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Abstract: The objective of this study is to compare the performance of different ultrasonic non-
destructive testing (NDT) techniques for bonding quality evaluation. Aluminium-epoxy-aluminium
single lap joints containing debonding in the form of release film inclusions have been investigated
using three types of ultrasonic NDT methods: contact testing, immersion testing, and air-coupled
testing. Apart from the traditional bulk wave ultrasound, guided wave testing was also performed
using air coupled and contact transducers for the excitation of guided waves. Guided wave propagation
within adhesive bond was numerically simulated. A wide range of inspection frequencies causing
different ultrasonic wavelengths has been investigated. Average errors in defect sizing per ultrasonic
wavelength have been used as a feature to determine the performance of each ultrasonic NDT
technique. The best performance is observed with bulk wave investigations. Particularly, the higher
frequencies (10-50 MHz) in the immersion testing performed significantly better than air-coupled
testing (300 kHz); however, air coupled investigations have other advantages as contactless inspection.
Whereas guided wave inspections show relatively lower accuracy in defect sizing, they are good
enough to detect the presence of the debonding and enable to inspect long range. Even though
each technique has its advantages and limitations, guided wave techniques can be practical for the
preliminary in-situ inspection of adhesively bonded specimens.

Keywords: adhesive bonding; contact testing; immersion ultrasonic; air-coupled testing; air-coupled
simulation; guided waves; defect sizing

1. Introduction

Adhesive bonding is an attractive alternative to other joining technologies due to its high
performance to weight ratio, ability to join dissimilar materials, and homogenous load distribution.
Although the advantages of the adhesive bonding are very attractive to highly developed industries,
such as aerospace, their usage is limited due to the lack of the knowledge in the non-destructive testing
(NDT) of bonding quality [1]. Hence, research in non-destructive evaluation of bonding quality is of
great interest for decades.

The ultrasonic NDT techniques have been one of the most commonly used NDT techniques
to evaluate bonding quality [2]. The ultrasonic NDT methods have been used not only to evaluate
adherend integrity, but also for interface quality determination, debonding detection, and weak bond
investigations [3].
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Through-transmission immersion, ultrasonic NDT is considered the reference method within all
ultrasonic NDT methods. The experiment itself requires two-sided access to the structure and the
inspected component needs to be immersed in water [4]. Immersion pulse-echo ultrasonic inspection,
on the other hand, requires only single-side access to the structure; however, it still requires water
immersion of the sample [5,6]. In particular, pulse-echo immersion ultrasonic NDT techniques
have been utilized for bonding interface visualization [7], debonding detection [8], adhesive quality
evaluation [9], kissing bond evaluation [10], and for the defect positioning in dissimilar joints [11].

Moreover, scanning acoustic microscopy (SAM) allows structures to be inspected with high
frequency-high resolution. While SAM provides higher spatial clarity, the size of the structure is
limited, the experimental set-up is bulky and investigations are performed in water. SAM has
been employed for the evaluation of weak bonds in composite joints [12], weak bond imaging with
holography [13], and porosity identification in dissimilar joints [14].

Nowadays, air-coupled ultrasonic NDT has also gained interest for in-situ applications because,
as a rapid ultrasonic testing, it can be performed without any contact medium and it applies to the
industrial test line [15]. Compared to immersion ultrasonic, the air-coupled ultrasonic NDT has several
advantages. However, it still lacks the high spatial resolution and fast inspections that are achieved
with the immersion ultrasonic NDT. In a recent study, the interfacial stiffness coefficients of weak
bonds have been investigated with air-coupled ultrasound [16]. Moreover, interface visualization of
the tri-layer bonded aluminium plate has been performed with the air-coupled through-transmission
ultrasonic testing [15]. While air-coupled through-transmission needs two-sided access, it is possible
to inspect structures with pitch and catch by the propagation of Lamb waves [17].

The guided wave (GW) ultrasonic NDT is another promising technique to evaluate bonding quality
that allows large structures to be inspected in a short time. GW ultrasound can be employed with
non-contact systems, such as air-coupled transducers and laser interferometer [18-20]. Moreover, it is
possible to excite and receive guided waves in specific modes with contact transducers, electromagnetic
acoustic transducer (EMATs) [21], and macro fibre composite transducers (MCF) [22]. However,
it should be noted that the evaluation with GW inspections requires an understanding of the wave
propagation within the sample, which, in most cases, is achieved only by highly complex numerical
investigations [23]. Several studies used guided waves to investigate bonding quality. While some
works focused on the debonding and delamination detection with Lamb waves and vibrometry
systems [24,25]; others discussed the scattering of the guided waves as a result of the change in interface
quality [26,27]. In addition, weak bonds had been investigated by using Lamb wave inspection [28].

The comparison of ultrasonic NDT techniques is provided in Table 1 considering the overall
capabilities and limitations of different techniques used in this study. In general, the bulk wave
technique is more accurate because the insonified area is usually right beneath the transducer; however,
that requires a time-consuming measurement process to scan a large structure. On top of that, immersion
testing requires preparation of the setup, which includes a big water tank for inspection. Bulk waves
in general are highly sensitive to the alignment of the transducers in case of the through-transmission
technique. This is where the guided wave technique can excel because it is possible to use long-range
inspection in short time.

This study aims to compare contact, immersion, and air-coupled testing techniques with the case
study on single lap joints containing different bonding quality. Hence in this work, metal-adhesive
bonded structures specifically, aluminium-epoxy-aluminium single lap joints having release film
inclusions at the bonding interface have been investigated with different ultrasonic non-destructive
testing techniques. Particularly, immersion ultrasonic NDT with through-transmission and pulse-echo
techniques, scanning acoustic microscopy (SAM), air-coupled through-transmission, guided wave
inspections with air-coupled excitation and a contact receiver, and guided wave inspections with a
contact transmitter and receiver have been employed. Guided wave inspections have been validated
via numerical simulations.
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Table 1. Comparison of different techniques.

Techniques Capabilities Limitations

MHz range operating frequency,
Immersion testing coupling uniformity, less wear for
probes, focused beams.

Limited materials due
to corrosion.

50 kHz to 2 MHz operating High attenuation loss at higher
Air-coupled testing frequency, contactless coupling, frequencies, lower signal to noise
focused beams. ratio due to acoustical mismatch.

Up to 5 MHz operating frequency,

the ability for faster i ti
€ abiiity for faster mspection Wear of transducers and the

Contact Guided Wave than air-coupled, superior ) .
. . . . material due to contact. Requires a

(GW) testing coupling over immersion, and special setup for anele excitation
air-coupled methods hence higher P P 8 '
transmissibility.

Air coupled excitation and  Possibility of mode selection,

contact reception Guided directional wavefront, long-range = Lower the signal to noise ratio.

Wave (GW) testing inspection.

2. Materials and Methods

2.1. Sample Description

The aluminium-epoxy-aluminium single lap joint containing release films have been manufactured
at COTESA GmBH, Mittweida, Germany. For adherend, 1.6 mm thick aluminium 2024-T3 alloy sheets
have been cut. For adhesive, 3M Scotch-Weld AF163 k-red structural adhesive film epoxy with the
theoretical cured thickness of 0.24 mm has been selected. Prior to bonding, five square inclusions have
been placed on the film adhesive (Figure 1a). Double-sided, 0.063 mm thick Wrightlon 4600 release
film inclusions have been prepared as 12.7 mm by 12.7 mm to represent debonding at the interface.
Bondline has been kept as 25 mm. Schematics of the cross-section of the sample is shown in Figure 1b.
The properties of the material used for adhesive and adherend in the study are given in Table 2.

| 220 EPOXY
el 25mm 06 mm
T TS
| AL f \| Tg
|

Figure 1. Single lap joint containing double-sided release film debonding: (a) prior to bonding top
view photo where the right side is perfectly bonded and the left side is with debonding; (b) side
view schematics.

Table 2. Material properties for aluminium adherend and epoxy adhesive.

Material Properties

Material Young's Module Density Poisson Ratio
GPa kg.m~3 -
Aluminium 2024 T3 73.1 2780 0.33

Epoxy 427 1214 0.37
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2.2. Techniques for Investigation

The aluminium-epoxy-aluminium bonded structure has been investigated by immersion,
contact, and air-coupled ultrasonic methods. For bulk waves, classical immersion techniques,
through-transmission and pulse-echo ultrasonic NDT techniques have been used. In addition,
high-frequency high-resolution scanning acoustic microscopy was applied to evaluate bonding
quality in the aluminium-adhesive bond. Moreover, NDT with air-coupled through-transmission
method was performed. Additionally, two different guided wave inspections have been performed:
using air-coupled excitation and a contact transducer as the receiver and a contact transducer excitation
along with a contact transducer receiver. Figure 2 shows the inspection techniques as a classification tree.

Bond Inspection

1 1

1
Bulk Wave Guided wave
techniques techniques
1|
Al
Scanning Acoustic
Microscopy

Through
Transmission

Air-coupled Contact to

Through Contact
Transmission transducer

Figure 2. Ultrasonic non-destructive testing methods that were used for adhesive bond inspection.

2.3. Bulk Wave Technigues

2.3.1. Immersion Ultrasonic NDT

The adhesively bonded aluminium-epoxy-aluminium single lap joints containing different bonding
quality have been investigated in an immersion tank by TecScan System (TecScan, Boucherville,
QC, Canada). Single element focused transducers (Olympus V375-SU having 10 MHz central
frequency, 9.525 mm diameter, and 50.8 mm focal distance) have been used in two different set-ups:
through-transmission and pulse-echo. The sample has been placed in perpendicular to the transducer
focal centre. To maintain the focus at the bonding interface, the distance between transducers and the
sample has been kept at 43.29 mm. The schematic representation of through-transmission immersion
testing is shown in Figure 3a.

2.3.2. Scanning Acoustic Microscopy (SAM)

Adhesively bonded aluminium-epoxy-aluminium single lap joints containing debonding have
been investigated with the scanning acoustic microscope (KSI GmBH) located in Ultrasound Research
Institute Kaunas University of Technology (KTU). The experimental set up shown in Figure 3b has
been used to save images and A-scan data on small areas of the samples. 33.4 mm by 66.8 mm area
has been selected as the region of interest and 250 points on each Cartesian axis (x and y) have been
recorded for A-scan measurements. The samples have been investigated with the 50 MHz focused
ultrasonic transducer PT-50-3-10 using the immersion pulse-echo technique. The ultrasonic transducer
aperture is 3 mm, and the focal distance in water is 10 mm. During measurements, the sample has
been placed perpendicular to the transducer. The distance between the transducer and the structure
has been selected as 2.94 mm to focus the ultrasonic field on the bonding interface.
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Figure 3. Experimental set-up: immersion ultrasonic non-destructive testing (NDT) with
through-transmission (a) and scanning acoustic microscopy (b).

2.3.3. Air-Coupled through-Transmission

The 300 kHz single element flat air-coupled transducers (produced at Ultrasound Research
Institute, KTU, Kaunas, Lithuania) were used for the investigation of the bonding quality in the case of
air coupled through-transmission investigations. The active diameter of the air-coupled transducers is
14 mm. The nearfield distance for this transducer is calculated to be 43 mm. The distance between
two transducers is kept at twice the near field distance (86 mm) and the plate is placed in the middle
at the bonded region. The through-transmission setup is shown in Figure 4. Moreover, 10 periods
rectangular burst signal with 750 V amplitude is used as the excitation signal. The received signal
is pre-amplified by 50 dB static gain and 40 dB dynamic gain. The received signal is then averaged
64 times for each scanning point for noise reduction. The scanner is moved with a step of 0.5 mm and
scanned along the bonded region with the defect.

Sc ing and
Scanning direction positioning system

PC controller
— |r-coupled

Air-coupled Receiver Signal pre-amplifier
Transmitter Bonded plate :(12304":; - 81MN'I"I:) Ultrasonic measurement
o Z
( @ 1MH:) system ULTRALAB
grrglper |— | Data acquisition system ‘
| Pulse generator up to 750 V l

Figure 4. Air coupled through-transmission experimental setup.

2.4. Guided Wave Ultrasonic NDT Techniques

2.4.1. Analytical and Numerical Investigation

For bulk wave through-transmission method, it is straightforward that the loss of amplitude
will indicate where there is a defect. However, in the case of guided waves, it can be beneficial
to understand the physical phenomenon by using numerical simulation investigations to visualize
the interaction of ultrasonic guided waves with the different characteristics of the guided medium.
It is preferred to build a numerical model, then select experimental setup parameters according to
the numerical results and validate. Thus, based on the investigation from the simulation, it would
be easy to perform the experiment and to validate the numerical model with regards to the theory.
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Therefore, a numerical model of air-coupled excitation and contact reception of guided waves was
created, as shown in Figure 5.

EPOXY POINT

(¢ PROBE

\\ AL l 4 /(Receiver)
[ jremmwas

Figure 5. Schema of the simulation model for the air-coupled transducer to contact transducer

guided wave.

To generate the guided waves in the bonded plate, it is essential to obtain the parameters from the
dispersion curves so that the specific modes can be generated. The phase velocity dispersion curves for
1.6 mm thick aluminium 2024 plate were obtained by a semi-analytical finite element (SAFE) method
developed in Ultrasound Institute, Kaunas, is shown in Figure 6. To reduce the complexity of the
investigation, fundamental modes are preferred. Specifically, A0 mode was selected because it has
high out-of-plane displacement when compared to the symmetric SO mode. Since air is the coupling
medium, the incidence angle of 10.84° to generate A0 mode at 300 kHz was calculated using Snell’s
law assuming the velocity of sound in air is 343.21 m/s and the phase velocity of A0 mode at 300 kHz
is 1824 m/s.
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g

2000

1000
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Figure 6. Phase velocity dispersion curves for aluminium 2024 plate with 1.6 mm thickness.

The symmetrical three-dimensional (3D) model as shown in Figure 7 was created in COMSOL
Multiphysics. The air is assigned as a pressure-acoustics domain, where aluminium and epoxy are
assigned as a solid domain. To reduce the complexity of the numerical model, the actual geometry of the
transducers was not considered, but instead, only the air domain for the medium of propagation was
considered. The acoustic domain and the solid domain are coupled using the COMSOL Multi-physics
node called acoustic-solid interaction, where the necessary equations are loaded automatically.
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Figure 7. One-half of the symmetric model with two cases: one with the defect, and one without defect.

For the actuator, a cylindrical air domain with a diameter of 14 mm was considered, and the
bottom flat surface was considered for excitation with a 10 period Hanning windowed sinusoidal burst
at 300 kHz. For the reception, a point probe was considered to record the guided waves after passing
through the bond. The normal displacement of the guided waves is recorded at 65 mm away from the
transducer. Two simulations were performed, one case for a perfect bond condition and another case
with a defect.

Here the defect is considered as a void where a rectangular portion of the epoxy is removed to
simulate the artificial debonding within the structure. The size of the void is 12.7 mm x 0.063 mm.
The change in amplitude of the ultrasonic signal will indicate the presence of debonding, and this
effect will be compared with the results of the experiment. To avoid boundary reflection, the Rayleigh
damping condition was applied to the edge surface of the plate and the radiating boundary condition
was applied for the air domain to simulate an infinite acoustic medium.

The mesh size considered in each domain is according to the wavelength of each material at
300 kHz and the criteria of eight elements per wavelength was used. The second-order discretization
(quadratic discretization) was used for elements. Hence, the following mesh sizes were considered:
for air = 0.28601 mm, for Aluminium = 1.52 mm. The time step is calculated according to the
Courant-Friedrichs-Lewy (CFL) criteria [29] for the slowest velocity in the simulation, which in this
model is for air—343.21 m/s. Hence, the calculated time step is determined to be 8.33 nanoseconds.
The total time of 170 us was recorded. The computer used for the simulation has the configuration:
Intel i7-3820 quad-core processor @ 3.60 GHz and 56 GB of RAM.

2.4.2. Air-Coupled to Contact Transducer Guided Wave Inspection

The aluminium-epoxy bonded structure was investigated using an air-coupled excitation and a
point type contact reception technique. The air-coupled transducer is used as the transmitter placed at
an angle of 10° to generate the A0 mode at 300 kHz. The guided waves in the plate are then received
using the contact transducer placed normal to the surface of the plate to record the out of plane
displacement. The schema of the setup is shown in Figure 8. For the reception, the contact transducer
was spring loaded for a better contact, and glycerol was used as the coupling medium reducing the
friction. The distance between the excitation air-coupled transducer centre and the contact transducer
centre is kept at 65 mm (Figure 9).
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Figure 8. Guided wave inspection set-up with air-coupled to contact ultrasonic transducer.

75 mm 65 mm

£

£ Contact Transducer
™
H

Acoustical axis of
- Air-coupled Transducer

Figure 9. Side view of the air-coupled to contact guided wave (GW) inspection set-up.

2.4.3. Contact-to-Contact Transducer Guided Wave Inspection

For the contact-to-contact transducer guided wave technique, two spring-loaded point contact
transducers at 300 kHz are placed normal to the surface of the plate as shown in Figure 10. The setup
is similar to Figure 8, but instead of the air-coupled transducer, another contact transducer is placed
normal to the plate. Those transducers are coupled to the plate with glycerol as the coupling medium.
The distance between transducers is kept as 110 mm, while the bondline being at the centre.

50 mm 110 mm

Contact Transducer

(Transmitter) Contact Transducer
(Receiver)

Figure 10. Guided wave arrangement with two contact ultrasonic transducers.
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3. Results
3.1. Bulk Wave Technique Results

3.1.1. Immersion Techniques

Through-Transmission Immersion Ultrasonic Inspection

Through-transmission immersion ultrasonic testing with bulk wave results are shown in Figure 11.
The A-scans indicate where there is debonding—the ultrasonic bulk wave transmission to the receiver
is significantly reduced (Figure 11a). While C-scan results mostly agree with the A-scans, it can be
observed that the defect at the far left (defect number 1) is not as consistent as the other defects

(Figure 11b). The slice in the middle of the bondline shows normalized amplitude change where there
is debonding and no debonding.

A-Scan Image

100 T T T
§ — Perfect Bond
= ====Debonded
) W 44 \ | I A
-S 0 ! ; !,- i ; . ' ' ‘ A
@ 3 !
£
<
-1 00 1 1 1 1 1 1
57 58 59 60 61 62 63
Time - 18]
C-Scan
3
£
(b) >
0 20 40 60 80 100 120 140
X - [mm]
’ Slice at 15 mm
S
3
= 0 5 B T
(©) = i
S 2 3 4 5
<L
0 . . . .
0 20 40 60 80 100 120 140
X - [mm]

Figure 11. Immersion ultrasonic through-transmission results: (a) A-scan; (b) C-scan; (c) slice from the
middle of the defects.

Pulse-Echo Immersion Ultrasonic Inspection Results

The results obtained by the pulse-echo immersion technique are shown in Figure 12. According
to the A-scan results, the interface reflection is not easily separable from the multiple reflections
(Figure 12a). The window in the time domain has been selected to create C-scans according to the time
of flight calculations; however, multiple reflections needed to be considered. The C-scan results show
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the defect position, however, the contrast between the defected zone and the sound area is not so clear
(Figure 12b). The slice represents the normalized amplitude difference in the middle of the bondline.

The higher values indicate the defect presence since the ultrasonic pulse-echo amplitude increases at
the debonding due to impedance difference.

A-Scan
100 T r . :
§' — Perfect Bond
= =-=-Debonded
% . "
| 0
(a) =
IS
<
-100
5 60 60.5 61 61.5 62
Time - [u8]
C-Scan
(b)
X - [mm]
S
o
o
=
(o) =
IS
<
0 20 40 60 80 100 120 140
X - [mm]

Figure 12. Immersion pulse-echo results: (a) A-scan; (b) C-scan with the gate at the bonding interface
time of flight; (c) slice from the middle of the defects.

3.1.2. Scanning Acoustic Microscopy (SAM)

Experiments with the scanning acoustic microscope were performed and the results with A-scan,
C-scan, and the slice in the middle of the bondline are shown in Figure 13. As seen in A-scan
results, the amplitude in the debonded region is slightly increased, while the third wave packet which
represents the reflection from the bottom interface has disappeared (Figure 13a). Due to the large size
of the data, separate scans have been performed for each bond and then the resulting 5 C-scan images
are stitched to form a single image in post-processing (Figure 13b).
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Figure 13. Scanning acoustic microscopy (SAM) results for debonded sample: (a) A-scan; (b) C-scan;
(c) slice from the middle of the defects.

3.1.3. Air-Coupled Ultrasonic NDT through-Transmission Technique

The air-coupled through-transmission scan was performed in an area of 125 X 25 mm with a
0.5 mm step size, which resulted in 12,801 scanning points. To improve the signal to noise ratio,
each scan point was averaged 64 times (Figure 14a). Each signal is band-pass filtered in the frequency
range from 200 kHz to 500 kHz to reduce the noise level. The resulting normalized C-scan is shown in

Figure 14b and a slice of the C-scan image at Y = 14 mm presented in Figure 14c shows the damage
profile of the debonding present in the specimen.
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Figure 14. Results of the air-coupled through-transmission: (a) A-scan; (b) C-scan; (c) slice at Y =
14 mm.

3.2. Guided Wave Techniques Results

3.2.1. Simulation for Guided Waves

The simulation was performed to understand the constructive and destructive interference of
the guided waves in the bonding region and to visualize the spatial distributions in the debonded
region in order to understand what to expect in the experimental investigation. The snapshots of
the normal distribution along the plane of symmetry at different time frames are shown in Figure 15
where propagation of only A0 mode is evident. In Figure 16a,b, the spatial distributions of the normal
displacement for two cases are shown in the left and the middle at 75 us where visually the two cases are
almost indistinguishable. Thus, the differential image (Figure 16c) was obtained by taking a difference
between the reference case without defect and the case with the defect at 75 ps. The differential image
plot shows the area, which is most suitable to record the signals to obtain maximum information about
the defect. The experimental parameters are selected based on these results. The A-scan results from
the case with debonding and case with the perfect bond are shown in Figure 17. The results show that
the guided waves in the debonded joint show a higher amplitude than the perfect bond. The results
are likely to be caused by the splitting of guided waves in the debonded region, causing constructive
interference after the waves have crossed the debonded region.



Appl. Sci. 2020, 10, 6757 13 of 22

15 100

Time =20 ps

70 75 80 85 90 95 100 105 110 1s 120 125 130 135 140 mm

[}

Time =55 ps

i
=)

|eJsed - 8inssaid 211SnoJy |ejo )

70 75 80 85 90 95 100 105 110 1s 120 125 130 135 140 mm

&
$1912W0d14 - Juswade|dsiq [ewlon

-40
Time =75 ps
-60
-10
-80
70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 me -15 -100

Figure 15. Snapshots of the normal displacements from COMSOL simulation (side view) of the no
defect model at time instants 20 ps, 55 ps, and 75 ps showing propagation of A0 mode.
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Figure 16. Snapshots from simulation (bottom view) of the mirrored model, which shows the normal
distributions at the time instant 75 ps: (a) the case with no defect; (b) the case with the defect; (c) the
differential image.
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Figure 17. Guided wave A-scan—numerically simulated with probe point across the bond.
3.2.2. Air-Coupled to Contact Transducer Guided Wave

The air-coupled to contact guided wave B-scan is of length 170 mm with a step of 0.5 mm,
which comprises of total 341 scans. The scan was made with 32 times averaging where each scan took
2 s. Since the contact transducer is used, there is not much signal pre-amplification necessary when
compared to air-coupled through-transmission. In this case, the static gain and dynamic gain used
were 50 dB and 10 dB, respectively.

The A-scan and B-scan of this experiment is shown in Figures 18a and 18b, respectively. In the
B-scan, the normalized absolute values are shown where the increase in amplitude means that there is a
presence of debonding while the lower values represent the place where there is no debonding (perfect
bond). This kind of increase in amplitude when GW is passing through the bond is also observed in
the simulation. This can be visualized from the A-scans as shown in Figure 18a. Along the B-scan,
a slice at the time instant 62.84 us is shown in Figure 18c, where it represents the damage profile along
the scanning distance.

When using the air-coupled transducer as the actuator, the incidence angle can be changed. Since
the incidence angle is not normal to the plate, the amplitude of the guided waves can be directionally
controlled. This effect can be also visualized in the spatial distributions in the simulation. Thus,
this way of excitation can be highly beneficial to focusing the amplitude of the guided wave in one
direction and, thereby, avoiding the boundary reflection from the edges of the plate.

3.2.3. Contact-to-Contact Transducer Guided Wave Result

The scanning parameters were the same as that of the air-coupled to contact the GW method.
However, in this case, since two contact transducers were used the transmission efficiency is higher in
comparison to air-coupled transducers. Thus, the used static gain was 25 dB, and the dynamic gain
was 10 dB. The A-scan and B-scan of the experiment with contact-to-contact transducers GW is shown
in Figure 19a,b, respectively. The results in this method can be interpreted in a similar way to the
results of the air-coupled to contact GW because the amplitude of the GW increases when it passes
through the debonded region due to the constructive interference.
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Figure 18. Air-coupled to contact guided waves results: (a) A-scan; (b) B-scan; (c) slice at time = 62.84 ps.

When compared to the air-coupled excitation method, where the incidence angle can be changed,
here the angle of incidence is normal to the surface of the plate. Hence, the generated guided waves
will have equal amplitudes in all directions. As a result, a strong boundary reflection was observed at
the edge of the plate. This interference of the boundary reflection can hinder the possibility of detecting
the defects near the edge of the plate boundary Figure 19b. The A-scans from the perfect bond path
and the path with debonding is shown in Figure 19a.

The amplitude of the A-scan along the path with the debonding shows a higher amplitude than
the amplitude of the A-scan along the perfect bond path. A similar effect can also be observed in the
simulation and in air-coupled excitation and contact reception GW technique.
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Figure 19. Contact-to-contact guided wave results: (a) A-scan; (b) B-scan; (c) slice at time = 54.24 ps.

4. Discussion on Comparison of NDT Techniques

Six different ultrasonic NDT techniques for the evaluation of adhesive bonding quality have been
investigated. Aluminium-epoxy-aluminium bonded structures with interface debonding have been
investigated with ultrasonic bulk waves as immersion through-transmission, immersion pulse-echo,
scanning acoustic microscopy, and air-coupled ultrasonic through-transmission methods. Additionally,
two guided wave inspections have been performed: air-coupled to contact transducer and two
contact transducers.

According to different ultrasonic NDT results, the defect detection performance in immersion
techniques is better than of the air-coupled methods. Specifically, immersion techniques—with
through-transmission (Figure 11), pulse-echo (Figure 12), and scanning acoustic microscopy (SAM,
Figure 13), identified five different defects successfully. Immersion through-transmission C-scan results
suggest that the defect number 1 has different properties than other defects. The same abnormality
is observed in immersion pulse-echo and SAM results; however, the level of contrast difference is

less than using the through-transmission technique. This abnormality might be caused a physical
phenomenon such as the lack of air within the double-sided release film. On the other hand, air-coupled
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through-transmission ultrasonic NDT was successful to visualize four defects (2-5) as seen in Figure 14b.
In this case, the defect number 1 was not identified because the active part of the transducer is exposed
outside the plate boundary. Since there is no barrier between ultrasonic transducers, the ultrasonic
wave is directly transmitted to the receiver causing significantly high amplitude values. Moreover,
the second defect at left shows the higher transmission of the ultrasonic bulk wave than in the case of a
perfect bond; therefore, the identification of this defect is questionable. Guided wave inspection with
air-coupled to contact transducer has shown that three defects with defect numbers 2—4, which are
at the centre of the investigation, have been identified as defects (Figure 18). With contact-to-contact
transducer guided wave inspection, four areas are identified as defects (Figure 19). The defect number
1 is difficult to detect due to the wave packet reflected from the structure boundary.

Additionally, ultrasonic NDT techniques have been compared, according to defect sizing
performances. For each NDT technique, the decibel drop method had been employed to determine the
size of the defects (Figure 20) [30]. According to this technique, a slice with normalized amplitude
from the observed C-scan or B-scan is crossed with a horizontal line at the desired decibel drop.
For immersion ultrasonic NDT and scanning acoustic microscopy (SAM) results, the slice has been
selected in the middle of the defects. The slice selections in air-coupled through-transmission C-scan
and guided wave B-scans are performed according to the highest contrast observed. The defect size
has been calculated with the —6 dB drop method except for air-coupled through-transmission NDT
technique where the drop line is selected at —12 dB. The calculated defect sizes are reported in Table 3.
Moreover, the relative errors have been estimated according to the known defect size (12.7 mm). It can
be observed that the immersion techniques and SAM can size the defects with higher precision than
the air-coupled and contact techniques. Compared to the guided wave inspections, the air-coupled
through-transmission method shows higher accuracy of defect sizing. In-between guided wave
techniques, the contact-to-contact method determines defect size better than the air-coupled to contact
method. However, it is observed that the guided wave contact-to-contact method has high variation
in defect sizing for different defects: while defect number 3 has been sized with less than 1% error,
others show more than 20% relative error.

Table 3. The measured defect dimensions and relative errors for different ultrasonic NDT techniques
over five debonding defects.

NDT Technique Value Defect #1 Defect #2 Defect #3 Defect #4 Defect #5
. Size, mm 12.48 12.61 13.28 13.35 13.00
Immersion
e Error, mm 0.22 0.09 0.58 0.65 0.30
Through-Transmission
Error, % 1.70 0.66 4.60 5.17 2.38
I . Size, mm 13.83 12.78 13.04 14.25 12.89
Pl Error, mm 113 0.08 0.34 1.55 0.19
Error, % 8.92 0.62 2.65 12.21 1.46
. . Size, mm 13.19 12.91 13.23 13.85 12.32
Scanning Acoustic
Mi Error, mm 0.49 0.21 0.53 1.15 0.38
icroscopy (SAM)
Error, % 3.93 1.69 4.24 9.05 2.95
. Size, mm - - 13.18 16.03 15.29
Air- led !
irCoupled o mm - - 0.48 3.33 2.59
Through-Transmission
Error, % - - 3.78 26.19 20.36
Guided Waves Size, mm - 16.98 21.46 14.86 -
Air-Coupled to Error, mm - 4.28 8.26 2.16 -
Contact Error, % - 33.70 69.01 17.00 -
. Size, mm - 4.82 12.65 15.48 9.61
Guided Waves Error, mm - 7.88 0.05 2.78 3.09

Contact-to-Contact

Error, % - 62.03 0.39 21.95 24.32
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Figure 20. Decibel drop method (—6 dB and —12 dB) to measure the defect size for different ultrasonic

NDT techniques: (a) immersion ultrasonic through-transmission; (b) immersion ultrasonic pulse-echo;

(c) scanning acoustic microscopy; (d) air coupled ultrasonic testing through-transmission; (e) guided

wave ultrasonic testing with air-coupled to contact; (f) guided wave ultrasonic testing with the

contact-to-contact method.
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While the performance in defect detection and defect sizing of the immersion ultrasonic
techniques including SAM is significantly higher than of the air-coupled and contact NDT techniques;
the applicability aspects should be discussed. Immersion ultrasonic NDT applications are limited
because structures being under water makes them susceptible to corrosion. Additionally, open-wound
defects, such as impact damages, are not recommended to undergo immersion testing. In the case
of SAM, while the inspection time is shorter, any irregularity in structure geometry such as curved
surfaces significantly affects the inspection performance. While air-coupled through-transmission
system provides a clear visualization of the inner structure, the amplitude loss in the air makes
the experimental set-up very sensitive to structure boundaries and environmental error. Hence,
the experiments require higher averaging which leads to a time cost, nevertheless air-coupled
experiments would be preferred in an industrial set-up. Furthermore, guided wave (GW) inspection
gives us the possibility to inspect large bonded structures in a short time. GW air-coupled to contact
transducer set up shows that only one side contact to the bonded structure might be enough to
determine debonding defects. When compared to the air-coupled to contact transducer guided
waves, two-contact transducers method can give results with significantly higher amplitude and lower
transmission losses because of better coupling.

Considering the advantages and limitations that each ultrasonic NDT technique offers, we propose
a relative comparison method where the average absolute errors have been normalized according to
the ultrasonic wavelengths that have been transferred inside the adhesive bond. The wavelength is an
important ultrasonic parameter that describes the relationship between the ultrasonic wave velocity and
the inspection frequency. The half-wavelengths are used in the ultrasonic defect detection procedures
as a limit to detect the smallest defect. The average absolute error values that are normalized with
respect to the wavelengths are shown in Figure 21. For each ultrasonic NDT technique, the inspection
frequency and the dominant ultrasonic wave velocity have been considered (the longitudinal velocity
for bulk waves, the A0 velocity for GW). The graph presented allows one to evaluate the performance
of the investigated NDT techniques. In between immersion techniques and SAM, the immersion
through-transmission technique has the lowest error value. The air-coupled through-transmission
indicate lower error values than the guided wave (GW) inspections. GW contact-to-contact method
performs better than the GW air-coupled to contact method.

The investigated defects within adhesive joints might occur due to the foreign material inclusions
at the manufacturing stage or the debonding caused by the fatigue in usage. Quality control of adhesive
bonding must be performed both in the manufacturing line and in regular interval maintenance.
Within all ultrasonic NDT techniques compared, the immersion through-transmission technique
performs the best; however, in real life two-side access to the structures is very limited. On the
other hand, although immersion ultrasonic techniques show a high performance, the experimental
set-ups are bulky: difficult to change position and not applicable to in-situ testing. The scanning
acoustic microscopy shows that the defect detection and sizing can be performed with a high precision,
however, the detection systems are also bulky, and the structures inspected must be small. Moreover,
where two-sided inspection is possible, air-coupled through-transmission techniques might achieve
high efficiency. Finally, the guided wave inspection techniques are suitable for industrial set-ups in
both manufacturing and maintenance scenarios, where the structures can be inspected in-situ. In order
to evaluate bonding quality with high performance and low cost to the production/maintenance line,
the structures can firstly be evaluated with guided wave inspections; then, if the anomalies are observed
further, more accurate investigations might be performed using ultrasonic immersion techniques.
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5. Conclusions

This paper compares the performance of immersion, air-coupled, and contact ultrasonic

non-destructive testing techniques in bonding quality evaluation. The aluminium-epoxy-aluminium
single lap adhesive joints containing debonding have been investigated with both bulk wave and
guided wave inspections. According to the investigation results, the following conclusions have

been made:

For through-transmission techniques, the amplitude of the bulk wave decreases on the debonded
area whereas in the case of guided waves and pulse-echo inspections, the amplitude increases
when passing through the debonded area.

The defect detectability and sizing performance of the immersion techniques and the scanning
acoustic microscopy is higher than the performance of the air-coupled through-transmission and
guided wave techniques.

The relative comparison of ultrasonic NDT techniques in defect sizing has been performed by
the ratio of average absolute defect sizing error to ultrasonic wavelength inside the adhesive
bond. While the best performance is observed in the immersion through-transmission technique,
the high performance for the air-coupled through-transmission technique cannot be disregarded.
In this case study, ultrasonic techniques could be sorted from best to worst in defect sizing as:
immersion through-transmission, SAM, immersion pulse-echo, air-coupled through-transmission,
guided wave contact-to-contact, and guided wave air-coupled to contact.

While immersion ultrasonic techniques and acoustic microscopy achieve high precision in defect
detection and sizing, the structure under the test needs to be immersed in water. These NDT systems
are bulky and expensive. Air coupled ultrasonic techniques reach lower precision than immersion
techniques, but they allow non-contact inspection. Since the air-coupled through-transmission
technique requires two-sided inspection, the guided wave inspections could be recommended for
in-situ applications.

In industrial applications, the structures can be inspected with less precise but more applicable
techniques like guided wave ultrasonic methods, and if the abnormalities are detected, further
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investigations with higher precision techniques, such as immersion and acoustic microscopy,
could be used.
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