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Abstract We present the results of extended non-destructive testing (ENDT)
methods for bond line quality assessment in adhesive joints. The results presented
were derived for important application scenarios with regards to aircraft manu-
facturing and the in-service repair of composite structures. The electromechanical
impedance (EMI), laser shock adhesion testing (LASAT), and nonlinear ultrasound
scanning (NUS) were used on flat coupon samples, scarfed samples, and curved
samples. The EMI method applied to the flat coupons showed some relation of the
frequency shift to the level of contamination. For the curved samples, there was
insufficient sensitivity to differentiate distinct levels of contamination, while for
scarfed samples in most cases both detection and distinction were possible. The
LASATmethod gave good results for the coupon samples, which were also in accor-
dance with the results of the GIC and GIIC tests. For coupon samples with multiple
contaminations, we obtained results with varying significance. In the case of NUS,
the measurements revealed an increase in nonlinearity affected by contamination at
the interphase between the CFRP adherend and the adhesive layer for the majority
of scenarios comprising single contamination of flat coupons and scarfed samples.
The effect of multiple contaminations was a decrease in nonlinearity for the curved
samples.
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4.1 Introduction

The merits of lightweight, high-strength composite materials characterized by
unprecedented performance, energy efficiency, safety, and environmental compat-
ibility are widely recognized and applied in many sectors of the economy. The role
of technology in joining and consolidating composite parts and other materials is of
primary importance to provide manufacturing and maintenance flexibility for high-
performance composite components. In this context, the adequate non-destructive
testing (NDT) and non-destructive evaluation (NDE) of interfacial adhesion, which
determines the reliability of a structural bond, has long been considered a challenge
for the NDT/E community [1].

This chapter presents methods for the assessment of the bond lines of aircraft
composite structures, including a description thereof, as well as a discussion of the
results obtained with each method. With regards to potentially suitable methods for
the bond line quality assessment of aircraft composite structures, we have perceived
a considerable advancement over the last decade. From a chronological standpoint,
the research presented in this chapter is a continuation of the studies initiated within
the framework of ENCOMB (extended non-destructive testing of composite bonds
[2], an FP7 EU project. Originally, the idea behind ENCOMB was to screen assess-
ment methods that could be utilized in standardized quality assurance procedures
for bonded aerospace composite structures because, in essence, the NDT methods
currently used in this field are neither sufficient nor reliable for the purpose of certi-
fying bonded composite structures utilized in aerospace structures. This problem
was initiated by the fact that more and more aerospace structures are being manufac-
tured from fibre-reinforced composites, and aerospace engineers are looking for new
methods to join these. The idea was to develop joining methods based on adhesive
bonding, enabling a reduction of the aircraft weight through a reduction or even a
total elimination of riveted joints, which are commonly used in aluminium-based
aerospace structures. We would like to underline here that rivets are also common
in aerospace composite structures, whereby they are joined in conjunction with an
adhesive bond line in order to ensure the reliability of the joint in cases of bond line
failure, an approach that is also referred to as “chicken rivets”. Nowadays, according
to the certification rules for aerospace structures, it is not possible to certify an aircraft
composite structure that includes solely bonded joints (without additional rivets for
safety). This is due to the continuing lack of reliable NDT methods and procedures
for the certification of such structures.

The ENCOMB project screened NDT methods that are able to both assess the
surface of composite structures prepared for adhesive bonding and evaluate weak
bonds in composite structures. The process of adhesive bonding is applied to new
composite parts at the manufacturing level or during a composite repair process.
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Improper preparation of the surface of the adherend (the composite part prepared
for adhesive bonding) is one of the potential sources of a weak bond. Such prob-
lems can be caused by chemical contamination by hydraulic fluids (Skydrol) or
kerosene during the repair process of a composite aerospace structure. The term
weak bond refers to a bond line with reduced strength properties. Another source
of weak bonds could be problems in the curing process of the adhesive caused by
incorrect parameters, such as temperature. In ENCOMBproject, typical scenarios for
aerospace structures were selected and investigated, whereby small, flat carbon fibre
reinforced polymer (CFRP) samples were utilized individually for surface contam-
ination detection and bonded for bond line assessment. In each sample, only one
type of contamination scenario was investigated. Subsequently, the appropriate NDT
methodwas verified for new application areas related to the assessment of bond lines.
Hereby, the following methods were investigated in the ENCOMB project: active
thermography (vibrothermography and with optical excitation), THz/GHz reflec-
tometry, nonlinear ultrasound, ultrasonic frequency analysis, laser ultrasound, laser
scanning vibrometry, and electromechanical impedance. Some preliminary adapta-
tions of NDT methods were made, and these adapted methods are referred to as
extended non-destructive testing methods (ENDT).

In this chapter, we present selected results of the research related to the more
recent and advanced ComBoNDT (quality assurance concepts for adhesive bonding
of aircraft composite structures by advanced NDT) [3] H2020 EU project. This
project is partially a continuation of the ENCOMB project; however, only the most
promising ENDT methods from the ENCOMB project were further investigated,
whereby the following methods are presented in this chapter: electromechanical
impedance (EMI), laser shock adhesion testing (LASAT) and nonlinear ultrasound
scanning (NUS). The research used small, flat CFRP samples with single contami-
nations, but further extended the study to include samples with combined contam-
inations, as well as curved samples and samples with scarfed bonding. Finally,
components of real aerospace structures with stringers were also investigated, and
the respective findings are reported in the next chapter.

The results presented in this chapter were achieved from the research conducted
into the applied ENDT methods. Looking ahead, we would like to highlight that, in
certain scenarios, these methods are sensitive to impacts affecting a bond strength
reduction, and therefore, could potentially be utilized to identify not in order (NIO)
joints during a bond line assessment.

4.2 Electromechanical Impedance

In this section, we will describe the principle and instrumentation of the electrome-
chanical impedance (EMI) method and detail the results recently obtained in the
ComBoNDT project.
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4.2.1 Principle and Instrumentation

The EMI technique utilizesmeasurements of the electrical parameters of a piezoelec-
tric transducer bonded to the surface of the host structure. Due to the electromechan-
ical coupling of the transducer and the structure, the mechanical characteristics of the
structure have an influence on the electrical characteristics of the piezoelectric trans-
ducer. EMI is an active method. The transducer works both as an actuator by exciting
the structure and as a sensor to sense the response in the defined frequency band. Data
analysis for this method is performed in the frequency domain. Adhesive bonds have
already been investigated with the EMI method by embedding a transducer into a lap
joint [4, 5], these investigations were both numerical and experimental, but they have
focused only on aluminium lap joints. Here, we investigate the EMI method in its
application to the adhesive bonds of CFRP composites, whereby some of the initial
results on this topic have been published in [6]. In the research reported here, the
IM3570 laboratory impedance analyzer (Hioki) (Fig. 4.1a) was used and the focus
was mostly on conductance spectra measured up to 5 MHz. The measurements were
performed with a piezoelectric disc transducer that was bonded to the investigated
sample with cyanoacrylate glue (Fig. 4.1b). The disc had a 10 mm diameter and a
0.5 mm thickness and was manufactured by CeramTec (SONOX P502 material). For
the analysis, the root mean square value was calculated for the considered parts of
the spectra, and the location andmagnitude of the resonance peaks were also tracked.

4.2.2 EMI Results

4.2.2.1 EMI Results on the Coupon Level Samples

For the coupon samples, two groups of samples were investigated. The first group
represented production-related contamination of the samples, while the second group
represented repair-related modifications/contaminations of the samples. The sample
set investigated for the production scenario comprised three reference samples, nine
samples contaminatedwith a release agent, nine samples contaminatedwithmoisture,
nine samples contaminated with fingerprints (artificial sweat), and six samples with
a combined contamination of release agent and fingerprints. The sensors were glued
to the middle of the sample surface. After considering the registered spectra, some
of the results were rejected (I-P-RE3, I-P-RA-1-2, I-P-RA-2-3, I-P-RA-3-2, I-P-
MO-2-2, I-P-FP-1-2, and I-P-FP-2-2) due to the different shapes of the spectra. In
a previously reported study referring to samples with moisture, release agent, and
fingerprint contamination, the bandwidth corresponding to the maximum peak of
conductance was inspected [7], whereby the average values of RMS on differential
spectra were also analyzed and no clear sensitivity to the contamination level was
observed. In the research reported here, the measured spectra were inspected and a
local resonancewas identified for the bonded samples in the bandwidth 4.3–4.7MHz.



4 Extended Non-destructive Testing for the Bondline … 227

Fig. 4.1 Photographs of the experimental setup for the electromechanical impedance (EMI)
measurements; a impedance analyzer and b surface-bonded piezoelectric sensor

Considering the difference in the root mean square (RMS) values, it can be noted
that in this frequency region, an increase in the energy (RMS) value is observed
because all the differential values are non-negative (Fig. 4.2). Next, the location of the
resonance peak in the considered bandwidth was tracked for all samples. In most of
the cases, the peak shifted left. The relative frequency shift between the two reference
samples was only−0.027% (Fig. 4.3). Considering the absolute values, all the results



228 P. H. Malinowski et al.

Fig. 4.2 Differences of the RMS values of EMI sensors bonded to flat coupon samples and free
sensors for the production scenario

for the contaminated samples lie above this threshold. In general, the frequency
shift increases with the increase of the moisture and fingerprint contamination level.
However, there are some exceptions, such as very low values for the I-P-MO-1-2,
I-P-FP-1-3, and I-P-RA2+FP3-3 samples and a high value for the I-P-FP-1-1 sample.

The sample set investigated for the repair scenario comprised three reference
samples, nine thermally degraded samples, nine samples contaminated with de-icer,
nine samples modified by a faulty curing of the adhesive, and six samples with
a combined contamination of thermal degradation and contamination with de-icer.
After considering the registered spectra, some of the results were rejected (I-R-RE-2,
I-R-TD-1-2, I-R-TD-2-2, I-R-TD-3-3, I-R-FC-3-2, I-R-TD1+DI2-1, I-RTD1+DI2-
2) due to the different shapes of the spectra. Moreover, previous results have shown
that the I-R-TD-3-1 sample was delaminated [8]. The spectra were inspected in the
4.25–4.70 MHz region. A local resonance was observed, except for the sample with
delamination.Thepresenceof this local resonance is indicatedby the increase inRMS
valueswith respect to the free piezoelectric sensors (Fig. 4.4). The resonance location
was trackedwith respect to the I-R-RE-1 sample result. The relative frequency shift is
shown in Fig. 4.5, and most of the samples were characterized by leftward peak shift.
Considering the absolute value, all the samples are above the reference threshold
defined by the I-R-RE-3 result, with the exception of the I-R-TD-2-3 sample. In
the case of the thermal treatment (TD), the increase of the treatment temperature
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Fig. 4.3 Tracking of local EMI resonance in the 4.3–4.7 MHz range; frequency shift calculated in
relation to the I-P-RE-1 sample

Fig. 4.4 Differences of the RMS values of EMI sensors bonded to flat coupon samples and free
sensors for the repair scenario
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Fig. 4.5 EMI conductance peak shift in the 4.25–4.70 MHz range for the flat coupon samples
(repair scenario)

results in an increase of the shift. In the case of the de-icer (DI) contamination,
such dependence was not observed. The most intensive faulty curing was applied
to the I-R-FC-1-x samples, and this was also observed for the results obtained with
the EMI method. The results presented in Fig. 4.5 also show a sensitivity of the
frequency shift to the mixed contamination level. However, these results should be
treated with caution because only one sample (I-R-TD1+DI2-3) at the higher level
of contamination was able to be considered.

4.2.2.2 EMI Results on Pilot Level Samples

In the case of the production scenario, the pilot samples were curved. The inspected
conductance spectrawere different, which should be attributed to the different sample
geometry. No clear appearance of additional resonances was observed. Therefore,
the highest peak in the spectrum was tracked. The frequency shift calculations were
performed in relation to the II-P-RE-1 sample (Fig. 4.6). Four samples were char-
acterized by a rightward shift, while three showed a leftward shift. Considering the
absolute values of the shifts, the difference between the reference samples is 1.71%,
so only three contaminated samples out of the six were above this threshold. The
sensitivity to the contamination level was not clear in the considered case.

The pilot samples from the repair scenario had a scarfed bonding area. The spectra
of free sensors and the spectra after bonding these sensors to the scarfed samples
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Fig. 4.6 EMI conductance local maximum shift in the range of 3–5 MHz for the curved samples

were inspected. The sample II-R-TD1+DI2-2 was rejected from the analysis due to
the different shapes of the spectrum. For the rest of the samples, a local resonance
was observed in the conductance range 3.95–4.15 MHz. In this frequency range,
the root means square values were calculated for both the free sensors (RMSp) and
the samples with bonded sensors (RMS). It was observed that all the differences
(RMS-RMSp) are non-negative (Fig. 4.7). This indicates the influence of the sensor
bonding to the inspected samples. This frequency region was further inspected, and
the frequency shift was tracked in relation to the II-R-RE-1 sample. It can be observed
that there were significant differences between the reference samples (Fig. 4.8a),
which were higher than for the samples with contaminated adhesive bonds. The
changes in the magnitude of this resonance in relation to the same reference sample
are presented in Fig. 4.8b. The magnitude for most of the samples increased, while
in two cases it dropped. In comparison with the reference samples, it can be noted
that the absolute magnitude is higher for all the samples with contaminated bonds,
except for the II-R-TD1+DI1-2 sample. While differences were detected, it cannot
be stated that the contamination levels can be distinguished.
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Fig. 4.7 Differences of RMS values of sensors bonded to scarfed samples and free sensors

4.3 Laser Shocks

In this section, we describe the principle and instrumentation of the Laser Shock
Adhesion Test (LASAT) method and detail the results recently obtained in the
ComBoNDT project.

4.3.1 Principle and Instrumentation

LASAT relies on the recombination of shock waves produced within the tested mate-
rial to generate localized tensile stress. To produce the required shock, a high-power
Nd-YAG laser is used. Its energy often varies between 1 and 40 J, and short pulses
(for 3–20 ns) are necessary to generate the required power density (from 1 to 10
GW/cm2). When the laser reaches the sample surface, a thin layer of the material is
vaporized in dense plasma (within the pressure range of 1–5 GPa). Upon expanding,
this plasma creates shock waves within the material Fig. 4.9. These shock waves
(full lines in Fig. 4.10), followed later by release waves (dashed lines in Fig. 4.10),
travel to the back face of the sample. Once the shock waves reach the back face, they
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Fig. 4.8 a Conductance local maximum shift in the range of 3.95–4.15 MHz for the scarfed
samples; the relative shift was calculated in relation to the II-R-RE-1 reference sample; b change
of the conductance magnitude in the range of 3.95–4.15 MHz for the scarfed samples; the relative
change was calculated in relation to the II-R-RE-1 reference sample
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Fig. 4.9 Generation of shockwaves using a laser

Fig. 4.10 Time/space
diagram describing the shock
wave behaviour within a
material

are reflected as release waves. When the latter intersects the incident release wave,
tensile stress is created (circle in Fig. 4.10).

Studies have shown that it is possible to increase the generated stress by using
the water—as a confinement medium [9]. Hence, stresses can be multiplied by up
to four times for the same laser intensity, allowing less powerful and more compact
lasers to be used for this application.

It is possible to link the laser intensity applied to the surface to the pressure
generated within the material [10]

P(GPa) = 0.01

√
α

α + 3

√
I(GW/cm2

√
Zrel(kgm−2 s−1) (4.1)

where
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• α = part of the energy being used for the gas ionization
• I = laser intensity
• Z = the relative impedance

The relative impedance is a ratio between the material impedance of the sample
(Zsample) and the confinement impedance (Zcon f )

Zrel = 2 × Zconf · Zsample

Zconf + Zsample
(4.2)

Shock generation using a laser was first introduced by Vossen [11] to test the
adherence of thin layers. Following these initial studies, Yuan [12] dealt in depth
with the measurement of the interfacial stresses generated by this technique. More
recently, Boustie [13] and Bolis [14], extended the laser shock technique to thicker
metallic coatings. Gilath was among the first to test bond adhesion using laser shock
generated tensile stresses [15]. Later, compositematerials [16] and bonded composite
materials [17] were also studied using the Laser Shock Adhesion Test.

Beginning in 2010, the ENCOMB project aimed at the development of new
Non-Destructive Tests (NDT) that are capable of assessing the strength of bonded
composite structures, and LASAT showed great promise in the detection of weak
bonds and had the advantage of being contact-free. However, there was a major
drawback: the rear part of the composite structure can be damaged within the range
of laser intensity used to test the bond strength.

Based on the results of the project, three new configurations were proposed to
control the tensile stresses inside the material by adjusting a temporal parameter of
the laser:

• Variable laser pulse duration [18] (Fig. 4.11a);
• Double front face shocks [19] (Fig. 4.11b);
• Symmetrical laser shocks (Fig. 4.11c).

Fig. 4.11 LASAT optimisations: a variable laser pulse; b double shock; and c symmetrical shot
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Fig. 4.12 Symmetrical LASAT: a without time delay and b with time delay

The symmetrical laser shock was implemented for ComBoNDT. The secondary
tensile stress area, which is similar to that found in the single shot setting, is still
noticeable (blue circles in Fig. 4.11c). However, in the symmetrical configuration,
an even higher tensile stress area is located where both reflected shock waves cross
(red circle in Fig. 4.11c). The position of this stress depends only on the time delay
between both shots (Fig. 4.12).

For a given location A, the time delay can be calculated using the following
equation:

�T =
∑
i

tli × ρli

Zli
−

∑
j

trj ×
ρrj

Zrj
(4.3)

where tli represents the thickness of a layer situated to the left of A, ρli is its density,
and Zli is its impedance. In the same way, each variable with the index letter “r”
refers to the right part of A.

4.3.1.1 Instrumentation and Method

Figure 4.13 describes the different steps of a LASAT procedure. It starts with the
characterization in situ of the bond and the material properties of a reference sample.
This initial step serves two purposes, namely finding the bond threshold and gathering
the material data. Using these data, a series of numerical simulations are performed
to optimize the laser parameters of intensity, time delay, and focal spot size. The
sample is then prepared with an aluminium tape applied to both areas where the laser
shot will occur. The tape serves as a sacrificial layer, preventing the sample from
being ablated by the laser. It also ensures good repeatability of the shots. Indeed,
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Fig. 4.13 Laser shock adhesion test methodology

the generated plasma significantly depends on the laser/matter interaction. By only
using aluminium as a protective sacrificial layer, all parameters are fully controlled
during the laser shot process.

The laser intensity is set to a percentage of the bond threshold found during the
first step. In the aeronautical industry, a bond is considered faulty or weak if its
adherence is below 80% of the nominal adherence defined in the specifications.

Once all the parameters are set, the laser shot occurs. If the bond is weak, the high
tensile stress generated on the bond will create a small gap at the interface between
the composite and the joint. This can be detected using ultrasound scanning, a reliable
method that is often used to reveal these kinds of defects.

If no damage is spotted, then the sample is considered sound and has passed
the test. Otherwise, the bond shows weakness and does not follow the specifications,
meaning the component cannot be used and has to be replaced. Thus, this technology
is only destructive when the tested part is not in accordance with the specifications.
If the part is sound, it can be used as it is.

4.3.1.2 Description

LASAT is currently performed on the Hephaistos platform (Fig. 4.14). This facility
consists of a high-power GAÏA laser (Fig. 4.14a), which has the particularity of
consisting of two different lasers, with the beams being polarized from one another
by 90°. Three different platforms are currently powered by the laser: one for laser
shock peening studies, one for single shot LASAT, and one for symmetrical LASAT.
The final one (Fig. 4.14b) uses a polarizer that, due to the two different polarisations,
splits the main beam into two different laser beams (beam A and beam B). Using
mirrors and lenses, each ray is then carried to the prepared sample (Fig. 4.14c).

In order to ensure a good control over the pressure spatial repartition, Diffractive
Optic Elements (DOE) are added to both beam paths. These optics smooth the focal
spot, creating a homogeneous focal spot on the sample (Fig. 4.15).
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Fig. 4.14 Hephaistos facility: a GAÏA laser from Thales; b symmetrical experimental setup;
c sample setup with water confinement and the protective aluminium tape

Fig. 4.15 DOE: a focal spot exiting a DOE and b light repartition over the focal spot

A series of 20 shots were realized for 11 different laser intensities, ranging from 5
to 100%of themaximum intensity. The standard deviation for each intensity levelwas
less than 1%, meaning that each shot is reproducible and can be used for comparison
purposes.

As specified earlier, ultrasound scanning is required to examine the structure after
the laser shock. These are calibrated while the reference sample is being studied
in situ to obtain the material data. In the case of composite layer bonding, ultrasound
is needed to find the signature of the front face (blue in Fig. 4.16), the bond (yellow
in Fig. 4.16), and the back echo (green in Fig. 4.16).

Before shooting the sample, a simulation must be run to optimize the laser param-
eters, whereby the position and width of the maximum tensile stress are analyzed
and modified if necessary (Fig. 4.17). The challenge of such numerical calcula-
tions resides in the simulation of the high strain rates generated by the technology
(∼107 s−1). Because the material used is orthotropic, it is not possible to describe
the state of the matter using an equation of state, as is usually done with isotropic
materials. The simulation of damage also requires more advanced laws to take into
account the different damaging modes of composite materials.
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Fig. 4.16 In situ studies: a reference ultrasound of the benchmark structure and b photomicrograph
of the benchmark structure

Fig. 4.17 Finite element simulation of a laser shock

4.3.2 Laser Shock Results

4.3.2.1 Laser Shock Results on Coupon Level Samples

Prior to the large-scale experiments, an initial study was performed to assess whether
ultrasound scanning is efficient enough to spot a defect created with a laser shock.
Each couponwas divided into 16 different areas, whereby the laser intensity (ranging
from 5 to 95%) was raised from one area to the other. The first area to be opened
defined the sample’s bond threshold (red circle in Fig. 4.18a). This was followed by
a study in which both the first opened area and the one preceding it (red circle in
Fig. 4.18b) were cold mounted and examined using optical microscopy.

In each case, the initial default was located on the bond, and none of the composite
laminatewas damaged.This study also showed that a defect detected using ultrasound
scanning (Fig. 4.18c) can be confirmed by a direct inspection through photomicro-
graphs (Fig. 4.18b). These results lead to the conclusion that ultrasound scanning is
a reliable technique to reveal defects generated using laser shocks.
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Fig. 4.18 a Shot layout over a coupon sample; b photomicrograph of an open bond; c related
B-scan

Several procedures can be used to assess bond strength using LASAT. In this
study, one specific area was subjected to incremental laser intensity. After each shot,
an ultrasound scan was performed to verify whether or not the bond had failed at this
given intensity. If it broke, then that energy was assumed to be the bond threshold
for that sample. On the other hand, if it remained intact, the energy was increased.
Samples representative of both the manufacturing and the repair scenarios were
tested. In each case, the reference sample sets the standard bond threshold. When
testing a contaminated sample, if the threshold found was to be lower than the stan-
dard one, the LASAT was considered successful. The results for the manufacturing
samples are summarized in Fig. 4.19.

Each bar represents the energy required to open the bond. The reference sample is
presented in blue, while orange is the sample from the release agent contamination,
green represents themoisture contamination, and yellow is for thefingerprint contam-
ination. The red line represents the scanning intensity. If these samples were from
an actual component, then this intensity should be chosen to assess whether or not a
bond isweak. Every sample that fail before this point should be consideredweak. The
LASAT successfully differentiated eight out of nine contaminated samples. The only

Fig. 4.19 Summary of results for the manufacturing samples
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Fig. 4.20 Summary of the results for the repair samples

sample with the same intensity as the reference sample was the one with the highest
moisture contamination. It has already been observed that following an increase in
water intake, an epoxy-based adhesive bond can have a higher mechanical strength
than a non-contaminated bond [20]. Since the bond was mechanically tested, this
result is in accordance with the literature. The repair scenario samples also showed
good results for the LASAT (Fig. 4.20). The reference sample is again represented in
blue, while the results for the de-icer are in orange, those for the thermal degradation
in green, and the samples for the false curing are in yellow. For the first two contam-
ination types, the different levels of contamination could be detected, especially for
the thermally degraded sample, whereby each level of contamination has its own
threshold. The results are not as clear for the faulty curing. This type of contamina-
tion is not easy to control, and these samples had already shown delamination before
any test was performed on them. Even though two out of three samples were shown
to be contaminated, this is hard to state conclusively given the initial state of the
tested samples.

It has also been observed that the repair reference sample and the production refer-
ence sample had different bond thresholds, namely 0.99 GW/cm2 for the production
scenario and 1.15 GW/cm2 for the repair scenario. Photomicrographs taken from
both bonds revealed a different crack pattern Fig. 4.21.

As the repair samplewas grounddown to thefibre before the epoxy-based adhesive
was applied, the cracks tended to propagate within the bond. Meanwhile, for the
production sample, a thin layer of prepreg matrix was still present, and it was noticed
that the crackmainly propagated along the interface between the bond and the prepreg
matrix. Studies have already shown that the interface strength can be higher than
the actual mechanical strength of the glue [21]. One of the explanations for this
behaviour was the difference in surface tension between the prepreg matrix and the
actual composite fibre, which may have led to a different bond quality with the
FM300 used for the joint.
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Fig. 4.21 Photomicrographs: a production sample and b repair sample

To conclude, the LASATgave good results for the coupon samples, and thesewere
in accordance with the results found during the GIC and GIIC tests [22]. In certain
cases, the test was also able to identify the different levels of contamination.

4.3.2.2 Laser Shock Results for the Pilot Level Samples

Three different scenarios were tested for the pilot samples: multiple contaminations,
scarf bonding, and curved samples.

The results are mixed for coupon samples with multiple contaminations
(Fig. 4.22). The LASAT did not differentiate production samples with multiple
contaminations from the reference sample, sample, and the intensity required to
open the faulty joints was the same as for the standard. The results are also hard
to explain in the repair scenario. The technology detected the least contaminated
sample but was unable to clearly detect the most contaminated sample. However, the
same contaminations on the scarfed samples showed much better results (Fig. 4.23).
In this case, the LASAT technology was effective at differentiating a sound bond
from a weak one. The difference between the results for the coupon samples and the
scarfed samples is not yet fully understood; the bond geometry may have played a

Fig. 4.22 Summary of the results of multiple contaminations on coupon samples for a production
samples and b repair samples
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Fig. 4.23 Summary of the results for multiple contaminations on scarfed samples

part in the crack detection/propagation within the contaminated samples. This tech-
nology also heavily relies on a standard sample, and the reference used for the coupon
samples may have been produced with different parameters. Furthermore, the curved
samples were highly porous and did not follow the specifications. Therefore, no rele-
vant conclusion can be derived from the results and further study is required in order
to draw decisive conclusions for these samples.

4.4 Nonlinear Ultrasonic Technique

In this section, we describe the principle and instrumentation of the nonlinear ultra-
sonic technique (NUS) and detail the results recently obtained in the ComBoNDT
project.

4.4.1 Principle and Instrumentation

Conventional ultrasonic NDT instruments used in industry and technology make
use of the so-called linear elastic response of materials, which results in ampli-
tude and phase variations of the input signal due to its interaction with any defects
present. The nonlinear approach to ultrasonic testing involves the nonlinear mate-
rial response related to the frequency changes of the input signal. These spectral
changes are caused by the nonlinear dynamics of solids, which range in scale from
the inter-atomic level for perfect materials to meso- and macro-scale nonlinearity
for damaged areas [23–25]. In many cases, monitoring material nonlinearity directly
reveals vulnerable areas within a material or product with sensitivity far superior
to traditional ultrasonic inspection methods [26]. Numerous studies have confirmed
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that the increase in nonlinearity is closely related to a “softening” of the material
due to, e.g., fatigue, cracking, and internal interfaces. This also correlates with the
general characteristic of acoustic nonlinearity that is related to the thermal expansion
of the material, which is negligible for stiff materials and increases significantly for
soft solids [27].

A conventional method to evaluate nonlinearity in composite coupons is based on
the second harmonic measurements for propagating plate (Lamb) modes [28, 29].
The approach proposed in this research makes use of a local nonlinear response of
the adhesive bond. A contaminated bonding layer with weaker adhesion is supposed
to have a higher nonlinearity that enables the difference in bonding quality to be
recognized, evaluated, and visualized.

The nonlinear technique is based on the local generation of high amplitude vibra-
tions and the detection of the higher harmonics in the excitation area. Commercial
piezo-actuators (isi-sys GmbH, Germany) with a frequency response extending from
the low kHz into the high kHz range (above 100 kHz) were used in the experiments.
The actuators were driven by a CW voltage generated by an HP 33120A arbitrary
waveform generator and were vacuum-attached to one of the sides of the sample,
while nonlinear vibrations were measured on the opposite side. The generator was
combined with a HVA-B100 amplifier to result in a 10–40 V input amplitude for
the piezo-actuator. To measure and analyze the frequency content of the vibrations
generated locally in the excitation area, a scanning laser vibrometer (SLV, Polytec
300) operating in the vibration velocity mode with a maximum frequency bandwidth
of 1.5 MHz was used.

The dynamic range of the SLV measurements (100–120 dB) lies well beyond the
level of nonlinear frequency components. In the experiments, the vibration amplitude
was measured as being in the range of (4−5) × 10−8 m, thus the local strain that
developed directly in the excitation area was approx. 10−5. This strain is sufficient
for the manifestation of noticeable local nonlinearity in composite materials.

To avoid an impact of reflections on the local vibration in the excitation area, the
edges of the samples were covered with a dissipative material and a high vibration
frequency was chosen (49 kHz). With these precautions, the spectra and temporal
patterns of the vibrations were measured directly in the acoustic source area (a circle
with approx. 5 mm radius), whereby plate wave propagation was not yet involved.

Each value for the fundamental frequency vibration velocity (v0) and the higher
harmonic components (vn) measured in the probing area was used for the evaluation
of the nonlinear ratio

Ni =
∑
n

v2n
v20

(4.4)

An average value of the nonlinear ratio in the probing area was then calculated
with
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N =
m∑
i=1

Ni

m
(4.5)

where m is the number of measurements; the standard deviation of the results was
estimated

�N =
√√√√ m∑

i=1

(Ni − N )2

m(m − 1)
(4.6)

The measurements were repeated at various points over the central part of the
sample to provide the relative error �N/N ≤ 10−20%.

The nonlinear ratio Ni is part of the vibration energy (∼v20) converted into the
higher harmonics (∼v2n) so that it clearly quantifiesmaterial nonlinearity. To avoid the
influenceof the amplitude-dependent effects in the estimationof thenonlinear ratioN,
the amplitude of the input voltage of the transducer was kept constant (20 V) over the
course of themeasurements. As a result, in all the samples measured the fundamental
vibration amplitude was virtually constant within an approx. 10% deviation.

4.4.2 Nonlinear Ultrasonic Technique Results

4.4.2.1 Nonlinear Ultrasonic Technique Results for Coupon Level
Samples

For the production scenario, the following kinds of contaminants were studied:
release agent (RA), fingerprint (FP), and moisture (MO). The repair scenario inves-
tigations comprised a de-icing fluid (DI) contamination, thermal degradation (TD),
and faulty curing (FC). For each type of contamination in both scenarios, a set of three
samples for every level of contamination was prepared to provide reliable statistics.
The results of the measurements and calculations of N for all samples (30 repair
scenarios [9 I-R-TD, 9 I-R-DI, 9 I-R-FC, 3 I-R-RE] and 30 production scenarios [9
I-P-MO, 9 I-P-RA, 9 I-P-FP, 3 I-P-RE]) are plotted in Figs. 4.24–4.31 to trace the
impact of the contamination level (numbers 1, 2, 3) for a particular sample index (−1,
−2,−3), whereby the level of contamination increases as the level number increases.
For the reference samples free from any contamination, the average values of N (AV)
were also calculated.

As shown in Figs. 4.24 and 4.25, the reference samples revealed the minimum
values of N ≈ 3. The contamination of the adhesive noticeably increased the nonlin-
earity for all samples by 1.5–2 times. The maximum nonlinear ratio N was obtained
for the sample TD 3-2 (N = 50± 6 [here and below in 10−3 units], outside the scale
in Fig. 4.26). In this sample, the Ni values were found to depend on the position
of the measurement point. This fact, along with the anomalously high value of the
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Fig. 4.24 Non-linear ratios
for the reference samples of
the repair scenario

Fig. 4.25 Non-linear ratios
for the reference samples of
the production scenario

nonlinear ratio, indicates the presence of local delamination in the sample induced
by thermal activation, which was also verified with conventional (linear) ultrasonic
testing [8].

For the contamination types TD, RA, FP, DI, and FC, the material nonlinearity
increased with the increase in the level of contamination (Figs. 4.26, 4.27, 4.28, 4.29,
4.30, and 4.31). For each type of contamination, the values of N changed noticeably
with a variationof the contamination level,which indicates a sensitivity to the changes
in the thin boundary layer between the adhesive and the adherends. According to the
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Fig. 4.26 Nonlinearity of
each of the three samples
(−1, −2, −3) as a function
of the TD level of
contamination

Fig. 4.27 Nonlinearity of
each of the three samples
(−1, −2, −3) as a function
of the RA level of
contamination

measurement results, the sensitivity of the nonlinear method is, therefore, sufficient
to recognize the effect of contamination of the adhesive bonding.

The overall results for the nonlinearity variation for single contaminations are
summarized in Figs. 4.32 and 4.33. Here, the average values of the nonlinear ratios
are calculated for each group of samples with presumably the same level of contam-
ination (groups 1, 2, 3) along with the average values for the reference samples.
These data can be used to explicitly trace the nonlinearity behaviour as a func-
tion of the contamination level for each type, as well as between different types of
contamination.

To correlate particular variations in N with the strength of bonding as a function
of the level of contamination, we refer back to the introduction to this chapter, where
it was mentioned that the increase in nonlinearity is related to a “softening” or weak-
ening of the material. A similar conclusion can be drawn based on the calculations of
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Fig. 4.28 Nonlinearity of
each of the three samples
(−1, −2, −3) as a function of
the DI level of contamination

Fig. 4.29 Nonlinearity of
each of the three samples
(−1, −2, −3) as a function
of the FP level of
contamination

the stress–strain relations for the adhesive layer [30], which shows that this softening
of the boundary layer increases its nonlinear response.

This fact goes some way towards explaining the lowest values (N ≈ 3) of the
nonlinear ratios in the reference samples in Figs. 4.32 and 4.33; being free from any
contamination, they are supposed to manifest the highest bonding strength. From
this viewpoint, the strongest decrease in bonding strength was caused by the level 3
TD contamination (average value N = 239, outside the scale in Fig. 4.10). A similar
(but somewhat lower) decrease in bonding strength was also recognized for the level
3 DI (N = 7.10.6), FP (N = 5.60.3), RA (N = 6.40.9), and FC (N = 7.71.6)
contaminations (Figs. 4.9 and 4.10). The MO case is not so convincing as, with
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Fig. 4.30 Nonlinearity of each of the three samples (−1, −2, −3) as a function of the FC level of
contamination

Fig. 4.31 Nonlinearity of each of the three samples (−1, −2, −3) as a function of the MO level of
contamination

the exception of an abrupt kick for sample MO1, the nonlinearity did not change
noticeably, so N ≈ 5 for all levels of contamination.

The effect of the combination of contaminations was studied for 12 multi-
contaminated flat CFRP samples, using two combinations of single contaminations:

– A constant low-intensity thermal degradation (TD1) with two different moderate
amounts of de-icer (DI1, DI2) contamination applied to the surface prior to
bonding.

– Two different amounts of release agent (RA1, RA2) and a constant high amount
of fingerprint (FP3) contamination applied to the surface prior to bonding.
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Fig. 4.32 Average nonlinear ratios as a function of the contamination levels for the samples of the
production scenario

Fig. 4.33 Average nonlinear ratios as a function of the contamination levels for the samples of the
repair scenario

The results of the measurements are shown in Figs. 4.34 and 4.35 along with the
values of N averaged separately over the groupswith the same level of contamination
(RA1 and RA2 in Fig. 4.34; DI1 and DI2 in Fig. 4.35). As shown in Fig. 4.34, the
addition of a low amount of RA1 to highly contaminated FP3 samples had virtually
no impact on the nonlinearity of the laminate, and the average value of N for FP-
3+RA-1 (5.8±0.4) stayed very close to the N values that were previously measured
for the single FP3 contaminated samples (5.6±0.3), as shown in Fig. 4.32. However,
the increase of the RA contamination level to RA2 enhanced the nonlinearity of the
laminate noticeably, so that the average value N for FP-3+RA-2 in Fig. 4.34 is
6.9 ± 0.4.

A similar effect of the increase of nonlinearity was observed when increasing
the level of DI contamination in combination with TD-1 (Fig. 4.35). The addition
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Fig. 4.34 Nonlinearity of
contaminated FP3 samples
(−1, −2, −3) additionally
affected by two levels of RA
(RA1 and RA2)
contaminations

Fig. 4.35 Nonlinearity of
contaminated TD1 samples
(−1, −2, −3) additionally
affected by two levels of DI
(DI1 and DI2)
contaminations

of DI-1 left the average value of N for TD-1 (4.5 ± 0.9; see Fig. 4.33) unchanged
within the margin of error, namely 4.9 ± 0.6 (Fig. 4.35). A moderate level of DI-2
enhanced the nonlinearity level of the laminate substantially, whereby the N for DI-
2+TD-1 increased to 6.1 (Fig. 4.35). Both combinations, therefore, demonstrated a
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cumulative decline in the adhesion between flat coupons caused by the increase of
the DI and RA contaminations.

4.4.2.2 Nonlinear Ultrasonic Technique Results on Pilot Level Samples

The nine scarfed samples studied comprised three reference samples (without
contamination) and samples with a low level of thermal degradation (TD-1) and two
different levels of de-icer contamination (DI-1 and DI-2) applied to the surface of the
laminates prior to bonding. These sampleswere glued at a slant in an attempt tomimic
the repairing of composite components in practice. The results of the measurements
are presented in Fig. 4.36.

For two sets out of the three samples measured, the experimental data demon-
strated an increase in the nonlinearity caused by the contamination in comparison to
the reference samples (sets 1 and 3; Fig. 4.36). The nonlinearity of sample set 2 did
not change within the margin of error. A particularly strong effect of contamination
was observed for sample set 3 (approx. 150% increase in nonlinearity). The effect
of the increase of the level of DI contamination was not as noticeable, as was also
the case in the adhesion of conventional flat laminates (see Fig. 4.33), whereby the
average N values practically did not change between DI-1 and DI-2 (Fig. 4.36). This
behaviour shows that even a moderate amount of DI leads to major deterioration of
the adhesive properties, while a further increase of the contamination level does not
substantially further affect the bonding strength.

Fig. 4.36 Nonlinearity of
three sets of scarfed samples:
reference and TD1 (−1, −2,
−3) affected by two levels of
DI (DI1 and DI2)
contaminations
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Fig. 4.37 Nonlinearity of
three sets of curved samples:
reference and FP3 (−1, −2,
−3) affected by two levels of
RA (RA1 and RA2)
contaminations

The nine production samples (curved) comprised three reference samples (without
contamination) and six samples with a constant high level of fingerprint contami-
nation (FP-3) along with two different moderate levels of release agent (RA-1 and
RA-2) applied to the surface of the laminates prior to bonding. The results of the
measurements are shown in Fig. 4.37.

All three sets of curved samples reliably indicated a decrease in the nonlinearity
(and therefore, a strengthening of the bonds) induced by the contamination, whereby
the highest values of N were observed for the reference samples. For sample sets 2 and
3, the decrease caused by the contamination resulted in very lowvalues comparable to
thosemeasured for flat non-contaminated samples.Unlike similarly contaminatedflat
coupons (Fig. 4.34), the nonlinearity further decreased (strengthening of the bonds)
as soon as the contamination level increased from RA-1 to RA-2. An interpretation
of this unconventional behaviour would need to involve more detailed information
on the technology and process of adhesive bonding for the curved sample, including
data on the internal stresses in the laminate.

4.5 Conclusion

In this chapter, we highlight the relevance and performance achieved when applying
extended non-destructive testing (ENDT) methods for the bond line quality assess-
ment of adhesive joints. For important application scenarios with regard to aircraft
manufacture or the in-service repair of composite structures, the in-process moni-
toring of CFRP composites is facilitated through the use of advanced setups and
approaches based on electromechanical impedance (EMI), laser shock adhesion
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testing (LASAT), and the nonlinear ultrasound method (NUS). Adhesive joints in
the shape of flat coupons, scarfed samples or curved samples were investigated
and correlations with the results from assessing design-relevant joint features were
demonstrated for the obtained ENDT datasets.

The EMI method enabled differentiation of the reference samples from the
contaminated samples in the production scenario. This was possible for the flat
samples. In case of moisture contamination, the increasing frequency shift correlates
with the contamination level. Due to the different geometry of the curved samples,
another bandwidth was analyzed and a clear differentiation between the reference
and contaminated samples was not possible. In the case of the repair scenario, this
technique enabled the detection of almost all the flat samples with modifications.
The numerical parameter for comparison was defined after inspecting the spectrum
of each sample and also of the free sensors. In the case of thermal degradation and
faulty curing, the highest level of modification was easily detected. This was also
possible for the combined contamination case. In the case of scarfed samples, the
detection of four out of five samples was possible. However, the sensitivity to the
level of contamination was not obvious.

The LASATgave good results for the coupon samples, and these are in accordance
with results found during the GIC and GIIC tests. It was also possible in certain cases
to identify the different levels of contamination. The LASAT did not differentiate
the samples from the production scenario with multiple contaminations from the
reference sample. The intensity required to open the faulty joints was the same as
that for the reference. The results are also hard to explain for the repair scenario,where
the technology detected the least contaminated sample but was not able to clearly
detect the most contaminated sample. However, the same contamination on scarfed
samples showed much better results, whereby the LASAT technology was effective
at differentiating a sound bond from aweak one. The difference between the results of
the coupon samples and those of the scarfed samples is not yet fully understood. The
bond geometry may have played a part in the crack detection/propagation within the
contaminated samples. Furthermore, this technology heavily relies on the standard
sample, whereby the reference used for the coupon samples may have been produced
with different parameters. Further studies need to be conducted in order to draw
conclusions from the results for these samples. The curved samples were also highly
porous and did not follow the specifications. In summary, no relevant conclusion can
be drawn from these particular results.

The nonlinear measurements revealed an increase in the nonlinearity caused by
contamination of the adhesive layer for most single contamination types. For each
contamination type, the values of the nonlinearity ratio N changed noticeably with a
variation of the contamination level, which indicates a sensitivity to the changes in
the thin boundary layer between the adhesive and the adherends. According to the
measurement results, the sensitivity of the nonlinear method is, therefore, sufficient
to recognize the effect of contamination on adhesive bonding. For the contaminations
types TD, RA, FP, DI, and FC, the material nonlinearity increased with the increase
of the level of contamination. Since nonlinearity increases due to a “softening” of
the material, an increase in N is an indication of a weakening of the adhesive bond.
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The effect of multiple contaminations was studied for the FP3+RA and TD1+DI
contaminations. Both combinations demonstrate a cumulative decline of the adhesion
between flat samples caused by the increase of the DI and RA contaminations. In
scarfed samples, the effects of multiple contaminations TD1+DI similarly led to an
increase in nonlinearity,which indicates a decline in bond quality.However, the effect
of an increase in the level ofDI contaminationwas not as noticeable, aswas the case in
the bonding of conventional flat samples. This behaviour shows that even a moderate
amount of DI leads to major deterioration of the adhesive properties, while a further
increase of the contamination level does not affect the bonding strength substantially.
The effect of multiple contaminations offers a somewhat different result for curved
CFRP laminates, whereby all three sets of curved samples studied reliably indicated
a decrease of nonlinearity (and therefore a strengthening of the bond) induced by the
contamination. The interpretation of this unconventional behaviour should involve
detailed information on the technology and the process of adhesive bonding for
curved samples, including data on the internal stresses in the laminate.

In summary, our investigations reveal that in certain scenarios the ENDTmethods
EMI, LASAT, and NUS are sensitive to impacts affecting a bond strength reduction
and can, therefore, be utilized for identifying not in order (NIO) joints during bond
line assessment. In the final research chapter of this book, we will underline this
perception and prognosis with findings highlighting the performance of ENDT for
the monitoring of quality-relevant operand features in adhesive bonding processes
involving parts of real aerospace structures with stringers.
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