and 32
samples obtained with: (a) sensor 1 and 2 data; (b) sensor 1 data only; (c) sensor 2 data only.

When analyzing the data obtained from sensor 2 and sensor 1 simultaneously, it is
not straightforward to establish a clear separation between the assembly with no defects
and the assemblies containing voids (Figure 5a). A significant improvement can be made
by considering the sensors separately (Figure 5b,c). The detection of the defect was
relatively clear using data obtained from only one sensor (especially from sensor 2 (Figure
5c¢)). Furthermore, it was not impossible to distinguish the different types of defects.

Another analysis of the received signals consisted of setting a supervised
classification with a decision tree forest (RFCAM, [45]). This approach first requires a
training step based on data acquired by the receiver sensors. Then, the classification
method was applied to signals other than those used for the training step. Although the
training was based on data from both receiver sensors, the detection and identification of
the defect size was possible, since the obtained recognition rate of the void defect type
was around 85% [24]. It is therefore crucial to quantify the influence of the defect size on
the AU signal using modeling work, in order to add robustness to the proposed
classification process. An advantage of the numerical simulation is the possibility of
investigating the influence of the nature and location of the reception sensor. The objective
is to better understand how to increase the probability of detection and identification of
the defect in experiments.

4.2. Virtual Perfect Sensor versus R15 Sensor for the Reference Sample: Characterization of the
Reference Propagation Medium

The signals recorded in the undamaged o sample constituted the baseline. With the
a sample, it was possible to obtain information on the influence of the wave propagation
path on the received signal. Figure 6a shows the signals recorded by the perfect sensor at
28 mm, 115 mm and 230 mm from the transmitter, respectively. Figure 6b shows the
corresponding fast Fourier transform. We can observe a significant decrease in the
amplitude and in the frequency content due to the propagation effect. We note a decrease
in the frequency content above 200 kHz with increasing propagation distance in the
undamaged material. This effect is greatly modified by considering the sensor frequency
sensitivity (Figure 6c). The detected frequencies are centered around 150 kHz. Frequencies
below 100 kHz are suppressed, as well as those above 200 kHz. Therefore, the sensor
conceals the difference in the frequency content due to the wave propagation in the
assembly, such as, for instance, the frequency content above 200 kHz close to the emitting
sensor or the frequency content below 50 kHz at a distance from it. The range of received
frequencies actually corresponds to a frequency range in which the sensor is very sensitive
and resonant (Figure 3).
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Figure 6. Simulated signal without AE sensor effect in (a) time domain and (b) frequency domain.
(c) Fast Fourier transform (FFT) of the simulated signals recorded by the R15 sensor.

4.3. Influence of the Voids on AE Parameters

Figure 7 shows the variation of two descriptors (amplitude and duration) evaluated
in the time domain as a function of the distance between the transmitter (T) and the
receiver. The data collected by the perfect sensor or obtained by the R15 sensor are shown
for the reference assembly and for the 3 samples. For the perfect sensor, we can observe a
significant decrease in the amplitude at the epicenter of the defect, which is more evident
for the void of larger size in (32. The signal duration increases significantly at the epicenter
of the void. For all descriptors in time domain, the characteristics of the signals received
after the void are significantly equivalent to those of the reference. The simulation with
the perfect sensor highlights the difficulty of detecting the defect for a sensor not located
at the epicenter of the void with the conventional parameters extracted in AE in the time
domain. In contrast, it highlights the effect of the void size on the descriptors calculated
at the defect epicenter.

Considering the actual R15 rather than the perfect sensor results in a similar variation
in the amplitude as a function of the distance to the transmitter and considerably reduces
the influence of the void on the signal duration. This is especially true for the smaller void,
which no longer presents a significant difference from the reference material at the defect
epicenter. Beyond the defect, the differences between the reference material and the
material with defects are not marked or are even non-existent. This leads to the conclusion
that using the R15 sensor significantly reduces the probability of detecting voids using
time-domain descriptors.
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Figure 7. Variation of (a) amplitude and (b) duration as a function of the distance between the
transmitter and the perfect sensor (PS, o) or the R15 sensor (o) for the various assemblies.

The variation of the descriptors in the frequency domain as a function of the distance
to the transmitter is shown in Figure 8. We can observe a significant decrease in the
frequency content of the signal recorded with the perfect sensor just above the defect. The
frequencies around 150 kHz are attenuated compared to lower frequencies. The reduction
of the frequency content evolves with the size of the defect. Indeed, the centroid frequency
is smaller than 100 kHz for the (32 defect and above 100 kHz for the smaller defect in 1.
The peak frequency is also modified, but not affected by the size of the defect.

It was found that the defect size has an influence on the signature of the AU signal
recorded by sensor 2 and could be discriminated with the perfect sensor or in applications
with wideband sensors that are not expected to modify the measured frequency range.
Using the R15 sensor, a modification of the centroid frequency can be observed although
the differences are much less marked. On the other hand, for the peak frequency, there is
no difference compared to the reference configuration. Considering the actual R15 sensor
also reduces the probability of detecting voids in the frequency domain in comparison
with the perfect sensor. Figure 9a represents the fast Fourier transform (FFT) for the sensor
2 and sensor 1 signals, calculated for the reference sample and the 3 samples.
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Figure 8. Variation of (a) frequency centroid and (b) peak frequency versus the distance between
the emitter and the perfect sensor (PS, o) or R15 sensor (o) for the various assemblies.
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Figure 9. FFT of the simulated signals recorded by the perfect sensor (PS): (a) sensor location 2; (b)
sensor location 1.

It appears that the magnitude of the frequency band at about 80-250 kHz decreased
significantly with the void size, whereas the magnitude at about 50 kHz increased
considerably at the epicenter of the defect. The data calculated with the perfect sample
confirm a significant decrease in the frequency content above 100 kHz for sensor 2, with
a magnitude depending on the defect size. Indeed, in the undamaged sample, 78% of the
spectrum energy was in the 125-200 kHz frequency range, whereas it was only 53% for
1 and 17% for 2. The modification of this frequency content can be correlated with the
void size. At the sensor 1 location, no significant differences were observed. Nevertheless,
the R15 sensor amplified the frequency content around 150 kHz due to its resonance and
eliminated this reduction in frequency content (Figure 10a,b) even for sensor 2. The energy
contained in the 125-200 kHz frequency band was 91% and 87%, respectively, for the
undamaged sample and the sample containing a $1-type defect. Separation from the
undamaged material was therefore difficult, and the probability of detection decreased
with the size of the void.
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Figure 10. FFT of the simulated signals recorded by the R15 sensor or by the perfect sensor (PS), at
sensor location 2: (a) for the B2 sample; (b) for the 31 sample. The curve obtained for the a sample
is also superimposed.

5. Conclusions
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The location of the sensor with respect to a known defect location is crucial for defect
detection using AU inspection. The time and frequency descriptors of the signals acquired
by the receiver sensor are significantly influenced by the presence of a void, compared to
an undamaged specimen, only if the receiver sensor is located on the assembly surface
near the defect epicenter. It is not straightforward to highlight the void’s presence when
the sensor is placed too far from the defect epicenter. The time (amplitude, energy) and
frequency (centroid frequency, peak frequency) descriptors of the signals acquired with a
perfect sensor were all more affected as the defect size increased. This effect was
attenuated when considering an actual R15 sensor, especially for the smaller defect size.
This result highlights the difficulty of using AE descriptors (parameters extracted from
the recorded signals) that reduce the signal data to only a few parameters, some of which
become irrelevant for defect detection when using an actual sensor with resonance in a
specific frequency range.

Both the relative location of the sensor with respect to the defect epicenter and the
type of receiver sensor are thus fundamental for defect detection using the AU method.
The proposed model enables the parameters affected by the size of the defect (amplitude,
centroid frequency, etc.) to be determined, and an analysis based on the relevant
parameters increases the probability of detection of voids. For instance, a wideband sensor
should be preferred for optimal void detection.
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