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Abstract

Adhesive use in the automotive industry islimited by alack of suitable non-destructive
testing methods. Ultrasonic methods have been used successfully in some applications.
However, current techniques cannot be used in the automotive industry due to large
variations in the thickness of the attenuative adhesive and the need for couplant-free
testing.

Thisthesis detail s the development of anovel ultrasonic technique for the detection of
disbonds in the automotive industry, based on the fundamental through-thickness
resonance (mode 1) frequency of the joint. For aspecified range of adhesive thickness
in a bonded joint, a corresponding range of mode 1 frequencies can be predicted.
Where the joint is disbonded these frequencies are much higher. During testing, the
mode 1 resonance is excited in the joint and the received signal is windowed, leaving
the ringing of the first mode. If the frequency of this resonance fals into the range
known for bonded joints, then the bond integrity is confirmed. Further investigation
has shown that narrow beads of adhesive and tapered adhesive layers, which

commonly occur in practice, do not affect the reliability of this technique.

In order to make spot measurements of the bond condition, anovel dry-contact dabber
probe was developed. This comprises a low loss rubber delay line with a highly
attenuative rubber bonded to the side walls to eliminate side wall reflections. This

allowed results to be successfully collected in the factory.

Testing awide range of adhesive thicknesses requires a very wide band, well damped,
low frequency transducer. Such devices are not commercially available, which led to
the development of a novel non-resonant transducer. The device is constructed from
small undamped piezo-electric elements bonded to a thin membrane. It operates below

the first resonance mode and provides an operating frequency range of 200-500kHz.
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Chapter 1

I ntroduction and industrial background

Adhesive use in the automotive industry now extends to structural joints and arobust
bond inspection system is required. This chapter provides some background to
automotive adhesive use and applications, and discusses the requirements for an

automotive non-destructive testing (NDT) system.

1.1. Adhesivesin the automotiveindustry
Automotive body shells have been made almost exclusively from steel for many years.

Recently, growing environmental pressures to reduce fuel consumption and exhaust
emissions have led automotive manufacturersto shift from steel to aluminium for body
shell construction in order to reduce vehicle weight [1]. Several challenges have been
faced with this change of material, not least finding a suitable method to join the
panels.

1.1.1  Techniquesfor joining aluminium
In conventional body shell construction pressed steel sheet body panels are joined

using resistance spot-welding. This gives a fast, versatile, and effective means of
joining the panels and is well suited to automated high volume production
environments. Welding aluminium is more difficult than steel due to the natural
surface oxide layer which has a much higher melting point than the parent metal and
must be broken down during welding [2]. Spot-welding aluminium [3] requires
currents and electrode clamping forces to be approximately twice as large as for steel
in order to rapidly breakdown thisoxide layer. Thisresultsin higher capital equipment
costs, bulkier weld guns, more frequent electrode tip dressing, and is therefore much
less attractive than spot-welding steel. Liquid welding techniques, such asMIG (Metal
Inert Gas), TIG (Tungsten Inert Gas) and laser welding, are also less attractive for
auminium than steel, but are nevertheless used by some manufacturers producing
body shells based on an extruded spaceframe approach, rather than the conventional
monocoque structure; the arc-welding techniques are more prone to weld cracking,
thermally induced distortion, and a large heat affected zone; although laser welding

offers significant improvements [4], it attractsa high capital cost. Recently, techniques
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such as solid state friction stir welding have been developed to overcome these
problems but are not currently viable for automotive applications. M ost manufacturers

are therefore beginning to use adhesives to join the panels [5, 6].

Adhesives are now common-place in non-structural applications[7], for example in
fixing windscreens, trim, and vibration damping panels. They offer many
advantages [1] over mechanical fastenings and welding which they are beginning to
replace, notably:

» More uniform stress distribution over the length of the joint.

* Improved fatigue and impact performance.

* Increased joint stiffness.

* Increased vibration damping.

» Sedling to prevent water ingress and galvanic corrosion of dissimilar metals.

» Fixings not visible on surface and distortion from high temperaturesinherent with
welding is avoided.

» Allows complex shapes and dissimilar materials to be joined with ease.

» Low cost joining method, although dispensing equipment and maintenance costs
can be high.

The increase in torsional stiffness gained through adhesive bonding is particularly

attractive for the automotive industry [8] and manufacturersof conventional steel body

shellsare now adding adhesives (through which spot welds can be made) into thejoints

for just this reason.

Whilst they offer many advantages over welding, there are concerns about the effect
of environmental degradation on the long term performance of adhesives; thisin an on-
going area of research [9]. Their mgor drawback, however, is inherently low peel
strength compared to mechanical fastenings and welding. Although peel stresses can
be minimised through careful design and by using lap shear joints which minimise
stress concentrations at the ends of joints, alack of confidence within the industry and
uncertainty about their long term performance are responsible for reluctance to use
adhesives as the sole joining method in structural applications. As a result, fastenings
such as rivets or spot-welds are used in conjunction with the adhesive. The unique
advantages of adhesive bonding can then be utilised with an increased peel strength
and safety factor.

16
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1.1.2 Adhesiveusein theautomotive industry
Before aluminium can be bonded successfully, the natural surface oxide must be

removed or modified by pre-treating the surface [10]. This increases surface wetting
and adhesion. Pre-treatments range from surface abrasion to anodising, and increase in
cost and complexity with the effectiveness of the treatment. Chromic acid anodising,
for example, provides an excellent surface for bonding and increases resistance to
environmental attack which helps prevent premature joint failure, but is alengthy and
costly process. Most pre-treatments have a limited shelf life, and any contaminants
must usually be removed prior to bonding. This is not practical for the automotive
industry, so special pre-treatments have been developed. For example, Alcan [8, 11]
have developed a process where a chemical etch is applied to the coiled aluminium
sheet after rolling, followed by a specially developed press forming lubricant; the

surface treatment remains stable for up to one year.

Adhesives have been developed which are compatible with the press forming
lubricant, absorbing limited amounts, and can therefore be applied directly to the
panels without degreasing. Studies have shown that adhesive lap shear strength is

unaffected by the lubricant, even when applied in excess [§].

Typically, single part epoxy adhesives[7] are used for body shell construction in the
automotive industry, and are applied to the joint as a uniform bead either manually or
robotically [12]. The adhesiveis placed so that noneis visible on the outer edge of the
joint when formed. The desired placement of adhesive after atypical jointisformed is

shownin figure 1-1.

A
-

typically 20mm Adherend

‘ Adhesive
~~—

| | Excess adhesive
< Pl > squeezed out

|‘ 25% " 75%

Figure1l1  Cross-section through joint flanges showing optimum adhesive
placement.

Visible Edge
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Significant variation in adhesive layer, or ‘bondline thickness can result from
variability in the fit of panels and local distortion of the aluminium around the rivets.
Thisvariation depends on the geometry of the mating panels, manufacturing tolerances
and the assembly process. An example of the distortion of two mating flanges around

the rivets causing considerable bondline thickness variation is shown in figure 1-2.

Figure1l2  Anexample of pand distortion around rivets.

The use of rivets in conjunction with bonding (‘riv-bonding’) not only increases joint
strength, but holds the structure together before cure. Self-piercing rivets and clinch
joints [13] are used in the mgority of joints where there is access to both sides of the
joint, providing afast, low cost, reliablefixing. Where accessislimited to oneside, self
drilling rivets and pop-rivets can be used. In situations where rivets would otherwise
be visible, adhesive bonded clinch flanges are often used, for example in fixing door
skins[14]; the adhesive is applied prior to the flange being formed and is induction
cured (steel doors), or atwo-part room temperature adhesive is used (aluminium doors)

to prevent dipping during assembly.

After application, the adhesive must remain in the joint throughout the assembly and
paint preparation processes, and must reman slump resistant even at cure
temperatures. The curing process takes place in paint ovens after the completed body

shell has been degreased and primed. A typical cure cycleis 180°C for 30 minutes.

1.1.3 Adhesively bonded joint defects
Defects in adhesive joints[15] occur either at the adherend-adhesive interface, or

within the adhesive layer itself. A summary of these defectsis shown in figure 1-3.

The adhesive (‘interfacial’) strength at the interface between the adhesive and
adherend layersis critical to the overal joint strength, but is difficult to measure non-
destructively. A lack of adhesion can generally be attributed to poor preparation of the

adherend surface. Suitable pre-treatments, appropriate for the service conditions and
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Adherend

Adhesive

Poor cure

Porosity

Figure1-:3  Common defectsin adhesive joints (after Adams|[15]).

which are compatible with the adhesive, give improved adhesion and are particularly
important for bonding aluminium. However, any surface contamination, such as
grease, remaining after cleaning and pre-treating will usually result in poor adhesion.
For automotive use, pre-treatments and adhesives have been designed for
compatibility and to tolerate pressing oil, and so provided there are no other sources of
contamination and the panels are bonded before the shelf life of the pre-treatment

expires, adhesion should be good.

Although deterioration (leading to the formation of disbondsin service) at theinterface
can result from environmental degradation, accelerated aging tests have shown that
excellent performance is obtained with the latest generation of automotive pre-
treatments and adhesives, without degreasing prior to adhesive application [8]. In
practice, any degradation through water ingress into the joint is held back by
application of sealants and paint to critical joints.

Within the adhesive layer, large defects such as gross voids and disbonds can occur
where insufficient adhesive has been applied, or whereit is placed incorrectly trapping
air in the joint. Low joint strength can result where a narrow bead of adhesive along
the joint has been dispensed. Excessive amounts of surface contamination, or the
formation of a skin on uncured adhesive which as been left for excessive amounts of
time before bonding, can also result in disbonds. Where there is no physical gap
between the adhesive and adherend, but little or no strength in the bond, zero-volume
disbonds or ‘kissing bonds [16, 17]] are formed. These are generally caused by

contamination, resulting in very low adhesion.
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Defects which occur principaly during the cure cycle can lead to a reduction in the
cohesive strength of the adhesive layer. The cure state is a maor factor and
significantly affects the strength of the bulk material; under cured or over cured
adhesive will have reduced cohesive strength. Air introduced when mixing and
contaminants present during cure may vaporise leading to porosity and voids, but this
does not seem to be a problem with the viscous one-part epoxies. Rapid fluctuationsin
temperature or thermal shock may lead to cracks, as could amechanical shock loading,
although again this is unlikely with the toughened epoxies used in the automotive
industry. Finaly, incorrect mixing (where applicable) and storage of the adhesive can

also lead to areduction in cohesive strength.

1.14 Terminology used in thisthesisrelating to bond condition
It isappropriate at this point to define the terms used throughout this thesis, which can

be found to have different meaning in the literature. The general term ‘disbond’ refers
to fully disbonded and partially disbonded joints. Theterm ‘full disbond’ isused where
there is acomplete lack of adhesive on the front adherend in the region under test (i.e.
top adherend only). ‘ Front adherend’ and * rear adherend’ refer to the adherends closest
and furthest from the transducer respectively. The term ‘partial bond’ is used where
there is no contact between the adhesive and rear adherend, so that adhesive is bonded
to the front adherend only. This should not be confused with a weak interface as is
sometimes termed in the literature. Throughout the thesis, the term *bondline’ is used
interchangeably for the adhesive layer, and the terms front bondline and rear bondline

refer to the interface between adhesive and the front and rear adherends respectively.

1.1.5 Quality assurance of bonded joints:
Current practicesin the automotive and aerospace industries.

With adhesives being used in safety critical applications, quality assurance (QA) to
determine the integrity of the joint is essential. Currently, automotive QA is achieved
in two ways:. destructive testing of arandom sample of completed body shells, and the
production of test samples (‘ coupons’) which are produced alongside a body shell and
destructively tested providing a simple check on the production processes. Testing of
the couponsis less expensive, but does not provide adirect indication of the condition
of jointsin the body shell. Clearly, thereisareal need for asuitable NDT technique to

assess the bond condition.
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Adhesive bonding of structural componentsis commonplace in the aerospace industry
for example, where considerable experience in their use has been built up. There are,
however, significant differences between the aerospace and automotive industries
which limits the degree of synergy possible between the two sectors. In aerospace,
bond quality is ensured through tight process control [18]; complex surface pre-
treatments, such as phosphoric acid anodising, are used to increase resistance to
environmental attack and increase adhesion, but thisis an expensive, time consuming
and environmentally unfriendly process which has a short shelf-life prior to bonding.
Adhesive application is also significantly different: high performance epoxies and
phenolics have been developed for aerospace applications which are applied in film
form and contain scrims to control the bondline thickness and flow during cure. Joints
are heat cured under pressure in a carefully controlled cure cycle. Some NDT is also
carried out depending on the application (see chapter 2). Various techniques which
have proved reliable in the aerospace industry [19, 20] include bond testers, C-scans
using ultrasonic time domain methods, holography/shearography, and thermography.
The effectiveness of this rigorous quality control has been borne out by exposure in
harsh environments for many years, without any serious disbonding problems.
Unfortunately this level of process control is unsuited and too expensive to be
employed by the automotive sector which instead has tried to devel op adhesives to fit
in with existing production processes. In the next section, the automotive regquirements

are set out.

1.1.6 Automotive non-destructive testing requirements
The development of suitable pre-treatments and the use of adhesives which absorb oil

has reduced the likelihood of interfacial defects in the automotive industry. The
primary areas of concern are therefore the detection of disbonds, and achieving the
optimum cure state in joints throughout the vehicle. Disbonds and narrow beads of
adhesive are most likely to occur through incorrect adhesive application, or movement
after application. This can be caused by human error where adhesive is applied
manually, or by clogged dispensing equipment, for example, when applied by robot.
Concern about adhesive curing arises from the non-uniform heating of joints in
different parts of the oven. An insight into the cure state of different joints is best
achieved by in-process cure monitoring inside the paint oven; this is the subject of

other research [21]. These measurements would be made at different stage in the
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production process and it is not appropriate to attempt to combine an NDT system for
cure monitoring and disbond detection. Thus the work in this thesis focuses on the

development of arobust technique for the detection of disbonds.

An NDT technique capable of meeting the QA requirement must obviously be well
suited to the demanding technical and production requirements of the automotive
industry. A suitable NDT system must be able to detect and give a positive identifi-
cation that thejointisfully bonded; itis not sufficient just to look for diagnostic signals
produced where a joint is disbonded. Testing is required when the adhesive has been
cured after the body shell primer paint bake cycle. In order to prevent contamination
of the paint film prior to topcoat painting, no couplants or water can be used for the
NDT. Access can be limited, especially where two panels are at right angles, and the
magjority of the joints requiring testing can only be accessed easily from one side (e.g.
around the floorpan area). In order to enable integration into a high volume production
environment, testing must berapid, and offer theflexibility for automation. In the body
shells studied, ‘ Henrob’ rivets have been used which are flush on one side of thejoint.
This is advantageous since a device could be used to scan across the joint surface, if
required, without becoming fouled on the rivet heads. Low cost, both in terms capital
expenditure and day-to-day operation, is aso an important factor in the selection of a
NDT system for the automotive industry which operates to relatively low margins.
Techniques requiring costly safety measures or highly skilled operators would

therefore be undesirable.

The majority of bonded joints in automotive structures are 3 layer (metal-adhesive-
metal) and have therefore been selected as the focus for thiswork. The geometry of the
joints can be quite complex and often includes curved sections. Automotivejoints have
relatively thin sheet metal adherends, with thicknesses generally ranging from 0.7mm
to 1.5mm in steel body shells, and 1.0 to 3.0mm in aluminium structures. Perhaps the
most common panel thicknesses are 0.9mm and 2.0mm for steel and aluminium
respectively. The variability of fit between the pressed body panels discussed in
section 1.1.2 can result in bondline thicknesses up to 3.0mm and down to 0.1mm,
especially close to the mechanical fastenings which pinch the panels tightly together.
In critical structural joints, the maximum permissible bondline thickness range is
relatively small since the cohesive strength of the joint is reduced at thick bondlines,
and has been specified as 0.1-0.4mm by the manufacturers. An example of an

automotive joint which requires testing is shown in figure 1-4.

22



Chapter 1
Introduction and industrial background

Figure1-4  Example of a bonded joint in an automotive structure. Bonded
jointsindicated with arrows.

1.2. Project aims
The objective of this work is to develop an NDT system to provide a fast, cheap,

reliable way to check the quality of automotive bonded joints in-process. This will
replace the destructive random sampling currently carried out, resulting in cost savings
whilst increasing the quality of the product. The system will have the capability to map
out the bond condition (detecting * disbonds’) and bondline thickness along ajoint and
hence also provide a means to optimise the bonding and assembly processesto achieve
optimum quantity and placement of adhesive. This will lead to reduced in-process

testing in the longer term.

The motivation and requirements for this work have been provided by a major
automotive maufacturer, and the primary aim is to develop a suitable system to the
point where it is ready for implementation in the factory. Consideration will aso be
given to making the system as generic as possible for testing adhesively bonded
structures.

1.3. Outlineof thesis
The complex geometries and variable thickness bondlines typically found on

automotive structures, in conjunction with the requirement for robust, low cost,
couplant free testing are primarily responsible for precluding the use of any existing

NDT techniques. Current adhesive bond testing techniques are reviewed in chapter 2,

23



Chapter 1
Introduction and industrial background

and their suitability for automotive testing is discussed. Ultrasonic testing using the
first through-thickness mode (mode 1) resonance was identified as the most attractive

method for further development.

The viability of using mode 1 for automotive bond testing is assessed in chapter 3. The
parameters which can be used to determine the bond condition are identified using a
one-dimensional model. A signal processing algorithm is developed to extract the
necessary data from the ultrasound signals, and the results of the modelling are

validated using laboratory prepared joint samples.

The validity of the one-dimensional modelling used in chapter 3 for real automotive
joint geometriesisinvestigated in chapter 4. The effect of testing joints which are not
one-dimensional is quantified using Finite Element analysis, and the implications for

the proposed test are discussed. Transducer misalignment is also considered.

In order to make spot measurements of the bond condition on automotive structures
without couplant, a novel dry contact dabber probe has been developed for use at low

frequency, which is detailed in chapter 5.

Test results from a variety of prepared and real structures are presented in chapter 6.
These structures do not have a wide bondline variation and can be tested with a
commercialy available transducer fixed to the dabber probe. Results have been

correlated with independent bondline thickness measurements.

The wide variation in bondline thickness which is found in somejoints requires alow
frequency, wideband transducer. The absence of suitable commercialy available
devices has led to the development of anovel non-resonant piezoel ectric transducer to
meet the demanding testing requirements. Development and test results are presented

in chapter 7.

In chapter 8, conclusions of the work are presented and the overall success of the
project is evaluated, with consideration also given to suggestions for further

development work. Lastly, the main contributions of the thesis are summarised.
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NDT technique suitability for automotive testing

The use of adhesives in structural applications became established over 50 years ago.
Since then, many research laboratory solutions and commercia instruments have been
produced to non-destructively test the quality of bonded joints. The various techniques
have been the subject of numerous reviews [22-31]. In this chapter, testing techniques
and their suitability for use in the automotive industry are discussed. This is not an
exhaustive list, but focuses on techniques used commercialy for characterisation of
adhesive bonds, or which have received a large research effort. Of al the techniques
presented, ultrasonics is perhaps best suited for characterising adhesive defectsand is

most widely used; the various ultrasonic techniques are discussed separately.

2.1.  Non-ultrasonic techniques

2.1.1 Low frequency (sonic) vibration
A family of NDT techniques operating at sonic frequencies are used to detect defects

in bonded structures [23, 32]. The principle of operation is common, namely that a
defect inthe adhesive layer will alter theloca stiffness, and hence the local impedance
which is measured at each test point. The techniques [33-35] include the coin-tap test,
mechanical impedance method, membrane resonance and velocimetric method. These
methods are attractive for use in the field because testing can be carried out quickly,
and since they operate at low frequency (less than 20kHz) can be dry coupled. Each
technique has its own merits, but in general they are most sensitive to large defects
closetothe surface where the base structureisrelatively stiff, and are therefore popul ar
for testing thin-skinned honeycomb composite aircraft structures, for example. Many
commercialy available bond testers are based on these techniques, for example the
Acoustic Flaw detector (Model AD-42 1M —JIME Ltd.) and Sonic BondMaster (M odel
1000 — Staveley NDT Ltd.). However, the techniques are not sufficiently sensitive to
detect defects in the adhesive layer of 3 layer automotive joints with thick
adherends [32, 34, 35].

2.1.2 Optical techniques
Thereisafamily of optical techniques which can be used to detect defects in bonded

joints. In operation, thetest structureisilluminated with coherent light from alaser and

images are produced with the structure in the stressed and unstressed states; when
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combined, an image with interference fringes is generated. In genera, the
displacement in the stressed state will be greatest around a defect and the fringes will
be closer together. In holography, the fringes are a measure of relative surface
displacement before and after deformation, but whilst very small deformations can be
detected, any rigid body motion or vibration can destroy the image. Electronic speckle
interferometry [36] is another technique which also measures surface displacement,
but being a speckle method, larger amounts of rigid body motion can be tolerated.
Shearography uses a laser based interferometer to detect displacement gradient when
the structure is stressed. It is easier to set up than holography, and it is less sensitive to

rigid body motion [37].

Optical techniques have advanced in recent years particularly with the ability to record
images electronically, and are used for a variety of applications including disbond
detection in bonded aircraft structures[38, 39]. They are particularly well suited for
testing largerelatively flat surfaces quickly. However, automotivejoints have complex
geometries with limited access, and the high cost of the equipment and facilities to
stress the structure is prohibitive. Further, the sendtivity of all the methods is
dependent on defect size/depth ratio which can make defects at the rear bondline

interface difficult to find.

2.1.3 Thermography
Two thermographic techniques can be used to detect defects in structures by

monitoring the surface temperature with an infra-red thermal imaging camera after
exposure to a heat source. In transient thermography (therma wave imaging), the
structure is thermally pulsed with a heat source, such as a camera flash [37]. Defects
can be identified by anomalous cooling behaviour due to a reduction in thermal
diffusivity, over a disbond for example. Provided the heat input is fast enough,
materials with a high thermal diffusivity such as aluminium can be tested. The
technique is used successfully in the aerospace industry for disbond and corrosion

detection of aluminium and composite structures [40, 41].

Steady-state thermography requires heat flow through the structure by heating on one
side. Disbonds and voids have a higher thermal resistance than the surrounding
material, and this will affect the steady-state surface temperature on the opposite side.

Temperature differences around defects are much smaller with steady-state

26



Chapter 2
NDT technique suitability for automotive testing

thermography which makes them very difficult to detect, but there has been a
suggestion that with recent advances in image processing, this technique could be

suitable for automotive applications during a cooling-down period [42].

Whilst these techniques are suitable for detecting complete voidsin the adhesive layer,
the low thermal diffusivity of the adhesive layer would prevent rear adherend disbond
detection. The capital costs and data processing requirements, especially for transient

thermography, also make these techniques unattractive for automotive use.

2.1.4 Radiography
X-radiography [24, 43] isacommonly used method of NDT inwhich an X-ray source

is placed on one side of ajoint, and X-ray sensitive film or an electronic detector on
the other side. Defects will affect the transmission of X-rays and will show up on the
detected image. However, X-ray absorption in the aluminium adherends is much
higher than the adhesive layer, and any disbonds will have negligible effect on the
overall absorption. In addition, the technique is least sensitive to defects, such as

disbonds, which run parallel to the surface under test.

2.1.5 Magnetic resonance imaging
This technigue makes use of the magnetic properties of the nuclei of certain elements

which behave like spinning bar magnets. The interaction between these nuclei and a
large externally applied oscillating magnetic field then produces measurable signals
which can be used to characterise the materials. Thistechnique can provideinsight into
the state and composition of an adhesive layer. However, it cannot be used with
metallic bonded structures [44, 45].

2.1.6 Dielectric measurements
The adhesive and surface oxide layers in an adhesively bonded joint behave as a

dielectric between the conducting aluminium adherends. Application of a high
frequency voltage to the adherends will cause waves to propagate along the dielectric
layer and be reflected from the end of thejoint. Analysis of the received waveformsin
the time and frequency domains can revea hydration of the interface layer due water
ingress [46-48]. | dentification of voids within the adhesive layer and measurements of
the cure state [49] have also been made using this technique. Progress is being made
in this field, but the technique is not commercially available, and it is unlikely that
measurements can be made on the complex automotive joints, especialy with the

inclusion of mechanical fastenings along the joint.
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2.2. Ultrasonic methods

221 Timedomain bulk wave measurements
The most widely used technique for the detection of defects in structures is ultrasonic

time domain measurements using compression waves at normal incidence to the
structure. In a basic set-up, compression waves are generated by a transducer
connected to a pulser which delivers a short duration pulse. The transducer, positioned
normal to the surface, is coupled to the structure under test with a couplant, commonly
gel or water. The propagation of waves within the structure can be detected in two

ways, namely ‘pulse-echo’ or ‘through-transmission’ [50, 51].

2211 Through-transmission

Through-transmission is used where both sides of a structure or joint are accessible; a
receiving transducer is placed directly opposite to the transmitting transducer, on the
other side of the structure. A received signal of low amplitude indicates the presence
of a defect between the contact regions of the transducers. Whilst this technique can
provide a smple, effective means of disbond detection in bonded joints, most
automotive joints cannot easily be accessed from both sides simultaneously. Through-

transmission ultrasound is therefore unsuitable for this work.

2212 Reflections from multi-layered structures at normal incidence

Where testing is to be carried out from only one side of the structure, the pulse-echo
arrangement can be used. A transducer is connected to a pulser or waveform generator,
which switches to receive mode after the excitation signal has been transmitted. The
output from the receiver amplifier can be connected to an oscilloscope which shows
the amplitude of the reflections in the structure with time. Where sound waves pass
from one medium to another, at the boundary, part of the wave isreflected and part is
transmitted, as shown in figure 2-1. The amplitude of the reflected signal can be
quantified [52] by the reflection coefficient (R) from material 2 to 1:

R, = A% 2.1
21_21+ZZ ()

where Z; is the acoustic impedance of the medium i, and is given by:

Z = pc (2-2)

where p isthe density and c is the bulk compression wave velocity.
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Medium 2 Medium 1

Reflected wave, IR, < P Transmitted wave, IT,,
Incident wave, | =———

Figure2:1  Transmission and reflection from the interface between two
media.
Inasimple case where athick sheet of metal in air isbeing tested, defects can beeasily
detected. Compression waves propagate into the sheet from the transducer through the
coupling medium. At the rear face, there will be a large reflection due to the large
impedance mismatch between air and metal. At thefront face, thereisarelatively large
impedance mismatch between the coupled transducer and the metal, hence the wave
will again be reflected. In the absence of any well matched attenuative material, rever-
berations will continue for some time in the sheet. A defect, such asacrack or void, is
filled with air and will introduce a large reflection, but this will occur before the first
rear face reflection, indicating the presence and depth of the defect. Flaw detection
carried out in this manner is dependent on the resolution of the system; individual
reflections from flaws and the back face of the material must be clearly separated in

time. In thin materials, a high frequency, short duration pulse is therefore required.

Time domain analysis of multilayer systems, such as adhesive joints, can be more
difficult. It is convenient at this point to define the term ‘acoustic thickness', which is
the time taken for awave to propagate across the layer (i.e. t/c). A system comprising
atransducer coupled to athree layer aluminium-adhesive-aluminium joint is depicted
in figure 2-2(a). The adhesive layer is 0.5mm thick and has a bulk compression wave
velocity of 2300m/s. This layer is several times thinner than the 2.0mm aluminium
adherends which have a velocity of 6330m/s. The ratio of acoustic thickness in the

adhesive to the adherend is therefore less than unity in this case.

The transducer (omitted from the figure for clarity) is coupled to the front adherend at
normal incidence and the system can be considered one-dimensional. Wave
propagation through the different layersin thejoint is shown varying with time (i.e. at
oblique incidence) in order to illustrate the source of reflections which would be
received by the transducer. Figure 2-2(b) shows the time domain waveform which

would be received by a 10MHz transducer. This plot has been generated using
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ultrasonic simulation software (Imagine 3D — Utex Scientific Instrumentsinc.) and has

the sametimescaleasfigure 2-2(a) so that the reflectionsin the two figures correspond.
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Figure2:2  (a) Wave propagation in a 3 layer joint (rays drawn at oblique
incidence for clarity) and (b) corresponding time domain
waveform.

In this joint, the first rear bondline reflection (RB;) occurs between the first two front
adherend reverberations (FB, and FB,), which are 0.65us apart. In order to resolvethe
rear bondline echo from the front adherend reverberations, ashort pulse of 10MHz was
used. Figure 2-2(b) also shows the amplitudes of the various reflections. The
impedance of the adhesive is 3.0MRayl, which is much lower than aluminium which
has an impedance of 17.8MRayl. Using equation 2-1, only 29% of the amplitude at the
auminium-adhesive interface is transmitted into the adhesive layer. At the rear
adhesive-adherend interface, 71% of the amplitude will be reflected, but after further
transmission loss into the front aluminium layer, the resulting amplitude of this rear
adhesive layer reflection is only 21% or -13.6dB. This value excludes the effect of
attenuation in the adhesive layer. Thisis high in automotive adhesives; for the adhesive
used in this work, which is a typical structural adhesive, a compression wave
attenuation of 0.51dB/mm/MHz was measured (see appendix A). At 10MHz, the

30



Chapter 2
NDT technique suitability for automotive testing

attenuation of asignal transmitted twice through the adhesive layer is5.1dB. Although
the rear bondline reflection islow amplitude, it is detectablein thisparticular joint, and

its presence indicates that the front adherend and adhesive layer are bonded.

Detection of the reflection from the rear of the rear adherend (furthest interface from
the transducer) to confirm the presence of the rear adherend, however, is unredlistic.
The amplitude of the reflection would be very small, and it would occur after the rear
bondline reflection. Hence it is likely to be masked by reverberations in the other
layers. Instead, the rear bond condition can be determined from the phase of the rear
bondline reflection, given by the sign of the reflection coefficient in equation 2-1. At
the interface between two media, the reflection is phase reversed where the impedance
of the furthest layer is higher; where the wave passes from high to low impedance, the
sign of the impedanceis not reversed. Figure 2-3 shows a simulated time trace, similar
to figure 2-2(a), but from ajoint where the rear adherend is disbonded (i.e. the rear of

the adhesive contacts air rather than aluminium). The phase of the rear bondline
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Figure2:3  Time domain waveform of partially bonded joint showing rear
bondline reflection without phase reversal.

reflection is the same as the front adherend reverberations, whereas it was reversed in
figure 2-2. The amplitude of the reflection in both casesis not very different whether
air or metal contacts the rear adherend. In this joint, detection of the phase of a rear

bondline echo provides an effective means of identifying that the joint is fully bonded.

Unfortunately, this time domain method is only reliable within avery limited range of
adhesive thickness. Two problems are encountered when the adhesive thickness is
increased. First, when the ratio of acoustic thickness of the adhesive to adherend layers
is close to unity (just how close depends on the pulse width, hence transducer centre

frequency) the small rear bondline reflection becomes masked by the second front
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adherend reverberation (FB,). In this example, this occurs where the bondline
thicknessis around 0.7mm, but in steel automotive structures where adherends can be
0.7mm thin, the acoustic thickness ratio will become unity at a much smaller adhesive
thickness. If the adhesive thickness is known, or relatively constant, and the acoustic
thicknessratio is between 1 and 2, it may be possible to test thicker bondlines; the rear
bondline reflection would then lie between the second and third front adherend rever-
berations. Where the adhesive thickness could be any value in awide range, as in the
automotive industry, an acoustic thickness ratio close to unity limits the maximum
thickness which can be tested reliably. Secondly, at a given frequency, attenuation is
proportional to adhesive thickness. At 3mm, the upper end of the adhesive thickness
specification for example, the rear bondline reflection is attenuated by 30.6dB at
10MHz in the adhesive layer aone, which would render the reflection undetectable.

2213 Adhesive presence testing

Conventional time domain analysis to detect a bonded joint istoo limited for general
automotive use. However, there are some non-structural applicationsin the automotive
industry where testing for adhesive presence on the front adherend is sufficient. For
example, the application of adhesive in a specific non-continuous pattern between
bonnet skinsand the stiffening structure has been found to eliminate flutter at high road
speeds. Here NDT isrequired to verify that the adhesive has been applied in the correct
pattern. Thejoint is not safety critical and the detection of voids or rear face disbonds
isnot required since they arelesslikely to occur than incorrect application. A solution
to this NDT problem has been developed and implemented by Freemantle and other
workers [53-56] based on the principle that the decay rate of reverberations in a metal
sheet is sengitive to the impedance of the material on the rear face. At the rear face of
the front adherend, where there is air present, all of the energy is reflected giving rise
toarelatively low decay rate for thereverberations; if adhesiveis present, some energy
is transmitted into the adhesive, damping the adherend reverberations. Figure 2-4
shows the reverberations in a 2mm aluminium adherend (neglecting attenuation) with
and without a thick adhesive layer. This was generated using ultrasonic simulation
software (Imagine 3D — Utex Scientific Instrumentsinc.) and only the adherend rever-
berations have been shown for clarity. The method developed by Freemantle uses an
adaptive filtering technique which identifies the poles of the resonance in the metal

sheet, and determines a decay parameter which is the product of the reflection
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Figure2:4  Time domain waveforms showing reverberationsin a 2mm
aluminiumadherend with (a) adhesiveand (b) air ontherear face

coefficients at the front and rear faces of the adherend. Typical decay parameter values
for asteel sheet backed with air and cured adhesive are 0.75 and 0.54 respectively. This
technique has proved successful in testing automotive structures in the field, and has
been implemented in commercially available equipment (Automated Bond Inspection
System (ABIS) — NDT Solutions Ltd.).

2214 Enhanced detection of rear bondlineinterface reflections

Despite the success of this technique, the main QA requirement for this work is to
ensure that joints are fully bonded. It has been demonstrated that standard pulse-echo
techniquesare unreliable for rear disbond detection where the acoustic thickness of the
adhesive can be greater than that of the adherend. Various techniques to improve the
resolution of echoes in the time domain in multilayer systems are reviewed by
Freemantle [57] who concludes that these techniques are either too computationally
demanding for rapid, robust testing, or introduce noise which can itself mask the
diagnostic bondline echo. An alternative method has been developed [53], using an
adaptive filtering technique. Based on the decay rate, the top adherend reverberations
are filtered from the received signal. The resulting signal then contains only the
bondline echoes, which can be analysed in the time domain in the conventional
manner. Figure 2-5 shows an example of a time domain signal before and after
filtering. A 1.0mm steel adherend was used, hence the front adherend reverberations

aremuch closer together than in previous examples. Therear bondlinereflection (RB,)
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Figure2:5  Time domain waveforms from a bonded joint with a 1.0mm steel
adherend and 1.2mm bondline (a) before and (b) after adaptive
filtering (reproduced from Challis et al. [53]).

is clearly visible after filtering, but is very difficult to identify in the unfiltered
waveform. This technique does boast a significant improvement in the range of
adhesive layer thickness which can be tested using pulse-echo, but is still limited by
the attenuation of the rear bondline reflection. To date, automatic detection of this rear
bondline reflection has not been implemented since robust detection is difficult with
such a small reflection. The limits of testability for aluminium and steel joints with
various combinations of adherend and adhesive thickness are reproduced in tables 2-1
and 2-2. This data, whilst suggesting that a wide range of adhesive thicknesses can be
tested in joints with 2mm aluminium adherends, for example, does not cover the 0.1-
0.4mm bondline thickness range. This would require a higher frequency transducer,
which would reduce therear bondline reflection amplitudein jointswith thick adhesive

layers due to the increased attenuation.

2215 Interfacial defect detection

The application of high frequency ultrasound in the time domain to detect the presence
of arear adherend islimited dueto the high attenuation in the adhesive layer. However,

high frequency time domain techniques can be used to inspect the thin adherend-
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Adherend Adhesive thickness (mm)
thickness

(mm) 0.50 0.75 1.00 1.50 2.00 2.50 3.00
2.00 Good Good Good Good Good Good Good
1.50 Good Good Good Good Good Good Good
1.00 Good Good Good Good Good Poor Poor
0.75 Good Good Good Good Good Poor Poor
0.50 Poor Poor Poor No No No No

Table 2-1 Limits of testability for a rear adherend disbond in aluminium
joints[54].

Adherend Adhesive thickness (mm)
thickness

(mm) 0.50 0.75 1.00 1.50 2.00 2.50 3.00
2.00 Good Good Good Good Good Good Poor
1.50 Good Good Good Good Good Poor Poor
1.00 Good Good Good Good Poor Poor No
0.75 Good Poor Poor Poor No No No
0.50 No No No No No No No

Table 2-2 Limits of testability for a rear adherend disbond in steel
joints[54].

adhesive interface. Various models of the different types of defect which can exist at
the interface are reviewed by Nagy [58]. This section considers inspection of the
interface using time domain techniques whilst frequency domain techniques, which
have been the focus of alarge part of bond inspection work, are discussed in section
2.2.2.

Environmental degradation at the interface has been studied by Vine [59] by scanning
joints in an immersion tank at normal incidence using a 50MHz focused transducer.
The results of testing showed that degradation could be identified, but the technique
was of limited use since some joints had lost 50% of their toughness without showing

any visible change in the ultrasound scans.

Improved sensitivity would be expected using oblique incidence measurements
generating only shear waves. The interface is commonly considered as a thin layer
between the adherend and the adhesive, and can be modelled as a thin viscous
layer [60-62], for example. The reflection coefficient from a rigid (or ‘welded’)
interface is lower than for a slip (or *smooth’) condition. This value is dependent on

the frequency-thickness product of the layer, the angle of incidence and the properties
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of theinterface layer. Thus by testing at a particular frequency and incidence angle, the
reflection coefficient is senditive to the interfacial properties. This approach has been
used by many workersto characterise the interface based on time domain data [ 60, 63-
66]. Whilst the technique is attractive since it is sendtive to the condition of the
interface at the test point, amplitude measurements are difficult to make reliably and
accurate setup is required to make the measurements. Interfacial characterisation using

frequency domain measurements is discussed in section 2.2.2.4.

2.2.2  Spectroscopy
Ultrasonic spectroscopy involves the analysis in the frequency domain of resonances

in astructure. Early work in the field of spectroscopy was in the form of bond testers.
L ater, the advent of frequency analysers and computers able to capture waveform data
and transform it to the frequency domain using Fast Fourier Transform (FFT) routines
increased interest in spectroscopy, since it can reveal frequency dependent features
which are not evident in the time domain, and does not require echoes from different
layersin ajoint to be resolved. Resonances can be seen experimentally in an amplitude
spectrum which can be obtained by exciting an ultrasonic transducer, which is coupled
to thejoint viaaliquid or solid delay line, in pulse-echo with a broadband pulse. Any
resonances within the frequency range input into the structure will be excited and will
destructively interfere with the reflection from the front face of the structure, appearing
as minima in the frequency domain spectrum. A more detailed discussion of this

method is given in chapter 3, section 3.4.2.1.

2221 Bond testers

Since the 1950s, when adhesive use on aircraft structures started to become more
widespread, various bond testing instruments have been devel oped to detect defectsin
bonded joints. Many of the devices operated in the sonic frequency range (see section
2.1.1) but were unsuitable for some applications since they were not able to detect
small enough defects. As aresult, instruments were developed which operated in the
ultrasonic frequency range working on the principle that the presence of disbondsin a
joint alters the through-thickness resonance characteristics; by monitoring the
resonances, defects could then be detected. Early on, the first through thickness mode
of vibration (mode 1) of athree layer bonded joint was identified to be suitable for
testing [67] since its resonance frequency is sensitive to adhesive thickness and

modulus. This first mode can be represented smply by a one-dimensional mass-
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spring-mass model where the metal adherends behave as rigid masses, and the
adhesive as a massless spring. This mode is discussed in more detail in chapter 3,
section 3.2.1. Mode 1 frequency predictions made using this mass-spring-mass model
had been found to correlate well with experiments on three layer joints[67], but
variationsin the adhesive sheet thickness and cohesive ‘ quality’ resulted in avery wide
range of possible frequencies which could not be monitored by the devices at the time.
The Fokker Mk 2 bond tester [68-70] (Models 67 onwards — Fokker aircraft,
Netherlands) overcame this problem by coupling aprobe to thejoint and measuring the
resonance of the combined probe-joint system. This limits the resonance frequency

range, but at the cost of decreasing the sensitivity to joint properties.

The Fokker bond tester uses aprobe [71] consisting of a piezoelectric crystal (whichis
coupled to the structure) connected electrically in serieswith aresistor. Theimpedance
of the system comprising the probe coupled to the joint reaches a minimum at
resonance. The instrument operates by sweeping the driving frequency across achosen
range in which the resonance is expected, and displays the resonant frequency shift
from areference value and the impedance (amplitude). The reference is obtained by
tuning to the resonance of the probe coupled to the top adherend only. In use, the
response will change when the probeis over abonded region and the operator uses the
shift in frequency and amplitude to diagnose the bond condition. The shift in frequency
isrelated to the specific stiffness of the adhesive layer, K", which is defined as:
_E
t
where E' is the apparent modulus (see chapter 3, section 3.2.1), and t is the layer

K" (2-3)

thickness. (Note that this is the stiffness of the adhesive layer and not the stiffness of
the adherend-adhesive interface.) Correlation curves provided by the manufacturer
have attempted to use the readings given by the instrument to measure the cohesive
strength. Such measurements have since been shown to be unreliable unless the
adhesive has a low specific stiffness and the bond line thickness is monitored
independently [72]. The instrument has proved, however, to be more reliable for
disbond detection; a front adherend disbond is indicated where there is no shift in the
resonance frequency. The instrument has been widely used in this way, but is limited
to defects with diameter greater than the probe diameter; the maximum joint thickness
isalso limited by the probe diameter. For example, a 20mm diameter probe is needed

to test joints 3.5mm thick. These instruments work well for disbond detection in
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relatively large, flat aircraft structures, but for automotive joint testing this presents
severa problems. Thick aluminium adherends (1.0-3.0mm) are used which would
require a probe of larger diameter than the joint width in many cases. More
importantly, the requirement for couplant free testing precludes the use of such bond

testers in the automotive industry.

22272 Disbond detection

Owing to the limitations of bond testers, analysis of the bond condition to identify
disbonds and adhesive thickness has been investigated through the analysis of the
frequency spectrafrom jointsby several workers. Hutchinset a. [ 73] used amultilayer
wave propagation model to study reflection coefficient spectra from bonded joints
using longitudinal and shear waves, and plotted frequency and amplitude variation of
the modes up to 10MHz with varying adhesive thicknesses for an aluminium bonded
joint. Based on the predicted frequencies of the resonance modes, two dimensional
scans of a bonded joint with a known defect were made. Results were presented
showing spatial variation of resonance frequency and amplitude in a frequency
window centred around the expected second through-thickness mode. The amplitude
and frequency were seen to change rapidly around the defect, but no further analysis
was provided. This work assumed that the bondline thickness remained roughly
constant. Challiset al. [53] have also studied the variation of resonance frequency with
adhesive thickness for an aluminium bonded joint at different states of adhesive cure,
and for bonded and disbonded cases. They concluded that if the adhesive thickness is
known a priori, then the reflection coefficient spectra can be used to detect front and
rear disbonds; in the absence of a bondline thickness measurement, their time domain

technique (see chapter 2, section 2.2.1) would be required.

Weise [74] carried forward thework of Challisand Freemantle by evaluating their time
domain technique, and also studied the viability of using spectroscopy to determinethe
bond condition. The frequency domain analysis focused on the first mode since it is
significantly lower than other modes where a joint is bonded, and could therefore
eadly be identified. Weise [74] proposed tracking the lowest resonance of the system
to form the basis of a diagnostic system for the non-destructive testing of adhesive
joints. A multilayer wave propagation model [54] was used to predict the resonance
frequencies for the bond conditions: fully bonded, rear adherend disbonded, front
adherend disbonded. A 1IMHz transducer was used for the experimental validation and
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was coupled to the structure with gel via a large diameter Perspex delay line. The
received signal consisted of the reflection from the delay line-joint interface, followed
by the echo train from resonances in the joint. This was zero padded and transformed
to the frequency domain using an FFT. A signal processing algorithm was used which
searched for the first minimum in the resulting amplitude spectrum. Unfortunately, the
transducer had very little energy below 250kHz and most of the first mode resonances
from the joints tested fell into this frequency range, and were barely detectable as a
result. In the absence of arear adherend, the frequency of the first mode was found to
be higher and this could be detected with the transducer used. It was concluded that
spectroscopy could be used to detect the presence of adhesive (i.e. contact between
front adherend and adhesive) and determine the thickness of the front adherend, and if
the lowest system resonance could be found then the presence of arear adherend and
the adhesive layer thickness could be determined. However, theimplementation of the
technique had limited success due to the poor low frequency performance of the
transducer and an unreliable signal processing algorithm. This appeared to be a
promising technique, but had not proved to be a robust test suitable for automotive
application, and the effect of wide ranging variations in adhesive thickness had not

been considered.

Since bond testers and time domain ultrasonics, as well as other non-ultrasonic
methods, are able to reliably detect disbonds in bonded aerospace structures, other
research efforts have largely been directed towards determining the adhesive and

cohesive ‘quality’ of the bonds.

2223 Cohesive property determination

The cohesive properties of an adhesive layer can vary, depending primarily on the cure
state and composition. It is therefore attractive to be able to determine the cohesive

properties after curing.

Several workers have investigated the resonances of adhesive joints over a wide
frequency band in an attempt to determine the cohesive strength. Early work, for
example by Flynn et a. [75, 76], correlated adhesive stiffness with velocity, and
cohesive strength with attenuation coefficient (or amplitude ratio and resonance depth)
assuming the geometry of the bond remained constant. Cawley and Hodson [77]
refined a previous technique [ 78] allowing adhesive modulus to be measured to within

6.5%, and bondline thickness to micrometer accuracy. It has been shown that the
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frequency variation with specific stiffness (see equation 2-3 for definition) of higher
order modes, unlike mode 1, is not coincident for adhesives of different moduli. The
technique therefore used the frequency of the first mode to determine the specific
stiffness of the joint, and accordingly selected three suitable higher order modes from
which to calculate the modulus and bondline thickness. This technique has enabled a
more reliable check to be made on the cohesive properties of an adhesive layer than the
Fokker bond tester, but does have disadvantages. Two transducers are required to
cover therequired frequency range, and whilst the higher order modes can beidentified
relatively easly in the lab, robust automatic detection in the field is more difficult.

Dewen [79] has a so found that the techniqueis sensitive to small measurement errors.

Much work has been done to solve the ‘inverse problem’ and determine the acoustic
properties (thickness, density, wave velocity and attenuation) from ultrasonic data.
From this, the mechanical properties of the adhesive layer can be obtained. Lavrentyev
and Rokhlin [80] have used a spectroscopic technique to solve the inverse problem and
determine the acoustic properties of the adhesive layer from ultrasonic data. They
calculate these from six non-dimensional parameters, three obtained from each of the
normal and oblique incidence measurements. The technique has been shown to be
stable, but assumes a perfect interface and known adherend properties. Kinra and
lyer [81, 82] have developed a technique to identify the acoustic properties of the
adhesive from a through thickness ultrasonic measurement. T his technique makes use
of the entire spectrum, rather than using just the frequency of the resonance peaks as
many other techniques have done. These techniques have proved suitable to determine
cohesive properties in a controlled laboratory set-up. Unfortunately, measurementsin

the field, particularly on automotive structures, are likely to be much lessreliable.

2224 Interfacial property determination

Thetask of characterising the interfacial propertiesis more difficult than the cohesive
properties. Numerous approaches have been taken using time domain and guided
waves, and many also rely on frequency domain anayss, which is the focus of this
section. A review of early work in the 1970sis provided by Thompson [83], and some
of thelater work isreviewed by Light [22]. Morerecently, avariety of approacheshave
been used to model aweak interface layer and characterise it using ultrasound. Wang
and Rokhlin [61, 62] have modelled the interface as an anisotropic thin viscoelastic

layer and confirmed that the frequency of some minima in the reflection coefficient
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spectrum are sensitive to interfacial properties, whilst some are independent of the
interface properties. From this data, they suggest that the thickness and viscoelastic
properties of the interface can be reconstructed. The spectra depend on adhesive
thickness, bulk properties and interface quality. In order to separate the effect of
variationsin the bulk adhesive properties and thickness from the interfacial properties,
Rokhlin [84] used the difference in frequency between minima from the spectra
obtained at normal incidence and oblique incidence to measure the degradation at the
interface. Modelling the layer as adhesive with an array of micro-disbonds filled with
a viscoelastic liquid, aso predicts a shift in the frequency of the minima when the
interface is degraded [85]. The interface can also be modelled as springs [86]. In this
case, the reflection from the interface is a function of the impedances of the two
contacting surfacesand theinterfacial stiffness. In their work, the effect of mismatched
impedancein areal joint has been removed by using two identical materialswith rough
contacting surfaces. Again, an increasing shift in the minima is observed with a

decreasing interface stiffness, and this can provide a measure of adhesion quality.

Whilst these techniques can be used to distinguish between a good and poor interface
in the lab, none are able to provide an absolute measure of the interfacial strength.
Testing in the field using these techniques, which require accurate set-up, would be

extremely impractical and time consuming.

223 Guided waves
There are a family of guided or travelling waves which propagate in-plane, such as

Raeigh, Lamb, and interface waves. They are attractive for testing because they can
propagate over long distances, alowing a line rather than a point to be interrogated.
Guided wave modes have been studied by many workers in the context of character-
ising the cohesive and adhesive properties of bonded joints [65, 87-90]. Plate (‘ Lamb’)
waves have been shown [89] to be relatively insensitive to adhesive and interfacial
properties. This is because Lamb modes are modes of the whole joint, and the
properties are dominated by the adherends. Guided modes propagating only in the
adhesive layer are more attractive since the properties of the wave are dependent on the
conditions at the adhesive-adherend interface. The disadvantage is that they cannot be
excited through the adherends which precludes them as a practical testing technique.
However, leaky guided modes (which leak energy into the surrounding media)
propagating in the adhesive layer can be excited through the adherends and are
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therefore viable for testing [27, 65]. It is also possible to generate interface waves
along the interface itself, and these have been used to measure adhesive and cohesive

properties [24].

In situations where a joint cannot be accessed, Lamb modes have been used to
propagate along one adherend, through the adhesive, and into the other adherend, in
order to asses the adhesive dimensions (width and thickness) [87, 90]. The received
signals are complicated, but prepared lap joint samples have been correlated to joint
dimensions using Artificial Neural Network techniques[90]. This can be a benefit if a
joint is completely inaccessible and the joint geometry is suitable for testing, such asa
T-joint. Where thejoint is accessible this technique does not offer any advantages over
direct inspection techniques, and it is more complicated to set-up and analyse the data.
Further, all the automotive joints in the body shell considered are accessible from one

side.

Propagation of a wave aong the length of the bondline, rather than across the width,
would be more attractive since it would enable a long length of adhesive to be
interrogated from a single measurement. However, recent work [88] has shown that
waves cannot be propagated over long distances from one adherend into the other
through the bondline. Further, the rivets and spot welds which are placed regularly

along the joint would preclude the use of any long range inspection techniques.

2.3. Conclusons
A variety of NDT techniques are available which can be used for testing adhesive

bonds, but no single technique is able to detect all three of the main classes of defect
found in adhesive joints, namely voids/disbonds in the adhesive layer, poor cohesion

and poor adhesion.

Through careful process control and some use of thermography, optical methods, bond
testers and time domain ultrasonics, the requirementsfor disbond detection, notably in
the aerospace industry, have largely been met. Research efforts have therefore focused
mainly on determining the cohesive and interfacial quality of bonds. Severa
techniques have been established to provide cohesive bond quality measurements from
ultrasonic data. However, these require relatively accurate experimental set-up and are
not well suited to field testing. Characterisation of the interfacial properties has
provided more of a challenge. Normal and oblique incidence bulk and guided wave

measurements have been used to identify variation in interfacial properties. Several
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models of the interface have been proposed which account for the observed changesin
ultrasonic data when an interface degrades. The main problem with the development
of these techniques for field use is the careful set-up required to collect the ultrasonic
data.

The remainder of this section considersthe applicability of the techniques discussed in
this chapter to the automotive industry for disbond detection. Of all the adhesive joint
defects, the reliable detection of voids and disbonds in automotive jointsis of primary
concern for thiswork. It is important that the method developed is robust and can be

applied reliably in the industrial setting, and not just used as alaboratory technique.

Non-ultrasonic techniques are attractive since they do not require couplant, but are
generaly insufficiently senditive to detect defects in automotive joints. Ultrasonic
techniques are more promising, and a time domain technique using an adaptive
reverberation filter has been used successfully in the industry, but its use is limited by
the attenuative bondline which can vary considerably in thickness. Bond testers have
been used with much success in the aerospace industry, but require the probe to be
coupled directly to the structure, making them unsuitable for this application. Other
ultrasonic techniques are aimed at cohesive and adhesive strength measurements and
are not appropriate for detecting disbonds. Guided waves can offer inspection across
the width of ajoint with a transmitter and receiver placed remotely from the bonded
region, and would therefore be useful where joints are inaccessible. However, thisis
not a requirement for the structures considered in this thess; it was felt early on that
because of the increased complexity in generation and analysis of guided waves,
further development would not be pursued in preference to simpler point
measurements which were more likely to be robust. A summary of the automotive
testing requirement and the principal reasons for the unsuitability of existing

techniquesisgiven in table 2-3.

Previous work has shown that by using ultrasonic spectroscopy to determine the
frequency of the fundamental thickness mode, disbonds in three layer joints can be
identified. Bond testers using this mode have used a probe coupled to thejoint to limit
the wide range of mode 1 frequencies which result from variations in bondline

thickness. Weise [74] showed that the frequency of the first mode of ajoint could be
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High volume production environment X X
Couplant free X
Single side access X
Confirm rear adherend presence X X | X
Thin adherends & variable bondline X
Small defects/ high sensitivity X X
Test on line (no dedicated test facilities) X | X | XX
Metal adherends X | X
Complex joint layout X X X
Robust and rapid test X X
Low cost X | X | X | X

Table 2-3 NDT technique regjection chart showing principal reasons for
unsuitability. ‘X’ indicates unsuitability.

used to determine the presence of adhesive and a rear adherend, but results were
hampered by the poor low frequency performance of the transducer used and the signal

processing, which resulted in unreliable detection of this mode.

With the principal automotive requirement being for disbond detection, it was decided
to focus on the development of a suitable robust ultrasonic technique for disbond
detection which could be used to test automotive type joints. Such a system would be
a valuable contribution to the field of NDT and industry. Mode 1 was seen as an
attractive option. However, it has not previously been possible to test joints of such
varying adhesive thickness from one side using a couplant-free system which can
interrogate a small area and confirm rear adhesive presence (see table 2-3 for a
complete summary of requirements). It was therefore decided to re-assess the viability
of usng mode 1 and attempt to devel op an approach which would meet the demanding

requirements and overcome the obstacles encountered by previous workers.
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Bond testers using low frequency through thickness resonance to identify disbondsin
joints have limitations which prevents their wider use. Previous work has suggested
that mode 1 could be used in a technique for more general purpose disbond detection
which could be used in the automotive industry, for example. In this chapter, the
viability of using mode 1 for joints with awide range of adhesive thicknessis assessed
through modelling and experimental validation. The suitability of signal processing
techniques for detection of this mode are then discussed. It will be shown how mode 1
can be used in a novel technigue to provide a robust means of disbond detection and

also considers the extent of the range of joints which can be tested.

3.1. Material properties
Before modelling of bonded joints can be carried out, the acoustic properties of the

materials must be known. No data was available for the adhesive used throughout this
work (XD4600-Betamate) and hence its properties have been measured experimen-
tally. Various techniques can be used to cal cul ate the compression wave velocity and
attenuation of ultrasound in a material. Previous workers have reported success using
the amplitude and normalised amplitude spectrum methods [66, 88]. These techniques
are particularly well suited for characterising the material propertiesin thin attenuative
materialssince they do not requireindividual echoesto beresolved in thetime domain;
values can be obtained over awide range of frequencieswith asingle measurement and
they do not require a purpose made test rig. The theory and practical application of
these techniques are well documented, hence only a summary of the methods is
provided in appendix A. The measured acoustic properties for the XD4600 adhesive
and published data[91] for aluminium and steel are presented in table 3-1. The density
of the cured adhesive was provided by the manufacturers, and confirmed experimen-
taly.

Material Density (kg/m®) Co\r?epl)(r)i?tsion wave Compres_sion wave
y (m/s) attenuation (Np/A)
Aluminium 2820 6330
Steel 7700 6100
XD4600 13102 24632 0.1452

Table 3-1 Material properties for joint materials.
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a.Note: Values given are from experimental measurements (see appendix A). Varia
tionin cure state can result in differencesin material propertiesfrom the valuesgiven.

3.2. Analysis
The three layer metal-adhesive-metal joints found in automotive structures have been

modelled to determine how the response of the first through-thickness resonance mode
(mode 1) varieswith adhesive thicknessfor jointswith adherends of different thickness
and material. The motivation for the work in this thesis was provided by the need to
test aluminium bonded structures, and the majority of the modelling and experimental
work has been carried out on aluminium joints, although acomparison with steel joints
is made in section 3.3.4 of this chapter. Aluminium adherends usually range from 1.0
to 3.0mm thick, the majority being around 2.0mm. The predictions in this chapter are
therefore shown at 2.0mm, and where appropriate are also given over the likely range
of adherend thickness. All of the modelling has been done with front and rear
adherends of the same thickness, but the techniques are equally applicable to joints
with different adherend thicknesses. Three possible bond conditions have been

modelled (see Nomenclature for definitions):

» Bonded (rear adherend present)
» Partially bonded (rear adherend disbonded)
» Fully disbonded (front adherend only)

3.21 One-dimensional mass-spring-mass model
The first thickness mode of a bonded joint can be approximated by a smple mass-

spring-mass model, as mentioned in chapter 2, section 2.2.2. This system has a

resonance frequency given by:

2KII
W, = —1— g‘f = -—1— a (31)
2y m  21p pte,

where p and t are the layer density and thickness. The subscripts m and a refer to the

metal adherend and adhesive respectively. The specific stiffness K", isthe ratio of the
apparent modulus to bondline thickness and defines the stiffness of the adhesive layer
(see equation 2-:3). The apparent modulus E', is defined as[92]:
£ = E(1-v)
(1-2v)(v+1)
where visthe Poissonsratio and E isthe Young's Modulus. It can be calculated from

(32)

the compression wave velocity and density by:
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E =cp (33)

The apparent modulus is higher than the Young’'s modulus. This is because when
ultrasonic testing is carried out, the area of the material under test is smaller than the
bulk material and is constrained at the edges by the surrounding material. The apparent

moduli for adherend and adhesive materials are given in table 3-2.

Material Appar?gtpl\;)()dulus
Steel 087
Aluminium 113
XD4600 2 g2

Table 3-2 Apparent moduli of joint materials.

aNote: variation in cure state can result
in differences in material properties
from the value given.

Mass-spring-mass models have been used by severa workers[20, 67, 72, 93] to
predict the frequency of the first thickness mode. Good correlation between measured
and predicted values has been reported, but these results were obtained with early
adhesives which had a lower modulus than those used today. Equation 3-1 shows that
the model does not account for strain in the adherends and assumes the adhesive is
perfectly elastic and massless. At redlistic bondline thicknesses (e.g. 0.2mm) the
specific stiffness of the early adhesives was low enough for there to be little adherend
strain and the mass-spring-mass approximation was valid. However, with the high
modul us epoxies used today, the strain in the adherendsislow only where the bondline

isrelatively thick. This can be seen by inspection of the mode shapes.

Figures 3-1a and b show the displacement mode shapes for mode 1 of a bonded joint
with adhesive thicknesses 0.2mm and 3.0mm respectively. These show the relative
normal displacements through the thickness of the joint (obtained using Disperse
software [94]). The strainis given by the rate of change of displacement with distance.
Where the adhesive is very thin, it islikely to have a higher specific stiffness than the
adherend. Consequently, there will be significant strain in the adherend as shown in
figure 3-1(@). Their stiffness being lower, the adherends then dominate the resonance
frequency. Indeed, as the adhesive thickness tends to zero, the mode shape approaches

that of aplain plate with the same overall thickness as the joint.

In the case of aplain plate, the mode 1 frequency, a, is given by:
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(a) (b)

Adherend
Adherend / Adhesive
Adhesive
Adherend / Adherend

0 0
Normal Displacement Normal Displacement

Large Negligible
adherend strain adherend strain

Figure3-1  Mode shapes for a bonded joint with 2mm aluminium adherends
and (a)0.2mm and (b)3.0mm adhesive layers.

o= =28 (34)

where t is the total thickness (i.e. twice the adherend thickness in the absence of
adhesive).

If the specific stiffness of the adhesive is now reduced to be much less than that of the
adherends, either by holding the modulus constant and increasing the thickness, or by
decreasing the modulus with a constant thickness, then the strain in the adherends will
be small and they will behave more like rigid masses. Thus at thick bondlines the
system behaves like a mass-spring-mass system. Thisis confirmed by the mode shape

in figure 3-1(b) which shows negligible adherend strain.

The mass-spring-mass model cannot therefore be used for thin adhesive layers, and
will only provide a solution for the first mode of abonded joint. More accurate results
have been obtained by modelling a joint as three solid cylinders (adherend-adhesive-
adherend) in axial vibration joined end-on[72]. The lengths of the cylinders
correspond to the thickness of the appropriate layer in the joint. Receptance
analysis [95] isused to calculate the natural frequencies of the system. Thismodel does
account for strain in the adherends and good agreement between predicted and
measured values has been reported across a wide range of adhesive thicknesses. This
model can also be used to predict the mode 1 frequencies for partially bonded joints

and higher order modes.

An dternative approach, used by many workers[53, 54, 66, 73], isamulti-layer wave
propagation model. The work presented here made use of a computer program

(DGLOBAL) which has undergone extensive testing and validation, developed by
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Pialucha[66, 96] employing a global matrix solution technique. This overcomes
numerical instability problems which can occur with the transfer matrix techniques
first formulated by Thompson and Haskell [97]. This general purpose tool wasused in
preference to the receptance model for convenience sinceit wasalready available. Itis
also more versatile, allowing many layers to be modelled with excitation at any angle

of incidence.

The materia properties for the layers used in the model are given in table 3-1. These
values are assumed constant with frequency except for the attenuation which is
assumed proportional to frequency (see appendix A). The adhesive attenuation of

0.145Np/A means that the amplitude of awave is attenuated by e0-14°

per wavelength,
which is equivalent to 0.51dB/mm/MHz. The model is one-dimensional, hence only
layer thicknesses are specified. The joint was loaded with a water half-space on one
side (closest to the excitation) and an air half-space on the other side. This represents
real testing conditions where thejoint is surrounded by air but dry coupled to arubber
delay line (aswould be used in a dabber probe - see chapter 5). The use of water in the
model to represent the rubber delay line is valid since the impedances of the two
materials are very close. A plane wave source (infinite transducer) has been used at
normal incidence which makes the system one-dimensional. This excites the structure
over a chosen frequency range which is discretised and the reflection coefficient
calculated at each frequency. This then outputs a reflection coefficient spectrum, an

example of which is shown in figure 3-2.

1.0

Mode 1

Reflection Coefficient

0.0
0.0 Frequency (MHz) 2.0

Figure3-2  Example of reflection coefficient spectrum.

Compression waves are used in the model, so only through thickness resonances are
present. In the model, it is assumed that there are no shear components. Interference

between the reverberations in the joint and the reflection from the front surface of the
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joint at resonance gives rise to the minima in the reflection coefficient spectrum. The
first of these minima occurs at the mode 1 frequency. The depth of the minimum is an

indication of the strength of the resonance.

A comparison of mode 1 frequencies of a bonded joint predicted with the multilayer
wave propagation model and the mass-spring-mass model is given in figure 3-3. The
comparison is made for 2mm auminium adherends with bondline thickness ranging
from 0.1-3.0mm. As confirmed by the analysis provided earlier, the mass-spring-mass
model offers a reasonable approximation where the bondline is thick, but is seen to
break down at thin bondline thickness where the adherend stiffness dominates the

resonance frequency.

o]
o
o

600

400

200

Mode 1 frequency (kHz)

0.00 1.00 2.00 3.00

Adhesive thickness (mm)

Figure3:3  Comparison of mode 1 frequencies predicted by the mass-spring-
mass model and DGLOBAL for a bonded joint with 2mm
aluminium adherends.

3.3. Predictions

3.31 Modelfrequency variation: small bondlinethicknessrange
The front and rear adherend thicknesses of joints are known prior to testing. Although

variation in thickness of the adhesive layer islikely, its thickness at any point should
fall within a specified range; for the structural joints investigated in this work thisis
0.1-0.4mm, whilst in other applications (such as stiffeners on bonnets and boot lids)
the range can extend up to 3.0mm. Based on the bondline thickness limits, mode 1
frequency ranges have been predicted for the three possible bond conditions. The
variation of mode 1 frequency with bondline thickness for the structural bondline
specification (0.1-0.4mm) is shown for a joint with 2mm aluminium adherends in
figure 3-4. Figure 3-5 shows the same data across the adherend thickness range of 1-

3mm.
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Figure3-4  Mode 1 frequency variation with adhesive thickness for joints
with 2.0mm aluminium adherends for the bonded, partially

bonded and fully disbonded conditionswith an adhesive thickness
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Figure35  Mode 1 frequency variation with adhesive thickness for joints
with 1-3mm aluminium adherends for the bonded, partially
bonded and fully disbonded conditionswith an adhesive thickness
range of 0.1-0.4mm.

The mode 1 frequency of a bonded joint is dependent on the specific stiffness of the
adhesive layer to some degree, even at thin bondlines. Hence as the adhesive thickness

increases, the specific stiffness and mode 1 frequency decrease. As mentioned

51



Chapter 3
Viability of mode 1 for disbond detection in automotive joints

previoudy, where the adhesive layer is thin, the resonance is dominated by the
adherend stiffness. Thisis clearly visible in figure 3-5 by comparing the bonded joint
mode 1 frequency variation at adhesive thicknesses of 0.1mm and 0.4mm. For aplain
plate, the mode 1 frequency varies as a function of 1/t,, where t, is the metal
adherend thickness. In contrast, the bonded mode 1 frequency for ajoint with a thick
bondline (i.e. mass-spring-mass approximation valid) varies as a function of 1/ Jﬁn
At 0.1mm, the frequency variation with adherend thickness tends towards the fully
disbonded case (i.e. plain plate) rising more quickly as the adherend thickness
decreases; obviously the bonded mode 1 frequency approaches half that of the fully
disbonded case since there are two adherends sandwiched together. At 0.4mm
bondline, the bonded mode 1 frequency increases more slowly with decreasing

adherend thickness, as expected.

The variation in mode 1 frequency with thick and thin adhesive layers is even more
noticeable with the partially bonded case in figure 3-5. At 0.1mm bondline, the mode
1 frequency is dominated by the adherend stiffness and the response of the joint
follows closely that of the fully disbonded adherend. As the adhesive thickness
increases, the mode quickly becomes dominated by the lower specific stiffness of the

adhesive layer, deviating more from the fully disbonded case.

This again can be explained by inspection of the mode shapes. Figure 3-6 shows mode
shapes for a partially bonded 2mm auminium adherend with 0.2mm and 3.0mm
adhesive layers. There is significant strain in the adherend at thin bondlines, but it
behaves like a rigid mass when the adhesive stiffness is low. In the fully disbonded

case, obvioudy the adhesive layer is absent and has no effect.

Figure 35 clearly showsthat at a given adherend thickness, with an adhesive variation
of 0.1-0.4mm, the frequency ranges for bonded, fully and partially disbonded jointsare
well separated in frequency. When testing ajoint with 2mm aluminium adherends, for
example, a measured resonance in the bonded frequency range (approximately 375-

590kHz) can therefore only be attributable to the response from a fully bonded joint.
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Figure3-6  Mode shapes for a partially bonded joint with 2mm aluminium
adherends and (a)0.2mm and (b)3.0mm adhesive layers.

3.32 Modelfrequency variation: large bondline thicknessrange

For the structural bondline thickness range (0.1-0.4mm) used in figures 3-4 and 3.5, the
bond condition can be determined from a single measurement of the mode 1 frequency.
Figures 3-7 and 3-8 show the mode 1 frequency variation for the same joints, but with
awider bondline thickness, ranging from 0.1-3.0mm. The fully disbonded case, since

it does not change with adhesive thickness, has been omitted for clarity.
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Figure3-7  Mode 1 frequency variation with adhesive thickness for joints
with 2mm aluminium adherends for the bonded and partially
bonded conditions with an adhesive thickness range of 0.1-
3.0mm.
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Figure3-8  Mode 1 frequency variation with adhesive thickness for joints
with 1-3mm aluminium adherends for the bonded and partially
bonded conditions with an adhesive thickness range of 0.1-
3.0mm.

In these figures, the effect of the varying adhesive stiffnessis more pronounced. Where
the bondlineisthin, the mode 1 frequency isdominated by the adherend stiffness. With
athin bondline (0.1mm, for example) the mode 1 frequency varies approximately as a
functionof 1/t ;arelatively largeincreasein mode 1 frequency is observed with a
decreasing adherend thickness. (Note that in the bonded case, the total adherend
thickness is twice that of the partially bonded case, and hence has a lower mode 1
frequency.) As the bondline thickness increases, the mode 1 frequency becomes
dominated by the adhesive stiffness. This is evident at thick bondlines (3.0mm, for
example); here the mode 1 frequency varies as a function of 1/ Jﬁn (in the bonded
case), and indeed the variation in mode 1 frequency with adherend thickness is
relatively small.

Since relatively large variations in frequency occur as a result of adhesive thickness
changes, it is important to note that mode 1 cannot be used to predict the adhesive
modulus alone. This is the reason that the Fokker bond tester became unreliable for

cohesive property measurements.
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It isalso evident that the bonded and partially bonded frequency ranges are no longer
separated in frequency. The overlap between the two frequency ranges is highlighted
in figure 3-7. In this case, the mode 1 frequency of a partially bonded joint with a
bondlinein excess of 1.2mm fallsinto the range for bonded joints. The surface plots of

figure 3-8 show that this overlap is greater where the adherends are thinner.

The degree of overlap isclearly affected by the bondline thickness range. Anincrease
in the minimum adhesive thickness will reduce the extent of the overlap, asillustrated
in figure 3-9. Here, the same data is shown as in figure 3-7 (0.1-3.0mm bondline), but
for a reduced adhesive thickness range of 0.5-2.5mm; the reduction in overlap is
clearly visble. Since the mode 1 frequency-bondline thickness variation is greater
where the bondline is thin, an increase in the minimum adhesive thickness will reduce
the overlap more than the same reduction in maximum thickness. Figure 3-10 shows a
graph from which the maximum adhesive thickness to avoid frequency range overlap
can be determined, given the minimum adhesive thickness. Such datais not available

intheliterature. Inthefigure, dataisplotted for joints with 2mm al uminium adherends.
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Figure39  Mode 1 frequency variation with adhesive thickness for joints
with 2mm aluminium adherends for the bonded and partially
bonded conditions with an adhesive thickness range of 0.5-
2.5mm.

The existence of an overlap between frequency ranges for bonded and partially bonded
jointsis detrimental for the test. There now become two frequency ranges which must
be considered when testing whether a joint is fully bonded; a measurement giving a
mode 1 frequency below the overlap region indicates the bonded condition; a reading
with a mode 1 frequency in the overlap region can be either from a bonded joint with

athin bondline, or apartially bonded joint with athick bondline. There aretwo possible
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Figure 3-10 Variation of maximum adhesi ve thickness to avoid overlap with
minimum thickness for joints with 2mm aluminium adherends.

solutions to overcome this problem: an additional measurement can be made to
identify the bondline thickness, or the joint can be scanned and a step change in bond
condition will be revealed by a step change in mode 1 frequency. These options are

discussed further in chapter 6.

3.3.3 Higher order modes
Higher order modes have been used by previous workers to determine the cohesive

properties of a bonded joint (see chapter 2, section 2.2.2). As mentioned previously,
these are not suitable for robust disbond detection, hence the use of higher order modes
is not considered here. The encroachment of higher order modes into the mode 1
frequency rangefor bonded joint is, however, an area of concern. The second thickness
mode has been predicted using the multilayer wave propagation model, in the same
way as for mode 1. Figure 3-11 shows the mode 1 and the lower part of the mode 2
frequency ranges for a 2mm aluminium bonded joint. The shaded region indicates
where the two frequency ranges overlap. As with the bonded and partially bonded
frequency ranges, this overlap only occurs when the bondline thickness variation is
large. Again, there are two frequency ranges of significance; a reading in the mode 1
frequency range below the overlap region indicates the joint is bonded; in the overlap
region, modes 1 and 2 will be present. Although some ambiguity therefore exists this
can be easily resolved and mode 1 identified by taking the frequency of the lower of
the two peaks.

3.34 Comparison of steel and aluminium adherends
The adherend mass and stiffness significantly affect the mode 1 response. The mode 1

frequencies presented so far are only for aluminium adherends, which have been the

focus of the work. For the technique to be generic to applications in the automotive
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Figure3-11 Mode 1 and mode 2 frequency variation with adhesive thickness
for bonded joints with 2mm aluminium adherends.

industry, it must also be possible to test steel structures in the same way. A brief
comparison of steel and aluminium frequency ranges is therefore provided in this
section.

Aluminium adherends of 1-3mm are typical in automotive structures, whereas 0.7-
1.5mm is more typical for stedl structures. Since it is the mode 1 frequency ranges
which provide the diagnostic information relevant to the test, not the adherend
thickness, the mode 1 frequency variation with adhesive thickness has been shown in
figure 3-12 using the typical thickness ranges for the particular adherend metal. In this
way, the extremes of the mode 1 frequency ranges can be identified and used to assess
the viability of the test. Theresults show that in fact the frequency rangesfor steel and
auminiumjointsare similar. Thisisbeneficia for testing because auminium and steel

can be tested using similar transducers.

3.4. Validation

341 Experimental set-up
The mode 1 frequency and amplitude predictions have been validated experimentally

using prepared bonded and partially bonded joint samples. The joints comprised
2.0mm thick degreased aluminium adherends with a nominally constant thickness
XD4600 adhesive layer, and have been cured at 180°C for 35 minutes. Bondline
thicknesses ranged from 0.1mm to 3.0mm, and were controlled by placing shims of the
required thickness between the adherends at the edges. A compressive load was then
applied to the joint to cause the viscous adhesive to spread out to the required
thickness. Partially bonded joints were produced by coating one of the adherends in

rel ease agent (Freekote) prior to bonding; this adherend was then removed after curing.
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Figure3-12 Comparison of mode 1 frequency variation with adhesive
thickness for bonded joints with steel and aluminium adherends.

The adherends (75mm x 150mm) and adhesive layer were chosen to be much larger
than the diameter of the transducers used, creating an approximation to a one-

dimensional system.

Automotive testing precludes the use of liquid couplant, and it was envisaged early on
in the project that adry rubber coupling would be used. A rubber with alow acoustic
attenuation (low-loss rubber) has been developed for dry coupling for wheel probes
(see chapter 5). This rubber has an acoustic impedance very similar to water which
means that the joints can be tested in an immersion tank, and will give similar results
to those expected using dry rubber coupling. This allowed mode 1 validation to be
carried out prior to the development of a device for dry coupling. In a real test
environment the rear face of the joints is air backed. In the immersion tank this is
achieved by positioning thejoint on the surface of water so that the rear facewasin air.
Figure 3-13 shows the experimental set-up; the transducer (pointing upwards) was
aligned normal to the surface with a 30mm stand-off from the joint to allow sufficient
time for severa cycles of the joint resonance to be captured before the second front
face reflection. In order to cover the expected mode 1 frequency ranges for bonded

joints with bondlines ranging from 0.1mm to 3.0mm, two transducers were used,
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Figure 3-13 Experimental set-up in immersion tank for validation of mode 1
predictions.

operating in pulse-echo. These were 500kHz (V301 series — Panametrics) and 200kHz
(Matec) centre frequency immersion transducers. In initia tests, excitation was
provided by a waveform generator and amplifier (Wavemaker Duet — MacroDesign)
capable of driving atoneburst or pulse with a centre frequency of between 50kHz and
5MHz. A pulse centred around 500kHz was used for the 500kHz transducer, but the
low frequency device was found to have a much higher centre frequency than claimed
and in fact had very little energy below 200kHz. A 5 cycle tone burst excitation was
therefore used in this case, centred around 250kHz, in order to excite the resonances of
the thicker joints. A lower frequency tone burst was not used because as the frequency
was reduced, the recovery time of the amplifier increased and alonger stand-off would

have been needed. Low frequency transduction issues are addressed in chapter 7.

The output of the amplifier was connected to a digital oscilloscope (Model 9400 —
LeCroy) which was connected to a PC which downloaded the digitised time domain
waveforms for subsequent processing. In later tests, the waveform generator,
oscilloscope and PC were replaced by a general purpose instrument (Model DUI —
NDT Solutions Ltd.) developed by one of the collaborators. Thisinstrument was able
to perform the data capture and signal processing on-board to give a bond/disbond

indication to afactory operator if required.
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3.4.2 Signal processing
Figure 3-14 shows a typical received time domain waveform. The front face (water-

aluminium interface) reflection (F1) is seen followed by ‘ringing’ in the joint at the
resonance frequency. Towards the end of the time trace, a second front face reflection
(F2) isobserved as aresult of the water path (delay line) reverberation; the spacing of
these front face reflections is governed by the transducer stand-off distance and the

compression wave velocity of the delay line.
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Figure 3-14 Example of time domain trace received when testing a bonded
joint.
Several methods can be used to extract the mode 1 resonance frequency from the

experimental data. The main requirements are that the signal processing technique

must be robust and fast. Various techniques are discussed in the following sections.

3421 Amplitude spectrum

The time domain signal can be gated to remove F2 and the subsequent signal, then
transformed to the frequency domain using an FFT agorithm. Figure 3-15 shows the
result of the FFT, an amplitude spectrum, in which the impulse response of the
transducer in seen with aminimum at the resonance frequency. In this case, only mode

1 lies within the transducer’ s frequency range.

There are several problems in using this technique. Figure 3-16 shows a series of
simulated frequency domain responses (produced using DGLOBAL software [96])
from a 2mm auminium bonded joint with a 0.1mm bondline having a resonance
frequency at 593kHz. These signals are representative of signals collected using the
amplitude spectrum technique. The centre frequency of the transducers in each case
has been increased in 50kHz increments from 550kHz to 750kHz; the bandwidth has
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Figure 315 Example of amplitude spectrum after gating out F2.

been kept constant at 500kHz. The depth of the minimum islarge where the resonance
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Figure3-16 Smulated frequency domain responses of bonded joint being
tested with transducer s of varying centre frequency and constant
bandwidth.

frequency is close to the centre frequency of the transducer and mode 1 is therefore

most easily detectable. Towards the ends of the talls of the transducer’s operating
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frequency range, the minimum is barely visible since the resonance is weakly excited.
Automatic detection is therefore unreliable. This technique was used by Weise [74],

and unreliable detection of mode 1 was one of the main problem experienced.

Additional confusion for a minimum detection algorithm is introduced by resonances
in the transducer or delay line reflections which result in additional minima in the
response. Where the mode 1 resonance is small, these other minima could be confused

for joint resonances.

3422 Nor malised amplitude spectrum

One dlternative approach would be to deconvolve the frequency response of the
transducer from the amplitude spectrum, thereby producing a normalised amplitude
spectrum, or reflection coefficient spectrum. This is done by dividing the amplitude
spectrum from ajoint by the response of afront face reference reflection. The process
is shown in figure 3-17. This front face reflection is taken from a thick block of
adherend material so that no resonances are excited in the transducer’s operating

frequency range.

In the resulting spectrum, the minimum can be seen much more clearly. The effect of
unwanted resonances in the transducer are aso theoretically cancelled out (although
none are present in this example). Although this method yields better results, there are
severa disadvantages. The reflection coefficient spectrum in figure 3-17 should have
areflection coefficient of unity away from resonance, but this is clearly not the case;
the amplitude of the reference response towards the ends of the operating frequency
range is smaller than the response from the joint, resulting in a reflection coefficient
above unity in this region. These two measurements were made using the same
transducer and excitation, and were set-up in the same manner but on different
occasions. This serves to illustrate the differences in results between two
independently made measurements. In this case, the absolute difference in measured
amplitude is small, but at the ends of the operating frequency range, division of two
small numbers resultsin asignificant error in results. Another disadvantage is that the
division of the two spectrais computationally expensive; since aread-out of the mode
1 frequency (i.e. bond condition) isrequired in real time, any additional computation

would increase the update time.
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Figure3:17 Obtaining a reflection coefficient spectrum from experimental
data.

3423 Wiener filtering

Using the method described in section 3.4.2.2, unwanted additive noise contributes to
the distortion of the normalised amplitude spectrum away from resonance. One
possible solution to reduce this is to use a Wiener filter [98, 99]. This is an adaptive
filter which minimises the mean-square value of error between thefilter output and the
ideal normalised amplitude spectrum (where the reflection coefficient is unity away
from resonance). The agorithm requires a conservative value for the noise level in the

system. However, this has the effect of reducing the effective bandwidth of the output.
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For thisapplication, theincreased frequency domain processing time and the decreased
bandwidth would make such afilter unattractive for use, compared to the much s mpler

signal processing solution described in section 3.4.2.4.

3424 Window ringing

An aternative approach, which requires less processing, is to gate out the front face
reflection in the time domain, and transform the remaining ringing to the frequency
domain. A peak in the response will then occur at the resonance frequency, as shown

in figure 3-18. A similar procedure was used by Papadakis[56] who identified
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Figure 3-18 Obtaining a resonance peak from experimental data.

adhesive presence from the ringdown or decay rate of the signal from a joint when
excited with ahigh frequency pulse; in thismethod, part of the ‘ringing tail’ was gated
and the amplitude of the FFT of the signal used to test for adhesive presence.
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This method has several practical advantages over the other techniques discussed:
gating the time domain signal once the waveform is stored does not take up significant
processing time, hence the update rate of the frequency domain display is faster. By
eliminating the need for reference reflections, the signal processing becomes simpler

and more robust.

In order for this signal processing technique to be successful, the amplitude of the
resonance peak must be large enough to be detected. In practice, there will be alevel
of ‘background’ noisein the ringing window originating from unwanted resonancesin
the transducer, reflections in the delay line and incoherent noise. These have a certain
amplitude in the frequency domain and must not be incorrectly identified as mode 1
resonance. A threshold amplitude in the frequency domain can be set to avoid this; a
mode 1 resonance must have a peak above this level to be identified. The threshold
amplitude is dependent mainly on the transducer and delay line, and the level will
generaly be low compared to the mode 1 resonance peak amplitude. However, this
does impose a minimum amplitude for detectability. This is discussed further in
chapter 6. The mode 1 resonance peak amplitude depends on severa factors, namely
amplitude of ringing, the time window used, and the strength of the excitation. These

are discussed in the following sections.

34241 Strength of excitation

The amplitude of the ringing is dependent on the amplitude of the excitation at the
resonance frequency. In figure 316, it was shown that the minimum at resonance is
very difficult to detect towards the end of the transducer’ s operating frequency range.
If the ‘ringing window’ method is used, the amplitude of the resonance peak will be
small at thetailsof the transducer response, but a clearly defined resonance peak is till
present. This can be much more easily identified than theinflexion whichis seen when

the whole time domain signal is transformed, asin figure 3-16.

34242 Amplitude of ringing

The amplitude of the resonance peak depends on the damping of the resonance.
Consider a system with low material damping, such as ametal plate. At resonance the

damping of the response is determined by the impedance of the surrounding half-space
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media; as the half-space impedance rises towards that of the plate, more energy is
transferred to the surrounding media, the effective damping increases, and the

amplitude of the ringing decreases.

In the adhesive joint case, the surrounding media, namely water (or rubber) and air, are
of fixed impedance. Thereis, however, significant frequency dependent attenuation in
the adhesive layer and the relationship between bondline thickness and ringing
amplitude is not straightforward; at a particular frequency, the total attenuation
increases with bondline thickness; thisincrease is offset because as the layer thickness
increases, the resonance frequency decreases, which has the effect of reducing the
attenuation. For this work, an in-depth understanding of the variation of attenuation
with bondline thicknessis not required; the main concernis simply that the resonance

amplitude is high enough to be detected.

The variation in the decay of the amplitude of the ringing with changing bondline
thickness has therefore been predicted using the multilayer simulation software
(DGLOBAL) described earlier. In the modelling, reflection coefficient spectra were
generated for joints with 2mm aluminium adherends and adhesive layers of different
thicknesses up to 3mm. In order to obtain arealistic time domain signal, these spectra
were convolved with a typical transducer response function to give an amplitude
spectrum. The centre frequency of the transducer response was chosen to be coincident
with the mode 1 frequency to ensure that the amplitude of excitation at the mode 1
frequency remained constant for each case. Throughout, the bandwidth was set equal
to the centre frequency of excitation. The amplitude spectrum was then transformed to
the time domain using an inverse FFT. The peak excitation amplitude in the time
domain was constant for all the cases. Sincethe bandwidth remained afixed proportion
of the centre frequency across the range of bondlines tested, the number of cyclesin
the excitation remained constant. The portion of the time domain waveforms up to the
end of the excitation were gated out, leaving just the joint resonance. This gating
inevitably removed some of the joint response, as occurs in practice. The maximum

amplitude of the remaining signal in the frequency domain was then recorded.

Figure 3-19 shows the modelled time domain signals before gating with attenuative
bondlines of 0.15mm and 3.0mm. Interference can be seen between the front face
reflection and the joint resonance signals which are out-of-phase. On the figure, the

middle and end of the front face reflections are marked:; the latter was taken as the start
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time for the rectangular window used to extract the mode 1 resonance. Figure 3-20
shows the peak amplitude variation with adhesive thickness for bonded joints with and

without attenuation in the adhesive layer.
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Figure3-19 Predicted time domain waveforms for bonded joints with 2mm
aluminiumadherends and (a) 0.15mm and (b) 3.0mm attenuative
adhesive layer.
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Figure 3:20 Variation of amplitude of mode 1 resonance with bondline
thickness for bonded joints with 2mm aluminium adherends with
and without attenuation in the adhesive layer.

In order to explain the characteristics of this graph, the bonded joint will be considered
by approximating it as a 1D mass-spring-mass model. Considering firstly the adhesive
without attenuation, as the adhesive thickness increases, the specific stiffness (see
eguation 2-3 for definition) of the adhesive layer decreases. The magnitude of response

at resonance isinversely proportiona to stiffness, hence the resonance peak amplitude
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increases with adhesive thickness. Including attenuation in the adhesive now shows
some interesting features. Attenuation per wavelength is frequency dependent,
increasing with frequency, but the total attenuation is also a function of thickness. As
the bondline thickness increases, the mode 1 frequency decreases and the attenuation
per wavelength reduces correspondingly. However, this effect competes with the
increase in thickness which also affects the total attenuation. Inspection of the curve
with attenuation in figure 3-20 shows that where the adhesive is thin and the mode 1
frequency falls quickly with increasing thickness, the total attenuation increases up to
about 0.14mm adhesive thickness, where the peak amplitude reaches a minimum.
Maximum energy is dissipated in the adhesive at this point. At higher bondline
thicknesses, the effect of attenuation decreases and the peak amplitude increases with
bondline thickness. The changes in amplitude with adhesive thickness are relatively
small, which means that a varying bondline thickness does not cause a problem with
detectability.

34243 Time window

The frequency domain response of the mode 1 resonance is affected by the shape and
size of the window in the time domain. This has been broken down into its constituent

parts which are discussed briefly in this section, namely start time, length and shape.

Window start time

Anideal timedomain signal received during testing is made up of theimpulse response
of the transducer, which is seen asthe front face reflection, and the ringing in the joint.
As the amplitude of excitation increases, the amplitude of the resonance builds up and
peaks close to the time of the maximum excitation amplitude. The resonance amplitude
then decreases as the excitation amplitude falls and will die away exponentially after
the excitation has finished. To maximise the amplitude of the resonance peak, the
window must start as close as possible to the maximum resonance amplitude.
However, the window must start after the front face reflection has died away, otherwise
there will be interference between the two parts of the signal. This then defines the
earliest possible start time. If atransducer is poorly damped, the front face reflection
may continue for some time and reduce the total window length, hence causing a
reduction in amplitude. This is one reason why a poorly damped transducer is

unsuitable for this technique.
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Window length

The window length will also affect the peak amplitude, since a short window will have
fewer cycles of the mode 1 resonance and there will be less energy at that frequency.
For a fixed window length, if the resonance amplitude is assumed constant, then the
resonance peak will be smaler at low frequency. The maximum window length is
determined by the stand off distance, or delay line length, between the joint and the
transducer. This must be chosen to ensure that a sufficient number of cycles can be
captured. In addition, the frequency resolution is 1/T,,, where T,, is the window
length [100]. Therefore, a long time window is desirable to give good frequency

resolution.

Window function

The shape of the time domain window can also affect the frequency domain response.
Whereasignal contains discrete frequency components, such as the mode 1 resonance,
windowing in the time domain results in a convolution of the spectrum of the original
signal with that of the window function. In this work, a rectangular window has been
used and it was considered that leakage might be an issue. This leakage resultsin the
generation of side lobes in the spectrum, but for this technique, it is the frequency of
the peak of the main lobe which producesthe diagnostic information. A variety of other
window functions, such Hanning or an exponential window, can be applied which
reduce the amplitude and increase the fall off of the side lobes, but their use will not
ater the frequency of the peak of the main lobe. Consequently, the use of arectangular
window was found to be satisfactory, providing afast, robust method of extracting the

mode 1 frequency.

3.5 Results
Joints were produced with 2mm auminium adherends and various bondline

thicknesses, and tested as described in section 3.4.1. The window ringing signal
processing technique described in section 3.4.2.4 was used to process the time domain
datacollected. Figure 3-21 compares the mode 1 frequencies measured experimentally
with predicted values based on bondline thickness measured with a micrometer.
Excellent agreement between the predictions and experimental results can be seen.
Slight variation in bondline thickness was found across the joints, which accounts for
the dlight scatter in mode 1 measured frequencies from the predictions; mode 1

measurements were made in the centre of the plate to approximate a 1D situation, but
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due to the limited reach of the micrometer, it was not possible to make a measurement
of the bondline thickness coincident with the transducer centre-line. Instead, several
measurements were taken over the plate and the mean thickness used to plot the
measured data. Thisaccountsfor the slight scatter between the measured and predicted
data.
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Figure3-21 Comparison of experimental and predicted mode 1 frequency
results for bonded joints with 2mm thick aluminium adherends.

3.6. Conclusions
The analysis presented here has shown that the mode 1 frequency of ajoint can be used

to identify the bond condition. Where the bondline thickness limits are such that the
bonded and partially bonded frequency ranges are separated, a single measurement can
be used. In practice, this has been found to be the situation in all structural joints, since
a thick bondline has lower cohesive strength and is therefore undesirable. In non-
structural applications, a wide bondline thickness variation is often found which can
result in overlap between bonded and partially bonded frequency ranges. In thiscase a
single measurement falling in the predicted bonded frequency range below the lowest
overlap frequency confirms the joint is bonded; a measurement in the overlap region,
however, cannot be used to determine the bond condition alone, and another

measurement is required. Possible solutions are discussed in chapter 6.

Experimental validation has shown excellent agreement with frequency values
predicted using a 1D model. This also shows that the mode 1 frequency data can be
extracted reliably from the time domain signal by gating out the front face reflections
and transforming the resulting joint resonance to the frequency domain. Provided the
amplitude of the resulting peak is above a threshold, the peak frequency can be easily
identified.
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Identification of the adhesive thickness limits to avoid overlap, and the signal
processing to give a bonded/disbonded indication are key areas of novel work in the
development of the test.

Theanalysis carried out has assumed the joint can be represented by a one-dimensional
system, but this may not be valid where the adhesive layer varies in width and
thickness in the area under the transducer. Hence, some further work is required to

guantify the two-dimensional effects, and thisis presented in chapter 4.

In addition, thisassessment of the viability of using mode 1 to confirm the fully bonded
condition has highlighted several other areas which must be addressed before a system
is suitable for use in the field. A dry coupled probe able to make spot measurements
would be of great benefit for lab and field use. The development of such a device is
discussed in chapter 5, and adiscussion of |aboratory testing and industrial test results

using this device is given in chapter 6.

The predictions made also show that for a typical automotive joint the frequencies
involved can cover awiderange and are at low frequency. Transduction issues, and the

development of alow frequency transducer are discussed in chapter 7.
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Themode 1 predictions made in chapter 3 assume thejoint isone-dimensional. Thisis
not necessarily the case in the automotive industry. The effect on the viability of the
mode 1 technique when testing real joints which are not one-dimensiona, is

investigated in this chapter.

4.1. Introduction
A one dimensional system can be approximated experimentally where the transducer

isaligned normal to the surface, thejoint islarger than the transducer diameter, and the
layersin the joint have constant thickness in the region under test. Unfortunately, real
automotive joints are not like this; bondlines can vary significantly in width and
placement, primarily due to incorrect application. This may result in the transducer
contact region being over a step change in bond condition at the edge of the adhesive
layer. Where the adhesive bead is narrow compared to the transducer diameter, there
effectively becomes a narrow strip of adhesive under the contact region. These cases
areillustrated in figure 4-1(a) and (b).

There can also be significant variation in bondline thickness under the contact region
giving atapered adhesive layer, asillustrated in figure 4-1(c). This arises mainly from
variations in fit between the mating panels especially where they are pinched and
riveted together. In order to investigate the effect these conditions have on the mode 1

response, the different cases have been modelled using Finite Element (FE) analysis.

. Transducer/ Dabber probe
Joint

(a) Misplaced (b) Narrow bead (c) Tapered

Figure4-1  Cross-sections of automotive jointswith (a & b) a step changein
bond condition, and (C) a tapered adhesive layer under thetrans-
ducer contact region.
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4.2.  Finite Element model set-up
FE software [101] has been used which was specifically devel oped for modelling wave

propagation in solids using a time marching algorithm. General modelling points

applicable to al the FE models described in this chapter are given in this section.

The cases outlined in section 4.1 have been modelled as a joint in cross-section. 2D
plane strain quadrilateral 4 node elements are used. Basic rules for wave propagation
models which have been devel oped by previous workers [88] dictate the mesh size and
time step. The side length of an element must be between 8 and 20 times smaller than
the wavelength of the highest frequency in the excitation signal. The bandwidth was
limited by using a 5 cycle tone burst to keep the number of elements per wavelength
for the highest frequency component within the above bounds. In this work, 15
elements were used per wavelength at the higher frequency where the amplitude was -
40dB below the maximum amplitude. The time step was chosen so that the fastest

wave would not propagate more than 80% of the way across an element in one time
step.

The transducer was modelled by applying a sinusoidally varying force to a number of
nodes on the surface, across a width of 30mm, which was the diameter of the
transducer used experimentally. The amplitude of the force at each node was weighted
gpatially using a Hanning function to approximate the output pressure distribution of a
transducer. Models were run for many time steps and the resulting displacements were
monitored periodically at the same nodes as the excitation was applied. At each point,
50us of time domain data was collected. The monitored displacements were then also
weighted with a Hanning function and integrated to produce a waveform which is
representative of the signal received by atransducer in pulse-echo. The material elastic
properties used for thelayersinthe model areasindicated intable 3-1. However, it was

not possible to include attenuation or the water half-space in the FE model.

4.3. Transducer over step changein bond condition

431 FE modé
A step change in bond condition has been modelled by a 2mm aluminium plate with a

1.5mm adhesive layer attached to one half, as shown in figure 4-2. This represents a
through-thickness model of ajoint with astep change in bond condition from partially
bonded to fully disbonded. This smple situation has been modelled to gain an

understanding of the effects on the mode 1 frequency, from which the same concepts
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Input force —
Monitoring nodes

Aluminium

Epoxy

Partially bonded Disbonded

Figure4-2  FE model used to investigate the effect of a step change in bond
condition.

can be applied to a three layer joint. The model was made 150mm wide so that there
would be no guided waves reflected from the ends of the joint during the monitoring
period. A 5 cycle tone burst excitation was applied at a frequency centred around
500kHz, which corresponds approximately to the mode 1 frequency of the partially
bonded part of the joint. In order to study the effect of the step change, several models
were run; the transducer was positioned initially entirely over the fully disbonded

plate, then moved progressively across the step change in bond condition.

4.3.2 Experimental validation
Experimental validation was carried out with a prepared sample of smilar layer

thicknesses to the FE model. Adhesive was bonded to half of the plate with the step
change in bond condition extending approximately 60mm (twice the transducer

diameter) in the z-direction (normal to the cross-section), asshown in figure4-3. It was

Adherend

Transducer
Adhesive

60mm

Figure4-3  Top view of experimental set-up for validation of the effect of step
change in bond condition.

tested air backed in animmersion tank as described in chapter 3, section 3.4.1. Aswith
the FE model, a5 cycletone burst excitation centred around 500kHz was used with the
transducer operating in pulse-echo. The transducer was placed 25mm from the front
face of thejoint and moved progressively acrossthe step changein bond condition with

the time domain signals being recorded at each position.
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433 Reaults
The time domain waveforms from the FE model and experimental validation were

processed by gating out the front face reflections, as described in chapter 3, section
3.4.2, and theresulting mode 1 frequency and peak amplitude recorded. Thisprocedure

was adopted to mimic real testing conditions.

Figures 4-4 and 45 give the FE and experimental results respectively, showing the
variation of mode 1 frequency and peak amplitude with the percentage of the area of
the transducer over the bonded region. The FE model is 2D assuming infinite extent in
the z-direction (normal to the cross-section) for both the joint geometry and the
transducer (i.e. excitation and monitoring nodes). Hence the area of the transducer over
the step varies linearly with position. In the experimental case, the transducer is
circular, and the actual area of the transducer over the step has been calculated at each
position. The peak amplitudes have been normalised to the case where the transducer

isentirely over the bonded region

Frequency

o 104 L 400
3 =
= 0.8- =
Q >
Q@ 9
§ 06/ @Q\@ &
© 2 L 200 &
g 04 &® o
o Y] Q =
2 0.2 1]
= =

0.0 0

0 25 50 75 100

% Area transducer over bond

Figure4-4  FE results showing variation of mode 1 frequency and peak
amplitude with area of transducer over the bonded region.
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Figure45  Experimental results showing variation of mode 1 frequency and
peak amplitude with area of transducer over the bonded region.
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It is clear from these graphs that the mode 1 frequency of the bonded region does not
change where the transducer is partly over the step, for the range of joints tested. The
peak amplitude decreases as the transducer moves away from the bonded region. A
transducer which behaves as a piston source with uniform pressure over the face would
be expected to show a linear decrease in resonance amplitude with area of the
transducer over the resonant system of interest. In these tests, the pressure distribution
acrossthe transducer faceisnot constant which causesthe non-linearity in the variation
of amplitude with area. Further work would be required to establish whether these

findings are applicable in the genera case.

434 Analysis
From these results it appears that the resonance in the bonded region is unaffected by

the presence of the adjacent unbonded region. Thiswas also found to be the case when
the model was extended to three layers. In order to confirm observation, another FE
model has been constructed in which the resonance frequencies of the two parts are
closer together in frequency and can be excited simultaneously. Figure 4-6 shows this
FE model which comprises a steel plate with a step change in thickness from 4mm to
7mm. The two parts have fundamental through thickness resonance frequencies of
750kHz and 450kHz respectively. Each part of the plate was 150mm wide and
excitation was applied to nodes spanning 30mm. A two cycletone burst centred around
600kHz with a Hanning window was used to excite the resonances in both parts of the
plate. As before, the transducer (i.e. the nodes being excited and monitored) was
moved progressively across the plate and the displacements at the monitoring nodes
recorded and processed.

Figure 4-7 shows the variation in amplitude of both resonance peaks with position
across the step change. Again, this was validated experimentally using the same
procedure as described earlier, but with a steel plate with a step change in thickness
from 5mm to 6mm. Experimental results are shown in figure 4-8. In both cases, no
change in the mode 1 frequencies of the two parts was found as the transducer was

moved across the step change
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Input force —
Monitoring nodes

Steel

7mm 4mm

Figure46  FE mode of steel plate with step change in thickness from 4mm
to 7mm.

Peak amplitude (arb linear)

L\ \
-30 -20 -10 0 10 20 30
Position of centre of transducer across step change (mm)

Figure4-7  Variation of peak amplitude of the 4mm and 7mm mode 1
resonances with position across the step change; FE results.

6mm

Peak amplitude (arb linear)

-30 -20 -10 0 10 20 30
Position of centre of transducer across step change (mm)
Figure4-8  Variation of peak amplitude of the 5mm and 6mm mode 1

resonances with position across the step change; experimental
results.
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These results confirm that the mode 1 frequency is unaffected by the adjacent system
and that the strength of the resonance is dependent only on the strength of the
excitation; at the frequency where through thickness resonance occurs in the plate,
there is no coupling between the two parts of the plate. In other words, the vibration in

the two parts of the plate isindependent.

435 Implicationsfor disbond detection
The objective of this work was to investigate what happens to the mode 1 frequency

where the bondlineisvarying inwidth in the region under test. Results have shown that
a step change in bond condition under the contact patch does not affect the measured
mode 1 frequency of the bonded region. This means that the frequency range
predictions discussed in chapter 3 are still valid. The amplitude, however, decreases
proportionally to the area of the bonded region under the contact patch. In practice,
amplitude measurements cannot be used to identify the location of the edge of the
adhesive relative to the transducer since they are sensitive to coupling conditions (see
chapter 5) and the bondline thickness (see chapter 3). Where only a small portion of
the bonded region isin the contact patch, the mode 1 peak amplitude will be small and
itislikely that it will fall below the threshold level, giving a disbonded reading.

Since amplitude measurements are unreliable, to give greater spatial resolution and
accurately assess the adhesive width, a small test region is desirable so that severa
measurements can be taken across the width of the joint. The optimum transducer
diameter will therefore depend on the application. For rapid testing, where only
complete absence or asmall amount of adhesive need beidentified asadisbond, alarge
diameter contact area can be used. To accurately map out the bond thickness and width

for optimisation of the bonding process, asmall diameter contact area is needed.

44, Taper

441 FE model and validation
A joint with a tapered adhesive layer has been modelled by a 2mm aluminium plate

with an adhesive layer of increasing thickness attached to the plate, as shown in figure
4.9. Again, the two layer joint case was modelled in preference to a bonded joint to

minimise the size of the model, giving faster computation time.
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Figure49  FE model used to investigate the effect of a tapered adhesive
layer.

In this model, the position of the transducer remained fixed and the slope of the
adhesive layer was varied for each run, but the mean thickness was held constant at
1.5mm. The centre of the transducer was coincident with the point where the adhesive
was 1.5mm thick. The transducer diameter was set to 60mm to emphasi se the effect of
the taper. Excitation with a 5 cycle tone burst was centered around 500kHz, which
corresponded approximately to the mode 1 frequency predicted by the 1D model with
an adhesive layer of 1.5mm. Experimental validation was carried out in an immersion
tank as described previously, using samples prepared with different degrees of

adhesive taper.

442 Results
Mode 1 frequency and peak amplitude results have been plotted against adhesive

slope. The adhesive thickness at the centre of the transducer could easily be controlled
in the FE model. For the experimental results, readings were taken at several locations
on each tapered joint sample; the slope of the adhesive in each sample remained
roughly constant, but the adhesive thickness at the centre of the transducer varied.
Hence a direct comparison of mode 1 frequencies cannot be made. Instead, the
measured mode 1 frequency was normalised at each test point by dividing by the
values predicted for a one-dimensional case. This was obtained using the multilayer
model (DGLOBAL) with the bondline thickness at the centre of each test point
measured using a micrometer. The FE and experimental results are shown in figures
4.10 and 4-11 respectively. The peak amplitudes have been normalised by the value at
0° taper.
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Figure4-10 FE results showing variation of mode 1 frequency and peak
amplitude with adhesive taper.
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Figure4-11 Experimental results showing variation of mode 1 frequency and
peak amplitude with adhesive taper.

443 Analysis

An understanding of why the mode 1 frequency does not change but the resonance
peak amplitude decreases can be obtained from the results of the FE modelling. The
FE model output out-of-plane displacements at each monitoring node with time. The
mode 1 frequency was extracted from these time domain signals and the bondline
thicknesses at the position of each monitoring node were then calculated. Figure 4-12
shows the variation of mode 1 peak frequency with bondline thickness across the
monitoring nodes of ajoint with a 1° taper. Also shown on thefigureisthe variation of
mode 1 frequency predicted using the 1D model across the same adhesive thickness

range.
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Figure4-12 Fregquency-nodal position contour plot for a partially bonded
joint with a tapered adhesive layer.

This result shows that the mode 1 frequency extracted from the individual node time
traces is determined by the bondline thickness at that node, and so decreases with
increasing adhesive thickness. Comparison with the 1D predictions shows that a
reasonable approximation to the mode 1 frequency obtained from the time trace at a

given nodeis given by the 1D model with a corresponding adhesive thickness.

When the waveforms from all the nodes are integrated or summed, the effect is to
‘smear’ the individual resonances together. The effect on the overall response is
twofold. The mode 1 frequency at the centre of thetest areais dominant (assuming that
the taper is linear). As the taper increases, the spread of the frequencies increases and
the resonance peak becomes flatter than with no taper, and appears as though the
damping has increased, or the Q (Quality) factor has decreased. This phenomenon can

clearly be seen in the experimental results.

The Q factor has been measured for the responses at several degrees of taper using the
half power points method; Q is given by:

(On
(4-1)
Wy — 0

Q =
where o, is the frequency at peak amplitude, f) , and o, and w; are the frequencies at
f)/ J2 on either side of the peak. Figure 4-13 shows the variation of measured Q

obtained from experimental results taken from prepared bonded joints with varying

degrees of taper.

Theincreasein Q with adhesive taper can be clearly seen. At low adhesive taper, there
is not much change in Q since the damping is dominated by material damping and

radiation into water.
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Figure4-13 Apparent damping ratio variation with adhesive sope for exper-
imental results from bonded joints with 2mm aluminium
adherends and tapered adhesive layers.

444 Implicationsfor disbond detection

The results have shown that the mode 1 frequency is in effect unchanged where the
adhesive taper varies but where there is a constant mean adhesive thickness in the
region under test. As taper increases however, the amplitude of the resonance peak
decreases. In real joints, the slope has been found to be a maximum of 1% and at this

level, the resulting peak amplitude decrease is over 50%.

The experimental results are for a 30mm diameter transducer and testswere donein an
immersion tank. When a dry coupled probe of small diameter contact patch is used
instead, the variation in thickness over the contact areais much reduced. The effective

damping will therefore be less.

45. Transducer misalignment
The modelling in chapter 3 assumes the transducer is aligned normal to the joint. In

practice, with measurements made in the field some misalignment is inevitable.
Drinkwater [102] has used holders and collars to mount wheel and static dry coupled
probes to minimise misalignment, but these devices were designed for high frequency
work where misalignment is more critical. At the low frequencies used for this mode
1 test, misalignment is less critical but the effect on the mode 1 technique has been
nevertheless briefly been investigated.

Where a transducer is aligned at an oblique incidence to a structure, some mode
conversion will take place, and shear waves can be generated in the structure from the

incident compression waves. These have through thickness resonances which occur at
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lower frequency than the compression waves and can therefore potentially introduce
unwanted resonances which are detrimental to the test. Fortunately, the shear
attenuation in the adhesive is very high. The damping of any shear resonances will
therefore be high. In use, the test is carried out with a dabber or wheel probe (see
chapter 5) and the effect of alignment has been confirmed using a dabber probe aligned
at 5° to a bonded joint with 2mm auminium adherends and a 0.2mm bondline. To
ensure coupling remained constant, a thin layer of coupling gel was applied to the
contact tip. Figure 4-14 shows the recelved signals in the frequency domain after

processing. No shear modes are present in the signal, and the peak remains at the same

frequency.
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Figure4-14 Responseof processed signalsfroma bonded joint using a dabber
probe inclined at 0° and 5° to the surface.

It is also important that the mode 1 resonance peak is detectable in the event of
misalignment. The results in the figure show that even at 5° the peak amplitude is
relatively large due to the low test frequency. This means that a dabber probe can be
applied by hand without having a detrimental effect on the results.

4.6. Conclusions
The effect on the mode 1 test discussed in chapter 3, where real joints are tested has

been investigated through FE modelling and experiment. Real adhesive geometriescan
vary in width and thickness in the part of the joint being tested. The principal
conclusion is that the mode 1 frequency results predicted using a 1D model are not

adversely affected by real geometries.

Where thereis astep change in bond condition under the transducer, the resonancesin
both parts are independent and if they fall within the transducer’ s operating frequency
range will both be excited. Fully disbonded joints and, in many cases, partially bonded
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joints have amode 1 frequency well above the transducer’ s operating frequency range
and will not be excited. For a constant sound pressure across the transducer or contact
face, the mode 1 resonance amplitude is proportional to the bonded area under test.
Therefore, unless the bonded area under test is very small, the mode 1 resonance can
be detected.

Where the adhesive thickness varies, the mode 1 frequency is given by the mean
adhesive thickness; the amplitude isafunction of the degree of taper. In fact, the mode
1 frequency at any point is determined by the local adhesive thickness. Therefore,
where avarying thicknessis being tested, the resonances across that adhesive thickness
range are smeared together, and it appears as though the damping isincreasing, and Q

factor decreasing.

Although there would be no change in the mode 1 frequency, both these test conditions
are affected by the contact tip size. A small contact tip is better suited for accurate
detection of adhesive width and placement since several measurements can be made
across the joint width. For rapid testing of alarge area, alarger tip diameter is more
suitable, but is less sendtive to detecting adhesive width. Over a tapered adhesive
layer, since the spread of the resonance peak is determined by the variation in bondline
thickness, asmall contact tip will have arelatively narrow resonance peak compared

to alarge diameter contact area.

It was also found that transducer misalignment was unlikely to pose a problem in

practice due to the low test frequencies.
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5.1. Dabber probe motivation
After the viability of the mode 1 technique for disbond detection was established, it

became evident that a system comprising a transducer and delay line for making dry
coupled spot measurements would be very convenient to evaluate the mode 1
technique on real structures (rather than using animmersion tank) and allow test results

to be collected on real automotive structures without the use of couplant.

Analysisof the adherend and adhesive thickness specification provided by automotive
manufacturers indicated that many of the automotive joints requiring testing had
auminium adherends around 2mm thick and abondline thicknessrange of 0.1-0.4mm.
This gives a predicted mode 1 frequency range in the region of 400-600kHz (more
precisely, 377-592kHz). These joints could therefore be tested with a commercially
available 500kHz transducer (V301 series — Panametrics) which has amost 100%
bandwidth. With this adhesive thickness range, mode 1 frequency ranges for bonded
and partialy bonded joints are well separated in frequency, hence a single mode 1
measurement can be used to detect whether ajoint isfully bonded. A dry coupled spot

probe for making mode 1 measurements could therefore be of great benefit to industry.

Dry coupled probes can be obtained commercialy. For example, Ultran [ 103] produce
low frequency transducers with a rubber shoe attached and contact transducers to
which a dry coupled delay line can be fitted. These devices can be obtained with a
centre frequencies of 250kHz and 500kHz having bandwidths of up to 70% (at -6dB)
and element diameters of between 19mm and 50mm. However, atest area of |ess than
10mm diameter is required to achieve good spatial resolution, and the required
adhesive range (0.1-0.4mm) could not be tested with this bandwidth. Further, as
described in section 5.2.4, conventional delay lines (unless of large diameter) cannot
be used since they will pollute the diagnostic signal. Consequently, such commercial
devices are not suitable for this application and work in this chapter describes the
development of adry coupled delay line with a novel approach to reducing unwanted
reflectionsin the delay line. This device has been termed a‘ dabber’ probe.
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5.2. Deveopment
The design of the dabber probe has been divided into two sections, namely contact tip

and delay line. These parts are defined in figure 5-1, and issues relating to their design
are discussed in sections 5.2.3 and 5.2.4. Here, an exploded view is shown for clarity;

in redlity, the contact tip and delay line are formed in one part from the same material.

Contact Transducer
tip Delay line

=

Figure51  Exploded view showing contact tip and delay line of dabber
probe.

521 Requirements
There are several regquirements which must be satisfied for the successful devel opment

of a dabber probe, as listed below. Many of these parameters are interrelated and are
addressed in the following sections.

* Dry coupling

* Low attenuation

» Must not introduce any unwanted reflections into the ringing window
» Provide delay between successive front face reflections

» Small contact tip

» Easly manufactured

522 Materials
Delay linesfor ultrasonic transducers are widely available (typically made from alow

loss plastic such as Perspex) but generaly require the use of couplant. Elastomers are
an obvious choice of material typefor dry coupling since, under load, they can conform
to the microscopic undul ations on the surface to give good acoustic coupling, and have
aready been used successfully in commercially available transducer delay lines [103],
and in the literature [102, 104, 105]. Readily available rubbers such as natural and
Nitrile rubber exhibit high attenuation to ultrasound waves and are therefore generaly
unattractive. However, the advent of low-loss rubbers which exhibits attenuation an
order of magnitude less than any of the readily available rubbers offers a significant
improvement for dry coupling [104, 105]. Acoustic properties for the rubbers

mentioned are given in table 5-1. Based on the previous successful application of the
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low-loss rubber material for dry coupling with low attenuation, it has been selected for
use as the delay line material. The composition of this material has been withheld for

commercia reasons.

Material Density (kg/m?) Co\Tepl)(r)i?tsion ave Compres_sion weve

y (m/s) attenuation (Np/A)
Low loss rubber | 925 1562 0.010
Natural Rubber | 1002 1502 0.132
Nitrile rubber 1047 1800 0.391

Table 5-1 Material properties of rubber for dry coupling (after
Drinkwater [102])

523 Contact tip
The design of the contact tip is essential for achieving good dry coupling. The factors

which affect dry coupling are:

» Surface roughness

* Rubber material properties
* Applied load

» Contact tip profile

Contact pressure requirements

In order to achieve perfect coupling, the contact pressure between the rubber and the
surface must be high enough for the rubber to conform to the peaks and troughs which
are present on the surface at a microscopic level, the size of which isindicated by the
surface roughness. Previous work [102] has shown that for p1000 grade abrasive
paper, for example, acontact pressure of 0.3MPaisrequired to achieve perfect acoustic
coupling. Thetesting carried out in the automotive industry will be on painted surfaces
which have a significantly lower surface roughness. To provide a conservative
estimate of the required contact pressure, 0.3M Pa has been used for the development

work described here.

Tip geometry

The pressure distribution across the face of a rod with a square cut flat end, when
pressed against a flat surface, is very high at the edges and low elsewhere. A flat
undeformed contact tip is therefore unsuitable. In contrast, a hemisphere has highest
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contact pressure at the centre, decreasing with radius. An analytical solution for this
case can be obtained from Hertzian theory [106]; the pressure distribution, p(r), is

given by:

o) = po [(1-(2)) (5)

where pg is the maximum pressure, r is the radius, and a is the contact area. Unfortu-
nately, this hemispherical geometry cannot be used. In order to explain this, consider
a hemispherical delay line with diameter equal to that of the transducer, as shown in
figure 5:2.

Transducer P’\/\N\/‘I

'.ﬂ“:.:.'

5 2

Hemispherical ,, -
rubber delay line

w ) .JF2

Joint

Figure52  Ray pathsin ahemispherical contact tip.

In the deformed state, when pressed against a joint, the contact area will be flat and
parallel to the transducer face. The diameter of the contact patch in this example is
10mm, but will obvioudly depend on the applied load and the radius of the hemisphere.
In the figure, ultrasound waves are shown as rays normal to the transducer face; only
two ray paths are shown for clarity. The first is a ray towards the centre of the
transducer, which isreflected directly from the flat contact region giving the front face
reflection (F1). Successive reverberationsin the delay line (F2 etc.) follow. Itisduring
the period between F1 and F2 in which the ringing in the joint is captured and it is
important that there are no other reflections of significant amplitude returning to the

transducer during thistime, otherwise they will interfere with the mode 1 resonance.
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The second ray path in the figure shows a reflection from the curved part of the
hemisphere, adjacent to the contact region, which is backed by air. At the point shown,
the hemisphere is at 45° to the ray path. This ray returns to the transducer but has
travelled approximately 15mm further, henceit will arrive 10us later than F1 and will

be received during the ringing window, which is undesirable.

This situation can be avoided by having no material backed by air adjacent to the
contact tip. If this cannot be achieved, due to a delay line of different shaped cross
section for example, any uncoupled material should be parallel to the transducer face.
For purposes of contact tip design, a hemispherical tip cannot therefore be used.
Instead, a domed contact tip was used which would deform to give aflat contact face.
No analytical solution exists for the contact pressure distribution in this case and so

Commercially available Finite Element (FE) software [107] was used to obtain an
appropriate tip shape.

The dabber probe system was modelled in axisymmetry. It was found that including
the delay line has some effect on the distribution of the pressure at the contact tip, and
was therefore included in the model. The completed dabber probe has a lossy rubber
layer bonded to the delay line (see section 5.2.4) which provides additional circumfer-
ential constraint around the outside of the delay line. This affects the contact tip
deformation, hence this additional layer has been included in the model. The elastic
properties of the low-loss rubber used in the model have been measured
previoudy [102]; Poisson’sratio is 0.5 and Young's Modulusis 1.3MPa.

The tip diameter and radius of curvature define the profile of the tip. Several factors
affect the choice of tip diameter. Firstly, the diameter of the contact patch needs to be
smaller than 20mm, which is the width of atypical joint, so that several measurements
can be made across the width. A maximum contact diameter of 10mm was therefore
chosen. Secondly, as the contact region increases, the maximum contact pressure
decreases for a given load. Where the device is applied by hand, this becomes a
limiting factor. Thirdly, a small contact region will have a high contact pressure and
excellent coupling, but since the areais small, the amplitude of the joint resonance will
be small whichis undesirable. For the 10mm diameter chosen, low amplitude was not
found to be a problem in use. However, where a small contact tip is needed, the

minimum required amplitude of the joint resonance limits the minimum diameter.
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The dabber probeisintended for manual application and the load applied has therefore
been limited to 25N. In the FE model, the load is applied via a stiff plate to represent
the load being transferred into the delay line via the transducer. At the surface of the

contact tip, contact elements were used to model the contacting surfaces.

Various contact tips shapes were modelled to find a profile which would give the
required contact pressure across a suitable area with the chosen applied load (25N).
The results shown in the remainder of this section are for a contact tip geometry which
has a contact pressure greater than 0.3M Pa over a suitably large area. The FE model
used is shown in its undeformed and deformed statesin figures 5-3(a) and (b).

(a) (b)
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Figure5-3  FE model of axisymmetric dabber probe shown in the (a)
undeformed state and (b) deformed state with 25N applied.

Figure 5-4 shows contact pressure distribution produced by the model for a domed tip
of 10mm diameter and radius of curvature of 10mm when a load of 25N is applied.
This is sufficient to make the tip flat in its deformed state. The contact pressure is
greater than 0.3MPa (minimum contact pressure) over a radius of 4.15mm. Since a
conservative estimate of the minimum required contact pressure was used (i.e.
0.3MPa) this tip profile was deemed suitable.

5.24  Delay line body
It is important that stray reflections which are not directly from the contact face are

minimised to avoid unwanted signals in the ringing window used to extract the

diagnostic mode 1 data. It was shown in section 5.2.3 that reflections from the non-
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Figure54  Contact pressure distribution for a 10mm diameter contact tip
with 20mm radius of curvature and an applied load of 25N.

contacting area around the contact tip could be one source. Another significant source
isfromreflectionsfrom the sidewalls of thedelay line. At thelow frequenciesrequired
for the mode 1 test, beam spread is significant. A 10mm diameter delay line has been
chosen to match the contact tip diameter, hence there will be some reflection from the
sidewalls. Thishasbeenillustrated, as before, with aray based approach. A divergent
beam can be considered as a series of diverging rays produced from apoint. Figure 5-5
shows a cross section of atransducer coupled to a cylindrical delay line with thetipin

the deformed shape pressed against a joint. Only two rays are shown for clarity. Rays

Transducer

Cylindrical
rubber delay line

JOint I —

Figure55  Raypathsinacylindrical delay line of 10mmdiameter with a flat
deformed contact tip.
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at ashallow angle of incidence are reflected from the flat contact tip and return directly
to thetransducer (i.e. F1, F2 etc.). At alarger angle of incidence, rays arefirst reflected
from the side walls of the delay line. The path of the ray is dependent on the angle of
incidence and geometry, and some can be reflected severa times before returning to
the transducer. Of greatest concern for the mode 1 technique are those which return to
the transducer after one or two reflections. These will have travelled further than F1
and if they arrive before F2, they will interfere with themode 1 resonanceintheringing

window.

Attenuation of sidewall reflections

Although alarge diameter delay line would eliminate this problem, thisis not practical
for testing since the diameter would need to be larger than the joint width. An
aternative solution has been found by arranging for the side wall reflections to be
attenuated. This has been achieved by surrounding the side walls with a highly
attenuative material, well matched in impedance to the low-loss rubber. At the side
walls there will then be almost complete transmission into the attenuative layer. If the
attenuation is high enough or the layer thick enough, there will be no reflection from
the outer face. A suitable material is available commercially (Aptflex F28 — National
Physical Laboratories) in 10mm thick tiles. Thishasadensity and longitudinal velocity
of 1082kg/m3 and 1440m/s respectively, giving an impedance of 1.558MRay! which
isonly 7% higher than low-loss rubber. Reflections at the side walls of the delay line
will therefore be very small. Attenuation of F28 has not been characterised by the
manufacturers at low frequency, thus this has been measured using the normalised
amplitude spectrum technique described in appendix A. Figure 5-6 showsthe variation

with frequency of the attenuation and transmission loss through 20mm of the material.

The dabber probe will operate centered around 500kHz which gives an attenuation of
40dB over the 20mm return path through the tile. In reality, the attenuation is much
higher since waves will travel through the material at oblique incidence, therefore the
path length in the F28 is increased. This fact may alow a reduction in tile thickness
whilst still giving satisfactory results.

The F28 sheets are relatively stiff and cannot be wrapped around an axisymmetric
delay line. A square bar of cross-section 10x10mm was used instead, with a domed

contact tip as described earlier. F28 was then cut and bonded directly to the faces of
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Figure56  Variation of attenuation and transmission loss with frequency in
F28 attenuative rubber.

the delay line; cynoacrylate adhesive (Loctite 404) was found to be suitable for this
purpose. The delay line assembly was then aligned concentrically with the transducer

and bonded directly to the face. The dabber probe construction is shown in figure 5-7.

Transducer

7

Transmission and
attenuation at side walls

#

[Righ lass:
\ Low loss

/

Joint

Figure5-7  Schematic diagram showing construction of the dabber probe.

The effectiveness of surrounding the delay line with attenuative rubber isillustrated in
figure 5-8. This shows the received time domain signals for a 500kHz transducer
coupled to the delay line described above, with the side walls surrounded by air, and
then with 10mm of F28 bonded to each face. The extent of the contribution from side
wall reflections without F28 is clear. With F28 on the faces, the amplitude of the side

wall reflectionsis very small.
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Figure58  Received waveformsfromthetip of a dabber probe surrounded by
(a) air and (b) F28 attenuative rubber.

Delay linelength

The final parameter to be defined is the length of the delay line. This determines the
time between successive front face reflections (F1,F2), T;. This is related to the

maximum length of the ringing window, T,,, by:

T=Tyt+Te (5-2)

where T, is the time taken for the response of the transducer to the input excitation to
die away (i.e. the duration of the front face reflection), which is specific to the
transducer and excitation. The 500kHz transducer used with the dabber probe is used
here as an example. The impulse response of the transducer corresponds to about 6
cycles at 500kHz in the time domain, lasting 12us. A window length of 20us has been
chosen to give a clear frequency domain results, which corresponds to 10 cycles at
500kHz. A return time of 32usis therefore required which is given by 25mm of low-
loss rubber. At low frequency, T, will be longer, so for the same length delay line T,
will be shorter. It is desirable to have the window as long as possible so asto capture
asmany cyclesasredlistically possiblein order to give alarge resonance amplitude and

good frequency resolution; this will ensure the mode 1 resonance peak for a bonded
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joint is well above the threshold amplitude and the peak frequency can be identified
accurately. Henceit isdesirableto increase the delay linelength for low frequency use.
The maximum length has however been found to be limited my the manufacturing
process. The low-loss rubber is compresson moulded and problems with surface
tearing on square sections have been encountered on delay lines greater than 40mm

long.

Delay line attenuation

Thetotal attenuation, A, in the rubber delay line at afrequency w, is given by:

A(GE) = 8.69t(oﬁ\(Np/7u)

(53)

wheret isthelength. At 40mm long, this givesatotal attenuation of 1.11dB at 500kHz.
Thisisnot asignificant reduction in the mode 1 resonance signal, hence attenuationin

the delay lineis not significant.

5.3. Comparison with immersion test results
Figure 5-8 has shown that side wall reflections have been ailmost entirely eliminated by

adding F28 to the side faces. In this section adirect comparison is made of the response
from joints using the dabber probe and immersion testing. The dabber is intended
initially to test the 0.1-0.4mm bondline thickness range with 2mm auminium
adherends (mode 1 between 377 and 592kHz) and so joints around this range have
been used for the comparison. Two smilar 500kHz transducers (V301 series —
Panametrics) have been used, one being bonded to the dabber probe, and the other set-
up in the immersion tank, as described in chapter 3, section 3.4.1. Excitation was
provided with a pulse centred around 500kHz and the results processed by gating out
the front face reflections and transforming the remaining mode 1 resonance to the

frequency domain (see chapter 3, section 3.4.2.4).

A dabber probe with a25mm long delay line was used for the comparison and applied
dry to prepared joints by hand. The compression wave velocity of the rubber isdightly
higher than for water and to enable the signals to be gated at the same times, the
standoff distancein theimmersion tank was set to 23mm. Figure 5-8 comparesthetime
domain waveforms for three cases: no joint, 0.29mm and 0.44mm bondlines. Also
shown in the figure is a comparison of the frequency domain responses of the
processed waveforms; awindow length of 20uswas used, starting at 16js asindicated
in the figures. The waveforms obtained from a disbonded joint (figure 5-8(a)) show
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negligible amplitude in the window, as expected. For the bonded cases (figure 5-8(b)
and (c)) the mode 1 resonance is clearly visible. It occurs at the same frequency for
dabber and immersion testing, as expected; any slight difference in mode 1 frequency
isdue to small variationsin bondline thickness across the sample and the testing points
not being necessarily coincident. The peak amplitude for the dabber results are in fact
much lower than the immersion results since the contact areais 10mm diameter on the
dabber probe, compared with the 30mm diameter immersion transducer. In the plots,
the receiver amplifier gain was set to 42dB for the dabber probe results, and 20dB for

immersion.

54. Conclusions
A dabber probe has been developed to dry couple a transducer to bonded joints via a

low attenuation rubber delay line. Surrounding this by attenuative, well matched
rubber avoids problems arising from side wall reflections. A 10mm diameter contact
tip of 10mm radius of curvature has been found to give adequate dry coupling to
smooth metal and painted surfaces with apredicted |oad of 25N applied by hand. Stray
reflections from the contact tip are avoided by having any uncoupled material adjacent

to the contact tip parale to the transducer face.

Comparison of resultsfrom jointstested with adabber probe and in an immersion tank
have shown good agreement, and that the mode 1 resonance can be clearly identified
using the dabber. This dabber probe therefore provides ameans of dry coupled testing,

allowing spot measurements to be made on real structures.

96



Chapter 5
Dabber probe

(@) Window
Dabber
[0}
o
2
=
E .
< Immersion
0.0 100 200 300
Time (us)
(b) 5
Dabberé
()
o
2
=
€
< N
Immersion :
Mode 1
: : frequency
0.0 10.0 20.0 30.0 0.20 0.40 0.60 0.80
Time (us) Frequency (MHz)
(c)
(]
©
2
=
g
<
Immersiong
- frequency “ : .
0.0 10.0 20.0 30.0 0.20 0.40 0.60 0.80
Time (us) Frequency (MHz)
Figure59  Comparison of time and frequency domain responses from

measur ements made in an immersion tank and with a dabber
probe for (a) nojoint, and bonded joints with (b) 0.29mmand (c)
0.44mm bondlines.

97



Chapter 6
| ndustrial testing

6.1. Introduction
In chapter 3, a test technique for disbonds was established based on the mode 1

frequency of ajoint and this was validated experimentally on prepared samplesin an
immersion tank. In order to transfer this to the industrial setting, a dabber probe was
developed in chapter 5 to enable dry coupled spot measurements to be taken. The
principal industrial requirement, namely testing automotive structural joints, can be
met with a commercialy available 500kHz transducer. This chapter discusses the
details of the testing protocol and presents the results obtained from automotive type

structures with bondline thicknesses in the 0.1-0.4mm range.

6.2. Testing

6.2.1 Strategy and procedure
The basic principle of thetest isthat if the measured mode 1 frequency of ajoint falls

into the predicted frequency range, then it is confirmed bonded. For the jointstested in
this chapter, there is no overlap between bonded and partially bonded mode 1
frequency ranges. Possible solutions where this overlap exists are discussed in section
6.5. Thetesting procedureis summarised inaflow chart, figure 6-1, and detailsrelating

to the particular stages are discussed in the following sections.

| Press dabber onto joint |

v
[Peak amplitude > Threshold? -——s] Disbond |
Y
[Peak frequency within predicted bonded frequency range |-
Y

Joint bonded Bondline thickness

Figure6-1  Flow chart showing mode 1 test procedure.

6.2.2 Fregquency ranges
Prior to testing, the adherend thickness and the limits of the adhesive thickness will be

known. This enables the mode 1 frequency rangesto be defined. Frequency ranges for
each set of adherend and adhesive thickness ranges which are found on the vehicle

structure can be stored in a lookup table. If the adhesive thickness is also to be
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determined for each test point, an array of values can be stored for each adherend
thickness combination and interpol ation performed to give the bondline thicknessfrom
the measured mode 1 frequency. This procedure has been adopted for the results

presented in this chapter.

6.2.3  Threshold amplitude set-up
In the absence of bonded joint resonance, either because the dabber is not coupled, or

the joint under test is disbonded, there will still be some ‘ background’ signal present
in the ringing window, as mentioned in chapter 3, section 3.4.2.4. Contributions are
made up from side wall and contact tip reflections in the dabber probe which have not
been fully attenuated, resonances in the transducer, and incoherent noise. The
transducer resonances can be reduced by adjusting the start time and duration of the
window, but some artefacts may still remain, especially when low frequency
transducers are used. Where the amplitude of response of such asignal is significant
and lies in the mode 1 frequency range, the portion of the impulse response in the
ringing window may be deconvolved (in the frequency domain) from the signal from
a joint, thereby removing the unwanted resonances. However, this would require a
reference reflection and would increase signal processing time making it unattractive
for fast, robust testing.

This background signal must not be incorrectly identified as ajoint resonance, and an
amplitude threshold is set in the frequency domain to overcome this. The background
level will be greatest where the probe is uncoupled since almost perfect reflection will
occur at the contact tip. Hence the effect of transducer resonances or insufficient side
wall attenuation will be greatest. The maximum amplitude of the uncoupled frequency
domain signal in the ringing window istaken as the threshold. By using this amplitude
threshold, ‘false positive’ readings as aresult of poor coupling would be avoided. For
example, if the probe was not applied with sufficient force, or the tip became covered

in dust, the may be aresonance peak but it would be below the threshold level.

6.24  Coupling
To achieve good dry coupling a load of about 26N has been shown to give adequate

contact pressure with the dabber described in chapter 5. Clearly good coupling is
needed to maximise the joint resonance in the ringing window, and there are severa

approaches which can be taken to achieve this.
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A pragmatic approach is smply to press the dabber hard onto the joint. This has been
the approach taken for collection of results presented here and has proved to give
excellent results. During testing, if a maximum is detected above the threshold, the
joint is confirmed bonded and the bondline thickness deduced. If a maximum is not
detected, the load should be increased; if thereisstill no peak above the threshold, then
the joint is disbonded.

Drinkwater [102] developed a dry coupled static probe for use at high frequency and
added an adjustable collar around the contact tip area which acted as a depth stop.
When the collar touched the surface, the tip displacement hence load and contact
pressure were known. In that application, alignment was critical which the collar also
provided. For automotive testing, a collar arrangement is not well suited for curved

surfaces and increases the overall diameter, reducing the accessto joints.

6.3. Sructures

6.3.1 Industrially prepared top-hat sections
Top-hat sections were prepared by an automotive manufacturer using the same

materials and production processes (i.e. bonding, riveting, curing) as the automotive
structures. They comprised 2mm auminium adherends front and back, and were
bonded and riveted every 40mm to give an intended bondline thickness variation of
0.1-0.4mm. None of the joints were made partially bonded, hence this condition was
created in places by machining away the rear adherend. The bond condition at the test
points could then be identified from visual inspection. Figure 6-2 shows a diagram of
the structure.

Rivets

Tested on front adherend

Partially bonded joints made by
machining away rear adherend

Adhesive

Figure6-2  Top-hat structure used for testing.
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Joints were tested using the mode 1 technique. To assess the accuracy of the
measurements, frequency values in a ‘mode 1 frequency—bondline thickness' table
were interpolated to give corresponding bondline thicknesses (termed ‘mode 1
thickness'). These were compared with measurements made with a ball tipped
micrometer (termed ‘micrometer thickness’). For the results to be valid, the
micrometer measurements had to be coincident with the centre of themode 1 test point.
Ultrasonic testing was done at random points on the joints by hand, rather than using a
scanning frame which would record positional information. The mode 1 test point
location was identified by coating the joint surface with a very thin film of WD40
lubricant; after the dabber was pressed onto the surface the contact areawasjust visible
in thethin oil film. A dight depression at the centre of the contact tip (which occurred
as a result of shrinkage during moulding) was aso visible on the surface and aided
location of the micrometer measurements. Note that the WD40 was not needed for
coupling. Many measurements were taken, recording the mode 1 frequency and
amplitude of the processed signal, micrometer measured thickness and visua

inspection of bond condition.

6.3.2 Pre-production body shell
A pre-production al uminium vehicle was made available for testing. Unfortunately, the

vehicle was fully painted which meant that many joints suitable for testing were
covered by seam sealer to prevent water ingress and could not be tested. Several joints
on the vehicle were, however, identified for testing, but only two could be accessed
from both sides for micrometer measurements. An example of ajoint tested is shown

in figure 6-3.

Figure6-3  Example of bonded joint tested on automotive structure.

The adherend thicknesses were known before testing and were confirmed by
micrometer measurements on an unpainted body shell where possible. M easurements

were then made on the painted vehicle in the same location to gauge the paint film
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thickness. Destructive testing on the joints was not possible, hence it was desirable to
compare mode 1 thickness results with micrometer thickness measurements.
Application of an oily film to mark the test position was not successful owing to the
underlying white gloss paint. Instead, test points were marked on a grid with a

chinagraph pencil and the dabber positioned by eye.

6.4. Results
Samples of 139 and 19 test results have been obtained from the top hat sections and

vehicle body shell respectively. These are too numerousto list and have been collated
statistically. At each point the bond condition, micrometer thickness, mode 1
frequency and amplitude data were recorded. The threshold for the amplitude datawas
set using the procedure described earlier at 20% of the maximum peak amplitude
encountered. A peak above thislevel was recorded as bonded, and readings below this
were assumed disbonded. During testing, only one mode 1 and micrometer
measurement were made at each point. The difference between mode 1 and micrometer
thicknesses was calculated and the mean and standard deviation determined for this
data.

The top-hat section was unpainted, but the body shell was painted with a significant
thickness of top-coat paint. The manufacturers claim that paint thicknesses are
typically thin (10um), on body panels to avoid chipping. However, inside and
underneath the body shell, paint thicknesses are not carefully controlled which may
lead to significant error in ascertaining the bondline thickness. Thisis becauseit isthe
total joint thickness which is measured; the paint and adherend thicknesses are then
subtracted. A few measurements made on single painted sheets inside the vehicle have
shown that the paint film varies between 10um and 50um. A value of 30um per layer
has therefore been used throughout the analysis.

The bonded joint results are presented in table 6-1 and disbonded joint results (for

which bondline thicknesses are not applicable) are presented in table 6-2.

Top-hat Vehicle
Number of test points 102 13
Bond detection success 100% 100%
Mean mode 1-micrometer thickness difference 14% 7%
Standard Deviation of mode 1-micrometer thickness difference | 17% 17%

Table 6-1 Test results indicating bonded joints. peak amplitude>threshold.
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Top-hat Vehicle
Number of test points 37 6
Disbond detection success 100% Unknown

Table 6-2 Test results indicating bonded joints. peak amplitude<threshold.

Top-hat results

In the top-hat sections tested, all the test points which were visualy identified as
bonded were detected as bonded using the mode 1 technique. All of the disbonded
joints, including those partially disbonded, were correctly identified as disbonded
through the absence of aresonance peak above the threshold in the frequency range of
interest. None of the disbonded regionswere incorrectly identified as bonded, and vice
versa. A large number of measurements were taken and this showsthe reliability of the

technique under real testing conditions.

Bondline thicknesses were found to range from 0.lmm to 0.56mm (based on
micrometer measurements) with amean of 0.29mm and standard deviation of 0.05mm.
Thisrangeisclearly wider than the 0.1-0.4mm range specified. At 0.56mm the bonded
and partially bonded frequency ranges are well separated in frequency and therefore
spot measurements are still valid. In the table, all bonded joints, including those with
bondlines exceeding 0.4mm, have been included in the bonded joint results. In the
industrial setting, since the mode 1 technique can determine the bondline thickness,

joints with adhesive in excess of 0.4mm thick could be rejected if required.

The difference between the bonded joint mode 1 and micrometer measured thickness
results shows that the technique is relatively accurate. The 40um mean difference
represents a 13% difference at 0.29mm (the mean thickness), and the 50pm standard
deviation represents a 17% difference at 0.29mm. There are several sources of random
and systematic error which account for the bondline thickness differences. Firstly,
mode 1 frequencies were measured ‘on-screen’ and were only accurate to within
10kHz; this alone is equivalent to a 20um difference at around 0.29mm. Secondly,
although efforts were made to align the centres of the mode 1 and micrometer
measurements, errors in positioning would result in bondline thickness errors due to
adhesive layer taper. The micrometer measurements can also only be considered

accurate to withinafew microns. Thirdly, small differencesin material properties may
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result from different batches of adhesive with different cure cycles. It was found that
the mgjority of mode 1 readings were larger than micrometer measurements, and this

istherefore alikely explanation for the mean difference.

Vehicleresults

Thetests carried out on the vehicle also indicate that the mode 1 technique can be used
reliably on automotive structures. Whilst the bond condition of automotive joints was
not obvious from visual inspection, measurements made on aluminium sheet away
from the joint (i.e. fully disbonded) all had a mode 1 response less than the threshold,
confirming that disbonds could be detected on real vehicles. The bondline thickness on
the vehicle was measured with the micrometer to vary between 0.09mm and 0.58mm,
assuming a total paint film of 60pum. However, this paint film was found to be very
variableand isalikely cause for errors between the mode 1 and micrometer measured

thicknesses.

6.5. Overlapping frequency ranges
The analysisin chapter 3 showed that where a wide bondline variation exists there can

be an overlap between the bonded and partially bonded frequency ranges, in which
case the bond condition cannot always be determined from a single measurement.
Where a measurement falls into this overlap region, there are two approaches which
can be taken to overcome this problem. These are outlined in this section, but since the
principal focus of the project was to develop a disbond detection system for joints
where this overlap does not exist, these suggestions have not been tested experimen-
taly.

When a bonded joint with a wide bondline thickness variation is scanned along its
length, the variation of the frequency will be smooth. The mode 1 frequency with a
thick bondline occurs below the overlap region and the bond condition can be
identified definitively. A step change in bond condition, at the boundary of a disbond
for example, will cause a step change in mode 1 frequency; this can be used to indicate

the presence of adisbond. Thisisindicated schematically in figure 6-4.

Alternatively, where scanning is not possible, or spot measurements are required, the
bond condition in the overlap region can still be determined by making an additional
measurement with the high frequency technique using adaptive filtering described in

chapter 2, section 2.2.1.4. The limited bondline thickness range which can be
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Figure6-4  Schematic diagram showing possible technique for disbond
detection where bonded and partially bonded frequency ranges
overlap.

successfully tested, which is the main drawback of this time domain technique, does
not cause a problem when used in conjunction with the mode 1 method. A mode 1
frequency in the overlap region indicates either abonded joint with athin bondline, or
partially bonded joint with athick bondline; the mode 1 frequency can be used to give
two possible bondline thicknesses. A high frequency measurement is then well suited

to testing for the bonded case, and can be set up accordingly.

6.6. Conclusions
Testing has been carried out on industrially prepared joints with a dry coupled dabber

probe and using the window ringing signal processing method to extract the mode 1
data. Many measurements have been made, all with 100% of bonds and disbonds
successfully detected. The mode 1 frequencies have been used to determine an
equivalent bondline thickness which has been compared to independently measured
values. Good agreement has been found, with differences within the bounds of
measurement error. The mode 1 technique and dabber probe therefore provide arobust

test suitable for automotive use.

Thejoints considered for thiswork have an adhesive thickness of less than 0.5mm and
the bond condition can be confirmed with a single measurement taken with
commercialy available transducer fixed to the dabber probe. As a more generd
purpose tool capable of much wider adhesive thickness variations, there are two
complications. First, there may be some overlap between the bonded and partially

bonded frequency ranges, which either requires the joint to be scanned or an additional
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measurement to be made. Secondly, a wider bondline thickness range means a wide
mode 1 frequency range at lower frequencies. Transduction issues are discussed in the

next chapter.
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7.1.  Motivation and requirements
The relatively narrow adhesive bondline thickness range specified for the automotive

manufacturer’s structural requirement (0.1-0.4mm) can be tested using the mode 1
technique with a500kHz commercially available transducer in conjunction with adry

coupled dabber probe.

It was shown in chapter 3 that a wide variation in bondline thickness requires testing
at lower frequency. A specific wide bondline thickness range has not been given by the
automotive manufacturers, but it was generaly felt that a thickness range of 0.2-
3.0mm would cover most adhesive bonding applications. The equivalent mode 1
frequency ranges for joints with 2mm aluminium adherends, or 1mm steel adherends
is approximately 150-450kHz. This range is equivalent to a 300kHz centre frequency
with 100% bandwidth. Over such arange at low frequency, commercially available
devices were found to be unsuitable. In chapter 3, section 3.4.2 it was shown that in
order to minimise signal processing and ensure the mode 1 technique is robust, there
should be little ringing from the transducer in the ringing window used to process the
received signal. In commercially available transducers this has been found to be a
significant problem, either because the bandwidth is relatively narrow and the
transducer rings for a long time at the centre frequency, or other modes are present.
Thisisgeneraly dueto poor damping of low frequency transducers, andismade worse
by the small physical size requirements; to allow the probe to be used where there is
restricted access, the overall dimensions must be no more than 15mm diameter and
15mm long; the device must adso be suitable for immersion in order to make

measurements in an immersion tank.
In summary, the main requirements for the transducer are:

» Low frequency (300kHz centre frequency), wide bandwidth (100%)
* No ringing within operating frequency range
* 15mm diameter maximum.

»  Waterproof
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In this chapter, the factors affecting the performance of the different types of
transducer available are discussed, and the implications for use at low frequency. This
isfollowed by the development and results from anon-resonant transducer which aims

to meet the above specification.

7.2.  Evaluation of transducersfor low frequency work

7.2.1  Piezo-ceramic damped resonant transducers
Piezo-ceramic materials, such as PZT, have been traditionally used in the manufacture

of ultrasonic transducers and are still used in the majority of commercially available
devices. These transducers comprise a piezo-ceramic disc with electrodes on the flat
faces and an attenuative backing material bonded to the rear face. They operate across
the first through-thickness resonance mode, which is damped by the lossy backing to
increase bandwidth, and have hence been termed piezo-ceramic damped resonant
transducers. The thickness of the piezo-ceramic disc is chosen so that this thickness
mode occurs at the required centre frequency. Unimodal behaviour isdesirable and this
can be achieved where the diameter to thickness (D/T) ratio of the disc is greater than
20, or much less than unity [108-111]. However, the transent response of a
piezoelectric disc becomes more complex at other D/T ratios [112] giving a mixed-
mode response. Piezo-ceramics used for transducers typically have a frequency
constant of 2000Hz.m [113]; a 300kHz centre frequency device would therefore
require an element approximately 6mm thick, and the optimum diameter for such a
disc would be greater than 120mm to provide a unimodal response. Clearly this is
impractical, and the disc diameter is compromised, leading to a less desirable

frequency response.

The diameter also governs the shape of the soundfield, or ‘beam profile’ generated by
the transducer [114]. This determines the extent of the interference field, and the
degree of collimation of the beam in the far field; for good spatial resolution, anarrow
beam is required. For an unfocused transducer [110] the extent of the near field, N, is

given by equation 7-1, and the half width of the beam, w, is given by equation 7-2:

2 2
_D°-2
N = = (7:2)
w = 1.24(R/D) (72)
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where D isthetransducer diameter, and Ristherange. Hence, at low frequency, alarge
diameter is needed. In practice, again this dimension must be compromised to produce

adevice of useable size, in this case leading to a more undesirable beam profile.

In use, piezoelectric transducers are often coupled to test structures via Perspex or
water delay lines, which have much lower acoustic impedance than the piezo-ceramic
disc. Hence the transfer of energy at the interface is relatively poor, and an unbacked
piezo-electric disc alone will resonate, or ‘ring’ for a considerable period of time.
Although undamped resonant devices may find specialist applications, the highly
resonant nature of the responseis of little use within NDT since the useabl e frequency
range is very narrow, and it does not provide the short pulse needed for good axial

resolution.

Piezo-ceramics used for NDT have a mechanical quality factor (typically 80 [113])
which is low within the range of piezo-ceramics available, but too high for use in a
transducer without additional damping. The standard technique to increase the
damping is to back the element with an attenuative backing, which absorbs much of
the energy. Efficient energy transfer between the two materias is required and this
means that the acoustic impedances should be well matched. Since lossy materials are
usually polymeric and have relatively low acoustic impedance, tungsten-epoxy
composites have been devel oped to have high impedance and high attenuation [115].
Thelir use as a backing material alows increased bandwidth to be obtained.

Although there are manufacturing issues [110] which can cause some variation in the
performance of similar transducers, production of these devicesiswell established and
there are numerous transducers on the market which have a wide bandwidth and short
pul se shape operating above 1IMHz. Below that frequency, however, the performance
of devicesis more variable, and below 500kHz centre frequency, only large diameter
transducers can offer satisfactory performance without ringing. This is because the
attenuation of bulk wavesin backing materialsisgenerally proportional to wavelength.
Consequently, at low frequencies a considerable thickness of backing material is
required to avoid reverberations in the backing. Limiting the size of the transducer
(hence backing thickness) to a manageable size compromises the performance, with

the ‘ringing’ in the backing increasing the pulse length. Whilst a thick backing is
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required for good low frequency performance, a wider diameter is al'so needed since
where the length/diameter ratio is large, undesirable flexural modes may occur in the

backing.

The poor impedance matching of piezo-ceramicsto the coupling media (such aswater)
not only requiresthe elementsto be backed, but also meansthat the coupling efficiency
is poor. This can be improved through the addition of matching layers, athough
practical difficultiesand a cost penalty are reported [110]. These polymeric layers can,
however, introduce transmission loss, but this is not a significant problem at low

frequency.

7.2.2 Piezo-polymers
Piezo-polymers[116-118], notably PVDF film, have an apparent advantage over

piezo-ceramics in that their acoustic impedance is much lower and better matched to
lossy polymeric materials which can be used as a backing. These materials are only
available in thin film form which makes them unsuitable for low frequency operation
in thickness mode[119]. In comparison to piezo-ceramics, as transmitters their
efficiency is an order of magnitude lower, and athough they have a higher receiver
efficiency parameter [110] (due to their small thickness) which improves their pulse
echo efficiency, they are till lessefficient overall. For high frequency use, thisreduced
efficiency can be a worth while trade-off for the decreased impedance, and good
transducers are readily available. Their low impedance makes them particularly

attractive for air coupled low frequency applications, such as range finding.

7.2.3 Piezo-composites
A significant improvement in the performance of piezo-ceramic materials has been

gained by combination with apolymer phase to form a piezo-ceramic composite [120-
122]. Small elements of piezo-ceramic material are embedded in the polymer to
provide a certain pattern of connectivity of both materials between the opposite faces
of the composite. For example, the commonly used 1-3 composite has piezo-ceramic
rods connecting 1 pair of opposite faces (on which the electrodes are deposited) whilst

the polymer directly connects all 3 pairs of opposite faces, as shown in figure 7-1.

Combination of materialsin thisway reducesthe acoustic impedance and increasesthe
damping. This increases the energy transmitted into the coupling material and
conventional backing methods can be used more easily to increase the bandwidth. A

considerable amount of work has been directed towards the development of such
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Figure7:1  Schematic diagram of 1-3 composite structure.

devices since the dimensional and material parameters can have alarge effect on their
operation [110, 121-125]. Whilst this technology holds much promise for the future,
small, highly damped devices operating at low frequency are not commercialy
available, and an aternative approach was sought which would not require the

specialised manufacturing techniques required to make piezo-composite transducers.

7.24  Broadband Transducers
A variety of broadband transducers are available which claim operating frequency

ranges of below 100kHz up to IMHz. Such devicesare typically designed for acoustic
emission work and may indeed have wide band responses. However, typical responses
have been found to befar from flat, as often claimed, and exhibit consi derable amounts
of ringing. Figure 7-2 shows an example of the received time domain waveform from
areflector using a broadband commercially available broadband transducer (B1025 —
Digita Wave Corporation). The transducer was tested in an immersion tank pointing
upwards, with the water-air interface providing the reflector; excitation was with a
pulse centred around 250kHz. The ringing within the deviceisclearly visible, anditis

therefore not suitable for this application.

Amplitude
o

0.0 20.0 Time (us) 40.0 60.0

Figure7-2  Pulse-echo reference reflection from a broad band transducer .
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7.25 Capacitivetransducers
An electrostatic, or capacitive transducer is basically two parallel metal plates with a

small air gap which behaves as a capacitor. The rear plateis fixed, but the front plate
isdisplaced by pressure variations. A DC bias, or polarisation voltage is required. The
device is very senditive as a receiver, but less efficient as a transmitter [110]. These
devices are generally used as air coupled devices [126]. Use in water may be possible,
but they would require sealing which adds to the complexity of construction [127].

Again, an aternative approach was sought with simpler construction.

7.2.6  Conical piezo-electric element transducers
Acoustic emission applications require transducers with asmall contact area and wide

bandwidth. One such device, first developed by the National Bureau of Standards
(NBS), employed a conical piezo-electric element backed with alarge brass block The
conical element has been shown to have an increased bandwidth compared to a
standard disc element [128]. The absence of parallel sidesinthe conical element means
that there is no true thickness mode of vibration (around which conventional
transducers operate), and athough the conical element has more mechanical
resonances than a disc, the modes are less dominant than the thickness mode in a disc.
Since the device is not designed to operate at a particular resonance frequency, it can
therefore be considered to be non-resonant. However, the presence of the additional
modes would appear as ‘ringing’ in the time domain, making them unsuitable for the

intended application.

7.3.  Non-resonant transducer design and construction
The insufficiently wide bandwidth and ringing found in commercialy available low

frequency transducers has led to an alternative approach for the development of a
transducer to meet the requirements mentioned in section 7.1. This design uses
piezoel ectric ceramic elements, but operates below thefirst excitable resonance mode,

and is therefore termed ‘ non-resonant’ .

Numerous prototypes were tried before arriving at the current design. In section 7.3.1,
the details of the final design of a non-resonant transducer using a single element is
presented. In section 7.3.2, the implications of the excitation on the design, and

subsequent modification to use an array of elementsis discussed.
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7.3.1  Final design: single element device
The final design of non-resonant transducer with a single piezo-electric element is

shown in figure 7-3. The different elements of the design are discussed below.

Coaxial screened cable
Sealant
15mm dia. metal case .
Air

Piezo-electric element

Conductive adhesive

! 1
Conductive membrang — == == === ======

Figure7-3  Schematic diagram showing construction of a single element non-
resonant transducer .

Piezodlectric Elements

The active element of the transducer is a piezo-ceramic element. For a successful non-
resonant design, there must be no modes excited in the transducer bel ow the first mode
of the piezoelectric element. The transient response of a thin piezoelectric disc has
been shown to be relatively complex, and would have modes below the first predicted
though thickness mode. However, if the disc is chosen to have a D/T ratio of 1, then

such unwanted modes are avoided.

A PZT cube is suitable, and the first 4 modes of vibration have been predicted using
finite element modal analysis[101]. The aim of the analysis was to determine the
approximate frequency of the first mode likely to be excited. In the model, severd
simplifications were made. Firstly, the electrodes and piezo-electric effects were not
included. However, since the eectric field is approximately uniform between the
electrodes, only symmetric modeswill be excited and any asymmetric modesin the FE
model can be ignored. Secondly, the PZT was modelled as an isotropic material
without damping. Whilst PZT exhibits material damping and anisotropic properties,
the simplificationsin the model were deemed appropriate to give an approximate value
for the first thickness resonance. From this, approximate dimensions for the PZT cube
could be established asabasis for amore accurate determination of the response exper-

imentally.
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Figure 7-4 plots the deformed and undeformed shape of these modes. The first three
modes are not symmetric and so it is only mode 4 which will be excited. Thismodeis
predicted to occur at 645kHz for a 2mm side length cube, and at 500kHz for a 3mm
cube. The 2mm element was chosenin thefinal design to allow operation up to 500kHz
whilst still being below the highly resonant first mode. In practice, the first mode was

found to occur at around 600kHz

Figure7-4  First four modes for a 2mm side length cube.

Driving the piezo-electric element off resonance gives transmitted and received
amplitudes which are small compared to conventional damped resonant devices, and
thisis the main disadvantage of the design. In order to maximise the response in the
operating frequency range, elements are backed only by air so that maximum energy
is transmitted into the test structure. In addition, this avoids any reverberations which
would be present if a small amount of backing material were used. In contrast to
conventional resonant transducers, the resonance of the first thickness mode therefore
has a large Q factor, but thisis of little consequence since the device operates below

resonance.

Enclosure

The piezoel ectric elements are coupled to water for immersion testing viaawaterproof
membrane. Whilst thin metal sheet would provide a relatively robust face to the
transducer, and bond easily to the PZT and casing, waves could propagate easily along
the sheet and the subsequent reverberations would add unwanted featuresto the signal.
Instead, athin rubber membrane has been used. The lossy nature of the rubber, and the
small impedance difference between the rubber and water means that any waves
propagating along the membrane are quickly attenuated. However, with the membrane
being thin, the attenuation of the compression waves from the face of the element can

be neglected.
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Theelectrical connection to the rear face of the piezoel ectric element is made with fine
wire soldered to the electrode. The solder must be small and located centrally to avoid
any asymmetry which could excite some of the unwanted lower frequency modes. On
the front face of the PZT element where solder connections are less favourable, the
element is bonded to the membrane. An electrically conductive silicone membrane is
used (Shieldseal 106 — James Walker & Co Ltd.), and the PZT elements are bonded
with specially manufactured electrically conductive adhesive (Bondshield BS100 —
RFI Shielding Ltd.). Although readily available cyanoacrylate adhesive, when
combined with a poleofin primer, will successfully bond to silicone rubber and silver
electrodes, its non-conducting nature inserts alarge dielectric loss, even with very thin
bondlines, resulting in significantly reduced voltage across the piezoel ectric elements,
and so is not recommended for use. The membrane used was 0.5mm thick and has a
measured resistance of 2Q between two points 10mm apart. This greatly eases
manufacture and ensures that the elements are electrically screened. The membraneis
bonded, also with electrically conductive adhesive, to the metal tube, so completing the

electrical screen; the top of the canis sealed to prevent water ingress.

7.3.2  Excitation and implicationsfor transducer design
Transducers produced at the start of the development phase used 3mm side length

elements which had a first thickness resonance measured experimentally at
approximately 410kHz. They were at first driven with a waveform generator
(Wavemaker Duet — Macro Design) which could deliver 100V peak into 50€2, but the
amplifier had along recovery time between transmission and reception in pulse-echo
mode at low frequency. A device operating in pulse-echo would have required an
unacceptably long stand-off for the signal to be received. Early devices were therefore
designed to operatein pitch-catch mode; the case was separated i nto two compartments
by abrass plate fixed across the diameter to provide electrical screening. A single PZT
element was bonded to the membrane, in the same way as described earlier, in both
compartments, one acting as transmitter and the other as receiver. These devices
worked well at low frequency when excited with a5 cycle tone burst between 150kHz
and 250kHz.

Later, an instrument (DUl — NDT Solutions Ltd.) which had improved low frequency
performance and could generate arbitrary waveforms was used instead. This had
amost negligible amplifier recovery time in pulse-echo, and would allow a single

element to be used in pulse-echo, thus simplifying construction. Unfortunately, the
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maximum output voltage was half that of the Wavemaker. At the same time, 2mm
elements were used to extend the operating frequency range up to around 500kHz. The
area of the 2mm elements being less than half that of the 3mm element, coupled with
the lower output excitation voltage meant that the amplitude at low frequency, 200kHz
for example, with a single element was extremely small. To lessen this problem, all
later devices were constructed with an array of several elements bonded to the
membrane, connected electrically in parallel to increase the surface area and signal to
noise ratio. The elements were typically spaced 2mm or more apart. Using an array of

elements also improves the beam profile; thisis discussed in section 7.5.

7.4. Frequency response

741  Excitation with narrow band tone bur st
The frequency response of a transducer can be determined either by exciting at a

particular frequency and sweeping across the frequency range of interest, or by driving
the transducer with a broad band signal. The transducer is highly resonant at about
600kHz and excitation at this frequency would cause a large resonance amplitude
which would use up the available quantisation in the 8 bit digitisers and mask the
smaller response below resonance. In this section, the pulse-echo frequency response
of a non-resonant device was determined by exciting with a narrow band signal (10
cycle tone burst) with constant input amplitude, and increasing the frequency in steps
over the range 150-450kHz.

The transducer used had 9 elements of 2mm side length and was set-up in an
immersion tank pointing upwards with a 50mm standoff from the water-air interface.
The received signal was transformed to the frequency domain and the peak amplitude
and frequency recorded. The response over the range 150-450kHz is shown in figure
7-5.

These results show the pulse-echo response increasing with frequency. Thisis due to
the capacitive nature of the piezoelectric element, whose impedance is inversely
proportional to frequency. In order to confirm this effect, comparison has been drawn
with a 1D model [129]. The system modelled comprised air-PZT-water; the PZT
thickness was set to also have a first resonance frequency at 600kHz. The predicted
pulse-echo response is also shown in figure 7-5 and confirms the reason for the

frequency dependence.
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Figure75  Measured and predicted frequency response curveswith flat input
response

7.4.2 Excitation with 5 cycle tonebur st

With the frequency response of figure 7.5, to avoid exciting the resonance, the input
signal must have very little energy around the resonance frequency and a relatively
large amplitude at lower frequencies (150-300kHz for example). This can be achieved
simply by using a 5 cycle tone burst. Figure 7-6(a) shows the pulse-echo response of
the transducer when excited by a tone burst centred around 230kHz. The convolution
of the pulse-echo response and excitation is clearly evident from the shift in the
frequency of the maximum amplitude; the maximum response in the received signal
occurs at 310kHz corresponding to theinput centred at 230kHz. In order to remove the
first resonance (600kHz) from the received signal, it has been filtered out in the
frequency domain using signal processing software (Spectrum — Imperia College) by
applying alow passfilter starting at 450kHz and having a response decreasing to zero
at 550kHz with a cosine taper function. The time domain signal after filtering is shown
in figure 7-6(b).

Although theresponseisclearly not flat, the device now has a useable frequency range
of 200-500kHz. However, a 230kHz tone burst is not suitable to strongly excite mode
1 resonances in the range 150-450kHz. For this work, 5 cycle tone bursts of different
centre frequencies were used. Results from bonded joints using this excitation are
givenin section 7.6. Where this excitation isnot convenient, when scanning isrequired
for example, abroader band excitation, but which avoided exciting the first thickness

resonance, would be required.
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Figure76  (a) Pulse-echo response of non-resonant transducer when excited
by a 5 cycle tone burst centred around 230kHz, and (b) time
domain signal.

7.5. Beam profile

751 Singleelement
Early transducers were produced with asingle PZT element. These had two main short

comings compared to conventional resonant transducers. Firstly, the received signa
was low dueto the small area of PZT bonded to the membrane, as mentioned in section
7.3.2. Secondly, since the side length of the elements was much smaller than the
wavelength in water, it behaved as a point source, producing an undesirable beam

profile.

The beam profile was measured with the transducer driven at 300kHz in animmersion
tank by scanning with a hyrophone, in the plane normal to the transducer face, across
the diameter of the face. The pressure variation is plotted as a C-scan in figure 7-7(a),
and along the central axisin figure 7-7(b). The point source behaviour isclearly visible
in the beam profile plot, and the pressure variation along the central axis falls as a
function of the inverse of the distance from the transducer, as expected for a point

source.
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Figure7-7  (a) Beam profile of single element transducer at 300kHz and (b)
pressure variation along the central axis.

A wider diameter element cannot be used to improve the beam profile, since it would
ater the D/T ratio and other unwanted modes would be introduced. However, a
significant improvement is gained by employing an array of elements, each acting asa

point source, electrically connected in paralel.

7.5.2  Multi-Element Device
Any waveform can be constructed from a large number of point sources of the same

frequency (Huygens principle). Increasing the effective total diameter of these point

sources results in a more collimated beam making it better suited for testing.

Experimentally, an array of 9 elements have been laid out in a chequer-board pattern
giving atotal sde length of 10mm. The spatial variation in pressure has been plotted
normal to the face, and along the central axis using the same setup as for the single
element device. In addition, C-scans have been obtained in the plane of the face of the
transducer at Omm and 5mm standoff from the face. These results are shown in figures
7-8 and 7-9 respectively.
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Figure7-8  (a) Beamprofileand (b) pressurevariation along the central axis
for a nine element device.
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Figure7:9  C-Scansshowing pressurevariation in the plane of the face of the
transducer at standoff of (a) Ommand (b) 5mm.

The beam profile shows that the addition of elements to increase the overall diameter
from 2mm to 10mm produces a significantly more collimated beam. Pressure variation
aong the central axis exhibits the classical far field amplitude variation, with
maximum pressure at the start of the far field, 7mm away from the transducer face.
This agrees closely with the theoretical value of 6mm, given by equation 7-1. This
value is small for the mode 1 testing application where standoff distances of greater
than 30mm are needed. However, it isasignificant improvement over the point source,

but remains alimitation of using asmall diameter transducer at low frequency.

In the scan in the plane of the transducer face (figure 7-9(a)), the elements can be
clearly seen and there is negligible displacement of the membrane away from the
elements. Figure 7-9(b) confirms that the maximum amplitude away from the
transducer face is on the central axis. Further beam profile improvements can be

obtained using more elements over alarger area.

7.6. Bonded joint results
The extended bondline thickness specification of 0.2-3.0mm has a mode 1 frequency

range of 150-450kHz for 2mm auminium adherends. The motivation for the
development of the device described in this chapter was to develop a low frequency
transducer with a wide operating frequency range, small enough to fit inside a wheel
probe. Before supplying the transducer to Bristol for wheel probe development, it was

first used to test bonded joints in an immersion tank.

The 9 element device described in the previous section was used to obtain the results
presented in this section. The transducer was set-up in an immersion tank as described
in chapter 3, section 3.4.1, with a 30mm standoff, which is similar to the delay line

length in the wheel probe. No industrial samples were available at the time with this
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specification, so prepared samples were used instead. As before, bonded joints with
2mm aluminium adherends and XD4600 adhesive were used, with bondlines varying
nominally between 3mm and 0.2mm. An example of a received signa is shown in
figure 7-10(a). The first resonance at 600kHz has been filtered out by applying alow
pass filter starting at 450kHz and reducing, with a cosine function, to zero at 550kHz.
The filtered time domain signal is shown in figure 7-10(b). The front face reflection

(F1) and ringing are clearly visible.

(a) before filtering (b) after filtering

F1 Ringing

Amplitude
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Figure7-10 Example of received signal (a) unfiltered, and (b) filtered froma
bonded joint using a non-resonant transducer.

Thetime domain waveformswere windowed and transformed to the frequency domain
in the usual manner. Owing to the increased duration of excitation compared to the
500kHz transducer used in previoustests, arelatively short window length of 17uswas
used, starting after the end of the front face reflection. In the tests, the centre frequency
of the tone burst excitation was increased in steps over the range 150-350kHz, and the
processed signal with the largest resonance peak in the range 100-500kHz was used.
Frequency domain plots for severa joints are shown in figure 7-11. The predicted
mode 1 frequency based on the mean measured thickness (givenin thefigure) isshown
with avertical line. The results show good agreement between measured and predicted
mode 1 resonance frequencies. Constant amplitude excitation was used, the centre
frequency of which (wg) is also indicated on the plots. At lower frequency, the
amplitude of the responseistherefore much smaller, although this could be avoided by

decreasing the amplitude of excitation as the frequency increases.

Whilst satisfactory results were obtained over the range approximately 0.2-1.8mm,
problems outside this range were experienced. Although the thin bondline requirement

has been met in this case, it was not possible to test joints with bondlines of less than
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Figure7-11 Fregquency domain plots from bonded joints of varying adhesive
thickness tested with a non-resonant transducer with 2mm
elements.
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0.2mm due to interference between the joint resonance and the transducer resonance.
Poor response at low frequency proved problematic when testing joints much below
200kHz (i.e. joints with bondlines thicker than 1.8mm). The low amplitude excitation
when a 150kHz tone burst was used, for example, meant that the joint resonance could
not be distinguished reliably from the background noise. This problem was not
encountered with the earlier devices with 3mm PZT cubes since their operating
frequency range was lower. As an example, figure 7-12 shows the frequency domain
response from ajoint with a 3.1mm bondline where a device with a single 3mm cube

was used, excited with a 150kHz tone burst.

3.0
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o

Amplitude
o

0.0
0.10 0.20 0.30 0.40 0.50

Frequency (MHz)

Figure7-12 Fregquency domain plot from a bonded joint tested with a non-
resonant transducer with a 3mm element.

The mode 1 resonance peak can be clearly identified along with the first resonance
around 400kHz. Using atransducer with 2mm cubes, not even the front face reflection
could be reliably identified from the time domain signal. Using an instrument with a
much higher output, especially at low frequency, and a more suitable excitation signal

should however eliminate this problem.

7.7. Conclusions
A novel low frequency transducer has been developed which employs piezo-electric

elements operating below their first thickness resonance mode. Unbacked PZT cubes
of 2mm sidelength have been found to give an operating frequency range of about 200-
500kHz. With the excitation available, a useable frequency response below 200kHz
was not obtained. This was because the pul se-echo response of the transducer is very
low at frequencies less than 200kHz and increases significantly with frequency up to

resonance at about 600kHz. It is anticipated that low frequency operation with a 2mm
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cube could be improved smply with a higher excitation voltage and a more suitable
input signal. Alternatively, lower frequency operation can be achieved using larger

PZT elements, but at the expense of reducing the upper operating frequency limit.

Bonded joints comprising 2mm auminium adherends and adhesive thickness in the
range 0.2-1.8mm were successfully tested in an immersion tank using a device with
2mm side length elements. It was also demonstrated that bondlines of 3mm could be
tested with a device employing 3mm side length elements. The addition of an array of
elements, increasing the effective diameter, was found to give a larger output, and a

much improved beam profile with amore collimated beam.

Despite the shortcoming of low response below 200kHz, the non-resonant transducer
does offer the equivalent of a frequency range of ailmost 100% of centre frequency in
a small case of 15mm diameter, without any significant resonances in that frequency

range. This cannot be currently achieved with commercially available devices.
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Conclusions

The development of a novel NDT system to detect disbonds in automotive adhesive
joints has been presented in thisthesis. In this concluding chapter, areview of thethesis
is presented which highlights the main findings of each chapter. The success of the
disbond detection technique is then considered, along with its limitations, and some
suggestions for future work. Lastly, the main contributions of the thess are

summarised.

8.1. Review of thesis
Chapter 1 described the motivation and set out the objectives for this work. The

motivation was provided by a mgjor UK automotive manufacturer who required an
NDT system for disbond detection to replace current destructive testing, and to provide
feedback to enable the adhesive bonding process to be optimised. The area of primary
concern was bonded structural joints with aluminium adherends and an adhesive layer
thickness in the range 0.1-0.4mm. The main objective of thiswork has therefore been
to devel op atechnique which can testsjoints to this specification, to the point where it
is ready for implementation on the production line. In addition, a more generic joint
specification for bonded jointsin other applications which can have bondline thickness
in the range 0.2-3.0mm was also considered to ensure the technique developed was
suitable for a wide range of automotive applications. Automotive testing considera-
tions, principally couplant free testing and joints having attenuative adhesive layers
which can vary significantly in width and thickness, precluded the use of existing
disbond detection techniques. Other important considerations were that the system
developed must be robust, ssimple-to-use, fast, low-cost, and be easily integrated into

existing production processes.

The suitability of existing disbond detection techniques was reviewed in chapter 2. It
was found that although none were suitable in their current form, ultrasonic techniques
were most promising. Time domain techniques to identify bondline echoes were
limited by high attenuation in the adhesive, and by reverberationsin the front adherend
which mask diagnostic echoes from the rear bondline. Spectroscopy has been used
successfully in some bond testers (requiring couplant), and previous work has

suggested that studying the first thickness mode (mode 1) would be promising for
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automotive applications. However, the technique was not devel oped beyond an initia
investigation, partly due to low frequency transduction problems and an unreliable
signal processing method. The viability of using mode 1 was therefore investigated
thoroughly in chapter 3.

Predictions of the mode 1 frequency for the specified bondline thickness ranges were
made using a one-dimensional multilayer wave propagation model. It was found that
for the 0.1-0.4mm bondline specification, the frequency ranges for fully disbonded and
partially disbonded joints were much higher in frequency than the range for bonded
joints. This meant that a single measurement of joint resonance frequency could be
used to identify the bond condition. The permissible adhesive thickness range to
determine the bond condition from a single measurement was also identified for the
first time Further, the frequency range for this thickness specification is 375-590kHz
(for 2mm aluminium adherends), which falls into the operating frequency range of

commercialy available, well damped transducers.

For the wider specification of 0.2-3.0mm, some overlap between the bonded and
partially bonded frequency ranges was found. A diagnosis of bond condition from a
spot measurement where the mode 1 frequency is in the overlapping region would
therefore be impossible. Possible solutions would be to make an additiona time
domain measurement, or to monitor the change in frequency where ajoint is scanned,

with awheel probe for example.

In chapter 3, signal processing to extract the mode 1 frequency data was also
considered. Gating out the front face reflectionsto |eave just thejoint resonance, which
was then transformed to the frequency domain, was found to offer a smple, fast and
robust means of detecting the mode 1 resonance. Experimental validation confirmed

the viability of using mode 1 for disbond detection.

The effect on the mode 1 resonance predicted by the 1D model when the adhesive layer
varies in width or thickness, was examined in chapter 4. These situations were
modelled using finite element methods, and the results validated experimentally.
Where there exists a step change in bond condition in the region under test, as may
occur where the adhesive bead is narrow or misplaced, the mode 1 frequencies of both
parts were found to beindependent and occur at the same frequency asthe 1D case (for
the cases modelled). This means that the 1D frequency predictions are till valid for

jointswith varying width adhesive layers. The amplitude of the resonance in both parts
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is governed by the strength of the excitation at the resonance frequency. If the
resonance frequency of one part is within the transducer operating frequency range
then the resonance amplitude will increase with the area of the transducer over that

part.

In the case of atapered adhesive layer, the mode 1 frequency could be approximated
by the frequency predicted by the 1D model using the mean thickness of the region
under test. As the adhesive taper increases, the peak amplitude is found to decrease.
This is because the resonance peak is made up from the range of mode 1 frequencies
given by the range of adhesive thickness in the test region. In practice, it has been
found that the reduction in peak amplitude is not sufficient to render the resonance
undetectable.

Chapter 5 described the development of a dabber probe, which comprised adelay line
permanently coupled to a transducer for making low frequency dry coupled, spot
measurements. The delay line was formed from a low attenuation rubber which gave
good acoustic coupling when pressed dry onto ajoint. It wasidentified in chapter 3 that
the time window from which the mode 1 resonanceis processed should be asfree from
unwanted reflections and transducer resonances as possible. Since beam spread is
significant at the low frequencies required for the test (Iess than 600kHz), side wall
reflections from a 10mm diameter delay line (surrounded by air) were found to be
large, and returned to the transducer during this time window. These side wall
reflections were successfully reduced to a low level by bonding highly attenuative
rubber to the side walls of the low attenuation rubber which formed the delay line.
Contact tip design was found to be important both to achieve sufficient contact
pressure for good acoustic coupling, and to avoid reflections from any uncoupled part
around the contact tip; it wasfound that any uncoupled regions should be made parallel
to the transducer face. The signals received from a joint using a dabber probe were
found to be comparable to those made in an immersion tank and it was therefore
concluded that the dabber could be used successfully to test real automotive structures.

The dabber probe was used, in chapter 6, in conjunction with the mode 1 technique to
make a large number of measurements on industrially prepared joints and real
automotive structures. Partial disbonds were introduced into the industrially prepared
joints, and a 100% success rate was achieved in detecting these and full disbonds. The

joint was determined to be disbonded where there was no resonance peak above apre-
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set amplitude threshold. The bondline thicknesses, which could be determined from
mode 1 frequency measurements, were compared with thickness measurements made
using a micrometer. The mean difference and standard deviation between the
measurementswas found to be within 0.05mm, or 17% of the mean adhesivethickness,
which was considered to be within the bounds of experimental error. This
demonstrates the success of the technique for testing automotive joints with bondlines
of 0.1-0.4mm. This therefore meets the primary objective for testing the structura

joints specified by the automotive manufacturer.

The wider bondline thickness specification (0.2-3.0mm) has mode 1 frequencies
extending well below the frequency range of the 500kHz transducer used for the tests
in chapter 6. The typically poor performance of low frequency transducers, coupled
with arequirement for asmall physical size (to maximise accessability), precluded the
use of any commercially available devices. Chapter 7 described the development of a
non-resonant transducer which was shown to be able to meet the requirements over a
large part of the required frequency range. The device comprised unbacked cubic 2mm
PZT elements bonded to a thin attenuative rubber membrane. The first mode of the
elementswhichisexcited occurs at about 600kHz, and the device, being non-resonant,
operates below this frequency. The device has a very low response at low frequency,
which increases quickly with frequency approaching resonance. Excitation with a5
cycle tone burst with centre frequencies in the range 180-350kHz was found effective
in providing sufficient signal to excite resonances in joints with bondlinesin the range
0.2-1.8mm, corresponding to 190-490kHz. This significantly extends the range of
joints which could be tested with the transducer used in chapter 6. Operation down to
150kHz, required for bondlines up to 3.0mm, was not possi ble with the 2mm cubes and
existing hardware, although it was achieved with 3mm cubes at the expense of

reducing the upper limit of the frequency range.

8.2. Evaluation
The work in this thesis has focused on three main areas of novel work, and resolved

many issues which have precluded the use of existing disbond detection techniquesin

the automotive industry:

 an ultrasonic technique for disbond detection on automotive joints.
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* adry coupled transduction system for low frequency spot measurements, using a
conventional transducer, for the 0.1-0.4mm bondline specified for structural alu-
minium joints,

» |low frequency transduction to allow mode 1 testing on joints with abondline
extending to 3.0mm.

Themain focushasbeen on devel oping agenera purpose, robust techniqueto the point

where it isready for implementation on the automotive production line.

Adherend Thickness

Thereisalarge number of combinations of adherend thicknesses which can be found
on a body shell, and each will lead to a different range of mode 1 frequencies for a
specified bondline thickness range. The 2.0mm aluminium adherend used throughout
the bulk of thiswork isathickness commonly found, but even for other likely adherend
thicknesses the mode 1 frequency ranges for bonded and partially bonded joints are
still separate in frequency, and can be detected with the 500kHz transducer. For
example, 1.5mm adherends have a mode 1 frequency range of 446-743kHz, and for
3mm adherends it is 294-430kHz. Hence, although in some cases a transducer with a
different centre frequency may be required, the dabber probe can be used on a wide

range of joints.

Adhesive Thickness

The mode 1 technique developed in this thesis is only suitable where the bounds of
adhesive thickness are known. In critical applications, this will be relatively well
controlled, since a thick adhesive layer has a lower strength; the use of rivets in
structural joints helpsto control the maximum thickness. Since the adhesive is viscous
when applied, it is extremely unlikely that the bondline thickness will fall below
0.1mm away from the rivets. However, the maximum adhesive thicknesses
encountered when testing the industrially prepared joints was 0.52mm. This serves to
illustrate that if the specified bondline thickness range cannot be maintained, a
conservative estimate of bondline thickness range should be used, if acceptable, to
define the frequency ranges to ensure maximum reliability of the technique. A

bondline above a certain thickness can then be regjected.
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In order to enable spot measurements to me made, there must be no overlap in mode 1
frequency ranges for bonded and partially bonded joints. For 2mm adherends, with a
minimum bondline of 0.1mm, a maximum bondline thickness of 1.0mm can be used
before any overlap is encountered. Where the bondline thickness range is wide so that
thisoverlap exists, aspot measurement cannot be made reliably to determine the bond
condition. Thisisone of the main limitations of the technique. Since this has not been
the case for the main focus of the work, the suggestions made to overcome this
limitation, namely making an additional measurement and scanning the joint, have not
been validated experimentally. This is one area which would require further work

before the technique could be used on joints of wide ranging bondline thickness.

Dabber Probe

The successful development of a dry coupled probe for making low frequency
measurements is clear from the resultsin chapter 5. This could be extended further to
incorporate a non-resonant transducer, for making low frequency measurements, and

represents another possible areafor further work.

Non Resonant Transducer

A low frequency, wide band transducer (150-450kHz) with a small physical size was
required to test a wider range of bondline thicknesses. The non-resonant design
developed in chapter 7 did meet alarge part of the design requirements. Excitation with
low frequency tone bursts enabled the mode 1 resonance of a wide range of joints to
be detected. Insufficient excitation voltage severely limited the performance below
200kHz. With further work, it should be possible to drive the device down to 150kHz.
An investigation into the response of the device using a chirp, possibly of varying
amplitude, to give aflat output frequency response would be another avenuefor further

work.

8.3.  Further work
Several areafor further work were identified to compliment the work presented in this

thesis. These are discussed in this section.

In order to alow the technique to be extended to allow fast scanning of joints, it could
be used in conjuction with adry coupled wheel probe [105, 130]. The probe could then
be rolled along the joints, being driven either by hand or robotically. Integration of the

signal processing algorithm into ageneral purpose instrument (for example, a Desktop

130



Chapter 8
Conclusions

Universal Instrument - NDT Solutions Ltd.) could be carried out to provide turn-key
instrumentation providing the factory operator with a simple pass-fail output. Fitting
the wheel probe with a position encoder would enabl e the bond condition of individual
vehiclesto be mapped out, providing important quality control datafor the automotive

manufacturers. The envisaged industrial set-up is shown schematically in figure 8-1.

With the scanning capability, it would also alow testing of the proposed scheme to
identify the bond condition of joints where there is such a range of adhesive thickness
that an overlap between the bonded and partially bonded frequency ranges occurs; a

change in bond condition could be identified by a step change in mode 1 frequency.

Scan
Fail @ S———— Wheel probe
O Q fixed to robot arm
General purpose instrument
Joint

Figure81  Schematic diagram of envisaged testing set-up.

For a wide range of bondlines to be tested, the wheel probe could be modified to
accommodate the novel wideband transducer developed in chapter 7. Further work to
maximise the output frequency range of the non-resonant transducer could also be
carried out; the excitation signal could be tailored, by using a chirp or varying
amplitude, for example, to compensate for the low amplitude response at low

frequency

8.4. Summary of main contributions
Thiswork has made contributions both in the field of NDT and to industry. It has been

demonstrated in this thesis that, for the first time, mode 1 can be used to reliably
identify the bond condition of joints where the adhesive thickness is unknown, using a

transducer which is dry coupled to the joint.

In the development of thistechnique, athorough assessment of mode 1 suitability was
carried out which led to a novel testing protocol based on the frequency and amplitude
of the mode 1 resonance of a joint. Investigation into the effects on the mode 1
resonance where bondlines varied in width and thickness have established that where

there is a step change in mode 1 frequency, the resonance of both partsis independent
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(within the limits of the range of systems investigated); where the adhesive layer
thickness varies, the mode 1 frequency is given by the mean thickness of the region
under test. Of significant importance to industry, this technique has been shown to
work reliably on real automotive joints with bondlines of 0.1-0.4mm. It is now ready

for implementation and evaluation on the production line.

The development of a dry coupled probe for use at low frequency was made possible
by the novel addition of attenuative material to the side walls of alow loss material to
reduce side wall reflections. This novel approach has potential applications in dry
coupled testing, particularly low frequency, requiring a delay line where the time or
frequency domain analysisis hampered by reflections in the delay line. For industrial
testing, the dabber probe enabled the mode 1 measurements to be successfully madein
the factory, demonstrating the viability of the technique.

Finally, a novel non-resonant immersion transducer has been produced which is able
to operate at low frequency, over a wide frequency range and can be packaged in a
small casing. This low frequency, wide band transducer may find numerous
applications in NDT and is particularly attractive where a small physical size, or the
absence of ringing in the operating frequency range is important. This device has

enabled joints with bondlines up to 3mm to be tested successfully.
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Material property measurements

A.l. Attenuation
The normalised amplitude spectrum method [131] used to determine the compression

wave attenuation of the XD4600 epoxy adhesive (Ciba-Geigy Ltd.), is described
briefly inthissection. Several sheets of adhesve were produced to variousthicknesses.
They were tested in an immersion tank with the transducer accurately aligned normal
to the surface to avoid generation of shear waves by mode conversion, and excited by
a pulse. In order to obtain attenuation data over a wide range of frequencies,
transducers with different centre frequencies from 1IMHz to 5SMHz were used. A
complete set of decaying reflections from the adhesive sample was captured and
transformed to the frequency domain producing an amplitude spectrum [132]. The
resulting response contained minimawhich occurred as aresult of interaction between
the front and back face reflectionsin thejoint which are out-of-phase. In order to obtain
the normalised amplitude spectrum [131], the amplitude spectrum response was
divided by the frequency domain response of the front face reflection from the joint.
Where the frequency was not high enough to resolve front and back face reflections, a
front face reflection wastaken from abulk sample of the material instead. This process

isillustrated in figure A-1.
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Figure A1  Obtaining the normalised amplitude spectrum

The attenuation at a particular frequency,  (Np/m), can be determined from the

normalised amplitude spectrum by the expression [131]:
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where S5« 1S the amplitude of maximain the normalised amplitude spectrum, and t is

the sample thickness. The reflection coefficient of the adhesive, R, is given by:

F
Rea = (A2)

where F is the front face reflection amplitude from the adhesive, and F is the
amplitude of areflection from a perfect reflector (e.g. water-air interface). Attenuation
was calculated at the frequencies of the maxima in the responses provided by the
different transducers. Using this method to determine the attenuation, severa
attenuation measurements could be made across the frequency range of each
transducer. Figure A -2 showsthe variation of attenuation of the XD4600 adhesive with
frequency.

200,

m — —
N »
o o o

Atteunation (Np/m)
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Frequency (MHz)
Figure A2  Variation of attenuation with frequency in XD4600 adhesive.

The results show alinear variation with frequency. Conseguently, a constant value of
0.145Nepers per wavelength has been used. Thisis equivalent to 0.51dB/mm/MHz.

A.2. Longitudinal velocity
The longitudina phase velocity can also be determined either using the amplitude

spectrum method or the normalised amplitude spectrum used to calculate the
attenuation values. Using this method [132], the frequency difference between the
minima in the amplitude spectrum (S, in figure A1), Af, is related to the phase
velocity, Vp, by:

Vo = 2tAf (A3)
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The phase velocity was calculated over a frequency range of 1-3.5MHz. The results
show a constant velocity of 2460m/s across thisband, and it istherefore assumed to be

constant at low frequency.
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