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NOMENCLATURE AND ABBREVIATIONS

AE Acoustic emission

Ay, Amplitudes of aluminium-air multiple reflections
A,,  Amplitudes of adhesive-air and adhesive-GFRP multiple reflections
CFRP Carbon fiber reinforced plastics

DB Data Base

EPAT Electromagnetic-pulse-induced acoustic testing
F Focal distance

FBH Flat bottom hole

FBT  Fokker bond tester

FE Finite element

FRP  Fiber reinforced polymer

FT Fourier transform

FT~! Inverse Fourier transform

f Frequency

f1 Frequency of lower cut-off

f2 Frequency of upper cut-off

Af Width of the filter function fronts

GFRP Glass fiber reinforced thermosetting plastic

Hy Thickness of materials

H(t) Transfer function arbitrary unit

H(f)  Transfer function of filter

h(t) Theoretical pulse response in multi-layered components
HYPER Hybrid penetrative reinforced

K4, K, Coefficients of peak-to-peak amplitudes

Kpg Reflection coefficient

Ky Transmission coefficient

k Material type

LISA Local interaction simulation approach

My Material depth

M, Peak-to-peak amplitudes of interface multi-reflections
MAPOD Model-assisted probability of detection
n Number of multi-reflections

NDT Non-destructive testing

Pk Material density

PFA  Probability of false alarms

POD Probability of detection

PE Polyethylene

QSA  Quasi-Static Approximation

Re Real part

ROC Receiver Operating Characteristics

SHM  Structural Health Monitoring

ts Time moment of signal reflected from the object surface



ti-tsi  Time moments of aluminium-adhesive multi-reflections
t1ad,air-taad,Lir Time moments of adhesive-air multi-reflections
t1ad,crrP-tsad,crre Time moments of adhesive-GFRP multi-reflections
tcrre,crrp- t2crre,crre Time moments of GFRP-CFRP multi-reflections

tr Propagation time of ultrasonic waves in the structure layers
tn,x  Arrival time of the signal reflected from surface at set threshold
tuk Propagation time of the signal multiple reflected in the layer

tn, Time moment of first sample above the threshold Uy,
tox  Time moment of the signal transiting zero crossing point
Ur(f) Filtered frequency spectrum

up(t) Filtered signal

U(f) Frequency spectrum

u(t) Modelled signal

U Threshold for time alignment

u,,(t,) Shifted in time signals

u; (t,,)Digitised signal

uy(t,) Digitised signal for all time moments above the threshold
uT Ultrasound testing

Vem  Ultrasound velocity in the testing material

V. Ultrasound velocity in the water

Vi Ultrasound velocity in the layers of the structure

XCT X-ray Computed Tomography

Distance between the transducer and surface of the object
Yref  Reference signal measured with reference block

Zy Acoustic impedance of particular structure material

Z, Acoustic impedance of 1% material

Z, Acoustic impedance of 2" material



INTRODUCTION

Motivation and relevance of work

A combination of the requirements for improved performance and the
functional needs of structural parts, environmental safety, the safety of people’s lives
and health as well as economic benefits in such industries as aerospace, automotive,
civil, and marine industries have been motivating researchers to work and develop
new advanced materials and their joints. The joining technology of different
materials is essential in the design of components [1]. The bonding method based on
adhesives in comparison to such traditional mechanical joining as riveting or bolting
enables the weight reduction of the structure and the even distribution of mechanical
stress [2]. The current tendency of development implies the substitution of metal
components by advanced composite materials. Composites are the key materials
which are characterised by structure lightening and the reduction of CO, emission
[3]. Besides the potential of weight savings, composites are popular due to their
advanced mechanical properties compared to metal alloys. The anisotropic
properties of composite materials allow manufacturing strong and stiff structures; it
also leads to the superior aerodynamic characteristics of construction, better
structure performance, and enhanced fuel efficiency. Composites are widely used in
the primary and secondary structures of aircraft, both in civil and military
applications [4], [5], [6]. However, not all metals can be replaced in the structure
because of the low bearing strength and the stiffness of composites, their
dependence on the laminate structure and the environmental conditions which can
change the mechanical behaviour of the component. That is why the joints of metal-
to-composite are being used [5]. Additionally, the structural repair of integrity can
be conducted by using patches of composite or metal materials providing in
conjunction dissimilar strength and stiffness [7]. Usually, damaged metal structures
are repaired by using composite patches [8]. Bonded dissimilar materials, such as
aluminium to carbon fiber reinforced plastics (CFRP), provide better structure
enhancement and are denoted by superior characteristics of fatigue life, impact
resistance, and residual strength. These hybrid materials have been attracting high
interest and are being increasingly used in the aircraft fuselage, wing boxes and
nacelles [4], [5]. The adhesive bonding technology is fairly recent, and, therefore,
there is still no reliable method for the quality control of such assembly. Therefore,
the traditional fasteners are still required in the critical parts of, for example, aircraft
constructions [2].

Ultrasonic non-destructive testing is a widely used method for the inspection
of various materials and structures [3]. Many researchers have used this technique to
characterise the adhesion quality of bonded materials [2]. However, the number of
studies is limited, and the absence of a single reliable method which would be
suitable for the investigation of dissimilar material joints is an urgent scientific
issue. Particularly, much attention has been paid to the evaluation of the adhesive
quality of similar materials, but there is still a limited amount of works performed in
the field of adhesively bonded dissimilar materials [9].



The overall quality of adhesively bonded joints depends on the presence and
development of various defects between material interfaces, such as disbonds, voids,
surface contamination, porosity, etc. The most critical area of such joints is the
bonding area where internal defects, such as delaminations and disbonds, can
appear. The defects can be generated during the manufacturing process or in the
course of exploitation. The main reason for the appearance of defects during the
service life of the structure is impacts. However, even low energy impacts can
stimulate the generation of internal defects without any modification of the top
surface of the component. Such defects are very dangerous since they are invisible
but can strongly influence the quality of the bonding and lead to the failure of the
structure [4]. The presence of a defect and its further growth can cause great damage
to the entire construction structure in general. Usually, the size of the defect which
has to be detected starts at 5 mm, since defects of smaller sizes are not critical in
terms of the structural reliability and do not pose danger in the aircraft industry in
particular. However, the detection of such defects in general is still problematic
because there is no reliable inspection method to determine the integrity of the
adhesive joints. Thus, the safety of life, environment and economic costs are
strongly dependent on the structural health of such bonded constructions.

The ultrasonic inspection offers a great potential to ensure the quality of
structural integrity of bonded joints of similar and dissimilar materials due to such
capabilities as the detection of delaminations, air bulbs and deviations in the
geometry of the component, its layers and defects [3]. Therefore, this work focuses
on the ultrasonic detection of such critical defects as disbonds in the adhesive layer
between the bonded metal/composite materials with the objective to evaluate the
quality of bonding.

Scientific and technological problem

The main problem of the quality control of the bonding area in adhesively
bonded dissimilar materials stems from the complexity of detecting adhesive defects
due to the absence of a reliable method with the high probability of detection. The
factors causing the difficulty of detecting disbond-type defects are as follows:
component multi-layering, complex geometry, different elastic and acoustic
properties. A prominent difference in the acoustic impedance of metals and
composites leads to a sufficiently high value of the reflection coefficient on the
metal/composite, metal/adhesive, or adhesive/metal interfaces. This means that the
major share of the amount of ultrasonic energy will be reflected on the boundary of
dissimilar material joints. However, the disbond-type defects located in these
interfaces are filled with air; they also exhibit a high reflection coefficient. As a
result, the ultrasonic wave will be reflected from both the defective and the defect
free region of the interface, which will complicate the detection of defects located at
the metal/adhesive interface due to the high reflection amplitude which can be
similar to the amplitude of reflection of a non-defective interface. In addition, in the
case of dissimilar joints, ultrasonic waves poorly penetrate in the structure, and the
detection of defects on the opposite interface is even more complicated. Another
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quite significant problem of the quality control is the very thin components, and
especially the adhesive layer. The thickness of the adhesive can start from 0.1 mm.
This leads to the problem of distinguishing reflections of each interface due to their
overlap in the time domain [4], [6], [9]. This complicates the detection of defective
interfaces by comparing the signals reflected from the defective and the defect-free
interfaces of a layered structure of dissimilar materials.

Working hypothesis

An advanced processing algorithm based on the non-destructive testing
technique, theoretical analysis of wave-defect interactions, qualitative and
guantitative evaluations as well as signal modelling and parameters optimisation,
which allows increasing the probability of disbond/delamination detection in the
adhesive layer of the joint of dissimilar materials, can be developed. By using the
developed technique, it should be possible to detect defects bigger than 5 mm with 1
mm uncertainty.

Objective and tasks

The objective of the thesis is to develop an advanced technique for the
detection of disbond-type defects in the joints of dissimilar materials with the
improved probability of detection (POD) and to measure its performance so that to
monitor the structural integrity in the bonding area. The following tasks were
formulated to achieve the objective:

1. To perform literature analysis in order to evaluate the existing methods
applied for the inspection of layered structures, their advantages and disadvantages
as well as to select the appropriate methods and techniques which can be used to
achieve the objective of the work and solve the assigned tasks.

2. To investigate the fundamentals of wave-disbond interactions in adhesive
joints, including the waves reverberation within a structure, the phase change, and
the reflection magnitudes; to perform qualitative evaluation of the ultrasonic
inspection in order to determine the major factors influencing the detection of
disbonds in layered structures of dissimilar material joints.

3. To develop a model based on the arrival time of ultrasonic waves and the
selection of time gates; to extract the valuable features from the theoretical,
guantitative and qualitative evaluations which can be used for the improvement of
disbond detection in dissimilar material joints according to the developed method of
investigation.

4. To develop a data post-processing algorithm based on the extracted features
in order to increase the performance of the selected NDT technique improving the
probability of disbond detection.

5. To verify the proposed technique by estimating the detected defect sizes and
to evaluate its uncertainties. To evaluate the POD of the inspection technique before
and after the application of the improved post-processing algorithm.

Scientific novelty
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The novelty of the thesis is the new methodology which enables improved
probability of the detection of disbonds in the adhesive layer between two dissimilar
materials.

1. After performing sensitivity analysis and conducting the evaluation of the
probability of detection curves based on meta-model generation for the selected
technique of ultrasonic inspection of disbonds in dissimilar material joints, the
following most critical factors affecting the detection of disbonds were determined:
the component surface curvature, the distance between the transducer and the object
as well as the defect depth location in the adhesive layer.

2. The investigation process based on qualitative and quantitative evaluations,
the theoretical analysis and signal modelling can extract valuable features (the time
moments and time intervals of the reflected signals, the amplitude change and the
ratio coefficients of amplitudes of the selected time intervals) which are required for
the development of the improved disbond detection method.

3. A novel post-processing algorithm to improve the detectability of disbond
type defects in the adhesive layer between dissimilar materials, such as bonded
metals to composites, was developed and implemented successfully.

Practical value of the work

1. The proposed methodology can be used as a basis for the analysis of multi-
layered structures of bonded similar and dissimilar materials aiming to detect
debonding in the interface. It contributes to the development of a universal, cost-
effective, and reliable inspection technique by increasing the probability of
detection.

2. The proposed approaches of signal processing can play the essential role in
detecting defects in the adhesive layer of multilayered structures, especially in such
complex joints as those involving dissimilar materials.

3. The proposed signal processing algorithms can be used as a part of an
intelligent computer program of a measurement system in the evaluation of the
structural integrity of bonded similar and dissimilar materials.

4. The results obtained in the research can contribute to the further study of
integrity of adhesively bonded dissimilar materials, the development of new ideas of
such structural investigations, which can facilitate the possibility of the widespread
use of adhesively bonded dissimilar materials in such constructions as aircraft which
require exceptional reliability and safety levels.

Results presented for the defence of the thesis

1. Steps of the investigation method for the extraction of valuable features in
order to develop the method serving the objective to improve disbond detection. The
method consists of inspection simulations, signal modelling, theoretical analysis and
qualitative evaluations.

2. Sensitivity analysis based on meta-model computation has been developed
to determine the major influencing factors on the detection of disbonds in the
structures of the selected NDT technique.
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3. The main steps of the developed post-processing algorithms based on the
extracted features and the obtained results from the investigation method have been
demonstrated.

4. The experimental investigation of the samples and the implementation of the
developed algorithms as well as the defect size and the uncertainty measurement for
the verification and demonstration of the achieved results have been conducted.

5.The process used for the evaluation of the POD curves and the
determination of the detection threshold in order to obtain reliable results of the
defect sizes which can be detected by the NDT technique before and after applying
the developed post-processing algorithm has been described.

Approbation

The obtained results during the period of the research were published in 6
publications: 3 publications were published in international journals from the
database of Thomson Reuters ISI Web of Science with the impact factor, 1
publication was presented in the peer-reviewed proceedings of an international
conference indexed in the Web of Science without the impact factor, and 2 other
publications were delivered in reviewed proceedings of international conferences. In
addition, the results were presented in 6 international scientific conferences which
took place in Gothenburg, Palanga, Vilnius, Athens, Paris, and in 2 virtual
international conferences. In 2020, the doctoral scholarship was provided by the
Research Council of Lithuania for the study results. In 2018-2019, the scholarship
for the most active PhD student was granted by Kaunas University of Technology.

Structure and content of the thesis

The thesis consists of the introduction, four chapters, general conclusions, the
future scope of research, a list of references and the author’s scientific publications.
Overall, there are 160 pages, including 72 figures, 22 tables, 50 mathematical
formulas and 116 bibliographic references. The chapters of the thesis are organised
as follows:

1. The first chapter discusses the currently available methods of testing, the
techniques and methodologies which can be applied for the investigation of multi-
layered structures aiming to detect flaw(s) in the interfaces. The main goal of the
literature review is the analysis of the state-of-arts and recently developed methods,
the evaluation of the advantages and disadvantages as well as the possibility to apply
them for the investigation of structures containing dissimilar materials.

2. The second chapter describes the developed method of investigation
required for the full analysis of the selected NDT technique, the objects under
investigation, the possibilities they offer along with their limitations in order to
extract valuable features for the development of the algorithm to improve disbond
detectability.

3. The third chapter demonstrates the results obtained after the experimental
investigation of the samples of dissimilar material joints representing the complexity
of disbond detectability. Further, the effectiveness of the developed post-processing
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algorithm for the improvement of defect detection was demonstrated by measuring
the sizes of the detected defects.

4. In the fourth chapter, the evaluation of detection probability was performed
for the selected ultrasonic technique based on the meta-model generation before and
after the application of the developed post-processing algorithm. The value which
characterises the improvement was presented.
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1. ULTRASONIC INSPECTION OF DISSIMILAR MATERIAL JOINTS

The goal of this chapter is to analyse the currently available methods and
techniques of the inspection of dissimilar materials, to find out their advantages and
disadvantages with respect to the feasibility of their application for multilayered
structures and the detection of debonding in the adhesive layer and thereby to select
the most suitable approaches. In order to achieve the goal, the literature analysis of
the field of interest was performed.

1.1. Joining of dissimilar materials

The requirements imposed on constructions to possess such characteristics as
the light weight, increased performance and functionality leads to the use of
multilayered hybrid structures [10]. Nowadays, constructions of dissimilar materials
have become popular and are being widely applied in the industry, namely, by virtue
of bonding of metals to composites [11]. The manufacturing of dissimilar material
joints leads to the savings of energy and resources. Different properties of different
materials in conjunction can provide improved performance of the structure.
However, the joining process is a challenging task since dissimilar materials may
have relatively different physical properties and individual chemical compositions
[10]. The appropriate joining technique has to be selected in order to preserve the
advantageous characteristics of the bonded metal-to-composite materials and to fully
exploit the benefits of the construction [11].

There are three joining techniques of composite components to metal ones,
specifically, adhesive bonding, mechanical fastening, and a combination of these
two techniques. The selection of the joining technique largely depends on the
geometrical arrangement of the dissimilar materials. Overlapped components,
comeld joints and hybrid penetrative reinforced (HYPER) joints are considered to be
state-of-the-art. Adhesive bonding is a technique which is suitable for joining of any
similar and dissimilar materials. Adhesive bonding is flat and uniformly distributed
on the surface of the components in the place of the bondline; also, it is denoted by
the advantage of the fiber-safe load. In addition, such bonding prevents corrosion
between dissimilar materials. However, there is dependence of the durability of
joints on the adhesive strength and the degradation of bonded materials over time.
Before joining, the surfaces of the materials have to be prepared for the gluing and
curing processes. Moreover, special attention should be paid to the temperature and
humidity [11]. In general, the performance of the adhesive bond is defined by the
chemical and physical properties of the adhesive, the preparation of the adherents’
surfaces for bonding, their wettability and the design of the joint where the
appropriate adhesive has to be selected [10]. Mechanical fastening is still being
widely used in the aircraft and automotive industries. However, hole drilling
interrupts the health of the fusion zone and can thus become the source of the defect
occurrence. Usually, bolts and rivets are used in order to provide high joining
strength of materials. Titanium foil embedded to the bonding zone can increase the
mechanical strength. Nevertheless, the life of the joint is influenced by the fiber
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damage, the polymer matrix in the place of the embedded bolts, as well as the
decrease of the clamping load of the bolt. Another disadvantage is the cost of
fasteners and the process of fastening. Hole-clinching is a more time- and cost-
efficient method of the mechanical joining methods which is mostly suitable to join
composites with brittle metal materials. Despite that, this method suffers from such a
disadvantage as the high introduced load which does not allow avoiding fiber
damage and residual strength in metal materials. HYPER joints contain small pins
on the surface of metal materials which are integrated into uncured composite
materials. This method provides additional adhesion around the pins. However, this
technology is costly and time-consuming as it requires additive and subtractive
manufacturing [11].

The main attention in the joining technologies is focused on the mechanical
strength. The bearable stress is an important characteristic of bonded components as
well as the static and dynamic loading, fatigue, torsion, tension, bending, and the
clamp load.

As a result, all the joining techniques are denoted by their own advantages and
disadvantages. However, nowadays, the requirements in the aircraft and automotive
industries for lightweight constructions, fuel saving, and environmental aspects are
leading to the use of adhesives used to join different materials as well as the
replacement of metal materials with lightweight composites.

1.2. Adhesive bonding: method description, type of defects

The adhesive bonding technology is highly used in the constructions of the
aerospace industry serving the objective of joining similar and dissimilar materials.
The main advantages of this method are the possibility to reduce the weight of
constructions and to achieve uniform distribution of stress. There are also several
design configurations for the adhesively bonded joints as lap joints, scarf and butt
joints [12], [13]. Thorough research has been carried out for the failure of similar
bonded materials as metals and composites, but there is still lack of research on
bonded dissimilar materials [14], [15], [16], [17]. The bonding area is the weakest
point, and it is subjected to failures because of the weaker adhesive strength in
comparison to the adherends of the joints and the unusual concentration of the shear
and peel stress on the edges of the bondline [12], [13]. Therefore, the joint
configuration of dissimilar materials is essential because of the importance of the
strength and stress distribution which has to be examined. Kanani et al. [13] used
finite element analysis and experimental studies in order to evaluate the difference
of performance of four different joint configurations (half-lap splice joints, scarf
joints, single-lap, and stepped-lap joints). It was found out that the scarf joint offered
the best performance comparing to all other joint configurations. Another
configuration which could spread the damage more evenly is the single-lap joint. In
addition, by increasing the length of the overlap, the peak stresses increase as well at
the end of the bondline of joints. The overlap length increase delivers significant
benefits as an increase of the load-carrying capacity only for certain designs and
combinations of adherends. Khashaba et al. [18] found out in their research that the
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thickness and the angle of composites of adhesive scarf joints produces a relatively
significant effect. The strength of the joint decreases when the thickness of the
composites is increased, and the scarf angle is decreased. The bonding strength also
depends on the surface preparation, etching, the thickness of the adhesion layer, etc.
Saikaew et al. [19] presented the research results where the type of the surface
preparation and the adhesive application time had a significant impact on the
bonding strength. Also, the quality of the surface preparation or the surface
topography can improve the bond strength [20]. Therefore, the surface treatment
before joining exerts great impact on the joining when using adhesives, and it can
even be improved by different techniques [21]. Furthermore, it was found that
adhesive thickness is one of the most significant parameters, and that it has a great
effect on the overall strength of the bonded structure. The load bearing capacity of
the lap joints increases when the thickness of the adhesive decreases [22], [23].

The main critical type of defects in adhesively bonded similar and dissimilar
materials is the bonding defects having a negative impact on the distribution of shear
stress in the layer of the adhesive. Debondings, zero-volume disbonds, weak
bonding and voids are the types of defects which can occur in the adhesive layer.
The conducted research proved that, by the increase of the size of these defects, the
strength of the joint decreases [24], [25]. The resulting stresses of debonds and voids
are concentrated on the edges of large defects. Shear stresses reach the maximum
values near the defects because high stress concentration occurs in these areas [24],
[26]. Zero-volume disbonds or kissing bonds are the defects which characterise the
bonded interface, but the bond strength is not ensured. The material properties of
kissing bonds are similar to the surrounding medium; therefore, these defects do not
show sufficient contrast in order to be detected. These defects mainly occur due to
the curing lack of the adhesive, physical damage, or surface contamination [27],
[28], [29]. The reliability of adhesive bonding is mostly influenced by the presence
and location of the defects as well as by the preparation of the adherends’ surfaces
before the gluing and curing process and such other factors as the environment
which is hard to control. Therefore, the study of the influence of adhesive defects is
an important task [24]. In the case of dissimilar material joints, the materials can
also have their own defects separately. For example, in the composites, such defects
as delamination and fiber damages can occur at the manufacturing, bonding
(especially mechanical joining) and exploitation stages [13]. Different types of
defects which can occur in layered adhesive structures are presented in Fig. 1.1
below [30]:
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Fig. 1.1 Types of defects in bonded structures [30]

As a result, the bonding area is the weakest place in multilayered structures
which has to be controlled and reliably checked. The adhesive integrity depends on
the adhesive strength, stress distributions, the design configuration of bonded joints
as well as the bonding defects. In this work, the integrity of manufactured adhesively
bonded plates of dissimilar materials, as well as the single lap-joint with artificial
disbonds in the interface of the structures were investigated.

1.3. Evaluation of boundary characteristics

Ultrasonic reflection and transmission characteristics are used in NDT and in
the evaluation of the properties of adhesive bonding. The thickness of the adhesive
as well as elastic properties of the material can be identified by ultrasonic wave
reflections. In addition, when using this method, the strength or degradation of the
bonding between the adherend-adhesive can be evaluated quantitatively and
qualitatively [31].

Metal-to-composite and composite-to-composite bonded joints are denoted by
more complicated ultrasonic wave propagation characteristics compared to metal-to-
metal bonded joints due to the different sequence of the type of materials [31].
Kumar et al. [32] in their studies of the degradation in adhesively bonded
composites carried out experimental and theoretical investigations of the samples
with various conditions of interfacial and cohesive properties. The ultrasonic
inspection of oblique incidence demonstrated that bonding degradation can be
measured by the change in the amplitude of reflections and by the shift in the
minima of the spectrum of the reflected signals. It was determined that there is a
correlation between the bonding strength and the frequency shift in the spectrum
minimum. There is high influence on the shift in the spectrum minimum in the case
of bulk adhesive degradation and more significant influence for interfacial
degradation [32]. The research regarding investigation of thick adhesive layers was
also performed where the double-interface model was introduced, and the effect on
the reflection and transmission behaviour in the joints was studied [33]. However,
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the comprehensive research was conducted to isotropic bonded materials. Extended
research to anisotropic materials and a combination of isotropic and anisotropic
materials is still required [31].

He et al. [31] performed theoretical analysis with the objective to evaluate the
bonding of a FRP-to-FRP (Fiber Reinforced Polymer) sample with a thick adhesive
layer. The schematic of the sample immersed in liquid is shown in Fig. 1.2.

Incident waves Reflected waves

X, Liquid

3 Transmitted waves

Fig. 1.2 Adhesively bonded FRP-to-FRP with a thick adhesive layer [31]

In the schematic of the FRP-to-FRP sample, di, d2, ds are the thicknesses of the
FRP layers A and C and the adhesive layer B. Attenuation was not considered in the
research. There are also four interfaces (I, I2, 13, 14) with the appropriate coordinates
(0, hy, hy, hs) and densities with the elastic constants for each layer p1, Cliy, p2, C2,
p3, C%y where 1, J=1,2,..,6. Incident waves are travelling from the liquid into the
layered structure at an angle 8. The same angle defines the reflected and transmitted
waves. All the vectors of wave propagation are perpendicular to the bonding layers
in accordance with the Snell’s Law. Displacement ui, &j, o, Strain and stress
components as well as the elastic constant Cjx and material density p were
calculated from the basic mechanical equation for solid layers, the liquid domain.
Also, the boundary conditions for liquid-solid interfaces and solid-solid interfaces
were calculated. As a result, the method of the global matrix was applied for the
joint of FRP-to-FRP due to such advantages as robustness and the ability to be used
in various solutions, for example, in liquid, vacuum or solid half. The global matrix
(Equation 1.1) includes all boundary conditions as well as the reflection R and
transmission T coefficients.
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If M?(0), M“(hs) are characteristic matrices of liquid-solid interfaces, M?(hy),
M3(h,) are characteristic matrices of solid-solid interfaces, G(0), H(hs), — D(h1), —
F(h2) are segmented matrices of appropriate interfaces, Q' is the expansion
coefficient for partial waves, Ao, Ar, Ar are the amplitudes of incident, reflected and
transmitted waves, p=cot6, Ky is compressibility.

The results of theoretical analysis show that the angular and frequency
spectrums of the reflection coefficients can be acquired by changing the frequency
and the incident angle. Afterwards, the evaluation of degradation for several models
of the FRP-to-FRP joint was carried out according to theoretical analysis. In the case
of the single and dual bonding interface, while the interfacial stiffness decreases, the
extreme points in the frequency spectrum shift to the lower frequency, whereas, in
the angular spectrum, these points shift to the side of the larger angle. In addition,
the key factor that has to be considered while analysing the shift of extreme points is
the symmetry of the bonded materials. As a result, this method is a theoretical
foundation for the joints of composite-to-composite with a thick adhesive layer [31].

Studies on the interface condition in multilayered structures using guided
waves were also conducted [34], [35], [36]. Ding et al. [37] in the research deduced
the reflection and transmission coefficients of the SH mode (SHO) of ultrasonic
guided waves in a multilayered structure with adhesive bonding from the basis of
equations of wave propagation and coefficient of tangential stiffness Kr. Afterwards,
adhesively bonded aluminium to aluminium with a different quality level of the
interface (the perfect bond, the weak bond, and the debond) were investigated in
order to analyse effects of the changes in frequency-thickness characteristics, the
incident angle, and the tangential stiffness. The schematic of SH wave propagation
mode is shown in Fig. 1.3.
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Fig. 1.3 Propagation of SH mode wave in adhesively bonded aluminium materials [37]

Substrate 1 and substrate 3 are aluminium materials in an adhesive layered
structure. Substrate 2 is an adhesive layer of h thickness. All the medias are isotropic
elastic solid. SHi; is the incident wave, SH1 and SH;, are reflected waves in media 1
and 2. o is the angle of propagation in the adhesive, 6 and f are the incidence angle
and the transmitted wave angle, respectively.

The expression of reflection and transmission coefficients of the SH wave
mode in adhesively bonded aluminium materials (3-layered structure) is presented in
Equations 1.2 and 1.3.

R :ﬁzulolF_“ZK;l)Qz(H—l)_ 1.2
A 1 QiF + KV Qp(H — 1)
As ~ 2H1K§1)K;2)Q1(H+e—2ikQZh)e—ik(Q3—Q2)h . 1.3

- A_1 [Kéz) + ik,qug] [,uzK;l)Qz(H -1+ .U1Q1F] ,

Here, A: is the amplitude of the incidence wave, A; and B; are unknown
numbers of amplitudes of the transmitted waves in adherend 3 and the reflected

waves in the adhesive layer which are expressed by A; and the tangential stiffness
coefficients K}l), K}z), M1, M2 and ps are the Lame constants of each structure layer,
Q1, Q2 and Qs are phase velocities in 3 layers, h is the thickness of the adhesive, i is
[(K7(~2)+ik#303)#202 +U3 Q3K7(~2)] e_ziszh

[(K’I("Z) +ikus Q3)M2 Q2—13Q3 K’I("Z)]

the real part, k is the wave number, H =

 F =

KV (H + 1) + ikpp Qu(H — 1).

As a result, it was determined that, by increasing the frequency-thickness
characteristics, multi-order resonance occurs in the curves of reflection and
transmission coefficients in the wave of the SH mode under the perfect and weak
bonds. As the result of the paper, it was concluded that the proper values for the
incident angle and the frequency-thickness characteristics have to be selected in
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order to differentiate each adhesive layer condition — that is, whether it has perfect
bonding, weak bonding, or debonding [37].

Loukkal et al. [38] in their research numerically evaluated the properties of the
adhesive in order to study their influence on the behaviour of guided waves. The
sample under investigation constituted adhesively bonded aluminium and steel
layers. Epoxy resin was used for the adhesion of materials. The reflection coefficient
was used in this study since it gives resonance modes which correspond to the
guided wave modes. The condition of interface of the multilayered structure was
assessed by the viscoelastic parameter wz as well as by the normal and transverse
stiffness of interface K, and K:. Thus, the magnitudes of the reflection coefficient as
well as the dispersion curves of guided waves are influenced by the condition of the
adhesive interface of the layered structure.

There is also research done on the evaluation of the normal and shear stiffness
for the characterisation of the interface condition by analysing the amplitudes of the
reflection and transmission coefficients [39], [40], [41].

As a result, the material properties of each layer of the multilayered structure
can be evaluated in order to assess the integrity. Ultrasonic reflection coefficients
can be calculated in layered structures by taking into account the thickness of the
adhesive layer for the further evaluation of bonding degradation. However, in the
case of very thin adhesive layers, when the thickness is lower than the wavelength in
the material, the quality of the bonding interface can be evaluated by ultrasonic bulk
and guided waves with the use of Quasi-Static Approximation (QSA) [31]. The
proposed evaluation of the interface condition of a layered structure by using
ultrasonic guided waves can be applied for the samples with the sufficient surface
length for the propagation of guided waves. Overall, the basic methodology of the
reflection and transmission coefficients which are influenced by the bonding area
condition can be applied for the inspections using bulk as well as guided waves.

1.4. Nondestructive testing of adhesively bonded materials

The currently available nondestructive methods for the investigation of
multilayered structures of adhesively bonded similar and dissimilar materials are
described in this section.

1.4.1. Inspection of joints of similar materials

The state-of-the-art and other acoustic methods for the nondestructive
inspection of adhesively bonded joints of similar materials were developed in [42],
[43], [44], [45], [46], [47], [48]. However, not all the techniques can be easily
applied to all structures due to their difference of geometry, the thickness of the
layers and the adhesive as well as the types of the materials. The pulse-echo
ultrasonic techniques of a high frequency were used to visualise the defects in the
interface of adhesively bonded joints [49], [50]. In the case of disbond being present,
the reflection coefficient of the bonding interface of the metal and adhesive layers is
fairly high, and the acoustic images of the defective interface can be obtained with
sufficient contrast to distinguish them. However, the large difference of acoustic
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impedances of metals and adhesives results in high amplitude reflections and
produces strong wave reverberations in the first metal layer. In addition, in such
structures, the reflected waves from the adhesive and second adherend bonding or
defect can be masked by these strong reverberations, which makes the detection of a
defect in the interface more complicated [50], [51], [52], [53], [54]. The quality of
adhesion of layered structures can also be tested with the proposed ultrasonic
resonance spectroscopy methods [55], [56], [57]. The amplitude and the frequency
value of the through-thickness resonance of the system of the transducer bonded to
the sample are measured. The change of these values can be characterised by the
defective adhesion and the condition of bonded materials in the sample [50], [57].
The electrical impedance of the transducer is measured in the narrowband ultrasonic
spectroscopy with the objective to detect the defects in the layered structures due to
the dependence on acoustic impedance [55], [56].

Titov et al. [50] proposed a method for the detection of voids and disbonds in
adhesively bonded materials. The reference waveform was recorded for only the
first metal layer in order to eliminate the strong response produced by the ultrasonic
wave reverberation in the first metal layer of the adhesively bonded structure. The
elimination was required since the output waveform is the sum of signal reflections
from the metal-adhesive and the adhesive-metal interfaces. The decomposition
algorithm was developed and applied to the sample’s inspection of bonded
aluminium and steel with different thicknesses of the adhesive layer. The proposed
method is based on the calculation of the amplitudes of multiply reflected waves
from the interfaces of interest (metal-adhesive and adhesive-metal) which will be
received by the transducer after propagation through the layers of the sample. The
model under anal%sw is shown in Fig. 1.4.
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Fig. 1.4 Schematic of ultrasonic wave propagation paths vs. time [50]

In this research, the measured waveform and the recorded reference one was
compared. Then, in order to detect disbonds at appropriate interfaces, the deviation
parameter r was calculated for the first metal-adhesive interface:
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Here, s(t) is the waveform output for the metal-adhesive interface, Sgi(t) is the
reference waveform recorded for bare metal material; [ti, t2] is the time range of the
data window.

Disbonds at the adhesive-metal interface were detected by using phase
inversion of the reflected pulses. In the case of a good contact between these layers,
pulses are inverted. The polarity of the pulses was determined by the sign of the
correlation function g(t). The negative value characterised the inversed phase and
the absence of disbonds. However, this method is only applicable for perfectly flat
and smooth surfaces and interfaces of the samples [50].

Recently, Yilmaz et al. [58] in their work proposed a technique to detect the
weak bond in the joint of adhesively bonded composite materials. The method of
acoustic spectroscopy of high frequency and high resolution was used for this
purpose. The single-lap joint of bonded CFRPs with a different bonding quality —
debonding and the weak bond — were evaluated. The algorithm of shape-based
feature extraction was developed for the detection of the weak bond, and the high
frequency in acoustic microscopy provides great visualisation of the bonding
guality. In the case of a thin bonded structure of composites, post-processing plays
an important role for the evaluation of the bonding quality. A diagram of the multi-
level post-processing algorithm is shown in Fig. 1.5.
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Fig. 1.5 Diagram of the developed post-processing algorithm for weak bond detection [58]

The Structural Health Monitoring (SHM) inspection techniques were also
applied for the evaluation of bonding qualities of layered structures. SHM makes it
possible to monitor the condition of the structure and to build a history database of
the structure life [59]. Nicassio et al. [59] in their work proposed a novel SHM
technique based on the interference of elastic waves for the detection of disbond
defects. The sample under investigation was bonded to thin plates of aluminium.
However, the mechanical properties do not affect the validity of the method since
the study is performed for the wave propagation through the adhesive layer. The
interference of elastic waves is generated by the piezo sensors and waves travelling
along the aluminium plates and through the adhesive layer. In the case of debonding,
the wave speed changes. These changes affect the reflection of the wave from the
bonding area of the presence of a disbond and the further interference of the
reflected waves with the main wave which is travelling along the bonded plates. The
condition of destructive interference is dependent on the length of the disbond. As a
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result, such tasks as numerical simulation and the comparison to analytical models
of wave propagation through the sample as well as the comparison with
experimental results were performed, and reliable results were provided.

Another work of Zhang and Zhou [60] describes the detection of disbonds in
multilayered structures of adhesively bonded composites by laser ultrasonic guided
waves. Due to the investigation of the interaction of guided waves with disbonds,
the optimal distance between the source and the receiver was determined for the
detection accuracy and the efficiency of the method. The size of defects was
measured by using the proposed -8 dB method, and the relative errors were
estimated at about 8%. As a result, laser ultrasonic guided waves and the
guantitative method proposed to facilitate the visualisation of disbonds and to
provide accurate information of bonding quality. In the resulting C-scan image, the
modelled defects (in white circles) along with other natural defects were detected
and shown in Fig. 1.6.

20 40 60 80 100
x(mm)

Fig. 1.6 C-scan of the detected disbonds in a layered structure of lead-adhesion-steel [60]

The method of defect sizing of -8 dB was proposed according to the simulation
results of the relationship between the size of disbonds and the relative sensitivity,
which is shown in Fig. 1.7.
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Fig. 1.7 Simulation results of relationship between defect sizes and relative sensitivity [60]

Pyzik et al. [61] proposed the laser ultrasound method for disbond detection in
adhesively bonded metals. This method showed high performance for carbon
reinforced composites; however, in the case of metals, the excitation of longitudinal
waves was not efficient. For this case, the generation of shear acoustic waves was
proposed. A multilayered structure of three adhesively bonded aluminium plates was
under investigation. Disbonds were created by using the Teflon film. For the
experimental investigation, a laser ultrasound system with a high repetition rate laser
for the excitation of shear waves and a highly sensitive interferometer Sagnac were
used. The schematic of the sample under investigation along with snapshots of the
velocity wavefields are presented in Fig. 1.8.
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Fig. 1.8 Schematic of a multilayered structure of adhesively bonded aluminium materials
with disbonds on first and second adhesive layers (a). Snapshots of velocity wavefield for
Model 1 (b) and Model 2 (c). Generated waves: longitudinal (L), shear (S) and Rayleigh (R)
[61]

The stand-off distance between the interferometer and the source maximises
the amplitude of the received signal. Therefore, the local interaction simulation
approach (LISA) was used for the accurate estimation of the distance. In addition,
the inverse filter which was based on the reference signal obtained from the
undamaged area was used to remove the undesirable wave modes from the response.
As a result, both defects were easily detected, and the proposed technique was
proven to be suitable for the industrial use and environment [61].

Palumbo et al. [62] in their research characterised the adhesive joints of glass
fiber reinforced thermosetting plastic (GFRP) by using ultrasonic imagining and
lock-in thermography. Firstly, ultrasonic testing in the pulse-echo mode was
performed. The coupling of ultrasound testing (UT) probes was performed with
water-driven jets in order not to leave the specimen in the water so that to avoid the
influence on the physical and chemical characteristics of the specimen. A 1 MHz
frequency immersion probe and the LabView measurement system were used for the
inspection. The UT inspection was performed for the joints before and after 4-year
aging. The resulting C-scans represented the bonding quality where lower
amplitudes indicated areas which could have been associated with defects. However,
after 4-year aging, no variation appeared in the bonding quality. The lock-in
thermography which is based on the generation of thermal waves in the specimen
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was applied as well (Fig. 1.9). Debonding areas were determined from the phase
images which were obtained with the appropriate modulation frequency.
: Specimen

A E===3------

Dt

Thermocamera

Fig. 1.9 Set-up of lock-in thermography for adhesively bonded composite plates [62]

The conclusions of the ultrasonic testing and lock-in thermography were
compared, and good agreement of the results of both techniques was obtained. The
rupture test of the sample was performed as evidence of the obtained results of
nondestructive testing [62]. Katsiropoulos and Pantelakis [63] in their work
investigated the bonding quality of composite-adhesive U-joints by using ultrasonic
C-scan inspection and the mechanical test as the InterLaminar Shear Strength. The
resulting C-scan demonstrated defected bonding in several places, mainly voids.

Ehrhart and Valeske [30] in their research made a review of the state-of-the-art
non-destructive testing techniques applicable for adhesively bonded composite
materials. The following methods can be applied for the assessment of the bonding
quality — visual inspection, leak and tap tests, the Fokker bond tester (FBT), X-ray,
shearography, infrared thermography, acoustic emission (AE), and ultrasonic
testing.

There are more works which were carried out for the evaluation of bonding
quality by using different NDT techniques as well as the determination of the
chemical and physical properties. Various ultrasonic techniques were used with
various adhesion levels, Lamb waves and SH waves, nonlinear ultrasonic, laser
ultrasonic, etc., strategies, see [64], [65], [66], [67], [68], [69], [70], [71].

1.4.2. Inspection of joints of dissimilar materials

Despite the extensive work performed for adhesively bonded similar materials,
which still requires reliable testing techniques for the detection of disbond, the
evaluation of the adhesive bonding quality in dissimilar material joints is a
challenging task. There is lack of research performed for the inspection of such
multilayered structures. However, below, the currently available works are
described. A reliable NDT technique still has to be developed in order to detect the
disbond type defects in the bonding line of dissimilar materials.
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Jasiuniene et al. [72] in their work applied ultrasonic testing for the adhesive
bonding evaluation of the hybrid-metal-to-composite joints. Due to the geometrical
structure and the characteristics of the sample, there is scattering, attenuating and
overlapping of the reflected ultrasonic signals from the layers. The sample under
investigation was bonded titanium with pins and CFRP materials (Fig. 1.10).

Carbon I{DEI’ Titanium pins
composite

h‘itauimn adherent

a) b)
Fig. 1.10 Dissimilar material joints of titanium to CFRP [72]

After the determination of the appropriate side for the sample inspection
(composite), the pulse-echo ultrasonic inspection in the immersion mode with a
10 MHz focused transducer was applied for the sample investigation. A signal post-
processing algorithm for the reconstruction of the data was developed in order to
eliminate the influence on the detectability of a rough surface and the non-parallel
layers of the structure. By using this technique, the defects and their positions were
identified. The post-processing algorithm consists of the following steps [72]:

1. Denoising of the signals by the Gaussian filter.

2. Calculations of the spectrum mean frequency.

3. Estimation of the arrival times of the signals reflected from the interface.

4. Linear interpolation for the positions of the arrival time which contains
zeros or sharp spikes.

5. Signal shift in the time domain according to the estimated arrival time.

6. Denoising of the reflected signals from the interface by the Gaussian filter.

7. Calculation of the envelope of each signal.

8. Calculation of the maximum values for the signals for 3D imagining.

Summa et al. [73] proposed in situ passive thermography for the investigation
of interfacial stress relaxation in the hybrid structures of bonded metal and CFRP. A
metal plate is inserted in the central plies of the CFRP material. Then, the
thermoplastic layer is placed between these hybrid components, and a tight fit is
provided. The damages which can occur during the mechanical loading were
studied. The inserted thermoplastic mostly generated such defects as delamination
and cracking. The experimental and modelling results showed that, by the decrease
of thermoplastic stiffness, the stresses are distributed more increasingly. As a result,
in situ thermography located the origins of the damages. The set-up of the NDT
technique is shown in Fig. 1.11.
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Fig. 1.11 Set-up of in situ passive thermography of the hybrid structure of bonded dissimilar
materials with thermoplastic insert: (a) Picture, (b) Schematic diagram of experimental
investigation with specimen and IR camera [73]

Moradi et al. [74] proposed a thermography non-destructive method for the
edge disbond detection between the carbon-epoxy patch used on aluminium for
repair. Usually, composite patches are used to repair damages in aerospace metal
constructions. Therefore, in such structures, the dangerous defects are disbonds
which usually develop from the edge of the patch. In this work, different image post-
processing methods were proposed for the quantitative evaluation of the defects —
Fourier transform and 1D and 2D Daubechies wavelet transforms. The 3D wavelet
transform was used for the optimisation of results in terms of the time processing
and the signal-to-noise ratio. Finite element modelling (FEM) was also performed
for the better understanding of the heat transfer and the establishment of the
experimental set-up.

The patch contains 8 disbonds and is shown in Fig. 1.12. The Phase Fourier
Analysis which was used in the post-processing algorithm is a powerful tool of the
pulse thermography which transforms thermal images from the time domain to the
frequency domain:

N-1
2mkn

j
F, = At Z T(kAt)e” N = Re, + ilmy; 15
k=0

Here, j = v—1 is the imaginary number, the N-number of frequency, n is the
evaluated frequency (n=0,1,..,N), At is the interval of the sampling time, Im and Re
are the imaginary and the real part of the Fourier transform, respectively.

The initial signal was decomposed by the 1D wavelet:

+00
We(S,B) = f(t)hgg(t)dt = Re + ilm; 1.6

Here, W is the wavelet transform, S is the factor of scaling, B is the factor of

translation, * characterises complex conjugation, hsg is the daughter wavelet.
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2D wavelet transform is similar to 1D wavelet transform; the estimation and
decomposition were only made on the 2D signal. The wavelet decomposition for 2D
signal is described as follows:

J J J
1G,y) = 550 + ) DYy + ) Dfiry)+ ) DP(x,y); L7
=1 =1 =1

Here, S5, D/, D/, DP are the functions of the approximation and the initial
image horizontal, diagonal, vertical coefficients. J characterises the numbers of N
levels (N=2"), j is the present level.

As a result, the 3D wavelet image analysis demonstrated the enhancement of
the image in the spatial as well as in the time domains [74].
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Fig. 1.12 Schematic diagram of a sample of aluminium repaired with the carbon patch with
adhesive: (a) Patch with 8 disbonds, (b) Model of the entire sample of aluminium and patch
[74]

Recently, Sun et al. [75] in their work investigated a sample of composite-
metal adhesive bonding by the nondestructive electromagnetic-pulse-induced
acoustic testing (EPAT). In the research, hydrogen tanks were investigated. To
ensure the safe use of these tanks, nondestructive evaluation was performed on the
adhesive bonding area of the plastic composite-metal components. The proposed
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EPAT method uses generated guided waves in the adhesive bonding line for the
disbond detection. The principle of this method is shown in Fig. 1.13.
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Fig. 1.13 EPAT method principle [75]

The EPAT method applies honcontact forces as Lorentz to metal components
due to interaction of pulsed current and magnetic field. Therefore, guided waves of
antisymmetric mode are generated. Guided waves propagate in the inner adhesive
layer of the component as well as in the plastic composite and metal. In the case of
the presence of any debonding type defect, the change of the signal of elastic waves
occurs [75].

On the grounds of the above discussed methods, some techniques and
algorithms can be applied for the sample under investigation in this work. The study
of the polarity of the pulses as well as multiple reflections from the interface of
bonded materials can be applied in this research of dissimilar material joints.
However, for investigating thin joints, samples with rough and non-parallel surfaces
and interfaces, the post-processing algorithms for the interface quality visualisation
can be an essential part of the research which enables to eliminate the effect on the
result of these sources.

When considering the NDT technique selection for the inspection of the
appropriate specimen, there are many factors which influence it. Depending on the
geometry of the sample, its design, the thickness of the layers, the type of material,
as well as the area under interest, the defect type has a great effect on the choice of
the NDT technique. In this work, guided waves were not considered due to the lack
of the sample length for wave propagation. Thermography is also a very attractive
method for the detection of the adhesive defect in the joints of similar and dissimilar
materials.

1.5. Model-assisted probability of detection

The reliability of the NDT technique can be quantified by the evaluation of the
Probability of Detection (POD) curves [76]. POD describes the probability of the
detection of a defect of a certain size in the structure. The model-assisted POD
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(MAPOD) approach has a great potential to determine POD curves without
performing expensive and time-consuming experiments. Due to the simulation of
POD curves, the performance of the inspection can be evaluated. However, many
factors are influencing the POD, such as the material type, the structure geometry,
the defect, the selected inspection technique, or the environment [76], [77]. As a
result, the size of the detectable defect can be estimated by the POD curves. The
methodology of the model-assisted POD curves assessment is the same as for the
experimental one which is described in the military handbook MIL-HDBK-1823A
and the ENIQ report [78].

The response of any inspection system is dependent on the influential
parameters of the inspection method. This relationship is expressed as follows:

y = f(a,X); 1.8

Here, y is the inspection system response, a is the characteristic value of the defect
(dimension), X represents uncertain parameters.

The characteristic parameter represents the harmfulness of the defect. Usually,
the defect dimension of length, width or height is selected as the characteristic value
according to the type of the defect. In the case of disbonds, the characteristic value
which identifies the harmfulness is the length of the defect. When calculating the
POD curves, the correct statistical model of the data has to be provided. This can be
ensured when the Berens hypothesis has been verified, and the statistical sampling
captures all the variable parameters of the inspection [78]. In addition, basic
assumptions of the POD curve have to be fulfilled. The POD has to be an increasing
function with the increase of the size of the defect (the characteristic value), and it
has to reach 100% with a certain size of the defect [79]. Moreover, the confidence
intervals which measure the degree of uncertainty or certainty of the sampling
method should be introduced when analysing the POD curves. The disbond size ag
describes the size with 90% probability of detection, the size agugs denotes 95%
confidence level for the size ag detected with 90% POD [78], [80], [81]. Mostly,
there is a requirement, especially in the aerospace industry, to determine the
minimum size of the defect which can be detected in 90% cases of inspections with
95% confidence level. In this work, the length of the disbond, agoes, was determined
[80], [82], [83].

There are two approaches to assess the POD curves — the Hit/Miss analysis
and the Signal Response (@ vs. a). Both approaches can be used in order to evaluate
the POD of disbonds in dissimilar material joints. The Hit/Miss approach, or the
Bernoulli data analysis, is a measure of qualitative information which determines the
presence or absence of a defect. The outcomes of the inspection are 1 describing a
hit, and O describing a miss. Usually, this method is used when there is no
knowledge of signal amplitudes, no obvious linearity between the raw data and the
defect size a, or the hypotheses of the Signal response approach are not satisfied.
The Logit function can be used in the Hit/Miss analysis to fit the data [80], [84],
[85], [78].
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POD(a)
lOg (m) = ﬁO + ﬁl " a, 1.9

Here, log (%) is the logarithm of the odds, (%) are the corresponding
odds, where POD(a) is the probability of the defect ‘hit’, 1 — POD(a) is the
probability of the defect ‘miss’, a is the selected characteristic value (the disbond
size), By and f; are the parameters of the model, B; describes how quickly the
probability will change by changing the defect size a.

As a result, the obtained POD(a) which increases continuously with the growth
of the defect size and gives values [0;1] is expressed as follows:

eBotBra

: 1.10
1 + eBothra’

POD(a) =
Here, e=2.718, and it denotes the base of the natural logarithm.

However, in the case of the Hit/Miss analysis, the quantity of samples has to
be not less than 60 in order to obtain a reliable POD curve. This is due to the fact
that POD is based on binary results and does not have enough information about the
correlation of the defect size and the signal strength response [79].

The signal response (a vs. a) approach was also used for the evaluation of the
POD curves. The signal response approach is a quantitative measure based on the
relationship between the defect size and the sensor response [86]. In the case of the
selected ultrasonic inspection for the layered structure investigation, the amplitude
of the response (@ represents the measured sensor response) depends on the size of
the defect (a is the characteristic value or the defect size). If comparing to the
Hit/Miss approach, the Signal response allows evaluating the POD curve with a
significantly lower data amount. This method is based on the linear model when the
data has to fulfil the assumptions called the ‘Berens hypothesis’ [78]. According to
the Berens hypothesis, the data has to fulfil 4 criteria as follows:

1. The linearity of data behaviour.

2. Homoscedasticity or constant dispersion which implies a straight-line
scattering around the regression for all sizes of defects.

3. Normality corresponding to the Gaussian distribution law for scattered data.

4. Independent data set for non-correlated data.

The measured value @ in the Signal Response analysis is denoted as:

A=Py+pP1-a+6; 1.11

Here, § is an error which is characterised by the standard deviation oy.
The POD curve is defined as a density fraction of the scattered data which is
above the detection threshold.

POD(a) = Prob(a > ay) =1—Puorm
g(a) — u)

ao — (Bo + B -g(a)))

%6 1.12

)

o

= (pnorm <
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Here, @, is the detection threshold, @,,,,»(2) is the standard cumulative density
function of scattered data according to the normal distribution law; parameters u and

o were used to ease computations, where u = @ = as, and corresponds to the
1

defect size with POD=50%, o :% corresponds to the POD curve steepness,

1
g(a) = a =log(a).

However, in the case of the Berens hypothesis being violated, another
methodology has to be applied.

Since noise presence is observed in all NDT inspections, the level which
defines the output with a defect or without a defect has to be established. This level
is characterised by the detection threshold a,. Generally, the detection threshold is
determined as the highest level of the background noise in the case of measurements
when there is no defect in the structure. Since the detection threshold is the highest
level of the noise in the defect free region, therefore, it is important to correctly
define the threshold for the layered structure. In the case of disbond defect detection
which is located on the interface of dissimilar material joints, the maximum
amplitude of the defect-free region of the interface is taken as the highest level of the
background noise in the inspection. Meanwhile, the threshold value depends on the
contrast of the amplitude of the disbond echo and the disbond free interface echo.
However, there is a high possibility to classify the defect-free region as damaged if
the strong background noise level exceeds the detection threshold. The POD curve is
denoted by high dependence on the selected detection threshold and is valid only for
this detection level. Therefore, in order to determine a more accurate value of the
detection threshold, POD and the probability of false alarms (PFA) can be plotted on
the diagram with the goal to maximise POD and minimise PFA. PFA is the
probability when the system detects defects when there is none in the structure; see
[86], [871, [88], [82], [78], [89].

Extensive work was done for the reliability assessment of the NDT techniques
for various structures under inspection. Some of the works are described and
analysed in this chapter. Rentala et al. [77] in their study demonstrated the MAPOD
approach of ultrasonic inspection. A cylindrical block made of Ti-6Al-4V with
volumetric defects was under inspection. The ultrasonic response from the Flat
Bottom Hole (FBH) defects of different sizes was generated numerically. The
flowchart of MAPOD of the inspection is shown in Fig. 1.14.

In this study, the validation of the mathematical model was performed. The
peak-to-peak amplitudes and the time of flight between the backwall echoes were
estimated and compared to the experimental results. All the sizes of cracks were
generated according to the lognormal distribution, and the POD of each size was
evaluated. The regression of the data for POD curves generation was performed in
order to calculate the mean and the standard deviation.

Mean,m = w; 1.13
B1 5
Standard Deviation, o = —; 1.14

1
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Here, .. is the signal response decision threshold value, S, is the regression
line intercept, B, is the regression line slope, £, is an error.

As a result of the study, the value of defects detected with 90% probability and
95% confidence level is increased with the increase of the level of the decision
threshold which depends on the signal noise level or/and the false call rate [77].

Select Best Physics based model

A4

Acquire model input parameters

(Probe frequency, probe diameter, input signal, etc.)
v
Validate software model

v

Random crack sizes generation

Simulate model with select distribution

of crack sizes

v

Collect the signal
N
Statistical analysis (4 vs.a)

N

POD curve

Fig. 1.14 Flowchart of MAPOD of ultrasonic testing of Ti-6Al-4V cylindrical block [77]

Bato et al. [90] in their work also suggested experimental and numerical
approaches for the calculation of eddy current NDT for the POD curves. Multiple
experimental inspections were carried out in order to take into account the human
factor influence and the impact of various devices. These, along with defined
uncertainties, were used as the inputs for the simulation model. The POD curves
were calculated numerically and experimentally, and then compared to each other
with the purpose to replace experimental tests by model-assisted ones (Fig. 1.15).
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Fig. 1.15 Steps for the determination of POD curves according to the signal response method
from experimental and modelled results [90]

Kurz et al. [91] in their work showed the results of POD determination of the
inspection of real cracks by using ultrasound phased arrays. Different test specimens
with such defects as austenitic, ferritic, dissimilar materials welds and cladded
specimens were manufactured. Signal response analysis was used for the POD
evaluation.

There has been more research performed in the evaluation of the reliability of
the NDT techniques involving the calculation of the POD curves [92], [77], [93],
[94], i.e., Duan et al. [95] quantitatively compared the reliability of pulsed
thermography and the ultrasonic inspection of the impact damage in a CFRP
specimen. In the work of Kim et al. [96], the probability of the detection of additive
manufacturing flaws by using X-ray Computed Tomography (XCT) was determined
empirically by using specimens and by a simulation model where signal response
analysis was implemented. The empirical measurements of POD were close to the
simulated results. However, the simulation model for POD evaluation could
consider such factors as the flaw size, its location and orientation — those which were
not assessed by the experimental approach. As a result, the incorporation of
experimental and simulation results was performed by the multi-level Bayesian
method. Junyan et al. [97] presented a work for the POD study of a lock-in
thermography method applied for CFRP materials. The detected and undetected
defects were determined by the hit/miss method. The capability of defect detection
and the reliability of the thermography NDT were estimated.
1, iflphsl - Phs3—52| = APhdecision

0, iflphsl - Phs3—52| < APhdecision

Subair et al. [98] presented finite element (FE) Simulations for POD curves to
perform the assessment of the ultrasonic inspection of stainless-steel plates and
welds. The uncertain parameters which affect the ultrasonic inspection were
identified. The FE simulations were performed for each combination of varying
parameters. As a result of the research, the simulated results were compared to
experimental measurements.

Hit/Miss = { 1.15
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POD for wvarious NDT techniques, such as ultrasonic inspection,
thermography, eddy current, XCT, SHM and others by experimental and modelling
approaches was performed in the research [99]. Further in this paper, the POD of
disbonds in a multilayered structure will be evaluated. Model assisted probability of
detection is a useful tool which avoids the use of expensive and time-consuming
experimental calculations of POD curves, provides a close match to the
experimental results and is able to analyse more influential parameters which cannot
be considered in the experimental approach. The hit/miss and signal response
approaches will be studied and used for computing POD curves.

1.6. Conclusion of the chapter and outline of the research tasks

Various NDT techniques can be used for the inspection of adhesively bonded
materials. Table 1.1 presents a summary of the possible NDT techniques which can
be applied for the investigation, together with their drawbacks and benefits. There
are, also, other techniques and methods with different configurations. However, the
main ones are summarised in the table below; all of these are recent or can be
applied for the inspection of layered structures in order to detect interfacial defects.

However, the situation of the inspection of adhesively bonded dissimilar
materials, such as metals bonded to composites, is a more challenging task. Along
with the NDT techniques, the development of post-processing algorithms should be
performed in most cases. The most attractive NDT techniques for the inspection of
dissimilar material joints is the ultrasound inspection using bulk or guided waves,
high frequency acoustic microscopy, and thermography. The most recently
performed works describe the use of EPAT, guided waves, and a fusion of NDT
techniques as well as the methods of image reconstruction.

According to the findings of the performed literature analysis, the following
tasks were formulated for the development of the methodology of inspection of
adhesively bonded dissimilar materials and for the disbond detection in the interface:

e To investigate and compare NDT techniques which are suitable for the
disbond detection in adhesively bonded metal and composite materials.

e To provide theoretical analysis and calculation of boundary characteristics
of the sample; to investigate the influential factors and parameters on the inspection
of the joint of dissimilar materials with respect to disbond detection.

e To model the signals for different cases of the sample interface condition
and to compare the results to the ones obtained theoretically. To extract the valuable
feature(s) for the use in the development of the processing algorithm by performing
theoretical, qualitative, and quantitative evaluations.

e To propose and develop the processing algorithm for the improvement of
disbond detectability according to the extracted valuable features and the results of
the investigations.

e To inspect experimentally the joints of dissimilar materials and to verify the
developed algorithms for the improvement of the detection probability by the defect
sizing and the uncertainty measurement; also, to evaluate the probability of defect
detection before and after the application of the developed technique.
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Table 1.1. Comparative analysis of the methods for inspection of layered structures

Principle and defect
sizes

Benefits

Drawbacks

Pitch catch mode
(oblique incidence),

Detection of interfacial
degradation by amplitude
change, shift in the

High sensitivity of
reflection minima to
bondline thickness,
surface roughness,

transform [74]

c generation of shear - ; o
2 . frequency minimum and environmental conditions,
G waves on the interface : . . .
S [32] interfacial transverse inspection method for
§ stiffness [32] adhesively bonded similar
S materials [32]
S Pulse-echo mode Only for flat and smooth
@ | (immersion), amplitude | Detection of disbonds and sample interfaces,
§ of multiple reflection, voids, elimination of non- amplitude trend,
change in the parallel layers and rough overlapping, etc.,
frequency spectrum surface by reconstruction inspection method for
and time domain. algorithm [50] adhesively bonded similar
Disbond of 20 mm [50] materials [50]
.| High frequency waves, High cost, high
o &| algorithm of shape- Detection of debondin attenuation, applicable for
z 3 based feature . g thin layers of the sample,
a9 - . and weak bonds with great - .
3 | extraction. Debonding visualisation [58] inspection method for
< ;’-}. of 12.7 mm, weak bond adhesively bonded similar
[58] materials [58]
Interference of elastic Disbond detection. no Dependence of sample
waves. . thickness and geometry,
. dependence on mechanical
Disbond of 7.5 mm roperties [59] transducers placement,
" [59] prop etc, inspection method for
% Interaction of laser Disbond detection by adhesively bonded similar
= ultrasonic quided evaluation of displacement materials [59], [60]
3 onic g amplitude, high sizing
S waves with defect [60]
5 accuracy [60]
b Study of reflection, High sensitivity to the
15 transmission and change of incidence angle,
3 tangential stiffness . frequency, etc., inspection
= coefficients of SH Detection of perfect bond, method for adhesively
-] ) weak bond and L .
mode guided waves. slip/debonding [37] bonded similar materials,
Analysis of perfect, P g high dependence on the
weak and debonding incidence angle and
states [37] frequency [37]
. Detection of debonds, High reflecting metals,
> Generation of thermal S ; "
£ waves. Eourier delaminations, cracks by environmental conditions,
S ’ phase change and high dependence on angle
> transform, 1D and 2D Lo .
=} . thermoplastic stiffness. of radiation, etc. [74]
S Daubechies wavelet Hidher defect
2 transform, 3D wavelet uanti f?cation b -
[ q y pOS

processing algorithms [74]
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2. DEVELOPMENT OF A METHOD FOR THE IMPROVEMENT OF
DETECTION PROBABILITY IN DISSIMILAR MATERIAL JOINTS

The goal of this chapter is to develop a post-processing algorithm which will
increase the probability of the disbond type defect detection in the adhesive layer of
dissimilar material joints. In order to achieve this goal, the components of layered
structures were investigated theoretically, by using numerical simulations, and the
modelling of the signal; also, a parametric study was performed. The investigation
method presented in the work describes each step of the action to achieve the set
objectives.

2.1. Investigation method

Interfaces are the most critical area of bonded structures. Defects in the
adhesive layer are common. Due to that, the detection of such defects as disbonds
and delaminations is important to ensure the integrity of the bonded area. Two
samples of adhesively bonded dissimilar materials were used for the study in order
to develop a technique of the detection probability improvement for the joints of
dissimilar materials. The components of bonded metals to CFRP are usually used in
aircraft structures in such segments as hulls; in the automobile industry, they are
used in roof segments, and also they are common in the energy field and in
mechanical engineering for rotor blade elements, etc. [100], [11], [10], [62], [101].
The samples under investigation are the plate having thicker layers of dissimilar
materials and one single-lap joint with thinner layers which can be the reason of the
defect detection becoming more complicated. In order to achieve the aim of the
work, the investigation was performed as follows:

1. Analysis of multiple reflections and boundary characteristics.

2. Determination of the influential parameters through sensitivity analysis.

3. Numerical study of signal parameters and characteristics useful for the
improvement of detection probability.

4. Optimisation of parameters to detect the essential time intervals for defect

detection.

5. Development of post-processing algorithms.

6. Experimental investigation and application of the developed algorithms.

7. Evaluation of model-assisted POD curves of the selected ultrasonic NDT
technique before and after the improvement of the probability of defect detection.

8. Measurement of uncertainty

The scheme of the investigation method steps is shown in Fig. 2.1. This
method describes the full process of the study of dissimilar material joints, the
detection of defects in the adhesive layer and the steps for the development of
algorithms for detectability improvement.
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Fig. 2.1 Steps of the Investigation Method

In order to detect disbonds in dissimilar material joints, theoretical evaluations
of boundary characteristics and the calculation of the amount of energy received by
the transducer after ultrasonic wave propagation in the structures were studied.
Sensitivity analysis was performed with the objective to determine the most
influential parameters regarding the inspection for the further development of the
technique to increase the probability of disbond detection in the layered structure of
dissimilar material joints. Inspection simulations were performed by using a semi-
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analytical finite element to study the ultrasonic wave behaviour and the propagation
through the layers of the samples of different adhesive conditions and defect
locations in the adhesive. In addition, the evaluation, and comparison of the
amplitude reflections of different cases was performed. The analysis is required to
discover the possible techniques and to develop a post-processing algorithm to
improve the detectability of disbonds in adhesively bonded dissimilar materials.
Moreover, signal modelling was performed by using a custom developed program in
MatLab with the aim to create the signal which should be maximally close to the
experimental one. A comparison of the different condition of the modelled layered
structures can give valuable information on how each layer affects the ultrasonic
wave propagation and the signal form as well as to determine the time intervals with
the most prominent amplitude change in the case of the defect presence in epoxy.

After the analysis of dissimilar material joints and the development of the
technique to increase the defect detectability, the validation of the proposed
techniques should be implemented by conducting experimental investigations and
applying the developed post-processing algorithms. The model-assisted PoD shows
the size of the defect which can be detected with the selected ultrasonic technique in
90% of the inspections at a 95% confidence level. In addition, the uncertainty of the
measured defect sizes was calculated.

2.1.1. Theoretical analysis of multiple reflections and boundary characteristics

The goals of this part of the work are to evaluate the boundary characteristics
of dissimilar material joints in order to learn the behaviour of ultrasonic waves in a
layered structure, to study the propagation and reflection paths from the sample
boundaries so that to determine the time instances of each of those and to calculate
the values of the amplitudes of signals multiply reflected from the certain interfaces
in the case of a different defect location in the adhesive layer. This procedure
allowed assessing the impact of the defect location in the adhesive layer on the
detection probability of the inspection technique. In order to achieve the outlined
goals, an aluminium-CFRP sample of adhesively bonded materials was considered
for the study. The sample consists of 3 layers: aluminium with the thickness size of
1.6 mm, an adhesive of 0.22 mm, and a CFRP layer of 5.11 mm. The CFRP plate
consists of 41 layers where first and the last layers are GFRP, whereas the other
layers are CFRP. Since the GFRP sub-layers are relatively thin, the entire composite
plate is called CFRP. The ultrasonic wave propagation paths in the sample of
dissimilar material joints were determined and shown in Fig. 2.2. The ultrasound
velocity in aluminium, CFRP and in the adhesive was measured experimentally by
using the appropriate NDT techniques. The contact pulse-echo technique and the
Olympus Omniscan MX measurement system with a 15MHz conventional
transducer were used for the aluminium and CFRP materials. In the case of the
ultrasound velocity measurement in a relatively thin adhesive layer, a scanning
acoustic microscopy measurement system (KSI GmBH) and a 50MHz focused
transducer was used. The ultrasound velocities in aluminium, CFRP and in the
adhesive were calculated according to the following equation:
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V_Z-H
At

Here, H is the thickness of the material, the time of flight interval At = t,, — t,,_4,
t,, is the time of flight of a certain reflection from the bottom of the sample, the
number of reflections is n=1,2,...,5.

The propagation time of ultrasound in each layer of the structure was
calculated according to Equation 2.2. Moreover, in order to calculate the
propagation time of the ultrasonic waves multiply reflected from the certain
interfaces of the structure, Equation 2.3 was used [9]. The explanation of the indices
of the time instances which are used in this section is presented in Table 2.1.

2 * Hk

Vi '
Here, H, is the thickness of the layers, V;, is the ultrasound velocity in a certain
material, k stands for the type of material(s) [9].

2'H
n

Here, K is the type of the material layer, k is the number of a certain layer, n= from
1 to N stands for the number of multiple reflections from the boundary, H,, is the
thickness of the layer K, V,, is the ultrasound velocity in the layer K.

2.1

2.2

tk=

Table 2.1. Description of the indices of time instances

Reflection from boundary Description

ts Reflection from surface or water-metal boundary
tyi 1% reflection from metal-adhesive interface

t1adh,air Reflection from adhesive-defect boundary after tu;
t1adh,GFRP Reflection from adhesive-GFRP sub-layer after tu;
ti 2" reflection from metal-adhesive interface
t2adh,air Reflection from adhesive-defect boundary after ty;
toadh,GFRP Reflection from adhesive-GFRP sub-layer after to;
tai 3" reflection from metal-adhesive interface
t3adhair Reflection from adhesive-defect boundary after ta;
t3adh,GFRP Reflection from adhesive-GFRP sub-layer after ta;
tai 4" reflection from metal-adhesive interface

taadh air Reflection from adhesive-defect boundary after ts
t4adh,GFRP Reflection from adhesive-GFRP sub-layer after tsi

Ultrasonic wave propagation paths in the layered structure allow learning the
sequence and order of the expected signal reflections from the interfaces or defects
of interest from the ultrasonic A-scans. Further investigation of the signal,
specifically, a comparison of the signal reflections from the defective and non-
defective interfaces can provide useful information for disbond detection, for the
influencing factors, and for the improvement of detection probability.

43



tlad GFRP tZad GFRP t3ad GFRP t4ad GFRP
lad air Zad air t3ad air t4ad air
tb
Disbond Adhesive

GrRP sub-layers

Fig. 2.2 Paths of ultrasonic waves propagating in a layered structure of adhesively bonded
aluminium-CFRP joint [9]

In order to calculate the energy which is received by the transducer of
ultrasonic wave propagation and multiple reflection from certain interfaces for the
further comparison, three models of the structure were created — the disbond location
between aluminium and the adhesive, the disbond location in the middle of the
adhesive layer, and the bonding without defect (‘perfect bonding’). To achieve the
goal, firstly, such boundary characteristics as the acoustic impedance (Z) of each
material was calculated (Equation 2.4). The material characteristics are presented in
Table 2.2.

Zk = Vk * Pk 2.4

Here, V is the ultrasound velocity in a certain material, pj, is the density of a certain
material, k stands for the type of material(s).

Table 2.2. Calculated values of wavelength in materials of layered structures

No | Materials Density, kg/m® | Ultrasound Acoustic
velocity, m/s impedance,
MRayl

1 Water 997.98 1485 1.48

2 Aluminium 2710 6 363 17.24

3 CFRP 1800 2 800 5.04

4 GFRP 1900 3000 5.70

5 Adhesive film AF163 | 1270 2315 2.94

6 Air 1.225 330 0.000429

The reflection (Kz) and transmission (K;) coefficients were calculated

according to the following equations:
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Here, Z; and Z, are acoustic impedances of the medias along the propagation path
of the ultrasonic wave.

The amplitude values of signal reflections and multi-reflections from the
sample boundaries were estimated according to Equation 2.7 for the model with the
disbond between aluminium and the adhesive (the aluminium-disbond boundary) as
well as based on Equation 2.8 for the models with the disbond in the middle of the
adhesive layer (the adhesive-air boundary) and the perfect bonding (the adhesive-
GFRP boundary) [9].

A1 = Kr12* Koy - Kios * Kioi; 2.7

Ayn = Kr1z Koz " Krap * Kroq - Kise  Kigs 2.8

Here, n is the degree or the number of multi-reflections from a certain boundary, K
is the transmission coefficient, K is the reflection coefficient; the numeric indices
are the numbers of the component layers.

The three developed models for the investigation of different boundary
conditions are shown in Fig. 2.3. The layers of materials of the modelled structure
are presented not to scale. Air determines the disbond in the models. The
propagation paths of ultrasonic waves in the layered structures of different boundary
conditions are illustrated, and certain reflection coefficients are identified.
Theoretical calculations to obtain the pulse responses in the structure for each
reflection from the boundary were performed. The obtained plots of impulses
characterise the arrival time of the signals reflected from the different boundaries of
the sample. H(t), a.u. characterises the transfer function with an arbitrary unit.
Multiple reflections tyi-tai, tiag.air, and tiag.crre fOr each case of the boundary condition
— aluminium-disbond, adhesive-disbond and adhesive-GFRP sub-layer — were
plotted. The positive and negative polarity of the pulses is characterised by the
different acoustic impedances of the structure materials and the phase change.

The amplitude values of multi-reflections of interest for each model case —
aluminium-disbond, adhesive-disbond and adhesive-GFRP sub-layer — were
calculated and presented in Table 2.3. As a result, more sensitive reflections for the
disbond detection are the ones which follow after the first interface reflection.

According to the values from the presented table, it can be observed that the
energy of reflections from the disbond located in the middle of the adhesive layer is
relatively lower comparing to the defect location between aluminium and the
adhesive. This fact confirms that there is an impact of the defect depth location in
the adhesive on the disbond detectability. Furthermore, the difference between the
amplitudes of the first reflection from the aluminium-disbond and the adhesive-
disbond boundaries Al is close to 2 times (6 dB). When analysing the fourth
multiple reflections of these boundaries, the ratio is 3.3 (10 dB). In order to compare
the amplitudes of defective and non-defective boundaries (adhesive-disbond and
adhesive-GFRP), the ratio of the first reflection is ca. 10 dB, for the second
reflection, the ratio is ca. 20 dB, whereas, for the fourth multiple reflections, it is ca.
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40 dB. As a result, more information about the presence of a defect can be acquired
by the analysis of a possibly bigger number of a particular multi-reflection. This
technique can significantly increase the disbond detectability in layered structures.
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Fig. 2.3 Models of different boundary conditions: (a) debonding at aluminium-adhesive
interface, (b) debonding between two adhesive tapes, (c) perfect bonding [9]

Table 2.3. Calculated amplitude values of multiple reflections from different
boundary condition of the structure

Amplitude of

Aluminium-disbond

Adhesive-disbond

Adhesive-GFRP

multiple
reflections ® . ‘ ')v : « 4

tai, ti, tai, tai t1ad,air-1, tiadair-2, t1ad,FrP-1, t1ad,GFRP-2,
t1ad,air3, tiad,aird t1ad,6FRP-3, t1ad,GFRP-4

A1 —0.2915 —0.1451 0.0468

A —0.2424 0.1020 0.0106

As —0.2016 —0.0717 0.0024

A4 —0.1676 —0.0504 0.00054
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2.1.2. Sensitivity analysis

The NDT technique performance is affected by the parameters which vary due
to the environmental and operational conditions. Therefore, in order to assess the
reliability of the inspection technique, the relevant influential parameters have to be
studied according to the applied NDT technique and the defects to be detected [78].

The goal of this section is to study the influential parameters and to determine
whichever of these exert a major impact on the results of the selected inspection
technique and its performance. The knowledge of the main parameters affecting the
detection of defects in the structure of bonded dissimilar materials can be used at the
stage of the post-processing algorithm development, and it gives understanding
wherever the focus should be applied during the inspection so that to improve the
detectability of disbonds.

In order to achieve the goal, sensitivity analysis was performed by using semi-
analytical finite element software CIVA with the objective to determine the major
influential parameters which have an impact on the detection of disbonds while
using the selected techniques. Sensitivity analysis consists of 2 main stages:
calibration and meta-model computation. Calibration is required to determine the
reference amplitude of the signal which is reflected from the defective interface and
has the maximum value of the amplitude. The value of the amplitude is used in the
meta-model computation part as the reference amplitude; see [78], [90], [80], [87].
Meta-model computation is a powerful fast calculation engine which provides a set
of pre-computed data with the established interpolation functions depending on the
calculated values. Thus, the meta-model approach gives access to a large number of
results for any combination of parameters at a defined range.

Calibration configuration was discovered in order to obtain the reference
amplitude. The model of adhesively bonded aluminium to CFRP was created with
the same geometrical parameters as the manufactured sample under investigation
whose detailed characteristics are presented in Chapter 3. The number of 41
unidirectional layers, the thicknesses of each of them and the orientation of the
laminates corresponds to the sample characteristics. The ultrasonic pulse-echo
technique in the immersion mode and a 10MHz focused transducer were applied to
the inspection simulation. The parameters of the transducer were set the same as the
parameters of the one used in the experimental investigation (Table 2.4). In addition,
the signal form of the transducer was created close to the real one from the
transducer passport. Modelled signal form of a 10MHz focused transducer is shown
in Fig. 2.4. The transducer was mounted at such a distance from the component so
that it could focus the ultrasound beam on the interface of the layered structure. The
distance between the transducer and the sample surface focusing on the interface is
44.03 mm, which was calculated according to Equation 2.9.

47



Table 2.4. Parameters of 10MHz focusing transducer

No | Transducer parameters Value/description
1 Crystal shape Circular

2 Crystal diameter 9.525 mm

3 Focusing surface type Spherical

4 Focusing radius 50.8 mm

Reference signal-A-scan

0.5 1 1.5 2 25
time, us

Fig. 2.4 Signal waveform of 10MHz focused transducer

%=F—MD(%>; 29
Here, F is the focal distance, M, is the depth of the material, V;,, is the velocity of
ultrasound in the tested material, and ¥}, is the velocity of ultrasound in water.

A rectangular type defect which characterises the disbond was placed between
the aluminium and adhesive layers. A visualisation of the created model for
calibration is shown in Fig. 2.5.

Fig. 2.5 Visualisation of the model configuration for calibration
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The interactions of the interface and the defect were taken into account in the
computation based on the detection threshold which is dependent on the contrast
between the disbond echo amplitude and the interface echo amplitude in the case of
a layered structure and the type of the defect under interest. The calibration results of
inspection simulation on the rectangular-type defect are shown in Fig. 2.6. The
influence of multiple reflections was taken into account as well.

TR

2 E Aluminium

Scanning direction

1.61

wwzzo

5.11

SCANMING (mm TIME {us)
500

100

[CAEERIRELL

Reflections from the defect

00 250 500 750 1000

(e

Fig. 2.6 Calibration results of the inspection simulation: (a) Computation set-up, (b) B-scan
and A-scan with the identified reference amplitude

The maximum amplitude of 100% of the signal reflected from the defect was
used as the reference amplitude for meta-model generation. The meta-model
approach provides profound study of the influential parameters. The flowchart of the
process of meta-model generation is shown in Fig. 2.7, and it was used in this work.

The analysis of different uncertain parameters was performed according to the
selected inspection technique and the sample structure. The parameters with a very
slight impact, such as the ultrasound velocity in the adhesive layer, CFRP and water,
the transducer position along the x axis and the density of the material(s) compared
to other material(s) were excluded from the statistical analysis for time saving
purposes in the course of the calculations. The variation ranges of these uncertain
parameters were selected according to the modelling results of the ultrasound signal
which was passed through the sample interfaces while comparing to the
experimentally received results [78]. The final list of the identified parameters is as
follows: the longitudinal ultrasound velocity in aluminium, the defect length along
the x axis, the defect depth position in the adhesive layer, the ‘water path’ which
describes the distance between the transducer and the surface of the object, the
thickness of the aluminium adherend and the incidence angle or the angle of the
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transducer beam which, also, characterises the possible curvature of the sample. The
ultrasound velocity in the aluminium material as well as its thickness are correlated
and were taken into account automatically by the software while conducting meta-
model generation.

The next important step of the meta-model generation in order to perform the
sensitivity analysis of each influential parameter is the assignment of statistical
distribution to every parameter which can be normal, uniform, etc., as well as the
determination of the variation ranges [78]. The maximum and minimum values of
the longitudinal wave velocity, the thickness of the aluminium and the water path
between the sample surface and the transducer were identified by statistical analysis,
multiple experimental measurements, scientific knowledge, as well as by modelling
the signal close to the experimental one and the optimisation of parameters. The
standard deviation is calculated according to Equation 2.10.

Initial configuration

v

Selection of parameters to be
varied and type of results expected

v

No Adaptive Strategy

v

Study Design: Sobol Indices

v

Database computation

v
'

Meta-model

v

Meta-model analysis and
validation

Fig. 2.7 Flowchart of the process of meta-model generation (DB is the Data Base)
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Here, x; is the measured value, x is the mean value, N is the number of
measurements.

The variation range of the incidence angle was determined by the numerical
evaluations of the ultrasonic wave propagation through the sample interfaces by
adjusting the transducer position at a different angle (Fig. 2.8). In the case of the
defect depth uncertain parameter, the variation range is limited by the thickness of
the adhesive layer. The range for the defect dimension depends on the analysis of the
beam spot size. The focal spot size and the focusing length are shown in Fig. 2.9.

-30
. T
_40 _50 _60

Fig. 2.8 Beam of rays reflected from the defect and received by transducer at a different
angle of incidence

The beam spot’s size of the transducer is 1x1mm at the -6dB threshold. When
the defect gets larger than the beam, there will not be much variability of the
disbond response since the flaw will not reflect more energy. Uncertain parameters
with defined variation ranges and distribution laws are presented in Table 2.5.
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Fig. 2.9 Analysis of beam spot size: (a) Focal spot size at -6dB level, (b) Focusing length

Table 2.5. Variation ranges and distribution laws of uncertain parameters

Mean . Statistical
Parameters Variation range P
value distribution law
Longitudinal velocity of 6363 m/s | [6313 m/s; 6 500 m/s] Normal
ultrasound in aluminium
Defect length along the x 2.625 mm | [0.25 mm; 5 mm] Constant/
axis Characteristic
value
Defect depth position in 1.72 mm [1.61 mm; 1.82 mm] Uniform
adhesive
Water path between 44.03 mm | [43.5 mm; 44.03 mm] Uniform
sample surface and
transdcuer
Thickness of aluminium 1.61 mm [1.60 mm; 1.61 mm] Normal
Incidence angle 0° [-6°; 0°] Uniform

The ‘No Adaptive’ strategy was used with the fixed number of cases to
compute the meta-model in order to save on the time of calculations. The statistical
method of Sobol indices was applied, and the Kriging interpolator was selected.
Sobol indices characterise the portion of variance which is associated to each or to a
subset of the input parameters. In addition, when selecting the Kriging interpolator,
the relative error decreases. In order to build a consistent meta-model, 768 cases of
simulation were performed. The parallel plot which represents the calculated
simulations for our meta-model generation is shown in Fig. 2.10. The reliability of
the meta-model is analysed from the computed simulations (‘true’) and the meta-
model’s value (‘predicted’) regression and error distribution graphs (Fig. 2.11). As a
result, there is about 0.02% of relative error in nearly 76% of cases.
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Fig. 2.10 Parallel plot of calculated simulations
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Fig. 2.11 Error distribution and ‘true’ vs. ‘predicted’ regression

In Table 2.6, the values of sensitivity and the proportion of impact of each
uncertain parameter are presented. The Sobol indices diagram is shown in Fig. 2.12.
The diagram of sensitivity analysis demonstrates that there are two critical uncertain
parameters which mostly influence the results of the ultrasonic inspection: the water
path between the transducer and the component surface, and the incidence angle of
the transducer. The defect depth position has an impact on the result as well.
However, comparing to the water path and the incidence, the influence of defect
depth position is much less prominent. The uncertain parameters, such as the
longitudinal velocity of the ultrasound, and the thickness of the aluminium layer,
have insignificant influence on the detectability of disbonds in layered structures.
Such uncertain parameters as the water path and the incidence angle of the
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transducer are related to the set-up of inspection. In addition, the water path and the
transducer incidence angle depend on the surface curvature. In the case of changing
the angle of the beam rays, the time of flight of ultrasonic waves changes as well.
Since the factor of the incidence angle and the water path exert significant impact on
the results of inspection, the attention should mainly be paid to the adjustment of the
experiment or to the development of a certain technique for the inspection. As a
result, the alignment of the signals reflected from the curved surface of the sample
and arriving at the transducer plays a significant role in the detection of disbonds.
The alignment of the signals according to their arrival time can eliminate the
curvature impact and increase the probability of defect detection.

Table 2.6. Values of sensitivity and proportion of impact of each uncertain
parameter

Uncertain parameters Sensitivity,  Sobol | Proportion value, %
indices

Longitudinal wave velocity 0.04 0.03

Defect depth 3.53 2.95

Water path 46.90 39.18

Thickness of aluminium 0.03 0.02

Incidence angle 69.21 57.82

Thickness

Water path
39.18%

Fig. 2.12 Sobol indices diagram of sensitivity analysis
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2.1.3. Ultrasonic inspection simulations

The goal of this section is to perform simulations of ultrasonic inspections of
dissimilar material joints in order to study the behaviour of ultrasound propagation
through the layers of bonded dissimilar materials, to select the side of the sample for
the inspection, to obtain the resulting A and B-scans, to evaluate the amplitude
values of the signals reflected from the defective and non-defective areas, as well as
to compare the results for the further determination of the possible techniques which
can potentially be valuable for the improvement of the probability of disbond
detection. In addition, numerical evaluation allows studying the performance of the
selected technique. In order to achieve the goal, the CIVA software which was
developed by CEA (the French Atomic Energy Commission) was used for all
simulations. The ultrasonic pulse-echo technique in the immersion mode as well as
the focusing transducers were selected for the investigation of dissimilar materials.

The ultrasonic inspection from the metal side seems to be more appropriate
since the composite is a more attenuating material which absorbs ultrasonic waves
more quickly. There is, also, the scattering of the waves in the composite due to the
different orientation of laminates. However, the most suitable side for the inspection
of the samples was studied and attested by using quantitative evaluations. For the
inspection simulation, the joints of adhesively bonded aluminium to CFRP, and steel
to CFRP were modelled. Furthermore, the appropriate frequency range of the
transducer has to be selected for each sample under investigation in order to create a
high performance NDT method. In order to achieve this goal, the wavelength of the
ultrasound was calculated. The calculated values of the wavelength in each material
are presented in Table 2.7 for the focusing transducers as follows: 2.25MHz,
10MHz, 25MHz.

Vi
A=—; 2.11
f

Here, V,, is the ultrasound velocity in a material, f is the frequency of a transducer.

Table 2.7. Calculated values of wavelength in materials of layered structures

Velocity Wavelength, 4, mm
Sample Material | ﬁﬂﬁz 5MHz | 10 MHz | 25 MHz
Aluminium | 6 363 2.83 1.27 0.64 0.25
CFRP
AI-CFRP | Adhesive 2 800 1.24 0.56 0.28 0.11
Adhesive 2315 1.03 0.46 0.23 0.09
Steel- Steel 5 985 2.66 1.20 0.60 0.24
CFRP CFRP 3100 1.38 0.62 0.31 0.12

According to the results of the wavelength and by considering the thicknesses
of the materials, the frequency range for the aluminium-CFRP sample has to be
equal to or higher than 10 MHz. The frequency of 10 MHz was selected for
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inspection simulations with the further use in experimental investigations. In the
case of joints of steel-CFRP, the appropriate frequency range is 5-10 MHz. This
frequency range enables to inspect dissimilar material joints while avoiding
attenuation in materials. However, a higher frequency will provide a better detection
probability, but such measurements are more expensive. Therefore, the 10 MHz
frequency was selected in order to consider the lowest limit that can be used for such
components as well as to avoid expensive measurement techniques, such as acoustic
microscopy in our pursuit to make the method available for broad use in the
industry. The increase of the frequency range up to 75 MHz is possible in order to
receive ultrasonic waves reflected from the adhesive interface in the case of
inspection from the metal side. Since the metal and adhesive layers are fairly thin
and the attenuation in these materials does not exceed the limit, therefore, such high
frequencies can be applied.

In order to achieve the goals of this section, inspection configurations were
built in a semi-analytical finite element. In addition, three different options of the
disbond depth location in the adhesive layer were modelled in order to study and
compare the influence of the defect position on the detectability in the structure of
bonded aluminium-CFRP. The smallest size of the defect of 5x5 mm was selected
for the inspection. Moreover, according to the manufacturing report, the disbonds
were placed between two adhesive tapes. Since the manufacturing conditions are not
‘ideal’, the position of each defect in the adhesive layer can differ. The location of
defects in the modelled adhesive layer is shown in Fig. 2.13. A focusing transducer
of 10MHz with the same parameters and the signal waveform as presented in Table
2.4 and Fig. 2.4 was defined in the inspection configuration. As determined by
Equation 2.9, the focusing length is 44.03 mm between the transducer and the
aluminium surface, and 41.30 mm between the transducer and the CFRP surface.

Aluminium : 16lmm | Aluminium ; 1.72mm
= — ( =

N -
- ) b Adhesi
Disbond |Adhesive CFRP Disbond hesive

CFRFP

(a) (b)

Aluminium 1.83mm
— ——— |
- T

Disbond Adhesive

CFRF

(©)

Fig. 2.13 Disbond location in the adhesive layer of aluminium-CFRP joint: (a) top interface
(between aluminium and adhesive), (b) middle interface (in the middle of the adhesive
layer), (c) bottom interface (between adhesive and CFRP)

In order to ensure that the modelling results are close to the experimental ones,
the measured values of ultrasound velocities and the attenuation in materials of the
sample were taken into account. Since attenuation is frequency dependent, the power
attenuation law was used to define attenuation in aluminium according to [102],
[103], [104]:
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a(f) = ap % (]éo)p; 2.12
Ax

Here, ay = —Zx—o log (A—O) is the attenuation coefficient measured at frequency f;, 4,

is the initial amplitude of the wave, A, is the amplitude of the wave at distance x, p
is the power of the dependency on frequency f.

The attenuation coefficient was determined by measuring the amplitude
decrease of the signal reflections along the path of wave propagation. The amplitude
of signal reflections in the aluminium layer was measured experimentally at 15 MHz
frequency. As a result, it was determined that the signal attenuation in aluminium is
0.3 dB/mm at f=10 MHz. In the case of CFRP, the attenuation was set according to
the stiffness matrix of the elastic properties of a material. The set-ups of the
inspection configurations are shown in Fig. 2.14.

< Aluminium

Fig. 2.14 Set-up of inspection configurations for aluminium-CFRP joint: (a) inspection from
the aluminium side, (b) inspection from the CFRP side

The resulting A- and B-scans of multiple reflections from the structure in the
case of the disbond location between aluminium and adhesive, in the middle of the
adhesive, and between adhesive and CFRP are shown in Fig. 2.15 and Fig. 2.16,
respectively, for the metal and composite side inspections.
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Fig. 2.15 A- and B-scans of inspection simulation from the metal side in the case of different
depth location of disbond in adhesive (the red colour line is the reflection from the defect, the
black line comes from the non-defective interface): (a) disbond location between aluminium

and adhesive, (b) disbond location in the middle of adhesive, (c) disbond location between
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Fig. 2.16 A- and B-scans of inspection simulation from the composite side in the case of
different depth location of disbond in adhesive (the red colour line is the reflection from the
defect, the black line comes from the non-defective interface): (a) disbond location between
aluminium and adhesive, (b) disbond location in the middle of adhesive, (c) disbond location

between adhesive and CFRP

From the resulting A- and B-scans, it can be seen that it is hard to detect
disbonds at adhesive interfaces, and also to detect delamination which can occur
inside the adhesive. The amplitude of the reflection from the interface without a
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defect is still relatively high since metal-adhesive joints involve dissimilar materials
which are denoted by different acoustic impedances. In addition, the inspection
simulation was performed for the perfect condition of the inspection, method, and
object without considering any influencing factors. It was also found that the
probability of disbond detection decreases when the defect is located deeper in the
adhesive layer. In the case of the defect location in the middle of the adhesive layer
or at the adhesive-composite interface, the overlapping of the signals reflected from
aluminium and adhesive, the defect, and adhesive and composite is observed. This
fact, which is caused by the relatively thin adhesive layer, and by the attenuation in
epoxy, also affects the disbond and delamination detectability. The overlapping
effect and attenuation depends on the frequency selected for the inspection, the
adhesive thickness, and the defect depth location in the adhesive. This means that, in
the case of the perfect bonding, the overlapping of signals reflected from metal-
adhesive, and adhesive-composite, is also applicable. However, in the case of the
disbond location on the metal-adhesive interface, the disband can be detected best
among other options of the defect position in the adhesive layer. Despite this, the
problem of dissimilar materials still persists. In the experimental part of this
research, the deeper position of the defect in the adhesive layer (in the middle of the
adhesive) was the focus in order to investigate a more complicated situation. The
most complicated situation of the detection of a defect located at the adhesive-
composite (opposite) interface was not investigated experimentally due to the
absence of such a sample. Furthermore, the resulting A- and B-scans of the
inspection simulations show that the analysis of multiple reflections gives valuable
information of the presence of a defect. Due to multi-reflections, the presence and
the position of a disbond can be determined. When comparing the difference of the
amplitude of the signals multiply reflected from the defective (the red colour signal
on A-scans) and non-defective (the black colour signal on A-scans) areas, it was
observed that the value of the amplitude difference increases with each subsequent
multiple reflection. As a result of the data obtained from inspection simulations, the
most promising assessment of disbond detection in dissimilar material joints has to
be based on the analysis of multiple reflections from the interface of the structure
and used for the development of the algorithm to increase the detection probability.
What concerns the inspection side selection, it was determined from Fig. 2.16 that
probability of detection of a disbond from composite side is smaller than in the case
of the inspection from the aluminium side, and, also, because of the high attenuation
in the composite material, the analysis of multiple reflections is not applicable.
Therefore, the inspection from the metal side was selected as the more appropriate
option.

In order to confirm the effectiveness of the analysis of multi-reflections, a
steel-CFRP structure was investigated as well. The immersion ultrasonic pulse-echo
method and a 10MHz focused transducer were used for the inspection simulations.
The set-up of the inspection simulation from the metal side for the steel-CFRP
sample is shown in Fig. 2.17. The disbond is located between steel and the adhesive
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layer. The resulting A-scans of the comparison of multiple reflections from the
defective and non-defective areas are shown in Fig. 2.18.

Fig. 2.17 Set-up of inspection simulation of steel-CFRP sample of dissimilar material joints
when using the immersion pulse-echo method and 10MHz focused transducer
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Fig. 2.18 A-scan comparison of reflections from defective and not defective areas of samples
of steel-CFRP joints (the red colour line is reflection from the defect, the black colour line
comes from non-defective interface)

When investigating the effect of the analysis of multiple reflections on the
detectability of the disbond type defects, this strategy was also proven to be
applicable in the case of steel-CFRP reflections. As a result, the detectability of
disbonds increases with the analysis of multi-reflections. The obtained results of
inspection simulations were used for the development of a post-processing algorithm
so that to improve disbond detectability of the ultrasonic NDT technique.

2.1.4. Signal modelling in layered structure and optimisation of parameters

The goal of this section is to determine the time instances of the signal where
the maximum amplitude change is observed in the case of the presence of a disbond
in the structure. In order to achieve this goal, signals reflected from the perfect
bonding and from the defective interface were modelled in a custom-developed
program in MatLab. In addition, the analysis of the modelled signals allows studying
the signal propagation through the layers of the structure, the form of the signals
reflected from the sample surfaces and interfaces, and also to study the impact of the
thin adhesive layer on the signal reflection waveform as well as the influence of the
reverberation which was observed in the experimentally obtained signal. The main
idea is to create signals as close as possible to the signals which are received

61



experimentally. For this case, the reference signal was used. The flat aluminium
block was used to record the signal reflected from the sample surface. The
measurement was performed in a tank of water by using the ultrasonic pulse-echo
technique and a 10 MHz focused transducer. The reference signal used for the
modelling is shown in Fig. 2.19.

Additionally, the optimisation of the model parameters was required in order
to achieve the best fit of the experimental and modelled signals. The following
parameters were optimised manually in the program so that to provide the best
match: the ultrasound velocity in the materials of the structure, the thickness values
of the layers, and the densities of the materials. The time of flight for each signal
reflection from the boundaries as well as the acoustic impedances and the reflection
and transmission coefficients were calculated according to Equations 2.2-2.6 in the
program. The results of the values of parameters after optimisation are presented in
Table 2.8.

Reference signal
0.8 il .
0.6 || ¢— Surface reflection
0.4 |
0.2

ua.u.

fi

-0.2
-0.4 \|

0.5 1 1.5 2 2.5

time, ps

Fig. 2.19 A-scan of the reference signal of 10MHz focused transducer

Table 2.8. Optimised parameters of a modelled structure and ultrasound to achieve
the match between the modelled and experimental signal

Type of material Thickness, mm Density, kg/m?® Ultrasound
velocity, m/s

Water 43.5 997.98 1485
Aluminium 1.61 2710 6 500
Adhesive 0.22 1270 2 315

Glass prepreg 0.06 1900 3000

CFRP 4.99 1800 2 800

Air 10 1.225 330

In order to determine the time instances where the most significant amplitude
change is observed, the signals reflected from the defective and non-defective
interfaces have to be compared. Therefore, the models of perfect bonding
(aluminium-adhesive-composite) and delamination in the middle of the adhesive
layer (aluminium-adhesive-defect) were created, and signals u(t) were modelled
according to the following Equation [9]:

U(t) = Yrer (ORI(D); 2.13
Here, y..r is the reference signal recorder experimentally using the reference block,
h(t) is the pulse response calculated theoretically in the sample of a layered
structure.
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The plots of pulse responses and the A-scans of the modelled signals for the
cases of perfect bonding and delamination in the adhesive with the identified time
instances for surface reflections and multi-reflection from the interface of the sample
are shown in Fig. 2.20 and Fig. 2.21. The time instances of each reflection from the
sample structure were described and presented in Table 2.9 and Table 2.10.

As a result, it can be observed from the modelled signal that the detection of
disbonds in dissimilar material joints is a fairly complicated task. The reverberation
which is present on the generation signal has an impact on the whole signal, and,
therefore, it can hide the useful information of the presence of the disbond. In
addition, due to the thin layers of the structure, especially in the case of the adhesive
where the disbond is located, the effect of overlapping was observed. This fact
complicates the detectability as well. However, the time instances of each reflection
and the multi-reflections of the layered structure were identified for the further use
in the development of post-processing algorithms.

Table 2.9. Description continuation of the indices of time instances

Reflection from
boundary

Description

tiadn,crrP-1 1% reflection from adhesive- GFRP sub-layer boundary

t1adh,GFRP-2 2" reflection from adhesive- GFRP sub-layer boundary

t1GFRP,CFRP Reflection from GFRP sub-layer-CFRP boundary after ti;

t1adh,GFRP-3 3" reflection from adhesive- GFRP sub-layer boundary

t1adh.air-1 1% reflection from metal-defect boundary
t1adh air-2 2" reflection from metal-defect boundary
t1adh,air-3 3" reflection from metal-defect boundary
t1adh air-4 4" reflection from metal-defect boundary
t1adh,air-9 5 reflection from metal-defect boundary tsi

Table 2.10. Time instances of the signal reflected from defective and non-defective
sample

Aluminium-adhesive-composite (perfect | Aluminium-adhesive-defect
bonding) (delamination)
Reflection from certain Time of flight, | Reflection from certain Time of
boundary Us boundary flight, ps
ts 58.59 ts 58.59
tai 59.08 tai 59.08
t1adh,GFrRP-1 59.27 t1adh,air-1 59.18
t1adh,GFRP-2 59.46 t1adh,air-2 59.27
t1GFRP,CFRP 59.31 t1adh,air-3 59.37
t1adn.GFRP-3 59.65 t1adn,air-4 59.46
i 59.58 1adh air-D 59.56
tai 60.07 tai 59.58
tai 60.57 tai 60.07
tai 60.57
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Fig.2.20 A-scan and plot of pulse responses for the signal reflected from a non-defective
layered structure (aluminium-adhesive-composite)
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Fig.2.21 A-scan and plot of pulse responses for the signal reflected from a defective layered
structure (aluminium-adhesive-defect) where air characterises the defect
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2.2. Development of the post-processing algorithm to increase detectability

The developed post-processing algorithms can significantly improve the
performance of the NDT technique; therefore, the focusing of attention towards the
development of algorithms was applied in this work. The goal of this section is to
develop a method to increase the detectability of disbonds in dissimilar material
joints based on the results received from the theoretical calculations, the
investigation of various samples of dissimilar materials, the modelling results and
inspection simulations while taking into account all the possible limitations and
influencing factors on the inspection technique and the expected results.

Usually, the objects which need to be inspected are not ideally flat. In addition,
there are, always, some misalignments during the scanning process. These facts have
an impact on the determination of the time gates of reflections from the layered
structures. Therefore, the detection of disbonds in such objects and the inspection in
general can be more complicated. The sample which was investigated in this work —
adhesively bonded aluminium and CFRP — is not perfectly flat, either. The sample is
curved along both axes x and y. An advanced post-processing algorithm was
developed in order to increase the detectability of disbonds in adhesively bonded
dissimilar materials and to overcome the main reasons affecting the probability of
defect detection. According to the investigation of dissimilar joints in the previous
sections, there are the following main reasons which affect the detectability of
disbonds: the considerable difference of acoustic impedances of dissimilar materials,
which leads to a relatively high value of the signal reflected from the defect-free
interface region, the relatively small thicknesses of the structure layers, especially
wherever it concerns the adhesive layer where the disbonds appear, the overlapping
of signal reflections from different boundaries, the disbond depth location in the
adhesive layer, imperfectly flat surfaces or interfaces of the structures, signal
reverberations and the noise, attenuation in materials as well as other influential
factors. The following main steps were performed in order to develop the post-
processing algorithm:

1. Collection of the output data after the experimental inspection.

2. Filtering of the signal with a filter selected in such a way as not to lose the
important signal information.

3. Determination of the time instance (moment) and its gate adjustment at the
signal reflected from the object’s surface.

4. Determination of the time gates of the multiple reflections from the sample
interface where the maximum amplitude change is observed.

5. Assessment of the peak-to-peak amplitudes in time intervals of multiple
reflections.

6. Calculation of the ratio of the obtained peak-to-peak amplitudes for multiple
reflections.

The functional block of the proposed algorithm which describes the main steps
is shown in Fig. 2.22.
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Fig. 2.22 Functional block diagram of the proposed algorithm for the improvement of
detectability [9]

In order to obtain the best value of the signal-to-noise ratio, the signal output
has to be filtered. To achieve this goal, the employment of various filters can be used
[105], [106]. However, the band-pass filter was selected and used in this work. The
spectrum of the filtered and unfiltered signal with the selected filter characteristic as
well as the A-scan comparison of the filtered and unfiltered signals is shown in Fig.
2.23.

Signal spectrum & Filter characteristic A-scan offiltering

1
) 150 not filtered signal |]
e Signal spectrum filtered signal
Filtered signal spectrum
306
A | . b
= Filter characteristic o
5 04 =
0.2
| v‘
0= . . . .
0 5 10 15 20 85 9 a5 10 10.5
frequency, MHz time, us
(a) (b)

Fig. 2.23 Signal denoising when using band-pass filter: (a) Signal spectrum with filter
characteristic, (b) A-scan comparison of filtered and unfiltered signals [9]

The steps of the filtering process are as follows:
1. Firstly, the measurement of the frequency spectra of the signal was

performed.
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U(f) = FTu(®)]; 2.14
Here, FT is the Fourier transform.
2. Filtering of the frequency spectrum by using the band-pass filter.
Ur(f) =U() - H(); 2.15
Here, H(f) is the transfer function of the filter.
3. Reconstruction of the signal filtered by using the inverse Fourier transform.
up(t) = Re(FT U (H; 2.16

Here, Re is the real part, and FT~1 is the inverse Fourier transform.
The calculation of the filter characteristic was performed according to
Equation 2.18 [9].

1, prTsrsn-7
A A
H(f)=<51 (—(fz fAlj)C >+05 fl——f<f<f1+7f 917
—f)m Af Af
sin < ZAf >+0,5, f2—7<f<f2+7
0, in other cases

Here, f is the frequency, f; is the lower cut-off frequency which is 2.2MHz, £, is the
upper cut-off frequency which is 14.3MHz, Af is the width of the filter function
fronts.

The next step is the alignment of the arrival time of the signals reflected from
the object’s surface which was conducted as follows:

1. The threshold was set for the object surface reflections. Next, the arrival
time instances of each signal reflected from the surface at a set threshold Uy, were
determined [9].

tn, x = min{arg[ug (ty,) > Uen|}; 218

Here, uy (t,,) is a digitised signal where k = from 1 to K, K is the states for the
number of the recorded signals reflected from the surface, and ¢, is the time
instance of the first sample which exceeds Uyy,.

2. The time moments of the first signal’s transition through the zero-crossing
point exceeding t,, . were determined [9].
tox = min{arg [u,(t,) = 0]}; 2.19
Here, all the time moments are t,>t, , and w(t,) represents all the digitised
signals reflected with the time moments ¢,, greater than ¢,

The time alignment of all the signals was performed by shifting the signal
(Equation 2.21) according to the determined time intervals [9].
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U (t) = Up(ty + tox); 2.20

The zero-crossing technique for the time alignment of each signal’s reflections
from the object surface was used in this work. The detailed description is presented
in the article of Mazeika et al. [107] where the analysis of the technique was
performed. As a result, all the signals were aligned, and the impact of the object’s
curvature and the imperfect scanning process was eliminated.

The next step of the post-processing algorithm development was to set the
time gate at the surface reflections. Then, according to the comparison results of the
modelled signals reflected from the defective and non-defective areas, the time
instances and the time intervals with the highest amplitude change were determined.
Therefore, the peak-to-peak amplitudes in the determined time intervals with a
significant amplitude change were calculated [9].

M, = max(u(t)) — min (u(t)); 2.21

Here, n is the number of the multi-reflections from the interface, n = from 1 to N, t
represents the determined time intervals.

In addition, the decay law of the interface multi-reflections can determine the
quality of the adhesion of dissimilar joints. Based on this, the ratio coefficients of
the peak-to-peak amplitudes of the selected time intervals for interface multi-
reflections were calculated so that to assess the quickness of signal decay [9].

K, = My 2.22
! %m’ '
K, = —*1. 2.23

2 Mn

Here, M,, is the peak-to-peak amplitudes in the determined time intervals of multi-
reflections, and n is the number of the interface multi-reflections where n = from 1
to N.

As a result, the post-processing algorithm was developed based on the results
of the investigation of dissimilar material joints. The application of the algorithm is
demonstrated in the following chapter of the experimental results and the application
of the developed algorithm.

2.3. Conclusion of the chapter

1. The investigation method containing the steps of the process and serving the
objective to study the objects of dissimilar materials while employing the selected
ultrasonic inspection method was created in order to develop a method for the
detectability improvement in dissimilar material joints. The method of our
investigation has allowed determining and evaluating the influential factors on the
inspection system; we can also extract the valuable features from the obtained
results for the further use while pursuing the algorithm development.

2. In particular, the sensitivity analysis has provided us with the opportunity to
define and evaluate the major factors having the impact on the detection of disbonds.
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The incidence angle and the water path characterising the curvature of the
component surface are the major uncertain parameters which were taken into
account for the development of the post-processing algorithms. The alignment
according to the arrival time of the signals reflected from the component surface is
able to eliminate the curvature impact.

3. Ultrasonic inspection simulations and the calculation of the boundary
characteristics as well as the amplitude values which were received after
determining the ultrasonic wave propagation through the layered structure were
performed, and they allowed determining the effectiveness of the analysis of
multiple reflections from the sample interfaces. The obtained results showed that the
detectability of disbonds increases with the analysis of a higher number of particular
multi-reflections.

4. The performed signal modelling and the optimisation of parameters in order
to receive a signal which is close to the experimentally obtained values demonstrates
the complexity of the disbond detection due to such factors as the overlapping and
reverberation of the signals. However, the comparison of signals modelled for the
defective and defect-free regions allowed defining the time intervals with the
significant amplitude change caused by the presence of a disbond. The obtained
results of the analysis were used for the algorithm development.

5. The post-processing algorithm serving the objective to improve the
detectability of disbonds in dissimilar material joints was developed; it was based on
the six main steps including the signal filtering, the alignment of the arrival time of
all the signals, the determination of the required time instances and time intervals,
the assessment of the peak-to-peak amplitudes and the evaluation of the quickness of
the signal decay.
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3. EXPERIMENTAL INVESTIGATIONS AND APPLICATION OF THE
DEVELOPED ALGORITHM

In this chapter, the results of our experimental investigations of the
components under investigation, the results of the comparison of the experimental
and modelled data, the proposed methodology as well as the demonstration of the
application of the developed algorithm are presented. These results describe and
demonstrate the complexity of inspection of adhesively bonded materials while
focusing on dissimilar material joints. The steps of the developed algorithm serving
to improve the disbond detection probability in the adhesive layer of dissimilar
material joints are represented.

3.1. Experimental investigations of dissimilar material joints and investigation
results

The goal of this section is to demonstrate the results obtained in the course of
the experimental inspection of dissimilar material joints when using ultrasonic
nondestructive techniques. In order to achieve this goal, two samples of dissimilar
material joints — steel-CFRP and aluminium-CFRP — were inspected by using the
selected ultrasonic methods. The complexity of the disbond type defect detection in
layered structures of dissimilar materials was proven by the obtained experimental
results.

3.1.1. Description and experimental investigation of bonded steel-CFRP
component

A sample of bonded steel to CFRP was under investigation where two plates
had thicker layers of dissimilar materials. The image of the sample is shown in Fig.
3.1.

Fig. 3.1 Image of the sample of steel-CFRP under investigation

The sample of steel-CFRP features the rectangular planar shape. In the joint,
there are also 3 artificial defects located between the adhesive and steel. The defects
were made of polyethylene (PE) tape by using oil to prevent bonding between the
plate and epoxy. The CFRP composite material consists of 4 unidirectional sub-
layers of carbon/epoxy prepreg (the joint of steel-CFRP) which are arranged at
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different angles (90°, 45°, 0°, -45°). The geometric characteristics of the samples are
presented in the Table 3.1 and shown in Fig. 3.2.

Table 3.1. Geometric characteristics of steel-CFRP dissimilar material joints

No | Characteristics Steel/CFRP
1 Thickness 9.32 mm
2 Thickness of metal 6.14 mm
3 Thickness of composite 3.18 mm
4 Thickness of adhesive 0.1 mm
5 Sample dimension 300 mmx300 mm
6 Quantity of defects 3
7 Dimension of defects 20 mmx20 mm;
15 mmx15 mm;
25 mmx25 mm
8 Metal/composite plate dimension 300 mmx300 mm
9 Bonded part dimension 300 mmx300 mm
10 | Defect’s location Between epoxy and the metal plate
11 Unidirectional prepregs 4 layers of carbon prepregs

A

25 mm

]

300 mm
15 mm

20 mm Y
K

20 mm

|-

300 mm

Steel

Adhesive

b

Fig. 3.2 Joint of dissimilar materials of bonded steel-CFRP and defects: (a) top view, (b)
cross-sectional view, where a=thickness of steel, b=thickness of CFRP, c= thickness of
adhesive layer
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The orientation of the laminates is shown in Fig. 3.3. According to the
micromechanics of lamina, the generalised Hook’s law of anisotropic materials

relates stresses to strains and is expressed as given in [108]:
o; = Ciij, l] = 1,2, ...,6; 3.1

Here, o; are the components of stress, C;; is the stiffness matrix, and ¢; is the
component of strain.
The stiffness matrices of the composite material are presented in Table 3.2.

Fig. 3.3 Orientation of laminates in bonded steel-CFRP sample
Table 3.2. Stiffness matrix C;; of steel-CFRP structure

249.856 106.856 146.229 0 0 0
106.856 249.856 146.229 0 0 0
146.229 146.229 218 0 0 0
0 0 0 107.478 0 0
0 0 0 0 107.478 0
0 0 0 0 0 71.5

The automated TecScan measurement system (TecScan Systems, Inc.) and a
10MHz focused transducer were selected for the ultrasonic pulse-echo inspection of
the steel-CFRP structure. 3D testing is available in the measurement systems due to
the TecView software. The selected focused transducer Olympus V375-SU with the
focus distance in the water of 2 inches (50.8 mm) was manufactured by Olympus
Scientific Solutions Americas Incorporation. In the pulse-echo ultrasonic method,
the transducer was used as the emitter and the receiver. The components were
immersed into the tank of water and fixed on the system turntable. The transducer
was also fixed to the scanner and immersed into the water. The transducer was
adjusted perpendicularly to the components’ surfaces. The incidence of the
ultrasound beam was aligned in a way so that to receive the maximum amplitude
reflected from the surface. According to the theoretical analysis and the results of
inspection simulations, the metal side of the structures was selected for the
inspection. Since the area of interest is the interface of the structures, the transducer
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was focused respectively according to Equation 2.9 to increase the detectability. As
a result, in order to focus the signal on the interface between the metal and the
adhesive, the distance between the transducer and the component’s surface is 26.1
mm for the steel-CFRP structure. The scanning area along the y and z axes was set
with the scanning step of 1 mm (steel-CFRP). The set-up of the inspection is shown
in Fig. 3.4.

—  Scanner Control > PC

- Ultrasonic
Measurement

Axis Driver

System TecScan

CIS-3000 6-axis large
industrial scanner /
water tank

Fig. 3.4 Set-up of ultrasonic pulse-echo inspection in the immersion model of structures of
dissimilar material joints [9]

The obtained results describe the problematic area of the inspection of
adhesively bonded dissimilar materials and the influential factor as the surface
curvature of the object. The C-scans of the TecScan experimental investigation of
the steel-CFRP structure when using a 10 MHz focused transducer in the pulse-echo
mode are presented in Fig. 3.5. In this case, the time gates were set in order to cover
the part of the first reflection from the surface of the object. The obtained C-scans
demonstrate the curvature of the sample surface. This factor has a strong impact on
the detection of disbonds.
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Fig. 3.5 A- and C-scans of the steel-CFRP structure displaying the signals starting at
different time instances: (a) for time interval of 5.1-6 s, (b) for time interval of 5.4-6 s

The post-processing of the obtained data was performed in order to display
the reflection from the interface of the structure since the disbonds are located
between the metal and the adhesive. The time gates were set respectively. According
to the modelling and simulation results, the probability of the detection of disbonds
should increase with the analysis of multi-reflections. Therefore, the time gates were
set manually in order to analyse multiple reflections from the interface. The best
results of the detected disbonds were obtained when studying the 3" reflection from
the steel-adhesive bonding. The A-scans with the selected time intervals to display
the top view of the structure interface as well as the C-scans are shown in Fig. 3.6.
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Fig. 3.6 Inspection of steel-CFRP structure: (a) A- and C-scans of the signal with selected

time gates of 1% interface reflection, (b) A- and C-scans of 2" multiple reflection from the

interface as per selected time gates, (c) A- and C-scans of 3 multiple reflection from the
interface

The manual selection of the time instances is not appropriate; hence, the
technique of the post-processing algorithm has to be applied for disbond detection.
However, the obtained experimental results confirm the increase in the probability
of the detection of disbonds by the analysis of the bigger number of the subsequent
multi-reflections from the interface.

3.1.2. Description and experimental investigation of bonded aluminium-CFRP
component

The single-lap joint of bonded aluminium to CFRP is under investigation as
well. Thinner layers of materials of the component can be the reason of a more
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complicated defect detection process. The image of the sample is shown in Fig. 3.7.

Fig. 3.7 Image of aluminium-CFRP sample under investigation

The sample of adhesively bonded aluminium and CFRP is a single lap joint
manufactured in COTESA GmBH, Germany. Aluminium and CFRP were bonded by
using 2 layers of the structural adhesive film 3M Scotch-Weld AF163-2 K red. In the
joint, there are 3 artificial disbonds placed between 2 layers of the adhesive film.
The disbonds were made from 2 layers of the Wrightlon® 4600 polyolefin
copolymer release film. The CFRP plate of the sample consists of 41 units of
unidirectional layers where the first and the last layers are GFRP. The orientation of
the laminates is: 45°, -45°, 0°, 90°. The geometric characteristics of the sample are
presented in Table 3.3 and shown in Fig. 3.8. The stiffness matrix of the composite
material is presented in Table 3.4.

Table 3.3. Geometric characteristics of aluminium-CFRP dissimilar material joints

No | Characteristics Aluminium/CFRP
1 Thickness 6.94 mm
2 Thickness of metal 1.61 mm
3 Thickness of composite 5.11 mm
4 Thickness of adhesive 0.22 mm
5 Sample dimension 150 mm x 150 mm
6 Quantity of defects 3
7 Dimension of defects 5mm x 5 mm;
10 mm x 10 mm;
15 mm x 15 mm;
8 Metal/Composite plate dimension 100 mm x 150 mm
9 Bonded part dimension 50 mm x 150 mm
10 | Defect’s location Between 2 layers of adhesive film
11 Unidirectional layers 41 layers (0-41): 40 CFRP, 2 GFRP
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Fig. 3.8 Joint of dissimilar materials of bonded aluminium to CFRP and defects: (a) top

view, (b) cross-sectional view

Table 3.4. Stiffness matrix C;; of aluminium-CFRP structure

112.767 71.869 5.317 0 0 0
71.869 113.288 5.167 0 0 0
5.317 5.167 12.568 0 0 0

0 0 0 3.9 0 0

0 0 0 0 3.9 0

0 0 0 0 0 20.579

The TecScan measurement system (TecScan Systems, Inc.) and
focused transducer were used for the ultrasonic pulse-echo inspection of the
aluminium-CFRP structure as well. The transducer was focused on the interface, and
the distance was calculated according to Equation 2.9. As a result, the distance
between the transducer and the component’s surface is 44.03 mm. The scanning area
along the y and z axes was set with the scanning step of 0.5 mm. The set-up of the
inspection is shown in Fig. 3.4.

In the case of the inspection of the aluminium-CFRP structure, the disbond
detection is more complicated since the defects are in the middle of the adhesive

a 10MHz
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layer between two tapes. This makes the defects comparable to a cohesive failure of
the structure. The C-scan of the experimental investigation of the joint of aluminium
and CFRP is shown in Fig. 3.9. The obtained B-scan also demonstrates the curvature
of the sample surface along the x axis. In this case, the influential factor of the
sample curvature complicated the detection of disbonds on the structure interface.
The highest time difference observed due to the surface curvature is 1us. The defects
and their sizes cannot thus be measured. However, the method based on the manual
selection of time intervals cannot be applied for other samples of dissimilar
materials. So, there is a requirement for the development of a single method for all
types of samples of dissimilar materials with a layered structure so that to eliminate
the influence of the sample’s curvature (i.e., the non-ideal geometry). The post-
processing algorithm developed in Chapter 2 of this work has to eliminate this
influencing factor on defect detection.

C-scan of the inspection

20 40 60 80 100 120 140
X, mm
a

y=39 mm

Surface reflection

—

Z

% Interface reflections

Fig. 3.9 Ultrasonic pulse-echo inspection of aluminium-CFRP structure: (a) C-scan, (b) B-
scan demonstrating the component curvature

Thus, all the results of the experimental investigations of different samples of
dissimilar materials demonstrate the main problem aspect of the disbond detection
caused by different acoustic impedances of dissimilar materials. In addition, the
immersion technique is the best selection for such components to be inspected with
the further use of post-processing algorithms for the elimination of influential
factors.
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3.2. Comparison of the obtained modelled and experimental results

The goal of this section is to obtain the time moments and time intervals of
the interface multi-reflections with the most significant amplitude change caused by
the debonding according to the technique described in Section 2.2.4. The first step of
the technique which was developed is the optimisation of the parameters in order to
obtain the modelled signal propagating through the layered structure of aluminium-
CFRP materials as close as possible to the signal obtained experimentally. After
parameter optimisation, the best fit of the modelled and experimental signals was
achieved. The A-scan comparison of these signals reflected from the non-defective
interface for the model and the experiments is shown in Fig. 3.10. The gates of the
calculated time instances of the reflections from the layered structure are indicated
on the A-scan.

Reflection from non-defective interface
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Fig. 3.10 Comparison of modelled and experimental signals for the case of ‘healthy’ state of
interface: (a) Section view of the structure, (b) A-scan comparison [9]

As a result, the modelled signal perfectly fits the experimental one along the
time of the signal reflection from the boundaries. The reverberation is present on the
surface and the interface reflections in both signals. According to the characteristics
from the transducer documentation, the pulse duration is 0.49 ps. Therefore, from
the A-scan, it is determined that the signals reflected from the aluminium-adhesive
interface tyi, and the signals reflected from the adhesive-GFRP tiagcere and GFRP-
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CFRP ticrre,crre boundaries as well as their multi-reflections are overlapping due to
the low thicknesses of the layers. This effect of overlapping makes the detection of
disbonds more complicated since the amplitude difference between the signals
reflected from the defective and defect-free regions can be hidden. Also, there is an
impact of reverberation.

However, the modelling of the signals reflected from the defective
(delamination located between two adhesive tapes) and defect-free areas was
performed with the aim to determine the theoretical time of the most prominent
amplitude change by comparing these signals. Since in the experimental
investigation many factors, such as the surface, the interface curvature of the sample,
the signal overlapping and reverberations due to thin adhesive layers, the amplitude
trend, etc. can affect the results, the amplitude difference between the signals
reflected from the defective and the defect-free interfaces can be not obvious and

constant; also, it can yield opposite results. The A-scan comparison of the modelled
signals is shown in Fig. 3.11.

Reflection from defective and non-defective interface
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Fig. 3.11 Comparison of modelled signals: (a) Section view of the structure, (b) A-scan
comparison [9]

From the A-scan comparison of the modelled signals reflected from the
perfect bonding (aluminium-adhesive-composite) and debonding (aluminium-
adhesive-air/defect), the time instance of the appropriate reflection was defined.
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When considering the time interval of the 1 reflection from the interface, the
maximum amplitude change was observed after the second reflection from the
disbond tiaq.ir Or at the time instance of the first reflection from the bottom interface
t1ad,grp @t the time interval tii:tzi. This technique was applied in order to increase the
probability of the detection of disbonds in dissimilar material joints. The time
moment of the signal reflected from the bottom interface or the adhesive-composite
coincides with the doubled time of the signal reflected from the defect. Since the
study of multiple reflections serves well regarding detection probability, the time
instances and time intervals with the high amplitude change were defined for each
time interval (tui:ta, taiitsi, taitta, taiits) of the interface multi-reflections, respectively.
This means that, when considering any point from the C-scan, the defined time
intervals will remain the same. The selected time intervals are demonstrated on the
A-scan in Fig. 3.11. The peak-to-peak amplitudes in these time intervals of the
experimental signals were calculated in order to obtain the C-scans of the inspection.
In Table 3.5, the time intervals with the highest change of amplitude values are
presented.

Table 3.5. Selected time intervals and peak-to-peak amplitudes

Peak-to-peak amplitudes Time intervals with the maximum
amplitude change

My t1ad,6FRP 2i

M; t2ad,GFRP13i

Ms t3ad,6FRP L4i

My t4ad,GFRP Isi

The defined time intervals and the calculation of the peak-to-peak amplitudes
were used in the developed post-processing algorithm for the improvement of the
probability of disbond detection.

3.3. Application of the developed post-processing algorithm and discussion of
results

The goal of this section is to apply the developed post-processing algorithm
for the disbond detectability improvement in the joints of adhesively bonded
dissimilar materials. In order to achieve this goal, the data obtained from the
experimental investigation of the aluminium-CFRP layered structure was post-
processed according to the developed algorithm.

Firstly, the band-pass filter was used for the denoising of the collected signals.
Then, the zero-crossing technique was applied to align the arrival time of the signals
reflected from the object’s surface. The A-scans and B-scans of the signals before
the alignment of the arrival times after the time alignment of the surface reflection as
well as the comparison of the signals before and after filtering are shown in Fig.
3.12.
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Fig. 3.12 A- and B-scans of the signals: (a) B-scan and A-scan comparison of two signals
reflected from different coordinate points of the sample surface before time alignment, (b) B-
scan and A-scan comparison of two signals reflected from the different coordinate points of
the sample surface after time alignment, (c) A-scan comparison of filtered and non-filtered
signals

According to the presented A- and B-scan (a), the time difference between
two signal reflections selected from the same y coordinate point and 2 different
points of the x coordinate was observed due to the object surface curvature. The A-
and B-scans (b) represent the same signals after applying the zero-crossing
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technique in order to align the time arrival of the reflected signals. The A-scan (c)
demonstrates the band-pass filtering of the signal. The signals on the A-scan were
presented before the adjustment of the time axis according to the distance between
the transducer and the object’s surface. During the experimental inspection, a gate-
like window was applied for the reflected signal; therefore, there is a 50 us delay.
This value was used in the post-processing in order to display the correct time axis
of the A-scans; otherwise, 0 us will be at the start time of the threshold applied as
well as the after time alignment as shown in Fig. 3.12 (b).

For the further data post-processing, the experimentally obtained signal was
studied in order to indicate the type of signal reflections and the time instances of
each reflection according to the obtained results from signal modelling. The A-scan
of the filtered signal is shown in Fig. 3.13. As a result, the time moments for the four
multiple reflections from the aluminium-adhesive, adhesive-disbond and adhesive-
composite (GFRP sub-layer) contacts were indicated in the A-scan.

A-scan
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time, s

Fig. 3.13 A-scan of the signal with the indicated reflection types for the determined time
instances

After the 3 step of the developed post-processing algorithm of the
adjustment of time instances for the surface reflections, the correct time intervals of
the multiple interface reflections were determined for the analysis. The length of the
signal duration according to the used transducer references is 0.49 s at the -40 dB
level. The subsequent multi-reflections from the interface repeat in 0.506 ps
according to the theoretical and modelling calculations. The A-scan with the defined
windows of time intervals for the four multiple interface reflections t1i:t2i (Interface
1), t2i:t3i (Interface 2), t3i:t4i (Interface 3), t4i:t5i (Interface 4) is shown in Fig. 3.14
(). The C-scans for each multiple interface reflection were displayed. As a result,
the major influencing factor of the object curvature on the system disbond
detectability was partially eliminated. All the disbonds which existed in the layered
structure interface were detected with different detectability due to the trend and
also, possibly, due to the different depth location in the adhesive layer of each
defect. When taking into account the biggest disbond, the detectability of it increases
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with the analysis of the subsequent multiple reflections. However, it was hard to
distinguish between the other two disbonds in the 1 and 2" multiple reflections.
Yet, the highest detectability was observed at the time interval of the 4" multiple
reflection t4i:t5i for all the disbonds shown in Fig. 3.14 (e).

A-scan
1 T
||‘ 1121 12i:03i ES3i:b4i 45
0.5} ‘|
[
| | |'|I
s ofF ||| {J ‘ I(V{\ AN
3 \[ ]
R
—0.5 |I| v
‘.‘
_q L .
58.5 59 59.5 60 60.5 61 61.5
time, s
(a)
C-scan of t1i:t2i time interval C-scan of t2i:t3i time interval A
50 Fra - ' 1 50 BT
& g v % [ AR
- Te 08 : N 08
£ 40 ; 4 g40, X
€ | E AR 06
>-‘30f‘. } . o r # ! 57 30
i 13 g | 04
20 P - { el 20,8 .
= - . . i 02
20 40 60 80 100 20 40 60 80 100
X, mm

(b)

C-scan of t3i:t4i time interval

0.8

0.6
04

0.2

20 40 60 80 100 20 40 60 80 100
X, mm X, mm

(d) (e)

Fig. 3.14 A-scan and C-scans of interface multiple reflections: (a) A-scan with the indicated
time intervals for each multi-reflection, (b) C-scan of 1% interface reflection of t1i:t2i time
interval, (c) C-scan of 2" interface reflection of t2i:t3i time interval, (d) C-scan of 3"
interface reflection of t3i:t4i time interval, and (e) C-scan of 4" interface reflection of t4i:t5i
time interval [9]

Furthermore, the quantification of the improvement of the disbond detection
was performed by using the -6 dB drop method after each step of the developed
algorithm for the C-scan demonstration. As a result, the sizes of the biggest defect
for the 4 multiple interface reflections and the size of the middle and smaller defects
detected on the 4" interface reflection were determined. The C-scans and slices of
the intensity variation in the selected coordinate of the defects along the x and y axes

are presented in Fig. 3.15 and Fig. 3.16. The sizes of the defects are presented in
Table 3.6.
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Fig. 3.15 C-scans and slices of intensity variations according to x and y axes of -6dB drop
method for the biggest defect: (a) Reflection from Interface 1 (t1i:t2i), (b) Reflection from
Interface 2 (t2i:t3i), (c) Reflection from Interface 3 (t3i:t4i), (d) Reflection from Interface 4

(t4i:t5i).
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Fig. 3.16 C-scans and slices of intensity variations according to x and y axes of -6dB drop
method for the medium and the smallest defects: (a) the smallest defect, (b) middle-sized
defect

Table 3.6. Sizes of defects measured by using the -6dB drop method

Interface Slice along Big defect size, | Medium defect Small defect size,
reflection mm size, mm mm
Interface 1 X axis 14.2 - -
Y axis 19.3 - -
Interface 2 X axis 13.4 - -
Y axis 18.3 - -
Interface 3 X axis 11.9 - -
Y axis 16.0 - -
Interface 4 X axis 10.3 5.2 4.2
Y axis 15.1 5.1 2.9

The study of multiple reflections from the interface of the component made it
possible to detect the biggest defect. The subsequent interface reflections
demonstrate better results regarding the biggest defect size. The two smaller defects
could be detected by studying the 4™ multiple interface reflection. However, the
measured sizes do not correspond to the theoretical ones provided by the
manufacturer mainly due to the influence of the amplitude trend.

The detected disbonds after the analysis of multiple reflections allow selecting
the coordinate points for the signals reflected from the perfect bonding and
debonding of the experimental data for the comparison of the A-scans. The
experimentally obtained signals reflected from the disbonds and from the defect-free
interface were compared in order to study the change of the amplitude for both
interface conditions. The C-scans with the selected coordinates of the signals were
compared; also, the A-scan comparison is shown in Fig. 3.17 and Fig. 3.18.
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Fig. 3.17 C-scan and A-scans of the signal reflected from perfect bonding and debonding in
the structure: (a) C-scan with the marked selected coordinate points of signals, (b) A-scan
comparison of two signals where the blue line is the reflection from the perfect bond, and the
red line is the reflection from debond
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Fig. 3.18 C-scan and A-scans of the signal reflected from perfect bonding and debonding in
the structure: (a) C-scan with the marked selected coordinate points of signals, (b) A-scan
comparison of two signals where the blue line is the reflection from the perfect bond and the
red line is the reflection from debond
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The comparison of the A-scans of the signal reflections from the defect-free
and defective areas in Fig. 3.17 demonstrates the slight increase of the amplitude in
the time intervals of the interface reflections; however, in Fig. 3.18, the amplitude of
the perfect interface reflections is higher if compared to the defective area. It was
determined that the correct amplitude change cannot be determined in the
experimentally obtained signals due to the main factor as a trend which is observed
on the C-scans. In addition, spectral analysis was performed which, also, did not
provide any valuable insight regarding the difference between the reflections from
perfect bond and debonding. Therefore, the fourth step of the developed post-
processing algorithm was applied for the data. In this case, the time gates of the
interface multiple reflections were determined where the significant amplitude
change was observed between the defective and defect-free results obtained by
modelling. The determined time gates were applied for the experimental results.
Then peak-to-peak amplitudes were calculated in the selected time intervals (M1-Ma)
in order to display the C-scans (Fig. 3.19).
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Fig. 3.19 A-scan and C-scans of the selected interface multiple reflections: (a) A-scan, (b) C-
scan of M1 time interval, (c) C-scan of M2 time interval, (d) C-scan of M3 time interval, and
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As a result, applying the selected time gates for C-scan visualisation provided
the detection of all disbonds in the structure. Two smaller defects are observed more
clearly. The first and fourth interface reflections M1 and M4 are provided with
sharper contours of the shape of all the three defects. In addition, the C-scans
demonstrate the increase in the defect detection by studying the subsequent multiple
reflections. Therefore, the sizes of the defects were measured from the C-scan of the
M4 time interval (Fig. 3.20). In order to determine the sizes of the defects, the
decibel drop method was applied as well. The measured defect dimensions are

presented in Table 3.7.
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Fig. 3.20 C-scans and slices of intensity variations according to the x and y axes of the -6dB
drop method for the defects: (a) the biggest defect, (b) middle size defect, (c) the smallest
defect

Table 3.7. Sizes of defects measured by using -6dB drop method

Interface Slice along Big defect size, | Medium defect Small defect size,
reflection mm size, mm mm
M4 X axis 14.3 4.7 6

Y axis 15.7 10.2 6.4
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As a result, the measured sizes of the defects in this case are closer to the
reference ones compared to the results of the interface reflections of the full-time
intervals, such as t1i:t2i and others.

Moreover, the ratio of the peak-to-peak amplitudes of the defined time
intervals M1-M4, which corresponds to step 6 of the developed post-processing
algorithm, were calculated. The best coefficients of the amplitudes relations
providing the best detection probability of disbonds are shown in Fig. 3.21. The
obtained C-scans demonstrate all the disbonds of the structure which were detected
with the improved detectability. Two smaller defects were clearly detected where
distinct contours of the shape are observed even in the case of the smallest disbond
of 5x5 mm of size.
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Fig. 3.21 C-scans of selected interface multiple reflections: (a) C-scan of M4/M1 ratio, (c) C-
scan of M4/M3 ratio, (d) C-scan of M3/M4 ratio [9]

The C-scan of the M4/M1 ratio of time interval demonstrates the detection of
the biggest defect. The C-scans of M4/M3 and M3/M4 represent a higher probability
of the detection of two smaller defects with sharper contours of the defect geometry.
The sizes of the defects were measured and presented in Table 3.8. The C-scans and
slices of the intensity variation of the defects along the x and y axes are presented in
Fig. 3.22 — Fig. 3.28.

90



C-scan: M4/M1

0.8
0.6
0.4
0.2
X, mm
a
1 1
0.8 0.8
506 Threshold 506 |Threshold
[u] ¥ ©
S04 504
0.2 0.2 m
0 0
20 30 40 50 60 10 20 30 40 50 60
X,mm y,mm
b c

Fig. 3.22 C-scan and slices of intensity variation: (a) C-scan of the biggest defect of
M4/M1 ratio coefficient, (b) slice along x axis, (c) slice along y axis
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Fig. 3.23 C-scan and slices of intensity variation: (a) C-scan of the biggest defect of
M4/M3 ratio coefficient, (b) slice along x axis, (c) slice along y axis

91



C-scan: M4/M3

50| 1
0.9
0.8
E 0.7
> 0.6
0.5
0.4
1 1
0.8 0.8
506 f\ N /\ Thteshold 5086 A Thfilh 1d
© 7 ] °
S04 S04 /\,/\/\/\\/ U
0.2 0.2
0 0
50 55 60 65 70 75 10 20 30 40 50
X,mm y,mm
b C

Fig. 3.24 C-scan and slices of intensity variation: (a) C-scan of the medium defect of
M4/M3 ratio coefficient, (b) slice along x axis, (c) slice along y axis
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Fig. 3.25 C-scan and slices of intensity variation: (a) C-scan of the smallest defect of
M4/M3 ratio coefficient, (b) slice along x axis, (c) slice along y axis
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Fig. 3.26 C-scan and slices of intensity variation: (a) C-scan of the biggest defect of
M3/M4 ratio coefficient, (b) slice along x axis, (c) slice along y axis
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Fig. 3.27 C-scan and slices of intensity variation: (a) C-scan of the medium defect of
M3/M4 ratio coefficient, (b) slice along x axis, (c) slice along y axis
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Fig. 3.28 C-scan and slices of intensity variation: (a) C-scan of the smallest defect of
M4/M3 ratio coefficient, (b) slice along x axis, (c) slice along y axis

Table 3.8. Sizes of defects measured by using -6dB drop method

Interface Slice along Big defect size, | Medium defect Small defect size,
reflection mm size, mm mm
M4/M1 X axis 9.8 - -
Y axis 135 - -
M4/M3 X axis 11.6 115 4.9
Y axis 11.6 13.5 6.2
M3/M4 X axis 13.6 10.3 3.8
Y axis 11.8 114 3.9

As a result, the experimental investigations of the components of dissimilar
materials were performed, and the complexity of disbond detection was proven on
the grounds of the obtained results. Time intervals with the significant amplitude
change between the reflections from the perfect bonding and debonding were
determined according to the modelling of the signals and their comparison. The
developed post-processing technique for the improvement of the disbond detection
probability and the defined time intervals was applied on the data collected by
experimental inspection. The effectiveness of the developed algorithm was proven in
practice by detecting all disbonds in the adhesive layer of the structure of bonded
dissimilar materials with an increased performance of detect detection. The best
result for the detection of the biggest defect was demonstrated by the C-scan of the
M4 time interval with the following dimensions: 14.3x15.7 mm. In the case of the
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medium defect, the best results were demonstrated by the C-scan of M3/M4 with the
10.3x11.4 mm dimensions, whereas, for the smallest defect, the C-scan of M4/M3
with the 4.9x6.2 mm dimension was the most appropriate.

3.4. Conclusion of the chapter

1. The experimental investigation of the structures of bonded dissimilar
materials was performed by using selected techniques. The obtained results
demonstrated the complexity of detecting the disbond type defects in such multi-
layered structures. The curvature of the surface was identified as the most influential
factor beside the effect of overlapping, the defect depth location in the adhesive
layer and the amplitude trend having the impact on the disbond detection.

2. The comparison of the modelled and experimental signals as well as the
comparison of two modelled signals reflected from the defective and defect-free
interfaces was performed. Due to that, the values of the time moments and time
intervals with the most prominent amplitude change caused by the defective
interface were determined and used in the process of the post-processing algorithm
application.

3. The developed post-processing algorithm was applied for the collected data
of experimental investigations following the steps presented in Chapter 2. The
obtained C-scans successfully demonstrated the improvement of the probability of
disbond detection in the structures of bonded dissimilar materials. The defect sizing
performance was studied at each step of the algorithm and subsequently compared.
The best results which were closest to the reference sizes given by the manufacturer
were measured. As a result, the defects were detected, and the probability of their
detection was increased by using the developed post-processing algorithm.
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4. RELIABILITY OF ULTRASONIC NDT TECHNIQUE AND
UNCERTAINTY MEASUREMENT

The reliability of the ultrasonic non-destructive technique in order to detect
disbonds in dissimilar material joints can be quantified by using the probability of
detection (POD) approach [76], [83]. The estimation of POD ensures the accurate
size of the defect which can be detected by using a particular NDT technique. Since
the POD assessment requires a large number of the same inspections with similar
specimens, model-assisted POD is a more appropriate approach to avoid evaluation
experimentally and to mitigate the high costs of samples for statistical purposes; see
[109], [110], [111].

The goal of this chapter is to estimate the size of the disbond type defect in a
layered structure of dissimilar material joints which is possible to detect by using the
selected ultrasonic NDT technique before and after the employment of the
developed post-processing algorithm enabling to increase the probability of
detection.

4.1. Evaluation of model-assisted probability of detection

The POD of disbonds in the layered structure of dissimilar material joints was
evaluated according to the general methodology of using the numerical models [78].
The numerical models describe the variability of the output of the NDT inspection
system which is under the influence of uncertain parameters. The meta-model
approach described in Chapter 2 was used for the evaluation of the POD curves. The
process of the POD curve evaluation based on inspection simulations is shown in
Fig. 4.1 [78].

Firstly, the initial configuration was defined describing all the necessary
information of the inspection. Then, the sources of variability were determined and
characterised along with their statistical distributions. The sampling of statistical
distributions of the determined variable parameters was performed by the Monte
Carlo algorithm. The corresponding simulations were calculated. As a result, the
POD curves were computed from the obtained results. The reliability of the
ultrasonic NDT technique before and after the employment of the developed post-
processing algorithm was evaluated by determining the POD of disbonds and
reported in [78]. The performance of the developed algorithm on the improvement
of the disbond detection was assessed by comparing these results.

The three initial steps of the process of the POD curve evaluation were
performed in the chapter on the sensitivity analysis where the meta-model was
generated. After the meta-model analysis, the POD curves were computed, and the
POD parameters were adjusted. The Signal Response method was selected for
statistical processing. The defect length (the value of characteristics) is considered as
the abscissa of the POD curve. The values of the influential parameters with the
similar statistical distributions mentioned in the meta-model analysis were defined
(Table 2.5).
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Fig. 4.1 Flowchart of the process of POD curve evaluation [84]
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4.1.1. Signal response analysis of disbond detection before algorithm
employment

In the case of the Signal Response POD curve computation, 16 characteristic
values and 5 samples were defined. The detection threshold was obtained from the
analysis of the inspection simulation. The maximum amplitude reflected from the
defect-free interface was manually determined. The level of the detection threshold
was -9.1dB, which represents the highest level of background noise (the defect-free
interface reflection). The noise and saturation thresholds were adjusted in order to
fulfil the Berens validity criteria and to obtain consistent results regarding the
normality and the constantness of variance. The 95% confidence level was defined,
the logarithm representation for the X value (the defect length) was selected. Plot a
vs. a of data representation with the Log data transformation of X as well as the
residuals plot is shown in Fig. 4.2.

Flaws list- Length Flaws list- Length

o
= —3
+ [=] +

x x
(=t = o " =
= + B
+ + i + o
o + o
+ + + 5 + + |®
+ + + 0 A
+ + - o g\
+ + + + 12 = + + 2
= + = o + ++ =
KEEY. u + + 1 o
: + + + ol + :tU'J
+ @ + t +t @
3 + + + ++|5
t  + + = 1 M =
o1 L T 1 + F " F ¥ + ) + + o+ ++-+g_
SR N +
. i $ + + M H= -+ 3

o [-35.4 + + + Z ++
- B I Y P LY I S L L P L |
02 1 20 20 47 51 .40 0’0 10 16

a b

Fig. 4.2 Data representation plots: (a) Plot @ vs. a with log data transformation, (b) residual
plot

The obtained Signal Response POD curve is shown in Fig. 4.3. As a result, no
defect can be detected on the component surface in 90% of the inspections with the
95% confidence level. The probability curves which do not reach the 100%
probability of detection are not consistent. However, when analysing the obtained
POD curve, there is a probability of about 53% that the defect of 5 mm size can be
detected. This probability is very low and does not correspond to the measurement
requirements, especially in the aerospace industry. This can be caused by the factors
which strongly influence the defect detection using the inspection technique.

Therefore, other cases of POD curves were also studied in order to evaluate
the probability of defect detection according to the change of the transducer
incidence angle and the water path between the transducer and the surface of the
component. The obtained POD curves of the Signal Response case are presented in
Fig. 4.4 and Fig. 4.5. In these cases, the incidence and the water path were selected
as the characteristic values and considered as the abscissa of the POD curves.
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Fig. 4.3 Signal Response POD curve with Log/Lin data for the inspection before algorithm
employment (defect length)
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99



As a result of studying the POD curve, it was determined that the disbond
within the range of 0.25 mm to 5 mm can be detected with 90% probability in the
case of transducer deviation at 0.53°.
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Fig. 4.5 Signal Response POD curve with Lin/Lin data for the inspection before algorithm
employment (water path): (a) Plot @ vs. a with log data transformation, (b) POD curve

According to the analysis of the obtained POD curve, the disbond within the
size range of 0.25 mm to 5 mm can be detected with 90% probability in the case of
the water path between the surface and the transducer being not less than 43.97 mm.

As a result, the reason of the inability to detect disbonds in the interface of the
layered structure is within the high possible range of influential factors.

4.1.2. Signal response analysis of disbond detection after algorithm employment

The post-processing algorithm was developed in order to be able to detect
disbonds in the adhesive layer of dissimilar material joints and to increase the
probability their detection. The algorithm was applied for the experimental
investigations, and the disbonds were detected. In this part, the performance of the
developed technique was evaluated according to the assessment of the POD curve
for disbond detection. The main factors, such as the angle incidence and the water
path, were eliminated with the technique; therefore, these factors were not included
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as uncertain parameters for the POD assessment. In addition, the time gates were set
in order to cover the subsequent multiple reflection from the interface. The defect
length is selected as the characteristic value and considered as the abscissa of the
POD curve. The estimated POD curve is presented in Fig. 4.6.
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Fig. 4.6 Signal Response POD curve with Log/Log data for the inspection after algorithm
employment (defect length): (a) Plot @ vs. a with log data transformation, (b) POD curve

As a result, a consistent POD curve was obtained by eliminating the most
influencing error factors. The length of the disbond ag is 3.26 mm, and it can be
detected with 90% probability of detection. The length of the disbond agoses is 4.64
mm, and it can be detected in 90% of the inspections with the 95% confidence level.
The uncertainty value according to the confidence intervals is 1.38 mm.

4.2. Uncertainty measurement

In this section, the uncertainty of the measured defect sizes after applying the
developed post-processing algorithm for the disbond detection and the improvement
of their detection probability was measured. The measurement uncertainty has to be
considered when such numerical criteria as the defect length are applied. Thus, the
final results are complete and correct.
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Firstly, the mathematical model has to be identified for the uncertainty
measurement. In order to calculate the uncertainty of the defect length along the x
and y axes, the formula is expressed as given in [112]:

Y =f(X1, Xz, .., X ); 4.1

Here, Y is the measurand of the defect length, X;, ... are the input quantities
(the sources of errors) on which the output quantity Y depends, where i=1,2,...,n, f
is the function of the measurement process.

The ultrasonic testing was performed in the TecScan measurement system
using an immersion focused transducer, the specimen which is under investigation,
and the post-processing of the collected data. While scanning the sample in the
system, the averaging number of inspections of 64 was applied. Repetitive
measurements allow reducing the errors. The defects in the component were
determined by ultrasonic waves, and the sizes were measured by the -6 dB drop
method. The measurement was based on the evaluation of the time of flight of
ultrasonic waves to the defects and the estimation of the amplitudes of these signals.
The time of flight depends on the ultrasonic velocity, whereas the amplitude values
depend on the frequency of the transducer, the material thickness, etc. In turn, these
parameters are also dependent on the derivative factors of influence.

The main factors influencing the defect detection and the determination of
their size were identified in the sensitivity analysis subsection of Chapter 2 and are
as follows: the ultrasound velocity in aluminium, the defect depth position in the
adhesive layer, the water path between the transducer and the surface of the
component, the thickness of aluminium and the surface curvature. Surface curvature
as the source of an error was not taken into account for the calculation of uncertainty
since this factor was eliminated during post-processing. The ultrasound velocity in
aluminium depends on the thickness of the material, the time of flight of ultrasonic
waves, and the wavelength which further depends on the excitation frequency. The
water path between the transducer and the component surface depends on the focal
distance of the transducer, the ultrasound velocity in aluminium and in water, which
further depends on the thickness of the media and the time of flight. The thickness of
aluminium was measured by using a calliper, and it depends on the instrument
resolution. There are other uncertain parameters, such as the room temperature, the
operator, the quantisation, the discretisation errors, the electrical noise, etc.
However, only the main influencing factors were studied which could potentially
have the major effect on the final result comparing to the other factors with
insignificant influence. In addition, the method of -6dB drop for sizing the defects
does not involve any systematic error.

The standard uncertainty of each influencing factor was quantified by type A
and type B uncertainty evaluation. Type A is based on the statistical analysis of
independent direct measurements. Type B is based on indirect measurements taken
from previous measurements, on experience, or on the general knowledge and
sources, etc.; see [112], [113], [114], [115], [116]. As a result, the influencing
factors or the sources of errors, their derived factors as well as the appropriate
uncertainty type and measurement model for each are presented in Table 4.1.
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Table 4.1. Influencing factors and mathematical models

Uncertainty

No Sources of errors Model
type
1 Velocity of ultrasound in 5 _ (ZHal> .
aluminium, V,; A=\t )
2 Thickness of aluminium, Hy; A Statistical analysis
3 Resolution of calliper, r¢ B Instrument values, r.=0.01
Time of flight to aluminium- . .
4 adhesive bond and back, t,, A Statistical analysis
Wavelength of ultrasound in Var
5 .. B Aal = ;
aluminium, 4, frreq
6 Transducer frequency, fr,eq B Technical documentation
7 Defect dgpth position in A Statistical analysis
adhesive layer, D4
Water path between transducer _ Var ]
8 and surface, W, B Wy =F—Mp (W)
9 Focal distance, F B Technical documentation
itv i 2H
10 Ultrasound velocity in water, B v, = < w>;
v, Ly
11 Thickness owaater medium, A Statistical analysis
w
12 Time of flight to water- A Statistical analysis

aluminium bond and back, t,,

The measurement of ultrasound velocity in water was performed several times.
Thus, the evaluation of thickness of the medium and the time of flight was
calculated by statistical analysis. In the case of direct measurements performed by
statistical analysis, the mean values of multiple independent observations were
calculated according to the following Equation:

N

7 12 42
X == Xi, .
Ni=1

Here, N is the number of independent measurements, x; is the measured value.
The next step is to calculate the standard uncertainty for direct measurements
which is expressed as:

N
1 v .
u(x;) = m;(xi —X)?%; 4.3

Here, N is the number of independent measurements, x; is the measured value.
In order to calculate the standard uncertainty for instrument resolution, the
uniform or rectangular distribution law has to be applied, and it is expressed as:

_Tel/2,
u(rc) = f’ 4.4

Here, .. is the resolution of the instrument.
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The equation for the combined uncertainty which considers the resolution
amendment was calculated according to the following Equation:
u(y) = Vu@;)? + u(r)?; 4.5
In the case of the B type measurement, the standard uncertainty is calculated
as follows (the uniform distribution law is considered for the equal probability of the
range of the values):

A
u(x;) = ﬁ; 4.6

Here, A is the error of resolution.
The next step is to estimate the influence coefficient W (x) of the x value of
the mathematical model:
af

W(x;) = E
L

Here, f is the mathematical model of uncertainty measurement.
Furthermore, the combined uncertainty for the indirect type measurements is
determined according to Equation 4.8:

4.7

n

@) = | u)? W) 48
i=1

There was a correlation between the thickness and the time of flight while the
measurement of the ultrasound velocity was performed. The correlation provides an
additional uncertainty component which has to be considered:

u(x;, x)
u(x;) - u(xj) '

Here, r(x;, x;) is the correlation coefficient of the values x;, x;, u(x;, x;) is the
covariance of the input values.

The correlation coefficient changes within the range [-1; 1]. In this case, the
value is positive and equals to 1 since, in the relation of two variables, both of them
move in the same direction in which an increase of the thickness is associated with
the increase of the time of flight. As a result, the equation of combined uncertainty
which considers the additional component of correlation is expressed as follows:

r(xi, X)) = 4.9

n

u(y) = Z u(x;)2W(x;)? + 2 z W(x;) W(xj)r(xi,xj)u(xi)u(xj); 4.10

i=1 i=1j=1

The results of the calculated standard uncertainties, influence coefficients and
combined uncertainties of various mathematical models are presented in Table 4.2.
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Table 4.2. Results of calculated standard and combined uncertainties

Mathematical model,

Sources

P of Standard Influence Combined
errors uncertainty, coefficient, uncertainty,
x; ’ u(x;) W(x;) u(y)
Hal Hal 00035 mm =
" 0.0029 mm - 0.0450 mm
Vo (ZHal) Hy 0.0450 mm 3.95 st 0.1828
7N\ ey tw 0.0034 ps -12.58 mm/ps? mm/ps
2 ( Va Va 0.1828 mm/us 0.1 MHz!
al = 0.0234 mm
f 0.0636
freq ffreq 0.2309 MHz mm/usMHzZ2
2H -1
v, = ( ) w)' H, 0.1934 mm 0.0341 ps 0.0007
w _ 2
including r(x;, x,) ty 0.2537 s 0.0257 mm/ps mm/ps
v Vau 0.1828 mm/us -1.0835 us
W, =F— M, (V—al) v, 0.0007 mm/us 4.6459 us 0.3540 mm
w F 0.2933 mm 1
D, Dy 0.0635 mm - 0.0635 mm

The value of the material depth M} is constant since it is selected by the
operator depending in which depth the transducer beam is desired to be focused. The
summarised uncertainty was calculated for all the sources of error which exert
influence on the length of the defects located in the interface of the component. The
combined uncertainty was expanded to the confidence level of 95% and expressed

as determined by Equation 4.11:

Uexp = k-u(y);
Here, k = 2 is the coverage number selected from the Student’s table (the
normal distribution law).
As a result, the expanded uncertainty for the detected defect length along the x
and y axes is 0.88 mm. The final metrological results for every defect with the
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calculated uncertainty are presented in Table 4.3.

Table 4.3. Final metrological results

Defect Length alongx | Length alongy Uncertainty. mm
axis, mm axis, mm Y
Biggest defect 14.3 15.7
Medium defect 10.3 11.4 088
Smallest defect 4.9 6.2
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As a result, the complete results of the length of disbonds detected by the
ultrasonic measurement system and the applied post-processing algorithm were
measured by the estimation of uncertainty.

4.3. Conclusion of the chapter

1. The evaluation of the POD curves was performed by using the Signal
Response analysis based on the meta-model generation and the detection threshold
which corresponds to the highest level of the noise (defect-free interface reflection
in the case of layered structures). The obtained results demonstrated that it is not
possible to detect disbonds by the ultrasonic NDT technique in the adhesive of the
layered structure of dissimilar material joints. The probability of detection is only
50%, which is very low.

2. The most influential parameters according to the sensitivity analysis were
studied, and the limit values of the range at which the defects can be detected were
assessed. In the case of the incidence angle uncertain parameter, the deviation
should not exceed 0.5° in order to be able to detect a defect with 90% probability.
For the water path factor, the range should be from 43.9 mm to 44.03 mm in order to
be able to detect a defect with 90% probability.

3. The application of the developed post-processing technique made it possible
to detect disbonds in the adhesive layer of various sizes. The defect size of 3.26 mm
can be detected in 90% of the inspections with the 95% confidence level. Therefore,
when using this technique, the defects smaller than 5 mm (the smallest defect
existing in the component under investigation) can be detected.

4. The uncertainty of the defect sizes detected and measured in the
experimental part when using the developed post-processing algorithm was
assessed, and it equals to 0.88 mm of the 95% confidence level.
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GENERAL CONCLUSIONS

1. Ultrasonic non-destructive testing, evaluation of reflection and
transmission coefficients, data post-processing as well as the study of influential
factors and the evaluation of probability of detection were selected in order to create
a methodology which will enable disbond type defects to be detected in dissimilar
material joints with improved detectability.

2. The analysis of multiple reflections from the interface significantly
increases the probability of disbond detection due to the increase in the amplitude
difference of the signals reflected from defect-free and defected regions. The main
factor influencing defect detection in components with layered structures is the
surfacef/interface curvature which is characterised by such uncertain parameters as
the angle of incidence of the ultrasonic beam and the water path. These parameters
have an impact of 57% and 39%, respectively.

3. Modelling based on the arrival time of ultrasonic waves allowed to
identify the time intervals where the maximum amplitude change is observed by
comparing the modelled signals reflected from the defective and defect-free areas.
The method for the investigation of adhesively bonded dissimilar material joints was
created to extract valuable features for the development of the post-processing
algorithm in order to increase the probability of defect detection in the adhesive
layer. The extracted features are as follows: the time of flight and the time intervals
of the reflected signals while taking into account multiple interface reflections, the
amplitude change and the ratio coefficients of amplitudes of the selected time
intervals. The investigation method includes the following steps: analysis of
multiple reflections and boundary characteristics, sensitivity analysis, numerical
study, and the optimisation of parameters.

4. The developed data post-processing algorithm includes the zero-crossing
technique for the time alignment of signals reflected from the sample surface,
analysis of the subsequent multiple reflections, the determination of time instants for
the identification of time gates and the ratio coefficients of the peak-to-peak
amplitudes

5. By using the developed algorithm, all the disbonds/delaminations in the
adhesive layer of dissimilar material joints were detected (without using the
algorithm, the detection is not possible at all), and their dimensions were estimated:
14.3x15.7 mm £0.88 mm (the largest defect), 10.3x11.4 mm =+0.88 mm (the
medium-sized defect), 4.9x6.2 mm +0.88 mm (the smallest defect). The developed
technique can detect disbonds/delaminations in the adhesive layer after applying the
developed algorithm in the inspection in 90% of inspections with the 95%
confidence level according to the results of the MAPOD evaluation. In comparison,
there was no possibility to detect the defects in dissimilar material joints in the case
of ultrasonic inspection without applying the algorithm.
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FUTURE SCOPE OF RESEARCH

In the performed study, the probability of detection is increasing in general for
the adhesive layer. However, future research could concentrate on the increase in the
detection probability of the defect location at the metal adhesive, in the middle of the
adhesive and adhesive-composite separately for each bonding under interest. In
addition, the procedure for selecting the arrival time and the time gates can be
automated for other metal and adhesive layer thicknesses.
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SANTRAUKA

Darbo aktualumas

Nuolat tobuléjanciame pasaulyje atsiranda naujy reikalavimy, siekiant
pagerinti konstrukcijy, technikos, metody ir kt. efektyvuma ir patikimuma.
Aerokosminéje, automobiliy, civilingje ir jiry pramonéje keliami jvairds
reikalavimai eksploatacinéms konstrukcijy savybéms, atsizvelgiant | Zmoniy
gyvybés ir sveikatos sauga, aplinkosauga bei ekonoming nauda. Todél patikros
sistemy patikimumas yra svarbus norint jgyvendinti Siuos reikalavimus.
Reikalavimas pagerinti konstrukcijy eksploatacines savybes paskatino mokslininkus
dirbti ir kurti naujas pazangias medziagas ir jy sujungimus [1, 2]. Dabartiné
tendencija rodo, kad vis dazniau metaliniai komponentai yra pakeic¢iami
pazangiomis kompozitinémis medziagomis, uztikrinan¢iomis maza konstrukcijos
svorj bei leidzian¢ioms sumazinti CO, emisija [3]. Kompozitai populiartis ne tik dél
galimybés sumazinti svorj, bet ir dél geresniy mechaniniy savybiy, lyginant su
metaly lydiniais. Kompozitiniy medziagy anizotropinés savybés leidzia gaminti
tvirtas ir standzias konstrukcijas, taip pat pagerina konstrukcijos aerodinamines bei
eksploatacines savybes ir degaly sunaudojimo efektyvumg. Taciau kompozito
laminato ir jo strukttry priklausomybé nuo aplinkos salygy neleidzia visy metaliniy
komponenty pakeisti kompozitinémis medziagomis, todél reikalingi ir placiai
naudojami  metalo-kompozito sujungimai. Sujungtos skirtingos medziagos,
pavyzdZiui, aliuminis ir anglies pluostu armuotas plastikas (angl. CFRP), sustiprina
struktlirg ir pasizymi geresnémis nuovargio charakteristikomis, atsparumo smiigiams
ir lickamojo stiprumo savybémis. Sie skirtingy medziagy sujungimai kelia didelj
susidomégjimg ir yra placiai naudojami gaminant Iéktuvy fiuzeliazus, sparny
konstrukcijas ir variklius [4, 5, 6].

Siy medziagy sujungimo technologija yra labai svarbi ir turi didele jtaka visam
konstrukcijos svoriui. Pavyzdziui, mechaniniam sujungimui budingas varzty,
kniedziy ir kity tvirtinimo elementy naudojimas, kuris turi jtakos ne tik
konstrukcijos svoriui, bet ir sluoksniy vientisumui. Kai medZiagos sujungiamos
klijais, iSsaugomas konstrukcijos vientisumas, taip pat sumazinamas konstrukcijos
svoris ir tolygiai paskirstomi mechaniniai jtempiai [2]. KritiSkiausia tokiy jungciy
vieta yra sukibimo zona. Defektai dviejy sluoksniy riboje gali atsirasti gamybos
proceso arba eksploatacijos metu. Tokie defektai labai pavojingi, nes yra nematomi,
taciau gali stipriai paveikti sujungimo kokybe¢ ir lemti konstrukcijos gedima [4].
Klijais sujungty skirtingy medziagy naudojimas konstrukcijose vis dar yra ribotas,
nes néra universalaus ir patikimo sujungimo kokybés jvertinimo metodo.

Ultragarsiniai neardomieji bandymai yra placiai taikomi jvairioms
medziagoms ir konstrukcijoms tikrinti. Ultragarsiné patikra turi didelj potencialg
jvertinant struktdrinj klijuoty sujungimy vientisumg bei siekiant aptikti tokius
defektus kaip atsisluoksniavimas, sukibimo pazeidimai (angl. disbonds), poros ir
komponento geometrijos nuokrypiai [3]. Daugelis tyréjy $i metoda taiké siekdami
apibtdinti klijuojamy medZiagy sukibimo kokybe [2]. Kita vertus, néra vieno
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patikimo metodo, kuris biity tinkamas skirtingy medziagy sujungimams tirti [7].
Siame darbe ultragarsiné patikra naudojama kritiniams defektams, pavyzdziui,
metalo ir kompozitinés medziagos atsisluoksniavimui, aptikti.

Moksliné ir technologiné problema

Pagrindiné problema atliekant skirtingy medziagy klijavimo srities kokybés
kontrole yra ta, kad sunku nustatyti sukibimo defektus, nes néra patikimo metodo,
kuris leisty aptikti defektus su didele tikimybe. Klijais sujungty skirtingy medziagy
kokybés ultragarsiniy tyrimy kompleksiskumas yra tas, kad tai daugiasluoksnés
struktdiros, turin¢ios sudétingg geometrija, skirtingas elastines ir akustines savybes.
Didelis metaly ir kompozity akustinés varzos skirtumas lemia gana reikSminga
atspindzio koeficienta metalo ir kompozito, metalo ir klijy arba klijy ir metalo
ribose. Tai reiskia, kad didziausias ultragarso energijos kiekis atsispindés skirtingy
medziagy jungéiy sandiroje. Taciau S§iuose sujungimuose esantys sukibimo
pazeidimai yra uzpildyti oru ir taip pat pasizymi dideliu atspindzio koeficientu. Dél
to ultragarso banga atsispindés ir nuo defekty turinciy, ir nuo defekty neturinCiy
sujungimo viety, todél dél didelés atspindzio amplitudés, kuri gali biiti panasi |
defekty neturincios ribos atspindzio amplitudg, yra sunku aptikti defektus, esancius
metalo ir klijy riboje. Be to, skirtingy medziagy sujungimy atveju ultragarso bangos
sunkiai skverbiasi j struktiirg, todél defekty nustatymas prieSingoje sujungimo
vietoje yra dar sudétingesnis. Kita gana didelé kokybés kontrolés problema yra labai
ploni komponentai, ypa¢ klijy sluoksnis. Klijy storis gali bati nuo 0,1 mm storio.
Dél to iskyla problema atskirti atspindzius nuo atskiry sluoksniy riby dél jy
persidengimo laiko srityje. Dél to sunku aptikti defektinius sujungimus lyginant
signalus, atsispindin¢ius nuo defektiniy ir nedefektiniy sujungimy sluoksniuotose
struktiirose, sudarytose i§ skirtingy medziagy [4, 6, 7, 9].

Darbo hipotezé

Naudojant neardomyjy bandymy metoda, teoring bangy ir defekty saveikos analizg,
kokybinius ir kiekybinius vertinimus, taip pat signaly modeliavimg ir parametry
optimizavimg, galima sukurti paZzangy apdorojimo algoritma, kuris leisty padidinti
sukibimo defekty / delaminacijos aptikimo tikimybe skirtingy medziagy sujungimo
klijy sluoksnyje. Naudojant sukurta metoda turéty buti jmanoma aptikti didesnius
nei 5 mm defektus su 1 mm neapibréztimi.

Tikslas ir uzdaviniai

Disertacijos tikslas — sukurti pazangos metodika, skirta aptikti sukibimo
defektus skirtingy medziagy sujungimuose su padidinta aptikimo tikimybe (POD), ir
jvertinti jos efektyvuma kontroliuojant struktiirinj vientisumg sujungimo srityje.
Siam tikslui pasiekti buvo suformuluoti tokie uzdaviniai:

1. Atlikti literatliros analizg, siekiant jvertinti esamus metodus, taikomus
sluoksniuoty konstrukcijy patikrai, jy privalumus ir trokumus, bei atrinkti
tinkamiausius metodus, kurie galéty buti naudojami darbo tikslui pasiekti ir
nustatytiems uzdaviniams spresti.
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2. Istirti bangy ir defekty sgveikos principus adheziniuose sujungimuose,
iskaitant bangy reverberacija struktiiroje, fazés pokytj ir atspindzio dydj. Atlikti
ultragarsiniy tyrimy kokybinj vertinima, siekiant nustatyti pagrindinius faktorius,
turincius jtakos defekty aptikimui sluoksniuotose struktirose, skirtingy medziagy
sujungimuose.

3. Sukurti modelj, pagrjsta ultragarso bangy atsklidimo laiku ir laiko intervaly
parinkimu. Nustatyti kriterijus, kurie galéty buti naudojami defekty aptikimui
pagerinti skirtingy medziagy sujungimuose pagal sukurtg tyrimo metodsa, apimantj
teorinius, kokybinius ir kiekybinius vertinimus.

4. Sukurti  signaly apdorojimo algoritma, pagrista atrinktais parametrais,
siekiant padidinti pasirinkto neardomojo bandymo metodo efektyvuma ir pagerinti
defekty aptikimo tikimybe.

5. Verifikuoti sitlomg metodika jvertinant aptikty defekty dydj ir jy
neapibrézt]. [vertinti defekty aptikimo tikimybe prie§ ir po signaly apdorojimo
algoritmo taikymao.

Mokslinis naujumas

Disertacijos naujumas — nauja metodika, leidZianti nustatyti defektus klijy
sluoksnyje tarp dviejy skirtingy medziagy ir uztikrinti geresnj jy aptikimo
patikimuma.

1. Atlikus jautrumo analize ir jvertinus defekty aptikimo tikimybés kreives
pagal sudaryta metamodelj pasirinktam ultragarsiniam patikros metodui, taikomam
skirtingy medziagy sujungimams, nustatyti $ie svarbiausi faktoriai, turintys jtakos
defekty aptikimui: objekto pavirSiaus kreivumas, atstumas tarp Keitiklio ir objekto
bei defekto gylis klijy sluoksnyje.

2. Kokybiniais ir kiekybiniais vertinimais, teorine analize ir signaly
modeliavimu pagrjstas tyrimo procesas leidzia iSgauti vertingas charakteristikas
(atspindéty signaly laiko momentus ir laiko intervalus, amplitudés pokycius ir
pasirinkty laiko intervaly amplitudziy santykius), reikalingas norint sukurti
patobulintg sukibimo defekty nustatymo metoda.

3. Sukurtas ir sékmingai jgyvendintas naujas signaly apdorojimo algoritmas,
kuriuo siekiama pagerinti defekty aptikima klijy sluoksnyje tarp skirtingy medziagy,
t. y. metaly ir kompozitiniy medziagy.

Praktiné darbo verté

1. Siuloma metodika gali biiti naudojama kaip pagrindas daugiasluoksniy
strukttiry analizei. Ji leidzia aptikti keliy medziagy riboje esancius defektus, skatina
universalaus, ekonomisko ir patikimo testavimo metodo kiirima, kadangi padidina
defekty aptikimo tikimybg.

2. Sitlomi signaly apdorojimo metodai gali biiti labai svarbiis nustatant
defektus klijy sluoksnyje, ypa¢ sudétinguose skirtingy medziagy sujungimuose.

3. Sitlomi signaly apdorojimo algoritmai gali biiti panaudojami kaip matavimo
sistemos dalis vertinant skirtingy medziagy konstrukcijos vientisuma.
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4. Tyrimo rezultatai gali prisidéti prie tolesniy klijais sujungty skirtingy
medZziagy vientisumo tyrimy.

Gynimui pateikiami rezultatai

1. Tyrimo proceso etapai, atliekami siekiant gauti vertingy kriterijy, kurie bus
naudojami algoritme, siekiant pagerinti nesukibimo aptikimg Metodas susideda i$
tyrimo modeliavimo, signaly modeliavimo, teorinés analizés ir kokybinio
jvertinimo.

2. Jautrumo analizé, pagrista metamodelio skaiCiavimu, siekiant nustatyti
pagrindinius faktorius, darancius jtaka defekty aptikimo galimybei konstrukcijose,
naudojant pasirinktg neardomojo bandymo metoda.

3. Pagrindiniai sukurty apdorojimo algoritmy etapai grindziami i$skirtomis
savybémis ir tyrimo metodu gautais rezultatais.

4. Eksperimentinis objekty tyrimas ir sukurty algoritmy jgyvendinimas, taip
pat defekty dydziy ir jy neapibrézties matavimas, siekiant patikrinti ir
pademonstruoti pasiektus rezultatus.

5. Procesas, naudojamas POD kreivéms jvertinti ir aptikimo ribai nustatyti, kad
buty gauti patikimi defekty dydziy rezultatai, kuriuos galima aptikti NDT metodu,
pries ir po to, kai buvo pritaikytas sukurtas apdorojimo algoritmas.

Aprobavimas

Tyrimo metu gauti rezultatai paskelbti SeSiose publikacijose: trys publikacijos
iSspausdintos tarptautiniuose zurnaluose, priklausanc¢iuose Thomson Reuters ISI Web
of Science duomeny bazei, turinéiuose jtakos faktoriy, viena publikacija atspausdinta
recenzuojamuose tarptautiniy konferencijy leidiniuose, indeksuojamuose Web of
Science, be jtakos faktoriaus, o kitos dvi publikacijos isleistos recenzuojamuose
tarptautiniy konferencijy leidiniuose. Taip pat rezultatai buvo pristatyti SeSiose
tarptautinése mokslinése konferencijose, kurios vyko Geteborge, Palangoje,
Vilniuje, Aténuose, ParyZiuje, bei dvi virtualiose tarptautinése konferencijose. 2020
m. doktorantiiros stipendijg uz studijy rezultatus skyré Lietuvos mokslo taryba.
2018-2019 m. stipendijg doktorantei skyré Kauno technologijos universitetas.

Disertacijos struktiira ir turinys

Disertacija sudaro jvadas, keturi skyriai, bendrosios i§vados, blisimy tyrimy
apimtis, literatiiros sgraSas ir autorés moksliniy publikacijy sarasas. IS viso yra 160
puslapiy, jskaitant 72 paveikslus, 22 lenteliy, 50 matematines formules ir 116
bibliografiniy nuorody.

Pirmajame skyriuje aptariami esami bandymy metodai, budai ir metodikos,
kurie gali biiti taikomi daugiasluoksnéms konstrukcijoms tirti, siekiant aptikti
defektus klijy sluoksnyje.

Antrajame skyriuje apraSomas nustatytas tyrimo metodas, reikalingas i§samiai
iSanalizuoti metodika ir tyrimo objektus, iSnagrinéti jy galimybes ir apribojimus, kad
bty iSskirtos informatyvios charakteristikos defekty nustatymo algoritmui tobulinti.

Treciajame skyriuje pateikiami rezultatai, gauti atlikus eksperimentinj tyrimg
su skirtingy medziagy sujungimo objektais, kuriy defektus sunku aptikti. Be to, po
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apdorojimo sukurto defekty aptikimo algoritmo veiksmingumas buvo jrodytas
matuojant aptikty defekty matmenis.

Ketvirtajame skyriuje jvertinama pasirinkto ultragarsinio metodo aptikimo
tikimybé, pagrista metamodelio sukiirimu prie§ ir po sukurto apdorojimo algoritmo
taikymo. Taip pat pateikiama verté, apibiidinanti defekty aptikimo pageréjima.

1. SKIRTINGU MEDZIAGU SUJUNGIMU ULTRAGARSINIE
DEFEKTOSKOPIJA

Literatiiros analizé atlikta siekiant iSanalizuoti esamus metodus ir biidus, kurie
naudojami skirtingy medziagy sujungimams tikrinti arba kurie gali buti taikomi
tokiems objektams tirti.

1.1. Skirtingy medzZiagy sujungimas

Reikalavimai, kad konstrukcijos pasizyméty tokiomis savybémis kaip mazas
svoris, didesnis efektyvumas ir funkcionalumas, skatina naudoti daugiasluoksnes
hibridines konstrukcijas [10]. Kompozitiniy komponenty sujungimo su metalais
biidai yra trys: klijavimas, mechaninis tvirtinimas ir $iy dviejy budy derinys.
Klijavimas — tai metodas, kuris tinka bet kokioms vienodoms ir skirtingoms
medziagoms sujungti. Klijy sujungimas yra plokscias ir tolygiai pasiskirstantis
komponenty pavirSiuje, esanCiame tarp dviejy medziagy. Kita vertus, jungCiy
ilgaamziSkumas priklauso nuo klijy stiprumo ir sujungty medziagy degradacijos
laikui bégant. Apskritai klijy efektyvuma apibiidina klijy cheminés ir fizikinés
savybés, sukibusiy pavir§iy paruoSimas klijavimui ir sujungimo konstrukcija.
Mechaninis tvirtinimas vis dar pladiai naudojamas Iéktuvy ir automobiliy
pramongje. Taciau skylés grezimas sutrikdo sujungimo zonos bukle ir gali tapti
defekty atsiradimo priezastimi, nors jie suteikia auks$ta medZiagy sujungimo
stiprumg. Kiti trikumai — didelés islaidos tvirtinimo detaléms ir tvirtinimui, taip pat
pridétinis konstrukcijos svoris [10, 11]. Taigi visi sujungimo budai turi savy
privalumy ir trakumy. Taciau Siuo metu léktuvy ir automobiliy pramonéje keliami
reikalavimai mazai konstrukcijos masei, degaly taupymui ir aplinkos apsaugai. Tai
skatina jvairiy medziagy sujungimui naudoti klijus, taip pat metalo konstrukcijas
pakeisti lengvesnémis kompozitinémis medziagomis ar kompozito ir metalo
hibridais [11].

1.2. Klijy sujungimas: metodo apraSymas, defekty tipas

Pagrindiniai $io metodo privalumai — galimybé sumazinti konstrukcijy svorj ir
tolygiai paskirstyti apkrovas. Tokio sujungimo silpniausia vieta yra sukibimas ir dél
silpnesnio klijy stiprumo joje gali kilti problemy, lyginant su metalais ar
kompozitais ir jy sujungimais [12, 13]. I$samis tyrimai atlikti siekiant nustatyti
sujungty vienody medziagy gedimus, pvz., metaly ir kompozity, taciau vis dar
trikksta tyrimy su sujungtomis skirtingomis medziagomis [14, 15, 16, 17]. Buvo
atlikti jvairGis tyrimai, tokie kaip baigtiniy elementy analizé ir eksperimentiniai
tyrimai, siekiant jvertinti keturiy skirtingy jungciy konfigiiracijy eksploataciniy
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savybiy skirtumus. Nustatyta, kad jungCiy konfigiiracijos, perdengimo ilgis,
kompozity storis ir kampas turi didelg jtaka sujungimo stiprumui [12, 13].

Pagrindinis kritinis defekty tipas klijais sujungtose vienodose ir skirtingose
medziagose yra sukibimo defektai, kurie turi neigiamos jtakos Slyties jtempiy
pasiskirstymui klijy sluoksnyje. Klijy sluoksnyje gali atsirasti tokiy defekty kaip
atsisluoksniavimas, sukibimo defektas, silpnas sukibimas ir oro intarpai. Atlikus
tyrimus jrodyta, kad didéjant $iy defekty dydziui mazéja jungties stiprumas [24, 25,
26]. Klijy sujungimo patikimumui didziausig jtakg turi defekty atsiradimas ir jy
vieta, taip pat medziagy pavirSiy paruoSimas prie$ klijavimg ir kietéjimo proceso
kontrolé. Atsirade defektai yra vienas svarbiausiy veiksniy, sumaZzinan¢iy sujungimo
patikimuma, todél jy jtakos tyrimas yra svarbus uzdavinys [19, 20].

Sukibimo vieta yra silpniausia daugiasluoksniy konstrukcijy vieta, kurios
kokybe reikia patikrinti ir jvertinti. Klijy vientisumas priklauso nuo klijy stiprumo,
itempiy pasiskirstymo, konstrukcinés sujungimy konfigtiracijos ir sukibimo defekty.
Klijavimo stiprumas taip pat priklauso nuo pavirSiaus paruoSimo, apdirbimo, klijy
sluoksnio storio ir kt. Be to, nustatyta, kad klijy storis yra vienas i§ svarbiausiy
parametry, daranciy didele jtaka bendram konstrukcijos stiprumui. Sujungty
medziagy laikomoji galia padidéja, kai sumazéja klijy storis [19, 20, 24]. Siame
darbe buvo tiriamos klijais sujungtos plokstés, pagamintos i skirtingy medziagy su
dirbtiniais defektais klijy sluoksniuose.

1.3. Ribiniy charakteristiky vertinimas

Ultragarsinés  atspindzio ir perdavimo charakteristikos naudojamos
neardomuosiuose bandymuose klijy sukibimo savybéms jvertinti. Klijy storj ir
medziagos elastines savybes galima nustatyti pagal ultragarso bangy atspindzius. Be
to, taikant §j metoda galima kiekybiskai ir kokybiskai jvertinti klijy sukibimo
stiprumg arba degradacija. Metalas-kompozitas ir kompozitas-kompozitas suklijuoty
jungciy ultragarso bangy sklidimo charakteristikos yra sudétingesnés, palyginus su
metalas-metalas suklijuotomis jungtimis, nes skiriasi medziagy tipy seka [31].

Buvo atlikti eksperimentiniai ir teoriniai sujungimo degradacijos tyrimai
kompozitiniuose bandiniuose analizuojant tarpfazines ir kohezines savybes.
Atliekant ultragarsing patikra jstrizais kampais, paaiSkéjo, kad sukibimo degradacija
galima jvertinti pagal atspindziy amplitudés pokytj ir pagal atspindéto signalo
spektro minimumo poslinkj [32]. Taip pat buvo atlikti story klijy sluoksniy tyrimai,
kuriuose buvo jvestas modelis su dviguba riba ir iStirtas poveikis atspindzio ir
perdavimo elgsenai sujungimuose [33]. Taip pat buvo atlikti daugiasluoksniy
konstrukcijy vidinés ribinés biklés tyrimai naudojant nukreipiamgsias bangas [34,
35, 36]. Ding ir kiti [37] savo tyrime i§ bangy sklidimo lygc¢iy ir tangentinio
standumo koeficiento Kr iSvedé ultragarsiniy bangy SH rezimo (SHO) atspindzio ir
perdavimo koeficientus daugiasluoksnéje konstrukcijoje su klijais. Siekiant
iSanalizuoti daznio-storio charakteristikos, kritimo kampo ir tangentinio standumo
pokyc¢ius, buvo tiriamas dviejy aliuminio ploks¢iy sujungimas su skirtingomis
vidinés ribos  kokybémis (tobulas sukibimas, silpnas sukibimas ir
atsisluoksniavimas). SH bangos sklidimo rezimo schema pateikta 1.1 pav.
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1.1 pav. SH rezimo bangos sklidimas tarpusavyje sujungtose aliuminio medziagose [37]

Aplinka 1 ir aplinka 3 yra aliuminio medziagos, sudarytos i§ sluoksniuotos
klijy struktiros. Aplinka 2 yra h storio klijy sluoksnis. Visos medziagos yra
izotropiniai tamprus kietieji koinai. SHi1 yra krintancioji banga, SHy1 ir SHr, yra
atspindétosios bangos 1 ir 2 aplinkoje. o — sklidimo kampas klijuose, 8 ir f —
ultragarsinés bangos kritimo ir pra¢jimo kampai.

SH bangos rezimo atspindzio ir perdavimo koeficienty iSraiSka tarpusavyje
sujungtose aliuminio medziagose (3 sluoksniy struktiira) pateikta 1.1 ir 1.2 lygtyse.

p B mQF — K0 (H - 1) 11
Al pQiF + KV Qa(H — 1)
As ZulKS)K;Z)Ql(H + e—Ziszh)e—ik(Q3—Q2)h . 1.2

e Ay ) [KS) + ikﬂ3Q3] [MZK;DQz(H -D+ .ulQlF] ’

kur A; — krintan¢ios bangos amplitudé, As ir B: — bangos amplitudé,
perduodama j 3 medziaga bei klijy sluoksnj, yra nezinomieji. Jie iSreiSkiami A; ir
tangentinio standumo koeficientais K%l), K%z), M1, M2 ir Mz kiekvieno konstrukcijos
sluoksnio Lame konstantos, Q1, Q2 ir Q3 — faziniai greic¢iai 3 sluoksniuose, h — klijy
storis, i - realioji dalis, k -  bangy skaicius, H =
[(K;Z)“'ikl%Qs)ﬂzQ2+H3Q3K7('2)]
[(Kq(})+ik#3Q3)#2Q2—#3Q3K7(~2)]

Buvo nustatyta, kad didinant daznio ir storio charakteristikas, atspindzio ir
perdavimo koeficienty kreivése SH bangos rezime, esant tobulam ir silpnam
jungimui, atsiranda keliy eiliy rezonansas. Tyrimo apraSe buvo padaryta iSvada, kad
reikia parinkti tinkamas kritimo kampo ir daznio bei storio charakteristiky vertes,
kad buty galima atskirti kiekvieno klijy sluoksnio biikle, t. y. tobulai sukibes, silpnai
sukibes arba atsiklijaves [37].

Todél galima jvertinti kiekvieno sluoksnio medziagos savybes. Taip bus
jmanoma jvertinti konstrukcijos vientisumg. Ultragarso atspindZzio koeficientus
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galima apskaiciuoti sluoksniuotose struktiirose, atsizvelgiant j kiekvieno sluoksnio
storj. Taciau esant itin ploniems sukibimo sluoksniams, kuriy storis yra mazesnis uz
medziagos bangos ilgj, sukibimo ribos kokybe galima jvertinti naudojant
ultragarsines tiirines ir nukreiptasias bangas, taikant kvazistatine aproksimacija
(QSA) [31]. Metodikg, pagal kurig nustatomi atspindzio ir perdavimo koeficientai,
priklausantys nuo sukibimo ploto biiklés, galima taikyti tiek tiiriniy, tiek nukreiptyjy
bangy tyrimams.

1.4. Klijais sujungty medZiagy neardomasis bandymas

Siame skyriuje apraSomi ultragarsiniai neardomieji metodai, skirti
daugiasluoksnéms konstrukcijoms tirti.

1.4.1. Vienody medziagy sujungimy tikrinimas

Egzistuoja jvairis Siuolaikiniai ir kiti akustiniai metodai, skirti neardomajai
patikrai atlikti klijais sujungtose medziagos jungtyse [42, 43, 44, 45, 46, 47, 48].
Taciau ne visi metodai gali buti lengvai pritaikomi visoms konstrukcijoms, nes
skiriasi jy geometrija, sluoksniy ir klijy storis bei medziagy rasys [49, 50].

Titov ir Kiti [50] pasitilé tuStumy ir atsisluoksniavimy aptikimo metoda klijais
sujungtose medziagose, kuriame i$¢jimo bangos forma yra signalo atspindziy nuo
metalo ir klijy bei klijy ir metalo riby suma. Buvo sukurtas dekompozicijos
algoritmas ir pritaikytas bandiniams i$ suklijuoto aliuminio ir plieno su skirtingais
klijy sluoksnio storiais tikrinti. Sitilomas metodas pagrjstas daugkartiniy bangy
amplitudziy apskai¢iavimu, atsispindéjusiy nuo nagrinéjamos ribos (metalas-Klijai ir
klijai-metalas), kurias sklisdamas per bandinio sluoksnius priima Kkeitiklis.
Nagrinéjamo modelio schema parodyta 1.2 paveiksle . Siame tyrime buvo lyginama
iSmatuota ir jraSyta etaloniné bangos forma. Tada, siekiant aptikti defektus
atitinkamose ribose, buvo apskaiiuoti pirmosios metalo ir klijy ribos nuokrypio
parametrai r:

ts 1/2
r= [ (s(0) = spa ())2dt| 13
tq

kur s(t) yra i$éjimo bangos forma metalo ir klijy ribos atveju, Sgi(t) — etaloniné
bangos forma, [ti, t2] — duomeny lango laiko intervalas.

Klijy ir metalo riboje esantys defektai buvo aptikti naudojant atspindéty
impulsy fazés inversija. Esant geram kontaktui tarp S$iy sluoksniy impulsai
invertuojami. Impulsy poliariSkumas buvo nustatomas pagal koreliacijos funkcijos
g(t) zenkla. Neigiama reikSmé apibiidina inversing faze ir defekty nebuvima. Taciau
§is metodas taikytinas idealiai lygiems ir glotniems bandiniy pavir§iams bei riboms
[50].
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1.2 pav. Ultragarso bangy sklidimo kelio priklausomybés nuo laiko schema [50]

Yilmaz ir kiti [58] savo darbe pasitlé metoda, skirta aptikti nekokybiska jungtj
klijais sujungtose kompozitinése medziagose. Siam tikslui buvo naudojamas auksto
daznio ir didelés skiriamosios gebos akustinés spektroskopijos metodas. Buvo
vertinama vienguba klijuoty CFRP ploks¢iy jungtis su skirtinga sukibimo kokybe
(atsisluoksniavimu ar silpnu sukibimu). Silpno sukibimo aptikimui buvo sukurtas
formos ypatybiy iSskyrimo algoritmas. Auksto daznio akustiné mikroskopija leidzia
puikiai vizualizuoti sukibimo kokybg. Vertinant sujungimo kokybe sujungtose plony
kompozity struktirose ypa¢ svarbus signaly apdorojimas. Daugiasluoksnio
apdorojimo algoritmo schema parodyta 1.3 pav.

—————
Eksperimentas I Islyginimas ir laiko lango pasirinkimas I Vizualizacija
a a
'Akustme mikroskopijaf @00 —————— Laiko srities
_____________________________________ o | et K g . i i
__________ i : i | Didziausiy didziausia amplitudé ir
- Auksto daznio [Wavelet muksmd i 1 1 Jungties HN . K H g o
fok s : 1 Pavirsiaus ) =G 1 amplitudziy 1+ laiko poslinkis
okusuota: mazmmns atSakO aISplnleO g
keitiklis naudojant SURE ¥ : sulyginimas per R
:slenl\s!} | 8lyginimas | laiko langas 1\ Da7niy srities

didziausia amplitudé ir
daznio poslinkis

1 %
- Impulsinis aidas l __________ : : laiko lanea
1

_________________

1.3 pav. Sukurtas apdorojimo algoritmas silpniems junginiams aptikti [58]

Atlikta ir daugiau darby, skirty sujungimo kokybei jvertinti, naudojant jvairius
neardomuosius bandymy metodus (rentgeno spinduliuote, infraraudonyjy spinduliy
termografija, akustine emisijg (AE)), taip pat siekiant nustatyti chemines ir fizikines
savybes. Struktiiroms su skirtingu sukibimo lygiu patikrinti buvo naudojami jvairiis
ultragarso metodai, pavyzdziui, Lamb ir SH bangos, netiesinis ultragarsas, lazerinis
ultragarsas ir kt. [64, 65, 66, 67, 68, 69, 70, 71].

1.4.2. Skirtingy medZiagy sujungimy tikrinimas

Siuo metu vis dar atlikta nepakankamai daugiasluoksniy struktiiry tikrinimo
tyrimy. Esami sujungty skirtingy medziagy tikrinimo metodai aprasyti toliau Sioje
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dalyje. Todé¢l, norint aptikti defektus, esancius skirtingy medziagy klijy sluoksnio
sukibimo linijoje, vis dar reikia sukurti patikimg neardomojo tikrinimo metoda,
tinkantj Sioms struktiiroms ir defektams tirti.

Jasitiniené ir kiti [72] taiké ultragarsinj bandyma hibridiniy metalo ir
kompozito jung¢iy sukibimui jvertinti. Dél bandinio geometrinés struktiiros ir
savybiy vyksta sluoksniy atspindéty ultragarsiniy signaly sklaida, slopinimas ir
medziagos sujungimu (1.4 pav.). Tyrimo metu nustatyta, kad matavimus sujungimo
kokybés jvertinimui geriau atlikti i§ kompozito pusés, tam buvo taikytas impulsinis
echoskopinis ultragarsinis tyrimas imersiniu rezimu su 10 MHz fokusuotu keitikliu.
Siekiant pasalinti nelygaus pavirSiaus ir nelygiagre¢iy konstrukcijos sluoksniy
sukeltus signaly iSkraipymus buvo sukurtas adaptyvus signalo apdorojimo
algoritmas.

CFRP Titano kai$c¢iai

Titanas

a) b)

1.4 pav. Titano ploksté su kais¢iais (a) ir titano plokstés su CFRP sujungimu brézinys (b)
[72]

Naudojant §j metodg buvo nustatyti sujungime esantys defektai ir jy vieta.
Apdorojimo algoritmg sudaro Sie etapai [72]:

1. signaly filtravimas Gauso filtru,

2. spektro vidutinio daznio skaiciavimai;

3. signaly, atsispindéjusiy nuo vidinés ribos, priémimo laiko jvertinimas,

4.signalo priémimo laiko tiesiné interpoliacija pozicijoms, kuriose yra nuliy
arba ryskiy smailiy;

5. signalo poslinkis laiko srityje pagal jvertintg atvykimo laika;

6. nuo ribos atsispindéjusiy signaly filtravimas Gauso filtru;

7. kiekvieno signalo gaubtinés (angl. envelope) apskai¢iavimas;

8. didziausiy signaly ver¢iy apskai¢iavimas 3D vaizdavimui.

Summa ir Kiti [73] pasitlé in situ pasyviaja termografija tarpfaziniy jtempiy
relaksacijai tirti hibridinése konstrukcijose 1§ sujungto metalo ir CFRP.
Eksperimento ir modeliavimo rezultatai parodé¢, kad mazéjant termoplasto
standumui jtempiai pasiskirsto vis pla¢iau. Siuo metodu pavyko nustatyti pazeidimy
kilmés vietas in situ. Moradi ir kiti [74] pasitilé termografijos neardomajj metoda
krasto defektams aptikti tarp aliuminio ir anglies epoksidinio pleistro, naudojamo jo
remontui. Siame darbe kiekybiniam defekty jvertinimui buvo pasidlyti skirtingi
vaizdy apdorojimo metodai — Furjé transformacija ir 1D bei 2D Daubechie bangeliy
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(angl. wavelet) transformacijos. Siekiant optimizuoti rezultatus pagal apdorojimo
laikg ir signalo bei triukSmo santykj, buvo naudojama 3D bangeliy transformacija.

Sun ir Kiti [75] savo darbe tyré kompozito ir metalo klijy sujungimo bandinj
naudodami neardomajj elektromagnetiniy impulsy sukelta akustinj bandyma (ang.
EPAT). Buvo atliktas neardomasis tyrimas plastikinio kompozito ir metalo
komponenty klijy sujungimo zonoje. Siillomas EPAT metodas generuoja
nukreiptasias bangas klijy sukibimo zonoje, siekiant aptikti atsisluoksniavima. Sio
metodo principas parodytas 1.5 pav. Nukreiptosios bangos sklinda vidiniame klijy
sluoksnyje, taip pat plastiko kompozite ir metale. Esant bet kokiam defekto tipui,
tampriyjy bangy signalas pasikeicia [75].

Poslinkio arba greicio jutikliai
Magnetinis laukas —s
L | ] I I I

\ ] 1 \\ / /
J\oN 7 \
| (= \
! 7\ \ ] \ //
74
‘ T ! Vol S Metalas

Stikuring srove  Lorencojéga  Sikuriné srove  Nukreipta banga
F=]J.,xB

1.5 pav. EPAT metodo taikymo principas [75]

Remiantis i§vardintais tyrimais, kai kuriuos metodus ir algoritmus galima
taikyti Siame darbe tiriamam bandiniui. Impulsy poliariSkumo tyrimas, taip pat
daugkartiniai atspindziai nuo vidinio sluoksnio gali biiti taikomi Siame tyrime
atliekant skirtingy medziagy sujungimy kokybés jvertinima. Taciau tiriant plonus
sujungimus, bandinius su Siurks$ciais ir nelygiagreciais pavirSiais bei vidiniais
sluoksniais, esminé tyrimo dalis yra apdorojimo algoritmai, skirti klijy sluoksniy
kokybés vizualizacijai, kurie leidzia paSalinti neigiamg $iy Saltiniy jtaka
rezultatuose.

1.5. Modeliu pagrijsta aptikimo tikimybé

Neardomyjy bandymy metodo patikimuma galima kiekybiSkai jvertinti pagal
tikimybés aptikimo kreives [76]. Aptikimo tikimybé apibiidina tam tikro dydzio
defekto aptikimg struktaroje. Matematiniu modeliu paremtas aptikimo tikimybés
metodas (angl. MAPOD) turi galimybe suskaiCiuoti POD kreives neatliekant
brangiy ir daug laiko reikalaujanCiy eksperimenty. Modeliuojant POD kreives
galima jvertinti patikros efektyvumg. Taciau aptikimo tikimybés jvertis priklauso
nuo daugelio faktoriy, pavyzdziui, medZiagos tipo, konstrukcijos geometrijos,
defekty tipo, pasirinktos patikros technikos, matavimo aplinkos [76, 77]. Dél to
pagal POD kreives galima jvertinti aptinkamo defekto dydj. POD kreiviy jvertinimo
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pagal modelj metodika yra tokia pati kaip ir eksperimenting, apraSyta MIL-HDBK-
1823A kariniame vadovélyje ir ENIQ ataskaitoje [78].
Bet kurios valdymo sistemos atsakas priklauso nuo jtakojanciy valdymo
metodo parametry. Sig priklausomybe isreiskiame taip:
y = f(a,X); 1.4

kur y — tikrinimo sistemos reakcija, a — defekto dydzio charakteristika (dydis), X —
neapibréztumo parametrai.

Charakteristinis parametras parodo defekto kenksmingumg. Paprastai kaip
charakteristiné verté pasirenkamas defekto dydis: ilgis, plotis arba aukstis,
priklausomai nuo defekto tipo. POD kreivéms jvertinti taikomi du metodai —
pataikymo / nepataikymo analizé (ang. Hit / Miss) ir signalo atsakas (&
priklausomybé nuo a). Abu metodai gali biiti naudojami POD kreivéms jvertinti
skirtingy medziagy sujungimuose. Hit / Miss metodas arba Bernulio duomeny
analizé — tai kokybinés informacijos matas, pagal kurj nustatomas defekto buvimas
arba nebuvimas. Testo rezultatas yra 1, reiSkiantis pataikyma, ir 0, reiSkiantis
nepataikymg. POD kreivéms jvertinti taip pat naudojamas signalo atsako (@ —
priklausomybé nuo a) metodas. Signalo atsakas yra kiekybinis matas, pagristas
santykiu tarp defekto dydzio ir keitiklio atsako [86]. Atliekant ultragarsine patikra
sluoksniuotai struktiirai tirti, atsako amplitudé (@ — iSmatuotas keitiklio atsakas)
priklauso nuo defekto dydzio (a yra charakteringoji verté arba defekto dydis).

Kadangi triukSmas yra visuose neardomuosiuose bandymuose, turi buti
nustatytas lygis, kuris apibrézia rezultatg su defektu arba be jo. Siam lygiui badinga
aptikimo riba d,. Paprastai aptikimo riba apibréZiama kaip didziausias foninio
triukSmo lygis atliekant matavimus, kai konstrukcijoje néra defekty [86, 87, 88, 82,
78, 89].

Rentala ir kiti [77] savo tyrime pademonstravo modeliais paremtg POD
metodg ultragarsiniam testavimui. Skirtingy skersmeny ploksciosios dugno skylés
(angl. Flat Bottom Hole, FBH) defektai buvo generuojami skaitmeniniu budu.
Tikrinimo MAPOD schema pateikta 1.6 pav. Siame tyrime atliktas matematinio
modelio patikrinimas: buvo apskaiCiuotos ir su eksperimentiniais rezultatais
palygintos amplitudés maksimumo vertés bei signalo sklidimo laiko skirtumas tarp
atspindziy nuo priekinés ir galinés sienelés. ]vairiy matmeny defektai buvo
generuojami pagal lognormalyjj pasiskirstymg ir buvo jvertinta kiekvieno defekto
aptikimo tikimybe. Atlikus tyrimg nustatyta, kad defekty, aptikty su 90 % tikimybe
ir 95 % patikimumo lygiu, verté¢ didéja didéjant ribinei vertei (angl. detection
threshold), kuri priklauso nuo signalo triuk§mo lygio ir (arba) nuo klaidingy
pranesimy skaiciaus (angl. false calls) [77].
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Pasirinkite geriausig fizika pagristg modely
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v

Patvirtinti programinés jrangos model;
v

Atsitiktiniy trukimy dydzig generavimas
\Z

Modelio simuliavimas su pasirinktu
itrakimy dydzig pasiskirstymu
v
Signalo rinkimas
N
Statistiné analizé (4 vs, a)
v

POD kreive

1.6 pav. Ti-6Al-4V cilindrinio bloko ultragarsinio bandymo modelio paremto POD
schema[77]

Bato ir kiti [90] savo tyrime pasitlé eksperimentinius ir kiekybinius metodus
POD kreiviy skai¢iavimui atliekant testavimg stkuriniy sroviy metodu. Siekiant
atsizvelgti ] zmogaus veiksnio jtaka ir skirtingy prietaisy poveikij, buvo atlikti keli
eksperimentiniai bandymai. Sie nustatyti neapibréztumai buvo naudojami kaip
imitacinio modelio duomenys. POD kreivés buvo apskaiiuotos remiantis
skaitmeniniu modeliu bei eksperimentiniu biidu ir palygintos tarpusavyje.

Daugiau tyrimy atlikta vertinant neardomyjy bandymy metody patikimuma
skaic¢iuojant POD kreives [92, 77, 93, 94]. Atliekant tyrimus [95], eksperimentiniais
ir modeliuojamaisiais metodais buvo nustatytos aptikimo tikimybés jvairiems
neardomojo tikrinimo metodams: ultragarsiniam skenavimui, termografijai,
stkurinéms srovéems, XCT, SHM ir kt. [95]. Toliau Siame darbe bus vertinama
defekty aptikimo tikimybé daugiasluoksnéje struktiiroje. Modeliu paremtos aptikimo
tikimybés panaudojimas leidzia iSvengti brangiy ir daug laiko reikalaujanciy
eksperimentiniy POD kreiviy skai¢iavimy, uztikrinanciy gerg eksperimentiniy
rezultaty atitikimg ir leidZian¢iy analizuoti daugiau jtakos turin¢ius parametrus, j
kuriuos negalima atsizvelgti taikant eksperimentinj metoda.
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Daugeliu atvejy kartu su neardomyjy bandymy metodais turéty biti pateikiami
signaly apdorojimo algoritmai. Patraukliausi neardomyjy bandymy metodai, skirti
skirtingy medziagy sujungimams tikrinti, yra ultragarsinis tikrinimas naudojant
tirines arba nukreiptgsias bangas, aukSto daznio akustiné mikroskopija,
termografija. Naujausiuose atliktuose darbuose apraSsomas EPAT, nukreiptyjy bangy
ir neardomyjy tyrimy metody sintezés naudojimas bei vaizdy rekonstrukcijos
metodai.

2. METODO, SKIRTO APTIKIMO GALIMYBES PAGERINIMUI
SKIRTINGU MEDZIAGU SUJUNGIMUOSE, SUKURIMAS

Sio skyriaus tikslas — sukurti apdorojimo algoritma, kuris padidinty tikimybe
aptikti defektus skirtingy medziagy klijy sluoksniy sujungimuose. Siekiant $io
tikslo, sluoksniuoty struktiiry komponentai buvo istirti teoriskai, taikant skaitmeninj
modeliavima, signaly modeliavima ir atliekant parametrinj tyrima. Siame darbe
pateiktas tyrimo metodas apibiidina kiekviena veiksmo etapa, skirta pasiekti
tikslams.

2.1. Tyrimo metodas

Sujungimo zonos yra svarbiausia klijuojamy konstrukcijy sritis. Defektai klijy
sluoksnyje pasitaiko daznai. Todél, siekiant uztikrinti sujungimo vietos vientisuma,
svarbu aptikti defektus, pvz., sukibimo pazeidimus ir atsisluoksniavimus [100, 11,
10, 62, 101]. Siekiant sukurti metods, kuris padidinty tokiy defekty aptikimo
tikimybe, tyrimui buvo naudojami du komponentai i§ klijais sujungty skirtingy
medziagy. Tiriamieji komponentai yra ploksté su storesniais skirtingy medziagy
sluoksniais ir viena persidengianti sujungimo detalé¢ su plonesniais sluoksniais, dél
kuriy defektus aptikti gali biiti daug sunkiau.

Siekiant jgyvendinti darbo tikslg, buvo atliktas tyrimas, kurio eigos blokiné
schema pateikta 2.1 paveiksle.
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2.1 pav. Tyrimo metodo etapai

Siekiant aptikti klijavimo defektus skirtingy medziagy sujungimuose ir
padidinti aptikimo tikimybe, buvo istirti ribos charakteristikos teoriniai jvertinimai ir
energijos kiekis, gautas i§ keitiklio po ultragarsinés bangos sklidimo struktiirose.
Taip pat atlikta defekty aptikimo jautrumo analizé, norint nustatyti didziausig jtakg
patikrinimui turéjusius parametrus, siekiant toliau tobulinti metoda ir padidinti
defekto aptikimo galimybes. Naudojant pusiau analitinius baigtinius elementus
atliktas patikrinimo modeliavimas, siekiant iStirti ultragarso bangy elgseng ir
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sklidima per skirtingos klijy buklés bandiniy sluoksnius ir defektus klijuose. Be to,
buvo atliktas zonduojancio signalo atspindziy amplitudés palyginimas ir jvertinimas
skirtingais defekty lokacijos atvejais klijy sluoksnyje. Siekiant nustatyti galimus
metodus, leidzianc¢ius padidinti defekty aptikimo tikimybe skirtingy medziagy
sujungimuose, ir sukurti apdorojimo algoritmg tam paciam tikslui pasiekti, reikia
atlikti aprasyta analizg. Signalui modeliuoti buvo sukurtas algoritmas, kuris buvo
realizuotas MatLab programiniu paketu. Jo tikslas — suskaiCiuoti ir sugeneruoti
eksperimentiniams bandymams artimg signala. ISnagrinéti visi teoriniai ribiniy
charakteristiky vertinimai ir apskaiCiuotas keitiklio gautos energijos kiekis,
ultragarso bangoms sklindant sujungimo konstrukcijose. Atlikus skirtingos
medziagos sujungimy analize ir sukiirus defekty aptikimo galimybes didinancia
technikg, sitilomus metodus reikéty patvirtinti atliekant eksperimentinius tyrimus,
taikant sukurtus signaly apdorojimo algoritmus. Pagal modelj apskaiciuota aptikimo
tikimybé rodo minimaly defekto dydj, kurj galima aptikti pasirinktu ultragarsiniu
metodu 90 % patikros atvejy, esant 95 % patikimumo lygiui. Be to, buvo
apskaiciuota iSmatuoty defekty dydziy neapibréztis.

2.2.1. Daugkartiniy atspindZiy ir ribiniuy charakteristiky teoriné analizé

Sio skyriaus tikslai: 1) jvertinti skirtingos medziagos sujungimy ribines
charakteristikas, siekiant suzinoti ultragarso bangy elgseng daugiasluoksnéje
strukttroje, 2) istirti sklidimo ir atspindzio nuo bandinio riby kelius, 3) nustatyti
kiekvieno i$ jy laiko atvejus ir 4) apskaiciuoti daugkartiniy signaly, atsispindéjusiy
nuo tam tikry riby, amplitudziy vertes, esant skirtingoms defekty vietoms klijy
sluoksnyje. Norint pasiekti nustatytus tikslus, tyrimui atlikti naudotas aliuminio ir
CFRP bandinys i$ klijais sujungty medziagy. Komponentg sudaro 3 sluoksniai: 1,6
mm aliuminio, 0,22 mm klijy ir 5,11 mm CFRP. Anglies pluostu armuoto plastiko
plokste sudaro 41 sluoksnis, i§ kuriy pirmasis ir paskutinysis yra stiklo pluostu
armuoti polimerai (angl. GFRP), o likusieji — CFRP. Kadangi GFRP posluoksniai
yra gana ploni, visa kompozitiné ploksté vadinama CFRP.

Siekiant apskaiciuoti ir toliau palyginti keitiklio gaunamg energija sklindant
ultragarso bangoms ir daugkartiniams atspindziams nuo tam tikry sujungimo
sluoksniy, buvo sukurti trys konstrukciniai modeliai su skirtinga defekto padétimi
klijy sluoksnyje. Pirmu atveju defektas jterptas tarp aliuminio ir klijy, antru —
defektas klijy sluoksnio viduryje, treciu atveju klijavimas be defekto (,,tobulas
klijavimas®). Pradzioje buvo apskaiCiuotos kiekvienos medziagos ribinés
charakteristikos: akustiné varza (Zy), atspindzio (K) ir perdavimo Ky koeficientai.

Signaly atspindziy ir daugkartiniy atspindziy nuo bandiniy riby amplitudés
vertés buvo apskaiCiuotos pagal 2.1 ir 2.2 iSraiSkas. Modeliui su defektu tarp
aliuminio ir klijy (aliuminio ir klijy riba) pagal 2.1 iSraiSka, o modeliams su
defektais klijy sluoksnio viduryje (klijy ir oro riba) ir tobulam sukibimui (klijy ir
GFRP riba) pagal 2.2 iSraiska [9].

A1 = Kr12* Kro1 - Koz Kioi; 2.1
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Agn = K112 K123 " K732 - K121 'Kz?34 ' Kz%_zli 2.2

kur n — daugkartiniy atspindziy nuo tam tikros ribos laipsnis arba skai¢ius, K; —
perdavimo koeficientas, K — atspindzio koeficientas, o skaitmeniniai indeksai —
sudedamyjy sluoksniy numeriai.

Trys modeliai, sukurti skirtingoms ribinéms sglygoms tirti, parodyti 2.2 pav.
Atlikti teoriniai skai¢iavimai, siekiant jvertinti atspindéty signaly amplitudes. Gauti
impulsy grafikai apibiidina signaly, atsispindéjusiy nuo skirtingy bandiniy riby,
priémimo laika. H(t) apibtidina perdavimo funkcija, amplitudés verte, taip pat fazés
pokytj. Sudaryti daugkartiniy atspindziy tii-tsi, tiadair it tiad,crre grafikai kiekvienam
ribinés salygos atvejui: aliuminis-defektas, klijai-defektas ir klijai-GFRP (tobulas
sukibimas). Teigiama ir neigiama impulsy poliskumg apibiidina skirtingi
konstrukcijos medziagy akustiniai impedansai ir fazés pokyciai.
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2.2 pav. Modeliai su skirtingomis medziagy sujungimo riby biisenomis: (2) defektas tarp
aliuminio ir klijy, (b) defektas tarp dviejy klijy juosty, (c) tobulas sukibimas [9]
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Buvo apskaiCiuotos ir 2.1 lenteléje pateiktos kiekvieno modelinio atvejo —
aliuminio-defekto, klijy-defekto ir klijy-GFRP — daugkartiniy atspindziy amplitudés

vertes.

2.1 lentelé Apskaiciuotos daugkartiniy atspindziy amplitudés vertés

Daugkartiniy | Aliuminis-defektas | Klijai-defektas Klijai-GFRP
atspindziy o Wil o ju
amplitudé ® a ; & .-

As —0,2915 —0,1451 0,0468

Az —0,2424 0,1020 0,0106

As —0,2016 -0,0717 0,0024

Aq —0,1676 —0,0504 0,00054

Remiantis lenteléje pateiktais rezultatais padaryta iSvada, kad patikimiau
jvertinti defektus leisty aukStesnés eilés atspindziai. Taikant §j metoda galima
padidinti defekty aptikimo galimybes sluoksniuotose strukttrose.

2.1.2. Jautrumo analizé

Sio skyriaus tikslas — istirti jtaka turinéius parametrus ir nustatyti, kurie i§ jy
daro didiausig jtaka pasirinktam tikrinimo metodui ir jo rezultatams. Zinios apie
pagrindinius parametrus, turincius jtakos sujungty skirtingy medziagy struktiiros
defekty aptikimui, gali biiti panaudotos signaly apdorojimo algoritmo kiirimo etape
ir suteikti informacijos, i ka reikéty sutelkti démesj tikrinimo metu, Siekiant
pagerinti sujungty medziagy defekty aptikimo patikimuma. Siems parametrams
identifikuoti buvo atlikta jautrumo analizé naudojant pusiau analiting baigtiniy
elementy programing jrangg CIVA.

Jautrumo analize sudaro du pagrindiniai etapai: kalibravimas ir metamodelio
skaiCiavimas. Siekiant gauti atraminio signalo amplitude, buvo nustatyta
kalibravimo konfigiiracija. Buvo sukurtas klijais sujungty aliuminio su CFRP
ploks¢iy modelis, kurio geometriniai parametrai buvo tokie patys kaip ir tiriamo
pagaminto bandinio ir kurio iSsamios charakteristikos pateikiamos 3 skyriuje.
Vienakrypc¢iy pluosty skaic¢ius — 41, kiekvieno jy storis ir laminaty orientacija
atitinka bandinio charakteristikas. Modeliavimo patikrinimui taikytas ultragarsinis
impulsy atspindZio metodas imersijos rezimu ir 10 MHz fokusuotas keitiklis.
Keitiklis buvo sumontuotas tokiu atstumu nuo komponento, kad ultragarso spindulys
bty nukreiptas | sluoksniuotos struktiros ribag. Maksimaliai nuo defekto
atsispindéjusio signalo amplitudé buvo naudojama kaip atraminé amplitudés verté
metamodeliui kurti. Metamodelio metodas leidZia nuodugniai istirti jtaka darancius
parametrus defekto aptikimui. Metamodelio generavimo proceso schema pateikta
2.3 paveiksle.

Neapibrézties parametry analizé atlikta atsizvelgiant | pasirinkta tikrinimo
metodg ir bandinio struktiirg. Kitas svarbus metamodelio kiirimo etapas, siekiant
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atlikti kiekvieno jtaka turinio parametro jautrumo analizg, yra statistinio
pasiskirstymo désnio priskyrimas kiekvienam parametrui, kuris gali biiti normalusis,
tolygusis ir kitoks, taip pat variacijos intervaly nustatymas [78]. Neapibréztieji
parametrai su nustatytais variacijos intervalais ir pasiskirstymo désniais pateikti 2.2
lenteléje.

Pradiné konfigiiracija

v

Parametry, kuriuos reikia keisti,
pasirinkimas ir laukiamy rezultaty

v

No Adaptative Strategija

v

Tyrimo planas: Sobol Indices

v

Duomeny bazés
skaiCiavimas

Metamodelis

v

Metamodeliy analizé ir
patvirtinimas

2.3 pav. Metamodelio kiirimo proceso schema (DB — duomeny bazé)

Taikytas statistinis Sobolio indeksy metodas ir pasirinktas Krigingo
interpoliatorius. Sobolio indeksai apibtidina dispersijos dalj, susijusig su kiekvienu
jéjimo parametru arba jy pogrupiu. Be to, pasirinkus Krigingo interpoliatoriy,
sumazéja santykiné paklaida. Siekiant sukurti nuosekly metamodelj, atlikta 768
modeliavimo atvejy.

127



2.2 lentelé. Neapibrézty parametry variacijos intervalai ir pasiskirstymo désniai

. Vidutiné Lo StaFiSt.i nis
Parametrai . Variacijos intervalas pasiskirstymo
verteé L.
désnis
I8ilginés ultragarso bangos | 6 363 m/s | [6 313 m/s; 6 500 m/s] Normalusis
greitis aliuminyje
Defekto ilgis iilgai X 2,625 mm | [0.25 mm; 5 mm] Konstanta /
aies Charakteristiné
verte
Defekto padétis klijy 1,72 mm [1,61 mm; 1,82 mm] Tolygusis
sluoksnyje
Vandens kelias tarp 44,03 mm | [43,5 mm; 44,03 mm] Tolygusis
bandinio pavirSiaus ir
keitiklio
Aliuminio storis 1,61 mm [1,60 mm; 1,61 mm] Normalusis
Zonduojanéios bangos 0° [-6°; 0°] Tolygusis
Kritimo kampas

2.3 lenteléje pateikiamos kiekvieno neapibrézto parametro jautrumo ir
poveikio dalies vertés. Sobolio indeksy diagrama pateikta 2.4 pav.

2.3 lentelé. Kiekvieno neapibrézto parametro jautrumo vertés ir jtakos dalis

NeapibréZtieji parametrai Jau”?nrg:i’siiom“o Proporcijos verté, %
ISilginés bangos greitis 0,04 0,03
Defekto padétis klijy sluoksnyje 3,53 2,95
Keitiklio atstumas nuo bandinio 46,90 39,18
Aliuminio plokstés storis 0,03 0,02
Keitiklio orientacijos kampas 69,21 57,82

Keitiklio atstumas

nuo bandinio
39,18%

2.4 pav. Jautrumo analizés Sobolio indeksy diagrama
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I$ jautrumo analizés diagramos matyti, kad yra du kritiniai neapibrézties
parametrai, kurie labiausiai jtakoja ultragarsinés kontrolés rezultatus: vandens kelias
tarp keitiklio ir detalés pavirSiaus bei keitiklio kritimo kampas. Defekto padétis klijy
sluoksnyje taip pat turi jtakos rezultatui. Taciau, palyginus su vandens trajektorija ir
kritimo kampu, jtaka yra daug mazesné. Neapibrézti parametrai, pavyzdziui,
vandens kelias ir keitiklio kritimo kampas, yra susij¢ su patikros nustatymu. Be to,
vandens kelias ir keitiklio kritimo kampas priklauso nuo pavirSiaus kreivumo. Kai
keiciasi spinduliy kritimo kampas, keiciasi ir ultragarso bangy sklidimo laikas.
Kadangi kritimo kampas ir vandens kelio faktorius turi didelg jtaka patikros
rezultatams, daugiausia démesio reikia skirti eksperimento rengimui arba konkrecios
patikros metodikos kiirimui. Todél, suderinus signalus pagal jy atvykimo laika,
galima pasalinti kreivumo poveikj ir padidinti defekty aptikimo tikimybe.

2.1.3. Ultragarsinio patikrinimo modeliavimas

Sio skyriaus tikslas — atlikti skirtingy medZiagy sujungimy ultragarsinio
patikrinimo modeliavimg, siekiant iStirti ultragarso bangy sklidimo parametrus,
parinkti bandinio testavimo kryptj, jvertinti signaly, atsispindéjusiy nuo defektuoty
ir nedefektuoty sri¢iy, amplitudés vertes. Taip pat palyginti rezultatus, siekiant
atrinkti metodus, kurie leisty pagerinti sujungimuose esanciy defekty aptikimo
galimybes.

Atliekant patikros modeliavimg buvo modeliuojami aliuminio ir CFRP bei
plieno ir CFRP ploks¢iy klijuoti sujungimai. Siekiant istirti ir palyginti defekto
padéties jtaka defekto aptikimo galimybei sujungto aliuminio ir CFRP strukturoje,
buvo sumodeliuotos trys skirtingos defekto vietos klijy sluoksnyje. Modeliuojamy
defekty vieta klijy sluoksnyje yra tokia: tarp aliuminio ir klijy, klijy viduryje ir tarp
klijy ir CFRP. Skirtingy medziagy tyrimams buvo pasirinktas ultragarsinis impulsy
aido metodas panardinimo rezimu, taip pat fokusuojantis keitikliai. Ultragarso
bangos ilgis buvo apskaiciuotas siekiant parinkti tinkama keitiklio dazniy diapazona
kiekvienam komponentui patikrinti. Patikros modeliavimui pasirinktas 10 MHz
daznis, kuris véliau bus naudojamas atliekant eksperimentinius tyrimus. Sis daZniy
diapazonas leidzia kontroliuoti skirtingy medziagy sujungimus ir i§vengti slopinimo
medziagose. Gautos daugybiniy atspindziy nuo konstrukcijos A ir B projekcijos
pavaizduotos 2.5 pav.
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2.5 pav. A ir B tipo skeny modeliavimas i§ metalo pusés, klijy defektui esant: (a) tarp
aliuminio ir klijy, (b) klijy viduryje, (c) tarp klijy ir CFRP

IS modelyje gauty A ir B tipo skeny rezultaty matyti, kad defekto aptikimo
tikimybé mazéja defektui esant gilesniame klijy sluoksnyje. Jei defektas yra klijy
sluoksnio viduryje arba klijy ir kompozito riboje, aliuminio-klijy, defekto ir klijy-
kompozito atspindéti signalai sutampa. Tai lemia plonas klijy sluoksnis ir didelis
signalo slopinimas epoksidin¢je medziagoje, Kuris taip pat apsunkina defekty
aptikimg. Lyginant signaly, daug karty atsispindéjusiy nuo defektuoty (raudonos
spalvos signalas A-skenuose) ir nedefektuoty (juodos spalvos signalas A-skenuose)
sri¢iy, pastebéta, kad amplitudziy skirtumo verté didéja su kiekvienu daugkartiniu
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atspindziu.  Remiantis  gautais  patikrinimo  modeliavimo  duomenimis,
perspektyviausias defekty aptikimo vertinimas skirtingy medziagy sujungimuose
turéty biiti pagristas daugkartiniy atspindziy nuo konstrukcijos ribos analize ir
naudojamas kuriant defekty aptikimo tikimybés didinimo algoritma. Tokie patys
rezultatai gauti tikrinant plieno-CFRP sujungimus. Analizuojant bandinio patikros
atlikimo pusés pasirinkimg, pastebéta, kad defekto aptikimo galimybé testuojant i$
kompozito pusés yra mazesné nei tikrinant i§ plieno pusés. Taip pat dél didelio
kompozitinés medziagos slopinimo ir iSkraipymy sudétinga taikyti daugybiniy
atspindziy analizg. Todél buvo pasirinkta patikra i§ metalo puseés.

2.1.4. Sluoksniuotos struktiiros signaly modeliavimas ir parametry
optimizavimas

Sio skirsnio tikslas — aptikti laiko momentus signale, kur stebimas didziausias
amplitudés pokytis, signalizuojantis apie struktiiroje esan¢ius defektus. Siam tikslui
pasiekti signalai, atsispindintys nuo tobulo sujungimo ir sujungimo su defektais,
buvo modeliuojami pagal specialiai tam sukurtg ir realizuotg algoritmg. Pagrindiné
idéja — iSgauti signalus, kurie biity kuo artimesni eksperimentuose iSduotiems
signalams. Tam buvo naudojamas etaloninis signalas. Eksperimentiniam
etaloniniam signalui gauti buvo naudojamas aliuminio blokas ir 10 MHz fokusuotas
keitiklis. Tyrimas atliktas imersiniu impulsinio aido rezimu. Be to, norint pasiekti
geriausia eksperimentiniy ir sumodeliuoty signaly sutapimg, reikéjo optimizuoti
modelio parametrus. Siekiant geresnio sutapimo, programoje rankiniu badu buvo
optimizuoti §ie parametrai: ultragarso greitis konstrukcijos medziagose, sluoksniy
storio vertés ir medZiagy tankiai. Norint aptikti laiko momentus, kai signale
stebimas didziausias amplitudés pokytis, reikia palyginti signalus, atsispindincius
nuo defektuoty ir nedefektuoty sujungimy. Tam buvo sukurti tobulo sukibimo
(aliuminio-klijy-kompozito) ir defekto klijy sluoksnio viduryje (aliuminio-klijy-
defekto) modeliai ir signalai u(t) sumodeliuoti pagal lygtj [9]:

u(t) = Yref(t)®h(t); 2.3
kur y,.r — eksperimentinis etaloninis signalas, jraSytas naudojant etaloninj bloka,
h(t) — teoriSkai apskaiCiuotas impulsy atspindys sluoksniuotos struktiiros bandinyje.

Atlikus tyrima, parametrai buvo optimizuoti ir tolesniam palyginimui
sumodeliuoti signalai, atsispindintys nuo defektuoty ir bedefekciy sujungimy.

2.2. Apdorojimo algoritmo sukiirimas, siekiant padidinti aptikimo galimybes

Sukurti matavimo signaly apdorojimo algoritmai leidzia pagerinti NDT
technikos efektyvuma. Todél Siame darbe daugiausia démesio buvo skiriama
algoritmy kiirimui. Sio skyriaus tikslas — sukurti metoda, kuris padidinty sukibimo
defekty aptikimo tikimybe¢ skirtingy medziagy sujungimuose. Metodas pagrjstas
teoriniy skaiCiavimy, jvairiy skirtingy medziagy bandiniy tyrimy rezultatais,
modeliavimo rezultatais ir tikrinimo modeliavimu, atsizvelgiant j visus galimus
apribojimus ir jtakos faktorius patikrinimo metodui ir rezultatams.

Sio darbo tyrimo objektas — aliuminio ir CFRP plok§¢iy sujungimas
panaudojant klijus. Siekiant padidinti defekty aptikimo galimybes bei suklijavimo
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kokybei jvertinti buvo sukurtas signaly apdorojimo algoritmas. Sudarant algoritma
buvo atlikti Sie pagrindiniai veiksmai:
1. 18¢jimo duomeny surinkimas po eksperimentinio patikrinimo.
2. Signalo filtravimas filtru, iSsaugant svarbig, informatyvig, signalo dalj.
Pirmiausia buvo apskaiéiuoti signalo dazniy spektrai:

U(f) = FTu(®)]; 2.4

kur FT Zymi Furjé transformacija.
Dazniy spektro filtravimas naudojant juostin; filtra.

Ur(f) = U(f) - H(f); 2.5
kur H(f) — filtro perdavimo funkcija.
Signalo rekonstravimas naudojant atvirksting Furjé transformacija.

up(t) = Re(FTH[Ur(N]); 2.6

kur Re zymi realigja dalj, o FT! yra atvirkstiné Furjé transformacija.

3.Laiko momento nustatymas, siekiant suderinti visus  signalus,
atsispindéjusius nuo objekto pavirSiaus laiko srityje.

Riba buvo nustatyta objekto pavirSiaus atspindziams. Tada buvo nustatyti
kiekvieno nuo pavirSiaus atsispindéjusio signalo priémimo laiko atvejai ties
nustatyta riba U [9].

tn, x = min{arg[ug (ty,) > Uen|}; 27

kur uy(t,,) — skaitmeninis signalas, k =1,2,..,K, K Zymi nuo pavirSiaus
atsispindéjusiy signaly skai€iy, 0 t,, — pirmoji imtis, virSijanti U;j,.laiko momenta.
Buvo nustatyti pirmojo signalo peréjimo per nulio kirtimo taska, virSijantj ¢,
laiko momenta.
tor = min{arg [u,(t,) = 0]}; 2.8

kur t,>t, , t, — visi laiko momentai, 0 wu,(t,) — visi skaitmeniniai signalai,
atspindéti laiko momentais t,, didesniais uz t,, .

Visy signaly suderinimas laike buvo atliekamas perstumiant signalg pagal
nustatytus laiko intervalus, apibuidinancius signalo vélavima [9].

u;c(tn) = w(ty + tO,k); 2.9

4. Daugkartiniy atspindziy nuo bandinio ribos (metalas-klijai) laiko intervaly
nustatymas, kai stebimas didziausias amplitudés pokytis.

5. Apskaiciuota signalo amplitudé laiko srityje nuo tasko, kuriame pastebimas
didziausias amplitudés pokytis esant defektui. Amplitudé buvo apskailiuota
kiekvienam daugkartiniy signalo atspindZiy nuo aliuminio ir klijy jungties laiko
intervalui.

M, = max(u(t)) —min (u(t)); 2.10
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kur n — daugkartiniy atspindziy nuo sujungimo skaicius, n = [1, 2..., N], t nustatyti
daugkartiniy atspindziy laiko intervalai.
6. Daugkartiniy atspindziy amplitudziy santykio apskaic¢iavimas.

K, = Mn 2.11
! %m' '
K, = n+1; .
2= 2.12

kur M,, yra daugkartiniy atspindziy amplitudés maksimumo verté nustatytuose laiko
intervaluose, 0 n yra ribiniy daugkartiniy atspindziy skaiéius, kurn=1[1, 2, ..., N].

Algoritmo taikymas demonstruojamas tolesniame eksperimentiniy rezultaty ir
sukurto algoritmo taikymo skyriuje.

3. EKSPERIMENTINIAI TYRIMAI IR SUKURTO ALGORITMO
TAIKYMAS

Siame skyriuje pateikiami eksperimentiniy tyrimy rezultatai, eksperimentiniy
ir sumodelivoty duomeny palyginimo rezultatai, siiloma metodika ir
demonstruojamas sukurto algoritmo taikymas.

3.1. Skirtingy medZziagy sujungimy eksperimentiniai tyrimai ir rezultatai

Sio skyriaus tikslas — pademonstruoti gautus eksperimentinés skirtingos
medziagos sujungimy patikros rezultatus naudojant ultragarsinius neardomuosius
metodus.

3.1.1. Sujungto plieno ir CFRP komponento apraSymas ir eksperimentinis
tyrimas

Siame skyriuje buvo tiriamas plieno ir anglies pluosto sukibimo komponentas,
kai abi plokstés turi storus skirtingy medziagy sluoksnius. Plieno ir CFRP bandinys
yra ploks¢ios staiakampio formos. Jungtyje taip pat yra 3 dirbtiniai defektai,
esantys tarp klijy ir plieno. Defektai buvo padaryti i§ polietileno (PE) juostos,
naudojant alyva, kad biity iSvengta ploksteliy ir epoksidinés medziagos sukibimo.
CFRP kompozitine medziagg sudaro 4 vienkrypciai anglies epoksidinio pluosto
(plieno ir CFRP junginio) sluoksniai, iSdéstyti skirtingais kampais (90°, 45°, 0°, -
45°). Bandiniy geometrinés charakteristikos pateiktos 3.1 lenteléje ir 3.1 paveiksle.
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3.1 lentelé. Tiriamy skirtingy medZiagy sujungimy plienas-CFRP geometrinés
charakteristikos

Nr. | Charakteristikos Plienas-CFRP
1 Storis 9,32 mm
2 Metalo storis 6,14 mm
3 Kompozito storis 3,18 mm
4 Klijy storis 0,1 mm
5 Bandinio matmuo 300 mm x 300 mm
6 Defekty kiekis 3
7 Defekty matmuo 20 mm x 20 mm;
15 mm x 15 mm;
25 mm x 25 mm;
8 Metalo ir kompozito plokstés 300 mm x 300 mm
matmenys
9 Priklijuotos dalies matmenys 300 mm x 300 mm
10 Defekto vieta Tarp epoksidinés ir metalinés plokstés
11 | Vienakrypciai pluostai 4 sluoksniai CFRP pluosty

‘ Axis Driver

Plienas

> Scanner Control  [€?| PC

H

Measurement
System TecScan

'CIS-3000 6-axis large
industrial scanner /

water tank

a

Klijai

b

3.1 pav. Skirtingy medziagy sujungimas plieno-CFRP jungtis: (a) bandiniy strukttira

plokstumoje, (b) bandiniy struktiira skerspjavyje, kur a = plieno storis, b = CFRP storis, ¢ =
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klijy sluoksnio storis

I§ skirtingy medziagy suklijuoty konstrukcijy ultragarsiniam patikrinimui buvo
naudojama ,,TecScan* matavimo sistema (,,TecScan Systems Inc.“) su 10 MHz




fokusuotu keitikliu, taikant ultragarsinj impulsinj atspindzio metodg. Tiriamas
bandinys buvo panardintas j vandens rezervuarg ir pritvirtintas prie sistemos
sukamojo stalo, o keitiklis buvo fokusuotas j viding ploks¢iy suklijavimo riba.
Skenavimo sritis buvo nustatyta iSilgai y ir z asiy su 1 mm (plienas-CFRP)
skenavimo zingsniu. Patikrinimo atlikimo schema pavaizduota 3.2 paveiksle.

Y

Asies valdytojas

Skenerio valdymas [« Kompiuteris

A
y

I
|
! -
1 p Ultragarsiné

matavimo sistema
TecScan

IFokusuotas 10 N

CIS-3000 6-axis large
Pramoninis skeneris

/vandens rezervuaras

3.2 pav. Plieno-CFRP ir aliuminio-CFRP klijuoty konstrukcijy i§ skirtingy medziagy
sujungimy ultragarsinés impulsinés echoskopinés patikros imersiniu metodu parengimas [9]

Gauti rezultatai apibiidina klijais sujungty skirtingy medziagy apzitiros
problematikg ir jtaka darantj faktoriy — objekto pavirSiaus kreivuma. Plieno-CFRP
konstrukcijos eksperimentinio tyrimo C-skenai, atlikti naudojant 10 MHz fokusuota
keitiklj impulsiniu atspindZio rezimu, pateikti 3.3 paveiksle. Gauti C-skenai rodo
bandinio pavir§iaus kreivuma. Sis faktorius turi didele jtaka defekty nustatymui dél
skirtingo ultragarso bangy sklidimo laiko.
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3.3 pav. Plieno ir CFRP konstrukcijos A ir C skenavimas, rodantis signalus, prasidedancius
skirtingais laiko momentais: (a) 5,1-6 us laiko intervalui, (b) 5,4-6 ps laiko intervalui

Remiantis modeliavimo rezultatais, analizuojant daugkartinius atspindzius
turéty padidéti tikimybé aptikti sukibimo defektus. Todél daugkartiniy atspindziy
nuo metalo ir klijy sandtros ribos analizei buvo nustatyti laiko ribos. Geriausi
defekty aptikimo rezultatai gauti tiriant 3-igjj atspindj nuo plieno ir klijy jungties.

3.1.2. Sujungto aliuminio-CFRP komponento apraSymas ir eksperimentinis
tyrimas

Taip pat tiriamas aliuminio ir anglies pluoStu sutvirtinto plastiko
vienasluoksnis sujungimas. Dél plonesniy detaliy medziagy sluoksniy gali biiti
sunkiau nustatyti defektus. Aliuminis ir CFRP buvo suklijuoti naudojant du
sluoksnius struktarinés klijy plévelés ,,3M Scotch-Weld AF163-2 K red*. Sujungime
tarp dviejy klijy plévelés sluoksniy buvo jterpti trys dirbtiniai defektai.
Atsisluoksniavimo defektai buvo pagaminti i§ dviejy sluoksniy ,, Wrightlon® 4600
poliolefino kopolimero plévelés. Bandinio CFRP ploksté sudaryta i§ 41 vienkrypcio
pluosto sluoksnio, kur pirmasis ir paskutinis sluoksniai yra GFRP pluostas.
Laminaty orientacija yra tokia: 45°, -45°, 0° 90°. Bandinio geometrinés
charakteristikos pateiktos 3.2 lenteléje ir 3.4 paveiksle.
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3.2 lentelé. Tiriamy skirtingy medziagy sujungimy plienas-CFRP geometrinés
charakteristikos

Nr. | Charakteristikos Plienas-CFRP
1 Storis 6,94 mm
2 Metalo storis 1,61 mm
3 Kompozito storis 5,11 mm
4 Klijy storis 0,22 mm
5 Bandinio matmuo 150 mm x 150 mm
6 Defekty kiekis 3
7 Defekty matmuo 5mm x5 mm,;
10 mm x 10 mm;
15 mm x 15 mm;
8 Metalo ir kompozito plokstés 100 mm x 150 mm
matmenys
9 Priklijuotos dalies matmenys 50 mm x 150 mm
10 Defekto vieta Tarp 2 sluoksniy klijy plévelés
11 | Vienakryp¢iai pluostai 41 sluoksnis (0—41): 40 CFRP pluosty, 2
GFRP pluostai
Yy
E
&
E
S
E
£ §
X
r 150mm
© £ Aliuminis o
- g _ . Y 3
3
T E
0 E

3.4 pav. Skirtingy medziagy sujungimas i$ aliuminio ir CFRP: (a) bandiniy struktiira
plokstumoje, (b) bandiniy struktiira skerspjavyje, kur a = plieno storis, b = CFRP storis, ¢ =

klijy sluoksnio storis
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Taip pat buvo naudojama ,,TecScan“ matavimo sistema (,,TecScan Systems
Inc.) ir 10 MHz fokusuotas Kkeitiklis, skirtas aliuminio-SFRP konstrukcijai
patikrinti ultragarso impulso-echo metodu. Keitiklis buvo nukreiptas j metalo ir klijy
sujungimo vietg. Skenavimo sritis iSilgai y ir z asiy buvo nustatyta 0,5 mm
skenavimo zingsniu. Patikrinimo schema parodyta 3.2 pav. Aliuminio ir anglies
pluostu armuoto plastiko sujungimo eksperimentinio tyrimo C ir B skenavimas
parodytas 3.5 paveiksle.

mm

20 40 60 80 100 120 140
X, mm
a

v=39 mm

Atspindys nuo pavirSiaus

(&) o

.:: P

12 Atspindys nuo ribos

3.5 pav. Aliuminio ir CFRP klijuotos konstrukcijos B ir C skenai: (a) C-skenas, (b) B-
skenas, rodantis komponenty kreivuma

D¢l jtakingo bandinio kreivumo veiksnio buvo sudétinga aptikti sukibimo
defektus struktiiros riboje. Didziausias laiko skirtumas, pastebétas dél pavirSiaus
kreivumo, yra 1 ps. Defekty ir jy dydziy nejmanoma iSmatuoti. Taigi, reikia sukurti
ir taikyti vieng metoda visy tipy bandiniams i skirtingy medziagy, turinCiy
sluoksniuotg struktiirg, siekiant pasalinti bandiniy kreivumo (o ne idealios
geometrijos) jtaka.

Apibendrinant galima teigti, kad visi eksperimenty rezultatai, gauti tiriant
skirtingy nelygiaver¢iy medziagy bandinius, rodo pagrinding defekty nustatymo
problema, kurig lemia skirtingas nelygiaver¢iy medziagy akustinis impedansas ir
jtakos turintys pavirsiaus kreivumo faktoriai.
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3.2. Modeliavimo ir eksperimentiniy rezultaty palyginimas

Sio skyriaus tikslas — nustatyti daugkartiniy atspindziy laiko momentus ir laiko
intervalus su didziausiu amplitudés pokyciu, kurj sukelia defektas, taikant 2.1.4
skyriuje apraSyta metodg. Pirmasis atliktas metodo etapas — optimizuoti parametrus
(ultragarso greitj, sluoksnio storj ir tankj), siekiant gauti modeliuojama signala,
sklindantj per aliuminio ir CFRP medziagy sluoksniuotg strukttira, kuo artimesnj
eksperimentiniu budu gautam signalui. Optimizavus parametrus, buvo pasiektas
geriausias modeliavimo ir eksperimentinio signalo atitikimas. Siy signaly,
atsispindéjusiy nuo defekty neturin¢ios ribos, modelio ir eksperimento A-skenavimo
palyginimas parodytas 3.6 pav.

Eksperimentiniy ir sumodeliuoty signaly palyginimas

te | \ Qadeipe |t experimental
| modelled
0.5} | t1aq drre-2
5 A A
b 0 =4 \ W 4
= ‘.I i
.
| | l ) |1 |
0.5t | '.; |4 I"'

14
|| ¥ ¥ t1aErp,crrr-2

I| ] t1Grrp crrP

564 586 588 59 592 594 596 598 &0 60.2 604
laikas, ps

3.6 pav. A skenavimo modelio ir eksperimentiniy signaly palyginimas (mélyna spalva
apibadina sumodeliuotg signalg, raudona — eksperimenti$kai gautg signalg) [9]

Tyrimas parodé, kad reverberacija pasireiskia pavirSiaus ir vidinio sujungimo
atspindziuose abiejuose signaluose (modeliuojamuose ir eksperimentiniu budu
gautuose signaluose). A skenas, pateiktas 3.6 paveiksle, iliustruoja, kaip signalai,
kurie atsispindi nuo aliuminio ir klijy jungties ti;, ir signalai, atsispindintys nuo klijy-
GFRP tiagcrre i GFRP-CFRP ticere,cere riby, taip pat jy daugkartiniai atspindziai
persidengia dél plony sluoksniy storiy. Dél Sio persidengimo efekto defektus aptikti
sunkiau, nes signaly, atsispindéjusiy nuo defekty turin¢iy ir defekty neturinéiy
sriciy, amplitudés skirtumas gali biiti neakivaizdus ir jo nepavyks nustatyti.

Modeliuojamo signalo, atsispindéjusio nuo daugiasluoksnés aliuminio ir
anglies plastiko konstrukcijos, esant idealiam sujungimui su klijais (aliuminis-klijai-
kompozitas) ir defektiniam sujungimui (aliuminis-klijai-defektas), A-skenavimo
palyginimas pateiktas 3.7 pav.

Palyginus A skeno modeliuotus signalus, atsispindéjusius nuo tobulos
sujungimo jungties (aliuminis-klijai-kompozitas) ir defektinés jungties (aliuminis-
klijai-defektas), buvo nustatytas atitinkamo atspindzio laikas. Atsizvelgiant |
pirmojo atspindZio nuo aliuminis-klijai ribos laiko intervala, didziausias amplitudés
pokytis pastebétas po antrojo atspindzio nuo defekto tiagair arba pirmojo atspindzio
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nuo apatinés klijai-kompozitas ribos tiagrp mMetu laiko intervale tiitx. Signalo,
atsispindéjusio nuo dugno arba klijy ir kompozito jungties, laiko momentas sutampa
su dvigubai ilgesniu signalo laiku, atsispindéjusiu nuo defekto. Kadangi
daugkartiniy atspindziy tyrimas turi didele jtaka defekty aptikimo tikimybei,
kiekvienam daugkartiniy atspindziy nuo tarpinés ribos (aliuminis-Kklijai) laiko
intervalui (tui:ta, toiitsi, tsiitai, tiitsi) atitinkamai buvo nustatyti laiko momentai ir laiko
intervalai su dideliais amplitudés pokyciais. 3.3 lentel¢je pateikiami laiko intervalai,
kuriuose amplitudés vertés keitési labiausiai.

Atspindys nuo paZeistos ir nepaZeistos jungties

|2 1/
Aliuminis !é‘ \/ £72m

Y
CERP Defektas Klijai

a

Al/klijai/oras ir Al/klijai/GFRP palyginimas

|l| t . t . t . I t4i
| ! 0 | AVAdD/GERP.
| | t1aid ai ! _I. Al/Adh Air
0.5 | ]
c:;" | | fl NEp
T f \/ ”‘be\fo APAA
TRITERE'S
Ill | V I._;' Z 42/ %
-057+ '..! I tlald,gfrp i tZad,gfrpI t3ac,gfrpl i
59 59.5 60 60.5
laikas, us
b

3.7 pav. Sumodeliuoty signaly palyginimas: (a) strukttiros pjivio vaizdas, (b) A skenavimo
palyginimas [9]

3.3 lentelé. Pasirinkti laiko intervalai ir amplitudés vertes

Amplitudés vertés Laiko intervalai su didZiausiu
amplitudés pokyciu
My t1ad,GFRP: L2i

M; t2ad,GFRP: 3
Ms t3ad,GrRP: L4
My t4ad,Grre:1si

Nustatyti laiko intervalai ir amplitudziy apskai¢iavimas buvo naudojami
sukurtame apdorojimo algoritme siekiant padidinti defekto aptikimo tikimybg.
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3.3. Sukurto signalo apdorojimo algoritmo taikymas ir rezultaty aptarimas

Sio skyriaus tikslas — pritaikyti sukurtg signalo apdorojimo algoritma siekiant
pagerinti defekty aptikimo galimybes klijais sujungtuose skirtingy medziagy
sujungimuose. Siam tikslui pasiekti eksperimentin aliuminio ir CFRP sluoksniuotos
konstrukcijos tyrimo metu jraSyti matavimo signalai buvo apdoroti pagal sukurta
algoritma.

Pirmiausia buvo naudojamas juostinis filtras, kad biity paSalintas triukSmas i§
signaly. Tada buvo taikomas nulinio kirtimo metodas norint suvienodinti nuo
objekto pavirSiaus atsispindéjusiy signaly atvykimo laika. Po to buvo nustatytas
pavirSiaus atspindziy laikas ir numatyti tinkami laiko intervalai daugkartiniams
atspindziams nuo vidinio klijy sluoksnio (aliuminio ir klijy sujungimas) analizei
atlikti. Tuomet buvo apskai¢iuotos amplitudés vertés pasirinktais laiko intervalais
(M1-M,) C skenui atvaizduoti (3.8 pav.).

1 T ﬂ
I‘| M1 M2 M3 M4
05 ‘|| 1
= | “l / | |\ \ N
2 ok \ (\) \f AN AP
= | | " \
[V ‘
—0.5 | ‘I| I ’
I
P .
58.5 59 59.5 60 60.5 61 61.5
laikas, ps
oo ) (a) Lo )
M laiko intervalo C-skenavimas M: laiko intervalo C-skenavimas
1 1
50 - .

0.8

06

E AR D " ] E_ LS - 3. ;
Hepls , e _ s
0B ol . S LR 04 : . a2 % .
P G+ ‘ 3 3 P30, N .
ety Sty SO R = LI 4 02

20 40 60 80 100 20 40 60 80 100

20 40 60 80 100 20 40 60 80 100
X, mm X, mm

(d) (e)

3.8 pav. Pasirinkty daugkartiniy atspindziy A ir C skenai: (a) A-skenas, (b) C-skenas
M laiko intervalu, (c) C-skenas M; laiko intervalu, (d) C-skenas M3 laiko intervalu, (e) C-
skenas My laiko intervalu [9]
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Taikant pasirinktus laiko intervalus C skenavimo vizualizacijai, buvo galima
aptikti visus struktiiroje esancius defektus. Du mazesni defektai pastebimi aiskiau.
Pirmasis ir ketvirtasis atspindZiai i§ aliuminio ir klijy jungties Mi ir Ms laiko
intervaluose suteikia rySkesnius visy trijy defekty formos kontiirus. Be to, defekty
aptikimo pageréjimas buvo kiekybiskai jvertintas taikant -6 dB kritimo metoda M4
intervalui. C skenavimas ir intensyvumo pokycio pjuviai pasirinktoje defekto
koordinatéje iSilgai x ir y asiy pavaizduoti 3.9 pav. Defekty matmenys pateikti 3.4

lenteléje.
1
Threshold| 3 0.6 Threshold
:0.4

0 0
20 25 30 35 40 45 50 10 20 30 40 50 60
X,mm y,mm
a
1 1
1
0.8 0.8
0.8 .
506 ﬂ 7/ Thréshold| 3 06 [l Threshold
a @ i V
06 504 v \/ 504 U\N U
0.2 02
0.4
0 0
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X,mm y,mm

1
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0.8
506 Mesho|d 5 06 hreshold
06 «© —7 CUn
S04 S04
04 0.2 0.2
0 0
£ 5 30 35 40 45 5
y,mm
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0

3.9 pav. C skenavimas ir intensyvumo poky¢io pjiviai X ir y adyse (-6 dB kritimo metodas):
(a) didziausias defektas, (b) vidutinio dydzio defektas, (c) maziausias defektas

3.4 lentelé. Defekty matmenys, iSmatuoti taikant -6 dB kritimo metoda

Atspindys Pokycio DidZiausias Vidutinio dydZio | MaZiausias
pjiiviai defektas, mm defektas, mm defektas, mm
My X asis 14,3 4,7 6
Y asis 15,7 10,2 6,4

142



Siuo atveju i$matuoti defekty dydZiai yra artimesni etaloniniams defektams,
palyginus su aliuminio ir klijy sukibimo atspindziy rezultatais, kai laiko intervalai
yra tiityi ir Kiti. Be to, buvo apskaiiuotas nustatyty laiko intervaly Mi-Ma
amplitudziy santykis (lygtys 2.11, 2.12), kuris atitinka sukurto apdorojimo algoritmo
6 zingsnj. Geriausi amplitudziy santykio koeficientai, uztikrinantys geriausig defekty
aptikimo galimybe, parodyti 3.10 pav. Pagal C skeng galima matyti visus struktiiros
defektus, kurie buvo aptikti su geresniu aptikimo patikimumu.

M./M. C-skenavimas M4/M; C-skenavimas
_ S 1
B ¥
[ mLh A 08
S " 3
F':' 3 }’ 0 T\ '.“.“» 2 06
e s AR N A A
L TP L e .
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= oy L’\?}. . il il TN
20 40 60 80 100 40 60 80 100

0.8
06
04
20 40 6 80 100
X, mm

3.10 pav. Amplitudés santykio koeficienty C skenai: (a) Ma/M1, (b) Ma/Ms, (C)
Ma/Ms [9]

M4/M1 laiko intervalo santykio C skenavimas rodo aptikta didziausig defekts.
M4/M3 ir M3/M4 C skenavimas rodo didesng tikimybe aptikti du maZesnius
defektus su rySkesniais defekto geometrijos konttrais. Defekty dydziai buvo
iSmatuoti taikant -6 dB kritimo metodg ir pateikti 3.5 lenteléje.

3.5 lentelé. Defekty matmenys, iSmatuoti taikant -6 dB kritimo metoda

Atspindys Poky¢io DidZiausias Vidutinio dydzio | MaZiausias
pjiiviai defektas, mm defektas, mm defektas, mm
M4/M1 X a8is 9,8 - -
Y asis 13,5 - -
M4/M3 X agis 11,6 115 4,9
Y agis 11,6 13,5 6,2
M3/M4 X agis 13,6 10,3 3,8
Y agis 11,8 114 3,9

Geriausius didziausio defekto aptikimo rezultatus rodo M4 laiko intervalo C
skenavimas, kurio matmenys — 14,3 x 15,7 mm. Vidutinio defekto atveju geriausius
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rezultatus rodo M3/M4 C-skenavimas, kurio matmenys yra 10,3 x 11,4 mm, o
maziausio defekto atveju — M4/M3 C-skenavimas, kurio matmenys yra 4,9 x 6,2
mm.

4. ULTRAGARSINIO NDT METODO PATIKIMUMAS IR
NEAPIBREZTIES MATAVIMAS

Ultragarsinio neardomojo metodo patikimuma, siekiant aptikti defektus
skirtingy medziagy sujungimuose, galima kiekybiSkai jvertinti taikant aptikimo
tikimybés metoda [76, 83]. Sio skyriaus tikslas — jvertinti sukibimo defekto, kurj
galima aptikti naudojant pasirinktg ultragarsinj NDT metoda, dydj sluoksniuotosios
struktiros skirtingy medziagy sujungimuose prie§ ir po to, kai panaudojamas
sukurtas signalo apdorojimo algoritmas.

4.1. Modeliu pagristos aptikimo tikimybés vertinimas

POD kreivéms vertinti naudotas 2 skyriuje apraSytas metamodelio metodas.
Nustatyta pradiné konfigiiracija, kurioje apraSyta visa butina patikrinimo
informacija. Tada buvo nustatyti ir apibuidinti kintamumo $altiniai bei jy statistiniai
pasiskirstymai. Nustatyty kintamyjy parametry statistiniy pasiskirstymy atranka
atlikta taikant Monte Karlo algoritma. Buvo apskai¢iuoti atitinkami modeliavimo
rezultatai. Pagal gautus rezultatus apskaiciuotos POD kreivés. Ultragarsinio NDT
metodo patikimumas pries ir po sukurto signalo apdorojimo algoritmo panaudojimo
buvo jvertintas nustatant defekty POD ir pateiktas [78]. Sukurto algoritmo
veiksmingumas gerinant defekty aptikima buvo jvertintas lyginant §iuos rezultatus.
Statistiniam apdorojimui buvo pasirinktas signalo atsako metodas. Defekto ilgis
(charakteristiky reik§mé) laikomas POD kreivés abscisiy aSimi.

4.1.1. Sukibimo defekty aptikimo signalo atsako analizé prieS taikant signalo
apdorojimo algoritma

Pirma, POD kreivé buvo jvertinta defektams aptikti naudojant ultragarsing
patikra pries taikant signaly apdorojimo algoritmg. Aptikimo riba yra -9,1 dB, o tai
yra aukscCiausias foninio triuk§mo lygis (atspindys nuo defekty neturinéios jungties).
Gauta signalo atsako POD kreivé pavaizduota 4.1 pav.

Defekta ilgis

[
=

=
i
-

¥ ¥
T T T T

=1
bz 17 20 aln 470 5l

4.1 pav. Signalo atsako POD kreivé su Log/Lin duomenimis patikrinimui pries§ algoritmo
taikyma (defekto ilgis)
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90 % atlikty patikrinimy, kai patikimumo lygis yra 95 %, nejmanoma aptikti
jokio defekto komponento sukibimo sluoksnyje. Tikimybiy kreivés, kurios nesiekia
100 % aptikimo tikimybés, néra nuoseklios. Taciau, analizuojant gautag POD kreive,
yra mazdaug 53 % tikimybé, kad 5 mm dydzio defekta galima aptikti. Si tikimybé
yra labai maza ir neatitinka matavimo reikalavimy, ypa¢ aviacijos ir kosmoso
pramongje. Tai gali lemti faktoriai, kurie daro didele jtakg defekty aptikimui
naudojant patikrinimo technika.

4.1.2. Sukibimo defekto aptikimo signalo atsako analizé pritaikius signalo
apdorojimo algoritma

Sioje dalyje sukurto metodo efektyvumas buvo jvertintas pagal POD kreivés
vertinimg, siekiant nustatyti klijavimo defektus. Pagrindiniai faktoriai, tokie kaip
kritimo kampas ir vandens kelias, buvo paSalinti taikant §j metoda, todél Sie faktoriai
nebuvo jtraukti kaip neapibréztieji parametrai POD vertinimui. Be to, laiko
intervalas buvo nustatytas taip, kad apimty daugkartinj atspindj nuo ribos. Defekto
ilgis pasirinktas kaip charakteristiné¢ reik§mé ir laikomas POD kreivés abscisiy
aSimi. Jvertinta POD kreivé pateikta 4.2 pav.

Defekto ilgis
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4.2 pav. Signalo atsako POD kreivé su Log/Log duomenimis patikrinimui po algoritmo
pritaikymo (defekto ilgis)

Todél, pasSalinus didziausiag jtakg darancius faktorius, buvo gauta nuosekli
POD kreivé. Defekto ag ilgis yra 3,26 mm ir jj galima aptikti su 90 % tikimybe.
Defekto agoes ilgis yra 4,64 mm, jj galima aptikti 90 % atlikty patikrinimy su 95 %
patikimumo lygiu. Neapibréztis pagal pasikliautinuosius intervalus yra 1,38 mm.

4.2. NeapibréZties matavimas

Siame skyriuje buvo vertinama i$matuoty defekty dydziy neapibréztis,
pritaikius sukurta signalo apdorojimo algoritma defektams aptikti ir pagerinus jy
aptikimo tikimybe. Neapibréz¢€iai matuoti buvo nustatytas matematinis modelis.

Norint apskaiciuoti defekto ilgio neapibréztj iSilgai x ir y aSiy, formulé iSreiskiama
taip [112]:
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Y = (X1, Xy, ., X0); 4.1
kur Y yra matuojamasis dydis arba defekto ilgis, X; — j&jimo dydziai (paklaidy
Saltiniai), nuo kuriy priklauso i$¢jimo dydis Y, kur i=1, 2,..., n, f — matavimo
proceso funkcija.

Pagrindiniai veiksniai, turintys jtakos defekty aptikimui ir jy dydzio
nustatymui, buvo nustatyti 2 skyriaus jautrumo analizés poskyryje ir yra Sie:
ultragarso greitis aliuminyje, defekto padétis klijy sluoksnyje, vandens kelias tarp
keitiklio ir detalés pavirSiaus, aliuminio storis ir pavirSiaus kreivumas. Kiekvieno
jitaka darancio faktoriaus standartiné neapibréztis buvo kiekybiSkai jvertinta taikant
A ir B tipo neapibrézties vertinima. [taka darantys faktoriai, arba paklaidy Saltiniai,
ju iSvestiniai faktoriai, taip pat kiekvienam i§ jy tinkamas neapibrézties tipas ir
matavimo modelis pateikiami 4.1 lenteléje.

4.1 lentelé. Jtakojantys faktoriai ir matematiniai modeliai

NF Itakojantys faktoriai Nea[‘)::g;ztles Modelis
Ultragarso greitis aliuminyje, 2Hy
l B al = N
Val al
2 Aliuminio storis, Hy A Statistiné analizé
3 Matuoklio skiriamoji geba, rc B Instrumento vertés, r.=0.01
4 S_krldlmo _1k1 ahum{mo klijy A Statistine analizé
jungties ir atgal laikas, t,;
Ultragarso bangos ilgis < Vai >
5 - - - B /‘la[ = H
aliuminyje, A4; frreq
6 Keitiklio daZnis, ff,eq B Techniniai dokumentai
7 Defekto p ad_e tis klijy A Statistiné analizé
sluoksnyje, D4
i itiklio i 1%
8 Vandens ke!la}g, tarp keitiklio ir B W, = F — M, (_az)
pavir§iaus, W, P |/
9 Fokusavimo atstumas, F B Techniniai dokumentai
-y . - 2H
10 Ultragarso greitis vandenyje, B v, = ( w);
Vi, Ly
11 Vandens terpés storis, H,, A Statistiné analizé
Skridimo iki vandens ir
12 aliuminio jungties ir atgal A Statistiné analizé
laikas, t,,

A ir B tipo matavimo standartiné neapibréZtis nustatyta pagal 4.2 ir 4.3 lygtis.
Kombinuota neapibréztis buvo isplésta iki 95 % patikimumo lygio (4.4 lygtis).

N
1 _
uC) = =T 1);(xi —%)2; 4.2

kur N yra nepriklausomy matavimy skaicius, x; — iSmatuota verté, ¥ — keliy
nepriklausomy matavimy vidutinés vertés.
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n

) = | uC? W2 43
i=1
kur W (x) — itakos koeficientas.
Uexp = k- u(y); 44
kur k = 2 — apimties skaiCius, parinktas i§ Stjudento lentelés (normaliojo
pasiskirstymo désnis).
Aptikto defekto ilgio iSilgai X ir y aSiy iSpléstiné neapibréztis yra 0,88 mm.

ISVADOS

1. Ultragarsinis neardomasis tyrimy metodas, atspindzio ir perdavimo
koeficienty jvertinimas, duomeny apdorojimas, taip pat jtakojanciy veiksniy tyrimas
ir aptikimo tikimybés jvertinimas buvo pasirinkti siekiant sukurti metodika, kuri
leisty geriau aptikti sukibimo defektus skirtingy medziagy sujungimuose.

2. Analizuojant daugkartinius atspindzius nuo ribos tarp skirtingy medziagy,
tikimybé aptikti sukibimo defektus padidéja, nes iSauga amplitudés skirtumas tarp
signaly, atsispindéjusiy nuo sri¢iy be defekty ir su defektais. Pagrindinis faktorius,
turintis jtakos defekty aptikimui komponentuose su sluoksniuotomis struktiiromis,
yra pavirSiaus (jungiamojo sluoksnio) kreivumas, kuris apibiidinamas tokiais
neapibréztais parametrais kaip ultragarso spindulio kritimo kampas ir atstumas
vandenyje. Sie parametrai turi atitinkamai 57 % ir 39 % jtakos.

3. Ultragarso bangy sklidimo trukmés modeliavimas leido nustatyti laiko
intervalus, per kuriuos buvo pastebétas didziausias amplitudés pokytis, lyginant
sumodeliuotus signalus, atsispindéjusius nuo defektiniy ir nedefektiniy sric¢iy. Klijais
sujungty skirtingy medziagy sujungimy tyrimo metodas buvo sukurtas siekiant
iSgauti vertingus kriterijus, reikalingus signalo apdorojimo algoritmui sukurti, kad
bity padidinta defekty aptikimo klijy sluoksnyje tikimybé. ISskiriami $ie kriterijai:
sklidimo laiko momentai ir atspindéty signaly laiko intervalai, atsizvelgiant ]
daugkartinius atspindzius, amplitudés pokytis ir pasirinkty laiko intervaly
amplitudziy santykio koeficientai. Tyrimo metoda sudaro Sie etapai: daugkartiniy
atspindziy ir ribos charakteristiky analizé, jautrumo analizé, skaitinis tyrimas ir
parametry optimizavimas.

4. Sukurtas apdorojimo algoritmas apima peréjimo per nulj metoda nuo
bandinio pavirSiaus atsispindéjusiems signalams iSlyginti laike, daugkartiniy
atspindziy analize, reikiamy laiko momenty nustatymg, kad bty galima teisingai
nustatyti laiko intervalus ir amplitudziy santykio koeficientus.

5. Naudojant sukurtg algoritmg buvo aptikti visi sukibimo defektai ir (arba)
atsisluoksniavimai skirtingy medziagy sujungimy sluoksnyje (henaudojant algoritmo
aptikimas apskritai nejmanomas) ir nustatyti jy dydziai: 14,3 x 15,7 mm +0,88 mm
(didziausias defektas), 10,3 x 11,4 mm £0,88 mm (vidutinis defektas), 4,9 x 6,2 mm
+0,88 mm (maziausias defektas). Pagal sukurta metodika, remiantis MAPOD
vertinimu, taikant sukurtg algoritma galima aptikti klijy sluoksnio sukibimo ir (arba)
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delaminacijos defektus atliekant 90 % patikrinimy, kai patikimumo lygis yra 95 %.
Primintina, kad atliekant ultragarsing patikra ir netaikant algoritmo, i§ viso nebuvo
jmanoma aptikti defekty skirtingy medziagy sujungimy bandinyje.
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