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NOMENCLATURE AND ABBREVIATIONS 

ACUT  Air-coupled ultrasonic testing 

CFRP  Carbon fiber reinforced plastic 

DB  Debonding 

ECPuCT  Eddy current pulse compression thermography 

FEM  Finite element method 

GW  Guided waves 

K-PCA  Kernel principal component analysis 

MAPOD  Model assisted probability of detection 

NDT  Nondestructive testing 

PB  Perfect bond 

PLS  Partial least square 

PoD  Probability of detection 

ROC Receiver operating characteristic 

SAFE Semi-analytical finite element  

SAM Scanning acoustic microscopy 

ToF Time of flight 

WB Weak bond 

WB-FC Weak bond due to faulty curing 

WB-RA Weak bond due to release agent contamination 
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INTRODUCTION 

Motivation and relevance of the problem 

Adhesive bonding is an effective joining technology for aircraft structures made 

of composites [1] and metals [2]. Adhesively bonded structures are suitable for 

aerospace industry with many aspects, such as a high strength-to-weight ratio, 

homogenous load distribution, corrosion resistance, or ability to connect complex 

shapes and dissimilar materials. On the contrary, mechanical fasteners such as bolts 

require opening holes which lead to composite fiber breakage, loss in mechanical 

performance, damage of structural integrity, and also significantly increases the 

structural weight and susceptibility to fatigue and residual stress [3].  

Among aircraft parts, joints remain the most critical components – most 

structural failures historically started from joints. The usage of adhesive bonding for 

aircraft joints increased significantly in the 21st century by virtue of the rise in carbon-

fiber reinforced plastic (CFRP) usage [4]. The first adhesive usage was recorded in 

1945 as Redux 775 adhesive in the liquid and powder form for de Havilland Dove 

aircraft [5]. In addition to de Havilland Dove, Fokker aircraft started to use the same 

adhesive to make primary structural parts in 1955. Hot cure epoxy adhesives started 

to be used in Boeing 727 aircraft in 1963. Also, the first Airbus aircraft, the A300, 

used hot cure epoxy adhesive Cytec FM123-2 [4]. Since hot cure epoxy was first used, 

the usage of adhesive bonding increased to fasten secondary load structures. 

Specifically, Airbus A380 contains an extensive amount of adhesive bonding in 

several structural parts, such as elevators and flaps as seen in Fig. 1 [4].  

 

Fig. 1 Aircraft parts containing adhesive bonding in Airbus A380 [4] 
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Although the adhesive joint is an advantageous joining technology, the usage of 

bonded structures in regulated industries like aerospace is limited [6]. Several reasons 

restrict adhesive joint application in aircraft: the joint quality highly depends on the 

surface preparation, and the durability of adhesive bonding is restricted [4]. Non-

destructive testing methods can determine the surface preparation quality and the 

adhesive durability prior to usage and during maintenance. However, in the aerospace 

industry, the quality assurance of adhesive joints is categorized as a ‘special process’ 

which requires reliable NDT techniques.  

Adhesively bonded structures or adhesive joints can be defined as two or more 

structures – also known as adherends – getting bonded by a structural adhesive. The 

bonding quality in adhesive joints depends on multiple factors in the production phase, 

namely, surface preparation, wettability, environmental conditions, and the curing 

process. Also, in service, other defects may occur, and previously initiated defects 

might propagate as a result of fatigue and usage. The structural failure of adhesive 

joints is usually caused by such defects as debonding at the interface, porosity, 

moisture and contamination [7]. Prior to failure, contamination may lead to the kissing 

bond – where the adherend and the adhesive are in complete contact without any 

chemical bonding [8]. This interface condition makes kissing bond very challenging 

to detect with conventional non-destructive testing methods. Furthermore, not just the 

interface quality but also the integrity of the adhesive layer may decrease drastically 

due to contamination, moisture and pure curing [9]. This drastic decrease in the quality 

of adhesive bonding, also known as the weak bond, is hardly detectable with 

nondestructive testing methods. Not being able to detect weak bonds and determine 

the inclusions in the adhesive-adherend interface may lead to significant strength 

reduction as well as unexpected catastrophic failures. Hence, it is essential to have 

reliable non-destructive testing methods to enable the wide usage of adhesive joints. 

Nondestructive evaluation of adhesive bonding is a complex task because 

bonding is an interfacial phenomenon which involves a very thin layer of matter, most 

of the time significantly lower than the wavelengths in nondestructive testing methods 

[10]. Up to date, several nondestructive testing methods have been used to evaluate 

bonding quality. Mostly, the structural integrity of bonded structures is determined by 

ultrasonic inspection and active thermography. The rise in the usage of advance signal 

processing algorithms including data fusion allow these techniques to be more 

efficient to visualize the internal structure as well as defect defection. This leads to 

the scientific hypothesis that a novel nondestructive evaluation methodology for 

adhesive bonding quality investigations can be developed based on primary 

experimental research, which would allow to qualitatively and quantitatively evaluate 

the quality of bonded structures with high reliability and to distinguish debonding and 

weak bonds.  

Objectives and tasks 

The objective of the thesis is to develop and evaluate the novel nondestructive 

evaluation methodology for bonding quality determination in adhesively bonded 

aircraft structures using ultrasonic, electromagnetic and thermography techniques, as 
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well as data fusion. In order to achieve this objective, the following tasks were 

foreseen: 

1. To investigate the wave propagation through perfect, debonded, and weak 

adhesive joints, to determine the promising NDT techniques, possible post-

processing algorithms, and reliability evaluation methods for numerical and 

experimental applications.  

2. To investigate ultrasonic wave interaction, both numerically and 

experimentally, within adhesively bonded structures by determination of the 

ultrasonic parameters that are strongly correlated with the bonding quality and 

to detect weak bonds.  

3. To determine the electromagnetic (including thermal) parameters that contain 

information on the bonding quality and detection of the bonding quality by using 

numerical and experimental investigations.  

4. To compare the performance of various ultrasonic NDT techniques for 

debonding detection and defect sizing in adhesively bonded joints.  

5. To implement data fusion of ultrasonic and eddy-current thermography NDT 

techniques for the improvement of bonding quality evaluation.  

6. To quantitatively evaluate the reliability of various ultrasonic features for 

debonding and weak bond evaluation with such statistical methods as the 

Probability of Detection (PoD) curves.  

Scientific novelty 

1. The ultrasonic and electromagnetic features and parameters affecting bonding 

quality are determined as the ultrasonic pulse-echo amplitude and phase in the 

time and frequency domain, ultrasonic attenuation of the adhesive layer, the 

principal component of eddy-current thermography, the derivative, skewness 

and kurtosis of the impulse response in eddy-current pulse compression 

thermography. 

2. The novel numerical models with different bonding quality including the weak 

bond have been developed with the semi-analytical finite element method 

(SAFE) for the ultrasonic propagation and finite element method (FEM) for 

eddy current thermography. 

3.  A novel post-processing algorithm has been developed for high-frequency 

ultrasonic investigations of adhesively bonded structures based on the observed 

time and frequency response, and the performance of the developed techniques 

is evaluated quantitatively.  

4. A novel post-processing algorithm has been developed for eddy current pulse 

compression thermography of adhesively bonded structures based on kernel 

principal component analysis, skewness and kurtosis of impulse response. The 

results were quantitatively evaluated so that to determine the size, depth and 

conductivity (both electrical and thermal) of the contaminations within the 

adhesive-adherend interface. 

5. The novel quantitative comparison technique to evaluate the performance of 

various ultrasonic NDT techniques in defect detection and defect sizing has been 

developed based on ultrasonic wavelength within a bonded specimen. 
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Additionally, data fusion applications have been innovated to improve the 

reliability in ultrasonic and eddy current thermography NDT for bonding quality 

evaluation. 

6. Model assisted probability of detection curves has been calculated for weak 

bonds for the first time. Innovative numerical models for weak bond and 

debonding have been validated with experimental investigations. Feature based 

post-processing algorithms that were developed previously have been evaluated 

quantitatively with probability of detection curves.  

Practical value of work 

1. The proposed novel post-processing methodology with high frequency acoustic 

microscopy investigations and eddy current pulse-compression thermography 

can be used to detect debonding, to characterize inclusions at the bonding 

interface, and to predict weak bonds. 

2. The proposed ultrasonic nondestructive testing techniques as well as eddy 

current thermography can be used for defect sizing and localization. While eddy 

current thermography and air-coupled ultrasound provide non-contact 

inspection advantages, immersion ultrasonic techniques with novel post-

processing enable precise determination of defects, as well as the materials and 

sizing of inclusions. 

3. The proposed data fusion applications on ultrasonic and eddy current 

thermography results for bonding quality evaluation can be extended for various 

multidimensional nondestructive evaluation as long as the response signals do 

not contradict each other. Also, the reported receiver operator characteristic 

curves can be used to determine the reliability of data fusion applications when 

samples with known defects are being studied.  

4. The model based probability of detection curves can be utilized for any 

nondestructive evaluation technique that can be represented with finite element 

simulations to compare reliability for debonding detection, weak bond due to 

contamination detection, and weak bond due to faulty curing detection. 

Some parts of this work were used in the reports of the international project 

NDTonAIR “Nondestructive testing and structural health monitoring of aircraft 

structures” (H2020-2016-2020-722134) – European Union’s Horizon 2020 research 

and innovation program under Marie Sklodowska-Curie initial training networks.  

Presented results for the defense of dissertation 

1. Advanced ultrasonic NDT with a novel post-processing technique to determine 

the bonding quality and detect weak bonds.  

2. Bonding quality evaluation with pulse-compression eddy current thermography 

based on kernel-principal component analysis thermal and electrical feature 

extraction. 

3. Comparison of air-coupled, immersion, contact ultrasonic NDT techniques on 

the detection of debonding in metal-adhesive joints. 

4. Data fusion of ultrasonic pulse-echo immersion and induction thermography 

nondestructive evaluations on composite-adhesive joints. 
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5. Reliability estimation of the developed feature-based ultrasonic NDT post-

processing technique with model assisted probability of detection curves. 

Approbation 

The scientific results were published in 8 publications during the period of the 

dissertation research: half of the articles were published in international journals 

referred in ISI Web of Science, whereas the other half were accepted to reviewed 

international conference proceedings. Additionally, the results were disseminated in 

11 international conferences held in Vilnius, Gothenburg, Glasgow, Bucharest, Turin, 

Bruges, Paris, Athens, and online. Based on the research results, in 2020 and 2021, a 

doctoral scholarship provided by the Research Council of Lithuania was received. In 

2021, an international student research grant was awarded by the Committee for 

International Research and Education (CIRE) of the Acoustical Society of America 

(ASA).  

Structure and content of the thesis 

This thesis consists of an introduction, five chapters based on the review of the 

articles, conclusions, a list of references, curriculum vitae, a list of publications along 

with the attended conferences, and copies of scientific publications. Overall, the 

dissertation is composed of 212 pages, including 31 figures, 9 equations, 3 tables, 93 

bibliographic references and copies of 5 publications.  

1. In the first chapter, the relationship between ultrasonic parameters and adhesive 

bonding quality is investigated. Numerical simulations and experimental 

investigations for adhesive joints are reported. A novel post-processing 

algorithm that is able to detect weak bonds and debonding with high reliability 

is explained with the case study on carbon fiber composite-epoxy single lap 

joints.  

2. In the second chapter, the relationship between electromagnetic (including 

thermal) parameters and adhesive bonding quality is investigated. Numerical 

and experimental investigations for composite-adhesive joints are reported. 

Debonding detection and sizing and inclusion detection that might cause weak 

bonds are investigated with a case study using pulse-compression induction 

thermography. 

3. In the third chapter, extensive study and comparison of various ultrasonic NDT 

techniques on the evaluation of bonding quality are investigated. Several 

ultrasonic NDT techniques including guided waves, air-coupled ultrasonics, 

immersion pulse-echo, immersion through transmission and acoustic 

microscopy were applied on aluminum-epoxy single lap joints containing 

debonding defects. During metal-adhesive joint investigations, defect detection 

and defect sizing capabilities were evaluated while considering the ultrasonic 

wavelength traveling through the structures. 

4. In the fourth chapter, a case study on composite-epoxy single lap joints 

containing artificial debonding inclusions of several sizes and materials were 

investigated with pulse-echo immersion ultrasonic NDT and induction 

thermography. In order to utilize the advantages of each technique, several data 
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fusion algorithms were applied. The results of experimental investigations and 

data fusion were evaluated quantitatively with receiver operating characteristic 

(ROC) curves. 

5. In the fifth chapter, the reliability of ultrasonic nondestructive evaluation is 

discussed. The quantitative reliability of advanced ultrasonic NDT was studied 

in detail for high frequency acoustic microscopy investigations. The case study 

focused on aluminum-epoxy single lap joints with debonding, weak bond due 

to contamination, and weak bond due to faulty curing. Model based probability 

of detection curves was obtained by numerous semi-analytical finite element 

simulations. 

  

Author’s contribution  

A1: Advanced ultrasonic NDT for weak bond detection in composite-adhesive 

bonded structures [11]: contribution from each co-author is reported at the end of the 

article. The first author, who is also the corresponding author, Bengisu Yilmaz 

contributed on the conceptualization of the study, data curation with experimental 
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post-processing software, figure creation and interface visualization, writing the 

original draft as well as review and editing. The second co-author Elena Jasiuniene 
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review and editing.A5: Model assisted reliability assessment for adhesive bonding 

quality evaluation with advanced ultrasonic NDT [15]: the contribution of each co-
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 Literature review on bonding quality evaluation with NDT 

1. Bonding quality 

Nondestructive testing of adhesive joints is a challenging task because adhesion 

is an interfacial phenomenon that involves a very thin layer of material which is 

usually smaller than the inspection wavelengths. The quality of the interfacial 

adhesion between the adherend and the adhesive, hereinafter called bonding quality, 

can be affected by several factors during manufacturing in the course of surface 

preparation, wettability, environmental conditions (temperature – pressure – 

humidity), and the curing process. Additionally, the bonding quality may decrease 

during usage due to fatigue effects. The typical defects in bonded joints as defined by 

Adams and Cawley are poor curing, cracks, zero-volume and air-gap disbond 

(debonding), porosity, and void [16]. They suggest that if the adherend’s surface is 

contaminated by oil deposits, or loose oxide layers prior to bonding; as a result, the 
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bonding quality may be poor, and adhesion becomes weak. Moreover, Nagy stated 

that interface contamination may lead to the kissing bond – where the adherend and 

the adhesive are in complete contact when compressed; but otherwise  disbonded 

surfaces[8]. Jiao and Rose defined the kissing bond as a smooth (or slip) boundary 

where two surfaces are separated by a thin layer of liquid [17]. Yan et al. combined 

these two definitions and declared the kissing bond as a bonding defect where the 

adhesive and the adherend are in some way coupled through an interface that shows 

altered normal and shear stiffness [18]. Furthermore, contaminations, moisture and 

pure curing may lead to a drastic decrease in adhesive integrity, i.e., the so-called 

weak bond [9]. The difference between the kissing bond and the weak bond is defined 

by the presence of residual tensile strength, while the kissing bond has no residual 

tensile strength, the weak bond has residual strength below the design thresholds [18]. 

Therefore, the detection of a weak bond with nondestructive testing methods is more 

challenging than that of the kissing bond [10]. 

2. Nondestructive testing (NDT) methods for adhesive bonding 

Nondestructive testing of adhesively bonded structures has been studied 

throughout the world. NDT techniques can be categorized under two main branches: 

ultrasonic and electromagnetic (including thermography). Additionally, extended 

NDT techniques and a detailed comparison are reported. 

2.1 Ultrasonic NDT methods 

Ultrasonic NDT relies on the sound wave propagation inside the specimen, and 

the change in ultrasonic impedance is recorded when a wave scatters, reflects or is 

attenuated by an obstacle that can be a backwall, a defect or some interface. What 

regards bonding quality evaluation, ultrasonic NDT has been one of the most 

commonly used techniques [19].  

The ultrasonic wave interaction with the adhesive bonding is a complex 

phenomenon where the superposition of all the possible acoustic impedance 

differences through bonding interfaces is of interest. Acoustic wave propagation 

through a multi-layered medium has been studied for straightforward problems [20] 

as well as irregular interfaces [21]. Brekhovskikh showed that acoustic wave 

propagation can be modeled by three approaches: by solving boundary equations, by 

means of impedances (the transmission line theory) and by considering multiple 

reflections which occur at each and every interface [22]. Anastasi and Roberts 

modeled adhesively bonded multi-layered structures with the impedance approach 

[23].Reflection coefficients for ultrasonic waves propagating through a plane 

interface with the plane wave, normal incidence and semi-infinite media assumptions 

is calculated as: 

𝑅 = (𝑍1 − 𝑍2)/(𝑍1 + 𝑍2); (1) 

where 𝑍1 and 𝑍2 correspond to the acoustic impedances of the first and the second 

medium, respectively. Acoustic impedance (𝑍) is a product of acoustic wave velocity 

(𝑣) and the density (𝜌) of the medium: 
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𝑍 = 𝜌 𝑣; (2) 

By the one-dimensional analytical model, or where the second and third 

dimensions have a very slight effect, acoustic wave equation can be given as: 

𝜌
𝜕2𝑢

𝜕𝑡2 
= 𝑉𝐿

𝜕2𝑢

𝜕𝑧2 
+ 𝑉𝑆 

𝜕2𝑢

𝜕𝑦2 
 + 𝜂𝐿

𝜕3𝑢

𝜕𝑧2𝜕𝑡 
+ 𝜂𝑆

𝜕3𝑢

𝜕𝑦2𝜕𝑡 
+ 𝐹(𝑡); (3) 

where 𝜌 is the material density, 𝑉𝐿 is the longitudional wave velocity, 𝑉𝑆 is the shear 

wave velocity, 𝜂𝐿 is the damping parameter in the 𝑧 direction, 𝜂𝑆 is the mechanical 

damping parameter in the 𝑦 direction, and 𝐹(𝑡) is the applied force density on the 

structure surface.  

Several ultrasonic NDT techniques are used to determine the bonding quality 

with a combination of different measurement parameters, such as transducers (focus, 

flat, single, phased array), the contact medium (immersion, air-coupled, laser 

stimulated), the inspection mode (pulse-echo, through transmission, pitch-catch) and 

the ultrasonic wave that is generated within a structure (guided waves, lamb waves, 

shear waves, longitudinal waves). Immersion through-transmission ultrasonic NDT is 

considered to be a reference technique among ultrasonic techniques; however, it 

requires structures to be immersed in water in addition to two-sided access [24]. The 

immersion pulse-echo technique allows users to inspect structures with only one-sided 

access; however, still requires them to be submerged in water [25]. Specifically, 

immersion pulse-echo ultrasonic NDT has been utilized to visualize the bonding 

interface [26], to detect debonding [27], to evaluate adhesive quality [28], to measure 

the effect of moisture and extreme humidity on a weak bond [29], to detect kissing 

bonds [30] and weak bonds [31], and to determine defect positions [3]. Also, scanning 

acoustic microscopy (SAM) in the pulse-echo mode with fast inspections, high 

resolution and high frequency is used to evaluate the weak bond with holography [32] 

and porosity identification in dissimilar joints [33]. High frequencies of acoustic 

microscopy cause high attenuation to be observed, and the structure size to be 

inspected is limited. Both immersion and SAM techniques require bulky systems, 

hence, in-situ applications are limited.  

While immersion ultrasonic research provides a range of variety in terms of high 

frequency, air coupled ultrasonic testing offers a great advantage of contactless 

inspection. The air-coupled ultrasonic technique (ACUT) has been reported to 

calculate the interfacial stiffness of weak bonds [34] and to visualize the interface of 

a three-layer bonded aluminum joint [35]. Although contactless measurements of 

ACUT makes it a good candidate for in-situ measurements for production and 

maintenance, high amplitude loss in air limits the potential applications.  

On the other hand, guided wave (GW) ultrasonic testing that allows large 

structures to be inspected in a short amount of time is a promising technique to 

evaluate bonding quality. Some studies worked on the debonding and delamination 

detection with Lamb waves and vibrometry [36,37]; others discussed the scattering of 

the guided waves due to the change in the interface quality [38,39]. Additionally, 

Lamb waves may be used to investigate the weak bond by checking the change in 
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amplitude response [40]. GW ultrasonics usually requires complex post-processing 

algorithms and is limited by the thickness of the adhesive joint. 

Moreover, the nonlinearity level measured by nonlinear ultrasound is associated 

with the bonding quality, particularly when a weak bond is present [41,42]. 

Nowadays, nonlinear ultrasound is still not mature enough to be implemented in 

industrial applications, and the obtained results contain a high level of error. In 

addition to nonlinear ultrasound, laser based ultrasound has been used to evaluate the 

quality of adhesive joints based on reflection-transmission coefficients [43]. Laser 

ultrasound is specifically a highly promising technique to detect debonding in 

honeycomb bonded structures, however, it uses high excitation amplitudes which 

cause high noise and difficulty in the interpretation of results.  

2.2 Electromagnetic NDT methods and thermography 

In addition to ultrasonic NDT techniques, electromagnetic NDT is also widely 

used to determine the bonding quality. Electromagnetic NDT relies on the induced 

electric currents and/or magnetic fields into the structure; the electromagnetic 

response is monitored with a variety of sensors. Ranging from low to high frequency, 

electromagnetic NDT techniques can be listed as radio frequency NDT, microwave 

NDT, eddy current testing, infrared thermography, shearography, visual inspection, 

X-ray and gamma ray radiography. Among all, visual inspection is the most 

commonly used NDT technique. Adhesive joints are visually inspected prior to 

bonding in order to verify the successful surface preparation [44]. Furthermore, 

surface damages in bonded structures can be detected by high frequency radio 

frequency and microwave NDT [45,46]. While terahertz imaging is used for the 

interface visualization of non-conductive bonded composites [47], eddy current NDT 

can be used to evaluate surface and sub-surface defects in joints with conductive 

adherends such as carbon fiber reinforced composites [46]. 

Thermography is one of the most widely used NDT techniques to evaluate the 

bonding quality [48–50] because it is highly sensitive and responsive. On top of that, 

it is suitable for large areas and offers non-contact inspection. However, mostly 

surface and subsurface defects are detected with thermography. In order to increase 

the sensitivity of the inspection, structures are stimulated via several options, one of 

which is active thermography. Active thermography has been extensively utilized to 

detect fabrication defects in bonded joints [51,52], and to determine the presence of 

contamination in adhesive bonds [53,54]. In metallic adhesive joints, surface 

roughness, artificial defects and grooves are detected with lock-in active 

thermography [55]. The conventional light-based active thermography is highly 

influenced by the thermal diffusion and structural anisotropy. By this technique, the 

thermal energy travels from the heated surface and then back propagates to the surface 

to be captured by an infrared camera. For effective defect detection in higher skin 

depths, eddy current (induction) pulsed thermography can be used since it provides 

volumetric heating to the electrically conductive structure [12,56]. Even though 

induction thermography is preferable, the thickness of bonded structures and the 

dimensional complexity of the results may limit its application [57].  
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Induction thermography consists of electromagnetic wave excitation and 

thermal radiation observance with infrared thermography. The temperature 

distribution on the adhesive joint can be modeled by solving boundary based weak 

electromagnetic (Formulas 4, 5) and nodal thermal formulation (Formula 6) [58]: 

∫ (𝐜𝐮𝐫𝐥 (𝑤𝑒
1

[𝜇]
𝐜𝐮𝐫𝐥(𝐀)) + 𝑗𝑤[𝜎]𝑤𝑒(𝐀 + 𝐠𝐫𝐚𝐝φ)) 𝑑Ω − ∫ 𝑤𝑒 (𝑛 ∧

 

Γ

 

Ω

1

[𝜇]
𝐜𝐮𝐫𝐥(𝐴)) = ∫ 𝑤𝑒𝐉𝐬𝑑Ω

 

Ω
; 

(4) 

∫ (𝑗𝑤[𝜎]𝐠𝐫𝐚𝐝wn(𝐴 + 𝐠𝐫𝐚𝐝φ))
 

Ω𝑐
𝑑Ω = 0; (5) 

∫ (𝜌𝐶𝑃
𝛿𝐓

𝛿𝑡
− 𝑑𝑖𝑣([𝜆]𝐠𝐫𝐚𝐝𝐓)) 𝑤𝑛𝑑Ω

 

Ω𝑐
= ∫ 𝑃𝑤𝑛 𝑑Ω

 

Ω𝑐
; (6) 

where A and φ are, respectively, the magnetic vector potential and the primitive in 

time of the electric scalar potential, 𝑃 is the electromagnetic induced power density, 

𝐉𝐬 is the source current density, 𝑤𝑒 and 𝑤𝑛 are, respectively, the denoted edge shape 

function and the nodal shape function, 𝐓 is the temperature, 𝐶𝑃 is the specific heat, 𝜌 

is the specific mass and [𝜆] is the tensor of thermal conductivities. [𝜆] is the thermal 

conductivity tensor, and [𝜎] is the electrical conductivity tensor. 

Similar to thermography, shearography is very responsive and can detect large 

areas within a short time, however, it provides an effective detection for surface and 

sub-surface defects and requires high stress solicitation [44]. It has been reported that 

shearography performs well to detect debonding and subsurface defects in aluminum-

adhesive bonds [49].  

X-ray radiography and X-ray computed tomography (CT) are powerful NDT 

techniques to investigate inner defects in bonded structures [50]. For composite-

adhesive joints, X-ray CT is a challenging task, not just because it is a significantly 

expensive and bulky system, but also because of the high aspect ratios of structures 

and similar diffraction coefficients [59]. Also, X-ray CT is not a very effective method 

to detect zero volume defects, such as debonding. 

2.3. Extended NDT methods 

While the majority of previous studies relied on the usage of ultrasonic 

inspection techniques and active thermography, others focused on unconventional 

nondestructive testing techniques. Recent studies have been discussing the potential 

applications of electromechanical impedance NDT to inspect interface defects [60] 

and weak bonds caused by contaminations, moisture, and pure curing [61,62]. 

Additionally, laser based techniques, such as the laser shock adhesion test (LASAT) 

[63] and laser bond inspection (LBI) [64] had,  have been reported to be promising 

techniques to detect weak bonds. LASAT and LBI creates a debonding defect if the 

adhesive joint has already had weak bonds, hence, the destructive and fatigue effects 

of these techniques are under question. While extended NDT methods are promising 

as they have potential to detect defects in adhesive joints, yet these systems are fairly 

expensive both in terms of purchase and maintenance. 
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2.4. Comparison of NDT methods  

A comparison of all the above discussed NDT techniques is reported in Table 1 

with the possible applications on bonding quality evaluation, as along with their 

advantages and limitations.  

Table 1. Advantages and limitations of different NDT techniques for bonding 

quality evaluation. 

NDT Technique 

Bonding Quality Evaluation  

Defect / 

Inclusion type 
Advantages Limitation 

Immersion ultrasonic 

testing – through 

transmission  

Any type [24] 

Reference 

method, 

directional 

information 

Requires two-sided 

inspection and 

immersion, bulky 

system 

Immersion ultrasonic 

testing – Pulse-echo 

 

Debonding [27] 

One-sided 

inspection, 

sufficient 

directional 

information. 

Focusing and 

post-processing 

can increase the 

performance 

Requires immersion. 

Usually bulky 

system. Interface 

quality and 

debonding detection 

is limited due to 

attenuation levels 

and joint dimensions  

Interface quality 

[26], adhesive 

quality [28] 

Moisture & 

Humidity [29] 

Weak bond and 

kissing bond 

detection is not 

sufficient without 

complex post-

processing 

Weak bond & 

Kissing bond 

[30,31] 

Acoustic Microscope 
Interface quality 

[33,65] 

High resolution, 

fast inspection 

High attenuation 

caused by high 

frequency. Requires 

immersion. Limited 

to the structure size. 

Bulky system 

Air-coupled ultrasonic 

testing (ACUT) 

 

Interface quality 

[35] Contactless. 

Applicable to in-

situ monitoring.  

Through-

transmission requires 

two-sided inspection. 

Limited due to high 

amplitude loss in air 

Weak bond & 

Kissing bond [34] 

Weak and kissing 

bond detection is not 

sufficient 

Guided-wave (GW) 

ultrasonic testing  

 

Debonding [36,37]  
Inspection of 

large structures 

in short time 

Complex processing 

needed. Usually 

limited by the total 

joint thickness 

Interface quality 

[38,39]  

Weak bond [40] 
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NDT Technique 

Bonding Quality Evaluation  

Defect / 

Inclusion type 
Advantages Limitation 

Nonlinear ultrasound 

Weak bond & 

Kissing bond 

[41,42]  

Potential to 

detect weak and 

kissing bond 

High ultrasonic 

magnitudes, not 

mature enough, lots 

of errors in 

calculation  

Laser Ultrasound 
Interface quality 

[43] 

Promising to 

detect debonding 

in honeycombs 

Susceptible to 

damage and fatigue 

due to high excitation 

amplitude 

Visual Inspection 
Prior to bonding 

[44] 

Easy, cheap, in-

situ applicable 

Limited to surface 

defect detection 

Microwave & 

Terahertz Imaging 

Interface quality 

[45,46], [47] 

Contactless, high 

resolution and 

ability to focus 

Limited to non-

conductive adherend 

Eddy current 
Interface quality 

[46] 

Can be non-

contact, in-situ 

applicable, easy 

interpretation 

Limited to 

conductive adherend 

and subsurface 

defects  

Thermography 

 

Interface quality 

[48–50] 

Sensitive, 

responsive, 

contactless, 

suitable for in-

situ monitoring  

Limited to adherend 

thickness, effective 

on surface-

subsurface defects  

Active thermography 

Fabrication defects 

[51,52]  

Contamination 

[53,54] 

Surface roughness 

[55] 

Increased 

detectability 

compared to 

passive 

thermography 

Restricted by joint 

dimensions and 

thermal conductivity 

Induction 

thermography 

Interface quality 

[12] 

Higher skin 

depth due to 

volumetric 

heating  

Sensitive to joint 

geometry, not 

effective with non-

conductive adherends 

Shearography Debonding [49] 

Sensitive, 

responsive, 

contactless fast 

detection 

Limited to surface – 

subsurface defects 

Radiography/CT 

Internal structure / 

inner defects [50] 

[59] 

Full structure 

visualization 

with computed 

tomography 

(CT). Possibility 

to obtain high 

resolution  

Expensive, 

challenging on 

complex geometry ad 

high aspect ratio. Not 

sensitive to two-

dimensional defects 

like debonding  

Electromechanical 

Impedance 

Interface quality 

[60] 
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NDT Technique 

Bonding Quality Evaluation  

Defect / 

Inclusion type 
Advantages Limitation 

Weak bond [61,62] 

Promising 

alternative weak 

bond detection 

Expensive, new, 

experimental 

technique 

Laser shock adhesion 

test / Laser bond 

inspection 

Weak bond [63] 

[64] 

High 

detectability of 

weak bond, in-

situ applications 

Expensive, 

questionable 

destructive level: 

product damaged if 

there is defect, 

fatigue effect  

3. Data fusion 

Although nondestructive evaluation of adhesive bonding may be performed 

with several different techniques, all of them have advantages and limitations. In order 

to overcome the limitations of the currently available techniques, it is possible to 

combine the information from different types of inspection by using data fusion. Data 

fusion was introduced to NDT by Gros et al., and the research into this topic has been 

continuing to grow [66]. Data fusion applications for concrete samples have mostly 

used ground penetrating radar (GPR), impact echo and ultrasonic testing as data fusion 

resources while deploying several data fusion algorithms such as fuzzy logic [67,68], 

artificial neural networks (ANN) [69], Hadamard, and the Dempster-Shafer rule of 

combination [70]. For composite structures, data fusion studies have focused on 

several different combinations of NDT techniques. For example, it has been reported 

that porosity detection in composites has improved with X-ray tomography and 

interferometer data fusion [71]. Also, damages can be monitored in composites by 

combination of acoustic emission, digital image correlation (DIC), and thermography 

data [72]. On the other hand, convolutional neural networks (CNN) can be used to 

improve lock-in thermography imaging [73]. Specifically, Daryabor and Safizadeh 

[74] studied the image fusion for ultrasonic inspection and active thermography for 

adhesive quality evaluation in between dissimilar joints. They compared several basic 

and complex fusion algorithms, namely: minimum, maximum, average, principal 

component analysis, wavelet transformation and pyramid. 

4. Reliability analysis and probability of detection 

Most of the time, data fusion improves the performance compared to a single 

NDT technique, however, the reliability of the NDT technique should be quantified 

with statistical methods. NDT reliability is described as being able to obtain accurate 

and consistent results with various equipment and operators, or, in other words, 

repeatable and reproducible nondestructive tests [75]. Usually, NDT reliability is 

measured with probability of detection (PoD) curves [76] which relate the probability 

of detecting a defect with its characteristic value [77]. There are two methods to obtain 

PoD curves:  

 𝑎 vs. �̂� algorithm: the signal response values for each defect size are recorded, 

and quantitative results are used.  
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 Hit/Miss algorithm: the binary response is recorded (a defect is either detected 

or not detected).  

Each inspection is valid for the specific NDT test performed on the specific 

sample because the detectability of defects is affected by multiple uncontrollable 

factors, such as temperature, radiation, moisture, inspection set-up and condition, 

digital and analog noise, personnel qualifications, experience, and variance occurring 

in structures due to material and dimensional properties [78,79]. 

In practice, it is costly and time consuming to conduct experiments to obtain 

probability of detection curves because this strategy requires numerous samples, 

inspection and personnel. Yet, the need and the acceptance of PoD curves has been 

increasing for safety regulations. Therefore, some emerging industries, such as 

aerospace, are choosing simulation based reliability analysis, model assisted 

probability of detection (MAPOD) [80–82]. Choosing model based PoD over 

experimental PoD not only reduces the high cost of reliability studies with 

simulations, but also allows configurations that are not possible to achieve with 

experiments. Currently, MAPOD applications include but are not limited to eddy 

current inspection of fatigue cracks in engine components [83], eddy current 

inspection of wing lap joints [83] and titanium plates [84], induction thermography 

for crack detection [85], ultrasonic testing for defects in engine disk alloys [83] and 

in railway axles [86]. A detailed review on the trial studies that involve MAPOD has 

been reported by Meyer et al. [87]. Recently, a comparison study between 

experimental PoD and MAPOD for eddy current testing of surface fatigue cracks has 

been reported [77]. Additionally, two signal responses have been integrated with 

MAPOD for flaw detectability via eddy current testing [88]. Also, MAPOD is used to 

estimate response operating characteristic curves for magnetic field measurements 

[89]. A case study on flat bottom hole detection by ultrasonic NDT has been reported 

regarding the MAPOD implementation procedure and challenges [90]. Also, 

Smagulova et al. studied the debonding detection detectability in dissimilar joints with 

ultrasonic testing while using MAPOD [91].  

Research methodology 

This work aims to evaluate the quality of adhesively bonded aircraft structures 

with different nondestructive testing methods and report on the quantitative reliability. 

The goal of the research is to develop a nondestructive evaluation methodology to 

determine the bonding quality in adhesively bonded aircraft structures, and to evaluate 

the results achieved by the developed technique quantitatively. While some of the 

recent research works focused on developing an NDT methodology, such as extended 

NDT techniques, this work aims to utilize and improve the common nondestructive 

bonding evaluation techniques. Throughout the work, numerical and experimental 

investigations were performed with ultrasonic NDT methods and induction 

thermography extensively. The NDT inspections have been collected with original 

samples and experiments, which defines the characteristic of research methodology 

as a primary experimental research. Whilst the goal of the work was to achieve 

quantitative research results, the research starts with the evaluation of experimental 

and numerical results qualitatively during the first four chapters, and then moves to 
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quantitative analysis with statistical methods, namely, the probability of detection, in 

the fifth chapter. 

In order to evaluate the quality of adhesive bonding in aircraft structures, 

different types and quality of adhesive joints were investigated in five scholarly 

articles. The single lap joint samples were manufactured at Cotesa GmBH, Germany. 

Composite-adhesive single-lap joints prior to bonding are shown in Fig. 2. The 

composite adherend was made of six layers of carbon-fiber reinforced epoxy (CFRP) 

from HexPly M21-5H Satin woven prepreg. The resulting laminates had a thickness 

of 2.22 mm. Aluminum-adhesive single-lap joints prior to bonding are shown in Fig. 

3. Aluminum adherends were cut from 1.6 mm thick aluminum 2024 alloy sheets. In 

both composite and aluminum joints, 3 M Scotch-Weld AF163 k-red structural 

adhesive film epoxy with the nominal thickness of 0.24 mm was used as the adhesive 

layer.  

The bonding quality is defined as the expected adhesive joint quality that would 

be achieved with manufacturing according to the regulations as applicable to surface 

preparation where no defect or inclusion is present. The perfect bond (PB) bonding 

quality represents the structure in the pristine state, however, in other cases, the quality 

of the bonding was decreased by adding inclusions to the adhesive-adherend interface. 

An artificial air gap or porosity at the bonding interface, also known as debonding 

(DB), was created by placing two-fold square release agent films (12.7 mm x 12.7 

mm x 0.63 mm) to the adhesive-adherend interface. Additionally, interfacial 

debonding that might occur due to foreign material inclusions during manufacturing 

was displayed with brass film inclusions for two sizes: two-fold square big brass 

defects with 12.7 mm edge length (DB-brass-big) and two-fold square small brass 

defects with 6.35 mm edge length (DB-brass-small). As seen in Fig. 2. and Fig. 3, 

artificial debonding and brass inclusions were added as five identical squares with 

equal distribution. Moreover, the weak bond – where the bonding quality is reduced 

dramatically due to contamination or environmental factors – was considered to be of 

interest. Weak bonds due to liquid layer contamination were artificially created by 

spraying the adhesive interface with 0.6 mL release agent (WB-RA). For the 

composite-adhesive joint, during spraying, one side of the sample was masked with a 

plastic film to limit the amount of release agent contamination (WB-RA-less), while 

the other side did not have any mask on (WB-RA-more). When considering the curing 

cycle effects on the adhesive quality, weak bonds due to faulty curing (WB-FC) were 

created by doubling the speed to reach the curing temperature and decreasing the 

nominal curing (dwell) temperature of the epoxy adhesive from 125°C to 90°C (level 

1) and 75°C (level 2).  
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Fig. 2 Composite-adhesive single lap joints before bonding; sketches on the left, 

photos on the right 
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Fig. 3 Aluminum-adhesive single lap joints before bonding; sketches on the left, 

photos on the right. 

The unified system of bonding qualities and nondestructive testing methods 

used in the articles is listed in Table 2. Additionally, the relationship in between the 

articles is highlighted with Fig. 4 considering the NDT technique, the bonding quality, 

and the adhesive-adherend combination of interest. While in A1, A2 and A4, 

composite-adhesive single-lap joints were of interest, A3 and A5 focused on the 

aluminum-adhesive single-lap joints. 

NDT techniques for each specimen were selected based on the applicability of 

each technique. Both composite-adhesive joints and aluminum-adhesive joints were 

investigated with scanning acoustic microscopy (A1, A5). Scanning acoustic 

microscopy was chosen so that to provide high resolution interface visualization in 

between the highly attenuating epoxy adhesive and the substrate. Eddy current 

(induction) thermography can only be applicable to composite-adhesive joints 

because recording the aluminum surface with an infrared camera is challenging due 

to the high thermal conductivity of aluminum. Eddy current induction thermography 

provides spatial information of adhesive joints, which can be exploited in fast and 

non-contact in-situ monitoring. Immersion ultrasonic NDT was used to investigate 

both composite-adhesive and aluminum-adhesive joints. Immersion ultrasonic NDT 

is a standard method that is used in aerospace industry manufacturing, hence, it was 
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selected to provide the base level information that can be compared with other 

techniques. Additionally, it was decided to compare and apply data fusion to 

ultrasonic immersion NDT and induction thermography, since the former is a standard 

technique that is used in the industry, and the latter is a developing NDT with such 

potential advantages as being fast and non-contact. For guided wave investigation, 

aluminum-adhesive joints were chosen as the structure under investigation to achieve 

the best possible representation with less attenuating and homogenous substrate 

compared to the composite. The GW technique is exploited with such features as 

being fast, accurate and being able to provide more information than longitudinal bulk 

waves. Air coupled ultrasonic NDT is used with aluminum-epoxy joints to 

demonstrate possible non-contact ultrasonic applications with two-sided access. 

Table 2 Adhesives & adherends, bonding qualities and NDT techniques used in 

each article  

 Adhesive& 

Adherend  

Bonding 

Quality 

NDT Techniques Extracted Features 

A1 CFRP-

epoxy-

CFRP 

PB 

DB  

WB-RA 

Scanning acoustic 

microscopy (SAM) 

Time domain Amax  

Time delay 

Frequency Amax 

Frequency shift 

A2 CFRP-

epoxy-

CFRP 

PB 

DB 

DB-

brass 

WB-RA 

ECPuCT - Eddy-current 

(induction)  

pulse compression 

thermography  

K-PCA (sliding) 

Impulse response 

Derivative 

Kurtosis  

Skewness 

A3 Aluminum-

epoxy-

aluminum 

DB Immersion pulse-echo 

Immersion through 

transmission 

Scanning acoustic 

microscopy (SAM) 

Air-coupled ultrasonic 

through transmission 

Air-coupled to contact GW 

Contact-to-contact GW 

Peak to peak amplitude 

A4 CFRP-

epoxy-

CFRP 

DB  

DB-

brass 

Immersion pulse-echo 

Induction thermography 

Peak to peak amplitude 

A5 Aluminum-

epoxy-

aluminum 

PB 

DB  

WB-RA  

WB-FC 

Scanning acoustic 

microscopy (SAM) 

Peak to peak amplitude 

Time delay 

Frequency Amax 

Frequency Shift 

Attenuation 
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Fig. 4 Relationship between articles used in the dissertation considering NDT 

techniques, bonding quality and adhesive-adherend combinations 

Scientific articles and their connections 

In the first article (A1) Advanced ultrasonic NDT for weak bond detection in 

composite-adhesive bonded structures [11], four different ultrasonic parameters based 

on time and frequency domain analysis are determined after high frequency 

immersion pulse-echo ultrasonic inspection. Highly attenuating composite interface 

is visualized with high resolution by exploiting the high frequency scanning acoustic 

microscopy. Composite-adhesive single lap adhesive joints with three different 

conditions of bonding quality are investigated, and interface qualities are evaluated 

with the developed advanced NDT technique. It is shown that the novel post-

processing algorithms enable weak bond detection in composite-adhesive joints.  

In order to check the performance of electromagnetic NDT techniques, in the 

second article (A2) Evaluation of debonding in CFRP-epoxy adhesive single-lap 

joints using eddy current pulse-compression thermography [12], the composite-

adhesive single lap joints with three different bonding quality – the ones that are used 

in Article 1 [11] as well – are investigated with the eddy current thermography 

technique. In order to increase the sensitivity of the thermal response, the pulse-

compression technique is implemented. By developing advanced signal processing 

algorithms for eddy current pulsed-compression thermography results, non-uniform 

heating pattern is removed, and the relationship between inclusions within the samples 

and the electromagnetic parameters are determined based on kernel principal 

component analysis. The depth of artificial defects as well as their sizes are correlated 

with the electromagnetic thermal response. The results indicate that the weak bond 
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due to contamination plays a minor role in changing the electrical and thermal 

properties of a single-lap joint; however, it affects the thermal properties more than 

the electrical ones.  

In order to widen the perspective on the evaluation of the bonding quality, a 

comparison of different ultrasonic techniques is reported in the third article (A3) Air-

coupled, contact and immersion ultrasonic nondestructive testing: comparison for 

bonding quality evaluation [13]. Aluminum-epoxy single-lap joints with artificial 

debonding are investigated with the contact, immersion and air-coupled ultrasonic 

techniques including guided wave inspection. The best performance in defect sizing 

and localization is observed with bulk wave investigations. Particularly, the high 

frequencies in immersion perform better than the low frequency air-coupled ultrasonic 

testing, but air-coupled techniques allow samples to be investigated without contact. 

Also, guided waves can be effective when performing defect detection as opposed to 

their low defect sizing performance.  

As the comparison of different ultrasonic investigations suggested, the 

advantages and limitations of the techniques differ. Hence, the best performance can 

be accessed by using information from different techniques with data fusion. In the 

fourth study (A4) Evaluation of bonding quality with advanced NDT and data fusion 

[14], a comparison and data fusion of nondestructive evaluation results obtained from 

two different techniques are reported for three different levels of bonding quality in 

composite-adhesive single lap joints. The ultrasonic immersion technique is selected 

as one of the NDT techniques since it is the most commonly used standard 

methodology. For the second data fusion source, adhesively bonded structures are 

inspected with the eddy current (induction) thermography set-up. While ultrasonic 

immersion NDT provides directional response from a specific point on the adhesive 

joint, induction thermography gives contactless and spatial information. Also, it is 

considered that while one data source depends on ultrasonic wave propagation, the 

other is based on electromagnetic waves and the thermal response. Advanced signal 

processing algorithms (average, difference, weighted average, Hadamard, and 

Dempster-Shafer) are applied to obtain different data fusion results. The results 

evaluated by the receiver operating characteristic curve show that data fusion can 

increase the detectability of artificial debonding in single-lap joints.  

Last but not least, the reliability of the previously developed [11] post-

processing algorithms is evaluated quantitatively with probability of detection curves 

in the fifth study (A5) Model assisted reliability assessment for adhesive bonding 

quality evaluation with advanced ultrasonic NDT [15]. In order to avoid the time-

consuming expensive experimental probability of detection study, model assisted 

probability of detection is implemented for aluminum-epoxy single lap joints 

containing three different bonding quality. Five features depending on the frequency 

and amplitude response of ultrasonic inspection are considered as the signal response 

input in sensitivity analysis. It is shown that the reliability performance of debonding 

detection mostly depends on the gate selection and the ultrasonic amplitude response. 

Whereas, for weak bond detection, frequency based calculations and attenuation 

estimations are more important than amplitude based responses. MAPOD results 

agree with the previously obtained experimental results and demonstrate that it is 
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easier to detect debonding defects than weak bonds. In summary, the bonding quality 

in aircraft structures (composite and metal adhesive bonds) can be evaluated based on 

ultrasonic and electromagnetic thermal response parameters [11,12]. Also, 

comparison and data fusion for different techniques is reported for ultrasonic and 

electromagnetic NDT techniques [13,14]. Lastly, quantitative reliability analysis with 

the model based probability of detection curves is completed [15]. 
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1. ADVANCED ULTRASONIC NDT FOR BONDING QUALITY 

EVALUATION  

This chapter focuses on the relationship between ultrasonic parameters and the 

adhesive bonding quality. The bonding quality in carbon fiber composite-epoxy single 

lap joints was evaluated with numerical and experimental ultrasonic investigations. 

The novel post-processing algorithm that is able to detect weak bonds and debonding 

with high reliability is explained. This chapter is based on a review of the article 

Advanced ultrasonic NDT for weak bond detection in composite-adhesive bonded 

structures [11] that was written by the dissertation author Bengisu Yilmaz and co-

author Elena Jasiuniene. The contribution from each co-author is reported at the end 

of the article. The first author as well as the corresponding author is the dissertation 

author, and she has developed the novel post processing algorithm to increase the 

detectability of weak bonds in composite adhesive joints and has applied the 

procedures to high-frequency ultrasonic investigations. 

1.1. Numerical investigations 

Developing advanced ultrasonic NDT techniques for adhesive bonding quality 

evaluation is a challenging task which requires several steps of investigation and 

innovation. In this work, the relationship between ultrasonic parameters and the 

bonding quality, including weak bond characteristics, is determined through 

numerical analysis and validated with experimental investigations. A novel post-

processing algorithm to detect weak bonds and debonding in composite-adhesive 

single lap joints is implemented.  

In order to determine the relationship between ultrasonic parameters and the 

adhesive bonding quality, wave propagation through different quality of bonding was 

simulated with semi analytical finite element (SAFE) based software CIVA. Three 

different conditions of bonding quality were investigated with 5 MHz central 

frequency contact pulse-echo ultrasonic testing. The Gaussian excitation signal is 

shown in Fig. 1.1.1.The non-defected model, also known as the perfect bond (PB), is 

represented where the composite adherend and the epoxy adhesive are completely in 

contact. The debonding (DB) defect is modeled as delamination at the top interface 

of the adhesive joint. The weak bond (WB) is simulated with an additional layer of 

thin liquid contamination between the adhesive and the top adherend interface. Two 

different composite-adhesive single-lap joint models were studied with different 

levels of adhesion and adherends: the thick model and the thin model. Meanwhile, the 

adherend and adhesive thickness for thick model is 5 mm and 1 mm, respectively; the 

thin model consists of 2.4 mm adherend and 0.15 mm adhesive. The model schematics 

and bonding quality representations are shown in Fig. 1.1.2. The thickness selection 

for the thick model is made to be able to decompose the ultrasonic echo signals from 

each interface, whereas the thin sample dimensions are chosen to be similar to the real 

case thickness. 
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Fig. 1.1.1 Excitation signal used in the numerical model 

 

Fig. 1.1.2 Schematics of the thin and thick models and three bonding qualities that are 

simulated with ultrasonic wave propagation 

The resulting ultrasonic pulse-echo responses that are calculated for the thick 

model with semi-analytical software CIVA are shown in Fig. 1.1.3. The ultrasonic 

amplitude response estimated by CIVA is calibrated – and not normalized – based on 

the highest response observed from the defect to obtain amplitude percentages. A-

scan is divided into several time zones with longitudinal lines according to the time 

of flight calculations for each interface reflection, based on Formula (7), where 𝑇𝑜𝐹 

is the time-of-flight, 𝑇ℎ is the thickness, and 𝑣 is the acoustic wave velocity. On top 

of each divided zone, the schematic of the interface echo is shown. These schematics 

represent the corresponding interface reflections for the ultrasonic wave packet of 

interest. Specifically, the first interval indicates the surface reflection, the second 

interval is the reflection from the top interface of a single lap joint (the red continuous 

line), the third interface represents the bottom interface reflection (the blue dotted 

line), and so on. The thin model results are indicated in Fig. 1.1.4. As opposed to the 

thick model results, the thin model results indicate that the top and bottom reflection 

interface echoes are not separable. While the first ultrasonic wave packet echo 

received is a combination of the top reflection, the bottom reflection and a few 

multiple reflections within the adhesive layer; the second ultrasonic wave packet 
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consists of a double reflection at the top interface, a backwall echo and a double 

reflection at the bottom interface. 

𝑇𝑜𝐹 =
2 ∗ 𝑇ℎ

𝑣
 .  (7) 

 

Fig. 1.1.3 A-scan SAFE results for thick CFRP bond 

 

 

Fig. 1.1.4 A-scan SAFE results for thin CFRP bond 

In order to compare the ultrasonic parameters, the first wave packet response 

after the surface reflection is investigated in the time and frequency domain for the 

thin and thick models (Fig. 1.1.5). For both models, the response amplitude in the time 

domain as well as in the frequency domain increases by the presence of debonding or 

a weak bond. It is also clearly seen that the frequency spectrum in the presence of 

debonding and a weak bond has widened, and that the central frequency of the 

maximum amplitude is shifted. The shift in the frequency of the maximum amplitude 

is usually associated with the attenuation of the specimen. The observed changes have 

similar effects in debonding and the weak bond, however, the amount of change is 

higher in the case of debonding than in the case of the weak bond.  
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Fig. 1.1.5 First ultrasonic wave packet response in time domain and frequency domain for 

thick and thin models 

The second ultrasonic wave packet after surface reflection for thin and thick 

models are investigated in detail (Fig. 1.1.6). It shows more variance in terms of the 

amplitude and phase responses than the previous case. Compared to the perfect bond, 

the weak bond response is shifted in the time domain for the thick and thin models; 

however, for the thin model, an almost completely opposite phase is observed. In the 

frequency domain, while there is some decrease in the amplitude and frequency shift 

on the weak bond case for the thick model, there is an increase of the amplitude in the 

thin case. For the case of debonding, the ultrasonic wave does not travel to the bottom 

interface because of complete blockage at the top interface. Hence, for this time 

interval, there is no response for the thick model. For the thin model, there are small 

variations in the time and frequency domains due to multiple reflections.  

Based on numerical investigations, it is evident that there is a strong relationship 

between ultrasonic parameters and the adhesive bonding quality. Also, a comparison 

between thin and thick adhesive indicates that not only it is thickness dependent, but 

also the selection of the ultrasonic wavelength traveling through the structures plays 

a significant role when it is required to separate the top and bottom interface 

reflections, where the quality of adhesive bonding is has major impact on the output. 
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Fig. 1.1.6 Second ultrasonic wave packet response in time domain and frequency domain for 

thick and thin models 

1.2. Experimental investigations 

In the publication Advanced ultrasonic NDT for weak bond detection in 

composite-adhesive bonded structures [11], CFRP-epoxy single-lap joints containing 

three different levels bonding quality – debonding, a weak bond with less 

contamination, and weak bond with more contamination – in addition to the perfect 

bond were investigated with high-frequency high-resolution acoustic microscopy. Six 

layers of carbon-fiber reinforced epoxy from satin woven prepreg were selected as the 

adherend layers (120 mm length, 280 mm width, and 2.22 mm thickness). As 

commonly used in aerospace, structural adhesive film epoxy (25 mm length, 280 mm 

width and 0.24 mm thickness) is selected as the adhesive layer. A single-lap joint at 

the pristine state, also referred to the perfect bond (PB) is manufactured without any 

inclusion. In order to artificially represent debonding, two-folded release film square 

with 12.7 mm edge length is added at the adhesive-adherend interface prior to 

bonding. The weak bond is represented with 0.6 mL release agent contamination over 

the bonding area. Half of the bondline is masked during contamination addition, and 

referred to as the weak bond-less contamination. Non-masked part of the bonding area 

is called weak bond – more contamination. The region of interest (16.7 mm by 16.7 

mm) was chosen at the bondline of each four levels of different levels of bonding 

quality. The focused transducer (3 mm diameter, 10 mm focal length and 50 MHz 
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central frequency) is selected for scanning acoustic microscopy. The ultrasonic pulse-

echo response at the region of interest is recorded and used for post-processing.  

In order to increase the debonding and contamination detection performance, a 

novel multi-level post-processing algorithm was developed (Fig. 1.2.1). Firstly, the 

advanced post-processing reduces the noise that is caused by a highly attenuating 

CFRP adherend and high frequency investigations. Then, the ultrasonic pulse-echo 

response signals are aligned according to surface reflection. Furthermore, the time 

window of interest is selected according to 𝑇𝑜𝐹 calculations, and the signals are 

aligned at the maximum amplitudes within the chosen time window. Lastly, time and 

frequency domain based features are extracted as bonding quality features from 

ultrasonic pulse-echo responses. The selection of these features heavily depends on 

the changes observed in the ultrasonic pulse-echo response by performing numerical 

simulations. Four different interface visualizations were made with the extracted 

features (Fig. 1.2.2): 𝐶𝑡𝑖𝑚𝑒 based on the time domain maximum amplitude, 𝑃𝑡𝑖𝑚𝑒 based 

on the time domain phase shift of the maximum amplitude, 𝐶𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 based on the 

maximum amplitude observed in the frequency domain, 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 based on the 

frequency shift of the maximum amplitude observed in the frequency domain. 

 

Fig. 1.2.1 System diagram for post-processing algorithm: experiment, denoising, alignment 

and time window selection, visualization [11] 

𝐶𝑡𝑖𝑚𝑒, similar to classical C-scan imaging, depends on the maximum ultrasonic 

response amplitude for each A-scan in the time domain within the determined time 

window. 𝐶𝑡𝑖𝑚𝑒 visualization indicates no defect within the perfect bond, the square 

release film is clearly seen in debonding, and some deviation is observed for the weak 

bond with less contamination as well as the weak bond with more contamination, 

however, it is very difficult to label them as defected or low bonding quality samples.  

𝑃𝑡𝑖𝑚𝑒 shows 𝑇𝑜𝐹 deviations of the maximum amplitudes in the time domain 

within the chosen window of interest. , 𝑃𝑡𝑖𝑚𝑒 visualizes the performance of the 

previously applied alignment algorithm. As seen in Fig. 1.2.2, having smaller values 

throughout the visualizations expresses that the alignment algorithm was reliably 

applied.  

𝐶𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 visualizes the bonding interface with the observed maximum 

amplitude after the frequency domain transformation. The interface visualizations for 

all bonding qualities are similar to the 𝐶𝑡𝑖𝑚𝑒 imaging – which is expected since both 

are amplitude based visualizations, and the Fourier transform of the time domain data 

is amplitude dependent.  
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Each pixel value on 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 images represents the frequency values that 

correspond to the observed maximum amplitude in the frequency domain. Perfect 

bond 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 visualization exhibits that the sample is defect-free and that only 

small variations are detected due to the texture of the adhesive film layer. Meanwhile, 

artificial debonding can be clearly identified as a defect, weak bond contamination 

𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 interface visualization reveals defective zones on the interface. Compared 

to the weak bond less contamination 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 image, the weak bond more 

contamination 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 image shows fewer defective zones.  

These four different advanced novel interface visualization techniques were also 

evaluated quantitatively with the bonding characteristic values (BCV) – that is the 

mean-square likelihood of the observed values to the maximum observed value. The 

calculated BCV reflects the defect likelihood in each visualization because the 

maximum observed value corresponds to the high ultrasonic impedance difference at 

the interface. BCV values are reported on top of each interface visualization (Fig. 

1.2.2). BCVs are in line with the qualitative image analysis and indicate that weak 

bond detection can be improved with the frequency phase based visualization 

𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦. Generally, the results show that high frequency focused transducers used 

in acoustic microscopy are a great choice to visualize the interface quality in bonded 

structures. Also, the developed post-processing algorithm performs well on the 

detection of the weak bond and is independent from the perfect bond inspection 

results. 
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Fig. 1.2.2 Interface visualization with four different types of feature extraction [11] 

1.3. Conclusions for Chapter 1 

1. Based on numerical investigations, it was discovered that there is powerful 

relationship between the ultrasonic parameters and the adhesive bonding 

quality. Also, our comparison between the thin and thick numerical models 

indicates that not only the thickness of each layer but also the selection of the 

ultrasonic wavelength traveling through the structures plays a significant role 

when separating top and bottom interface reflections – where the adhesive 

bonding quality is strongly effective. 

2. Among the four different extracted features, 𝑃𝑡𝑖𝑚𝑒 visualization with low 

bonding characteristics values (BCV) values (less than 1%) shows that the 

alignment algorithm performed well in all cases of bonding quality. It is also 

seen that 𝐶𝑡𝑖𝑚𝑒 and similarly 𝐶𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 demonstrate the defect presence for 

debonding clearly (debonding BCV is 4 to 5 times of the perfect bond), however 

their performance on weak bond detection is low (the weak bond BCV is 1 to 2 

times of the perfect bond). On the other hand, 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦, as a result of the novel 
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post-processing algorithm, can visualize with higher accuracy the release agent 

contamination at the bonding interface, which might cause weak bonds  (the 

weak bond BCV is 5 to 10 times of the perfect bond). 

3.  𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 interface visualizations obtained by using the developed algorithm 

demonstrate that the less contaminated regions (BCV:19.52%) show two times 

more defective zones than the more contaminated regions (BCV:10.83%). It is 

expected that the diffusion of the release agent into the adhesive film was more 

dominant at the more contaminated regions of the sample; on the contrary, the 

less contaminated regions had more release agent on the interface. 

4.  It was shown that the novel post-processing algorithm extracts more 

information on the evaluation of bonding quality. By implementing the novel 

algorithm, the difference from the perfect bond is increased 3 times for 

debonding, and 3 to 6 times for weak bonds. The presented results prove that 

the high-frequency acoustic microscopy with the developed post-processing 

algorithm is a great candidate to evaluate the bonding quality and to detect weak 

bonds which occur due to bonding interface contamination. However, the 

limitations regarding structure dimensions and water immersion should be 

noted. 
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2. ADVANCED INNDUCTION THERMOGRAHY NDT FOR BONDING 

QUALITY EVALUATION  

This chapter focuses on the relationship between electromagnetic (including 

thermography) parameters and adhesive bonding quality. In addition to the ultrasonic 

parameters discussed in the previous chapter, bonding quality relationship to electrical 

and thermal parameter was investigated in this chapter. Specifically, carbon fiber 

composite-epoxy single lap joints were evaluated with numerical and experimental 

eddy-current (induction) thermography investigations. The novel post-processing 

algorithm that is able to detect weak bonds and debonding is explained. This chapter 

is based on the review of the article Evaluation of debonding in CFRP-epoxy adhesive 

single-lap joints using eddy current pulse-compression thermography [12] which was 

written by the dissertation author Bengisu Yilmaz and her co-authors Qiuji Yi, Gui 

Yin Tian, Hamed Malekmohammadi, Stefano Laureti, Marco Ricci and Elena 

Jasiuniene. The third author is the dissertation author, and she contributed on the 

advanced post-processing of the data, the development of the feature extraction 

algorithm, the determination of the relationship between the extracted features and the 

bonding quality properties in both thermal and electrical parameters.  

2.1. Numerical investigations 

Adhesive bonding quality evaluation with electromagnetic NDT techniques is a 

challenging task that needs several steps of analysis. In this work, the finite element 

method (FEM) is used to simulate the electromagnetic and thermal response of a 

composite-adhesive single-lap joint with a brass debonding inclusion [92]. Active 

thermography with eddy current, also known as induction, is considered as the 

investigation technique. Six layer CFRP adherends bonded with 25 mm epoxy 

bondline were modeled with FEM. Square brass film inclusions with 12.7 mm edge 

length were modeled as artificial debonding at the adhesive adherend interface. 

Induction thermography simulation included the coupled electromagnetic and thermal 

problem [58,93]. Weak electromagnetic 𝐀 − φ and nodal thermal formulations were 

used to calculate the eddy currents and temperature distribution on the surface of the 

specimen.  

During the simulation, electromagnetic and thermal parameters were selected 

based on prior knowledge and the investigated material’s data sheet. For the eddy 

current, an induction coil with five turns was placed behind the bondline with a 2 mm 

lift-off distance between the coil and the adhesive bonding (Fig. 2.1.1). In order to 

optimize the defect detection with the temperature evaluation curve, several 

measurement parameters of the electromagnetic field, such as the activation time, the 

activation current, the coil dimensions and the number of turns,were studied. The 

optimum power output was observed with the activation current selection being at 600 

Amperes, and the frequency should be kept at minimum 100 kHz on the eddy-current 

system.  
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Fig. 2.1.1 Schematic of induction thermography modeling for composite-adhesive bond, side 

view 

Furthermore, temporal evolution curves simulated for the optimized 

measurement parameters were studied. Two conditions, the defect free region with 

the perfect bond and debonding with the brass inclusion, were considered to be of 

interest. The brass film was selected for this simulation due to its high electrical 

conductivity. The simulated temperature at the surface at a frequency of 100 kHz and 

current 600 A is shown in Fig. 2.1.2, where the perfect bond is represented with the 

blue curve, and the brass debonding is shown with the red curve. In the simulation, 

the current was run for 2 seconds. The evolution of the temperature at the surface was 

calculated for one minute (60 seconds). As it is shown in Fig. 2.1.2, the temperature of 

the surface with a defect reached its maximum when the time was at 6 seconds, and 

the difference between the defect free case was the highest over almost the entire 

measurement period. In Fig. 2.1.3, the temporal evolution of the temperature at the 

middle of the brass film is shown. The brass film was heated well when the generator 

was running. The temperature reached its maximum when the time was equal to 2 

seconds (the heating time). The maximum temperature was evaluated as 35 °C. After 

the generator was closed, the temperature at the middle of the metal foil began to 

decrease due to thermal convection. 
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Fig. 2.1.2 Temporal evolution of the temperature at the center of the defect upper face, with 

and without defect presence [92] 

 

Fig. 2.1.3 Temporal evolution of the temperature at the middle of brass film [92] 

2.2. Experimental investigations 

Although eddy current thermography has such advantages as being a non-

contact, responsive and fast NDT technique, numerical investigations suggested the 

that high contrast between the defect and the defect free zones can only be achieved 

by the optimized measurement parameters. In the publication Evaluation of 

debonding in CFRP-epoxy adhesive single-lap joints using eddy current pulse-

compression thermography [12], composite-adhesive bonded structures with various 

types of interface contamination were studied with eddy-current pulse-compression 

thermography. Particularly, CFRP-epoxy single lap joints containing artificial 
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debonding with a release film, a brass film in addition to the weak bond representation 

of release agent contamination were investigated. Multi-level signal processing was 

applied in order to correlate the physical properties, such as the contamination depth, 

size and conductivity, with the observed electromagnetic and thermal response. 

Firstly, the Barker code with the pulse compression technique was implemented 

for the inspection of bonded structures with eddy current thermography. Pulse 

compression – the impulse response of the recorded data calculated by the convolution 

of the matched filter – is known to be an improved level of resolution in the signals 

of RADAR and ultrasonic applications as well as in eddy current thermography. In 

eddy current pulse compression thermography (ECPuCT), the sample is excited with 

coded excitation (40 Amperes and 240 kHz carrier frequency in order not to damage 

the sample) (in this case with Barker Code No. 13 (BC)), and thermal images were 

collected for the overall time duration of heating and cooling with an infrared camera 

at a 50 frame per second recording rate. The step heating was removed from the 

recorded thermal response, and the convolution matched filter was applied (Fig. 2.2.1). 

The main advantage of ECPuCT compared to the classical eddy current thermography 

is that the impulse response can be estimated by delivering energy to the system in a 

significantly longer time. This flexibility can be exploited as, in the evaluation of cases 

of bonding quality, we can increase the signal to noise ratio by providing more energy 

than in the eddy current thermography experiments, or this allows us to use lower 

power heating sources while maintaining the same signal to noise ratio level. 

 

Fig. 2.2.1 Example signals for a reference point on the pristine state (perfect bond) and on 

the contaminated area (brass inclusion): (a) acquired raw signal, (b) raw signal after removal 

of step heating contribution, (c) impulse response after the pulse compression process [12] 

During the next step, two different algorithms were applied to remove the non-

uniform heating pattern that is caused by the material anisotropy and the coil shape: 

the perfect bond subtraction and the partial least square method. In order to remove 

the non-uniform heating pattern with the perfect bond subtraction method, a defect 

free sample was investigated with ECPuCT, then the perfect bond results are 

subtracted directly from the results of bonding with different contaminations. As the 

second method, the partial last square (PLS) technique was used to remove non-

uniform heating. Three main steps were followed for the PLS technique: the recorded 

three-dimensional thermography data (x, y and time) reshaped into a two-dimensional 

set; partial least squares were calculated; partial least squares corresponding to non-

uniform heating were removed, and the data was reconstructed. 
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In order to extract the relevant information on the bonding quality, the impulse 

responses were analyzed with sliding time windows. Within these windows, kernel 

based principal component analysis (K-PCA) projected image was calculated in order 

to determine the features that are correlated with the contamination size, depth and 

conductivity. The verification of the best image showing the contamination or the 

artificial defect was done with the derivatives and the time phase images of impulse 

response. 

 The size of different artificial debondings was estimated with spatial kurtosis. 

Kurtosis is a distribution shape based feature which is related to the tailedness of the 

data of interest. Brass film artificial debonding of two different sizes was determined 

by plotting the sum of special kurtosis values over the selected area (Fig. 2.2.2), while 

it is difficult to determine the exact sizes of debonding two peaks over the Gaussian 

curve. The size of artificial debonding with two identical defects was determined with 

kurtosis values as seen in Fig. 2.2.3. In this case, the Gaussian peaks are more 

separable, and the kurtosis values are similar to each other.  

 

Fig. 2.2.2 Results for spatial kurtosis for sizing of bigger and smaller brass films [12] 
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Fig. 2.2.3 Results of spatial kurtosis for sizing of release film artificial debondings [12] 

Then, the depth of the contamination and the conductivity level were estimated 

based on the derivatives and the time-phase images of the impulse response along 

with the norm of the first kernel based principal component within the time window. 

Fig. 2.2.4 shows that, while electrical conductivity is dominant in the first 15 frames, 

thermal conductivity takes the lead after 60 frames (the cooling stage). Since brass is 

an electrically conductive material, the electromagnetic response for the artificial 

brass debonding defect has the highest derivative during the first 15 frames. The 

thermal reflection time is observed to be similar for each defect where the defect depth 

is correlated in the same way for each specimen – since each artificial defect is placed 

at the same depth from the surface. 

 

Fig. 2.2.4 First PC norm of different contaminations versus number of 5 frames (sliding 

window); where brass is debonding brass inclusion, film is release film debonding and agent 

is release agent contamination [12] 
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2.3. Conclusions of Chapter 2 

1. Numerical investigations were used to evaluate the detectability of artificial 

brass film debonding at the composite-adhesive interface with eddy current 

thermography. It was shown that the electromagnetic (excitation frequency, 

heating current) and thermal (heating time, observation time etc.) parameters 

have to be optimized in order to achieve detectability with a high contrast. The 

results show that the maximum defect contrast can be achieved only in small 

time intervals. 

2. Experimental investigations focused on the detection and evaluation of different 

contaminations in separate composite-adhesive single-lap joints with eddy 

current pulse compression thermography in order to optimize a high contrast in 

the defect response. Three physical features related to contamination, namely, 

the size, the depth and the conductivity, are determined by implementing the 

novel post-processing algorithm. 

3. Experiments have established that partial least square subtraction of non-

uniform heating performs better than perfect bond subtraction because, on the 

contrary to perfect bond subtraction, no spatial misalignment of experiments can 

affect the procedure.  

4. After the successful implementation of the proposed novel post-processing 

algorithm, the sliding K-PCA features and the norm of principle component can 

differentiate the contamination layer in the heating and cooling stages. The first 

instant high contrast happens at the very beginning (first 300 ms) of the retrieved 

impulse responses due to the Joule heating effect in CFRP. This first instants 

indicate the difference in the electrical properties of contamination in adhesive 

joints. It has also been verified that the 60th frame contains the maximum 

information about the contamination’s thermal properties in the cooling stage. 

5. It has been shown that contamination within the adhesive bond can be classified 

by using the derivatives of the impulse response at a specific time. While the 

release agent (10% change) has the minimum influence on the electrical and 

thermal properties compared to the brass film (50% change) and the release film 

(25% thermal, 10% electrical change), the thermal properties are more 

indicative in terms of detection of weak bonds due to the release agent than 

electrical properties.  
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3. COMPARISON OF DIFFERENT ULTRASONIC NDT TECHNIQUES 

FOR BONDING QUALITY EVALUATION 

While in the previous chapters the determination of ultrasonic, electromagnetic 

and thermal parameters related to different types of inclusions in composite-adhesive 

bonds was investigated with the single NDT technique, this chapter focuses on the 

detailed comparison of different ultrasonic NDT techniques for debonding detection 

and sizing in metal-adhesive joints. Debonding is one of the most commonly 

occurring defects in adhesive joints that can lead to premature failures. This work 

demonstrates the application possibilities of different ultrasonic NDT techniques for 

the detection of debonding in aluminum-epoxy single-lap joints. While most of the 

aircraft components are gradually replaced by composite materials, a big percentage 

of the aircraft structures are still made of aluminum, hence there is need to develop 

NDT techniques for modern joining methodologies, such as adhesive bonding.  

 Artificial debonding placed in aluminum-epoxy single lap joints was 

investigated with a wide variety of inspection frequencies in air-coupled, contact, and 

immersion ultrasonic testing. This chapter is based on a review of the article Air-

coupled, contact and immersion ultrasonic nondestructive testing: comparison for 

bonding quality evaluation [13] written by the dissertation author Bengisu Yilmaz and 

co-authors Aadhik Asokkumar, Elena Jasiuniene and Rymantas Jonas Kazys. The 

contribution from each co-author is reported at the end of the article. The first author 

as well as the corresponding author is the dissertation author, and she contributed by 

developing numerical models of the adhesive joint as well as by implementing a novel 

defect sizing error comparison technique based on ultrasonic wavelength.  

3.1. Materials and ultrasonic testing 

In the publication Air-coupled, contact and immersion ultrasonic 

nondestructive testing: comparison for bonding quality evaluation [13], various 

ultrasonic testing techniques were compared in the case of debonding detection metal-

adhesive single lap joints. Specifically, aluminum-epoxy-aluminum single lap joints 

containing five square two-fold artificial debonding defects (12.7 mm edge length) 

placed at the interface were investigated with ultrasonic bulk waves when using the 

immersion through transmission, the immersion pulse-echo, the high frequency 

acoustic microscopy, and the air-coupled through-transmission techniques. In 

addition to the conventional bulk wave ultrasound, guided wave testing was also 

performed with two different set-ups: the contact-to-contact transducer, air-coupled 

excitation to the contact transducer.  

For immersion pulse-echo and immersion through transmission inspections, 10 

MHz focused transducers were selected, and the distance from one transducer to the 

sample has kept at 43.29 mm in order to focus at the interface where the debonding 

defects were located. In scanning acoustic microscopy (SAM) experiments, the 

adhesive bond was investigated with a 50 MHz focused transducer which was placed 

2.94 mm away from the joint surface. The air-coupled ultrasonic through transmission 

method was tested by using 300 KHz flat transducers, and the sample was placed right 

after the end of the calculated near field.  
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Prior to conducting guided wave inspections, dispersion curves for the 

aluminum adherend plate were calculated. Also, a numerical study was performed 

with the three-dimensional finite element method on the aluminum-epoxy joint model 

with debonding. Ultrasonic wave propagation was simulated as excited with an air-

coupled transducer and received with contact coupling. The numerical simulation 

results guided us to choose the experimental set-up parameters and identify the guided 

wave mode generation. Hence, the distance between the air-coupled and the contact 

transducer was set to 65 mm, and the angle of air-coupled excitation was kept at 10° 

to generate the A0 mode of guided waves. Similarly, contact-to-contact guided wave 

inspections were performed by keeping the distance between the two transducers at 

100 mm.  

The comparison of the ultrasonic NDT techniques that are used in the case study 

are given with their capabilities and limitations in Table 3.1. The advantages of 

immersion testing include megahertz range testing frequencies (up to 100 MHz with 

scanning acoustic microscopy), easy coupling with water, less wear of the probes, and 

easy focus for ultrasonic beams; however, it is limited for the types of materials and 

defects because water immersion might threaten the structural integrity and can cause 

corrosion. On the other hand, air-coupled testing offers purely non-contact inspection 

within the 50 kHz to 2 MHz testing frequency range and a possibility to focus the 

ultrasonic beam. Unfortunately, air-coupling causes high drops in the ultrasonic 

amplitude and relatively low signal to noise ratios due to impedance mismatch. Hence, 

air-coupled ultrasonic testing is usually applied as through transmission instead of 

pulse-echo. Contact testing with guided waves can operate up to 5 MHz, and it enables 

faster acquisition and superior coupling than air-coupled testing, yet it requires 

complex set-ups for angle excitations, transducers as well as structure surface may 

wear off due to the constant contact and difficult to inspect large areas. Furthermore, 

air-coupled excitation to contact reception for guided wave inspection can provide 

long-range inspection with the possibility of mode selection, but the signal to noise 

ratios are lower than those of contact-to-contact guided wave inspections. 

Table 3.1 Comparison of different techniques [13] 

Techniques Capabilities Limitations 

Immersion testing 

MHz range operating frequency, 

coupling uniformity, less wear for 

probes, focused beams 

Limited materials due to 

corrosion 

Air-coupled testing 

50 kHz to 2 MHz operating 

frequency, contactless coupling, 

focused beams 

High attenuation loss at 

higher frequencies, lower 

signal to noise ratio due 

to acoustic mismatch 

Contact testing 

Up to 5 MHz operating frequency, 

ability for faster inspection than air 

coupled, superior coupling over 

immersion and air-coupled 

methods hence higher 

transmissibility 

Wear of transducers and 

material due to contact 

Requires special set-up 

for angle excitation 
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Air coupled 

excitation and 

contact reception of 

guided waves 

Possibility of mode selection, 

directional wave front, long-range 

inspection 

Lower signal to noise 

ratio 

3.2. Results 

In this work, a wide variety range of inspection frequencies resulting in different 

ultrasonic wavelengths, have been investigated.  

Defect detection performance yielded better results in terms of immersion 

techniques than the air-coupled and contact methods. All the five debonding defects 

were separately identified with the immersion techniques and SAM, four were 

identified with the air-coupled through transmission technique. The last defect was 

close to the edge of the sample where the active part of the transducer was exposed 

outside the plate boundary; hence, the ultrasonic wave was directly transmitted to the 

receiver. Guided wave inspection with air-coupled excitation detected three defects, 

whilst four defects were identified with the guided wave contact to contact transducer 

method. A defect that is placed close to the edge is difficult to detect with guided wave 

ultrasonics because of the boundary reflections.  

For each ultrasonic inspection technique, A-scan and the visualization of defects 

were reported, and the defect sizes were determined with the decibel drop 

methodology. According to this technique, the 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 SAM, C-scan images were used to visualize 

debonding at the bonding interface; therefore, the slice is selected at the middle of the 

defects (Fig. 3.2.1). For air coupled through transmission C-scans and guided wave 

generated B-scans, the slice was selected at the highest defect contrast observed (Fig. 

3.2.1). The decibel dropping line and normalized values for each inspection are shown 

in Fig. 3.2.2. For all inspections except for air-coupled through transmission, -6dB 

decibel drop was used to calculate the defect size. The air-coupled through 

transmission defect sizing was performed with -12dB decibel drop due to unexpected 

positive interference on the edge defect (defect center is located around 40 mm on X 

axis). 

Furthermore, according to the known defect size (12.7 mm), absolute errors 

were calculated for each technique while considering each defect. The average values 

of the calculated errors are shown in a bar graph with uncertainty (Fig. 3.2.3). 

According to the calculated related errors, the immersion techniques and SAM can 

size defects with higher precision than the air-coupled and contact techniques. 

Compared to the guided wave inspections, the air coupled through transmission shows 

almost a half of the relative error in defect sizing. Among the guided wave techniques, 

the contact-to-contact method offers better performance in determining the defect size 

than the air-coupled to contact method. However, the defect detection performance 

for the contact-to-contact method is inconsistent among the four detected defects. 

Considering the ultrasonic wavelength traveling through an aluminum joint, the 

defect sizing performance of each NDT technique was normalized. This novel 

quantitative comparison depends on the ratio of the average absolute defect sizing 
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errors and the ultrasonic wavelength. It was shown that in between the immersion 

techniques and SAM, the immersion through transmission technique involves the 

lowest error, hence offering the highest performance. The air coupled through 

transmission indicates lower error values than the guided wave inspections. The 

contact to contact method performs better than the air-coupled to contact method. This 

method makes the immersion technique performance comparable to the air-coupled, 

guided wave and contact ultrasonic inspection. It is evident that, while the precision 

is very high in the SAM results, the defect sizing error per wavelength is higher than 

in the other techniques. It can be explained by the magnification of error due to the 

small wavelength transmission.  
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Fig. 3.2.1 C-scan and B-scan results for ultrasonic NDT inspections [13] 
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Fig. 3.2.2 Decibel drop defect sizing and detection results for each NDT technique [13] 
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Fig. 3.2.3 Defect sizing errors in absolute values for each ultrasonic NDT technique 

3.3. Conclusions for Chapter 3 

1. The relative change in the recorded ultrasonic amplitude is an important 

criterion for different nondestructive testing techniques: for through 

transmission bulk wave inspection, the defect presence decreases the received 

amplitude, while in the case of guided waves and pulse-echo inspections, the 

amplitude increases when passing through a defect.  

2. The bulk wave results show that the higher frequencies from 10 MHz to 50 MHz 

in the immersion testing perform significantly better in the case of defect 

detection as well as defect sizing when compared to air-coupled testing using 

300 kHz. Whereas contact-to-contact guided wave inspections at 300 kHz show 

relatively lower accuracy in defect sizing, they are good enough to detect the 

presence of four out of five cases of debonding. Air coupled to contact guided 

wave inspection offers the lowest performance in terms of defect detection and 

defect sizing.  

3. With error sizing calculations, the best performance is observed in the 

immersion through transmission technique (an average error is less than 0.5 

mm), however, the high performance for SAM (less than 1 mm average error) 

and air-coupled through transmission (less than 3 mm average error) cannot be 

disregarded. 
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4. Immersion ultrasonic techniques and SAM achieve high precision in defect 

detection and sizing (all the five defects were detected with an error not 

exceeding 2 mm), however, the bonded structure needs to be immersed in water. 

Also, inspection systems are non-transportable and expensive. Although the air-

coupled ultrasonic methods achieve less precision than the immersion 

techniques (3–4 defects were detected), they allow non-contact inspection. 

Since the air coupled through transmission technique requires two-sided 

inspection, guided wave inspections can be chosen for rapid or in-situ 

applications. 
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4. DATA FUSION OF ADVANCED ULTRASONIC NDT AND 

INDUCTION THERMOGRAPHY FOR BONDING QUALITY 

EVALUATION 

This chapter focuses on the data fusion of ultrasonic immersion pulse-echo 

testing and induction thermography for determining different sizes and materials of 

artificial debonding placed in CFRP-epoxy single lap joints. As our comparison of 

ultrasonic NDT techniques in the previous chapter justified, each technique has 

indisputable advantages and limitations. In this chapter, NDT techniques which had 

already show promising results in debonding detection within composite-adhesive 

joints were synthesized with data fusion post-processing techniques. This chapter is 

based on a review of the article Evaluation of bonding quality with advanced NDT 

and data fusion [14] which was written by the dissertation author Bengisu Yilmaz and 

co-authors Abdoulaye Ba, Huu-Kien Bui, Elena Jasiuniene and Gerard Berthiau. The 

contribution from each co-author is reported at the end of the article. The first author 

as well as the corresponding author is the dissertation author, and she contributed by 

developing advanced post-processing algorithms for induction thermography 

investigations, as well as by developing, implementing, and evaluating data fusion 

techniques for the ultrasonic and induction thermography nondestructive evaluation 

of adhesive bonding quality. 

4.1. Materials and NDT methods 

In the publication Evaluation of bonding quality with advanced NDT and data 

fusion [14], composite-adhesive single lap joints containing three different cases of 

artificial debonding were investigated with pulse-echo ultrasonic inspection and 

induction thermography.  

Two CFRP adherends where each of them was built of six layers of woven (satin 

weave) were bonded together with a structural epoxy film after surface preparation. 

The artificial debonding defects were introduced prior to bonding by putting two-

folded square films on the epoxy adhesive layer. Three different debonding conditions 

were considered to be of interest: debonding with a release film (a two-folded square 

with 12.7 mm edge length and 0.063 mm thickness), debonding with a brass film (a 

two-folded square with 12.7 edge length and 0.05 mm thickness), small debonding 

with a brass film (a two-folded square with 6.35 mm edge length and 0.005 mm 

thickness). 

Composite-adhesive single lap joints containing three different cases of artificial 

debonding were investigated with ultrasonic immersion pulse-echo NDT and 

transmission induction thermography separately.  

Ultrasonic investigations were performed with a focused transducer having 10 

MHz central frequency in the pulse-echo immersion settings. The distance between 

the transducer and the adhesive bond has kept at 46.3 mm so that to place the 

ultrasonic focus on the adhesive bonding line. The whole bonding area was scanned 

with the directional immersion set-up, and A-scans were saved with a 0.5 mm step-

size.  
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Induction thermography (eddy current stimulated active thermography) was 

used for the investigation of composite-adhesive single-lap joints in the transmission 

mode – thus, the sample was placed in between the coil and the camera. The induction 

coil (helical design, inner diameter 15 mm, outer diameter 25 mm, height 30 mm, five 

turns) was oriented in such a way that the coil center was centering the defect location. 

During the experiments, 105 kHz carrier frequency was achieved by 200 Amperes 

excitation power of 1 second. Starting from the excitation, an infrared camera 

recorded the temperature variance of the sample surface with 25 frames per second 

for a 60-second period. 

4.2. Data fusion results and evaluation 

Data fusion is a post-processing method which synthesizes the data collected by 

multiple sources in order to improve the accuracy of the information. In this work, the 

raw data that was collected by two different NDT systems was pre-processed in order 

to satisfy the requirement of compatibility in data fusion. Multi-level pre-processing 

methods were applied to both ultrasonic NDT and induction thermography results.  

Raw data of ultrasonic inspection consisted of local Cartesian coordinates (x, y) 

and the time of flight response; similarly, induction thermography results were three 

dimensional datasets with local Cartesian coordinates (x, y) and the time of recording. 

Firstly, in order to minimize the error multiplication due to noise, the raw data was 

filtered. Ultrasonic and induction thermography inspections took place in different 

environments, hence, the local coordinates for each inspection were transferred to a 

global matching coordinate system. While point-by-point matching on some 

coordinates was achieved by this transformation, the data needed to be scaled for 

complete alignment across the dataset. Therefore, ultrasonic data was interpolated to 

match the same coordinate values, and the recorded data was re-centered in the 

registration step. Then, the resulting ultrasonic and thermography datasets were 

normalized from 0 to 1.  

After completing the pre-processing of the data for data fusion, based on an 

advanced processing algorithm, the feature matrices were extracted from the 

ultrasonic and thermography inspection results. For ultrasonic inspection, the 

extracted feature was selected as the interface reflection peak-to-peak amplitude, and, 

for the induction thermography response, the principal component analysis was 

applied. The extracted features were put into the data fusion application as a source.  

Six different data fusion algorithms were applied on the extracted feature 

matrices on the pixel level, namely: average, difference, weighted average (1UT5TH), 

weighted average (5UT1TH), Hadamard product, and Dempster-Shafer rule of 

combination.  

One of the many basic fusion methods – average – depends on the sum of two 

source values divided by half. The second basic fusion technique is the difference 

which represents the inverse correlation between two sources. The weighted average 

algorithm – where one data set is taken as five times more and imported in the sum of 

averages – was applied for ultrasonic data (5UT1TH) as well as for thermography 

data (1UT5TH) algorithms. Moreover, the Hadamard product, which is a simple 
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algebraic operation based on pixel-wise multiplication of same-size matrices, was 

used as a data fusion method.  

As an information theory based data fusion method, the Dempster-Shafer (DS) 

rule of combination was applied on the dataset. While the DS theory treats the 

information from multiple sources as evidence of multiple events, the DS rule of 

combination lets us estimate unique mass evidence for a hypothesis by the evidence 

masses. In this work, these hypotheses were defected (positive), not defected (negative) 

and unsure if defected or not (doubt). DS combinations were calculated with the 

orthogonal sum of different hypotheses from each source which feature matrices 

obtained from ultrasonic inspection and thermography experiments. Three hypotheses 

– positive, doubt, and negative – were selected according to the cross-section of the 

local amplitude distribution over the global Gaussian of the feature matrix. The local 

distribution was calculated with the pixels and the values of the surrounding (8) pixels. 

DS also allows us to calculate contradiction percentage which indicates the source 

compatibility regarding the given task of defect detection.  

The results for three different categories of interface debonding that were 

obtained with the feature matrix extraction from ultrasonic and thermography data as 

well as data fusion applications were evaluated both qualitatively and quantitatively. 

Interface visualizations where the defect must be present were reported for debonding 

with a release film, debonding with brass inclusion, and debonding with small brass 

inclusion. Quantitative comparison of each NDT technique and data fusion was 

reported with the area under response operating characteristic (ROC) curves – which 

shows the correlation between false positive rates and true positive rates calculated 

based on the known location and size of the debonding. The normalized interface 

visualizations were divided into 100 threshold values changing from 0 to 1. For each 

specific threshold value, the main characteristics were estimated:  

 True positive (TP): total number of pixel values which are greater than the 

threshold within the defect position. 

 False negative (FN): total number of pixel values which are smaller than the 

threshold within the defect position. 

 True negative (TN): total number of pixel values which are smaller than the 

threshold outside of the defect position.  

 False positive (FP): total number of pixel values which are greater than the 

threshold outside of the defect position. 

According to this calculation, the true positive ratio (TPR) and the false positive 

ratios (FPR) are calculated by using Formula (8) and Formula (9). ROC curves were 

obtained by plotting false positive rates to true positive rates.  

𝑇𝑃𝑅 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 , (8) 

𝐹𝑃𝑅 =
𝐹𝑃

𝐹𝑃 + 𝑇𝑁
 . (9) 
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Fig. 4.2.1 Ultrasonic feature, thermography feature and data fusion results for release 

film debonding defect 

 

Fig. 4.2.2 ROC curve response of different features and data fusion results for release 

film debonding defect 

For the visualizations of debonding with a release film, the ultrasonic feature is 

the best among all as it shows the defect region with a higher amplitude response than 

the surroundings (Fig. 4.2.1). No significant defect contrast was observed with 

induction thermography. With the averaging data fusion, the results got smoothened, 

but the observed defect contrast is much higher in the weighted average 5UT-1TH 

than for the other fusion results The difference fusion matrix shows a relatively high 

performance level on defect detection. The Hadamard fusion indicates a very low 

performance level in defect detection while DS performs well but delivers too many 

false positives. The area under ROC curve calculations is in line with the qualitative 

results and the ultrasonic feature has the highest performance with the follow-up of 

the weighted average 5UT-1TH, difference, and the average (Fig. 4.2.2).  
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Fig. 4.2.3 Ultrasonic feature, thermography feature and data fusion results for big 

(12.7 mm) brass inclusion defect 

 

Fig. 4.2.4 ROC curve response of different features and data fusion results for big 

(12.7 mm) brass inclusion defect 

Advanced NDT and data fusion results for debonding with brass inclusion (the 

large window) indicates that defect contrast has been achieved for all methods, while 

the information theory based DS performs the best (Fig. 4.2.3). The calculations for 

the quantitative area under the ROC curve also show that almost all features ranked 

similar values, and they were effective in defect detection (Fig. 4.2.4). Difference 

calculation shows low values, which indicates that no contradiction is observed 

between the sources.  
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Fig. 4.2.5 Ultrasonic feature, thermography feature and data fusion results for small 

brass inclusion defect 

 

Fig. 4.2.6 ROC curve response of different features and data fusion results for small 

brass inclusion defect 

Nondestructive evaluation results for adhesive bonding containing debonding 

with small brass film suggested that ultrasonic and induction thermography NDT 

features can detect the presence of a defect; while false negative ratios were present 

in the ultrasonic technique, false positives were effective in the induction 

thermography results (Fig. 4.2.5). The difference data fusion suggests that there is no 

contradiction in between the NDT techniques. According to the area under the ROC 

curve values, the ultrasonic feature and the weighted average with 5UT-1TH do not 

perform well in comparison to other options (Fig. 4.2.6). The DS-positive option seems 

to deliver the highest contrast in quantitative and qualitative analysis. 
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4.3. Conclusions of Chapter 4 

1. For composite-adhesive single lap joints, the ultrasonic immersion pulse-echo 

NDT technique has advantages for debonding detection whereas induction 

thermography NDT only performs well when detecting electrically conductive 

inclusion. 

2. It is evident that the quality of artificial debonding with small (6.35 mm) brass 

(electrically conductive material) elements in adhesive bonding can be better 

detected with induction thermography (AUC:0.98) than with the ultrasonic 

pulse-echo immersion NDT method (AUC:0.59). 

3. Data fusion improves the performance of non-destructive evaluation if and only 

if the sources are not in contradiction. 

4. Considering all the three studied different inclusions, the information theory-

based fusion algorithm, the Dempster-Shafer rule of combination (AUC:0.98), 

and the Hadamard (AUC>0.97) method shows high performance, however, the 

performance of averaging (AUC>0.98) cannot be disregarded. 

5. Nondestructive evaluation of adhesive bonding quality is a challenging task, but 

as long as the sources do not contradict each other, according to the area under 

the ROC curve, the calculation of data fusion increases the sensitivity and 

specificity of the inspection. 
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5. QUANTITATIVE RELIABILITY ANALYSIS OF ADVANCED 

ULTRASONIC NDT FOR BONDING QUALITY EVALUATION 

This chapter focuses on the quantitative reliability assessment of advanced 

ultrasonic nondestructive testing for adhesive bonding quality evaluation. Probability 

of detection curves for high frequency ultrasonic evaluation of aluminum-epoxy 

single lap joints were estimated with a novel and cost-effective model based approach. 

The novel feature based interface visualization algorithm developed in the article 

Advanced ultrasonic NDT for weak bond detection in composite-adhesive bonded 

structures [11], as discussed in the first chapter, was applied to metal-adhesive single 

lap joins. The reliability of each proposed feature was evaluated with the model based 

probability of detection curves in terms of debonding and weak bond detection. This 

chapter is based on a review of the article Model assisted reliability assessment for 

adhesive bonding quality evaluation with advanced ultrasonic NDT [15] which was 

written by the dissertation author Bengisu Yilmaz and co-authors Damira Smagulova 

and Elena Jasiuniene. The contribution from each co-author is reported at the end of 

the article. The first author as well as the corresponding author is the dissertation 

author, and she contributed by implementing the developed advanced post-processing 

algorithms for probability of detection curve estimations, as well as by determining 

and implementing the characteristic values for nondestructive evaluation of weak 

bonds.  

5.1. Materials and methods 

In the publication Model assisted reliability assessment for adhesive bonding 

quality evaluation with advanced ultrasonic NDT [15], the reliability of advanced 

acoustic microcopy investigations in bonding quality evaluation was estimated with 

the model assisted probability of detection curves. Aluminum-epoxy-aluminum single 

lap joints with three bonding quality conditions were considered to be of interest for 

the reliability evaluation. Two identical 1.6 mm thick aluminum sheets were bonded 

with a structural adhesive epoxy film after surface preparation. As the pristine state 

reference, one sample was produced with the nominal settings; it was called the 

perfect bond (PB). In order to demonstrate debonding defects, two-fold release films 

were placed at the adhesive-adherend interface prior to bonding, which we refer to as 

debonding (DB). Additionally, release agent contamination was sprayed over the 

epoxy film in order to deteriorate the bonding quality, and we refer to it as weak bond 

due to release agent (WB-RA). In order to represent the possible deviations in the 

manufacturing protocol, the curing cycle for bonding epoxy was altered by reducing 

the curing temperature, and the samples were referred to as weak bond due to faulty 

curing (WB-FC). 

In order to evaluate the reliability of aluminum-epoxy single lap joints with 

different levels of bonding quality, scanning acoustic microscopy (SAM) was selected 

as the ultrasonic nondestructive evaluation technique. The samples were investigated 

with the pulse-echo immersion technique in room temperature (25°C). A focused 

transducer (PT-50-3-10) of 50 MHz central frequency, 10 mm focal depth and 3 mm 

diameter was used for investigations. The distance between the transducer and the 
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sample was kept at 2.94 mm. The experimental results for PB, DB, WB-RA and WB-

FC were saved and used in this work in order to validate numerical simulation results.  

In order to build model assisted probability of detection (MAPOD) curves, 

several steps were taken, as shown in Fig. 5.1.1. At the first step, numerical models 

were built to represent adhesive bonding and different bonding quality conditions by 

using the semi-analytical finite element method based software CIVA. Adhesive 

bonding was simulated as a three-layered structure representing the same thickness 

and material properties of the sample: an aluminum adherend with a thickness of 1.6 

mm and a longitudinal acoustic wave velocity of 6300 m/s, an epoxy adhesive of 0.16 

mm thickness and a longitudinal acoustic wave velocity of 2990 m/s. To simulate 

ultrasonic wave propagation, a focused transducer was modeled (PT-50-3-10), and 

the excitation signal was selected as the reference recorded signal with the 

experimental set-up. The interface quality between the adhesive and the adherend was 

selected as connected for PB, whereas the delamination defect was placed at the 

interface layer for the DB case. The WB-RA model was represented with a thin oil 

layer inclusion at the interface. In the case of WB-FC, it was considered that the epoxy 

acoustic wave velocity was affected by the faulty curing. The numerical model results 

were calculated in two-dimension for each case of bonding quality, and the ultrasonic 

response in time and frequency domain was validated by similar behavior observed 

in experimental investigations.  

 

Fig. 5.1.1 Steps to obtain model assisted probability of detection curves [15] 

As a second step to obtain MAPOD curves, uncertain parameters and their 

statistical distribution were determined. The uncertain parameters are the parameters 

that might be variant due to the specimen based, experimental, environmental, or 

human factors. In this work, eight influential parameters are marked as uncertain 

parameters, namely, epoxy thickness, epoxy acoustic velocity (longitudinal), 

aluminum thickness, aluminum acoustic wave velocity (longitudinal), water path, 

acoustic velocity of water, incidence angle, and defect position in depth. The 

distributions of each parameter were determined according to expert knowledge and 

experimental investigations (Fig. 5.1.2). 
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(a) (b) (c) 

   
(d) (e) (f) 

  

 

(g) (h)  

Fig. 5.1.2 Uncertain parameters and their statistical distribution: a) epoxy thickness, b) 

epoxy acoustic velocity, c) aluminum thickness, d) aluminum acoustic velocity, e) water 

path, f) water acoustic velocity, g) incidence angle of the transducer, h) defect position 

In addition to the uncertain parameters, MAPOD calculations require 

characteristic values to be determined. Conventionally, the characteristic value for 

PoD curves was selected as the defect size that is under investigation. When 

considering the complexity of the bonding quality analysis and the physical reasons 

behind the weakening of the joint, the characteristic value for each case of bonding 

quality was determined. In the case of the debonding model (DB), debonding was 

represented with zero-thickness rectangular delamination placed at the interface; 

therefore, the defect size is considered as the characteristic value. For the weak bond 

due to release agent models (WB-RA), the thickness of oil addition was selected as 

the characteristic value. The characteristic value for the weak bond due to faulty 

curing (WB-FC) was decided as the epoxy acoustic velocity because epoxy properties 

are significantly affected by poor curing caused by elasticity changes. The limits to 
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the characteristic values were put in terms of physical behavior and observation based 

on experimental investigations.  

Since the full factorial design of eight uncertain parameters and the 

characteristic value with a reasonable step-size in the defined limits would lead to 

extreme costs in terms of computational power, the validated numerical models were 

used to build metamodels which are mathematical approximations so that to reduce 

the computation time of a high degree of freedom of numerical simulations. Each 

metamodel was calculated with Kriging regression analysis over more than 1000 

calculated data points.  

Five different feature extraction algorithms were selected as the signal response 

in metamodel calculations in order to incorporate the advance ultrasonic post-

processing algorithm: 

 Peak to peak amplitude at the specified gate (Peak to Peak Amplitude); 

 Time delay of absolute maximum amplitude (Time Delay); 

 Maximum amplitude in frequency domain (Frequency Amax); 

 Frequency shift of absolute maximum amplitude (Frequency Shift); 

 Attenuation at the adhesive layer (Attenuation). 

All of these features were estimated within the selected time gate over ultrasonic 

A-scan results. In numerical modeling, the surface reflection was not considered to be 

of interest. Since the bonding quality information mostly lies in the interface echoes, 

the gate of interest was selected considering the echoes from the top (first) and the 

bottom (second) epoxy interface. What concerns the case of debonding, the first 

interface reflection mostly represents the defect reflection which is selected in DB-

OPTION1. In order to decrease the false-positive rates, a special gate selection 

algorithm was proposed and applied (DB-OPTION2). Normally (DB-OPTION1), the 

gate starts before the first interface reflection. In DB-OPTION2, if the maximum 

amplitude of the signal response envelope is less than 100 percent and the second 

reflection is observed, then the gate is placed at the second interface reflection. For 

the weak bond due to the release agent WB-RA and the weak bond due to faulty curing 

WB-FC, the second reflection (the wave packet observed after the top interface 

reflection) is of interest. 

In order to obtain MAPOD curves, data plots based on each metamodel were 

created in the CIVA software thereby representing five features for three cases of 

bonding quality. In this step, the best fit of transformation combinations (logarithmic, 

normal, boxcox) was chosen based on the Berens’ hypothesis and the calculated 

residual values. Outlier data points were put under ‘noise’ and ‘saturation’ in order to 

minimize the fitting errors and satisfy Beren’s validity on linearity, homoscedasticity, 

normality, and variance. 

One of the most influential parameters in MAPOD creation is the threshold 

selection. In this work, the Threshold values were selected by minimizing the 

probability of false alarms and taking the most of the response signal for all the five 

features and three bonding qualities. As referenced by many researchers, MH-1823 

suggests that no probability of detection is considered to be sufficient if the probability 

of a false alarm is not calculated [75]. Most of the applications probability of false 

alarms (PFA) were calculated by comparing the results with the observed noise. In 



66 

 

this study, PFA is determined by building variation studies with the adhesive bonding 

holding no defect – which is also called the perfect bond (PB). 

5.2. MAPOD results 

The reliability of detecting debonding and a weak bond due to a release agent 

and a weak bond due to faulty curing of aluminum-epoxy single-lap joints was 

estimated based on numerical simulations. The model based probability of detection 

curves is reported for three different bonding qualities and five different features in 

Fig. 5.2.1.  

 

Fig. 5.2.1 Estimated MAPOD curves along with PFA values for four different bonding 

quality cases: (a) debonding DB-OPTION1, (b) debonding DB-OPTION2, (c) weak bond 

due to release agent WB–RA, (d) weak bond due to faulty curing WB–FC; considering five 
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signal response features on the rows I – peak to peak amplitude, II – time delay, III – 

frequency Amax, IV – frequency shift, V – attenuation [15] 

The reliability of debonding detection was estimated with MAPOD while firstly 

considering the gate selection at the maximum observed amplitude (DB-OPTION1), 

then the smart gate algorithm was applied (DB-OPTION2). In DB-OPTION1, none 

of the MAPOD curves reached the critical stage where 𝑎90/95can be calculated (Fig. 

5.2.1-a). The PFA values for the peak to peak amplitude response was estimated to be 

as high as 53%, whereas in the time delay response, it nearly reached 90%. This is 

expected to be in relation to the gate selection related high level false positives. 

Compared to DB-OPTION1, DB-OPTION2 increased the reliability of detecting 

debonding in adhesive joints significantly (Fig. 5.2.1-b). Except from the time-delay 

response, it was observed that all other features can reach 100% probability of 

detection with the 5 mm defect size. Additionally, PFA values are significantly low – 

almost all features would deliver predictions with less than 10% false alarms. 

The weak bond due to release agent case (WB-RA) was represented with the oil 

thickness as a characteristic value from 5 to 100 𝜇m (Fig. 5.2.1-c). While the peak-to-

peak amplitude change (I) and attenuation (V) signal responses suggested that the 

detection probability of a small layer of inclusion is higher than a thick layer, the 

frequency Amax (III) and frequency shift (IV) responses indicated the opposite. 

The characteristic value for the weak bond due to faculty curing (WB-FC) was 

selected as the epoxy longitudinal wave velocity (Fig. 5.2.1-d). MAPOD curves 

showed that it is difficult to detect WB-FC with the peak-to-peak amplitude (I) and 

the time delay (II) response signals. While the frequency domain based responses (III-

IV) might perform better, PFA values suggested that there might be too many false 

calls. On the contrary, by attenuation (V) percentage, the weak bond due to faulty 

curing can be detected with a low number of PFA values and high performance.  

5.3. Conclusions for Chapter 5 

1. It is evident that the reliability of detecting debonding in aluminum-epoxy single 

lap joints mostly depends on the gate selection algorithm and the observed 

ultrasonic echo amplitude.  

2. Frequency based response feature calculations can improve the detection 

reliability of the weak bond due to release agent contamination, by 

implementing frequency response 𝑎90/95 values decrease from 75 µm to less 

than 62 µm. 

3. Among all the feature responses, the probability of detecting weak bonds caused 

by faulty curing is the highest with the attenuation feature.  

4. Weak bond detection requires more delicate nondestructive evaluation than 

debonding detection in order to reach similar reliability. Although it is 

complicated to make this comparison due to different characteristic values, 

MAPOD curves indicate that the probability of the detection of a small size (less 

than 0.5 mm) debonding defect is higher than the detection of weak bonds (due 

to 60 µm oil inclusion, 2500 m/s change in the acoustic wave velocity).  
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5. What concerns debonding, the weak bond due to release agent and the weak 

bond due to faulty curing, the best performed signal response features are 

frequency responses and attenuation, while time delay is evaluated as the worst 

one. 
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6. CONCLUSIONS 

1. Extensive literature review led to the determination of nondestructive testing 

methods to be used in the evaluation of adhesive bonding quality: ultrasonic 

non-destructive testing – specifically high-frequencies – and eddy-current 

thermography. The gap observed in literature directed the research towards 

developing novel post-processing techniques based on feature extraction and 

data fusion, as well as reliability estimations. 

2. An advanced ultrasonic nondestructive testing methodology based on the 

extraction of features, namely, interface visualization with the ultrasonic 

amplitude, the frequency domain amplitude and the frequency shift was 

developed. Compared to the ultrasonic amplitude, the frequency shift feature 

selection improved the detection performance of artificial debonding by 3 times 

and the release agent contaminations by 3 to 6 times. The proposed bonding 

quality evaluation technique is a great candidate to detect interface defects as 

well as weak bonds based on liquid contamination.  

3. The thermal and electrical properties of several contaminations within 

composite-adhesive joints were determined by using eddy current pulse-

compression thermography. The depth of debonding defects was possible to 

detect with a derivative of the impulse response; skewness and kurtosis of the 

impulse response is used to verify the size and position of inclusions. According 

to the norm of kernel principal component analysis (K-PCA), a weak bond due 

to release agent contamination showed minimum change in the electrical and 

thermal properties of the bonding; however, thermal properties were affected 

more than electrical properties.  

4. The performance evaluation of ultrasonic techniques in debonding defect 

detection and sizing is determined with the absolute error per wavelength 

calculations. The performance for the immersion techniques (including SAM) 

was higher than the air-coupled and guided wave methods; however, immersion 

systems are bulky, and the sample needs to be immersed in water. Relative to 

the ultrasonic wavelength during inspection, the air-coupled through 

transmission technique performed well in defect sizing while offering the 

advantage of non-contact inspection. Guided wave ultrasonic NDT could detect 

debonding defects that are not at the edge of the inspected structure with quick 

long-range inspections.  

5. Data fusion algorithms (average, difference, weighted average, Hadamard, 

Dempster-Shafer) improved the detection performance for brass inclusions 

since ultrasonic and thermography results were not in contradiction. 

Specifically, the Dempster-Shafer rule of combination performs well, however, 

such basic data fusion techniques as averaging cannot be disregarded. Although 

nondestructive evaluation of adhesive bonding is still a challenging task, as long 

as the sources do not contradict each other, the proposed data fusion algorithms 
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increase the sensitivity and specificity of the inspection by 5 to 40 percent 

according to the area under ROC curves. 

6. The reliability of the developed advanced ultrasonic NDT in debonding 

detection within aluminum-epoxy single lap joints depends mostly on the gate 

selection and the ultrasonic amplitude response: and peak-to-peak amplitude as 

well as frequency amplitude, and attenuation perform well. The probability of 

detecting weak bonds due to liquid contamination is higher in the frequency 

shift signal response. In order to detect weak bonds due to faulty curing, it is 

more reliable to estimate attenuation in the adhesive layer. 

7. GUIDELINES FOR FUTURE RESEARCH 

The methods presented in this research proposed an overall view on how to 

evaluate the quality of adhesive bonding with advanced nondestructive testing 

techniques and evaluate their reliability. However, some aspects of this study need 

further improvements, such as: 

 Although the study covers the most commonly used material combinations in 

the aerospace industry (carbon fiber reinforced composite-epoxy and 

aluminum-epoxy joints), the proposed techniques should be experimented on 

different combinations of materials and dissimilar joints.  

 In this work, single-lap joints were selected for both composite-adhesive and 

aluminum-adhesive bonding samples, however, one should consider the 

geometrical complexity in terms of the application of these nondestructive 

evaluation techniques. 

 This work focuses on numerical and experimental investigation of the 

propagation of nondestructive waves through adhesive bonds. In order to 

formulate the proposed solutions, purely analytical analysis might be needed. 

 The bonding quality of the samples used in the study is deteriorated from the 

perfect bond by adding various inclusions (release films, brass films, release 

agent contamination) at the adhesive-adherend interface; however, other 

defects, such as porosity, unwanted surface roughness, finger prints, or moisture 

might change the quality of bonding.  

 The quantitative reliability analysis in this work is limited for ultrasonic wave 

propagation through aluminum-single lap joints. The statistical tools should be 

applied for further quantitative analysis for induction thermography and 

composite-adhesive investigations. 

 This study focuses on the ultrasonic, thermal and electrical parameters that are 

related to the quality of adhesive bonding grounded on physics based feature 

extraction. It is possible for the future works to consider artificial intelligence 

tools, such as machine learning, to determine multiple new features as well as 

categorization application so that to determine bonding quality. 

This thesis is presented in a way so that to serve as an open source for the further 

research topics in the field of nondestructive evaluation of the quality of adhesive 

bonding in aircraft structures.  
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8. SANTRAUKA 

8.1. Įvadas 

8.1.1. Tyrimo aktualumas 

Klijavimas klijais yra veiksminga orlaivių konstrukcijų, pagamintų iš 

kompozitų [1] ir metalų [2], jungimo technologija. Klijais klijuotos konstrukcijos 

tinka aviacijos ir kosmoso pramonei dėl daugelio aspektų, pavyzdžiui, didelio 

stiprumo ir svorio santykio, tolygaus apkrovos pasiskirstymo, atsparumo korozijai, 

gebėjimo sujungti sudėtingas formas ir skirtingas medžiagas. O mechaninėms 

tvirtinimo detalėms, pavyzdžiui, varžtams, reikia pragręžti skyles, dėl to trūksta 

kompozitinės skaidulos, prarandamos mechaninės savybės, pažeidžiamas 

konstrukcijos vientisumas, gerokai padidėja konstrukcijos svoris, ji jautri nuovargiui 

ir liekamiesiems įtempiams [3].  

Tarp orlaivio dalių sujungimai išlieka svarbiausiomis sudedamosiomis dalimis 

– dauguma konstrukcinių gedimų prasideda nuo jungčių. XXI amžiuje, pradėjus 

naudoti anglies pluoštu armuotą plastiką (CFRP), orlaivių jungčių klijavimas gerokai 

išaugo [4]. Pirmasis klijų panaudojimo atvejis užfiksuotas 1945 m. kaip skysto ir 

miltelių pavidalo klijai „Redux 775“,“, skirti „de Havilland Dove“ orlaiviui [5]. Be 

„de Havilland Dove“, 1955 m. tuos pačius klijus pirminėms konstrukcinėms dalims 

gaminti pradėta naudoti ir „Fokker“ lėktuvuose. Karšto kietėjimo epoksidiniai klijai 

1963 m. pradėti naudoti „Boeing 727“ orlaiviuose. Be to, pirmajame „Airbus“ lėktuve 

A300 buvo naudojami karšto kietėjimo epoksidiniai klijai „Cytec FM123-2 “ [4]. 

Pradėjus naudoti karšto kietėjimo epoksidinius klijus, klijų naudojimas antrinėms 

apkrovos konstrukcijoms tvirtinti išaugo. Konkrečiai keliose „„Airbus A380“ 

konstrukcinėse dalyse, pavyzdžiui, aukščio vairuose ir užsparniuose, kaip matyti 

8.1.1 pav., yra daug klijų [4]. 
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8.1.1 pav. „Airbus A380““ orlaivio dalys, kuriose yra  klijų [4] 

Nors klijuoti sujungimai yra patraukli jungimo technologija, klijuotų 

konstrukcijų naudojimas reguliuojamose pramonės šakose, tokiose kaip aviacijos ir 

kosmoso pramonė, yra ribotas [6]. Kelios priežastys ribojasujungimų klijais taikymą 

orlaiviuose: sujungimo kokybė labai priklauso nuo paviršiaus paruošimo, o klijuotų 

sujungimų ilgaamžiškumas yra ribotas [4]. Neardomaisiais bandymų metodais galima 

nustatyti paviršiaus paruošimo kokybę ir klijų patvarumą prieš naudojimą ir atliekant 

techninę priežiūrą. Tačiau aviacijos ir kosmoso pramonėje sujungimų klijais kokybės 

užtikrinimas priskiriamas „specialiems procesams“, kuriems reikalingi patikimi 

neardomosios kontrolės metodai. Klijais sujungtos konstrukcijos arba klijuotosios 

jungtys gali būti apibrėžiamos kaip dvi ar daugiau konstrukcijų, vadinamų 

adherendais, sujungtų struktūriniais klijais. Klijuotų sujungimų sukibimo kokybė 

priklauso nuo daugelio gamybos etapo veiksnių, t. y. nuo paviršiaus paruošimo, 

drėkinimo, aplinkos sąlygų ir kietėjimo proceso. Be to, eksploatacijos metu gali 

atsirasti kitų defektų, o anksčiau atsiradę defektai gali išplisti dėl nuovargio ir 

naudojimo. Klijuotų sujungimų negrįžtamą struktūrinį pažeidimą gedimą paprastai 

sukelia tokie defektai, kaip atsisluoksniavimas, porėtumas, drėgmė ir užterštumas [7]. 

Prieš gedimą dėl užterštumo gali atsirasti vadinamasis „kissing bond“ – kai 

adherendas ir klijai visiškai liečiasi, tačiau be jokio cheminio ryšio [8]. Tokio tipo 

defektus labai sunku nustatyti įprastais neardomaisiais bandymų metodais. Be to, dėl 

užterštumo, drėgmės ir gryno kietėjimo gali smarkiai sumažėti ne tik dviejų medžiagų 

ribos sujungimo kokybė, bet ir klijų sluoksnio vientisumas [9]. Šis drastiškas klijų 

sukibimo kokybės sumažėjimas, dar vadinamas silpnuoju sukibimu, sunkiai 

nustatomas neardomaisiais bandymų metodais. Negalint aptikti silpnų ryšių ir 
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nustatyti inkliuzijas klijų ir klijuotės sąsajoje, gali labai sumažėti stiprumas, taip pat 

atsirasti netikėtų katastrofinių pažeidimų gedimų. Todėl labai svarbu turėti patikimus 

neardomuosius bandymų metodus, kad būtų galima naudoti klijuojamąsias jungtis. 

Klijų sukibimo neardomasis vertinimas yra sudėtingas uždavinys, nes 

sukibimas yra tarpfazinis reiškinys, apimantis labai ploną medžiagos sluoksnį, 

dažniausiai gerokai mažesnį už neardomojo bandymo metodo bangos ilgį [10]. Iki 

šiol klijavimo kokybei vertinti buvo taikomi keli neardomųjų bandymų metodai. 

Dažniausiai surištų konstrukcijų struktūrinis vientisumas nustatomas atliekant 

ultragarsinę patikrą ir aktyviąją termografiją. Vis dažniau naudojami pažangūs signalų 

apdorojimo algoritmai, įskaitant duomenų sintezę, todėl šie metodai yra efektyvesni 

siekiant vizualizuoti vidinę struktūrą ir nustatyti defektus. Tai leidžia kelti mokslinę 

hipotezę, kad gali būti sukurta nauja neardomojo vertinimo metodika klijuotų 

sujungimų kokybei tirti, kuri leistų patikimai įvertinti klijuotų konstrukcijų kokybę ir 

atskirti atsisluoksniavimą nuo silpno suklijavimo.  

8.1.2. Tikslas ir uždaviniai 

Disertacijos tikslas –– sukurti ir įvertinti naują neardomojo vertinimo 

metodiką, skirtą klijais sujungtų orlaivių konstrukcijų sukibimo kokybei nustatyti, 

naudojant ultragarsinius, elektromagnetinius, termografinius metodus ir duomenų 

sintezę. Šiam tikslui pasiekti buvo numatyti šie uždaviniai: 

1.  Ištirti bangų sklidimą per gerus, atsisluoksniavusius ir silpnus klijuotus 

sujungimus, nustatyti perspektyvius neardomųjų bandymų metodus , galimus 

signalų apdorojimo algoritmus ir patikimumo vertinimo metodus skaitiniams ir 

eksperimentiniams tyrimams.  

2. Ištirti ultragarso bangų sąveiką skaitmeniniu ir eksperimentiniu būdu klijais 

sujungtose struktūrose, nustatant ultragarso parametrus, kurie yra glaudžiai 

susiję su sujungimo kokybe, ir aptikti silpną sujungimą. 

3. Nustatyti elektromagnetinius (įskaitant šiluminius) parametrus, kuriuose yra 

informacijos apie sukibimo kokybę, ir nustatyti sukibimo kokybę atliekant 

skaitinius ir eksperimentinius tyrimus. 

4. Palyginti skirtingų ultragarsinių neardomųjų metodų efektyvumą nustatant 

defektus ir defektų dydį klijais klijuotose jungtyse. 

5. Įdiegti ultragarso ir sūkurinės srovės termografijos neardomųjų bandymų 

metodų duomenų sintezę, siekiant pagerinti klijavimo kokybės vertinimą. 

6. Kiekybiškai įvertinti įvairių ultragarsinių parametrų patikimumą, vertinant 

atsisluoksniavimą ar silpną sujungimą, taikant statistinius metodus, pavyzdžiui, 

aptikimo tikimybės (PoD) kreives. 

8.1.3. Mokslinis naujumas 

1. Nustatomos tokios ultragarsinės ir elektromagnetinės savybės ir parametrai, 

turintys įtakos sukibimo kokybei: ultragarsinių atspindėtų signalų amplitudė ir 

fazė laiko ir dažnių srityje, ultragarsinio signalo slopinimas klijų sluoksnyje, 

sūkurinių srovių termografijos principinė komponentė, sūkurinių srovių 

suspaustų signalų termografijos išvestinė, impulso atsako skirstinio 

simetriškumas (angl. skewness) ir kurtozė (angl. kurtosis.) 
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2. Nauji skaitmeniniai modeliai su skirtinga sukibimo kokybe, įskaitant silpną 

sukibimą, buvo sukurti taikant pusiau analitinį baigtinių elementų metodą 

(SAFE) ultragarso sklidimui ir baigtinių elementų metodą (FEM) sūkurinių 

srovių termografijai. 

3. Sukurtas naujas signalų apdorojimo algoritmas, skirtas klijais surištų 

konstrukcijų aukšto dažnio ultragarsiniams tyrimams, remiantis laiko ir dažnio 

charakteristikomis, ir kiekybiškai įvertintas sukurtų metodų veiksmingumas.  

4. Sukurtas naujas signalų apdorojimo algoritmas sūkurinių srovių suspaustų 

impulsų termografijai, skirtai adheziškai sujungtų konstrukcijų tyrimams, 

remiantis branduolio principinių komponenčių analize, impulso atsako 

skirstinio simetriškumu (angl. skewness) ir kurtoze (angl. kurtosis.). Rezultatai 

buvo kiekybiškai įvertinti, siekiant nustatyti klijų ir klijų sandūros sąsajoje 

esančių defektų dydį, gylį ir laidumą (elektrinį ir šiluminį). 

5. Sukurtas naujas kiekybinio palyginimo metodas, skirtas skirtingų ultragarsinių 

tyrimų metodų efektyvumui įvertinti nustatant defektus ir defektų dydį, 

remiantis ultragarso bangos ilgiu klijuotame bandinyje. Be to, siekiant padidinti 

ultragarsinės ir sūkurinių srovių termografijos patikimumą vertinant klijavimo 

kokybę, buvo sukurtos duomenų sintezės programos. 

6. Naudojant modelį apskaičiuotos silpnų sujungimų aptikimo tikimybės kreivės. 

Inovatyvūs skaitiniai modeliai buvo patvirtinti eksperimentiniais tyrimais. 

Anksčiau sukurti požymiais pagrįsti signalų apdorojimo algoritmai kiekybiškai 

įvertinti naudojant aptikimo tikimybės kreives.  

8.1.4. Praktinė darbo vertė 

1. Siūloma nauja signalų apdorojimo metodika su aukšto dažnio akustinės 

mikroskopijos tyrimais ir sūkurinių srovių suspaustų signalų termografija gali 

būti naudojama atsisluoksniavimui aptikti, inkliuzams klijuotame sujungime 

apibūdinti ir silpniems sujungimams prognozuoti. 

2. Siūlomi ultragarsinių neardomųjų tyrimų metodai bei sūkurinių srovių 

termografija gali būti naudojami defektams nustatyti ir lokalizuoti. Sūkurinių 

srovių termografija ir su ultragarsiniai tyrimai per orą suteikia nekontaktinio 

tikrinimo privalumų, o imersiniai ultragarso metodai su nauju signalų 

apdorojimu leidžia tiksliai nustatyti defektus, medžiagas ir jų dydį. 

3. Siūlomos ultragarso ir sūkurinių srovių termografijos duomenų sintezės 

programos, skirtos klijavimo kokybei vertinti, gali būti pritaikytos įvairiems 

daugiamačiams neardomiesiems vertinimams, jei atsako signalai neprieštarauja 

vienas kitam. Be to, pateiktos imtuvo operatoriaus charakteristikos ROC kreivės 

gali būti naudojamos duomenų sintezės programų patikimumui nustatyti, kai 

tiriami bandiniai su žinomais defektais.  

4. Modeliu pagrįstos aptikimo tikimybės kreivės gali būti naudojamos bet kokiam 

neardomojo vertinimo metodui, kurį galima pavaizduoti baigtinių elementų 

modeliavimu, kad būtų galima palyginti patikimumą nustatant 

atsisluoksniavimą, ar atskirti silpną sujungimą dėl užterštumo nuo silpno 

sujungimo dėl netinkamo kietėjimo. 
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Kai kurios šio darbo dalys buvo panaudotos tarptautinio projekto NDTonAIR 

„Orlaivių konstrukcijų neardomasis bandymas ir konstrukcijų būklės stebėsena“ 

(H2020-2016-2020-722134) – Europos Sąjungos mokslinių tyrimų ir inovacijų 

programos „Horizontas 2020“ pagal Marie Sklodowskos-Curie pradinio mokymo 

tinklus – ataskaitose. 

8.1.5. Ginti pateikiami rezultatai 

1. Pažangi ultragarsinė neardomųjų bandymų metodika su nauju signalų 

apdorojimo metodu, skirtu sujungimo kokybei nustatyti ir aptikti silpną 

sujungimą.  

2. Sujungimo kokybės įvertinimas naudojant suspaustų signalų sūkurinių srovių 

termografiją, grindžiamą branduolio principinių komponenčių analizės terminių 

ir elektrinių požymių išskyrimu. 

3. Imersinių, kontaktinių ir per orą ultragarsinių neardomųjų metodų palyginimas 

nustatant atsisluoksniavimą metalo ir klijų sujungimuose. 

4. Ultragarsinių atspindžio imersinių ir indukcinės termografijos neardomųjų 

vertinimų duomenų sintezė kompozito ir klijų jungtyse. 

5. Sukurto požymiais pagrįsto neardomojo ultragarsinio signalų apdorojimo 

metodo patikimumo vertinimas naudojant modeliu pagrįstas aptikimo 

tikimybės kreives. 

8.1.6. Tyrimų rezultatų aprobavimas 

Disertacijos laikotarpiu moksliniai rezultatai paskelbti 8 publikacijose: pusė 

straipsnių paskelbta tarptautiniuose žurnaluose, įtrauktuose į ISI Web of Science, o 

kita pusė – recenzuojamuose tarptautinių konferencijų leidiniuose. Be to, rezultatai 

buvo skleisti 11 tarptautinių konferencijų, vykusių Vilniuje, Geteborge, Glazge, 

Bukarešte, Turine, Briugėje, Paryžiuje, Atėnuose ir internete. Remiantis tyrimų 

rezultatais, 2020 ir 2021 m. gauta Lietuvos mokslo tarybos teikiama doktorantūros 

stipendija. 2021 m. gauta tarptautinė studentų mokslinių tyrimų stipendija, kurią skyrė 

Amerikos akustikų draugijos (ASA) Tarptautinių tyrimų ir švietimo komitetas 

(CIRE).  

8.1.7. Disertacijos struktūra 

Disertaciją sudaro įvadas, penki skyriai, pagrįsti straipsnių apžvalga, išvados, 

literatūros sąrašas, gyvenimo aprašymas, publikacijų, be konferencijų, sąrašas ir 

mokslinių publikacijų kopijos. Visą disertaciją sudaro 212 puslapių, 31 paveikslas, 3 

lygtys, 9 lentelės, 93 bibliografinių nuorodų ir penkios leidinių kopijos.  

1. Pirmajame skyriuje nagrinėjamas ultragarsinių parametrų ir klijuotų sujungimų 

kokybės ryšys. Pateikiami klijuotų sujungimų skaitiniai modeliavimai ir 

eksperimentiniai tyrimai. Paaiškinamas naujas signalų apdorojimo algoritmas, 

galintis patikimai nustatyti silpnus sujungimus ir atsisluoksniavimą, ir 

pateikiamas anglies pluošto kompozito ir epoksidinio pluošto viengubo 

persidengiančio sujungimo atvejo tyrimas.  

2. Antrajame skyriuje nagrinėjamas elektromagnetinių (įskaitant šiluminius) 

parametrų ir klijuotų sujungimų sukibimo kokybės ryšys. Pateikiami skaitiniai 
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ir eksperimentiniai kompozitinių- klijų sujungimų tyrimai. Atliekant atvejo 

tyrimą, naudojant impulsinę-kompresinę indukcinę termografiją, tiriamas 

atsisluoksniavimo aptikimas ir dydžio nustatymas bei inkliuzų, galinčių sukelti 

silpną sukibimą, nustatymas. 

3. Trečiajame skyriuje išsamiai tiriami ir lyginami skirtingi ultragarsiniai 

neardomųjų bandymų metodai, skirti sukibimo kokybei įvertinti. Keletas 

ultragarsinių neardomųjų bandymų metodų, įskaitant nukreiptąsias bangas, 

ultragarsą per orą, imersinę impulsinę echoskopiją, imersinę praėjimo ir 

akustinę mikroskopiją, taikomi aliuminio ir epoksido viengubų persidengiančių 

sujungimų, kuriose yra surišimo defektų, atveju. Atliekant metalo ir klijų 

jungčių tyrimus, defektų aptikimo ir defektų dydžio nustatymo galimybės buvo 

įvertintos atsižvelgiant į ultragarso bangos ilgį, sklindantį per konstrukcijas. 

4. Ketvirtajame skyriuje atliktas kompozito irepoksido viengubų persidengiančių 

sujungimų, kuriose yra įvairaus dydžio ir medžiagos dirbtinių defektų, tyrimas, 

naudojant ultragarsinį imersinį atspindžio metodą ir indukcinę termografiją. 

Siekiant išnaudoti kiekvieno metodo privalumus, taikyti keli duomenų sintezės 

algoritmai. Eksperimentinių tyrimų ir duomenų sintezės rezultatai buvo 

kiekybiškai įvertinti naudojant imtuvo operacinių charakteristikų (ROC) 

kreives. 

5. Penktajame skyriuje aptariamas ultragarsinio neardomojo vertinimo 

patikimumas. Išsamiai išnagrinėtas kiekybinis pažangių ultragarsinių tyrimų 

patikimumas atliekant aukšto dažnio akustinės mikroskopijos tyrimus. Atvejo 

analizėje daugiausia dėmesio skiriama aliuminio-epoksido persidengiantiems 

sujungimams, kuriuose yra atsisluoksniavimas, silpnas sujungimas dėl 

užterštumo ir silpnas sujungimas dėl netinkamo kietinimo. Modeliu pagrįstos 

aptikimo tikimybės kreivės gautos atlikus daugybę pusiau analitinių baigtinių 

elementų modeliavimų. 

Naudojamų straipsnių ryšys apibendrintas 8.1.2. pav. A1, A2, A4 straipsniuose 

buvo domimasi kompozitiniais klijais klijuojamomis viengubomis jungtimis, o A3 ir 

A5 – aliuminio klijais klijuojamomis viengubomis jungtimis. Neardomieji bandymo 

metodai buvo parinkti atsižvelgiant į pritaikomumą ir našumą. Kompozitinės 

klijuotinės jungtys ir aliuminio klijuotinės jungtys buvo tiriamos skenuojamuoju 

akustiniu mikroskopu (A1, A5). Sūkurinių srovių (indukcinė) termografija gali būti 

taikoma tik kompozito ir klijų jungtims, nes dėl didelio šilumos laidumo sudėtinga 

infraraudonųjų spindulių kamera registruoti temperatūros gradientą aliuminio 

paviršiuje. Kompozito ir klijų bei aliuminio ir klijų sandūrų tyrimams buvo 

naudojamas imersinis ultragarsinis tyrimų metodas. Be to, nuspręsta palyginti ir 

taikyti duomenų sintezę ultragarsinei imersinei ir indukcinei termografijai, nes 

pirmoji yra pramonėje naudojamas standartinis metodas, o antroji – besivystantis 

neardomasis bandymo metodas, turinti potencialių privalumų, pavyzdžiui, yra greita 

ir bekontaktė. Nukreiptųjų bangų tyrimui atlikti buvo pasirinktos aliuminio ir klijų 

jungtys, kad būtų pasiektas geriausias įmanomas vaizdas su mažiau slopinančiu ir 

homogenišku pagrindu. Ultragarsiniai tyrimai per orą naudojami su aliuminio ir 

epoksidinėmis jungtimis, siekiant pademonstruoti galimus bekontakčius ultragarso 

taikymus su dvipuse prieiga. 
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8.1.2 pav. Disertacijoje naudojamų gaminių (A1-A5) ryšys, atsižvelgiant į neardomųjų 

bandymų metodus, sukibimo kokybę ir klijų-adherendų derinius 

8.1.8. Literatūros apžvalga apie surišimo kokybės vertinimą naudojant 

neardomųjų bandymų metodus 

Klijavimo kokybei vertinti ultragarsinis neardomasis bandymo metodas yra 

vienas iš dažniausiai naudojamų metodų [19]. Pamerkimo per perdavimą ultragarsinis 

metodas laikomas etaloninu tarp ultragarsinių metodų, tačiau jis reikalauja, kad 

konstrukcijos būtų panardintos į vandenį ir prie jų būtų galima prieiti iš dviejų pusių 

[24]. Panardinimo impulsų echoskopijos metodas leidžia naudotojams tikrinti 

konstrukcijas tik su vienpusiu priėjimu, tačiau vis tiek reikia, kad jos būtų panardintos 

į vandenį [25]. Konkrečiai, panardinimo impulsų-echo ultragarsinis metodas buvo 

naudojama vizualizuojant klijavimo sąsają [26], nustatant atsiklijavimą [27], vertinant 

klijų kokybę [28], matuojant drėgmės ir ekstremalios drėgmės poveikį silpnam 

klijavimui [29], nustatant bučinius [30] ir silpnus klijus [31], nustatant defektų padėtį 

[3]. Taip pat skenuojamoji akustinė mikroskopija (SAM) impulsų echo režimu, 

pasižyminti greita patikra, didele skiriamąja geba ir dideliu dažniu, naudojama 

silpnam klijavimui holografiškai vertinti [32] ir porėtumui nustatyti nelygiagrečiose 

jungtyse [33]. Pranešama, kad su oru susieta ultragarsinė technika (ACUT) 

naudojama silpnų jungčių tarpfaziniam standumui apskaičiuoti [34] ir trijų sluoksnių 

aliuminio jungties sąsajai vizualizuoti [35]. Kai kuriuose tyrimuose buvo 

nagrinėjamas atskyrimas ir atsisluoksniavimas nustatant Lembo bangomis ir 

vibrometrija [36,37]; kituose aptariama nukreiptųjų bangų sklaida dėl sąsajos kokybės 
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pokyčių [38,39]. Be to, Lembo bangos naudotos silpnam ryšiui tirti, tikrinant atsako 

amplitudės pokytį [40]. Be to, netiesiniu ultragarsu išmatuotas netiesiškumo lygis 

siejamas su surišimo kokybe, ypač kai yra silpnas surišimas [41,42]. Lazerinis 

ultragarsas yra ypač perspektyvus metodas, leidžiantis aptikti surištų korių 

konstrukcijų atsiskyrimą, tačiau jame naudojamos didelės sužadinimo amplitudės, dėl 

kurių atsiranda didelis triukšmas ir sunku interpretuoti rezultatus. 

Termografija yra vienas iš plačiai naudojamų neardomasis bandymo metodas, 

skirtų klijavimo kokybei vertinti [48–50], nes yra labai jautri, tinkama dideliems 

plotams ir leidžia atlikti bekontaktę patikrą. Tačiau termografija dažniausiai 

aptinkami paviršiaus ir po paviršiaus defektai. Siekiant padidinti patikros jautrumą, 

struktūros stimuliuojamos naudojant kelias galimybes pavyzdžiui, aktyviąją 

termografiją. Aktyvioji termografija plačiai naudojama gamybos defektams 

klijuotose jungtyse aptikti [51,52], [53,54], siekiant nustatyti, ar klijų jungtyse yra 

teršalų. Metalinėse klijinėse jungtyse paviršiaus nelygumai, dirbtiniai defektai ir 

grioveliai aptinkami naudojant aktyviąją termografiją su fiksavimu [55]. Įprastinei 

šviesa pagrįstai aktyviajai termografijai didelę įtaką daro šiluminė difuzija ir 

struktūrinė anizotropija. Taikant šį metodą, šiluminė energija sklinda nuo įkaitinto 

paviršiaus ir tada grįžta atgal į paviršių, kad ją užfiksuotų infraraudonųjų spindulių 

kamera. Siekiant veiksmingai aptikti defektus didesniame odos gylyje, galima naudoti 

sūkurinių srovių (indukcinę) impulsinę termografiją, nes ji užtikrina tūrinį elektrai 

laidžios struktūros kaitinimą [12,56]. Nors indukcinė termografija yra priimtinesnė, 

jos taikymą gali riboti klijuojamų konstrukcijų storis ir rezultatų matmenų 

sudėtingumas [57]. 

Panašiai kaip ir termografija, shearografija yra labai jautri ir per trumpą laiką 

gali aptikti didelius plotus, tačiau ji užtikrina veiksmingą paviršiaus ir po paviršiaus 

defektų aptikimą ir reikalauja didelio įtempių sužadinimo [44]. Pranešama, kad 

shearografija gerai veikia aptikdama aliuminio ir klijų jungčių atskyrimo ir 

požeminius defektus [49]. 

Rentgeno spinduliuotė ir rentgeno spindulių kompiuterinė tomografija (KT) yra 

galingi tyrimo metodai, skirti vidiniams defektams klijuotose konstrukcijose tirti [50]. 

Kompozitinių klijų jungčių atveju rentgeno spindulių kompiuterinė tomografija yra 

sudėtingas uždavinys ne tik dėl to, kad tai gerokai brangi ir didelių gabaritų sistema, 

bet ir dėl didelio konstrukcijų aspektų santykio bei panašių difrakcijos koeficientų 

[59]. Be to, rentgeno KT nėra labai veiksmingas metodas nulinio tūrio defektams, 

tokiems kaip atskyrimas, aptikti. 

Naujausiuose tyrimuose aptariamos elektromechaninio impedanso NDT 

taikymo galimybės tikrinant sąsajų defektus [60] ir silpnus ryšius, atsirandančius dėl 

užterštumo, drėgmės ir gryno kietėjimo [61,62]. Be to, pranešama, kad lazeriu pagrįsti 

metodai, tokie kaip lazerinis smūginis sukibimo bandymas (LASAT) [63] ir lazerinis 

sukibimo tikrinimas LBI) [64], yra perspektyvūs metodai silpnoms jungtims aptikti. 

Nors išplėstiniai tyrimometodai yra perspektyvūs siekiant aptikti defektus lipniose 

jungtyse, šios sistemos yra brangios tiek įsigijimo, tiek priežiūros požiūriu. 

Nors neardomasis klijų sujungimo vertinimas atliekamas keliais skirtingais 

metodais, visi jie turi privalumų ir trūkumų. Siekiant įveikti metodų apribojimus, 

galima sujungti iš skirtingų patikrinimų gautą informaciją taikant duomenų sintezę. 
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Duomenų sintezę į NDT įvedė Grosas ir kt.,., ir tyrimai toliau plėtojami [66]. 

Konkrečiai Daryabor ir Safizadeh [74] tyrė ultragarsinio tikrinimo ir aktyviosios 

termografijos vaizdų sintezę, skirtą klijų kokybei vertinti tarp nepanašių jungčių. Jie 

palygino keletą pagrindinių ir sudėtingų sintezės algoritmų, būtent: minimumo, 

maksimumo, vidurkio, pagrindinių komponenčių analizės, banginės transformacijos 

ir piramidės. 

Dažniausiai duomenų sintezė pagerina rezultatus, palyginti su atskiru NDT 

metodu, tačiau NDT metodo patikimumą reikėtų įvertinti statistiniais metodais. 

Paprastai NDT patikimumas matuojamas aptikimo tikimybės (PoD) kreivėmis [76], 

kurios defekto aptikimo tikimybę sieja su jo charakteristine verte [77]. Praktiškai 

atlikti eksperimentus, kad būtų gautos aptikimo tikimybės kreivės, yra brangu ir 

užima daug laiko, nes tam reikia daug mėginių, patikrinimų ir žmogiškųjų išteklių Vis 

dėlto PoD kreivių poreikis ir pripažinimas didėja dėl saugos reglamentų. Todėl 

besiformuojančios pramonės šakos, pavyzdžiui, aviacijos ir kosmoso pramonė, 

renkasi modeliavimu grindžiamą patikimumo analizę, modelio padedamąją aptikimo 

tikimybę (MAPOD) [80–82]. Plokščiojo dugno skylių aptikimo ultragarsinio NDT 

metodu atvejo tyrime pateikiama MAPOD įgyvendinimo procedūra ir iššūkiai [90]. 

Be to, Smagulova ir kt. tyrė atsiskyrimo aptikimo galimybes nepanašiose jungtyse 

atlikdami ultragarsinį bandymą, taikydami MAPOD [91]. 
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8.2. Pažangus ultragarsinis neardomasis metodas, skirtas sukibimo 

kokybei vertinti 

Šiame skyriuje daugiausia dėmesio skiriama aptarti ryšiui tarp ultragarsinių 

parametrų ir sukibimo kokybės. Anglies pluoštu sutvirtinto plastiko paprastosios 

jungties sukibimo kokybė buvo įvertinta skaitiniais ir eksperimentiniais 

ultragarsiniais tyrimais. Sukurtas inovatyvus duomenų apdorojimo algoritmas, 

galintis patikimai aptikti silpnus ryšius ir kompozitinių sluoksnių atskyrimą. 

8.2.1. Skaitiniai tyrimai 

Ultragarso bangų sklidimas per skirtingos kokybės sujungimus buvo 

modeliuojamas semi-analitine baigtinių elementų (SAFE) pagrįsta programine įranga 

CIVA. Bandiniai su trimis skirtingos surišimo kokybėmis ištirti atliekant 5 MHz 

centrinio dažnio kontaktiniu impulsiniu echo ultragarsiniu metodu.  

Defektų neturintis modelis – tobulas sukibimas (PB) – buvo modeliuojamas 

kaip kompozitinis adherendas, ir epoksidiniai klijai pilnai liečiasi. Atskyrimo defektas 

(DB) modeliuotas kaip 15 mm delaminacija viršutinėje sąsajoje. Silpnas sukibimas 

(WB) modeliuojamas su papildomu plonu skystos alyvos užterštumo sluoksniu tarp 

klijų ir viršutinės adherendo sąsajos. 

Buvo tiriami dviejų skirtingų matmenų kompozito ir klijų paprastosios sandūros 

modeliai: storas modelis ir plonas modelis. Storo modelio adherendo ir klijų storiai 

buvo atitinkamai 5 mm ir 1 mm; ploną modelį sudarė 2,4 mm adherendas ir 0,15 mm 

klijai. Modelių schemos ir klijavimo kokybės atvaizdai pateikti 8.2.1 pav. Storo 

modelio storis parenkamas taip, kad būtų galima išskaidyti kiekvienos sąsajos 

ultragarsinio aido signalus, o plono bandinio matmenys parenkami panašūs į realaus 

atvejo storį. 

 

8.2.1 pav. Plonų ir storų modelių bei trijų surišimo savybių schemos, simuliuojamos 

ultragarso bangų sklidimu 

Gauti ultragarsinio impulsinio echo A-skenavimo rezultatai buvo suskirstyti į 

kelis tipus pagal kiekvienos sąsajos atspindžio skrydžio laiko skaičiavimus. Šiose 

schemose pavaizduoti atitinkami susidomėjusio ultragarso bangų paketo sąsajos 

atspindžiai. 

Storajame modelyje antrasis bangų paketas yra atspindys nuo viršutinės 

paprastosios jungties sąsajos, o trečiasis bangų paketo intervalas yra atspindys nuo 

apatinės sąsajos. Plono modelio rezultatai rodo, kad viršutinės ir apatinės sąsajos 
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atspindžio aidai nėra atskiriami. Pirmasis bangų paketo aidas yra viršutinio atspindžio, 

apatinio atspindžio ir kelių daugkartinių atspindžių klijų sluoksnyje derinys. Antrąjį 

ultragarso bangų paketą sudaro dvigubas atspindys viršutinėje sąsajoje, atgalinis aidas 

ir dvigubas atspindys apatinėje sąsajoje. Antrieji bangų paketai laiko ir dažnio erdvėse 

taip pat pavaizduoti 8.2.2 pav. Lyginant DB ir WB su PB, laiko ir dažnio atsako 

amplitudė padidėja, o dažnių spektras išsiplečia. DB pokyčiai yra didesni nei PB. 

Trečiosios bangos paketo atsakas parodytas 8.2.3 pav. 

 

8.2.2 pav. Antrojo ultragarso bangos paketo atsakas laiko ir dažnio erdvėse 

(domenuose) storuose ir plonuose modeliuosemodeliuose 

Palyginti su PB, WB atsakas pasislinko, ploname modelyje pastebimass beveik 

visiškas fazės pokytis. DB atveju ultragarso banga nepereina per dugno sąsają. Todėl 

storajame modelyje atsako nepastebima, o plonajame modelyje yra nedideli pokyčiai 

dėl kitų daugybinių atspindžių. Didžiausios amplitudės dažnio poslinkis paprastai 

siejamas su bandinio susilpnėjimu. 
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8.2.3 pav. Trečiojo ultragarso bangos paketo atsakas laiko ir dažnio erdvėse 

(domenuose) storuose ir plonuose modeliuosemodeliuose 

8.2.2. Eksperimentiniai tyrimai 

Kadangi skaitiniai tyrimai parodė stiprų ryšį tarp ultragarso parametrų 

(amplitudės ir poslinkio laiko ir dažnio domenuose) ir klijų sukibimo kokybės, buvo 

atlikti eksperimentiniai tyrimai su požymių išskyrimu. Kaip adherendas pasirinktas 

šešių sluoksnių anglies pluošto epoksidinis prepregas iš atlasinio audinio, kurio ilgis 

120 mm, plotis 280 mm ir storis 2,22 mm. Kaip klijai pasirinkta 25 mm ilgio, 280 mm 

pločio ir 0,24 mm storio struktūrinė epoksidinė plėvelė. Kaip matyti 8.2.4 pav., 

tiriamos keturios skirtingos sukibimo kokybės bandiniai: tobulas sukibimas be 

defektų (PB), delaminavimo defektas (DB) – du kartus sulankstyta kvadratinė 

atskyrimo plėvelė, kurios kraštinės ilgis – 12,7 mm, silpno sukibimo defektas (WB) 

su didesniu užterštumu – 0,6 ml atpalaiduojamosios medžiagos sluoksnių sandūros 

vietoje kaip skystas užterštumas, silpnas sukibimo defektas su mažesniu užterštumu 

– 0,6 ml atpalaiduojamosios medžiagos sluoksnių klijavimo vietoje, uždengtoje 

kauke, kad būtų apribotas įterptojo skysčio pasiskirstymas paviršiuje.  
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8.2.4 pav. Tiriamųjų pavyzdžių šoninio vaizdo schemos [11] 

16,7 mm x 16,7 mm plotas buvo ištirtas ties kiekviena iš keturių skirtingų 

surišimo kokybės rišimo linija. Skenuojamajai akustinei mikroskopijai pasirinktas 

fokusuotas keitiklis (3 mm skersmens, 10 mm židinio nuotolio ir 50 MHz centrinio 

dažnio). Atlikti ultragarso impulso-echo rezultatai naudojami tolesniam apdorojimui 

atlikti. 

Siekiant pagerinti atsiklijavimo ir užterštumo aptikimo efektyvumą, buvo 

sukurtas naujas daugiapakopis signalų apdorojimo algoritmas. Pirma, triukšmas, kurį 

sukelia stipriai signalus slopinantys CFRP klijai, buvo filtruojamas naudojant 

bangelės nutriukšminimą (8.2.5 pav., a, b). Tada kiekvienas eksperimentas buvo 

išlygintas ties nuliniu paviršiaus atspindžio susikirtimu. Be to, pasirinktas dominantis 

laiko langas pagal 𝑇𝑜𝐹 skaičiavimus ir signalai suderinami pagal maksimaliomis 

amplitudes pasirinktame laiko lange (8.2.5 pav., c). Didžiausios amplitudės, 

pastebimos šiame laiko intervale, pasirinktos kaip 𝐶𝑡𝑖𝑚𝑒 požymis, laikai, atitinkantys 

didžiausias amplitudes, buvo pažymėti kaip 𝑃𝑡𝑖𝑚𝑒. Tada ultragarsinis atsakas 

perkeliamas į dažnių sritį naudojant Furjė transformaciją (8.2.5 pav., d). Didžiausios 

amplitudės, pastebimos dažnių srityje, pasirenkamos kaip 𝐶𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 požymis. 

Dažnio vertės, atitinkančios didžiausią vertę, pasirenkamos kaip 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 požymis. 
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8.2.5 pav. Nauji tolesnio apdorojimo algoritmo etapai su požymių išskyrimu: a) 

neapdoroti ultragarsiniai duomenys, b) A skenavimas po bango laidinio denozavimo, c) 

sąsajos atspindys po išlyginimo, d) dažnių srities atsakas 

𝐶𝑡𝑖𝑚𝑒 vizualizacija parodo defektų nebuvimą tobulo surišimo bandinyje (PB), 

kvadratinė atskyrimo plėvelė aiškiai matoma delaminuotame bandinyje (DB). 

Pastebimas tam tikras nuokrypis silpno surišimo su mažesniu užterštumu ir silpno 

surišimo su didesniu užterštumu atvejais, tačiau juos labai sunku įvardyti kaip 

bandinius su defektais ar prastos surišimo kokybės bandinius (8.2.6 pav.). 

𝑃𝑡𝑖𝑚𝑒 vizualizuoja anksčiau taikyto lyginimo algoritmo našumą. Kaip matyti iš 

8.2.6 pav., mažesnės reikšmės visose vizualizacijose rodo, kad lyginimo algoritmas 

buvo pritaikytas tinkamai. 

Visų jungties savybių 𝐶𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 vizualizacijos yra panašios į 𝐶𝑡𝑖𝑚𝑒 vaizdavimą 

– to ir tikimasi, nes abi vizualizacijos pagrįstos amplitude, o laiko srities duomenų 

Furjė transformacija priklauso nuo amplitudės (8.2.6 pav.). 

Idealaus sąryšio (PB) 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 vizualizacija rodo, kad bandinys yra be 

defektų, o dėl klijų plėvelės sluoksnio tekstūros aptinkami tik nedideli svyravimai. 

Nors dirbtinį atskyrimą galima aiškiai identifikuoti kaip defektą, silpno sukibimo 

užterštumo 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 sąsajos vizualizacija atskleidžia defektines zonas sąsajoje. 

Palyginti su silpnojo surišimo mažesnio užterštumo 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 vaizdu, silpnojo 
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surišimo didesnio užterštumo 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 vaizde matyti mažiau defektinių zonų 

(8.2.6 pav.).  

 

8.2.6 pav. Sąsajos vizualizacija su keturių skirtingų požymių išskyrimu [11] 

Šie keturi skirtingi pažangūs inovatyvūs sąsajos vizualizavimo metodai taip pat 

buvo įvertinti kiekybiškai, naudojant surišimo charakteristines vertes (BCV), t. y. 

vidutinę kvadratinę pastebimųverčių tikimybę iki didžiausios pastebimos vertės. 

Apskaičiuota BCV atspindi defekto tikimybę kiekvienoje vizualizacijoje, nes 

didžiausia pastebėta vertė atitinka didelį ultragarsinio impedanso skirtumą sąsajoje 

(8.2.1 lentelė). BCV vertės pateikiamos kiekvienos sąsajos vizualizacijos viršuje. 

BCV atitinka kokybinę vaizdų analizę ir rodo, kad silpnų jungčių aptikimą galima 

pagerinti naudojant dažnio faze pagrįstą vizualizaciją 𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦. Apskritai rezultatai 

rodo, kad akustinėje mikroskopijoje naudojami aukšto dažnio fokusuoti keitikliai yra 

puikus pasirinkimas sąsajos kokybei vizualizuoti surištose struktūrose. Be to, sukurtas 

vėlesnio apdorojimo algoritmas gerai atlieka silpno ryšio aptikimo funkciją, 

nepriklausomai nuo tobulo ryšio patikrinimo rezultatų. 
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8.2.1 lentelė. Sujungimų charakteristinės vertės (BCV) [11] 

Sujungimo 

kokybė: 

 

Dviejų  

medžiagų  

ribos 

vizualizacija 

Geras 

sujungimas 

 

Nesukibimas 

Silpnas 

sujungimas,  

(daugiau 

užteršta) 

Silpnas 

sujungimas,  

(mažiau užteršta) 

L
ai

k
o

 d
o
m

en
as

 

𝐶𝑡𝑖𝑚𝑒 3,68 % 20,69 % 8,23 % 9,26 % 

𝑃𝑡𝑖𝑚𝑒 0,030 % 0,008 % 0,026 % 0,134 % 

D
až

n
io

 d
o

m
en

as
 

𝐶𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  4,27 % 19,93 % 7,14 % 8,21 % 

𝑃𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  1,59 % 23,89 % 10,83 % 19,52 % 
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8.3. Pažangi indukcinė termografija, skirta klijavimo kokybei vertinti 

Šiame skyriuje daugiausia dėmesio skiriama elektromagnetinių (įskaitant 

termografiją) parametrų ir klijų sukibimo kokybės ryšiui. Be ankstesniame skyriuje 

aptartų ultragarsinių parametrų, šiame skyriuje nagrinėjamas sukibimo kokybės ryšys 

su elektriniais ir termografiniais parametrais. Konkrečiai, anglies pluošto kompozito 

ir epoksidinio pluošto paprastieji sujungimai buvo vertinami atliekant skaitmeninius 

ir eksperimentinius sūkurinių srovių (indukcinės) termografijos tyrimus. Įdiegtas 

inovatyvus po apdorojimo (angl. post-processing) algoritmas, galintis aptikti silpnus 

ryšius ir delaminaciją. 

8.3.1. Skaitiniai tyrimai 

Baigtinių elementų metodas (BEM) taikomas modeliuojant kompozito ir klijų 

paprastojo sujungimo su 12,7 mm žalvario delaminaciniu intarpu sūkurinės srovės 

(indukcinės) termografijos reakciją [92]. Indukcinės termografijos modeliavimas 

apima susietą elektromagnetinę ir šiluminę problematiką [58,93]. Silpnosios 

elektromagnetinės A-φ ir nodinės šiluminės formulės naudojamos sūkurinėms 

srovėms ir temperatūros pasiskirstymui bandinio paviršiuje apskaičiuoti.  

Sūkurinėms srovėms sužadinti penkių vijų indukcinė ritė uždedama 2 mm 

atstumu (8.3.1 pav.). Siekiant optimizuoti defektų aptikimą su temperatūros įvertinimo 

kreive, buvo ištirti keli elektromagnetinio lauko matavimo parametrai. Optimali 

išėjimo galia pastebėta pasirinkus 600 amperų aktyvacijos srovę, o sūkurinių srovių 

sistemos dažnis turėtų būti ne mažesnis kaip 100 kHz. 

 

8.3.1 pav. Indukcinės termografijos modeliavimas, šoninis vaizdas 

Be to, simuliuotos laiko priklausomybės kreivės buvo ištirtos su optimizuotais 

matavimo parametrais regionuose be defektų ir su žalvario inkliuzais. Modeliuojama 

paviršiaus temperatūra, esant 100 kHz dažniui ir 600 A srovei, parodyta 8.3.2 pav. 

Simuliacijose elektros srovė buvo leidžiama 2 sekundes. Temperatūros kitimas 

paviršiuje apskaičiuotas vienai minutei (60 sekundžių). Didžiausia paviršiaus su 

defektu temperatūra pasiekta ties 6 sekunde, kai skirtumas nuo idealaus ryšio srities 

yra beveik didžiausias. 8.3.3 pav. parodyta temperatūros priklausomybė nuo laiko 

žalvario plėvelės viduryje. Temperatūra pasiekė maksimumą per 2 s ir buvo 35 °C. 

Išjungus generatorių, temperatūra ties metalinės plėvelės viduriu pradeda mažėti dėl 

šiluminės konvekcijos. 
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8.3.2 pav. Temperatūros kitimas laiko atžvilgiu paviršiaus centre, kai yra ir kai nėra 

defektų [92] 

 

8.3.3 pav. Temperatūros kitimas žalvario plėvelės viduryje laike [92] 

8.3.2. Eksperimentiniai tyrimai 

CFRP-epoksido paprastojo sujungimo jungtys su dirbtine delaminacija 

naudojant atskyrimo plėvelę, žalvario plėvelė ir silpno ryšio defektai buvo tiriami 

naudojant sūkurinių srovių impulsinę suspaudimo termografiją. Daugiapakopis 

signalų apdorojimas taikytas siekiant susieti fizikines savybes, tokias kaip užterštumo 

gylis, dydis ir laidumas, su pastebėtu elektromagnetiniu ir terminiu atsaku. 

Pirma, Barkerio kodas su impulsų kompresijos metodu buvo įdiegtas tiriant 

bandinius sūkurinių srovių termografijos metodu. Yra žinoma, kad impulsų 

kompresija (užfiksuotų duomenų impulsinis atsakas, apskaičiuojamas atliekant 
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konvoliuciją su atitinkamai suderintu filtru) pagerina skiriamąją gebą. Atliekant 

sūkurinių srovių impulsų suspaudimo termografiją (ECPuCT), bandinys sužadinamas 

atitinkamu kodu (40 amperų ir 240 kHz dažniu srove, kad nebūtų pažeistas bandinys), 

šiuo atveju – Barkerio kodu Nr. 13 (BC). Rezultatai fiksuojami infraraudonųjų 

spindulių kamera su 50 kadrų per sekundę įrašymo dažniu (8.3.4 pav.), o šiluminiai 

vaizdai renkami visą kaitinimo ir aušinimo laiką (8.3.4 pav.). Iš įrašyto šiluminio 

atsako pašalintas pakopinis kaitinimas ir pritaikomas konvoliucinis suderintas filtras 

(8.3.5 pav.). 

 

 

8.3.4 pav. Impulsinės kompresinės sūkurinių srovių termografijos eksperimentinė 

įranga (a) ir indukcinė spiralė (b) [12] 

 

8.3.5 pav. Atraminio taško pavyzdys – signalai pirminės būklės (tobulas ryšys) ir 

užterštoje srityje (žalvario intarpai): a) gautas neapdorotas signalas, b) neapdorotas signalas, 

pašalinus pakopinio kaitinimo įtaką, c) impulsinis atsakas po impulsų suspaudimo proceso 

[12] 

Kitame etape netolygiam kaitinimo modeliui, kurį lemia medžiagos anizotropija 

ir ritės forma, pašalinti buvo taikomi du skirtingi algoritmai: tobulo ryšio atėmimo ir 

dalinio mažiausių kvadratų (PLS) metodas. Taikant tobulo ryšio atimties metodą, 

ECPuCT metodu buvo tiriamas bandinys be defektų, tada tobulo ryšio rezultatai 

tiesiogiai atimami iš rezultatų su skirtingais užteršimais. PLS metodu buvo atliekami 
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trys pagrindiniai veiksmai: įrašyti trimačiai termografijos duomenys (x, y ir laikas) 

pertvarkyti į dvimatį duomenų rinkinį; apskaičiuoti daliniai mažiausi kvadratai; 

pašalinti daliniai mažiausi kvadratai, atitinkantys netolygų kaitinimą, ir vėl atkurti 

duomenys, pašalinus šiuos PLS narius. Šių dviejų metodų rezultatai pateikti 

(8.3.6 pav.). 

 

8.3.6 pav. Nevienodos kaitinimo reakcijos: a) nepašalinta, b) pašalinta su tobulo ryšio 

atimtimi, c) pašalinta su PLS atimtimi [12] 

Be to, impulsų atsakai buvo analizuojami naudojant slankiojančius laiko 

intervalus ir KERNEL pagrįstą pagrindinių komponenčių analizę (K-PCA). 

Geriausias vaizdas, rodantis užterštumą arba dirbtinį defektą, buvo patikrintas 

naudojant išvestines ir impulsų atsako laiko fazės vaizdus. 

Skirtingų dirbtinių defektų dydis buvo įvertintas pagal K-PCA rezultatų erdvinę 

kurtozę. Dviejų skirtingų dydžių žalvario plėvelė buvo nustatyta nubraižius erdvinės 

kurtozės reikšmių sumą virš pasirinktos srities (8.3.7 pav.), nors sunku nustatyti 

tikslias delaminacijos vertes dėl persidengusių dviejų Gauso pasiskirstymų viršūnių. 

Atpalaiduojamosios plėvelės delaminacijos dydis su dviem vienodo dydžio defektais 

buvo nustatytas pagal kurtozės reikšmes, kaip matyti 8.3.8 pav. Šiuo atveju Gauso 

pasiskirstymo smailės yra labiau atskyrusios, o kurtozės reikšmės yra panašios. 
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8.3.7 pav. Didesnių ir mažesnių žalvarinių plėvelių erdvinės kurtozės rezultatai [12] 

 

 

8.3.8 pav. Erdvinės kurtozės rezultatai nustatant atpalaiduojamosios plėvelės dirbtinių 

atskyrimų dydį [12] 

Užterštumo gylis ir laidumas buvo apskaičiuoti pagal impulsų atsako išvestines 

ir laiko fazės vaizdus kartu su pirmojo K-PC laiko intervale. Elektrinis laidumas 

dominuoja pirmuosiuose 15 kadrų; šiluminis laidumas pirmauja po 60 kadrų 

(aušinimo etapas) (8.3.9 pav). Kadangi žalvaris yra elektrai laidi medžiaga, dirbtinio 

žalvario delaminacijos defekto elektromagnetinis atsakas labiausiai kinta per 

pirmuosius 15 kadrų. Pastebėta, kad kiekvieno defekto šiluminio atspindžio laikas yra 
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panašus, kai defekto gylis koreliuoja su kiekvienu bandiniu, nes kiekvienas dirbtinis 

defektas yra tame pačiame gylyje nuo paviršiaus. 

 

 

 

8.3.10 pav. Skirtingų užterštumų pirmoji PC norma, palyginti su 5 kadrų skaičiumi 

(slankiojantis langas); kur žalvaris – atsiklijuojantis žalvario intarpas, plėvelė – 

atsiklijuojančios plėvelės atsiklijavimas, o priemonė – atsiklijuojančios priemonės 

užterštumas [12] 

  



93 

 

8.4. Įvairių ultragarsinių nedestrukcinių tyrimo metodų, skirtų surišimo 

kokybei vertinti, palyginimas 

Ankstesniuose skyriuose ultragarsinių, elektromagnetinių ir šiluminių 

parametrų, susijusių su įvairių tipų intarpais kompozito ir klijų jungtyse, nustatymas 

buvo tiriamas vienu NDT metodu, o šiame skyriuje daugiausia dėmesio skiriama 

išsamiam skirtingų ultragarsinių NDT metodų palyginimui, siekiant nustatyti metalo 

ir klijų jungčių atskyrimą ir dydį. 

Aliuminio-epoksido-aliuminio paprastosios sandūros jungtys su penkiais 

kvadratiniais dvipusiais dirbtiniais atskyrimo defektais (12,7 mm ilgio briaunos), 

esančiais ties sąsaja, buvo tiriamos ultragarsinėmis tūrinėmis bangomis, naudojant 

panardinimo per perdavimą (angl. immersion through transmission), impulsų echo 

panardinimo (angl. immersion pulse-echo), aukšto dažnio akustinės mikroskopijos 

(SAM) ir oru susietu perdavimo (angl. air-coupled through-transmission techniques) 

metodais. Be to, taip pat buvo atliekami ir valdomųjų bangų tyrimai (GW) naudojant 

dvi skirtingas sąrankas: kontaktas prie kontaktinio keitiklio, su oru susietas 

sužadinimas su kontaktiniu keitikliu. 

Imersinio bandymo privalumai – didelis bandymo dažnis ir lengvas sujungimas, 

tačiau dėl panardinimo į vandenį jis yra ribotas medžiagų ir defektų tipų atžvilgiu. Su 

oru susietas bandymas leidžia atlikti tik bekontaktį tikrinimą ir fokusuoti ultragarso 

spindulį, tačiau dėl impedanso neatitikimo labai sumažėja amplitudė. Kontaktinis 

bandymas su GW gali veikti iki 5 MHz dažniu, jis leidžia greičiau gauti duomenis ir 

užtikrina geresnį ryšį nei oro ryšys, tačiau jam reikia sudėtingų nustatymų ir sunku 

tikrinti didelius plotus. Su oru susietas sužadinimas su kontaktų priėmimu GW 

tikrinimo metu gali užtikrinti tolimą tikrinimą su galimybe pasirinkti režimą, tačiau 

mažas signalo ir triukšmo santykis nėra pageidautinas. 

Panardinimo per perdavimą ir impulsinio echo tyrimai buvo atliekami naudojant 

10 MHz fokusuotus keitiklius „TecScan“ matavimo sistema (8.4.1 pav., a). Lipnusis 

sujungimas buvo tiriamas su SAM, kaip aprašyta 1.2 skyriuje ir parodyta 1.2.2 pav. Su 

oru susietas ultragarsinis perdavimo metodas atliktas naudojant 300 KHz plokščius 

keitiklius, o bandinys padėtas iškart už apskaičiuoto artimojo lauko galo (8.4.2 pav.) 
 

 

8.4.1  pav. Eksperimentinė sąranka: panardinamasis ultragarsinis NMT su 

transmisine (a) ir skenuojamąja akustine mikroskopija (b) [13] 
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8.4.2 pav. Panardinimo per perdavimą su oru susieta eksperimentinė sąranka [13] 

 

8.4.3 pav. Valdomųjų bangų tikrinimo sąranka su kontaktiniu ultragarso keitikliu, 

sujungtu su oru [13] 

Prieš atliekant valdomųjų bangų patikrinimus, buvo apskaičiuotos aliuminio 

adherendinės plokštelės dispersijos kreivės. Taip pat buvo atliktas skaitinis tyrimas 

trimačiu baigtinių elementų metodu. Buvo modeliuojamas ultragarso bangų 

sklidimas, kai jos sužadinamos su oro jungtimi sujungtu keitikliu ir priimamos su 

kontaktine jungtimi. Taigi, šiame eksperimentine atstumas tarp oro ryšio ir 

kontaktinio keitiklio buvo nustatytas 65 mm, o oro ryšio sužadinimo kampas – 10°, 

kad būtų generuojama A0 valdomųjų bangų moda (8.4.3 pav.). Panašiai atliktos 

kontakto su kontaktu valdomų bangų patikros, išlaikant 100 mm atstumą tarp dviejų 

keitiklių (8.4.4 pav.). 
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8.4.4 pav. Eksperimentinės sąrankos schema, skirta valdomosioms bangoms patikrinti, 

su dviem kontaktiniais ultragarso keitikliais [13] 

Defektų aptikimo efektyvumas buvo geresnis taikant panardinimo metodus nei 

taikant oro ar kontaktinį metodus. Visi penki defektai atskirai buvo nustatyti taikant 

imersijos perdavimo, imersiniu impulsinio echo ir SAM metodus; keturi buvo 

nustatyti taikant oro ryšio perdavimo metodą (8.4.5 pav.)..). Kontroliuojant 

valdomosiomis bangomis, kai sužadinimo būdas yra oro ryšys, nustatyti trys defektai, 

o valdomųjų bangų kontakto su kontaktiniu keitikliu metodu nustatyti keturi defektai 

(8.4.5 pav.). Defektą, esantį arti krašto, sunku aptikti atliekant ultragarsinį tyrimą su 

valdomosiomis bangomis dėl ribinių atspindžių (8.4.5 pav.)..). 
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8.4.5 pav. C-skenavimo ir B-skenavimo rezultatai atliekant ultragarsinius NDT patikrinimus 
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8.4.6 pav. Decibelų kritimo defektų dydžio nustatymo ir aptikimo rezultatai taikant 

kiekvieną metodą 
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8.4.7 pav. Defektų dydžio nustatymo normalizuotos absoliutinės paklaidos pagal bangos ilgį 

ir ultragarsiniai metodai 

Kiekvieno metodo defektų dydžiai buvo nustatyti taikant decibelų kritimo 

metodiką (8.4.6 pav.)..). Be to, pagal žinomą defekto dydį (12,7 mm) buvo 

apskaičiuotos kiekvieno metodo absoliučiosios paklaidos (8.4.7 pav.). Atsižvelgiant į 

ultragarso bangos ilgį, kiekvieno metodo defektų dydžio nustatymo rodikliai buvo 

normalizuoti. Šis palyginimas priklauso nuo vidutinių absoliutinių defektų dydžio 

nustatymo paklaidų ir ultragarso bangos ilgio santykio. 8.4.7.  pav. parodyta, kad tarp 

imersijos metodų ir SAM mažiausia paklaida yra imersijos per perdavimo metodą 

(angl. immersion through transmission). Perdavimas per oro sąsają rodo mažesnes 

paklaidų vertes nei valdomomis bangomis. Kontaktinis-kontaktinis metodas veikia 

geriau nei su oro-kontaktinis metodas. 
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8.5. Pažangiosios ultragarsinės ir indukcinės termografijos duomenų sintezė 

ryšio kokybei vertinti 

Šiame skyriuje daugiausia dėmesio skiriama ultragarsinio imersinio echo 

impulsinio metodo ir indukcinės termografijos duomenų sintezei, siekiant nustatyti 

skirtingų dydžių ir medžiagų dirbtinį atskyrimą, esantį CFRP-epoksido paprastojo 

sujungimo sandūrose. Kaip nurodyta ankstesniame skyriuje, lyginant ultragarsinius 

metodus matoma, kad kiekvienas metodas turi neginčijamų privalumų ir apribojimų. 

Šiame skyriuje atlikta ultragarsinės imersinės echo impulsinės ir indukcinės 

termografijos metodų sintezė, taikant post-processing (po abdorojimo) duomenų 

apdorojimo metodus. 

Kompozitinės-klijuotinės paprastosios jungtys su skirtingais dirbtiniais 

defektais, kaip aprašyta 1.2 skyriuje ir parodyta 1.2.1 pav.,., buvo tiriamos 

ultragarsiniu imersiniu echo-impulsiniu metodu ir transmisine indukcine 

termografija. Ultragarsiniai tyrimai atlikti naudojant 10 MHz centrinio dažnio 

fokusuotąjį keitiklį imersiniu echo-impulsiniu režimu (8.5.1 pav., a). Visas klijavimo 

plotas buvo nuskenuotas naudojant kryptinio panardinimo nustatymus, o A-

skenavimo rezultatai atlikti 0,5 mm žingsniu. Indukcinės termografijos tyrimai buvo 

atliekami perdavimo režimu – bandinys padėtas tarp ritės ir kameros (8.5.1 pav., b). 

Indukcinė ritė (spiralinės konstrukcijos, vidinis skersmuo 15 mm, išorinis skersmuo 

25 mm, aukštis 30 mm, penkių vijų) buvo orientuota taip, kad ritės centras būtų 

defekto vietos centre. Eksperimentų metu 105 kHz nešančiuoju dažniu pasiekta 200 

amperų sužadinimo galia per 1 sekundę. Bandinio paviršiaus temperatūros pokyčiai 

buvo registruojami infraraudonųjų spindulių kamera 60 sekundžių laikotarpiu, 25 

kadrais per sekundę. 

 

(a) 

 

(b) 

 

8.5.1 pav. Eksperimentinės sąrankos schemos: (a) ultragarsinis neardomasis bandymas 

(NDT) ir (b) indukcinė termografija [14] 

Siekiant atlikti duomenų sintezę, daugiapakopiai išankstinio apdorojimo 

metodai buvo pritaikyti ultragarsinio NDT ir indukcinės termografijos rezultatams 

apdoroti (8.5.2 pav.) Pirmiausia neapdoroti duomenys buvo filtruojami. Kadangi 

tyrimai vyko skirtingose aplinkose, kiekvieno tyrimo vietinės koordinatės perkeltos į 

pasaulinę sutampančią koordinačių sistemą. Tada ultragarsiniai duomenys buvo 

interpoliuoti, kad atitiktų tas pačias mastelio koordinačių vertes registravimo etape. 



100 

 

Tada gauti ultragarso ir termografijos duomenų rinkiniai buvo normalizuoti skalėje 

nuo 0 iki 1. 

Kitame etape, remiantis pažangiu apdorojimo algoritmu, iš ultragarsinės ir 

termografinės patikros rezultatų buvo išskirtos požymių matricos. Atliekant 

ultragarsinę patikrą išskirtas požymis – sąsajos atspindžio amplitudė nuo smailės iki 

smailės, o indukcinės termografijos atsakui buvo taikoma pagrindinių komponenčių 

analizė. Išskirti požymiai buvo įtraukti į duomenų sintezės programą kaip šaltinis. 

 

8.5.2 pav. Duomenų gavimo pirminio apdorojimo etapai: triukšmo mažinimas, 

koordinačių atitikimas, registracija (interpoliavimas), normalizavimas [14] 

Išskirtoms pikselių lygmens požymių matricoms buvo taikomi šeši skirtingi 

duomenų sintezės algoritmai (8.5.1 lentelė): vidurkis (1), skirtumas (2), svertinis 

vidurkis (1UT5TH) ir (5UT1TH) (3), Hadamardo sandauga (4) ir Dempsterio ir 

Šaferio derinimo taisyklė (5). 

8.5.1 lentelė Duomenų suliejimo algoritmai [14] 

Duomenų sintezės 

algoritmai 
Aprašymas Matematinė formulė  

Vidurkis 

pikselių lygmenyje  

dviejų šaltinių: UT1 ir 

TH2 vidurkis 

(𝑈𝑇 + 𝑇𝐻) 2⁄ ; (1) 

Skirtumas 

pikselių lygmenyje  , 

vienos matricos (TH) 

atėmimas iš kitos 

(UT)  

(𝑈𝑇 − 𝑇𝐻); (2) 

Svertinis vidurkis 

pikselių lygmenyje  , 

svertinis vidurkis, kai 

viena matrica turi 

keturis kartus didesnį 

svorį nei kita 

((5𝑥𝑈𝑇) + 𝑇𝐻) 6⁄ ; 

(3) 

 

(𝑈𝑇 + (5𝑥𝑇𝐻)) 6⁄ ; 

Hadamardo sandauga 
vienodo dydžio 

matricų daugyba 
(𝑈𝑇 ∘ 𝑇𝐻)𝑖𝑗 = (𝑈𝑇)𝑖𝑗(𝑇𝐻)𝑖𝑗; (4) 
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Dempsterio ir Šaferio 

derinimo taisyklė 

įrodymų teorija, 

pagrįsta masės, 

tikėjimo ir tikėtinumo 

funkcijomis 

(𝑚1 ⊕ 𝑚2)(𝐴) =

 
1

𝐾−1
 ∑ 𝑚1(𝐵)𝑚2(𝐶) 𝐵∩𝐶=𝐴≠∅ ; 

𝑤ℎ𝑒𝑟𝑒 

𝐾 =
 ∑ 𝑚1(𝐵)𝑚2(𝐶)𝐵∩𝐶=∅ . 

 

(5) 

Kokybiškai ir kiekybiškai įvertinti trijų skirtingų sąsajų atskyrimo rezultatai, 

gauti taikant požymių matricos išskyrimą iš ultragarso ir termografijos duomenų bei 

duomenų sintezės programas. Kiekybinis kiekvieno NDT metodo ir duomenų sintezės 

algoritmo palyginimas buvo įvertintas naudojant plotą pagal atsako veikimo 

charakteristikos (ROC) kreives.  

Atitrūkimo su atskyrimo plėvele vizualizavimas, ultragarso funkcija yra 

geriausia iš visų (8.5.3 pav.). Naudojant indukcinę termografiją, nepastebėta jokio 

reikšmingo defektų kontrasto. Naudojant duomenų vidurkių sintezės rezultatus gautas 

išlygintas požymis, tačiau pastebėtas defektų kontrastas yra daug didesnis 5UT-1TH 

svertinio vidurkio atveju nei kitų. Skirtumų sintezės matrica rodo santykinai didelį 

defektų aptikimo efektyvumą. Hadamardo sintezė rodo labai mažą defektų aptikimo 

efektyvumą, o DS veikia gerai, tačiau turi per daug klaidingai teigiamų rezultatų. 

Plotas pagal ROC kreivės skaičiavimus atitinka kokybinius rezultatus, o ultragarsinis 

požymis pasižymi aukščiausiu našumu, stebint svertinio vidurkio 5UT-1TH, skirtumo 

ir vidurkio rezultatus (8.5.4 pav.).  

 

8.5.3 pav. Atitrūkimo su apsaugine plėvele (12,7 mm briaunos dydis) požymiais 

pagrįsto duomenų sintezės algoritmo rezultatai [14] 
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(a) (b) 

8.5.4 pav. Atitrūkimo su atskyrimo plėvele (12,7 mm krašto dydis) požymių sintezės 

duomenų vertinimo rezultatai su: a) imtuvo operacinės charakteristikos kreive (ROC) ir b) 

ploto po kreive (AUC) skaičiavimais su padidintu ROC kreivės vaizdu [14] 

Išplėstinio NDT ir duomenų sintezės rezultatai, susiję su defektų šalinimu su 

žalvario intarpais (dideliais), rodo, kad defektų kontrastas buvo pasiektas visais 

metodais, o informacijos teorija pagrįstas DS veikia geriausiai (8.5.5 pav.)..). 

Kiekybiniai ploto po ROC kreive skaičiavimai taip pat rodo, kad beveik visi 

požymiai užėmė panašias vertes ir buvo veiksmingi nustatant defektus (8.5.6 pav.)..). 

Skirtumo skaičiavimai rodo mažas reikšmes, o tai rodo, kad tarp šaltinių nėra 

prieštaravimų.  

 

8.5.5 pav. Atitrūkimo su žalvario intarpu (12,7 mm krašto dydis) požymiais pagrįsto 

duomenų sintezės algoritmo rezultatai [14] 
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8.5.6 pav. Nesukibimas su žalvario inkliuzu (12,7 mm briaunos dydis) požymių 

sintezės duomenų vertinimo rezultatai su: (a) imtuvo operacinės charakteristikos kreive 

(ROC) ir (b) ploto po kreive (AUC) skaičiavimais su padidintu ROC kreivės vaizdu [14] 

  

(a) (b) 
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8.6. Pažangiųjų ultragarsinių neardomųjų tyrimų metodų kiekybinė 

analizė ryšio kokybei nustatyti  

Šiame skyriuje daugiausia dėmesio skiriama kiekybiniams patikimumo 

vertinimams, atliekant pažangius ultragarsinius neardomuosius bandymus, skirtus 

klijų klijavimo kokybei įvertinti. Aukšto dažnio ultragarsinio aliuminio ir epoksidinių 

viengubo klijavimo jungčių vertinimo tikimybės aptikimo kreivės buvo įvertintos 

taikant naują ir ekonomiškai efektyvų modeliais pagrįstą metodą. Pirmajame skyriuje 

aprašytas naujas požymiais pagrįstas sąsajos vizualizavimo algoritmas buvo 

pritaikytas metalui ir klijams skirtoms vienguboms jungtims. Kiekvieno pasiūlyto 

požymio patikimumas įvertintas modeliu pagrįstomis aptikimo tikimybės (MAPOD) 

kreivėmis, atsižvelgiant į atskyrimą ir silpno sujungimo aptikimą. 

Pažangios akustinės mikroskopijos tyrimų patikimumas vertinant sukibimo 

kokybę įvertintas modeliu paremtomis aptikimo tikimybės kreivėmis. Buvo tiriamos 

aliuminio-epoksido-aliuminio viengubo sujungimo jungtys su keturiomis sukibimo 

kokybės sąlygomis: nepriekaištingas sukibimas (PB), atskyrimas (DB), silpnas 

sukibimas dėl atpalaiduojamosios medžiagos (WB-RA), silpnas sukibimas dėl 

netinkamo kietėjimo (WB-FC). 

SAM pasirinktas kaip ultragarsinis neardomasis vertinimo metodas, kaip 

aprašyta 9.2.2 skyriuje. 

MAPOD kreivėms apskaičiuoti buvo atlikti keli žingsniai (8.6.1 pav.)..). Pirma, 

kiekvieno atvejo skaitmeniniai modeliai buvo apskaičiuoti pusiau analitine baigtinių 

elementų programine įranga CIVA. Skaitmeninio modelio rezultatai apskaičiuoti 

dvimatėje erdvėje kiekvienu klijavimo kokybės atveju, o ultragarsinis atsakas 

patvirtintas eksperimentiniais tyrimais (8.6.2 pav.). 

 

8.6.1 pav. Aptikimo tikimybės kreivių gavimo pagal modelį metodiniai etapai [15] 

Apskaičiuojant MAPOD, atsižvelgiama į aštuonis neapibrėžtus parametrus, 

kurie kinta dėl bandinio, eksperimentinių, aplinkos ar žmogiškųjų veiksnių, būtent: 

epoksidinės medžiagos storio, epoksidinės medžiagos akustinių bangų greičio 

(išilginio), aliuminio storio, aliuminio akustinių bangų greičio (išilginio), vandens 

kelio, vandens akustinių bangų greičio, kritimo kampo ir defekto padėties gylyje 

(8.6.1 lentelė). 

8.6.1 lentelė. Neapibrėžtų parametrų ribos ir pasiskirstymo charakteristikos [15] 

Pavadinimas Apibrėžimas Vidutinė 

reikšmė 

Standartinis 

nuokrypis 

Min 

reikšmė 

Max 

reikšmė 

Vienetas 

[SI] 
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Epoksido 

storis 

Klijų storis 0,16 0,012 0,12 0,24 mm 

Ultragarso 

bangų greitis 

epokside  

Išilginių 

ultragarso 

bangų greitis 

2990 300 1186 4706 m/s 

Aluminio 

storis 

Aluminio 

storis 

(viršutinės 

plokštelės) 

1,6 0,007 1,59 1,66 mm 

Ultragarso 

bangų greitis 

aliuminyje 

Išilginių 

ultragarso 

bangų greitis 

(viršutinėje 

plokštelėje) 

6300 50 6200 6600 m/s 

Atstumas 

vandenyje   

Atstumas tarp 

keitiklio ir 

bandinio  

2,94 0,004 2,92 2,96 mm 

Ultragarso 

banogs 

greitis 

vandenyje 

Išilginių 

ulgtragarso 

bangų greitis 

vandenyje 

1480 10 1447 1506 m/s 

Kritimo 

kampas 

Keitiklio 

pasvirimo 

kampas  

0 1 -3 3 degree 

(angle) 

Defekto gylis Defekto 

atstumas nuo 

paviršiaus 

1,6 0,012 1,6 1,72 mm 

Be neapibrėžtų parametrų, atliekant MAPOD skaičiavimus reikia nustatyti 

charakteristines vertes. DB modelyje defekto dydis laikomas charakteringa verte. 

Silpno sukibimo dėl atpalaiduojamosios medžiagos modeliuose (WB-RA) kaip 

būdinga vertė pasirinktas alyvos įmaišymo storis. Silpno ryšio dėl netinkamo 

kietėjimo (WB-FC) modeliams būdinga verte nuspręsta laikyti epoksidinės 

medžiagos akustinį greitį.  

Siekiant optimizuoti skaičiavimo sąnaudas, metamodeliams sudaryti buvo 

naudojami patvirtinti skaitiniai modeliai. Kiekvienas metamodelis buvo apskaičiuotas 

taikant Krigingo regresijos analizę daugiau kaip 1000 apskaičiuotų duomenų taškų.  

Penki skirtingi požymių išskyrimo algoritmai buvo pasirinkti kaip signalo 

atsakas atliekant metamodelių skaičiavimus, kad būtų galima įtraukti pažangų 

ultragarsinio tolesnio apdorojimo algoritmą: 

 Amplitudė nuo smailės iki smailės esant nurodytai užtvarai (angl. Peak to Peak 

Amplitude) 

 Absoliučios didžiausios amplitudės uždelsimo laikas (angl. Time Delay) 

 Didžiausia amplitudė dažnių srityje (angl. Frequency Amax) 

 Absoliučios didžiausios amplitudės dažnio poslinkis (angl. Frequency Shift) 

 Slopinimas lipniajame sluoksnyje (angl. Attenuation) 

Visi šie požymiai buvo apskaičiuoti per pasirinktą laiko tarpą pagal ultragarsinio 

A-skenavimo rezultatus. Kadangi informacija apie sukibimo kokybę daugiausia yra 

sąsajos aiduose, dominanti užtvara buvo pasirinkta atsižvelgiant į viršutinės 

(pirmosios) ir apatinės (antrosios) epoksidinės medžiagos sąsajos aidus. DB atveju 
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pirmasis sąsajos atspindys pasirinktas DB-OPTION1. Siekiant sumažinti klaidingai 

teigiamų rezultatų skaičių, buvo pasiūlytas ir pritaikytas specialus vartų atrankos 

algoritmas (DB-OPTION2). DB-OPTION1 atveju vartai pradedami rinktis prieš 

pirmąjį sąsajos atspindį. Pagal DB-OPTION2, jei didžiausia signalo atsako apvalkalo 

amplitudė yra mažesnė nei 100 % ir pastebėtas antrasis atspindys, užtvara dedama ties 

antruoju sąsajos atspindžiu. WB-RA ir WB-FC atveju domina antrasis atspindys 

(bangų paketas, pastebimas po viršutinio sąsajos atspindžio). 

Siekiant gauti MAPOD kreives, kiekvieno metamodelio atsako duomenys buvo 

nubraižyti CIVA programine įranga. Remiantis Bereno hipoteze, buvo pasirinktas 

geriausiai tinkantis transformacijos derinys (logaritminis, normalusis, Boxcox) ir 

apskaičiuotos liekanų vertės. Nukrypstantys duomenų taškai buvo priskirti prie 

„triukšmo“ ir „prisotinimo“, kad būtų sumažintos tinkavimo paklaidos ir patenkintas 

Bereno tiesiškumo, homoskedastiškumo, normalumo ir dispersijos pagrįstumas. 

Aptikimo slenkstis parinktas taip, kad būtų sumažinta klaidingo pavojaus reikšmių 

tikimybė, atsižvelgiant į daugumą apskaičiuotų duomenų. PFA ir atsako duomenų 

pasiskirstymas kartu su aptikimo slenksčiu parodytas 8.6.2 pav. PFA nustatomas 

atliekant pastato variacijos tyrimus su PB jungtiniu modeliu, kuriame nėra defekto. 

Gautos MAPOD kreivės pateikiamos trims skirtingoms surišimo savybėms ir 

penkioms skirtingoms savybėms 5.4 pav.  

Nė viena MAPOD kreivė nepasiekė kritinės stadijos, kad būtų galima 

apskaičiuoti 𝑎90/95 (8.6.3 pav., a), o PFA procentinė dalis yra didelė (8.6.2 pav., a). 

DB-OPTION2, palyginti su DB-OPTION1, padidino patikimumą aptikti adhezinių 

jungčių atskyrimą (8.6.3 pav., b). Pastebėta, kad visos DB-OPTION2 funkcijos, 

išskyrus laiko vėlinimo reakciją, gali pasiekti 100 % MAPOD su mažesnėmis PFA 

reikšmėmis (išskyrus dažnio poslinkio IV atvejį).  

WB-RA buvo pavaizduotas su alyvos storiu kaip charakteringa verte nuo 5 iki 

100 μm (8.6.3 pav., c). Nors amplitudės pokyčio nuo smailės iki smailės (I) ir 

slopinimo (V) signalų atsakymai rodė, kad mažo inkliuzijos sluoksnio aptikimo 

tikimybė yra didesnė nei storo sluoksnio, dažnio Amax (III) ir dažnio poslinkio (IV) 

atsakymai rodė priešingai. 

Silpno ryšio dėl fakultatyvinio kietėjimo (WB-FC) būdinga vertė buvo 

pasirinkta kaip epoksidinės išilginės bangos greitis (8.6.3 pav., d). MAPOD kreivės 

parodė, kad WB-FC sunku aptikti naudojant amplitudės nuo smailės iki smailės (I) ir 

laiko vėlinimo (II) atsako signalus. Nors dažnių sritimi pagrįsti atsakymai (III–IV) 

gali būti geresni, PFA vertės rodo, kad gali būti per daug klaidingų skambučių. 

Priešingai, pagal silpnėjimo (V) procentą silpną jungtį, atsiradusią dėl netinkamo 

kietinimo, galima aptikti su mažomis PFA vertėmis ir aukštu efektyvumu.  

Be to, PFA ir 𝑎90/95 – 90 proc. aptikimo tikimybė su 95 proc. patikimumu – 

reikšmės kiekvienam išskirtam požymiui pateiktos 8.6.2 lentelėje. 
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8.6.2 pav. Tobulo surišimo duomenų pasiskirstymas kartu su surišimo ir silpno 

surišimo duomenimis kiekvienam signalo atsakui, siekiant nustatyti slenkstinę vertę ir 

apskaičiuoti klaidingų pavojaus signalų tikimybę (PFA) surišimo DB-OPTION 1(a), 

surišimo DB-OPTION2 (b), silpno surišimo dėl atpalaiduojančios medžiagos WB-RA (c), 

silpno surišimo dėl netinkamo kietinimo WB-FC (d); penkioms skirtingoms signalo atsako 

savybėms I – amplitudė nuo smailės iki smailės, II – laiko vėlinimas, III – dažnio Amax, IV 

– dažnio poslinkis, V – slopinimas[15] 
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8.6.3 pav. Apskaičiuotos MAPOD kreivės keturiems skirtingiems surišimo kokybės 

atvejams: a) atskyrimas DB-OPTION1, b) atskyrimas DB-OPTION2, c) silpnas surišimas 

dėl atpalaiduojančios medžiagos WB - RA, d) silpnas surišimas dėl netinkamo kietinimo 

WB-FC; atsižvelgiant į penkias signalo atsako savybes eilutėse I – amplitude, II – laikas III  

– dažnio Amax, IV – dažnio poslinkis, V –– slopinimas[15] 

8.6.2 lentelė Apskaičiuotos POD rodiklio a-90/95 reikšmės ir klaidingų pavojaus 

signalų tikimybė kiekvienam klijavimo kokybės nuokrypiui ir kiekvienam požymiui 

[15] 

Sujungimo kokybė 

 

 

 

Požymiai 

DB – var1 DB –var2 WB-RA WB-FC 

a90/95 
mm 

PFA 

 
a90/95 

mm 

PFA 

 
a90/95 

𝜇m 

PFA 

 
a90/95 

m/s 

PFA 

 

Amplitudė -- 0,53 0,312 0,10 74,912 0,00 2618 0,82 
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Laikas -- 0,90 -- 0,35 -- 0,58 -- 0,44 

Dažnio Amax -- 0,12 0,687 0,00 61,537 0,10 2828 0,15 

Dažnio poslinkis -- 0,25 1,685 0,08 51,386 0,27 2419 0,90 

slopinimas NA NA 0,506 0,05 66,134 0,00 3118 0,12 

8.7. Išvados 

1. Atlikus išsamią literatūros apžvalgą, buvo nustatyti neardomieji bandymų 

metodai, naudotini klijų sukibimo kokybei vertinti: ultragarsinis neardomasis 

bandymas, ypač aukšto dažnio, ir sūkurinės srovės termografiją. Literatūros 

spragos nukreipė tyrimus į naujų signalų apdorojimo metodų, pagrįstų požymių 

išskyrimu ir duomenų sujungimu, taip pat patikimumo įvertinimu, kūrimą. 

2. Sukurta pažangi ultragarsinio neardomojo bandymo metodika, pagrįsta 

požymių išskyrimu, t. y. dviejų medžiagų ribos vizualizacija ultragarso 

amplitude, dažnių srities amplitude ir dažnio poslinkiu. Palyginti su ultragarso 

amplitude, dažnio poslinkio požymių parinkimas pagerino nesukibimo  

aptikimo efektyvumą 3 kartus, o atskyrimo užterštumo aptikimo efektyvumą – 

nuo 3 iki 6 kartų. Siūlomas sujungimų kokybės vertinimo metodas yra puikus 

sujungimų defektams, taip pat silpniems sujungimams  surišimams, užterštiems 

skysčiais, aptikti. 

3. Naudojant sūkurinių srovių suspaustų signalų termografiją, buvo nustatytos 

suklijuotų sujungimų šiluminės ir elektrinės savybės. Nesukibimo defektų gylį 

buvo galima nustatyti naudojant impulsinio atsako išvestinę; impulsinio atsako 

skirstinio simetriškumas (angl. skewness) ir kurtozė (angl. kurtosis.) naudojami 

norint nustatyti defektų dydį ir padėtį. Pagal branduolio principinių 

komponenčių analizės (K-PCA) normą, silpnas sujungimas dėl užteršimo 

pasižymėjo minimaliu sujungimo elektrinių ir šiluminių savybių pokyčiu, tačiau 

šiluminės savybės buvo paveiktos labiau nei elektrinės. 

4. Ultragarsinių metodų efektyvumo įvertinimas nustatant nesukibimo defektus ir 

jų dydžius nustatomas apskaičiuojant absoliučiąją paklaidą pagal bangos ilgį. 

Imersinių metodų (įskaitant SAM) našumas buvo didesnis nei tyrimų per orą  ir 

nukreiptųjų bangų metodų, tačiau imersinės sistemos yra didelių gabaritų ir 

bandinį reikia panardinti į vandenį. Atsižvelgiant į ultragarso bangos ilgį 

tikrinimo metu, perdavimo metodas per orą buvo tinkamas nustatant defektų 

dydį, kartu suteikė bekontakčio tikrinimo pranašumą. Ultragarsinė NDT su 

nukreiptosiomis bangomis galėtų aptikti nesukibimo defektus, kurie nėra 

tikrinamos konstrukcijos krašte, greitai atliekant patikras dideliais atstumais. 

5. Duomenų sintezės algoritmai (vidurkio, skirtumo, svertinio vidurkio, 

Hadamardo, Dempsterio ir Šaferio) pagerino žalvario intarpų aptikimo 

rezultatus, nes ultragarso ir termografijos rezultatai neprieštaravo vieni kitiems. 

Konkrečiai Dempsterio ir Šaferio derinio taisyklė veikia gerai, tačiau negalima 

neatsižvelgti į pagrindinius duomenų sujungimo metodus, pavyzdžiui, 

vidurkinimą. Nors neardomasis klijuotų sujungimų vertinimas vis dar yra 

sudėtingas uždavinys, kol šaltiniai neprieštarauja, siūlomi duomenų sintezės 

algoritmai padidina patikros jautrumą ir specifiškumą nuo 5 iki 40 proc. pagal 

plotą po ROC kreivėmis. 
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6. Sukurtos pažangios ultragarsinės NDT patikimumas aptikti aliuminio 

epoksidinių persidengiančių sujungimų nesukibimą labiausiai priklauso nuo 

laiko intervalo parinkimo ir ultragarso signalo amplitudės. Tikimybė aptikti 

silpnus sujungimus dėl skysčio užterštumo yra didesnė naudojant dažnio 

poslinkio signalo atsakui. Norint aptikti silpną sujungimą dėl nekokybiško 

kietinimo, patikimiau įvertinti signalo slopinimą klijų sluoksnyje. 
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