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Weak bond detection in composite-adhesive joints is a highly challenging task in the non-destructive testing
(NDT) community. This paper aims to evaluate the bonding quality in composite-adhesive bonded structures
with high-frequency high-resolution acoustic microscopy. Carbon fibre reinforced epoxy-epoxy bonded single-
lap joints containing three different bonding quality -debonding, weak bond with less and more contamina-
tion, in addition to perfect bond were investigated. Shape-based feature extraction algorithm in the frequency

domain was developed in order to detect weak bonds. The results show that high frequency focused transducers
used in acoustic microscopy is a great choice to visualize interface quality in bonded structures. Developed post-
processing algorithm performs well on the detection of weak bond, independent from the perfect bond inspection

results.

1. Introduction

In emerging technologies such as aerospace, automotive, and ma-
rine, the usage for high strength-low weight engineering materials like
composite materials has increased drastically as reported by Scarselli
et al. [1]. Efficient bonding technologies for these materials is chal-
lenging because of their natural inhomogeneous design. As stated in the
comprehensive review by Budhe et al. [2], adhesively bonded structures
not only create high strength to weight ratio, but also allow homogenous
load distribution, protect the structure against galvanic corrosion, pre-
serve the structural integrity of composites, and keep the structure
surface smooth. Moreover, adhesive joints allow to design complex
shape bonded structures and join dissimilar materials. As Jasiuniene
et al. [3] stated adhesive bonds in-between composite substrates has
become more popular due to the potential fibre breakage, local dam-
ages, and residual stress occurring around rivets. Tornow et al. [4]
agrees with the early work of Adams and Drinkwater [5] and declares
the adhesive bonding as the optimum method to bond composite
structures, however, its usage is limited due to inadequate evaluation of
bonding quality by non-destructive testing methods.

Vine et al. [6] showed that non-destructive evaluation of adhesive
joints is a complex task since the bonding is an interfacial phenomena
that involves a very thin layer of material, mostly significantly lower
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than the ultrasonic wavelength that is used for inspection. Bonding
quality depends on various factors in production phase such as surface
preparation, wettability, environmental conditions (temperature —
pressure — humidity), and the curing process. In addition, other defects
may initiate or the previous defects might propagate in bonded structure
as a result of fatigue and usage. Adams and Cawley [7] discusses the
defect types and causations that can lead to structural failures in bonded
structures such as delamination, porosity, moisture, and contamination.
As Nagy [8] described, contamination may lead to the kissing bond -
where adherend and adhesive bond are in intimate contact; however,
there is no physical bonding at the interface. In other words, kissing
bonds have complete physical contact with inadequate chemical
bonding. While Brotherhood et al. [9] has categorized kissing bond as
dry-contact and liquid layer, Jeenjitkaew and Guild [10] studied the
drastic decrease in the integrity of adhesive and the bonding quality due
to contamination, moisture and pure curing. After the work carried by
Dillingham et al. [11] proposed the detection technique of the con-
taminations on the adherend surfaces prior to bonding with novel sur-
face energy measurements via liquid drops, Crane et al. [12] studied to
detect both airborne and contact type contaminations with this tech-
nique. Hereinafter called weak bonds precipitate unreliable behaviour
and they are hardly detectable with NDT techniques as well as kissing
bonds. In order to overcome the application limitations of adhesive
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joints and meet the safety requirements, it is essential to have reliable
non-destructive testing methods.

There are numerous studies that discuss the evaluation of bonding
quality with various non-destructive testing methods, yet only some of
them focuses on the non-destructive detection and evaluation of weak
bonds. Although longitudinal ultrasonic wave propagation is a con-
ventional ultrasonic technique, the C-scan images have been used to
demonstrate the manufacturing defects caused by moisture and hu-
midity in adhesive joints by Markatos et al. [13]. It is stated that the
change in quality reduction at the bonding interface can be detected if
and only if the level of moisture is high enough. In addition, Titov et al.
[14] uses pulse-echo ultrasonic non-destructive testing technique has
been used to evaluate bonding quality with ultrasonic wave features and
transmission-reflection coefficient calculations. Furthermore, Wang
et al. [15] calculate the interfacial stiffness and transverse stiffness in
order to evaluate weak bonds in PMMA-epoxy bonded structures has
been studied with air-coupled ultrasound analytical models. However,
the results are not always correlated with the experimental studies and
the application to composites is very unlikely due to their nature of in-
homogeneity and variety. Application of air-coupled ultrasound to
evaluate bonding quality is limited due to high attenuation in air, high
wavelength and low bandwidth nature; especially for composite bonded
structures. Wu et al. [16] recently used air-coupled ultrasonic NDT
systems to calculate interfacial stiffness of weak bonds in composite
bonded structures during curing, however, the sensitivity of the study is
only limited to curing related defects and the results need to be
improved. Moreover, guided waves, especially lamb waves are used to
evaluate the surface treatment effects not only on metal-adhesive
bonded structures by Gauthier et al. [17] but also in
composite-bonded structures by Ren and Lissenden [18]. The applica-
tion of lamb wave investigations to composite materials is limited due to
variations in dispersion curves of each structure. Moreover, the bond
quality reduction had been correlated with nonlinearity level and had
been investigated with nonlinear ultrasound by Yan et al. [19]. How-
ever, the application of the nonlinear ultrasonics is challenging in in-
dustrial applications. Additionally, Bossi et al. [20] has established that
the laser bond inspection (LBI) could be used to eliminate weak and
kissing bonds via transmitting concentrated shock waves into the ad-
hesive layer. Furthermore, the detailed damage tolerance study of laser
shock adhesion test (LASAT) technique for weak bond assessment was
carried out by Ecault et al. [21] and Ehrhart et al. [22]. However, laser
shock adhesion test (LASAT) and laser bond inspection (LBI) techniques
are not yet universally available because the testing systems are
expensive and costly to maintain. On the other hand, acoustic micro-
scopy, with the high resolution as a result of high-frequency transducers
and short wavelength, is found to be a promising ultrasonic NDT tech-
nique to investigate interface quality in bonded structures. Acoustic
microscopy has been used as a non-destructive testing methodology for
friction stir weld quality investigations with the combination of different
NDT techniques such as X-ray tomography by Jasiuniene et al. [23] and
holographic imaging by Twerdowski et al. [24].

The aim of this work is to evaluate the interface quality of composite-
epoxy-composite single-lap joints with high-frequency acoustic micro-
scopy. Novel post-processing algorithm has been proposed to highlight
the weak bond determination in carbon fibre reinforced composite-
epoxy single-lap joints. Three composite-adhesive joints having
different bonding quality have been investigated along with the refer-
ence sample under laboratory conditions. The results show that the
bonding quality variations, specifically interface quality variations, are
clearly observed with high bonding characteristic values by the pro-
posed techniques.

2. Sample description

Carbon fibre reinforced epoxy (CFRP)-epoxy-CFRP single-lap joints,
containing four different bonding quality, have been produced at
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COTESA GmBH, Germany. Six layers of carbon-fibre reinforced epoxy
from HexPly M21-5H Satin woven prepreg was manufactured as
adherend. Resulting laminates have a thickness of 2.22 mm. Residual
stress during lamination process caused variation in the thickness of
composite plates in the range of 107® m. 3 M Scotch-Weld AF163 k-red
structural adhesive film epoxy with the thickness of 0.24 mm has been
selected as adhesive layer. The film adhesive has been placed on top of
the CFRP adherends after surface preparation with acetone and
grinding. Single-lap joints, containing four different bonding quality,
including pristine state, had been produced. Adhesive bonding at pris-
tine state has been manufactured without any inclusion as a reference
sample and named “perfect bond” (Fig. 1 (A)). Secondly, five two-fold
Wrigtlon 4600 release film inclusions having 12.7 mm edge length
and 0.063 mm thickness has been placed on the interface of in between
epoxy and top adherend to demonstrate “debonding” (Figs. 1, 2 (B)).
Additionally, the adhesive film surface contaminated with the total
amount of 0.6 mL of release agent Marbocote 45 using a spray as a
representation of weak bond. Half of the sample has been masked during
contamination in order to limit the amount of release agent contami-
nation. The mask has been removed before the placement of the second
adherend layer. The sample has been marked as “weak bond-less
contamination” (Figs. 1, 2 (D)). On the other half of the sample,
release agent uniformly diffused to the uncured epoxy layer and marked
as “weak bond-more contamination” (Figs. 1, 2 (C)).

3. Scanning acoustic microscopy

Adhesively bonded CFRP-epoxy-CFRP single-lap joints containing
four different bonding quality have been investigated with scanning
acoustic microscopy (KSI GmBH) located in Ultrasound Research Insti-
tute, Kaunas University of Technology, Lithuania. The experimental set
up shown in Fig. 3 has been used to save the ultrasonic response of the
selected bonding areas of the samples. In the region of interest (16.7 mm
x 16.7 mm square area on the bondline), 250 points on each Cartesian
axis (x and y) has been measured and full time-scale A-scan response is
recorded. Samples have been investigated with a 50 MHz focused ul-
trasonic transducer PT-50-3-10 under immersion with pulse-echo tech-
nique. Ultrasonic transducer aperture is 3 mm, and the focal distance in
water is 10 mm (Fig. 3). During measurements, samples have been
placed perpendicular to the transducer. The distance between the
transducer and samples have been selected as 5.5 mm in order to focus
the ultrasonic field on the interface of the sample.

Physical parameters such as the thickness and the ultrasonic wave
velocity of the adherend play a significant role in order to select the
correct transducer frequency that will be used for inspection. The higher
the acoustic velocity in the adherend material, the shorter the time
travel of acoustic wave; as well as thin adherend leads to shorter time
travel of the acoustic wave. The conditions like high acoustic velocity
and the small thickness of the adherend material create the need for
ultrasonic inspections with higher frequency transducers.

It should be noted that high frequency investigations on highly
attenuated materials such as composites depend on ultrasonic pulse
ability to reach an interface of interest. The ratio between the thickness
of the adherend, attention levels, and the focal distance of the transducer
plays a significant role in the experimental performance.

4. Advanced post-processing algorithm

The high-frequency transducer selection combined with highly
attenuating materials results in higher noise in the received signals.
Therefore, the post-processing algorithms play a significant role in dis-
playing meaningful ultrasonic responses of thin composite-adhesive
bonded structures.

In this work, multi-level post-processing algorithm is used in order to
evaluate bonding quality and detect weak bonds in composite-adhesive
single-lap joints. The system diagram for the post-processing algorithm
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Fig. 1. CFRP-epoxy single-lap joints schematics (1) and pictures prior to bonding (2): (A) perfect bond, (B) debonding - release film inclusion, (C) weak bond with
more release agent contamination, (D) weak bond - less release agent contamination.
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Fig. 2. CFRP-epoxy single-lap joints cross-section (not to scale) schematics: side view (top) and side view with zoom on the interface (bottom): (A) perfect bond, (B)
debonding - release film inclusion, (C) weak bond with more release agent contamination, (D) weak bond with less release agent contamination.
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Fig. 3. Experimental set-up sketch for acoustic microscopy inspection of
bonded specimens.

is shown in Fig. 4. As a start, A-scans have been recorded on the region of
interest of bonded specimens. The electrical and structural noise has
been removed from recorded A-scans with Wavelet denoising technique,
suggested by Lazaro [25], where the level of denoising can be selected
according to the input signal and central frequency of the transducer.

Denoised signals have been aligned according to the surface reflection in
order to eliminate the small variances due to the misplacement of the
sample. Then, the time window of interest has been selected according
to the calculated theoretical interface reflection of the bonded samples.
In the time window of interests, the maximum values of A-scans have
been aligned to be at the same time. Afterwards, amplitude and phase
shift based visualization techniques have been applied to the data on
time and frequency domains separately. As a result, four different
two-dimensional images have been obtained to visualize the interface on
the composite-adhesive bonded specimens.

4.1. Denoising

The recorded ultrasonic signal is noisy and scatters due to the
anisotropic structure of the composite specimen, where the high-
frequency transducer reckons more to the electronic noise. Therefore,
there is a need for advanced denoising algorithm. Lazaro [25] studied
the wavelet denoising which improves the detection rates in ultrasonic
NDT and offers great flexibility. In this study, Symbol 3 - level 5
wavelets have been used with Stein’s unbiased risk estimator (SURE)
soft thresholding — which is data adaptive threshold estimator, where
the residuals are kept at a minimum. Recorded A-scan signal with the
denoised signal plotted on top is shown in Fig. 5.

4.2. Alignment and time window selection

In order to eliminate the small variations in the distance of sample
surface position to the ultrasonic transducer, ultrasonic time of flight
(ToF) of the surface reflection has been aligned according to —20 dB
reflections. In the following equation, x is received ultrasonic surface
reflection, i and j are the Cartesian coordinates of the transducer position

Experiment I I Denoising | | Alignment & Time Window Selection | Visualization
1 Acoustic Microscopy A Time domain
R R - i SRR - i vinie | Alignment of » maximum amplitude
- High frequency / e i Alignment 1, } ' 1 maximum ! and time shift
focused Denoising Scitane of interest on T :
transducers I with SURE ) 17; [Interface i 'tE‘ i i F domai
-Pulse-echo i thresholding | L-==Po1C_1'1  Reflection 1 1 Whinime g . sl
st e s e _____.l_________.' ......... 1 window maximum amplitude

[ CFRP single-lap joints |

and frequency shift

Fig. 4. System diagram for post-processing algorithm: Experiment, denoising, alignment and time window selection, visualization.



B. Yilmaz and E. Jasiuniené

A-scan

100 T

—Noisy Signal
—Denoised Signal

(6)]
o

TV o

Amplitude, %
o
)

o
o

A

-100 : ‘ ‘
0 0.5 1 1.5 2

Time, us

25

International Journal of Adhesion and Adhesives 102 (2020) 102675

20 A-scan

—Noisy Signal
—Denoised Signal

—
o

Amplitude, %
o

-10
-20
1.45 1.5 1.55 1.6 1.65 1.0 175
Time, us

Fig. 5. Recorded A-scan example. Full time scale (A) and zoom on the interface reflection (B).

inside the region of interest, t is recorded time and t is the time of flight
where the zero crossing of each signal recorded (Equation (1)).

(1) = {xij( (),

if Xi(ty) = —20 dB
t+a), i

if x¥(tp—a)= —20dB Ja:t M

After eliminating surface abnormalities and the transducer position
uncertainties from the data, theoretical time of flight (ToF) for interface
reflection has been calculated in order to obtain interface quality in-
formation. As it is discussed in the previous section, transducer fre-
quency plays an important role in order to be able to separate the
interface reflection from internal reflections (Fig. 6). Also, derived from
equation (2), the adherend thickness (T) and the ultrasonic wave ve-
locity (c) inside the adherend determines the beginning of the time
window of interest (ty.:). In order to be consistent with the values of
recorded signals, zero-crossing time has been added to the theoretically
calculated time of flight.

2T
Lopen = 1o + 7 (2)

The time window of interest begins with the calculated time of flight
for the interface reflection (t,,). For closing the gate, the time duration
of excitation pulse has been referenced and the time window length has
been set to 150 ns in this case. Within the time window of interest, the
data has been aligned for the second time according to the time corre-
sponding to the maximum amplitude inside the time window of interest
[3]. Following equations (equation (3), equation (4), equation (5))

A-scan
Amplitude, %

demonstrate the alignment algorithm, where t,,,, is time value where the
maximum ultrasonic response has been recorded within the time win-
dow of interest, x being the ultrasonic signal, t,., and t.,. are the time
window of interest opening and closing times respectively t.,- is the
mid-time inside the window of interest. As an example, recorded A-scan
signals has been shown in Fig. 7 before and after the application of the
alignment algorithm.

1 — 1,
Leenter = tupen + (w) (3)
max(|xij(t)|) =+ xij(tm(u) ) topen S t S Telose (4)
" ij i —
() = X (Z) s lf Teenter = tmax Ja:-t 5)
( ) {xu(l - Ll) ) lf Leenter = tmax + @

4.3. Interface visualization with data in time domain

After the alignments, two different interface quality representations
in time domain has been obtained from data inside the time window of
interest. Firstly, maximum amplitudes in the time window of interest
have been calculated for each A-scan coordinate (Cime). Secondly, the
deviation of the time of flight values where the maximum amplitude is
observed within the time window with respect to t;eneer, Which is the mid-
time inside the window of interest, has been represented in order to
check the performance of alignment algorithm at interface (Pyme).
Amplitude-time based interface visualization Cypn, is the C-scan image

Sample Schematic
Side View - Debonding

-100 -50 100
0 ‘ Surface Reflection
| | e[ S e E— y
1t 1 [Reflections SRR -
‘3:1 51 debonding
' T =
£ Interface EPOXY
2] | Reflection B
25 = CFRP - 6 LAYER -
3t A =

Fig. 6. Surface, internal, and interface reflections on the recorded A-scan signal (A) and the schematic of the sample (B).
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Fig. 7. A-scan signals on the time window of interest: (A) before alignment application (B) after alignment application.

values based on the maximum amplitudes in the time window of in-
terest, phased-time based interface visualization Pyp, is the time shift
based visualization to check the performance of the alignment, N is the
number of recorded measurements i on lateral Cartesian coordinate, M is

the number of recorded measurementsj on longitudinal Cartesian
coordinate.

Cl o= X [tne), Vie{l..N}, Vje{l...M} (6)

i
P time — ‘tmm -

teemer|, Vie{1..N}, Vje{l...M} @

Equations (6) and (7) explains how the C-scan images from the data
in the time domain have been obtained (amplitude-time based is in
equation (6), phased-time based is in equation (7)). Fig. 8 shows how the
pixel values for Cynpeand tq, values that is used to calculate Py, visu-
alizations have been obtained from an example measurement point (i,j).

4.4. Interface visualization with data in frequency domain

After the alignments, two different interface quality representations
in frequency domain has been obtained from the data within the time
window of interest. Before visualization, data in the interface time
window has been converted to the frequency spectrum. Next, amplitude-
based representation from the maximum values that are observed in the
frequency spectrum created amplitude-frequency based interface

A-sg:an - ije Wlindow Iof Intelrest

Amplitude, %

4} A

1.55 1.6 1.75

165 1.7
Time, us

visualization Cprequency- Lastly, the frequency values that are corre-
sponding to the maximum amplitude in the frequency domain have been
represented as phase-frequency based interface visualization Pfrequency-

n—1

T} =Y =Y A [Kaff, Vie{l..N}, Vje{l..M} ®
m=0

In equation (8), Fourier transform has been shown by .7 {xV};

where w, = e~ 27V-1/n , 0 <k < nandnis being the time duration inside
the time window of interest (t o5 — topen) OVer sampling frequency.

|V ] | = max (|77 [71]) ©
Cj["iequency = YU Vr’r{{u} ? Vl E{l . N}» V]e{ 1. N} (10)
Plopiency = Fir Vie{1..N}, Vje{l..N} 1)

Equations (10) and (11) demonstrates how the interface visualiza-
tion from frequency domain based data has been obtained (amplitude-
frequency based is in equation (10), phased-frequency based is in
equation (11)). Fig. 9 shows how the pixel values for Cpeguency and
Pfrequency Visualizations has been obtained from an example measurement
point (i,j).

A-scan - Time Window of Interest

v

6,

x4

g 2

=

B o7

£

<

20

4+ i
| L X | L \B
155 16 1.6 1.7 175

Time, us

Fig. 8. A-scan signal on the time window of interest and the single point data that are used to visualize interface: for time-amplitude based interface visualization (A),

for time-phased based visualization (B).
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Fig. 9. F-scan signal on (signal in the time window of interest after Fourier transform) and the single point data that are used to visualize interface: for frequency-
amplitude based interface visualization (A), for frequency-phased based visualization (B).

5. Non-destructive evaluation

Non-destructive evaluation of bonding quality has been performed
on the scanning acoustic microscopy data by implementing the multi-
level novel post-processing algorithm as the system diagram was
shown in Fig. 4. After the application of multi-level post-processing al-
gorithm, four different interface visualizations have been obtained
(Ctime , Prime » Cfrequency ) Cphuse)~

The first image obtained is time-amplitude based interface visuali-
zation Cine can be seen in Fig. 10 (A). This visualization depends on the
maximum amplitude of ultrasonic response on each A-scan in the time
domain within the time window of interest. As seen in Fig. 10 (A1), Cime
visualization of perfect bond indicates no visible defect. On the other
hand, Fig. 10 (A2) shows that debonding with release film can be
detected by Cim, visualization in composite-adhesive bonded structures
with acoustic microscopy. Interface visualizations for the samples with
weak bond with less contamination and weak bond with more
contamination indicate some deviation compared to perfect bond visu-
alization, however, it is very difficult to label them as defected or low
bonding quality samples (Fig. 10 A3, A4).

Secondly, time-phased based interface visualization Py, shows the
time of flight deviations of the observed maximum amplitudes in the
time domain within the time window of interest (Fig. 10 (B)). This image
visualizes the success or failure of the alignment procedure that has been
applied in the time window of interest to interface reflection. As seen in
Fig. 10 (B), having smaller values throughout the visualizations illus-
trates better reliability of the alignment algorithm since the algorithm
requires that all maximum amplitudes (tyq) appear on the mid-time
(tCETltET)'

Third interface visualization Creguenc, is amplitude-frequency based
interface visualization where the observed maximum amplitude after
the transition of the signal to frequency domain are represented (Fig. 10
(©)). The images for four different bonding quality, perfect bond,
debonding with release film, weak bond less contamination and weak
bond more contamination display quite similar results to the respective
Cime interface visualizations. These similarities are expected since both
Ciime and  Cfrequency images are amplitude based visualizations, and the
Fourier transform of the time domain data is amplitude dependent.

Last but not least, fourth interface image is obtained via phase-
frequency based interface visualization Pfeguency (Fig. 10 (D). Pixel
values on Pfquency images are the frequency values that is corresponding
to the observed maximum amplitude in the frequency domain. In Fig. 10
(D1), perfect bond Pfequency image exhibits the sample is defect-free,
while some variations are observed due to texture of the adhesive film
layer. In Fig. 10 D2, debonding at the interface can be clearly identified

as a defect. Weak bond less-contamination Pfrquency interface visualiza-
tion reveals defective zones on the interface (Fig. 10 D3). Compared to
weak bond less contamination Pfeguenc, image, weak bond more
contamination Pjrequenc, image shows less defective zones (Fig. 10 D4).
This difference is expected due to the physical diffusion phenomenon of
release agent contamination on the adhesive layer. It is expected that the
mask used during the contamination procedure of weak bond less
contamination sample has interrupted the diffusion procedure of release
agent contaminant.

6. Quantitative performance evaluation of post-processing
techniques

Both time and frequency based interface visualizations have been
quantified according to the bonding characteristic values (BCV) which
depend on the mean-square likelihood of observed values to the
maximum observed value. Since maximum observed value corresponds
to the high ultrasonic impedance difference at the interface, calculated
bonding characteristic values results indicate the defect likelihood in
each image. Results showing BCV ratios of four different bonding quality
for four different post-processed visualizations have been reported in
Table 1.

Bonding characteristic values for time-phase based interface visual-
ization Py, evaluates the goodness of the alignment algorithm. Every
pixel in Pygy, represents the deviation from mid-time where the algo-
rithm supposed to align maximum ultrasonic amplitudes. Therefore, the
smaller the values calculated by equation (12) indicates better perfor-
mance in alignment algorithm.

For Ciime , Cprequency> and Pfrequency POst-processing results, bonding
characteristic values demonstrates the deviation from good joint in
percentage over the inspected region of interest. For the defected sam-
ples namely debonding and weak bond, increase in bonding character-
istic values express larger deviation from good joint. On the other hand
Ciime , Crequency> and Pprequencymatrices represented for perfect bond with
low bonding characteristic value illustrate high performance because
the joint is good.

In Fig. 11, the bar graph represents the bonding characteristic values
for different bonding quality composite-adhesive bonds for three
different novel post-processing results. For frequency-amplitude based
interface visualization Cfguency, compared to traditional interface visu-
alization technique Cyn, while the results for weak bond less contami-
nation seems to be improved, they show slightly worse performance for
other bonding quality samples. On the other hand, a significant increase
in the performance has been observed for the phase-frequency based
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Fig. 10. Interface visualizations after multi-level post-processing algorithm (amplitude-time based (A), phase-time based (B), amplitude-frequency based (C), phase-
frequency based (D)) for four different bonding quality (perfect bond (1), debonding with release film contamination (2), weak bond with less release agent
contamination (3), weak bond with more release agent contamination (4)).

Table 1

Bonding characteristic values in percentile for the post-processed results.

Interface visualization

Bonding Quality:

Perfect Bond Debonding Weak bond Weak bond
(release film) (more contamination) (less contamination)
Time domain Ctime 3.68% 20.69% 8.23% 9.26%
Prime 0.030% 0.008% 0.026% 0.134%
Frequency domain Cirequency 4.27% 19.93% 7.14% 8.21%
Pprequency 1.59% 23.89% 10.83% 19.52%
interface visualization Pfreguency (Fig. 11). Specifically, weak bond less- N o 2
N . . . N oSM (i
contamination results with Ppeguency shows high defect detection BCV = i j=1 ( ) 100 (12)

bonding characteristic values compared to weak-bond more contami-

2?1:1 jﬁil (max(cij) _ C"f')z

nation results with the same visualization technique.
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Bonding Characteristic Values vs. Bonding Quality
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Fig. 11. Bonding characteristic values for defect
detection along with different bonding quality sam-
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ples and different post-processing results: time-
amplitude based interface visualization performance
(black-diagonal striped), frequency-amplitude based
interface visualization performance (red-checked
pattern), and frequency-phase based interface visu-
alization performance (blue-plain pattern). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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7. Conclusions

The non-destructive evaluation of the quality of the composite-epoxy
adhesive bond is challenging because the adhesion phenomenon occurs
in a thin interface where the contamination that decreases the quality is
also located. However, these contaminations must be detected because
even small amounts may deteriorate the joint performance significantly.
Characterization of small amounts of contamination is still challenging
for conventional ultrasonic techniques due to similar acoustical
impedance of contaminated interface and adhesives. It was determined
that, developed novel post-processing algorithm with high frequency
focused transducers used in acoustic microscopy is capable to visualize
interface quality in composite-epoxy adhesive bonded structures. In
addition, independent of the perfect bond inspection results, novel post-
processing algorithm performs well to detect weak bond.

In this work, carbon-fibre reinforced epoxy-epoxy single-lap adhe-
sive joints with three different bonding quality and pristine state have
been investigated using acoustic microscopy. Advanced quantitative
post-processing algorithm has been developed and applied to the
experimental results. Investigations show that high frequency ultrasonic
transducers can capture the interface quality in composite-epoxy ad-
hesive joints and the developed post-processing algorithm enables the
detection of weak bonds.

Using the developed post-processing algorithm, four different inter-
face visualization images have been obtained for samples with different
bonding quality. Comparing four different algorithms, time-phase based
interface visualization Py, shows the goodness of the algorithm,
therefore it is excluded from defect detection performance calculations.
Time-amplitude based interface visualization Cjp. can be considered as
conventional interface visualization, which mostly shows the maximum
of the observed amplitude values in the time window of interest.
Frequency-time based interface visualization Cpreguenc, is expected to
show similar results to the conventional algorithm due to the amplitude
dependence of the Fourier transform. However, frequency-phase based
interface visualization Pfeguency demonstrates a novel technique to

Weak Bond

More Contamination Less Contamination

evaluate bonding quality. The qualitative results have also been
compared with the quantitative bonding characteristic value
calculations.

Analysing the frequency-phase based interface visualizations ob-
tained using the developed algorithm, it is also observed that, the less
contaminated regions show more defective zones than the more
contaminated regions. It is expected that the diffusion of release agent
into the adhesive film has been more dominant at more contaminated
regions of the sample, on the other hand, the less contaminated regions
had more release agent on the interface.

It was shown that the novel post-processing algorithm extracts more
information on the evaluation of bonding quality. The presented results
prove that the high-frequency acoustic microscopy with developed post-
processing algorithm is a great candidate to evaluate bonding quality
and detect weak bonds that occur due to bonding interface contamina-
tion. However, the limitations regarding structure dimensions and water
immersion should be noted.

This study opens the discussion of possible post-processing algo-
rithms that might help to detect weak bonds that occur due to
contamination, yet, different bonding qualities such as kissing bond
should be studied separately. The proposed novel post-processing al-
gorithm could be utilized for the evaluation of the bonding quality in
adhesive joints not only in aerospace structures but also in different
industries such as automotive and marine, as adhesive joints are gaining
their popularity and are used more and more.
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