
PRATHURU, A., FAISAL, N., STEEL, J. and JIHAN, S. 2022. Application of pencil lead break (PLB) point source in the 
detection of interfacial defects in adhesive bonds. Journal of nondestructive evaluation [online], 41(4), article 65. 

Available from: https://doi.org/10.1007/s10921-022-00898-7  

 
 
 
 

The version of record of this article, first published in Journal of nondestructive evaluation, is available online 
at Publisher’s website: https://doi.org/10.1007/s10921-022-00898-7 

This document was downloaded from 
https://openair.rgu.ac.uk 

Application of pencil lead break (PLB) point 
source in the detection of interfacial defects in 

adhesive bonds. 

PRATHURU, A., FAISAL, N., STEEL, J. and JIHAN, S. 

2022 

https://doi.org/10.1007/s10921-022-00898-7
https://doi.org/10.1007/s10921-022-00898-7


Journal of Nondestructive Evaluation           (2022) 41:65 
https://doi.org/10.1007/s10921-022-00898-7

Application of Pencil Lead Break (PLB) Point Source in the Detection
of Interfacial Defects in Adhesive Bonds

Anil Prathuru1 · Nadimul Faisal1 · John Steel1 · Sha Jihan1

Received: 16 March 2022 / Accepted: 2 September 2022
© The Author(s) 2022

Abstract
The presence of kissing bonds (zero-thickness disbond) along the interface of an adhesive bond is highly detrimental to its
strength and longevity. The detection of these kind of defects has previously been attempted using several techniques such
as ultrasonic, infrared thermography, and X-ray spectroscopy, etc. This study aims to assess the effectiveness of pencil lead
break (PLB) tests as a source in detecting the defects distributed along the interface of an adhesive bond. The defects were
introduced artificially using polytetrafluoroethylene (PTFE) spray along one of the interfaces of the adhesive bond fabricated
with aluminium plates bonded with an epoxy adhesive. Three different interfacial defect area percentages, 0%, 25% and 40%
and three adhesive layer thicknesses (i.e., 0.1 mm, 0.25 mm, and 0.5 mm) were considered. The PLB tests were conducted,
and the recorded signals were analysed to assess the variation of AE features with the defect area percentage and adhesive
layer thicknesses. Different source-sensor location configurations were also considered. The 200 kHz-highpass component
of the recorded signals was found to be sensitive to the presence of the interfacial defects. The duration above a chosen
threshold was found to be the distinguishing factor between the different defective specimens. Of the different sensor-source
configurations tried, the configurations with the PLB on the 0.5 mm side were seen to be sensitive to the presence of defects.

Keywords Metal-to-metal adhesive bonds · Acoustic emission · Pencil lead break test · Kissing bonds · Interfacial defects ·
Defect detection

1 Introduction

Adhesive bonds are applicable in various areas of material
joining as a replacement to conventional joining processes
and are desirable because of the ease of manufacture, nature
of load and stress distribution and production costs. Due to
various manufacturing and operational environment related
factors, adhesive bonds are prone to several defect types,
zero volume disbonds (kissing bonds) being one of the crit-
ical ones. Detection of kissing bonds is difficult due to their
inherently small dimensions, particularly, their close to zero
thickness. Regardless, several techniques based on ultrason-
ics [1], guided Lambwaves [2], non-linear dynamics [3] have
been devised to both locate and size interfacial disbonds. Pen-
cil lead break (PLB) test has conventionally been used as a
simulated acoustic emission (AE) point source to understand
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wave propagation in different materials and associated sig-
nal dampening and attenuation. PLBs have been used in the
detection of weld defects [4] and to understand wave propa-
gation in thin solids and wave guides. The validity of using
PLB as an AE source has been studied using finite element
(FE) models [5].

In this paper, the surface displacement and loading rates
induced by a PLB have been calculated. Mathematical
description of the PLB event has been provided based on
the experimental and simulation data. The pencil lead free
length and orientation angle with respect to the surface were
shown to be critical to the loading. In another study [6], out-
of-plane PLBswere shown to induce fundamental zero-order
antisymmetric mode or flexural mode (A0) and zero-order
symmetrical mode or extensional mode (S0) propagation in
aluminium plates of thickness 5 mm. Simulations of in-plane
and out-of-plane monopole and dipole AE sources in alu-
minium plates were carried out in another study [7]. The
typical PLB test used in practice was shown to be equivalent
to an out-of-plane monopole that induces a high amplitude
A0 component and a very low amplitude S0 component. The
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suitability of these fundamental modes in the detection of
adhesive bond defects, specifically kissing bonds has been
studied in detail. Rokhlin et al. [8] studied the use of S0
mode transmission in single lap joint edge condition detec-
tion. More recently the use of A0 and S0 modes in mapping
disbond between a stiffener and an aluminium plate was
studied [9]. The use of correlation coefficients between the
reflected signals at three excitation frequencies from a pris-
tine and defective bond layer has been proposed as a measure
of the degree of disbond. They implemented awindowed root
mean square (RMS) method on the acquired signals to map
the size and shape of the defect.

In another study, the use of the refracted, mode converted
A0 wave in detecting the presence of a defect, based on
numerical and experimental studies on a controlled disbond
in a lap joint was proposed [10]. They observed mode con-
version of the incident S0 into A0 across the bond line.
Furthermore, based on the observed interactions of the S0
modewith the defect, they proposed specific locations within
the specimen geometry to monitor defect scattered mode
converted A0. This was shown to travel in a different direc-
tion to the incident wave making it unique to the defect.
The difference between the defective and pristine bonds was
shown to be the highest at 300 kHz. The use of low fre-
quency (10–50 kHz) A0 in detecting developing cracks in
composite repair specimens has been proposed by Diamanti
et al. [11]. Reflection of the A0 mode from the crack edge
and its time of flight with respect to the incident wave was
measured and quantified against known crack lengths. The
mode propagation was shown to be faster in the pristine bond
compared to the base adherend. Using these relations, crack
lengths and locationswere predicted to a high accuracy.How-
ever, it must be noted that the specimens used were of a
simple plate type and so the measurement of the time-of-
flight (TOF) was straight forward. In the case of complex
geometries, the proposed analysis will need to be modified
to include the reflections and possible mode conversions.
Mustapha et al. [12] used low frequency A0 based inspection
method to locate and size a composite sandwich delamina-
tion defect. The magnitude and TOF of the reflected wave
were related to the defect location and size. In addition, the
correlation of the reflected signal from a defect and a pris-
tine specimen has been calculated using the Hilbert-Huang
transform. However, due to competing mechanisms of wave
damping andmode velocity changes induced by the presence
of the delamination, a unique relation between the delami-
nation size, location and the calculated parameters could not
be obtained. In addition, mode propagation characteristics of
the sandwich specimens were not considered in this study.

Rucka et al. [13] used scanning laser doppler velocimetry
(SLDV) in the detection of induced voids and kissing defects
in adhesively bonded lap joints. A 200 kHz sine wave was
used toA0 propagation in the lap joint. Aweighted rootmean

square (WRMS) estimation was carried out on the gathered
surface velocity data at several locations resulting in a defect
map. The time window and the individual weights in the
WRMS were optimised to increase the contrast in the maps.
The calculated WRMS value was found to be higher directly
above the location of the introduced defects which relates to
the amplitude of the propagating wave within the defect area.

Mori et al. [14] studied the transmission of the A0
mode through adhesive bonds with different adherend sur-
face preparation methods. The variation of the transmission
coefficients with the surface condition and consequently the
tangential stiffness of the interface have been quantified by
defining the peaks and notches in the frequency response of
the transmitted wave. The induced A0 mode with a central
frequency of 200 kHz was shown to be sensitive to the inter-
facial condition.

It is evident that the A0 and S0 fundamental Lamb modes
are capable of detecting defects in adhesive bonds and also
that PLBs generate these wave modes in plate structures.
However, this apparent connection has not been made yet in
understanding the application of PLB in adhesive bond defect
detection. In scientific studies, the detection of the defects
relied on the generation and propagation of a specific fre-
quency propagating along the adhesive bond line. The same
frequencies could also be generated by a simple PLB test
thus negating the need for complex signal generation and
acquisition methods. However, given the manual nature of
the PLB test and the possibility of inducing multiple modes
within the plate structure, there is a need to understand the
suitability of PLB for adhesive bond defect detection. The
current study attempts to address this gap.

The current research, for the first time, establishes the
standard PLB test as a viable method to identify defective
interfaces in adhesive bonds. The use of pencil lead break
(PLB) as a signal point source along with an AE sensor adhe-
sive bonds defect detection is investigated. Artificial defects
were introduced along the adhesive-metal interface to sim-
ulate kissing bonds. Two interfacial defect area percentages
(25%, 40%) were considered, and the acquired signals were
compared to those from a pristine specimen. Though these
valueswere chosen arbitrarily, theywere used to establish the
sensitivity of the proposed method. As will be shown later,
themethodwas able to detect a large 10mm× 10mm (repre-
senting 1.67% interfacial defect area) defect with ease. The
intention was to test the efficacy of the method in detect-
ing distributed smaller defects. Frequency content of the
acquired signals was analysed and parameters to differenti-
ate the different defect percentages are proposed. In contrast
to the complex guided wave methods used in the detection
of the kissing bonds, the proposed method is simple and can
easily be replicated for a given specimen. The use of normal-
isation and adoption of energy ratios in the signal processing
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method meant that the results are less affected by the sensor
mounting and test repeatability.

2 Materials andMethods

The sample preparation, PLB test set-up and signal process-
ing methods have been discussed elsewhere [15] and are
referred here briefly.

2.1 Specimen Details

The adhesive joints were made by joining two aluminium
plates with dimensions 120 mm × 50 mm × 1.5 mm and
120 mm × 50 mm × 0.5 mm. This section explains the
methodology of specimen preparation and specimen qual-
ity control. The interface bonding conditions were varied.
For defect detection tests, pristine specimens with no defects
along with specimens with 25% and 40% defect area distri-
butions along one of the interfaces have been prepared.

The as received aluminium plates were cleaned with
Loctite®7063™. This was done on both the faces of the
adhesive joint. Next, the plate surfaces were sprayed with
Loctite®7649 ™ activator. Temper half hard (AL000730,
size: length 120 mm, width 50 mm and thickness 1.5 mm,
andAL000645, size: length 120mm,width 50mmand thick-
ness 0.5mm;Good Fellow Ltd., Cambridge, UK) aluminium
plates were selected for this study.

All the specimens were prepared using a Loctite® 9430
epoxy adhesive. Fig. 1 describes the scheme of the adhesive
bond specimen preparation. adhesive layer thicknesses cho-
sen were 0.1 mm, 0.2 mm and 0.5 mm based on the standard
thicknesses used in adhesive bonds. After the initial degreas-
ing of the metal plate surfaces, Loctite®7649 ™ surface
activator was sprayed on. After this, bond defects were intro-
duced along the interface between the 0.5 mm thick plate and
the adhesive layer. The interfacial defects were introduced
by applying a thin PTFE coating sprayed through prefabri-
cated templates on to the 0.5 mm thick aluminium plate. The
use of the template ensures that there is no overspray on the
plate surface and hence prevents overlap between neighbour-
ing defects. This introduced an array of circular defects on
the surface of the aluminium plate. The number of passes
of the PTFE spray over the plate was kept constant across
all the specimens. The thickness of the circular defects was
not more than 10 µm as measured with a micrometer. The
template used to create the interfacial defects has a uniform
distribution of holes. The templates used and the aluminium
plate with the defects are shown in Fig. 2. After the PTFE
spray has dried on the plate, adhesive was applied. Bond gap
was controlled using aluminium shims, introduced to main-
tain a gap equal to the desired adhesive layer thickness. After
the application of the adhesive, a uniformly distributed load
(20 N) was applied, and specimens were cured for 2 days at
about 25 °C and a relative humidity of about 30%. In total,
9 different specimen types were manufactured.

Fig. 1 Schematic of specimen
preparation methodology:
a scheme of application of
surface cleaner, activator and
adhesives, andb application of
uniformly distributed load

Aluminium: 1.5 mm thick 

Aluminium: 0.5 mm thick 

Ac�vator

Adhesive

Surface cleaner

Surface cleaner

Ac�vator

Uniformly distributed load 

120 mm1.5 mm Al plate 

0.5 mm Al plate 
Adhesive layer (various thicknesses: 0.1 mm, 0.25 mm and 0.5 mm) 

(a) 

(b) 
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Fig. 2 a Templates used for the defective specimen preparation for
experiments, and, b PTFE sprayed surface with 40% defect area per-
centage

2.2 Pencil Lead Break (PLB) Test

The AE sensors from Physical Acoustics Corporation,
Micro-80D, with a frequency response range of 100 kHz to
900 kHz and a resonant frequency of 325 kHzwere used. The

sensor exhibits a close to flat response across the frequency
range, except at the resonant frequency where the response
peaks. Pre-amplifiers of type PAC series 1220A were used
in combination with the sensors. An in-house developed sig-
nal conditioning unit (SCU) was used in addition for further
amplification or de-amplification as required. Co-axial BNC
cables were used to connect the sensors and the amplifiers
to a BNC block (National Instrument, NI-2110) which was
connected to a NI-6115 PCI-express data acquisition card.
The block diagram of the setup used is shown in Fig. 3. Each
specimen was placed on a wooden block with a V-shaped
groove in the middle so that it is simply supported over a
length of 2 cm on each side.

The AE sensor was mounted on the specimens using alu-
minium tape. The thickness of the aluminium tape was less
than 15 µm and hence it is not likely to significantly affect
thewave propagation characteristics of the aluminiumplates.
Silicone sealing grease was used as the couplant between the
sensor and specimen with the sensor being held down by
aluminium tape against the specimens. The sensor mounting
procedure was tested for signal acquisition repeatability by
removing the aluminium tape and the sensor and remount-
ing. PLB tests were conducted at the same location to test
the repeatability and ensure that the uncertainty associated
with the sensor mounting procedure can be eliminated in
signal analysis (Fig. 4). Two different sensor-source location
configurations were considered. The first has the sensor and
the source (i.e., PLB) on the opposite faces of the adhesive
bonded specimen. The sensor was located at the geometrical
centre of the face in this configuration. This configuration

PAC 2/4/6 Pre-amp 

Signal Condi�oning 
Unit  

NI-2110 BNC 
connector block 

NI-6115 DAQ 

PAC Micro-80D AE 
Sensor 

Fig. 3 Schematic of AE signal acquisition
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Fig. 4 Repeatability of the PLB tests on 0.5-0.1-1.5 at a distance of
40 mm from the sensor

was chosen to study the wave transmission and attenuation
through the thickness of the adhesive layer. The second con-
figuration has both the source and sensor on the same face of

the adhesive bonded specimen. Seven different points were
marked on both the faces of each specimen and the PLB tests
were carried out at these points. The location of these points
is shown in Fig. 5a. A commercial mechanical propelling
pencil with an in-house machined guide-ring was used to
generate simulated AE sources by breaking a 0.5 mm diam-
eter and 2–3 mm length 2H pencil lead, as recommended by
ASTM standards (E976-99) [16]. Various specimen-sensor
configurations are shown in Fig. 5b. To ensure repeatability,
five PLBswere recorded at each of the positions as per Fig. 4.

2.3 Specimen Name Convention

With the given specimen geometry of two aluminium plates
bondedwith an adhesive layer, 4 different sensor-PLB source
configurations have been assessed for their ability in detect-
ing the interfacial defects. The first configuration type had
both the sensor and PLB source on the samemetal plate. This
gave 2 configurations with the 0.5 mm and 1.5 mm plates of
the adhesive bond (Fig. 5b(i), b(iv)). The second type had the
sensor and source on the opposite faces of the specimen. For

Fig. 5 a Sensor and PLB source
locations on the specimens (not
to scale, schematic). b PLB test
configurations showing source &
sensor locations

50 m
m

 

120 mm

20 mm20 mm 10 mm10 mm10 mm10 mm 20 mm 20 mm 

a) 

b) 

rosneSecruoS 1.5-A-0.5

Source

Sensor 

S-0.5-A-1.5-P 

Source 

SensorS-1.5-A-0.5-P 

Source Sensor

0.5-A-1.5

i) 

ii) 

iii) 

iv) 
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these configurations, the letters ’S’ and ’P’ have been used
to indicate sensor and the PLB source. For example, S-0.5-
0.1-1.5-P (Fig. 5b(ii)) indicates that the sensor was located
on the 0.5 mm plate, PLB source on the 1.5 mm plate and the
adhesive layer thickness was 0.1 mm. The interfacial defect
area percentage, if any, is added to the specimen’s name.
Where the specimen’s name does not have ’S’ and ’P’, test
configuration is of the first type and the sensor, PLB source
were located on the plate of thickness equal to the left most
value in the specimen’s name. For example, 0.5-0.1-1.5-40%
indicates that the adhesive layer thickness is 0.1 mm and that
the sensor and PLB source were on the 0.5 mm plate and the
interfacial defect area percentage was 40%. The configura-
tions and corresponding naming conventions are shown in
Fig. 5b.

2.4 AE Signal Processing

AE signals were acquired at a rate of 2MS/s in all the record-
ings conducted. The sampling frequency was chosen to be
more than twice the maximum frequency being investigated.
Five repetitionswere conducted at eachpoint on the specimen
and the acquired signals after each test were stored as binary
(.bin) files. Signal processing was done using the codes writ-
ten in data analysis software (MATLAB). The energy content
of the signal was measured by calculating the total area of
the absolute magnitude-time profile.

E �
∫

|V |dt , (1)

where E is the signal energy, V is the signal voltage as a
discrete function of time and t is the time. The rise time,
decay (fall) time and hit rate were calculated for each signal
record by using a threshold value above the noise level. Dif-
ferent values of the threshold were considered to maximise
the defect detection capability of the data processing tech-
nique. ssssIn caseswhere the thresholdwas based on the peak
amplitude, it was taken to be 2% of the peak. Digital filters
(Chebychev type II) were applied to the recorded signals to
estimate and quantify the changes induced in the signals by
the interfacial defects in the specimens. In this technique the
signal was divided into windows of 300 samples each and the
local maxima was calculated in each window. These values
were then combined to create a re-sampled signal. Signal-to-
noise ratio (SNR) was calculated, using Eq. 2 below, in each
window using the local maximum of the signal. The noise
floor for this calculation was taken to be the noise recorded
from the AE sensor without any AE activity

SNR = 20 log10

(
V2

V1

)
(2)

where SNR is the signal-to-noise ratio, V2 and V1 are the
signal voltage and the noise floor recorded from the AE
sensor respectively. The calculated SNR values were then
normalised to a scale of 0 to 1. Calculation of the SNR and
subsequent normalisation enabled the comparison of differ-
ent signal records on a common platform and to understand
signal decay rates.

3 Results and discussion

3.1 Signal Transmission in Metal Plates

The signal transmission in the aluminium plates is first stud-
ied. To this end, a one-off experiment was conducted with
the 1.5 mm plate with 2 sensors mounted on the surface at
40 mm and 80 mm from the PLB source location. This gave
a path difference of 40mm between the two sensor locations.
Based on this, the velocity of the first arriving wave was esti-
mated. This, in conjunction with the wavelet transform, was
used to understand the wave propagation in the plates. Based
on the calculated wave velocities, it is concluded that the
PLB signal has a low frequency low amplitude S0 compo-
nent reaching the sensor first followed by a high frequency
high amplitude A0 component. The peak amplitude of the
signal lies within the high frequency range. Figure 6 shows
the PLB signal recorded on the 1.5 mm plate. Several reflec-
tions are seen (Fig. 6c) within the sample given the small
dimensions and there was significant overlap as expected
due to the proximity of the boundaries to the source loca-
tion. The significant amount of low frequency energy within
the signal is to be noted given the lower sensitivity of the
sensor used at frequencies below 100 kHz. To isolate the
low frequency component of the recorded wave signal on the
1.5 mm plate, a 50 kHz lowpass filter was employed and the
signal to noise ratio of the filtered signal was calculated. The
plot of the filtered component and the corresponding SNR vs
time is shown in Fig. 7. The high SNR despite the low sensor
response in this frequency range is to be noted. The samewas
observed with the 0.5 mm plate. A low frequency, low ampli-
tude S0 reached the sensor first followed by a high frequency,
high amplitude A0 component. The rest of the signal consti-
tuted the reflections from the plate boundaries. This signal
too exhibited significant activity in the low frequencies. In
both the 0.5mmand1.5mmthick plates, the out-of-plane dis-
placement decreases considerably as the frequency increases.
For example, in the 0.5 mm thick plate, the out-of-plane dis-
placement at 30 kHz is ~ 390 nm, whereas that at 300 kHz is
~ 13 nm and the estimated surface velocities, used as an indi-
cator of the sensor response, are calculated to be ~ 0.08 m/s
and ~ 0.0025 m/s at 30 kHz and 300 kHz respectively. Sur-
face velocity was calculated based on the frequency and the
surface displacement. Frequency was used to calculate the
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Fig. 6 a PLB signal acquired
from the 1.5 mm aluminium plate
along with the b power spectral
density and c wavelet transform

Fig. 7 a 50 kHz-lowpass
component of a sample PLB
signal on 1.5 mm plate and
b corresponding SNR

123



   65 Page 8 of 18 Journal of Nondestructive Evaluation            (2022) 41:65 

Fig. 8 a Energy content of signals with different configurations and adhesive layer thicknesses, b Sample WT plot of 0.5-0.1-1.5, c sample WT
plot from S-1.5-0.1-0.5-P

time period. Assuming sinusoidal surface motion, the sur-
face displacement and the time period were used to calculate
the average surface velocity for the wave transmission. Out-
of-plane displacement with the 1.5 mm plate at 30 kHz is
~ 93 nm and at 300 kHz is ~ 6 nm and the correspond-
ing surface out-of-plane velocities are ~ 0.0175 m/s and ~
0.00125 m/s respectively. The use of the specimen surface
velocity as representative of the sensor signal is proposed
by Sause and Horn [17]. They compared the surface veloc-
ity of a steel plate obtained on a steel plate with a cosine

bell function as the simulated PLB source with experimen-
tal sensor data from PLB tests. A very good correlation was
shown between the simulated and experimental data. The
large difference between the surface velocities at 30 kHz and
300 kHz for both the 0.5 mm and 1.5 mm plates explains the
high amount of low frequency content seen in the signals. It
is also to be noted that though the sensor used has a frequency
band of 100 kHz–900 kHz, it is still sensitive to lower fre-
quencies though not to the same level. Similar behaviour is
expected with the adhesively bonded specimens, the effect of
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Fig. 9 Variation of time above threshold of the 200 kHz high pass component with specimen configuration and defect area percentage for a 0.1 mm,
b 0.25 mm, c 0.5 mm thick adhesive layer

the adhesive damping on the signal frequency content being
of interest.

3.2 Sensor-Source Configuration

The difference between the different sensor-PLB configu-
rations is discussed here. It was previously shown that the
wave propagation in a multi-layered adhesive bond can be
sufficiently approximated by the dispersion curves of the
constituent metal plates [18, 19]. Instead of acting as a single
structure, the constituent plates act as individual laminates

each with their own wave propagation characteristics. In this
case, the dispersion curves of the metal plate on which the
sensor was mounted were mapped onto the wavelet trans-
formsof thePLBrecords.With each adhesive layer thickness,
the variation of the signal energy content with respect to the
sensor-source configuration is shown inFig. 8a.As seen,with
all the general trend is a decrease in the signal energy switch-
ing from a configuration with the sensor and the source on
the same side to a configuration with these on the opposite
side. Comparing signal WTs from the configurations with
PLB and sensor on the same side and those with these two
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Fig. 10 Normalised SNR vs time of the 200 kHz-Highpass components from various defective specimens with the configuration S-0.5-A-1.5-P and
adhesive layer thickness of a 0.25 mm, b 0.5 mm

on the opposite faces, the signal decay is more rapid in the
latter case. An example is shown in Fig. 8b, c. This translates
to a smaller duration above threshold with the latter case.
Having the sensor and source on opposite faces of the speci-
men decreased the energy content of the signal. This implies
damping through the adhesive layer, despite similar energy
ratios. Regardless of the decay rate, all configurations were
analysed for defect detection, and it was found that not all
configurations were sensitive to the presence of the defects.

The effect of the configuration on the acquired signalswith
different thicknesses can be seen from Fig. 9. The time above
threshold of the signals acquired on the adhesive bonded
specimenswith various adhesive layer thicknesses and defect
area percentages is shown in this figure. As seen, with the
various configurations, with the 0.1 mm thick adhesive layer
specimen, there is a clear distinction between the pristine and
defective specimens. The configuration 0.5-A-1.5 is seen to
be the most sensitive with the other configurations showing
smaller, though distinguishable difference in the time above
threshold. Also, a decrease in the time is the general trend
seen with the various specimen types with changing configu-
ration. The principal difference between the configurations is
the signal travel path and the proximity of the signal source to
the interface with the defects. With the configurations where
the sensor and source are located on the opposite faces of
the specimen, the signal has to travel through the adhesive to
reach the sensor. Literature suggests that the effect of signal
transmission through an adhesive layer is the reduction of the
high frequency content of the signal [18].

With the 0.1 mm adhesive layer specimen, all the config-
urations appear to be capable of differentiating between the
different detective specimens, though some configurations
to a smaller extent than the others. With higher thicknesses,
the signal attenuation was high enough that the recorded
signal was not capable of distinguishing between the dif-
ferent defective specimens. This is seen in Fig. 10 where
the normalised SNR of the signal’s 200 kHz-highpass com-
ponent is compared between the defective specimens in the
configuration S-0.5-A-1.5-P. As seen, the curves are close
to coincident, making defect detection in these specimens
harder than it is with the 0.1 mm thick adhesive layer speci-
men.

3.3 Effect of Adhesive Layer Thickness

The effect of the increasing adhesive layer thickness is pre-
sented in this section. The overall energy content of the signal
is first calculated and compared between the three adhesive
layer thicknesses (i.e., 0.1 mm, 0.25 mm, 0.5 mm) studied.
The change of the amplitude decay rate of the three thick-
nesses is shown in Fig. 11a. As seen, the higher thicknesses
exhibit faster signal decay over time. The rate of decay can be
seenmore clearly in the time vs frequency domain. Figure 12
shows sample WT plots from the specimens of the three
thicknesses.

The averaged signal of each sample is subjected to three
digital filters (i.e., 50 kHz lowpass, 50–200 kHz bandpass,
and 200 kHz highpass). The calculated energy ratio of these
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Fig. 11 a Signal SNR and b Energy ratio variation with adhesive layer
thickness

filtered signal components for the 3 adhesive layer thick-
nesses is shown in Fig. 11b. The energy ratio is calculated
as the ratio of the energy of the filtered component to the
total energy content of the signal. A clear shift of energy
from low to high frequencies is seen with increasing adhe-
sive layer thickness. This is seen from the WT plots for the
three thicknesses shown in Fig. 12. Increase in the thickness
of the adhesive layer leads to the decrease in the degree of
constraint applied by the much stiffer adherends. This leads
to easing of the deformation of the adhesive layer. The mag-
nitude of the surface displacement in the adhesively bonded
multilayer structure is higher at lower frequencies compared

Fig. 12 Sample wavelet transform plots of PLBs on specimens with
a 0.1 mm, b 0.25 mm and c 0.5 mm thick adhesive layers in the con-
figuration 0.5-A-1.5

to higher frequencies. This also translates to a higher sur-
face velocity at lower frequencies. Hence, these are expected
to experience a higher degree of damping compared to high
frequency waves whose associated surface deformation and
corresponding surface velocity are significantly lower. This
could be the most-likely reason behind the shift of the energy
distribution to higher frequencies with increasing thickness.
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At higher thicknesses, the signal exhibits resonance like
behaviour with high amplitude at a frequency close to that of
the resonant frequency of the sensor. At higher thicknesses,
the wave propagation induced deformation of the adhesive
layer is not constrained leading to higher damping of the
propagating waves, especially at lower frequencies, as evi-
denced by the energy ratio plots for the different thicknesses
(Fig. 11b).

3.4 Effect of the Presence of Defects

To test the effectiveness of the PLBmethod in identifying and
predicting the presence of single large defect, the same sam-
ple preparation procedure with PTFE has been followed in
preparing a specimen with an approximately square shaped
defect along with some smaller circular defects. The inter-
face surface before bonding is shown in Fig. 13a. The WT
obtained from a PLB on this specimen is compared to that
from a pristine specimen is shown in Fig. 13b and c. There is
a clear difference between these two WTs showing that the

technique can detect interfacial defects. The observed differ-
ence is particularly in the > 200 kHz frequency band. In this
case, the high frequencyA0mode, propagating in the 0.5mm
thick plate, that arrives at the sensor after the S0 mode was
seen to be sensitive to the presence of the defect.

The effect of the defects on the observed signal records
will be discussed for each thickness in this section. With
0.1 mm of adhesive layer thickness, the signals were pro-
cessed as mentioned previously with an averaged signal
calculated in each case. The averaged signal was resampled
with a frequency of 1666 Hz. The SNR was then calculated
with the resampled signal and the values were normalised to
a scale of 0–1. The comparison of the signal decay between
the adhesive bonds with the defective interfaces and those
with a pristine interface is shown in Fig. 14. The shown plots
are of the 200 kHz-highpass filtered signal, with the configu-
ration 0.5-A-1.5. As seen, the time taken for the normalised
SNR to reach ‘0’ is longer for the defective specimens. The
signal behaviour can be clearly seen from the WTs from the
different defective specimens.

Fig. 13 a Aluminium plate of size 120 mm × 50 mm × 1.5 mm with PTFE sprayed defect of size (10 mm × 10 mm) and location of AE sensor
and PLB as sources, b WT of pristine specimen with no defect, and c WT of specimen with defect, in the configuration 1.5-A-0.5
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Fig. 14 Decay of 200 kHz-highpass component expressed as SNR with respect to time with defective specimens of various thicknesses, a 0.1 mm
thick, b 0.25 mm thick, c 0.5 mm thick adhesive layered bonds, in the configuration 0.5-A-1.5

In Fig. 15 are shown sample WTs of the 0.5 mm thick
adhesive layer specimens with different defect area percent-
ages, in which the increase in the low frequency activity
can be clearly seen with the configuration 0.5-0.5-1.5. With
the configuration S-1.5-0.5-0.5-P however, the opposite phe-
nomenon was observed. It has to be noted here that, though
in the both the configurations the pencil break was on the
0.5 mm plate, the sensor was mounted on the 0.5 mm plate
in the former configuration, adjacent to which the defects
are located, whereas it is on the 1.5 mm plate in the latter.
Regardless, both the configurations show a clear distinction

between the different specimen defect area percentages. Such
a distinction was not observed with the other configurations
however, and so the results are not shown here. The energy
associated with the high frequency component decreased
with increasing defect area percentage with 0.25 mm and
0.5 mm adhesive layer thicknesses. This is represented by
the energy ratio, calculated as the fraction of the total energy
associated with each energy band.

The energy ratios for the 50 kHz-lowpass, 50–200 kHz
bandpass and 200 kHz-highpass components are shown in
Fig. 16 for all the three adhesive layer thicknesses. The energy
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Fig. 15 WTs of PLB tests at 80mm from sensor on 0.5mm thick adhesively bonded specimenwith configurations: a 0.5-0.5-1.5, b 0.5-0.5-1.5-25%,
c 0.5-0.5-1.5-40%, d S-1.5-0.5-0.5, e S-1.5-0.5-0.5-P-25%, and f S-1.5-0.5-0.5-P-40%

shift from the high frequency band to the low frequency band
is similar to the behaviour seen with decreasing thickness
and the energy distribution within these frequency bands.
The cause for this behaviour is expected to be the same as
before, increasing defect area along the interface between the
adhesive layer and the adherend leads to lower damping of
the propagating modes within the metal plate. Since the low

frequency A0 has a higher surface displacement compared to
the high frequency A0, upon introduction of the defects, this
component seems to reappear. From the analysis, it was seen
that the sensitivity of the technique is highest with the config-
urations where the PLB was carried out on the 0.5 mm plate.
This was particularly the case with the 0.1mm thick adhesive
layer bond. As the thickness increased, only configuration
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Fig. 16 Variation of energy ratios of 50 kHz-lowpass, 50–200 kHz bandpass and 200 kHz-Highpass components for various defect areas with
a 0.1 mm thick, b. 0.25 mm thick and c 0.5 mm thick adhesive layered bonds in the configuration 0.5-A-1.5

0.5-A-1.5 was seen to be sensitive to the presence of defects.
It has to be kept inmind that the interfacial defects are towards
the 0.5 mm plate. It is possible that the increased degree of
damping made the configuration S-1.5-A-0.5-P sensitive to
the difference in the propagating waves. In both the cases, the
200 kHz-highpass component was seen to show high sensi-
tivity to the defects, as seen in Fig. 15. Based on the signal
behaviour, the ring down time of the 200 kHz component
was calculated for the signals recorded for each specimen
type with the configuration 0.5-A-1.5. The duration above
threshold of this component was estimated for each speci-
men type and is shown in Fig. 17 for the 0.1 mm and 0.5 mm

thick adhesive layer bonds. As seen, the obtained values are
distinguishable and given the number of PLB repetitions car-
ried out on each specimen, the reliability of this technique is
relatively high. It is to be noted that the proposed technique
is only capable of detecting the presence of defects and pre-
dicting the area of defects but not the location. In this case,
the defects were distributed uniformly along the interface.

The present technique considers the energy associated
with all the reflections from the specimen edges. In large
enough specimens, the edge reflections may not be observed
or might be of a very low amplitude owing to the damp-
ing induced by the adhesive. From Fig. 13b and c, the WT
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Fig. 17 a Duration above threshold of the 200 kHz-Highpass compo-
nent of specimens with a 0.1 mm thick adhesive layer, b 0.5 mm thick
adhesive layer in the configuration 0.5-A-1.5

coefficients are higher with the defective specimen. Though
it might seem counter-intuitive, it can be inferred that the
addition of the PTFE spray along the interface leads to an
introduction of a barrier across which the propagating waves
are reflected into the metallic plate. This can be further
explained by considering the top adherend and the adhesive
layer together as a composite plate. Where there is a defect
along the interface along the lower adherend, this composite
plate acts as if it is freely suspended and fixed along the defect
boundary. Upon propagation of plate waves, this plate tends

to vibrate freely. This could be the reason why the config-
uration with the PLB source and the sensor on the opposite
faceswas not able to detect the defects. The added attenuation
because of the through thickness transmission of the signal
added to this. This explanation is supported by the results
reported by [19]. They observed that the amplitude of vibra-
tion measured using optical fibre interferometry directly on
top of an interfacial defect is higher compared to that mea-
sured on a fully bonded specimen and this increased with the
energy input.

In the presence of a defect, additional mode conversion
in adhesive bond was reported [20], where the two bonded
surfaces act as independent plates across the interface, with
A0 and S0 modes propagating within them separately. Over-
all, the amplitude of the propagating wave increased with an
increase in the defect size. This agrees with the behaviour
seen in the current study where the amplitude with the
defective joints is higher compared to those of the pristine
specimens. In addition, the wave decay with respect to time
was also seen to be slower in the defective joints possibly
due to the presence of mode conversion. In the presence of
a circular defect, trapping of a proportion of the Lamb wave
energy in the defective areawas reported [10]. In the presence
of several such small defects distributed along the interface,
significant proportion of the energy can be expected to be
trapped in the upper adherend in the current case, which
explains the increased activity in the recorded signal with
higher defect percentages, as reflected by the durations above
threshold. The fundamental asymmetric mode A0 was found
to be reflected into the host structure upon incidence on a
defect in an adhesively bonded structure. These reflections
are minimal in the case of a perfect, flawless bond. This
phenomenon was observed through the 200 kHz–600 kHz
frequency range and so was proposed as a potential means
of detecting kissing bonds. Specifically, simulations showed
that a frequency of 400 kHz provides a large enough contrast
in a defective bond against a pristine bond. In addition, the
mode conversion of S0 to A0 across a defective interface is
reported leading to an additional component of wave prop-
agation. However, in the current case, the amplitude of the
S0 component induced by the PLB was too small to have
multiple reflections.

4 Conclusions

In this paper, the feasibility of using PLBs as point sources
to detect the presence of interfacial disbond type defects in
adhesive bonds has been evaluated. Adhesive layers of three
different thicknesses (0.1 mm, 0.25 mm, 0.5 mm) and three
different defect areas values (0%, 25%, 40%) have been con-
sidered. Four different sensor-source location configurations
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have been tested. Based on the findings the following con-
clusions have been drawn:

a. The PLB source induces both A0 and S0 wave mode
propagation in the adhesive bonds and the individual
metal plates. The magnitude of the S0 mode is small and
quickly dampens. The A0 mode exhibits dispersion and
is predominant in both the adhesive bonded specimens
and the metal plates.

b. The A0 mode is sensitive to the presence of the defects,
specifically the A0 mode with a frequency > 200 kHz.
The duration above threshold of this component shows
a significant difference between the different defect area
percentages.

c. With all the thicknesses, the configurations where the
PLB is on the plate closer to the defective interface,
i.e., 0.5-A-1.5 was shown to exhibit a noticeable differ-
ence in the signal characteristics. The signal travel path
through the adhesive layer, seen in the other configura-
tions, induces high enough damping that no significant
difference is seen between the different defective speci-
mens at higher thicknesses (0.25 mm, 0.5 mm)

d. Increase in the thickness of the adhesive layer leads to a
change in the energy distribution of the signal in the fre-
quency spectrum due to the relaxation of the constraint
exerted by the adherends on the adhesive layer and con-
sequent increase in the damping of lower frequencies.

e. In the higher thickness adhesive layers, increase in the
defect area percentage along the interface reduces the
damping of the lower frequencies and a shift in the energy
distribution is seen fromhigher to lower frequencies. This
is similar to the effect of adhesive layer thickness reduc-
tion.

The proposedmethodmight also be applicable to larger spec-
imen sizes given the low decay rates of guided Lamb waves
in thin metal plates. Large specimen areas can be quickly
evaluated for defects using the proposed method owing to its
ease of use. However, the effect of larger specimen dimen-
sions on the presence of edge reflections in the signal records
has to be evaluated. In the current analysis, edge reflections
have been considered. Further work is required to establish
the defect location and sizing based on the PLB inducedwave
propagation in adhesive bonds in both the specimens used in
this study and larger specimens.
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