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ABSTRACT 

This thesis decribes the results of a research project under a work contract with the 

Structures and Materials Laboratory, NAE, NRC. The objective of the research program is 

to characterize the mechanical performance of adhesively bonded joints using nondestruc­

tive acousto-ultrasonic and destructive shear testing techniques'. The research program is 

intended to assess the feasibility of utilizing acousto-ultrasonics in characterization and 

strength prediction of adhesively bonded joints. 

The basic principles of the acousto-ultrasonic technique are described. The instruments, 

operating procedures and factors affecting acousto-ultrasonic measurements are explained. 

Factors affecting the joint strength such as the material and geometry of the joint are also 

discussed. 

Experimental results obtained in a series of characterization tests on adhesively bonded 

specimens are presented. Single lap joint specimens were made of graphite/epoxy or steel 

adherends and American Cynamid FM300 adhesive film. Controlled degradation in the 

bond line strength was achieved by deliberate creation of voids or unbonds, adhesive aging 

and exposure to elevated temperatures. Good correlations were found between the acousto-

ultrasonic parameter and the average shear strength of the lap joint specimens. It was also 

found that the acousto-ultrasonic technique could be employed on foam core aluminium 

bonded sandwich panels to detect voids, fatigue and impact damaged areas, as well as 

variation in fabrication process. 
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PREFACE 

This thesis entitled "Characterization of Adhesively Bonded Joints" contains results 

of a research program that was being carried out at NAE Structures and Materials Lab­

oratory. This thesis is intended to provide descriptive information on the feasibility of 

utilizing nondestructive acousto-ultrasonic technique to quantitatively evaluate adhesively 

bonded joints. The present research project relates to the use of this nondestructive tech­

nique to evaluate the variations in mechanical performance of the bonded joints or foam 

core aluminium bonded panels due to fabrication variations or exposure to environmental 

conditions. 

In this thesis, the reader is given the information about the applications of adhesively 

bonded joints, their advantages and limitations. The plan of the research is divided into 

five phases: (i) Review of literature; (ii) Selection of materials, design and fabrication of 

test specimen; (iii) Nondestructive evaluation of test specimens; (iv) Mechanical testing 

and fractographic analysis and (v) Correlation of results. The opening chapter presents 

an introduction to the statement of problem in order for the reader to comprehend the 

purpose of the present research. 

In Chapter 2, nondestructive techniques available today for adhesive bond quality in­

spection are reviewed. The basic principles of each technique are briefly described. Com­

parisons of these nondestructive techniques are then made in terms of their abilities to 

inspect bond quality and their practicality. 

In Chapter 3, a brief review of the applications of acousto- ultrasonic technique to 

adhesively bonded joints and other structures are presented. The basic principles of the 

technique are described and factors that may affect the acousto-ultrasonic measurements 

are discussed. 
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In Chapter 4, factors affecting joint strength such as the material and geometry of the 

bonded joints are analysed for the test specimens used in the present investigation. The 

analysis is carried out by using theoretical elastic and elastic-plastic solutions obtained by 

others. 

In Chapter 5, experimental results of the characterization of bonded joint specimens 

in graphite/epoxy composite materials are presented. Controlled degradation in the bond 

line strength is achieved by deliberately creating voids or unbonds in the joints during 

fabrication or by aging the uncured adhesive film in room temperature before bonding. 

In Chapter 6, experimental results of the characterization of bonded joint specimens 

in steel are presented. Controlled degradation in the bond line strength is achieved by 

subjecting the test specimens at elevated temperatures or cyclic thermal exposure. An 

analysis of wave propagation through the adherend- adhesive system, which supports the 

experimental data, is also discussed. 

Chapter 7 provides experimental results obtained from the use of acousto-ultrasonic 

technique to inspect foam core aluminium panels in detection of fatigue or impact damaged 

areas as well as variation in fabrication process. Comparisons with other nondestructive 

testing techniques in terms of detecting the flaws and damaged areas will be mentioned. 

Chapter 8 presents the experimental results obtained by using acousto-ultrasonic tech­

nique to monitor the change in stress wave propagation characteristics in adhesively bonded 

joint specimens under tensile loading. An approach based on the acousto-ultrasonic wave­

form partitioning method used to study the components of AU waveforms in certain fre­

quency ranges is also presented. 

In Chapter 9, general concluding remarks of the results of this thesis are given. Prob­

lems regarding the use of acousto- ultrasonic technique that still require further investiga­

tions are outlined and recommendations for future work are also presented. 
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Chapter 1 

INTRODUCTION 

1.1 Introduction 

Ideally, a structure should be designed without joints, but a structure without joints gen­

erally would not be feasible due to its high cost of manufacturing and excess weight. The 

designer has essentially two basic techniques for joining components in a structure, namely, 

mechanical fastening and adhesive bonding. 

In the past, only mechanical joining techniques were used for structural components and 

adhesive bonding methods were mostly utilized in nonstructural applications. In the 1940s, 

adhesives became more important in structural bonding when the aircraft industry pro­

moted their use as structural bonding agents. In those times, casein adhesives were utilized 

for bonding joints in wooden aircraft constructions, but the adhesives were later found to 

have poor resistance to moisture and mould growth [1]. The subject of adhesives became 

even more interesting to scientists when the application of synthetic resins as adhesives for 

wood, rubber, glass and metals were discovered [2]. A major development in adhesively 

bonded joints has been the use of mixtures of synthetic resins to make aluminium alloy 

structures for aircraft. The advantage of the synthetic resins over the natural-type adhe­

sives is in their excellent resistance to moisture, mould growth and other hazardous service 

conditions. In 1950s, new epoxy resin-based adhesives were first introduced [3]. These 

adhesives provide high cohesive strength and, in addition, their excellent creep resistance 
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properties make them ideal for structural applications. 

Today, the application of adhesives has expanded widely. The use of adhesives in 

paper, packaging, woodworking and footwear industries still remains important. However, 

it has extended its significance in industrial equipment, building and construction, vehicle 

manufacture, electrical and optical assemblies, military and aerospace applications. 

A rapid increase in the use of adhesively bonded joints in structural or nonstructural 

components as a replacement for conventional mechanical joints in recent years could be 

accounted for the fact that designers and engineers are searching for lighter and more 

economical structural designs. The application of bonded joints in structural components 

results in cost savings in assembly and manufacturing due to reduced material require­

ments, weight reduction, joining of several components at the same time, and simplified 

assembly procedures. Besides, the use of adhesively bonded joints permits adaptation to 

many production processes due to the versatility of adhesive forms and methods of appli­

cation. It also results in more uniform distribution of stresses over the entire bonded area 

due to minimization and distribution of the stress concentrations which commonly occur 

with mechanical fasteners. In addition, gaps and protruding mechanical fasteners such as 

bolts and rivets are eliminated to give an improved appearance of finished product with 

smooth external surfaces and contours. With bonded joints, it is possible to join various 

types of materials which may be different in composition, coefficients of expansion, moduli 

and thickness. It is also possible to join complex shapes, thin sheets of materials as well as 

heat-sensitive materials, where other joining methods are not possible. Furthermore, an 

adhesive layer in a bonded joint can be used to act as either an insulator or conductor de­

pending on the choice of the designer by specifically formulating the adhesive. Adhesives 

can also be employed to avoid or reduce galvanic corrosion between different materials. 

Problems of corrosion often arise due to the electromotive-series relationship which occurs 

when dissimilar materials are joined by other conventional methods. The use of adhesives 

separates the two joined materials, thus eliminates the problems. 

However, as with any technology, there are some disadvantages in using adhesively 

bonded joints. One of the disadvantages is that it may require complicated bonding pro-

2 



cesses such as surface preparation of adherends before joining and maintenance of clean 

components as well as preparation and application of adhesives. During curing of the adhe­

sives, it may require to control processing temperature, pressure and humidity conditions. 

In some cases, high curing temperatures and different coefficients of thermal expansion of 

the adhesive and the adherends may result in residual stresses in adhesively bonded joints. 

Another limitations in the use of bonded joints is that once the joints are assembled, it is 

usually difficult for bond quality inspection. Also, it is generally difficult or even impossible 

to dismantle an adhesively bonded structure for repair without destroying the structure 

itself. In addition, during the service of a bonded joint, its performance may be affected 

by environmental conditions such as humidity and temperature. Thus, long term durabil­

ity of adhesive bonding under severe service conditions is difficult to predict. The use of 

adhesively bonded joints replacing mechanical fasteners may reduce stress concentrations, 

but bonded joints require careful design to minimize peel, cleavage and thermal stresses. 

Although the adhesive bonding technique offers many advantages in joining structural 

components, its limitations may make it an unattractive alternative. Thus, before deciding 

to use adhesively bonded joints, it is important to identify problems or limitations that 

are most critical. In the next section, problems regarding the use of bonded joints are 

discussed. 

1.2 Statement of the Problem 

The problem of large local stresses in mechanical joints can often be significantly reduced 

by the use of adhesive bonding, but even in a simple adhesively bonded joint the stress 

distribution is not uniform. If the adhesive used is a brittle one, the peak local stresses 

could be many times the average stress and failure could generally occur at a stress much 

lower than the failure stress determined by the bulk properties of the adhesive. The peak 

local stresses can approximately be determined by analytical or numerical methods if the 

dimensions of the joint and the bulk properties of the adhesive and the adherends are 

known. Both of these methods assume perfect bonding in the joint. However, perfect 
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bonding in the joint cannot always be achieved because the bond quality depends on many 

factors. These factors include bonding technique, cleanliness of surfaces, effectiveness of 

surface preparation, application and distribution of the adhesive, and the curing process. 

Consequently, during the manufacture of the joint, defects can easily be introduced in the 

joint. 

There are basically three main types of bond defects : i) physical discontinuities such as 

voids, unbond or porosity (Figure 1.1) ii) lack of cohesive bond strength iii) poor adhesive 

bond strength. 

Voids in the adhesive are caused either by lack of adhesive or by the presence of foreign 

matter. An unbond is when there is a gap between the adhesive and the adherend. In 

the literature, this situation is sometimes referred to as debond, disbond or lack of bond. 

Porosity is due to air bubbles in the adhesive layer. The cohesive bond strength is the 

strength of the adhesive layer itself, while the adhesive bond strength is defined as the 

amount of molecular attraction of the adhesive to the adherend at the adhesive/adherend 

interface. 

One of the major limitations on the use of adhesives in structural applications is associ­

ated with the difficulty encountered in making an accurate determination of bond quality 

or potential performance after the joint has been assembled. Furthermore, the performance 

of the bonded joint during service may be affected by the environmental conditions. Thus, 

it is very important that nondestructive evaluation (NDE) methods be available to ensure 

the structural performance of the bonded joint meets design and service requirements. 

Over the past few years, the development of nondestructive evaluation techniques has 

increased rapidly. Most of the NDE techniques are sensitive to flaws or voids in materials, 

but few techniques can provide information on the overall performance of the material. Of 

the few techniques sensitive to material properties, acoustic emission and ultrasonics are 

the most widely used methods for evaluating material performance. Acousto- ultrasonics 

(AU) is a relatively new NDE method developed by Vary [4] which combines the bene­

ficial aspects of conventional ultrasonic and acoustic emission techniques. Recent studies 

by various researchers [4-13] reveal that there is a strong correlation between the stress 

4 



wave propagation characteristics determined by acousto-ultrasonics and various mechani­

cal properties of materials. Based on these previous results, it was considered probable that 

the acousto-ultrasonic technique might provide information on the overall performance of 

adhesively bonded joints. 

1.3 Objectives and Plan of the Research 

The primary objective of this research program is to characterize the mechanical per­

formance of adhesively bonded joints by nondestructive acousto-ultrasonic technique and 

destructive shear testing. In particular, characterization of adhesively bonded joints in 

terms of their ultimate tensile shear strength affected by various fabrication and service 

conditions will be carried out. Due to these conditions, different types of bond defects 

such as physical discontinuities, poor cohesive strength and poor adhesive strength will 

be introduced in the joints. The effect of each type of these defects on the mechanical 

performance of the joints will be examined and evaluated. 

The research program is intended to assess the feasibility of utilizing acousto-ultrasonic 

techniques in characterization and strength prediction of adhesively bonded joints. On the 

initial stage, a nondestructive parameter measurable from an acousto-ultrasonic waveform 

will be established. Selection of this acousto-ultrasonic parameter is based on its sensitivity 

to material properties. Factors that affect the measurement of this acousto-ultrasonic 

parameter will then be identified and studied. Acousto-ultrasonic evaluation of the bonded 

joints will be analysed in time and frequency domains. The joint strength prediction 

can be achieved by correlating the acousto-ultrasonic parameter and the joint ultimate 

tensile shear strength after the measurement system has been calibrated for material and 

geometrical variations of the joints. 

Characterization of the bonded joints by destructive testing will be carried out in order 

to verify the results of nondestructive evaluation and determine failure modes with analysis 

of the fracture surfaces of the joints. The relationship between the failure modes and the 

fracture load will be determined. 
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It is the main objective of the present thesis to deal with the nondestructive evaluation 

of adhesively bonded joints. Accordingly, Chapter 2 of this thesis presents a literature 

review of nondestructive techniques available today for adhesive bond quality inspection 

or evaluation. The basic principles of each technique are briefly described. Advantages 

and limitations in the use of these nondestructive techniques are discussed. In the present 

research, nondestructive acousto-ultrasonic technique is employed to evaluate adhesively 

bonded joints. It is therefore considered to be essential for the reader to comprehend the ba­

sic principles of this technique and to identify factors that may affect the acousto-ultrasonic 

measurement. Hence, Chapter 3 is devoted entirely to describe the acousto-ultrasonic tech­

nique. However, before attempting to evaluate the bonded joints nondestructively, it is 

important to identify the factors which may affect the shear strength of the bonded joints. 

These factors can be examined by using elastic and elastic-plastic theoretical analyses as 

discussed in Chapter 4. 

Fibre reinforced composite materials are normally joined with adhesive bonding, due to 

the inefficency of mechanical joining methods which usually results in the cutting of fibres. 

Thus, Chapter 5 deals with the application of acousto-ultrasonic technique to character­

ize adhesively bonded joints in graphite/epoxy composite materials. In order to obtain 

variation in joint strength, controlled degradation in the bond strength is accomplished by 

deliberate introduction of voids or unbonds in the joints, or by adhesive aging. Another 

application of acousto-ultrasonic technique in the present study is to evaluate adhesively 

bonded joints in steel at elevated temperatures which is discussed in Chapter 6. Then, 

Chapter 7 presents the use of acousto-ultrasonic technique to inspect foam core aluminium 

bonded panels, which may have potential applications in transport vehicles, in detection 

of fatigue and impact damaged areas as well as variation in fabrication process. 

In Chapter 8, the effect of tensile load applied to an adhesively bonded joints on the 

acousto-ultrasonic stress wave propagation characteristics is studied. Finally, concluding 

remarks on the presented analysis and future research work are discussed in Chapter 9. 

6 



Chapter 2 

REVIEW OF NDT TECHNIQUES 

FOR ADHESIVELY BONDED 

STRUCTURES 

2.1 Introduction 

An ideal non-destructive testing (NDT) technique would have to be able to provide a direct 

prediction of the bond strength. But the strength prediction by NDT methods is usually 

difficult and indirect. It often requires to correlate bond strength with other properties 

such as stiffness, thickness of bond, and attenuation of signals in the adhesive. In addition, 

the stress distribution in a typical adhesively bonded joint is not uniform. Thus, the 

strength is more sensitive to the integrity of some areas of the joint than to others. In 

many cases, measurement of such properties as stiffness, thickness of bond line, void area, 

etc does not necessarily provide good correlations with joint strength. However, variations 

in these properties do give an indication that a joint may be defective. 

As explained in Chapter 1, three types of defects can occur in an adhesively bonded 

joint, namely, physical discontinuities, poor cohesive strength and poor adhesive strength. 

Most non-destructive testing (NDT) methods can readily detect discontinuities such as 

void, gross unbond, porosity, etc in a joint. Some techniques can also provide correlations 
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between certain properties of a joint and its cohesive strength, but there is no NDT tech­

nique that can detect poor adhesive bond strength accurately and reliably. The quality 

control of the adhesive bond strength at the interface between the adhesive and the ad­

herends is usually carried out during or immediately after the surface treatment of the 

surfaces to be bonded [14]. Instruments which provide a measure of the adherend sur­

face cleanliness by detecting changes in electron emission energy or surface impedance are 

available comercially [15,16]. 

For the past decades, several NDT methods have been developed to detect discontinu­

ities and to evaluate bond quality. The important NDT techniques for bond inspection 

are : 

(a) Ultrasonics 

(b) Sonic vibration 

(c) Acoustic emission 

(d) Radiography 

(e) Thermography 

(f) Optical holography 

(g) Liquid penetrant 

(h) Acousto-ultrasonics 

In the following sections, each method will be described and its usefulness and limitations 

in evaluating bond quality will be discussed. The acousto-ultrasonic technique will be 

discussed in detail in the next chapter. 

2.2 Ultrasonics 

As the name implies, the ultrasonic techniques utilize high frequency (1-20 MHz) acoustic 

waves to interrogate the quality of bonded structures. Ultrasonic methods have been 
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used widely due to their flexibility and effectiveness in inspecting bonded joints. Different 

ultrasonic techniques are available for non-destructive inspection of bond quality, namely, 

(i) Pulse echo, (ii) Through-transmission, (iii) Interface and plate waves, (iv) Resonance 

and (v) Ultrasonic spectroscopy. 

2.2.1 Pulse Echo 

The basic principle of the pulse-echo technique is shown in Figure 2.1. A repetitive acoustic 

pulse is transmitted into the bond through a transducer and the same transducer also 

receives the return signals (echoes) coming back from flaws in the bond or the interfaces of 

the joint which are displayed on a cathode-ray tube oscilloscope. Acoustic coupling between 

the transducer and the bonded joint can be achieved by direct contact through a layer of gel 

or grease (contact testing), or by immersing the joint in a water ba th (immersion testing) 

or by a water jet. The latter is mostly used for inspection of large bonded structures. 

In most cases, discontinuities in bonded joints can be successfully detected using the 

pulse-echo method [17-19]. However, there are difficulties in detecting echoes from the back 

layer of a multi-layered bonded structure, especially in a honeycomb structure, particularly 

where non-metallic cores or double honeycombs are employed [20,21]. The use of the pulse-

echo method for detection of discontinuities has been reviewed elsewhere [22-24]. Using the 

pulse-echo method, Alers et al [25] found a correlation between the cohesive shear strength 

of an aluminium lap joint and the longitudinal velocity of sound in the adhesive bond line. 

They also examined the relationship between the attenuation of longitudinal waves and 

cohesive shear strength of the bond. Rose and Meyer [18] showed a relationship between 

the failure load of adhesively bonded aluminium specimens and the ratio of front wall echo 

to bond echo. Even though the bonds were designed to fail in the adhesive failure mode, 

the bond line echo amplitude was shown to be governed by the bulk cohesive properties. 

In another study, Rose and Meyer [26] found that there was no distinguishable correlation 

between echo amphtude and bond strength of aluminium bonded joints at a test frequency 

of 10 MHz. However, when 20 MHz was employed, a correlation was observed and the 

reason for this was not clear. Kline et al [27] utilized the pulse-echo technique to measure 
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ultrasonic attenuation and phase velocity in adhesively bonded steel specimens. They 

monitored changes in the moduli of the adhesive during cure process as well as during 

cyclic loading. 

2.2.2 Through-Transmission 

The through-transmission method uses separate transmitting and receiving transducers 

positioned on either side of the joint as shown in Figure 2.2. The method requires the 

two transducers to be exactly aligned. The coupling between the transducers and the 

joint can be achieved in similar ways to those in pulse-echo method. The contact through-

transmission technique has found little practical use because of the difficulty of probe 

alignment and the requirement for good contact on both sides of the joint. With the 

immersion or water jet techniques, both probes are scanned along the bonded area and 

the magnitude of the transmitted signal is monitored. Scanning is often carried out in 

an automated C-scan system which produces a two-dimensional image presentation of 

flaws in the structure. The amplitude of the signal at the receiving transducer reduces 

when a defect is present. This method has a high level of confidence for detection of 

discontinuities [22]. It is particularly suited for inspection of honeycomb structures [28,29]. 

Cohesive bond strength of an adhesively bonded structure may also be assessed with the 

through-transmission methods by analysis of the amplitude of the received signals [14]. 

2.2.3 Interface and Plate Waves 

Conventional ultrasonic methods use normally incident beam to inspect test components. 

Interface and plate waves are generated when the incident beam strikes the test material 

at oblique angles. In this technique, the plate and interface waves propagate along the 

bond line. Accordingly, it can be said that information about the interfacial bond strength 

might be obtained from the the velocity and attenuation of these waves. 

Thompson et al [30] examined the change in cohesive strength of aluminium bonded 

honeycomb panels by measuring the velocity of surface waves at 300 kHz frequency. 
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They found a linear relationship between the surface wave velocity and cohesive strength. 

Rokhlin [31-33] investigated the application of ultrasonic surface and interface waves for 

evaluation of thin interface layers, in particularly, adhesively bonded structures. His ar­

guments are that the interface waves produce shear stresses at the interface which are 

sensitive to variations in the adhesion quality . Also, the interface waves propagate along 

the interface and hence are sensitive to changes in the properties of the adhesive and of the 

interfacial bond between the adhesive and the adherends. Rokhlin evaluated the curing 

of structural adhesives by measuring the velocity of the interface wave which is related to 

the shear modulus of the adhesive and showed a correlation between the shear strength of 

the bond and the effective shear modulus which was calculated based on the velocity and 

the attenuation of interface waves. Kline and Hashemi [34] monitored fatigue damage de­

velopment in single-lap shear aluminium specimens using interface waves, termed as guide 

waves. They noted that not only the amplitude of the transmitted signal decreased but also 

its phase velocity changed as cyclic loading was increased. Chapman [35] used a commer­

cially available bond tester which relied on the plate waves (Lamb waves) to quantify the 

bond quality of fibreglass reinforced plastic bonded joints. Rokhlin [33] discussed the use 

of Lamb waves method to evaluate adhesive during curing, whereas Pike and Williams [36] 

studied the effect of cure temperature and heat-up rate on the performance of adhesively 

bonded honeycomb structures using the ultrasonic plate wave technique. 

2.2.4 Reso nance 

In resonance methods, the frequency of a continuous acoustic wave, injected locally to 

a bonded joint, is changed until a resonance condition is produced. Standing waves are 

generated during the resonance as illustrated in Figure 2.3 for the cases of good and poor 

bond. At resonance frequency, the wavelength of the standing waves is twice the thickness 

of the joint given by: 

\D = 2D = -£- (2.1) 
JD 
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or 

f - V in) 

where AD is the wavelength of the standing wave in the joint area; D is the thickness of 

the joint; v is the velocity of sound waves in the adherends (the thin adhesive layer is 

neglected) and fo is the resonant frequency. As shown in Figure 2.3, when there is a void, 

the resonant frequency will change sharply due to the presence of a gap which is "seen"' 

by the transducer as change of thickness. Therefore the corresponding resonant frequency 

at the new thickness, d, is then: 

U = £ (2-3) 

One of the most widely used commercial instruments using the principles of ultrasonic 

resonance technique is the Fokker Bond Tester type II [37,38]. This instrument uses both 

resonant frequency and the amplitude of the standing waves in detecting discontinuities. 

In some cases, it can also predict the change in the cohesive strength of bonded joints 

due to variations in thickness of the substrates or the adhesive. Using the Fokker Bond 

Tester, Clemens [39] successfully estimated the change in the flatwise tensile strength of 

honeycomb sandwich panels due to variations in the foil thickness and the cell size. The 

application of resonance method in assessment of bond strength has also been reviewed by 

Curtis [23]. 

2.2.5 Ultrasonic Spectroscopy 

In conventional ultrasonic testing techniques, a narrow frequency band is often used. Thus, 

the information obtained from the ultrasonic signals has to be deduced solely from am­

plitude variations. Ultrasonic spectroscopy, however, utilizes broadband ultrasonic trans­

ducers and instruments which, by analogy with visual inspection of white light, provide 

additional information corresponding to the colour of the inspected item. The techniques 

are generally carried out by using a pulse-echo method at a typical frequency range of 0.5 

to 10 MHz. The echoes from the interfaces of bonded joints are then analysed in time 

domain (amphtude versus time) and frequency domain (amplitude versus frequency). The 
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ultrasonic spectroscopy is based on the principle of constructive and destructive wave in­

terferences to obtain information about ultrasound in the frequency domain. 

Rose and Meyer [18] first reported the application of ultrasonic spectroscopy to non­

destructive inspection of bond quality of aluminium bonded joints. They found that a 

change in the bond line thickness can be distinguished from the differences in the ultrasonic 

frequency spectra. When the bond line is sufficiently thick, the reflections of the ultrasonic 

beam from the interfaces can be resolved in the time domain provided that the ultrasonic 

pulses are shorter than the bond line thickness. However, when the bond line is thin, 

which is the usual case, the reflections generally can no longer be resolved clearly in time 

domain. The contribution of ultrasonic spectroscopy technique is to the generation and 

reception of high resolution short pulses of relatively low-frequency ultrasound which can 

be used to resolve the reflections from the thin bond line. Brown [40,41] demonstrated 

that the debond pat tern in an aluminium bonded structure as well as the spacing of the 

honeycomb in an aircraft bonded-honeycomb structure can be clearly resolved with the 

wideband technique. The technique has been used to detect the quality variations of the 

aluminium alloy bonded joints due to fabrication processes [42,43] and due to hydrothermal 

degradation [44]. Chang et al [45] reported a linear relationship between the bond strength 

in aluminium single lap-shear specimens and ultrasonic parameters obtained from the 

ultrasonic spectroscopy technique. 

2.3 Sonic Vibration 

There has been a wide range of sonic vibration techniques used for non-destructive in­

spection of adhesively bonded joints [24,46]. These techniques are based on the fact that 

a local change in stiffness due to a flaw will change the vibrational characteristics of the 

structure. The testing methods involve applying a vibrational force at several test points 

and measuring the vibration response of the structure. The typical frequency range used 

in these techniques is 20-30 kHz. Since the minimum void size detectable increases as the 

frequency decreases, the sonic vibration techniques will not be able to detect flaws as small 
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as those detectable by ultrasonic techniques which operate in MHz range. However, the 

sonic vibration tests are usually faster than the ultrasonic techniques since they do not 

require a coupling agent between the transducer and test structure. These techniques are 

most sensitive to gross defects close to the surface of a stiff structure such as a disbond in 

a honeycomb structure. There are basically three categories of sonic vibration techniques, 

often referred to as coin tapping, mechanical impedance and membrane resonance. 

2.3.1 Coin Tapping 

The coin tap test is the oldest and simplest technique for inspecting the quality of bonded 

structures. It is still used widely in modern aviation industry due to its simplicity. In 

this method, The difference between good bond or disbond areas in a bonded structure 

is determined by listening to the change of sound produced when the structure is tapped. 

A common standard tapping device used in the US industry is the US 25 cent coin and 

the method is therefore often referred to as coin tapping. The technique is regularly used 

in the inspection of metal to metal bonded joints and honeycomb structures [19]. It can 

only detect disbond or void in the upper facing sheet to adhesive and is usually unable 

to detect voids at second, third or deeper adherends. Until now, the test method has 

remained largely subjective and furthermore, when the coin tapping test is used to inspect 

large bonded structures, it becomes tedious and impractical. A special device has been 

developed to overcome this problem [17]. 

2.3.2 Mechanical Impedance 

The impedance technique has been used for almost 30 years in Soviet Union [47]. Only 

recently the application of this technique has increased in the west with the marketing of the 

Acoustic Flaw Detector and the Mechanical Impedance Analyser (MIA 3000), developed 

by Inspection Instruments Limited based on the original Soviet design. The technique 

utilizes the principle of a local mechanical impedance measurement to detect voids and 
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disbonds in the plane parallel to the test surface. The point impedance, Z, is given by [47]: 

Z = - (2.4) 
v 

where F is the harmonic force input to the structure and v is the resultant velocity of the 

structure at the point of application of the force. The measurements with the commercially 

available instruments are generally carried out at a single frequency, typically between 1 

to 10 kHz. Cawley [47,48] showed that the impedance of a good bond area was generally 

higher than that of a disbond area below a frequency of 12 kHz. The fact that impedance 

decreases as the probe moves from a good to a defective area can be used to detect voids 

and delaminations. The technique is most sensitive when the voids are close to the test 

surface and the base structure is relatively stiff. Cawley [49] also reported the use of the 

mechanical impedance method to produce C- scan presentations of defects in carbon fibre 

reinforced plastic bonded honeycomb panels with deliberately introduced defects. 

2.3.3 Membrane Resonance 

The membrane resonance techniques are based on the principle that a planar void can 

be modelled as a plate restrained around the edges by the surrounding structure. This 

plate can resonate, the first mode being the membrane resonance and having a deflected 

shape similar to that of a diaphragm. As the frequency of the vibrational excitation ap­

proaches the membrane resonant frequency, the mechanical impedance measured over the 

defective area decreases to a minimum and the response amplitude for a given force input 

increases. Thus, at or close to membrane resonant frequency, the response amplitude of a 

defective area will be much greater than that of a sound region of the structure. Hence, a 

non-destructive test on bonded structures can be based on response measurements alone, 

assuming the input force to be approximately constant. The technique is most sensitive 

when the excitation is applied at membrane resonant frequency, but since frequency is 

dependent on flaw size and depth [46], wideband frequencies should be used. The Fokker 

Bond Tester Type I (which is different from the Fokker Bond Tester type II, explained 

in Section 2.1.4) uses this principle with wideband excitation covering a frequency range 
* 
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of 0.5 to 10 kHz [37]. The technique can also be used with a single excitation frequency 

even though the sensitivity to defects will be reduced as the excitation frequency devi­

ates from the membrane resonant frequencies of the defects. The Harmonic Bond Tester 

developed by Boeing from the Eddy Sonic Test System excites the test structure at a 

single frequency by inducing eddy current and measuring the materials response with a 

microphone placed within the eddy current coil [50,51]. 

2.4 Acoustic Emission 

Application of stress to a material beyond the yield point will eventually lead to dislocation, 

permanent deformation or crack growth. This internal response is usually associated with 

a local release of energy, part of which propagates as stress waves, known as acoustic 

emission. Since in many materials, acoustic emission is generated at stress levels lower 

than the fracture stress, it can be used to detect subcritical failure process in materials. 

Hence, if sufficient emissions are generated from the bonded joint at an acceptably low 

applied load, then acoustic emission technique has the basic requirements of a quantitative 

non-destructive test to characterize the joint. A typical acoustic emission test set-up for a 

bonded joint is illustrated in Figure 2.4. 

The early at tempt to apply acoustic emission technique to adhesively bonded structures 

was carried out by Schmitz and Frank [52]. They found a correlation between the den­

sity of emissions at frequency above 16 kHz and strength of adhesively bonded aluminium 

honeycomb specimens. Another early work on acoustic emission for bonded joint is that 

of Beal [53] who used the acoustic emission technique to predict the ultimate strength of 

bonded joint specimens and then compared this with the actual breaking stress. The maxi­

mum error in the strength prediction was found to be about 30%. Using a similar technique, 

Pollock [54] reported that the accuracy of the fracture stress prediction increased as the 

load approached the failure load during preloading. Curtis and Speake [55,56] developed 

a broadband (0.01-2 MHz) acoustic emission spectrum and energy analysis system to be 

used in studying the fracture of aluminium bonded joints loaded in tension. An empirical 
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relationship was established between the cumulative acoustic emission energy at fracture 

per unit volume of adhesive and the ultimate shear strength of the joint. The latter was 

varied by changing the glue line thickness. The use of acoustic emission technique to study 

the effect of elevated temperatures on adhesive joints was carried out by Hill [57]. The 

acoustic emission study of the effect of aging bonded joints in a warm and moist environ­

ment was reported by Brockmann and Fischer [58]. Most of these studies indicate that 

generally weak joints emit more acoustic emission during loading than strong joints. 

2.5 Radiography 

The fact that radiography can detect density variations by means of attenuation of rays 

passing through the material can be used to locate defects in bonded structures. The 

success of using radiography depends upon the ability to distinguish small changes in the 

absorption of X-rays which is determined largely by the density of the material. Generally, 

X-radiography cannot be used for metal to metal bonded joints because the adhesive layer 

usually has a much lower density than that of the metallic adherends unless the adhesive 

contains metallic fillers or is X- ray opaque such as AF55 and FM400 [19]. However, ra­

diography can be readily used for detecting voids in joints with fibre- reinforced plastic 

adherends because the densities of adherends and adhesive are generally of the same or­

der [22]. X-radiography is also useful for inspecting honeycomb structures to detect water 

intrusion into honeycomb cells, crushed core and other defects [19,50,59,60]. 

Neutron radiography is based on the absorption or scattering of neutrons by hydroge­

nous materials such as hydrocarbons which are generally present in adhesives. With the 

use of neutron radiography, a thin adhesive layer can be detected even through thick layers 

of metallic adherends [19,22]. Unfortunately, for the time being neutron sources which are 

typically nuclear reactors and accelerators are somewhat limited. 
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2.6 Thermography 

The application of thermography for inspection of bonded structures is based on variation 

in thermal conductivity, thermal emissivity or thermal capacity. All of these thermal 

properties are related to the density and the thickness of the adhesive layer. Thus, variation 

in the bond quahty can be detected from differences in temperature during heating or 

cooling of the structure. There are a number of thermal inspection methods for adhesively 

bonded structures. One method is to heat the surface of the bonded assembly and detect 

temperature variations on the same side. In this case, disbond areas which resist transfer of 

heat, will be hotter than well bonded areas. Another method is to heat the component from 

the back surface and measure temperature differences at the front surface. In this case, the 

defective areas will be cooler due to the poor heat conduction through voids. An alternative 

method is to excite the structure at one of its resonant frequencies such that defective 

areas, due to frictional heating, will show a local rise in temperature [61]. Temperature 

sensing is normally done with a scanning infra-red camera and recently, the use of video 

recording techniques has considerably simplified the process of recording [62]. Some works 

on thermographic testing of aluminium to aluminium and aluminium to foam adhesively 

bonded structures [63] as well as honeycomb structures [50] have been reported. The use of 

temperature sensitive coatings such as liquid crystals and thermolumiscent coatings may 

also be used for the detection of temperature patterns on bonded panels [14,50]. 

2.7 Optical Holography 

Holography interferometry has the capability to measure changes of surface displacement 

in the order of half a wavelength which in the optical case, is less than 0.5 fira [22]. To 

obtain such a displacement in an outer adherend, load is applied to a bonded structure by 

vibration, pressure or heat. Defective areas show as local perturbations in the holographic 

interferogram. The technique is useful for inspection of sandwich structures, but not for 

lap joints. The application of this technique for inspection honeycomb structures have been 
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discussed by Schliekelmann [14], Hagemaier [17] and Kersch [64]. Holographic techniques 

can generally detect voids, delaminations, inclusions, water damage, and crushed core in 

honeycomb structures. 

2.8 Liquid Penetrants 

This technique can only be used when the flaw is open to the surface. This type of flaw 

does not often occur in bonded joints. However, Crane [65] has developed a relatively new 

penetrant system that proves to be useful in aircraft industry. The penetrant only becomes 

fluorescent when it comes in contact with metal substructure inside a honeycomb structure 

with composite skins or in an adhesively bonded structure with metallic adherends. This 

penetrant system would provide indications of the presence of the openings which would 

permit water entry and thus corrosion development. 

2.9 Comparison of NDT Methods for Bond Quality 

Inspection 

As discussed in previous sections, several nondestructive testing (NDT) techniques can be 

used for inspection of bond quality and most of these NDT methods are able to detect 

voids and disbonds in bonded structures. The ultrasonic techniques have been considered 

to be best suited for locating subtle defects such as a small void, bond line porosity and 

unbond. The acoustical mismatch of thin air layer or small air bubbles is sufficient to 

prevent the ultrasonic energy from penetrating the joint and therefore makes the unbond 

or porosity indication clear. In terms of the overall detection ability of the ultrasonic 

methods investigated in the Primary Adhesively Bonded Structure Technology (PABST) 

program [19,22] , immersion C-scan through transmission and pulse echo techniques have 

been rated highly for bond quality inspection of laminates. According to the work by Segal 

et al [66], when the unbond radius, a, is smaller than the transducer radius, r, the pulse 

echo technique is more accurate than the through transmission technique. On the other 
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hand, in the case of an unbond situation when a/r > 1, both techniques are comparable in 

accuracy, but through transmission is usually preferable in this case because its cathode 

ray tube (CRT) presentation of the unbond is more easily followed especially for thin 

substrates with echoes of the ultrasonic beam from interfaces which are difficult to resolve. 

The ultrasonic immersion techniques, although considered to be the most capable in 

detecting small defects, are not suitable for field inspection. These techniques are, however, 

particularly useful for inspecting components during production. For in-service inspection, 

the ultrasonic contact techniques or water jet probes can be used. To detect large defects 

in the adhesive layer, sonic vibration techniques are more practical because coupling agents 

are not required. Radiography is more effective to inspect complex geometry joints and 

honeycomb structures, but X-radiography has found little use for metal to metal joints in 

contrast to its use on fibre-reinforced plastic joints and honeycomb structures. Neutron 

radiography, however, can be used for bonded structures with metallic substrates. Similar 

to radiographic techniques, thermography and optical holography are more useful for in­

spection of honeycomb structures, but these techniques still need further developments in 

order to be used effectively for bonded structures and are costly to implement. 

A number of studies has been carried out to predict cohesive bond strength, but yet 

the problem has not been solved satisfactorily. Cohesive bond strength depends on many 

variables such as bond line thickness, curing condition, porosity of bond line, and environ­

mental effects. Fokker Bond Tester type II, a commercially available instrument, which 

employs the principle of resonance has been successful in predicting the cohesive bond 

strength of the bonded structures with varied glue line thickness and with flaws in the ad­

hesive. It is, however, unable to determine the variation in cohesive strength due to other 

variables. Other ultrasonic methods such as ultrasonic spectroscopy and pulse echo using 

the velocity and attenuation of the signals can also be used to predict cohesive strength. 

Ultrasonic methods employing interface or plate waves are regarded to be more effective 

in evaluating the cohesive properties of the adhesive layer since the ultrasonic interface or 

plate waves propagate along the bond line. 

Currently, there is no applied method that is capable of predicting reliably the adhesive 
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bond strength of a bonded structure after it has been assembled. Ultrasonic methods 

utilizing interface or plate waves show some promise. The techniques are still in the 

research and development stage, and are yet to be established. Acoustic emission technique 

generally is able to evaluate the integrity of a bonded joint as a whole. However, whether 

this technique is truly nondestructive testing techniques is still a question because such 

emissions can only be generated when the joint undergoes an internal response induced by 

local stresses. 

2.10 Conclusions 

Gross defects in bonded structures can be easily detected with the available NDT methods. 

No single method is universally applicable for detection of different types of defects in 

adhesively bonded joints. Each technique has its own advantages and disadvantages under 

certain circumstances. The problem of estimating the cohesive bond strength is only 

partially solved, but continuing research in this area has shown considerable promise. The 

problem of estimating the strength at the adhesive- adherend interface or even detecting 

poor adhesion due to factors such as improper substrate surface preparation still remains 

unresolved. 

Of all the NDT methods available, ultrasonic techniques tend to be more versatile and 

quantitative. Acoustic emission techniques, on the other hand, are more appropriate for 

evaluation of the integrity of a bonded joint as a whole, but because the structure has to 

be stressed to produce emissions from subtle flaw growth, an alternative or improvement 

to the acoustic emission techniques is required. 
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Chapter 3 

ACOUSTO-ULTRASONIC 

TECHNIQUE 

3.1 Introduction 

As discussed in Chapter 2, acoustic emission (AE) and ultrasonic techniques have been 

used extensively in evaluating the integrity of structures, investigating the properties of 

materials and detecting flaws. However, in many practical situations, the application 

of acoustic emission techniques to adhesively bonded joints is not recommended since 

the joints must be subjected to mechanical loading to create emissions and such loading 

can result in permanent damage to the bonded joints. Although conventional ultrasonic 

techniques, which often employ an incident beam normal to the plane of the bond, can 

detect defects such as voids and disbonds, they are not very sensitive to the properties 

of the bond line which constitutes a small fraction of the total beam path length. The 

acousto-ultrasonic (AU) technique provides an alternative approach to acoustic emission 

and ultrasonic methods in the characterization of adhesively bonded joints. 

Recent laboratory studies demonstrated that the acousto- ultrasonic technique can 

be used to provide quantitative information about the mechanical performance of bonded 

joint specimens by correlating the AU stress wave propagation characteristics with the joint 

strength. Williams et al [67] used the technique to evaluate the strength of bonded joints 
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in automotive glass fibre composites, while Kapoor and Prakash [6S] applied the technique 

to evaluate the strength of bonded joints in aluminium. Dos Reis et al [69.70] showed 

a correlation between the peel strength for rubber sheets bonded to steel specimens and 

stress wave factor, which is a parameter measurable by the acousto-ultrasonic technique. 

There are numerous examples of successful applications that show the feasibility of the 

acousto- ultrasonic technique as a means of estimating mechanical strength variations in 

structural composites [4-9] as well as estimating residual strength and degradation from 

cyclic fatigue and impact damage [10,11,71,72]. The technique has also been used to 

evaluate wire rope strength [13], nylon rope tension [73], filler content in wood and paper 

product [74], strength of ceramic materials [75,76], the effect of hydrothermal aging on 

composites [77,78] and porous metal diffusion bond quality [79]. It has been reported that 

the acousto-ultrasonic technique can also be used to detect delaminations, hidden impact 

damage areas or other overt flaws [12]. 

Besides providing quantitative information in the characterization of materials, the 

acousto-ultrasonic technique also offers some practical advantages. The technique requires 

access to only one side of the structure which makes it effective to be used on existing 

in-service materials where two-side accessability and ability to disassemble the structure 

are not possible. Another advantageous aspect of the acousto-ultrasonic technique relative 

to the conventional ultrasonic techniques is its ability to overcome the high attenuation, 

common to most composite structures, because the acoustic emission sensor used as the AU 

receiving transducer provides the necessary sensitivity. In this chapter, the basic principles 

of the acousto-ultrasonic technique in the characterization of adhesively bonded joints are 

described. Factors that may affect the measurement of the acousto-ultrasonic data are 

examined and discussed. 

3.2 Acousto-Ultrasonic Principles 

In the acousto-ultrasonic technique, shown schematically in Figure 3.1, a broadband trans­

ducer is employed to transmit a repetitive series of ultrasonic pulses into the test specimen. 
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A receiving AE transducer is placed on the same side of the specimen at a specific distance 

from the transmitting transducer to intercept the propagating stress waves resulting from 

the injected ultrasonic pulses. Although the transmitting transducer injects longitudinal 

waves normal to the joint specimen surface, the sound waves radiated into the material 

will produce oblique reflections and shear waves [80]. The resultant stress waves which 

consist of longitudinal and transverse components then undergo multiple reflections at the 

boundary surfaces of the specimen and interact with a significant fraction of the bond line 

volume that lies in their path. Thus, they can be affected by those microstructural and 

morphological properties which also determine structural performance. In many situations, 

it is possible to obtain information on mechanical behaviour from stress wave propagation 

data. 

Stress wave propagation can be related to several parameters that are measurable from 

an acousto-ultrasonic waveform in time or frequency domains. The important parameters 

in time domain include signal amplitude, ring-down counts, duration and root-mean-square 

(RMS) amphtude (see Figure 3.2 for a definition of these parameters). Vary [4] defined 

another parameter known as stress wave factor (SWF) which is given by the expression : 

SWF = RGC (3.1) 

where R is the repetition rate of input pulses; G is a pre-determined time interval; and 

C is number of oscillations in the received waveforms which exceed a preselected voltage 

threshold (Ring-Down Count). According to Vary [80], the stress wave factor may also 

be defined in many other ways. The definition given in Equation 3.1 is based directly 

on acoustic emission practice. The formulation of a definition for the stress wave factor 

depends on which features in a waveform are most relevant to a given probe configuration, 

material, or structure geometry. Williams and Lampert [10] used a somewhat different 

approach in calculating the magnitude of the stress wave factor by summing the amplitudes 

of the oscillations in the received waveform. In the present work, this parameter will 

be designated as the "acousto- ultrasonic parameter" or AUP to distinguish it from the 

stress wave factor (SWF). Since the AUP takes into account both ring- down counts and 

the amplitude of the signal, it may be more sensitive to material properties than the 
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conventional SWF. For this reason, the AUP was used as the preferred acousto-ultrasonic 

parameter in the present work. 

Based on the work of Williams and Lampert [10], the following procedure was developed 

to compute the value of the AUP from the acousto-ultrasonic signal. First, the noise level 

was determined and a threshold level was set just above the noise (Vo). Then the total 

number of counts above Vo was determined, the threshold was increased by a small interval 

A Y and the number of counts above the new threshold was found. The difference of the 

two counts was obtained and multiplied by the amplitude at that threshold level. This 

process was repeated until the threshold was equal to or greater than the peak amphtude 

of the waveform. This procedure can be expressed by [81]: 

AUP = f > , ( C , - C , + 1 ) (3.2) 
:=0 

where V{ and C, are the threshold and number of counts at the i th level respectively 

and Vp corresponds to the peak amphtude of the waveform. This procedure is illustrated 

schematically in Figure 3.3. 

Vary [4,80] described the stress wave factor as a relative measure of stress wave energy 

transmission. His hypothesis was that the decrease in stress wave energy flow corresponds 

to the decrease in fracture resistance of materials. Since AUP is a parameter denning the 

stress wave factor, its measurement provides a means of rating the efficiency of stress wave 

energy transmission for a given joint specimen. If the joint specimen demonstrates a more 

efficient stress wave energy transmission (higher AUP value), then it will have higher joint 

strength. Since the AUP provides a relative measurement, it is usually bet ter to normalize 

the AUP value for comparison with the strength variations of the joint specimens. It has 

been found practical to normalize the AUP values with respect to the maximum AUP 

value obtained for these quantities. 

3.3 Factors Affecting Acousto-Ultrasonic Data 

The results of acousto-ultrasonic measurements are affected by several factors which are 

related either to the transducer-specimen attachment configuration or to the settings and 
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characteristics of the transmitting and receiving instruments. The important factors in 

transducer-specimen attachment are : 

(a) the applied pressure on the transducers 

(b ) the type and amount of couplant 

(c) the orientation of transducers 

(d ) the spacing between the transmitting and receiving transducers 

(e) the location of transducers on the specimen. 

A series of experiments was conducted in order to optimize the AU measurement system 

with respect to the above factors and the results are described in the following. 

It has been reported [7] that for repeatable AU measurements, large loads (as much 

as 20 pounds) should be applied to the transducers. In our studies, we found that it was 

not necessary to apply a large load but it was important that the load be applied uniformly 

and with sufficient magnitude in order to eliminate unwanted reverberations within the 

couplant. A specially designed fixture (Figure 3.4) with a spring loading arrangement was 

found to be satisfactory in terms of the magnitude and uniformity of the applied pressure 

required to achieve repeatable AU data. In addition to the applied pressure, the type of 

coupling fluid used between the transducer and the specimen is also important . Among 

several couplants including water, motor oil, vacuum grease, and commercial coupling 

agents such as AET SC-6 and Ultragel II examined, the latter was found to produce 

the most reproducible da ta and was also the best in terms of wetting ability as well as 

simplicity of application and removal. The Ultragel II couplant has the fastest wetting 

ability as can be illustrated in Figure 3.5 which shows that early stabilization of the AU 

measurement with time was achieved when the Ultragel II was used as couplant. Also 

shown in the Figure, the Ultragel II couplant generally provides the highest value of AUP 

for a given joint specimen, thus indicating highest ultrasonic transmission. Other factors 

such as transducer orientation, distance and location were also studied and the optimum 

conditions were determined and implemented in this study. The overall repeatability of 
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AU data using the test fixture was assessed and found to be satisfactory as indicated by 

the standard deviation of eight different trials on a reference specimen reported in Table 

3.1. 

The next step in the system optimization process was to find the best combination of 

transmitting frequency and amphtude gain. The system gain was selected on the basis of 

the sensitivity of the transmitting and receiving transducers and set at a level such that 

the signal to noise ratio was sufficiently high while the maximum signal amplitude was held 

below the saturation level of the receiving instruments. The gain was held constant for all 

measurements. The frequency spectrum of the input pulse and the frequency response of 

the transducers determine the ultrasonic wavelength in the material. The relationship is 

expressed by : 

XD = J (3.3) 

where 

Ap = wavelength 

v = wave velocity 

/ = frequency. 

Vary [4] has reported that optimum conditions for AU measurement occur when the wave­

length is integrally related to the specimen thickness (D) such that resonance effects can 

occur, i.e., 

D = n\D (3.4) 

where n is an integer. From Equations 3.3 and 3.4, one should be able to estimate the 

resonant frequency of the test material, provided that the acoustic velocity in the material is 

known. Figure 3.6 shows a typical waveform with resonant conditions which was measured 

from an adhesively bonded joint in graphite/ epoxy composite specimen. The individual 

wavefronts of the AU waveform shown in the Figure are in phase and there is no overlapping 

between them. Figure 3.7 shows a typical waveform with off-resonant conditions which was 

measured from the same specimen but with different transducers which had the frequency 

response that did not satisfy Equation 3.4. As can be seen in the Figure there were 

overlappings between the individual wavefronts. 
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3.4 Conclusions 

Acousto-ultrasonic technique combines beneficial aspects of acoustic emission and ultra­

sonic technology. It also offers practical advantages such as one-side accessibility and 

overcoming high attenuation problem. 

The conventional stress wave factor (SWF) defined by Vary [4] does not take into 

account the amplitude of oscillations of waveforms. A modified stress wave factor which 

takes into account both ring-down counts and amphtude of the signals was developed 

based on a concept outlined by Williams and Lampert [10]. This factor was named as the 

acousto-ultrasonic parameter (AUP) and was found to be a sensitive indicator. 

For repeatable acousto-ultrasonic measurements, the test conditions and configuration 

such as the pressure applied on the transducers, the coupling medium, the transducer spac­

ing, orientation and location should be carefully selected and optimized. Other important 

factors such as type of transducers and input signals may also affect the AU measurement 

and should be considered. These factors are dependent on the material and geometry of 

the test piece. For example, to obtain a resonant condition in the test specimen, appropri­

ate transducers and input signals in terms of centre frequency and bandwidth are required 

for a particular test material and geometry. All of these test conditions should be kept 

constant during the AU measurements so that comparison of the mechanical performance 

between test specimens can be made. 
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Chapter 4 

FACTORS AFFECTING JOINT 

STRENGTH 

4.1 Introduction 

Before attempting to evaluate the performance of an adhesively bonded joint using acousto-

ultrasonic technique, it is necessary to examine the factors that may affect the joint strength 

measured from the destructive testing. Besides improper bonding or defects that may occur 

in the adhesive, other important factors that may affect the strength of an adhesively 

bonded joint include the joint configuration, the joint dimensions and the properties of the 

adhesive and the adherends. 

Figure 4.1 shows some typical joint configurations which are commonly encountered 

in current engineering practices. Most of the joint configurations are designed to transfer 

load in shear. Of all the various joint configurations and methods of loading, the single lap 

joint loaded in tension has received the most attention from researchers in adhesive joints 

for two reasons. First, the single lap joint is one of the joint designs most commonly used 

in industry. Secondly, it is simple and convenient test configuration for evaluating adhesive 

joints, as may be seen from its common use in the standard test methods (for example, 

ASTM D1002-72). For these reasons, the single lap joint configuration is selected for this 

study. 
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The strength of a given type of joint for a given type of load depends on the stress 

distribution within the joint. This stress distribution depends on the joint geometry, as 

illustrated in Figure 4.2, and the mechanical properties of the adhesive and the adherends 

such as their individual strengths and elastic moduli, and the adhesive stress-strain prop­

erties. The stress distribution within a joint can generally be determined by solving a 

boundary value problem through establishing a series of differential equations to describe 

the state of stress and strain in the joint. In the simple case where the adhesive and 

adherends are all elastic, it may be possible to solve the differential equations for a given 

boundary conditions. These methods become increasingly more difficult to use as non-

linearities arise. However, it is necessary to consider the non-linear adhesive behaviour 

if the joint strength is to be predicted, especially for the structural adhesives which may 

behave as elastic-plastic materials. 

A considerable effort in solving the stress distribution and in predicting the strength 

of the joint has been undertaken by researchers in this field. A review on the theoretical 

analyses of the stress distribution and the strength of adhesively bonded joints has been 

published by Matthews et al [82]. In this chapter, studies on the elastic analysis of the 

stress distribution within a joint are briefly reviewed. Then, by using one of the analytical 

solutions, a parametric study is carried out to examine the effect of joint dimensions on 

the stress distribution in the elastic region. Finally, the elastic- plastic situation when 

the adhesive becomes plastic is considered where a parametric study on the effect of joint 

dimensions upon the joint strength is attempted. 

4.2 Linear Elastic Analysis 

4.2.1 Volkersen's Analysis 

The earliest theoretical stress analysis in a single lap joint was presented by Volkersen [83], 

the so-called shear lag analysis. In this analysis, it is assumed that the adhesive deforms 

only in shear, while the adherends deform only in tension and that there are no peel stresses 

at tr ibuted by the bending of the adherends. By setting up the differential equations of 
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hnear elasticity, Volkersen showed that the shear stress r at any position x along the 

overlap of a joint (Figure 4.2) is given by : 

T8cosh{8{x/l)} 

2/s inh£ V " ; 

where s-im (4-2) 
T = Load per joint width 

Ga = Shear modulus of the adhesive layer 

E = Young's modulus of the adherends 

Volkersen's analysis is unsatisfactory for two reasons. First, there is a bending moment 

applied to the joint in addition to the in-plane tension due to the noncolhnearity of the 

two forces T shown in Figure 4.2. Secondly, As the applied load increases, the adherends 

bend, allowing the joint to rotate . The rotation subsequently alters the direction of the 

load fine in the region of the overlap, thus giving rise to a geometrically non-linear problem 

because the joint displacements are no longer proportional to the applied load. 

4.2.2 Goland and Reissner's Analysis 

An earlier analysis taking bending moment and peel stresses into account was carried out 

by Goland and Reissner [84] who considered two cases in their analysis. In the first case, it 

is assumed that the glue line is extremely thin (Figure 4.2 where h is assumed approaching 

zero) and that both the adhesive and the adherends have the same young's moduli. Thus, 

the deformation of the adhesive is negligible in the stress analysis. 

In the second theoretical approximation of Goland and Reissner, it is assumed that the 

bond line is thin, but its deformation is crucial to the stress distribution in the adhesive. 

In this case, they assumed that the adhesive layer is much less rigid than the adherends 

so that the transverse normal strain and the shear strain in the adherends are negligible 

compared with the corresponding strains in the adhesive. Also, they treated the adherends 

as cylindrically bent plates and the adhesive behaving hke a system of infinitesimal springs 

placed between the two plates. With these assumptions, they derived the shear stress and 
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peel stress distribution in the adhesive given by Equations A.l and A.2, respectively in 

Appendix A. 

They established the quantitative limits for the assumptions they made based on strain 

energy considerations, but later work [85] suggested that the limits were somewhat con­

servative. Sancaktar and Lawry [86] have recently examined the elastic tensile stresses 

using a photoelastic technique and reported a good agreement with the first theoretical 

predictions of Goland and Reissner. Ishai et al [87] confirmed that for joints which behave 

elastically, the second analytical solutions of Goland and Reissner were in good agreement 

with the experimental results for both the shear and tensile stress distributions in the 

adhesive layer. 

4.2.3 Later Work on Elastic Analysis 

The pioneering work of Volkersen and Goland-Reissner had clearly established the basic 

stress distribution in a single lap joint with elastic adherends and adhesive. However, in 

these early analyses, the following assumptions were made : (i) the shear and peel stresses 

were assumed to be constant across the thickness of the adhesive layer; (ii) the shear 

strains in the adherends are neglected; (iii) the longitudinal (in-plane) tensile stresses in 

the adhesive layer cannot always be deduced; (iv) the shear stress was a maximum, and 

not zero, at the overlap ends. Since the end face of the adhesive is a free surface, there can 

be no shear stress on it; (v) the effect of the presence of adhesive spew fillets are ignored. 

Recently, several authors [88-92], using closed-form analytical or finite element analysis, 

have subsequently developed elastic analyses which consider one or several of the above 

factors. However, Kinloch [93] reported that even with the assumptions mentioned above, 

the analytical solutions of Goland and Reissner [84] are relatively accurate. Cooper and 

Sawyer [94] also reported that based on the comparison with finite-element solutions, 

the closed-form analysis of Goland and Reissner was sufficiently accurate to be used in 

qualitative evaluation of the effects of the parametric variations on the shear and peel 

stresses along the mid-plane of the adhesive bond line. In using the theoretical analysis 

of Goland-Reissner, however, Cooper and Sawyer made slight modifications by assuming 
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consistent plate behaviour throughout the derivation and by retaining small terms formerly 

neglected in Goland-Reissner analysis. With the modifications, they then obtained the 

modified shear and peel stress distributions in the adhesive along the bond line which are 

given by Equations A. 13 and A. 14, respectively. 

In their analysis, Cooper and Sawyer [94] also indicated that the closed-form solution 

did not satisfy the adhesive free- edge shear boundary condition (zero shear stress at the 

free edges), but the influence of the free edge was confined to a small region and had 

little effect on the computed value of the shear or peel stress occuring in another larger 

part of the overlap region. In addition, by examining the finite-element solutions to the 

adhesive stress distributions, they found that the assumption of constant shear and peel 

stresses throughout the adhesive thickness was valid over the interior of the lap region but 

deteriorated in the vicinity of the free edges. 

In the present work, the closed-form solutions of Cooper and Sawyer (Equations A. 13 

and A. 14) will be used to examine the influence of the geometric variations on the adhesive 

stress distributions of adhesively bonded specimens used in this study in the elastic region. 

The properties of the materials used in these analyses are given in Table 4.1. 

4.2.4 Effect of Parametric Variations on Stress Distributions 

The single lap joint configuration used throughout this study is adopted from the ASTM 

D1002-72 test specimen used to obtain shear strength properties by tension loading. The 

geometry of the joint is shown in Figure 4.2 with a width ,6, of 2.54 cm. The materials 

that are mainly used for joints in this study are mild steel or unidirectional (0°) carbon 

fibre reinforced plastic (CFRP) for adherends and modified-epoxy (FM300) for adhesive. 

The properties of these materials are given in Table 4.1. 

According to Hart-Smith [98], it is necessary to introduce the bending stiffness pa­

rameter ,kb, in the bending stiffness, D, (Equation A.20) for the filamentary composite 

materials in the theoretical analysis such that it becomes 

r, , Et3 
D = kbm^) ^ 

33 



For all 0° fibres uniformly dispersed throughout the cross sectional area of the adherend. 

which is the case in this study, the value of kb is unity (kb - 1) which is same with that 

for homogeneous metal adherends [98]. 

Using Equations A.13 and A.14, the computed adhesive nondimensional shear and peel 

stress distributions of steel lap joints for various loads are given in Figures 4.3 and 4.4, 

respectively. Using the same equations, the adhesive nondimensional shear and peel stress 

distributions of unidirectional CFRP lap joint can also be obtained as shown in Figures 4.5 

and 4.6, respectively. As can be seen from Figures 4.3-4.6, both the shear and peel distri­

butions of steel and CFRP single lap joints used in this study are quite similar because the 

stiffness of the steel adherends is of the same order with the longitudinal stiffness of the 

CFRP adherends. As the applied load is increased, the shear and peel stress concentra­

tion factors (maximum T/rav and cr/aapv in Equations A. 13 and A. 14) appear to decrease 

slightly and the overall stress distributions do not vary significantly with load. 

Figures 4.7 and 4.8 show the change in the stress distributions due to variation in the 

adhesive thickness. Both shear and peel stress concentration factors show decreasing trend 

with increasing adhesive thickness. On the other hand, as the adherend thickness increases, 

the shear stress concentration factor decreases whereas the peel stress concentration factor 

increases as illustrated in Figures 4.9 and 4.10, respectively. Similarly, increasing the 

overlap length will increase the shear stress concentration factor, but will reduce the peel 

stress concentration factor as depicted in Figures 4.11 and 4.12, respectively. 

4.3 Elastic-Plastic Analysis 

The analysis discussed above considers the adherends and adhesive to behave as elastic 

materials, but most of the adhesives commonly used, especially structural adhesives such 

as modified-epoxy, exhibit elastic-plastic behaviour. Also, according to Matthews et al [82], 

if joint strength is to be predicted, nonlinear behaviour of adhesive should be accounted 

for. Several groups of researchers [98-101] have recently sought to include this behaviour 

in their analyses. The most extensive studies on the elastic-plastic analysis of a single lap 
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joint have been carried out by Hart-Smith [98] who used closed-form analytical solutions 

and developed a computer program for iterative solutions. In this study, the work and 

computer program of Hart-Smith (see Appendix B) will be used to examine the change 

in joint strength due to variation in the geometry of the joint. The computer program is 

based on the analytical solutions of Hart-Smith to be discussed in the next subsection. 

4.3.1 Hart-Smith's Analysis 

Based on the work of Goland and Reissner [84], Hart-Smith first developed an equation 

for adhesive shear stress distribution in the perfectly elastic region, r , given by : 

T = Ai cosh(2A2x) + Bx sinh(2A2a;) + Cx (4.4) 

where 

/j. = Poisson's ratio of the adherends 

and Ai, £?i, and Cx are integration constants. Using appropriate boundary conditions, the 

integration constants are found to be : 

A _ G« 1 r T , 6 ( 1 - ^ 2 ) M 
1 Eth 2X2smh(2\2iy kbt ' { } 

where M0 is the bending moment per unit width in the continuous adherend at the end of 

the joint, which can be expressed by : 

M0 = k2T(t-±^) (4.7) 

where k2 is bending moment factor expressed as : 

k> = TTth? (4-8) 

5 y D 

For a single lap joint with identical adherends, 

Bi = 0 

Ci = ^ { r - ^ s i n h ( 2 A 2 / ) } (4.9) 
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From Equation 4.4. the ratio of average shear stress. ( r,, = T 21) to maximum shear stress 

along the overlap. r^ a x can be found to be : 

Tai
 = , ( 4 . 1 0 i 

T 1 1 M I 3 f c ; ( l - M ; ) n , A o MG 3 / (Et / i ) ) ' - | r 2\2i 1 1 
'max 1 + { 1 H ^ ' U + f J M 4 ( \ 2 ) 2 M,anh(2\2,') l * 

which, for isotropic adherends. reduces to the solution obtained by Goland and Reiss­

ner ;s4]. 

Hart-Smith then extended the analysis to include the plastic region and found that the 

relation between the plastic (->p) and elastic (%) adhesive shear strains is given by : 

2 ( ^ ) = A"{[2A2(1 - - ) + tanh(A2d")]2-tanh2(A2tf)} (4.11) 
I e — 

and the average adhesive shear stress (r a i = T/2I). in terms of plastic adhesive shear stress. 

rp is given by : 

— (2A2/) = 2A2(1 - - ) + tanh(A2<f) + (l - K){X2d - tanh(A2c?)} (4.12) 

where 
A\ cosh(Xid) 

A = — ^ - ^ (4.13) 

and d is the length of the elastic zone in adhesive bond. A computer program is required 

to obtain numerical solutions for Equations 4.11 and 4.12 by eliminating A* and d. 

Hart-Smith also solved for the maximum adherend bending stress adjacent to the bond 

line at the end of the overlap due to the eccentricity in the load path of a single lap joint 

which induces high bending moment in the adherends. The maximum adherend bending 

stress, amax is given by : 

<7mar = <70 l{l+3fr2(l + -7)} (4.14) 

where aav = average normal stress = -j-

1 
ft.2 

f2 
S = 

= 

1 + * / + ^ 
T 
D 
aai 12(1 - /J2)arnax 

crmax kbEt2 .4.15 
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Thus, for a given allowable adherend bending stress,<7ma;E, the associated average stress, 

<rav, must be determined through iteration using the computer program shown in Ap­

pendix B. 

For single lap joints, peel stresses are significant and cannot be ignored, especially at 

the ends of the overlap. Therefore, to accompany his elastic-plastic analysis of the shear 

stresses, Hart-Smith derived solutions for these peel stresses, but assumed only elastic 

behaviour of the adhesive since this was considered to be sufficiently accurate to model the 

adhesive behaviour in peel. The maximum peel stress, (Ty(max), for single lap joints with 

identical adherends is given by : 

' * - > - 2 § ^ T ^ <416> 
where 

Et3hkb 

Ea = Young's modulus of the adhesive 

and in normalized form, 

X - « ^ > (4.H) 

^ - ^ i H S F ^ 
where 

T 
'» = 7 

4.3.2 Effect of Parametric Variations on Joint Strength 

(4.19) 

In this subsection, the effect of geometric variations on the strength of the single lap joints 

employed in this study will be examined using Hart-Smith's computer program shown in 

Appendix B. The use of Hart-Smith's computer program in the elastic-plastic analysis 

requires the information about the dimensions of the joint and the material properties 

which are described in Section 4.2.4 and given in Table 4.1. The ratio of the adhesive 

plastic to elastic shear strains, 7P/7e, given in Table 4.1 is determined by using Hart-

Smith's elastic-plastic model [102]. The model is constructed in such a way that the total 

area under the modelled shear stress-strain curve is equal to that under the true shear 

37 



stress-strain curve as illustrated in Figure 4.13. The shear stress-strain property of FM300 

adhesive is measured using the thick-adherend shear test [97]. 

There are three potential failure modes predicted by Hart- Smith's computer program, 

namely, adhesive failure by shear, adhesive failure by peel and adherend bending failure. 

The computer program produces three strength values and the lowest strength value will 

be the predicted failure mode. However, in the results to be shown, the main concern is 

to determine the relative changes of these strengths with respect to the changes in the 

dimension of the joint. 

It is evident from Figure 4.14 that as the thickness of the adhesive layer increases, the 

shear strength of the joint determined from Hart-Smith's computer program will increase 

to a limit reaching the maximum shear strength of the adhesive. This is agreeable with 

the elastic analysis which shows that the stress concentrations decrease with increasing 

adhesive thickness as illustrated in Figure 4.7. However, it has been shown [93] that by 

including adhesive plasticity under shear loading in the analysis, it may decrease the stress 

concentrations substantially, and thus increase the estimated joint strengths, compared 

with a purely elastic analysis. Figure 4.15 shows the effect of elastic- plastic behaviour of 

the adhesive on the stress distribution in a single lap joint. As illustrated in Figure 4.9, 

the elastic shear stress concentrations near the ends of the overlap decrease with increas­

ing adherend thickness. Since lower stress concentrations in the joint means that higher 

joint strength will be obtained, it is expected that the shear strength will increase as ad­

herend thickness increases as depicted in Figures 4.16 and 4.17 for adhesive thicknesses 

of 0.076 mm and 0.229 mm, respectively. Also shown in Figures 4.16 and 4.17 that the 

joint shear strength decreases with increasing overlap length. At first sight of the shear 

results shown in Figures 4.16 and 4.17, one might be led to select the minimum overlap 

necessary to carry the design load safely. However, if too short an overlap length is chosen 

high stresses will occur in the centre of the overlap upon loading and short overlap will 

make the joint more susceptible to creep and environmental attack [93]. 

One of the major concerns in designing a single lap joint is the peel stresses that exist 

in the joint. Designers usually at tempt to reduce the peel stresses, thus allowing the 
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joint to develop the full shear strength of the adhesive or, better yet, the full strength of 

the adherends outside the bonded joint. For joints with filamentary composite material 

adherends, the joint may fail by peel either in the adhesive or in the adherend, depending 

on whether the peel strength of the adhesive or the interlaminar strength of the composite 

material is greater. For the materials used in this study as specified in Table 4.1, the 

interlaminar or transverse tensile strength of CFRP ( = 60.0 MPa) is smaller than the 

maximum peel strength of the adhesive ( = 70.0 MPa) . Thus, if the joint is to fail by 

peel, the failure will more likely occur in the adherend and accordingly, the lower strength 

value of the adherend should be entered for peel strength computations in the computer 

program [98]. Figure 4.18 shows that similar to the shear strength, the joint peel strength 

increases with increasing adhesive thickness. However, unlike the shear strength, the peel 

strength decreases as the adherend thickness increases and as the overlap length decreases 

as displayed in Figures 4.19 and 4.20 for adhesive thickness of 0.076 mm and 0.229 mm, 

respectively. Thus, in order to minimize the peel stresses in a single lap joint, a long and 

thin overlap should be employed. Besides this, Hart-Smith [103] suggested the use of local 

tapering of the adherend at the ends of overlap to improve the peel strength of a single 

lap joint. 

Figure 4.21 shows the change in the adherend bending strength due to variation in 

the adherend thickness for different overlap lengths. As can be observed in the Figure, 

the adherend bending strength decreases with increasing adherend thickness and with 

decreasing overlap length. The adherend bending strength of a joint do not vary with the 

thickness of the adhesive layer. The adherend bending strength of steel or C F R P lap joints 

used in this study is not a major concern because it is much greater than shear or peel 

strength of the adhesive. The adherend bending strength should be considered only for 

joints with long overlap length and very thin adherends. 
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4.4 Conclusions 

Factors affecting joint strength include the joint configuration, the joint dimensions and 

the properties of the adhesive and the adherends. Theoretical analysis can be used to 

study the effect of these factors on the joint strength. Elastic analysis is used to study the 

influence of these factors upon the stress distributions in the joint subjected to sufficiently 

low loads for the adhesive and the adherends to behave as elastic materials. However, 

most of the structural adhesives commonly used today exhibit elastic-plastic behaviour 

and the adhesive or the adherends of a joint may become plastic when it is subjected to 

high loads. Thus, the elastic-plastic analysis is required to examine the effect of geometric 

and/or material variations to the joint strength. 

Theoretical predictions show that with all other factors kept constant, both the shear 

and peel strength of a single lap joint increase with increasing adhesive thickness. On the 

other hand, as the thickness of adherend increases, the joint shear strength increases, but 

the peel strength decreases. Likewise, as the overlap length of the joint increases, the shear 

strength decreases, but the peel strength increases. 
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Chapter 5 

CHARACTERIZATION OF 

ADHESIVELY BONDED JOINTS 

IN COMPOSITES 

5.1 Introduction 

The application of adhesively bonded joints in structural components made of fibre rein­

forced composite materials as replacements for conventional mechanical joints has increased 

significantly in recent years. Mechanical fasteners such as bolts or rivets result in the cut­

ting of fibres and the introduction of stress concentrations, both of which reduce structural 

efficiency. In addition, bonded joints have potential advantages in strength-to-weight ra­

tio, design flexibility and ease of fabrication as mentioned earlier in Section 1.1. However, 

during fabrication of an adhesively bonded joint, physical discontinuities such as voids and 

unbonds can easily occur in the joint. As mentioned in Section 1.2, voids in the joint 

are either due to insufficient adhesive being applied or to the presence of foreign matter. 

Unbonds, on the other hand, are often due to the adhesive being applied to one adherend 

only and unevenly resulting in a gap between the adhesive and the adherend. Unbonds 

may also be introduced in the joint due to poor surface preparation or failure in removing 

completely the manufacturer's adhesive backing film. This physical discontinuity is usu-
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ally termed "zero-volume" unbond (Figure 1.1) as there is no gap between the adhesive 

and the adherend, but there is no bonding between them. All of these discontinuities may 

adversely affect the structural performance of the joint. In the event of the absence of phys­

ical discontinuities, the performance of bonded joints can also be affected by poor cohesive 

strength of the adhesive. Poor cohesive strength can be at tr ibuted to the effects of many 

factors such as improper cure, moisture, temperature, aging of the adhesive, etc. Thus, 

it is essential that nondestructive evaluation (NDE) methods be available to ensure that 

the structural performance of the bonded joint meets design and service requirements. As 

discussed in Chapter 2, the majority of nondestructive testing (NDT) techniques available 

today can readily detect physical discontinuities in the joint in terms of their location and 

sizes, but few techniques can provide quantitative information on the overall performance 

of the joint. Acousto-ultrasonic techniques, as discussed in Chapter 3, have the ability of 

providing quantitative information on the overall performance of adhesively bonded joints 

by correlating acousto- ultrasonic parameter (AUP) with the ult imate shear strength of 

the joint. This chapter provides the experimental results on the characterization of single 

lap joint composite specimens using acousto-ultrasonic as well as destructive tensile shear 

testing techniques. The effect of physical discontinuities such as void and unbond [81], as 

well as the effect of adhesive aging before bonding on the overall performance of the joint 

will be examined and evaluated. 

5.2 Experimental Procedure and Apparatus 

5.2.1 Material and Test Specimens 

A composite single lap shear test specimen configuration was adopted from ASTM stan­

dard D1002-72 for the purpose of the present investigation. Six panels of 30 x 30 x 0.3 

cm were made from 24 plies of Nannco IM6/5245C graphite/epoxy unidirectional prepreg 

material layed up in a (0°)24 configuration and cured at 178°C and 690 K P a per suppliers 

recommended cure cycle. After cure, the panels were inspected by ultrasonic C-scan to 

ensure that no significant defects were present. The panels were surface pretreated for 
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bonding by sanding the overlap area with coarse sand papers. Two types of physical dis­

continuities, namely, voids and unbonds were introduced in the joint to produce variations 

in the joint strength. 

For specimens with voids, the panels were cut in half perpendicular to the fibre direc­

tion, and bonded together with a 2.5 cm overlap using American Cynamid FM300 film 

adhesive cured at 178°C and 310 KPa. Voids were created in the joint area by remov­

ing part of the adhesive in the centre of the film before bonding. After cure, the panels 

were inspected again in the C-scan system and the void areas were mapped. Figures 5.1 

and 5.2 show the C-scan results for specimens with voids. The panels were then cut into 

test coupons 2.5 cm wide and 22.5 cm long. Five specimens were prepared with end tabs 

(type A) of similar thickness and material to the specimen to place the load axis in the 

same plane as the overlap area. The rest of the specimens were tested without end tabs 

(type B). The specimen types and geometries are illustrated in Figure 5.3. A total of 16 

specimens was fabricated with this procedure. 

For specimens with unbonds, the panels were first cut into strips of 12.5 x 2.5 x 0.3 cm. 

Two strips were then bonded together with a 2.5 cm overlap using the same adhesive and 

curing procedures used for the case of the specimens with voids. Zero- volume unbonds 

(see Figure 1.1) were created in the joint by contaminating the surface of the adherend 

with grease in the centre of the joint area before bonding. The bonded test coupons were 

then inspected again using the C-scan ultrasonic system and the unbond area was mapped 

as shown in Figure 5.4. A total of 10 specimens was fabricated with this procedure. 

To study the effect of adhesive aging on the joint strength, the following procedure 

was followed. The FM300 adhesive film were aged at room temperature for periods of 3 

to 8 weeks. After the aging, the composite panels were cut in half perpendicular to the 

fibre direction, and bonded together with a 2.5 cm overlap using three layers of the aged 

adhesive film with the cure procedures mentioned earlier. The bonded panels were then 

inspected again using the ultrasonic C-scan technique for any flaws. The C-scan results 

showed no flaws and no differences among the panels including the control panel (the panel 

with no adhesive aging). Five specimens were fabricated for each period of adhesive aging. 
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Accordingly, a total of 35 specimens was prepared for this investigation. 

5.2.2 Acousto-Ultrasonic System 

A schematic diagram of the acousto-ultrasonic system used in this experiment is shown in 

Figure 5.5. An ultrasonic instrument (Automation Industries S80) was used to generate 

the input signals which, after passing through a repetition controller and reset timer, ex­

cited a broadband transmitting transducer (AET FC500) with 500 KHz centre frequency. 

At a fixed distance away, a receiving acoustic emission transducer (AET AC375L) was used 

to intercept the stress waves. Both transducers were coupled to the surface using ultragel 

II coupling fluid. The stress waves received by the receiving transducer were amplified 

by 40 dB using a preamplifier and 125-1000 KHz bandpass filter (AET Model HOB) and 

processed in real time by a standard acoustic emission instrument (AET 5000 system). 

The signal characteristics such as peak amplitude, ring-down count, duration and energy 

(Figure 3.2) were computed, displayed and stored on floppy disks. A representative wave­

form from the AU signal was digitized using a universal waveform analyser (Analogic 

Data 6000), equipped with a two-channel 36 MHz plug-in unit (Analogic Model 630), 

and stored on floppy disks (Analogic 681 disk drive) for further analysis in the time and 

frequency domains. 

To obtain reproducible AU data, the fixture shown in Figure 3.4 was used to hold 

the transducer on the test specimen. Hence, the transducer location and orientation as 

well as the pressure applied to the transducers were adjusted and maintained constant so 

that the received signals were repeatable during the AU measurements. For repetitive AU 

measurements, the transducers were first removed completely from the specimen. After 

cleaning the transducers and the specimen, the transducers were then coupled back to the 

specimen with the newly applied coupling fluid. 

In the test configuration used in the present work, the transmitting transducer injects 

longitudinal ultrasonic waves normal to the fibres of the composite adherends in the joint 

section. Accordingly, taking v = 2.5 km/s as the longitudinal velocity of graphite/epoxy 

laminate in the direction perpendicular to the fibres [104] and D = 6.7 mm as the thickness 
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of the joint, resonance conditions according to Equation 3.4 should occur in the joint 

area at a frequency of about 373 KHz. This frequency is in the bandwidth range of 

both the transmitting and receiving transducers employed in this investigation, and hence 

optimum conditions for AU measurement should be achieved as explained in Section 3.3. 

The frequency response of the transmitting transducer (AET FC500) and the receiving 

transducer (AET AC375L) are illustrated in Figures 5.6 and 5.7, respectively. 

5.2.3 Mechanical Testing and Fractography 

After completion of the acousto-ultrasonic measurements, specimens were loaded in tension 

to failure in a universal testing machine (Instron Model 1125) using a cross-head speed 

of 0.5 mm/min . Wedge grips were used to hold the specimen during loading. The gripping 

length at each end of the specimen was approximately 2.5 cm. The load was recorded as 

a function of the cross-head displacement on a chart recorder and also stored along with 

AU data on the AET 5000 floppy disks. After failure, the fracture surfaces were examined 

using an optical microscope to determine the failure modes and the void or unbond area 

on each specimen was measured. 

5.3 Experimental Results and Discussions 

5.3.1 Specimens with Voids 

The typical input signal to the transmitting transducer is shown in Figure 5.8. The acousto-

ultrasonic waveforms in the time domain and corresponding frequency spectra for typical 

bonded specimens without and with void are illustrated in Figures 5.9 and 5.10, respec­

tively. These Figures clearly show that AU signals are highly dependent on the bond 

condition both in terms of signal intensity and frequency content. In Figure 5.11, the nor­

malized AU parameter (AUP/maximum AUP) is plotted against the joint shear strength 

(fracture load divided by the overlap area). The AUP values represent the average of 8 

measurements on each specimen taken from one side of the specimen. As seen in this 
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Figure, a good correlation exists between the acousto-ultrasonic parameter and the shear 

strength of the composite joint indicating the potential of the AU technique for the joint 

strength prediction. A correlation factor of 0.88 was obtained by fitting a straight line 

through the data points using the least squares method. A correlation factor of 0.83 has 

been reported by Dos Reis and Kautz [70] for peel strength in rubber sheet bonded to steel 

plate. From Figure 5.11, an estimate of strength of an unknown bonded joint can be made 

based on AU results provided that the material and geometry of the joint as well as the 

AU test conditions are exactly the same with those used to establish the correlation line. 

The frequency spectra of the acousto-ultrasonic waveforms can be used to indicate the 

presence of voids in the joint as can be shown in Figure 5.12. When there is no voids 

present in the joint, the frequency spectrum of the waveform consists of one peak only 

occurring at the frequency of about 350 KHz, which is the resonant frequency of the 

receiving transducer. At the presence of voids, other peaks, occurring at lower frequencies, 

would start to appear in addition to the peak at the resonant frequency (see Figure 5.12). 

The examination of fracture surfaces revealed that a large area of void does not nec­

essarily correspond to a low shear strength. As shown in Figure 5.13, it is difficult to 

obtain a correlation between the strength of the joint and the size of void area. This is 

due to the fact that not only the size but also the shape and location of the void area 

as well as other factors may affect the strength of the joint. Wang et al [105] were also 

not able to find a direct relation between the void size and the fracture load of single 

lap-shear aluminium joints. In the specimens used in this experiment, there were basically 

two types of voids, namely, across the joint and at the edge of the joint. The location of 

the void areas in all specimens were approximately in the middle of the overlap length. 

Figures 5.14 to 5.16 show typical fracture surfaces of specimens without void, with voids 

across the joint, and at the edge of the joint, respectively. Generally, a mixed mode failure 

occurred consisting of cohesive failure in the adhesive, interfacial failure and fibre pull-off. 

At higher magnification, fine fibreglass felt in the adhesive and the presence of microvoids 

were observed in the regions of cohesive mode failure (Figures 5.14(b) to 5.16(b)). Fibre-

glass felt is commonly used for controlling the thickness of adhesive layer. The interfacial 
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failure occurred primarily at the overlap ends of the joint and around the void area (Fig­

ures 5.14(c) to 5.16(c)). The most probable site for cracks likely to grow and hence initiate 

failure was at the interface between the adhesive and the adherend [106]. Accordingly, it 

suggests that the failure of the specimens most likely initiated at the the overlap ends and 

around the void area where interfacial failure occurred, and the crack would then neces­

sarily propagate into the adhesive. The interfacial failure at the overlap ends is associated 

with the high peel and shear stresses that occur at the ends of the overlap as shown in the 

stress distributions for an ideal single lap joint (Figures 4.3 to 4.12). The high peel stress 

at the overlap ends may be due to the adherend bending caused by the eccentric load 

path in this type of specimen. Bonding end tabs to the specimens (type A) may reduce 

the adherend bending and generally lead to a higher ultimate strength. However, due to 

factors such as the presence of void areas, end tabs in this case (type A) did not improve 

the ultimate strength to any noticeable degree. Table 5.1 summarizes the fractographic 

results and gives the failure modes of each specimen along with the type and size of the 

void area as well as the shear strength. 

5.3.2 Specimens with Unbonds 

Figures 5.17 and 5.18 show acousto-ultrasonic waveforms in the time domain for typical 

bonded joint specimens without and with unbond, respectively. As shown in the Figures, 

the AU signal levels between these two types of specimens do not vary as considerably 

as those between the specimens without and with void as shown in Figures 5.9 and 5.10, 

respectively. This is expected because those specimens with voids contain greater volume 

of air which would at tenuate acousto-ultrasonic waves than those without voids, resulting 

in reduced AU signals received at the receiving sensor. Figure 5.19 shows the correlation 

between the normalized AUP and the joint shear strength (fracture load/overlap area) 

with a correlation factor of 0.94 obtained using the least squares method. The AUP data 

was normalized for the effect of variation in adherend thickness (range from 3.02 to 3.53 

mm) and with respect to the maximum AUP for the given da ta in order to obtain a relative 

measure of AUP In this regard, the AUP data measured on the joint area were divided 
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by the AUP value measured on the adherend of the specimen away from the overlap area 

and then by the maximum value of AUP for the given data. The value of normalized AUP 

in the Figure represents an average of 4 measurements on each specimen. As illustrated 

in Figure 5.20. the AUP value measured on the adherend of the specimen reduces as the 

adherend thickness increases. This could be due to the change in the pa th of the wave 

propagation in the composite adherends and also to the change in the ratio of fibre to resin 

volume which resulted from the fabrication process. 

Similar to the specimens with voids, the frequency spectra of the acousto-ultrasonic 

waveforms show variation due to the presence of unbonds in the joints (Figure 5.21). In the 

absence of unbonds (well bonded), the frequency spectrum of the waveform shows a major 

peak occurring at about the resonant frequency of the receiving transducer (approximately 

360 KHz), but as the unbond size increases, there are additional peaks appearing at higher 

frequencies than the resonant frequency of the receiving transducer. 

The fact that the unbond size is not the only factor that affects the joint strength can 

be illustrated in Figure 5.22, which shows no correlation between the unbond size and 

the joint strength. As explained in Section 5.3.1, the joint strength depends on many 

other factors such as the shape and location of the unbonds, and also the stiffness of 

the composite adherends which may vary due to variation in the ratio of fibre to resin 

volume. Examination of the fracture surfaces revealed that there was generally a mixed 

mode of failure consisting of cohesive failure in the adhesive, interfacial failure at the free 

edges between the adhesive and the adherend, fibre pull-off, and interlaminar failure in 

the first few plies of the composite adherend near the adhesive (see Figure 5.23). It was 

observed that for joints with predominantly interlaminar failure mode, the joint strength 

generally tends to be lower. Table 5.2 provide the summary- of the mechanical testing and 

fractographic results as well as the unbond size and the thickness of the adherend. 

5.3.3 The Effect of Adhesive Aging 

Since variation in adhesive thickness may affect the AU measurement and the joint strength 

(see Section 4.3.2), it is important to determine the adhesive thickness of each specimen be-
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fore attempting to evaluate the performance of the joint specimens. The adhesive t:nc-<ness 

v. as measured with an optical microscope and by using the ultrasonic C-scan pulse-echo 

method (see Section 2.2.1). Using the transducer frequency of 10 MHz and the signal 

processing unit (DATA 6000 in Figure 5.5). it was possible to separate the echoes a; the 

interfaces of the joint specimen. Figure 5.24 illustrates a typical ultrasonic pulse-echo 

signal showing the front and back echoes of the top and bot tom of the adherends. By 

using the acoustic velocity in the epoxy as 2.4 k m / s 107] and taking half of the time delay 

difference between echoes 2 and 3 shown in Figure 5.24. the adhesive thickness of the joint 

can be deterrnined. Both measurements of adhesive thickness by ultrasonic pulse-echo 

technique and optical microscope show good agreements as can be seen in Figure 5.25. 

The AU results were affected by the variation in adhesive thickness as shown in Fig­

ures 5.26(a) and (b) for two representative groups of specimens. As can be seen in these 

Figures, the AUP which is supposed to be constant for a given group of specimens increases 

linearly with increasing adhesive thickness for each group of the specimens. Accordingly, 

the AUP values were normalized with respect to the variation in adhesive thickness. In 

this regard, the AUP value obtained for a given specimen was divided by the adhesive 

thickness of the specimen, and then by the mayi-mum AUP for the given da ta in order to 

obtain a relative measure of the AUP. Hence, the normalized AUP can be expressed as : 

AUP 
Normalized AUP = " " (5.1) 

" U • narm(n-.ir) 

where 

. . . _ _ AUP measured for a given specimen 
norm Adhesive thickness of the specimen 

AUPnormfmax) = Maximum value of the quantity for the given data 

The change in normalized AUP (Equation 5.1) with increasing time of adhesive aging is 

shown in Figure 5.27. The Figure shows the scatter of five data points for each group and 

the average value of the data points. As indicated in Figure 5.27. the acousto- ultrasonic 

parameter of the specimens generally shows a reduction with increasing aging time. 

The effect of adhesive thickness on the joint strength can be analysed by using the 

elastic-plastic analysis described in Section 4.3 and the computer prosram shown in Ap-
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pendix B. Using this computer program, the joint failure mode predicted in this investi­

gation is hkely to be by peel and the effect of adhesive thickness on the joint peel strength 

was obtained as shown in Figure 4.18. Thus, from the data shown in Figure 4.18, it is 

possible to determine the relative change in the joint strength due to variation in adhesive 

thickness. The joint strength measured from the destructive test was then normalized with 

respect to this relative change in the joint strength to eliminate the effect of variation in 

adhesive thickness. Accordingly, the normalized joint strength for each specimen can be 

expressed as : 

Normalized joint strength = ^^— (5-2) 
'norm(max) 

where 

Tnorm = " ^ (5.3) 

A is the actual joint strength obtained from destructive test for a specimen with a given 

adhesive thickness; R is the joint strength determined from the computer program in 

Appendix B for the given adhesive thickness; and rn o r m(m o x) is the maximum value of the 

quantity in the given data. 

Figure 5.28 shows the change in the normalized joint strength expressed in Equation 5.2 

as a function of aging time of the adhesive film. The scatter and the average value of the 

five data points of each group is shown in the Figure. As the aging time of the adhesive 

increases, the joint strength is expected to decrease because for an extended period of 

aging, the adhesive film becomes more polymerized and does not convert to the fluid during 

the curing process and therefore bond formation will not be effective [33]. However, as 

illustrated in Figure 5.28, the joint strength shows a reduction of only about 15% for the 

aging time of 8 weeks in room temperature. This relatively small reduction in strength 

with aging time could be due to the fact that the adhesive used in this study was a high-

temperature curing adhesive. At room temperature, which is below the glass transition 

temperature of the adhesive, slow cure of the adhesive would take place [108]. 

Comparison between Figures 5.27 and 5.28 indicates that both the acousto-ultrasonic 

evaluation and the destructive testing results of the specimens with aged adhesive exhibit 

a similar trend with aging time. Figure 5.29 shows a plot between the normalized AUP 
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and the normalized joint strength. From the plot, a correlation factor of 0.S3 was obtained 

by using the least squares method. 

Fractographic examination of the fracture specimens shows that the failure modes were 

predominantly cohesive failure in the adhesive and interlaminar failure in the composite 

adherend with some fibre pull-off and interfacial failure. Figure 5.30 illustrates the differ­

ent modes of failure observed for the joint specimens used in this study. There was no 

significant trend of the failure mode that could be related to the adhesive aging time, but 

it was observed that specimens with longer period of adhesive aging tend to have relatively 

more interfacial failure. 

5.4 Conclusions 

The shear strength of single lap joint composite specimens with introduced voids or un­

bonds has been evaluated using the acousto-ultrasonic and destructive shear testing tech­

niques. Good correlations were found between the acousto-ultrasonic parameter (ALP) 

and the shear strength of the joint specimens. This indicates that the shear strength of 

a single lap joint can be estimated nondestructively using acousto-ultrasonic technique 

provided that the measurement system is calibrated for material and geometrical varia­

tions. Acousto-ultrasonic technique can also be used to indicate the presence of voids and 

unbonds in a joint by examining the frequency spectra of the acousto- ultrasonic wave­

form. Poor correlations were found between the joint shear strength and the size of void 

or unbond. 

The effect of adhesive aging on the strength of the composite joint specimens has also 

been evaluated using the acousto-ultrasonic nondestructive and destructive shear testing 

techniques. The adhesive thickness of the joint specimens were determined by using ultra­

sonic pulse-echo and optical microscope methods. Both methods showed good agreements 

in the measurement of adhesive thickness. Since variation in the adhesive thickness af­

fected both the AUP and the joint strength, they were normalized with respect to the 

variation. It was found that the normalized AUP correlated well with the normalized joint 
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strength. The correlation suggests that the strength of a joint with aged adhesive can be 

nondestructively assessed in a quantitative manner using the acousto-ultrasonic technique. 

The failure modes of adhesively bonded joints in composites generally consisted of 

cohesive failure in the adhesive, interfacial failure, fibre pull-off and interlaminar failure. 

The interfacial failure mode generally occurred at the free edges of the joint specimens 

and around the void areas. It was observed that the joint specimens with more interfacial 

failure tend to have lower joint strength. 

52 



Chapter 6 

EVALUATION OF STEEL 

BONDED JOINTS AT ELEVATED 

TEMPERATURES 

6.1 Introduction 

One of the limitations in using adhesively bonded joints in structural components, as ex­

plained in Chapter 1, is that the mechanical performance of the joints during its service 

may be adversely affected by exposure to the environmental conditions such as moisture 

and high temperature. It has been found that the strength of adhesively bonded joints de­

teriorates rapidly during exposure to high temperature environments [109]. It has also been 

shown that bonded joints do not regain their initial strength after they have been exposed 

to elevated temperatures especially when the temperature approaches the glass transition 

temperature of the adhesives [57]. The degradation in strength is greater when the joints 

are exposed repeatedly to elevated temperatures. As a result, structural components with 

adhesively bonded joints are often restricted to applications where temperatures remain 

within a range that is tolerable to the adhesive. However, such components may inadver­

tently be exposed to elevated temperatures in situations such as mechanical overheating 

or fire. Thus, it is important that nondestructive evaluation (NDE) methods be available 
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to ensure that the structural performance of the bonded joints is not compromised by 

environmental effects over the service life of the structure. 

As discussed in previous chapters, most of the NDE techniques currently available are 

sensitive to physical defects in materials but few techniques can provide information on 

those intrinsic material properties that affect structural performance. In the case of evalu­

ating bonded joints subjected to elevated temperatures, there is no physical discontinuities 

to be detected. Thus, most NDE techniques usually used as detectors of physical discon­

tinuities are ineffective in this case. Acousto- ultrasonic techniques, on the other hand. 

can provide quantitative information on those intrinsic material properties that affect the 

mechanical performance of the joint, hence will be found useful in this study. It has been 

demonstrated that the acousto-ultrasonic techniques can be used in the nondestructive 

evaluation of the shear strength of adhesively bonded joints in aluminium [6S] and the 

shear strength of the adhesive bond between rubber and steel plates [70]. In the previous 

chapter, good correlations were found between the acousto-ultrasonic parameter and the 

shear strength of single lap joint composite specimens containing voids or unbonds. 

In this chapter, the experimental results obtained using acousto-ultrasonic as well as 

destructive tensile shear testing techniques in the characterization of single lap steel spec­

imens are presented. Thermal degradations of the bonded specimens were achieved by 

subjecting the specimens to progressively increasing temperatures or to cyclic thermal ex­

posure [110]. Acousto- ultrasonic evaluation of the specimens was carried out by analysing 

the acousto-ultrasonic signals in time and frequency domains. An analysis of wave prop­

agation through the adherend- adhesive system, which supports the experimental data, is 

also discussed. 

6.2 Experimental Procedure and Apparatus 

6.2.1 Material and Test Specimens 

The single lap shear test specimen configuration was adopted from ASTM standard D1002-

72 for the purpose of the present investigation. A plain carbon (AISI-SAE 1020) steel 
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strip 25.4 mm wide and 3.0 mm thick was cut into test coupons of 127.0 mm in length. 

The steel test coupons were then ground and sanded to remove sharp edges and to ensure 

that surfaces were flat. The steel surfaces were then sandblasted to remove inactive oxide 

and hydroxide layers and to obtain an increased effective surface area for adhesion. After 

sandblasting, the steel bars were degreased by immersing them in chloroethane solvent 

for about 30 minutes and brushing the surfaces with the solvent. As soon as the steel 

bars were removed from the solvent, they were bonded together with a 25.4 mm overlap. 

American Cynamid FM300 modified epoxy adhesive film with a cure process of 3 hours 

at 177°C and 600 KPa was used for bonding. The adhesive film has a service temperature 

range of -55°C to 150°C [111]. An adhesive thickness of 0.05 m m in the joint area was 

obtained by separating the two adherends with aluminium shims of that thickness during 

the cure process. 

A total of 24 specimens were prepared for the present investigation. To evaluate the 

effect of temperature variation on the AUP and joint strength, three specimens were used 

for measuring the change in AUP with increasing temperature and 15 specimens were 

loaded in tension to failure at 5 different temperatures (30, 60, 90, 120, and 150°C) with 

three specimens tested at each temperature. In order to evaluate the effect of cyclic thermal 

exposure on the AUP and joint strength, three specimens were exposed repeatedly to 

temperature of 150°C for about 1 hour and then cooled down to the room temperature. 

These three specimens were evaluated by comparing with three as-fabricated specimens 

using acousto- ultrasonics and destructive shear testing. 

6.2.2 Acousto-Ultrasonic Measurement Apparatus 

A schematic diagram of the acousto-ultrasonic system arrangement used to evaluate steel 

specimens at room and elevated temperatures is shown in Figure 6.1. An ultrasonic in­

strument (Automation Industries S80) was used to generate the input signals which, after 

passing through a repetition controller and reset timer, excited a broadband transmitting 

transducer (AET FC500, frequency range of 0.1 to 2 MHz with 0.5 MHz nominal cen­

tre frequency). At a fixed distance away, a receiving acoustic emission transducer (AET 
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AC1000, 1 MHz nominal centre frequency) was used to intercept the stress waves. The 

stress waves received by the receiving transducer were amplified by 40 dB using a pream­

plifier (AET Model HOB, equipped with a 0.125 to 2 MHz bandpass filter) and processed 

in real time by a standard acoustic emission instrument (AET 5000 system). The sig­

nal characteristics such as peak amplitude, ring-down count, duration and energy were 

computed , displayed and then stored on floppy disks. A representative waveform from 

the AU signal was digitized using a universal waveform analyser (Analogic DATA 6000) 

equipped with a two-channel, 36 MHz plug-in unit (Analogic Model 630) and stored on 

floppy disks (Analogic 681 disk drive) for further analysis in the time and frequency do­

mains. The room-temperature AU measurements were carried out using a spring-loaded 

fixture shown in Figure 6.1(a) which maintained a constant pressure and a fixed distance 

between the centres of the transducers for improved reproducibility. In this way, the AU 

signals obtained from one specimen could be evaluated with respect to other specimens. 

The transducers were coupled to the surface of the specimen using Ultragel II coupling 

fluid. A total of four measurements were taken on each specimen. 

The AU measurements at high temperatures were carried out using a different trans­

ducer-specimen arrangement as illustrated in Figure 6.1(b). In this case, an ultrasonic 

probe (Gamma Aerotech, 2.25 MHz nominal centre frequency) was used as the transmit­

ting transducer and a resonant acoustic emission sensor (AET AC 1000, 1 MHz nominal 

centre frequency) was used as a receiving transducer. The transducers were coupled to 

the specimen with constant force clamps that provided sufficient pressures for transducer-

specimen coupling without the need for coupling fluid which was ineffective at elevated 

temperatures. Heat was applied locally to the joint area using a hot plate, but due to 

heat conduction, the adherends and the transducers also experienced somewhat elevated 

temperatures. The temperature difference between one side of the specimen and the other 

side in the joint region was less than 1°C. AU measurements were taken on each specimen 

while heated from 30°C to 150°C at 10°C intervals and the data were normalized with 

respect to the results obtained at 30°C. 

For the configuration used in the present tests (Figure 6.1), longitudinal ultrasonic 
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waves were injected by the transmitting transducer into the joint specimen. Accordingly, 

taking v = 5.90 km/s as the longitudinal velocity of steel [107] and D = 6.0 mm as the 

thickness of the joint, resonance conditions should occur in the joint area at frequencies 

of about 0.98 MHz for n = 1 and 1.96 MHz for n = 2 (Equation 3.4). These frequencies 

are in the bandwidth range of the transmitting and receiving transducers utilized in the 

present investigation. 

6.2.3 Mechanical Testing and Fractography 

After completion of the acousto-ultrasonic measurements, specimens were loaded in tension 

to failure in a universal testing machine (Instron Model 1125, equipped with a model 3111 

environmental chamber). Wedge grips were used to hold the specimen during loading. The 

specimen was placed inside the chamber and heated up to the desired temperature which 

ranged from 30°C to 150°C in 30°C intervals. The load was applied at a cross-head speed 

of 0.2 mm/min after the test temperature had been maintained for at least 10 minutes. 

After failure, the fracture surfaces were examined using an optical microscope to determine 

the failure modes. 

6.3 Experimental Results 

6.3.1 Effect of Change in Temperature 

The change in normalized AUP with increasing temperature of the adhesively bonded 

specimens is shown in Figure 6.2. The value of normahzed AUP in the Figure represents 

the average of measurements on three specimens and the range of scatter in the data is 

indicated by vertical lines. The AUP data shown in Figure 6.2 had been compensated for 

the effect of temperature variations on the adherends and the transducers. The compen­

sation was accomplished by dividing the AUP data obtained for adhesively bonded joint 

specimens by those measured under the same test conditions for a specimen consisting of 

only the adherend material. As indicated in Figure 6.2, the acousto- ultrasonic response 
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of the bonded steel specimens generally decreases with increasing temperature. 

The change in the acousto-ultrasonic response with temperature can also be seen by 

analysing the AU signals in the frequency domain as illustrated in Figure 6.3. At 30°C, 

there are basically four major peaks in the frequency spectrum occurring at about 0.7, 

0.85, 1.10 and 1.20 MHz . As the temperature increases, the amplitudes of the peaks at 

about 0.7, 0.85 and 1.10 MHz start to decrease, while the peak at about 1.20 MHz increases 

in amphtude relative to other peaks in the frequency spectrum and shifts slightly toward 

the region of 1.15 MHz. The peak at about 1.20 MHz is believed to result from the adherend 

material alone as can be seen from the frequency spectra of AU signals for the specimen 

which had no adhesive joint (Figure 6.4). The frequency spectra of Figure 6.4 consist of a 

peak at about 1.19 MHz increasing in amplitude and shifting slightly toward 1.17 MHz as 

temperature rises. Also, as indicated in Figure 6.3, there is a peak at about 1.25 MHz which 

starts to appear at higher temperatures. The origin of this peak is not fully understood 

yet. 

Figure 6.5 shows the change in average shear strength (the breaking load divided by 

the overlap area) of the joint specimens as a function of test temperature. Each data 

point in Figure 6.5 represents the average of three specimens and the range of scatter 

in the data is shown by vertical lines. Since the whole specimen with the grips was 

placed inside the environmental testing equipment and the desired test temperature was 

maintained for at least 10 minutes before loading, it can be assumed that there was no 

temperature variation within the specimen. However, temperature fluctuations within the 

environmental chamber were of the order of ±3°C. The results shown in Figure 6.5 for 

single lap joint specimens using FM300 modified epoxy adhesive film generally exhibit 

a reduction in strength of the joint as temperature increases which agrees well with the 

results previously presented by Kausen [112] for a similar type of adhesive. 

Examination of the fracture surfaces of the specimens revealed that a mixed mode 

failure consisting of interfacial and cohesive failures had taken place. Interfacial failure was 

indicated when adhesive remained attached to one of the adherends while leaving the other 

adherend surface clean. Cohesive failure was indicated when adhesive remained on both 
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adherend surfaces. As illustrated in Figure 6.6. the failure mode from room temperature 

to 90°C consisted mainly of cohesive failure with an insignificant amount of interfacial 

failure. In this temperature range, the shear strength of adhesive bond decreases slightly 

with the change of test temperature. However, at temperatures of 120°C and above, 

interfacial failure was the predominant mode. In fact, the failure mechanism of specimens 

tested at 150°C was almost completely by the interfacial mode. In this temperature range, a 

sharp decline in shear strength takes place which is probably associated with the interfacial 

failure mode. This trend can be observed in Figure 6.5. 

By comparing Figures 6.2 and 6.5, it can be seen that both the acousto-ultrasonic and 

destructive testing of adhesively bonded specimens show similar trends with temperature. 

The correlation is illustrated in Figure 6.7 where the normahzed AUP is plotted against 

the normalized shear strength (shear strength divided by maximum shear strength). A 

correlation factor of 0.964 is obtained by fitting a straight line through the data points 

using the least squares method. 

6.3.2 Effect of Cyclic Thermal Exposure 

Table 6.1 shows the acousto-ultrasonic and shear strength results for the bonded specimens 

repeatedly heated to about 150°C for one hour and cooled down to the room temperature 

as compared with the as-fabricated specimens. All the AU and mechanical tests in this case 

were carried out at room temperature. It can be seen from Table 6.1 that the specimens 

subjected to cyclic thermal exposure generally have lower AUP and average shear strength 

values than those of the as-fabricated specimens. The normahzed AUP values in the table 

represent the average of four AU measurements on each specimen. 

The correlation between the acousto-ultrasonic parameter and the shear strength of the 

specimens subjected to cyclic thermal degradation is shown in Figure 6.8. The correlation 

factor in this case is 0.955. Fracture surface examination by optical microscopy showed 

that some parts of the adhesive in the specimens which were subjected to cyclic thermal 

exposure had been thermally degraded (burned). Those specimens showed more evidence 

of interfacial failure than did the as-fabricated specimens (Figure 6.9). 
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6.4 Discussions 

According to Rokhlin [31,32], the change in elastic modulus of the modified epoxy adhesive 

(such as the one used in present study) with temperature is due to the known thermo-

mechanical behaviour of polymers which, at high temperatures, behave as a low-modulus, 

rubber-type material while, at low temperatures, show the behaviour of a high-modulus, 

glass-type material. Since the cohesive strength of a given material correlates with its elas­

tic modulus, a change in the elastic modulus of the material is normally associated with 

a corresponding change in strength [31,113]. Hence, as the elastic modulus of a polymeric 

adhesive decreases with increasing temperature, it is expected that the cohesive streng•...!. 

of the adhesive layer will also decrease. 

Likewise, the elastic modulus affects the velocity of sound waves propagating through 

a material as expressed in the following equation [107]: 

v = KiM (6.1) 

where v is the acoustic velocity, E is the elastic modulus, p is the density of the material and 

Ki is a function of Poisson's ratio. The relationship of acoustic velocity with temperature 

for epoxy resin has been studied before [114] and it has been found that the acoustic ve 

of epoxy resin below its glass transition temperature exhibits a monotonic decrease with 

increasing temperature. The product of the density of a material and the acoustic velocity 

of sound is a parameter known as the acoustic impedance (Z), i.e.: 

Z = vp (6.2) 

Substituting Equation 6.1 into 6.2, 

Z = Kiy/Ep~ (6.3) 

The density of the adhesive layer in a bonded joint is also expected to decrease slightly 

at higher temperatures due to thermal expansion and gasification effects. Since both the 

velocity of sound waves and the density of adhesives decrease with increasing temperature, 

the acoustic impedance of adhesives should also decrease as temperature rises. Acoustic 
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impedance controls the acoustic energy transmission through a layered medium such as an 

adhesively bonded joint. The acoustic energy transmission coefficient, A , for plane waves 

at normal angles of incidence travelhng from one material with an acoustic impedance of 

Zi to another material with an acoustic impedance Z2 is given by [107]: 

A = - ^ ~ (6-4) 
* Zi + Z2

 K ' 

For the configuration used in the present study (Figure 6.1), the sound waves travel from 

the first steel adherend (Zi = 45xl06 kg/m2s) to the adhesive (Z2 « 2.7xl06 kg/m 2s) 

and then to the second steel adherend. Since Zi ^> Z2, the acoustic transmission at the 

steel-adhesive interface can be approximated by: 

A « ^ (6.5) 
^ i 

The acoustic transmission coefficient at the second interface which is adhesive to steel can 

be written as 

* - * h <6-6) 
which for Zx ~^> Z2, 

o 7 
A « - ~ = 2 (6.7, 

-^I 

With test temperatures up to only 150°C, the effect of temperature on the steel adherends 

will be negligible. Thus, the acoustic impedance of the adherends, Zi, can be assumed to be 

constant with temperature in this test. From Equation 6.5, the coefficient of transmission 

and hence, the stress wave transmission efficiency, is proportional to the acoustic impedance 

of the adhesive and is expected to decrease as the temperature increases. Since the AUP 

is a measure of the efficiency of stress wave transmission, it is therefore expected that the 

AUP value will decrease as temperature increases. Vary [6] has also reported a correlation 

between stress wave propagation and tensile strength of graphite/epoxy composites due 

to the dependence of both AU stress wave propagation and strength on the elasticity 

(stiffness) of the materials. 
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6.5 Conclusions 

The effect of temperature on the properties of adhesively bonded steel specimens has been 

evaluated using acousto- ultrasonics and destructive shear testing. A good correlation 

has been found between the acousto-ultrasonic parameter and the shear strength of single 

lap joint steel specimens subjected to increasingly high temperatures. Both AUP and 

strength showed a decline with increasing temperature. It is possible that this decline is 

associated with the temperature dependence of the elastic modulus of the adhesive layer. A 

good correlation was also found between the acousto-ultrasonic parameter and the shear 

strength of the specimens subjected to cyclic thermal degradation. These correlations 

suggest that acousto-ultrasonic techniques can be used to nondestructively monitor or 

assess the strength degradation of adhesively bonded joints during or after exposure to 

elevated temperatures. 

Examination of the fracture surfaces by optical microscopy showed that the failure 

mode in adhesively bonded single lap joint steel specimens generally consisted of cohesive 

and interfacial failures, but as the test temperature increased, the interfacial failure was 

found to be increasingly predominant. More interfacial failure was also noticed in the 

specimens subjected to cyclic thermal degradation than the as-fabricated specimens. 
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Chapter 7 

EVALUATION OF FOAM CORE 

ALUMINIUM PANELS 

7.1 Introduction 

Recently, investigations on the possible application of foam core aluminium bonded sand­

wich panels in transport vehicles have been carried out. Such panels have advantages 

over the commonly used sheet metals in terms of strength to weight ratio, stiffness, heat 

insulation and noise absorption. However, foam core aluminium panels are susceptible to 

impact and fatigue which could induce internal damages. In some cases, these damages 

are not visible at the aluminium surface but have a significant effect on the load bearing 

performance of the structure. In addition, the foam core aluminium panels consist of two 

substrates of totally different materials and thus proper surface preparations of the sub­

strates are critically important to ensure proper adhesion between the adhesive and the 

two substrates. As a result, there is a requirement for nondestructive testing techniques to 

detect the existence of fatigue or impact damaged areas economically and rehably as well 

as to detect poor surface preparation in the foam core aluminium panels. 

Nondestructive evaluation of the panels using conventional ultrasonic techniques are 

usually difficult due to the highly attenuative foam core and thin aluminium sheets. 

Acousto- ultrasonic techniques, on the other hand, have been reported to have the ca-
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pability to detect inadequate bond areas between a metal foil honeycomb and porous 

(highly attenuative) wireform substrate [79]. It has also been reported that the acousto-

ultrasonic technique can be used to detect impact damaged areas in graphite/epoxy pa­

nels [12]. Based on these studies, it is believed that acousto-ultrasonic techniques can be 

used to detect damaged areas and poor surface preparation in the foam core aluminium 

panels. 

This chapter provides experimental results obtained by using acousto-ultrasonic tech­

nique to inspect and evaluate foam core aluminium panels [115]. Acousto-ultrasonic in­

spection of the panels will be focussed on detection of void, teflon insert as well as fatigue 

and impact damaged areas in the panels. Comparisons with other nondestructive testing 

techniques in terms of detecting the flaws and damaged areas will be made. Evaluation 

of the panels with different foam surface preparation techniques by acousto-ultrasonic and 

destructive peel testing techniques will also be presented. 

7.2 Experimental Procedure and Apparatus 

7.2.1 Test Panels 

The panels, which were fabricated and supplied by the Kingston Research and Development 

Centre (KRDC) of Alcan International Limited, consisted of a 38 mm thick foam core 

sandwiched between two 1 mm thick aluminium sheets. Aluminium sheets were bonded 

adhesively to the foam core using proprietary adhesives and bonding procedures. Figure 7.1 

shows a foam core aluminium test specimen and its dimensions. 

Four types of defects were introduced to the test specimens as fisted in Table 7.1 and 

described in the following: 

(a) A void area approximately 25 mm in diameter was deliberately introduced at the 

interface between the foam core and aluminium during fabrication. 

(b ) An artificial disbond using a 20 mm diameter disk of teflon tape was inserted between 

the foam core and aluminium face during fabrication. 
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(c) Fatigue damage was induced by cyclic loading of an as-fabricated specimen in three-

point bending. 

(d) Impact damage was introduced in two specimens with a drop weight tower at impact 

energies in the range of 1.4 to 14 joules using either a 12.5 mm diameter semi-

spherical head or a nearly flat (22.5 cm diameter) indentor. Figure 7.2 shows a 

photograph of the panels after impact. Each panel contained impact damage which 

was either visible or barely visible at the surface. Table 7.1 provides the impact 

energy and visual description of the impact sites. A more detailed description of 

the apparatus, procedures, energy levels and visual observations associated with the 

impact tests is given in Reference [116]. 

To study the effect of surface preparation on the peel strength of the panels, four 

different methods of foam surface preparations were carried out before bonding as listed 

in the following : 

(a) As-received (AR) 

(b) Old roller (OR) 

(c) New roller (NR) 

(d) New roller with two layers of adhesive (NR2) 

The rollers for foam surface preparation consist of pins which are to make holes in the foam 

core so that there will be an increase in the bonding area. The old and new rollers (OR 

and NR) differ in terms of the size and the spacing of the pins. For each method mentioned 

above, the surfaces of the substrates were either prepared with or without priming, thus 

resulting in 8 different foam surface preparations. 

7.2.2 Acousto-Ultrasonic Test Procedure 

The acousto-ultrasonic measurements to detect flaws and damaged areas in the foam core 

aluminium panels were carried out using an Acoustic Emission Technology Corporation 
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AET-206AU instrument. The instrument was equipped with a hand-held probe fixture 

for the purpose of scanning the panels. The fixture housed the transmitt ing and receiving 

transducers (both had a nominal centre frequency of 350 KHz) which were dry-coupled 

to the test specimen by two rotating wheels as illustrated in Figure 7.3. The instrument 

is capable of measuring the Stress Wave Factor (SWF) and the root mean square (RMS) 

amplitude of the received signals described in Section 3.2. The latter was used in the 

present investigation for two reasons. First, the measurement of RMS amplitude takes 

into account the amplitudes of each oscillations of a waveform as in the case of AUP 

measurement (section 3.2). Secondly, it was found to produce more repeatable data for 

the panels in this investigation. 

The spacing between the transmitting and receiving wheels was adjusted to 2.5 cm. The 

AU inspection was performed by simply rolling the probe manually over the test specimen 

in the longitudinal direction and taking the RMS readings every 2.5 cm. The reading was 

assigned to the point on the panel in the middle of the contact points of the transmitting 

and receiving wheels. A total of 14 readings were taken in the longitudinal direction in each 

linear scan. For the next scan, the position of the transducer was translated by 1.25 cm 

across the specimen and the AU measurement was repeated as before until all of the surface 

of the panel had been scanned. A total of five scans were performed on each panel and 

the average values of the data with respect to each point were used. The AU inspection 

data were then plotted as a function of location of the probe on the panel. 

For evaluating the performance of the panels with different foam surface preparation, 

the acousto-ultrasonic test set-up was the same as that shown in Figure 5.5. However, in the 

present experiment, two AET AC1000 transducers with 1 MHz nominal centre frequency 

were used as transmitting and receiving transducers. The spacing between the centres of 

the transducers was 10.0 cm. An averaging process of the AU waveforms was carried out 

during the acousto-ultrasonic data acquisition in order to minimize noise. In the averaging 

process, the transmitting transducer injected 20 pulses successively into the specimen and 

the data acquisition system (DATA 6000 in Figure 5.5) performed a linear average of the 20 

received waveforms to produce an averaged waveform. Since noise normally created was 
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random signal in the waveforms, they would be reduced or cancelled out in the averasum 

process. The AUP measurement process of the acousto- ultrasonic data was repeated MX 

times. 

7.2.3 Mechanical Testing and Fractography 

After completion of the nondestructive testing of the foam core aluminium panels, destruc­

tive testing of the panels was undertaken for flaw verification. For this purpose, internal 

flaws were opened to the surface by drilling a fine hole in the aluminium face and a liquid 

dye penetrant was used to stain the flaw surfaces. Then, the aluminium faces were peeled 

off to permit visual examination of the damaged areas. 

The destructive test for evaluating the panels which were fabricated with different 

surface preparation techniques involves climbing drum peel tests for foam cored structures 

following the ASTM standard D1781. Testing of the panels was performed on the Ins-

tron 1125 load frame using the low capacity (100 kg) load cell. Procedure used for testing 

was as outlined in ASTM standard D1781. The peeled surfaces of the aluminium sheet 

and the foam core were then inspected to determine the failure modes. The destructive 

tests of the panels were carried out by KRDC of Alcan International Limited. 

7.3 Experimental Results and Discussions 

Figures 7.4, 7.5 and 7.6 illustrate three-dimensional plots of AU measurements on panel 

Fo/Al-2, 3 and 4, respectively. The plots shown in the Figures represent the relative RMS 

amplitude variations measured along the panels. The base plane shown in the plots corres­

ponds to well bonded areas in the panels while increases in RMS amplitude relative to the 

base plane correspond to fatigue or impact damaged areas. An increase in RMS amplitude 

when the AU transducers are located on top of the damaged areas can be explained in the 

following manner: Longitudinal waves from the transmitting transducer propagate into 

the aluminium face sheet of the panel, but by the process of mode conversion, plate waves 

are generated that propagate along the aluminium face sheet [36]. If good bond exists 
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between the aluminium sheet and the foam core, the plate waves are partially transmitted 

through the bond into the attenuative foam. However, fatigue and impact damaged areas 

prevent the plates wave from travelling into the foam, thus resulting in an AU signal level 

increase received by the receiving transducer. 

The plots in Figures 7.4 to 7.6 also provide RMS amplitude information which has a 

good correlation with the severity of damage. The extent of impact damage depends on the 

impact energy and the size of the impact head indentor. Both panels Fo/Al-3 and Fo/Al-

4 were impact tested at approximately the same impact energies but with two different 

impact head sizes. Panel Fo/Al-3 which was impact tested with a smaller impact head was 

more severely damaged (deeper dents) than panel Fo/Al-4 for a given impact energy. This 

agrees well with the AU measurements illustrated in Figures 7.5 and 7.6 showing that at a 

given impact energy the peaks for panel Fo/Al-3 are higher than those for panel Fo/Al-4. 

It is also evident from these Figures that for each panel, the peaks of the RMS amphtude 

correlate well with the impact energies. 

Using the AU techniques, the teflon insert and the void in the adhesive could also be 

detected although the sensitivity was not as good as it was for fatigue and impact damage. 

The same foam core aluminium panels have also been evaluted with other nondestructive 

testing techniques such as the ultrasonic c-scan and the mechanical impedance analysis 

(MIA) [115]. Due to the highly attenuative foam core, the ultrasonic c-scan through-

transmission method was ineffective because it was not possible to propagate ultrasound 

through the panels. Difficulty was also encountered when the ultrasonic c-scan pulse-echo 

method was used to evaluate the panels because of the thin face sheet of aluminium. 

With this method, it was possible to detect the circular void area, but not the areas of 

fatigue and impact damage. The use of mechanical impedance analysis, on the other 

hand, made it possible to detect both the teflon insert as well as the fatigue and impact 

damage. But it was not possible to detect the 25 mm diameter void area in panel Fo/Al-1 

(Table 7.1). Work has been carried out on the application of thermography to the detection 

of missing adhesive (void) at the aluminium foam boundary and positive results have been 

obtained [63]. 
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Figures 7.7, 7.8 and 7.9 show the acousto-ultrasonic waveforms for panels with surface 

preparation techniques: as- received (AR), as-received with priming (ARP) and new roller 

with priming (NRP) , respectively. By applying primer on the bonded components before 

bonding improved the adhesion. Consequently, it resulted in a decrease in the AU signal 

level as can be compared in Figures 7.7 and 7.8. Surface preparation with NRP (Figure 7.9) 

resulted in an even reduced AU signal intensity. The reason for this which has been 

explained earlier is tha t proper surface preparation which produces bet ter adhesion allows 

part of the acousto-ultrasonic stress waves to be transmitted through the bond into the 

attenuative foam core. The normalized acousto- ultrasonic parameter (AUP divided by the 

maximum AUP) was plotted against the peel torque of the panels as shown in Figure 7.10. 

The peel torque is the average torque required to bend and peel the aluminium sheet from 

the foam core. The method of calculating the peel torque is outhned in ASTM D1781. 

A correlation factor of 0.93 was obtained by best fitting a straight line through the data 

points using the least square method. The value of the normalized AUP data in the Figure 

represents the average of six measurements and the value of the peel torque is obtained 

from the average results of six specimens. 

Figures 7.11 to 7.18 display the representative fracture surfaces of the panels with 

different surface preparation techniques. The types of failure modes for the panels consisted 

of interfacial failure between the adhesive and the foam core, cohesive failure in the adhesive 

and in the foam core. It can be seen from these Figures that the amount of cohesive failure 

in the adhesive relates to the peel torque obtained. The failure mode of the as-received 

panel was completely interfacial failure as can be seen from its "smooth" surface of the 

foam core (Figure 7.11), and this corresponds to the lowest peel torque. On the other hand, 

the panel with NRP surface preparation (Figure 7.18) which has the highest peel torque 

exhibits a predominant cohesive failure in the adhesive. Table 7.2 provides a summary of 

the destructive test results as well as the AUP data. 
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7.4 Conclusions 

The acousto-ultrasonic technique using RMS amphtude of signals can be used to detect the 

teflon insert, lack of adhesive, fatigue and impact damage areas in the foam core aluminium 

panels. The technique provided three-dimensional plots of RMS amplitude as a function 

of location of the transducer on the surface of the panels. A good correlation was obtained 

between the RMS amplitude of the AU signals and the severity of impact damage which 

in turn depends on the impact energy and the impact head size. The use of conventional 

ultrasonic techniques to detect flaws and damaged areas was ineffective, but the use of 

mechanical impedance analysis (MIA) and thermography has been successful. 

The effect of different foam surface preparation techniques on the performance of the 

foam core aluminium panels has been evaluated using the acousto-ultrasonic and destruc­

tive peel testing techniques. A good correlation %vas found between the acousto-ultrasonic 

parameter (AUP) and the peel torque of the panels. The failure mode of the panels gen-

erallv consisted of interfacial failure, cohesive failure in the adhesive and in the foam. 
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Chapter 8 

EVALUATION OF BONDED 

JOINTS UNDER TENSILE 

LOADING 

8.1 Introduction 

Acousto-ultrasonic technique has been shown in previous chapters to be capable of pro­

viding nondestructive evaluation of material property variations in a quantitative manner. 

The technique has proven particularly useful for quantifying relative joint strength by cor­

relating the acousto-ultrasonic parameter with the joint strength. The acousto-ultrasonic 

approach can then be used to estimate the joint strength based on the correlation, after the 

measurement system has been calibrated against the variations in material and geometry 

of the test specimen. Vary and Bowles [117] showed the use of this approach to estimate 

the interlaminar shear strength of graphite/polyimide composite laminates. In this case, 

the strength estimations of the test specimens were carried out before the specimens were 

loaded to failure. 

Strength estimation of a test specimen can also be made by acousto-ultrasonic moni­

toring of the specimen during loading as in the case of acoustic emission (AE) technique. 

When a material is subjected to tensile loading, it experiences microstructural changes 

71 



and these changes affect the acousto-ultrasonic stress wave propagation characteristics. 

Hemann and Baaklini [118] observed the change in attenuation of stress waves as the ten­

sile stress for a graphite/epoxy composite laminate was increased. Williams et al. [73] 

also noticed the change in the AU measurement of nylon ropes as the tension of the ropes 

was increased. It is believed that the change in AU stress wave propagation due to the 

microstructural changes in a stressed material will provide useful information in estimating 

the fracture strength of the material. In this chapter, the acousto- ultrasonic approach is 

used to monitor the change in stress wave propagation characteristics in adhesively bonded 

joint specimens in composites and steel under tensile loading to fracture. The purpose of 

the present chapter is to determine if there is a correlation between the change in acousto-

ultrasonic parameter and the change in tensile load applied to the joints. An approach 

based on the AU waveform partitioning method [8,9] was used to study the components 

of AU waveforms for certain frequency ranges. 

8.2 Experimental Procedure and Apparatus 

8.2.1 Material and Test Specimens 

There were two types of single lap joint test specimens to be used in this investigation, 

namely, adhesively bonded joint specimens in graphite/epoxy composites and steel. The 

composite specimens were fabricated in a similar fashion with those specified in Sec­

tion 5.2.1, while the procedure of fabricating the steel specimens was outlined in Sec­

tion 6.2.1. However, surface contamination with fingerprints on the adherend surface after 

surface treatment was used to obtain variations in the joint strength for both types of the 

specimens. A total of seven specimens was fabricated for composite specimens and five for 

steel specimens. 
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8.2.2 Acousto-Ultrasonic System Arrangement 

A block diagram of the acousto-ultrasonic system arrangement used in the present investi­

gation for monitoring a specimen under loading is shown in Figure 8.1. and the apparatus 

for measuring the acousto-ultrasonic parameter during loading is depicted in Figure 8.2. 

All equipments used for AU measurements were similar to those specified in Section 5.2.2. 

However,the transmitting and receiving transducers used were either AET AC1000 (cen­

tre frequency of 1 MHz) and AET AC375 (centre frequency of 0.375 MHz), respectively 

for composites specimens or Gamma Aerotech (2.25 MHz centre frequency) and AET 

AC1000 (1 MHz centre frequency), respectively for steel specimens. The spacing between 

the centres of the transmitting and receiving transducers were 152 mm. Both transducers 

were coupled to the surface of the specimen with Ultragel II coupling fluid using constant 

force clamps shown in Figure 8.3. 

8.2.3 Test Procedure 

After coupling both transmitting and receiving transducers to the test specimens, the 

specimens were mounted on a universal testing machine (Instron Model 1125) and were 

loaded in tension using a cross-head speed of 0.2 mm/min. Wedge grips were used to hold 

the specimen during loading. The grip area at each end of the specimen was approxi­

mately 2.5 cm in length. During loading of the test specimens, acoustic emissions were 

inevitably generated due to internal response (see Section 2.4). In order to reduce the 

effect of these emissions on the acousto-ultrasonic waveforms, two approaches were used. 

For a composite specimen, the load was increased from zero to fracture with every load 

interval of 1.225 kN, twenty high amplitude input pulses were injected successively in a 

very short time into the specimen. The AU waveforms received were then linearly averaged 

to give an averaged waveform with reductions in noise and acoustic emission, assuming 

that noise and acoustic emissions generated were random signals and were small compared 

to the AU signals. In order to have low level of acoustic emission signals relative to the 

AU signals, the gain of the measurement system was reduced considerably whereas the 
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amphtude of the input pulse was increased. 

For a steel specimen, the load was increased from zero to 1.225 kN and held constant. 

During the constant load, when it was observed from AET 5000 (Figure 5.5) that there 

were no more internal generation of acoustic emissions from the specimen, an input pulse 

was injected into the specimen. The resultant AU waveform was then captured and stored 

in the floppy disks. The load was again increased by 1.225 kN and the same procedure 

was repeated until it reached fracture load. 

8.2.4 Signal Processing Procedure 

Even with the procedures to reduce the effect of acoustic emissions on the AU signals 

described in the previous subsection, it was observed tha t as load was increased, especially 

when it was approaching the fracture load, a significant amount of acoustic emissions inter­

nally generated from the specimen superimposed with the AU signals. To reduce further 

the effect of acoustic emission on the AU results, signal filtering of the AU waveforms from 

certain frequency ranges is required. The signal filtering is achieved by using an approach 

based on the AU waveform partitioning approach described by Kautz [8,9], in which the 

frequency spectrum of the waveform is divided by several frequency ranges and the wave­

form is analyzed with respect to these ranges. To obtain an AU waveform consisting a 

certain range of frequency content, the following procedure was carried out. First, the 

magnitude and phase of the original full frequency domain signals were zeroed for frequen­

cies outside the range of interest. After the zeroing process, the frequency domain signals 

were then transformed back to produce filtered time domain signals using the inverse Fast 

Fourier Transform (FFT) algorithm [119]. 
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8.3 Experimental Results and Discussions 

8.3.1 Composite Specimens 

It was observed that the frequency spectra of the acoustic emissions internally gene­

rated from adhesively bonded composite specimens generally consisted of frequencies be­

low 550 kHz. Figure 8.4 illustrates the frequency spectra of some typical acoustic emissions 

from a composite specimen when the load was 60%, 75%, 80% and 95% of the fracture 

load. Accordingly, the frequency range of interest should be above 550 kHz in order to re­

duce the effect of acoustic emission on the AU signals. For an analysis of the AU waveform 

with respect to different frequency ranges, the frequency spectrum of the waveform was 

divided into 4 frequency ranges : 0 - 1.70 MHz (full spectrum), 0 - 0.275 MHz, 0.275 - 0.550 

MHz and 0.550 - 0.875 MHz. Figure 8.5 shows typical AU waveforms which have been 

"digitally filtered" according to these frequency ranges for a representative specimen (For 

signal processing procedure, please refer to Section 8.2.4). The normalized AUP of these 

waveforms were plotted against the normalized load as shown in Figure 8.6. The AUP 

values were normalized relative to the initial AUP value obtained before loading while the 

loads were normahzed with respect to the fracture load. As demonstrated in Figure 8.6, 

a good correlation exists between the normalized AUP and the normalized load for the 

frequency range of 0.550 to 0.875 MHz, whereas irregular trends were observed for other 

frequency ranges. It can also be seen in the Figure that during low load (0.0 to 0.3 of 

fracture load), the AUP values for all frequency ranges exhibit similar trend, suggesting 

that when the load was low, insignificant amount of acoustic emissions were generated that 

would affect the AU signals. The characteristic of the normalized AUP vs the normahzed 

load for the frequency range of 0 to 0.275 MHz is similar to that for the full frequency 

range (0 to 1.70 MHz). The similarity indicates that the dominant components of the AU 

waveforms appeared in the frequency range of 0 to 0.275 MHz. By virtue of the fact that a 

good correlation exists for the frequency range of 0.550 to 0.875 MHz, the normalized AUP 

of the waveform with this range of frequency content was plotted against the normahzed 

load for all specimens as shown in Figure 8.7. The fracture load of each specimen are given 
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in Table 8.1. By using the least squares method, a straight line was fitted through the 

data points in Figure 8.7 which can be expressed by : 

AUP n= 0.9872-0.4916 P„ (8.1) 

or, 

where 

Pn = 2.0081 - 2.0342 AUPn (8.2) 

AUPn = normalized AUP 

AUP value measured at a load 

AUP value measured before loading 

Pn = normalized load 

Load at which the AUP value is measured 

(8.3) 

(8.4) 
Fracture load 

Thus, an estimation of failure load of an unknown composite specimen can be made by 

using Equation 8.2, provided that the material and geometry of the specimen as well as all 

test conditions are the same with those used to establish Equation 8.2. In the estimation, 

it is necessary to measure the AUP values before loading and at any load, preferably at a 

load before permanent damage is done on the specimen. 

8.3.2 Steel Specimens 

Frequency spectrum analyses of the AU waveforms for all steel specimens reveal that there 

are three prominent peaks occurring around 0.3, 0.6 and 1.1 MHz as can be shown in 

Figure 8.8, which illustrates a typical AU waveform in time and frequency domains for 

a representative specimen. Using the approach based on the AU waveform partitioning 

method [8,9], the frequency spectra of the AU waveforms were divided into four frequency 

ranges, i.e., 0.0 to 1.7 MHz (full spectrum), 0.0 to 0.4 MHz, 0.4 to 0.8 MHz and 0.8 

to 1.2 MHz in order to study each component of the AU waveform comprising of these 

frequency ranges. Figure 8.9 shows typical AU waveforms which contain these frequency 

ranges for a representative specimen. The change in normalized AUP (AUP values / the 
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AUP value before loading) with increasing normahzed load (load / the fracture load) for a 

typical steel specimen is given in Figure 8.10. The normalized AUP for the frequency range 

of 0.4 to 0.8 MHz decreases proportionally with increasing load, while for other frequency 

ranges, the normahzed AUP values decrease during the initial part of the loading and 

then increase when the load approaches the fracture load. As shown in Figure S.10. the 

dominant components of the AU waveform in this case occur in the frequency range of 0.S 

to 1.2 MHz. 

Figure 8.11 shows the normalized AUP for the frequency range of 0.4 to 0.8 MHz 

plotted against the normahzed load for all the specimens with their fracture loads listed 

in Table 8.1. Similar to the composite joint specimens, a straight line can also be fitted 

through the data points of the steel joint specimens using the least squares method. The 

hne can be expressed by : 

AUPn = 0 .9864-0 .2662 P n (S.5) 

or, 

Pn = 3.7055 - 3.7566 AU P„ (S.6) 

where AUPn and Pn are defined in Equations 8.3 and 8.4, respectively. As indicted in 

Figure 8.11 or Equation 8.6, the AUP value reduced to about 70% of its initial value (the 

AUP value before loading the specimen) as the load was increased until catastrophic joint 

failure occurred (when the normahzed load is equal to one). Thus, by using the correlation 

hne between the AUP and the load expressed in Equation 8.6. an estimation of the fracture 

load of an unknown steel joint specimen is possible. 

8.4 Conclusions 

Acousto-ultrasonic (AU) technique was used to monitor an adhesively bonded joint speci­

men in steel or composites under tensile loading. The main problem in this investigation 

was that acoustic emissions (AE) were inevitably generated from the specimen during the 

loading and the AE signals superimposed with the AU signals. In order to reduce the 
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effect of acoustic emissions on the AU signals, specific test procedures for AU measure­

ments were carried out. The effect of acoustic emissions was further reduced by utilizing 

an approach based on the AU waveform partitioning method [8,9]. In this approach, the 

frequency spectra of the AU waveforms were divided into several frequency ranges and the 

AU waveforms consisting of these frequency ranges were studied. The AUP of the wave­

form with a certain range of frequency content in which insignificant amount of acoustic 

emissions occurred from the specimens was used to correlate with the tensile load. A good 

correlation was found between the change in AUP and the change in load for this frequency 

range. Based on these correlation lines, an estimation of the breaking load of an unknown 

joint specimen can be made, provided that the material and geometry of the specimen as 

well as all test conditions are the same with those used to establish the correlation line. 
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Chapter 9 

CONCLUDING REMARKS AND 

RECOMMENDATIONS 

An adhesively bonded joint can offer considerable advantages over a conventional mecha­

nical joint, particularly in terms of ease of fabrication and weight saving, and its use has 

increased significantly. However, the primary disadvantage of the bonded joint is the inabi­

lity to insure that a finished joint will actually meet the strength and service requirements 

for which it was designed. There is therefore an increasing need for more effective methods 

of nondestructive testing (NDT). Most NDT methods developed for evaluating the bonded 

joint can readily detect flaws, but it is often difficult to correlate a detected flaw to the 

overall performance of the joint. Acousto-ultrasonic technique, which combines beneficial 

aspects of ultrasonics and acoustic emission, can provide quantitative evaluation on the 

overall performance of the bonded joint. 

Acousto-ultrasonic (AU) technique has been used to evaluate the shear strength va­

riations of single lap bonded joints in graphite/epoxy composites due to voids, unbonds 

and adhesive aging. It has also been used to measure the strength degradation of steel 

bonded joints subjected to elevated temperatures. Foam core bonded aluminium sandwich 

panels which can possibly be used in transport vehicles have been inspected with the AU 

technique to detect voids, fatigue and impact damaged areas, as well as to detect poor 

surface preparation of the panels. Quantitative evaluation on the overall performance 
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of the bonded joints or the bonded panels involves correlating the joint strength with 

the acousto-ultrasonic parameter (AUP), a parameter measurable from the AU waveform. 

Good correlations have been found between the AUP and the shear strength of the bonded 

joints in composites and steel, as well as between the AUP and the peel strength of the foam 

core aluminium panels. These correlations suggest that an estimation of the joint strength 

can be made provided that the AU measurement system is calibrated for variations in 

the material and geometry of the specimen. The acousto-ultrasonic technique has also 

been used to monitor an adhesively bonded joint specimen under tensile loading. The 

correlations found between the change in AUP and the change in tensile load can be used 

to estimate the joint strength. 

The results of the acousto-ultrasonic measurement system can be affected by many 

factors including the pressure and the coupling fluid applied to the transducer and the 

specimen. These factors affect the reproducibility of the AU measurements. Attempts to 

eliminate the coupling fluid which sometimes can be impractical in the AU measurements 

have been carried out by using dry coupling method or contactless laser probes [120,121]. 

However, these coupling methods still require more research on their application to acousto-

ultrasonic technique so that reproducibility of measurement is improved. Other alternative 

methods of coupling can also be used and have been discussed by Vary [80]. 

Variations in the material and the geometry of test specimens affect the results of the 

AU measurement and the destructive testing differently. The effect of these variations 

on AU stress wave propagation characteristics should be studied and understood. To do 

this, it is useful to at tempt to trace wave paths, to track multiple reflections, and to 

gauge depth of penetration of the stress waves. These variations on the destructive testing 

results should be calibrated by conducting a series of mechanical testing with the aids of 

theoretical analyses on the stress distribution in the bonded joints. 

Acousto-ultrasonic waveform is a very complex waveform, resulting from multiple reflec­

tions of the different modes of wave propagation. With the advanced technology of signal 

processing available today, a large number of acousto-ultrasonic signal parameters can be 

extracted from the waveform. These parameters are affected by a number of mechanical 
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properties and morphological conditions of the bonded joint. This suggests that pat tern 

recognition method is required to analyse all of these acousto-ultrasonic signal parameters 

in order to determine the state of the bonded joint. The method involves statistically-

based data generation, feature extraction, and classification. By using samples containing 

known states (i.e.. training samples) significant mscrirninatory pat tern can be defined and 

used for feature extraction. Then, the most likely states in an unknown bonded joint can 

be identified and associated with particular acousto-ultrasonic signal parameters. 
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Appendix A 

Equations of the Stress Distributions 

in a Single Lap Joint 

In the Goland Reissner's second theoretical analysis, they derived the shear and peel stress 

distribution in the adhesive along the overlap given by [84] : 

* = i l ' ( '+^^-HI (A.D 
Tt k 

ay = ——{(R2X
2— + Xk'cosh.XcosX)cosh.(Xx/l)cos(Xx/l) + 

I R3 2 
k 

(Ri(X)2- + Xk' sinh A sin A) sinh(Ax//) sin(Ax//)} (A.2) 

where 

A = l \ (A.4) 
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JGEJ (A.5) 
Eh 

Ri = cosh A sin A + sinh A cos A (A.6) 

R2 = sinh A cos A — cosh A sin A (A.7) 

R3 = -(sinh(2A) + sin(2A)) (A.8) 

2M 
k = 

Tt 
cosh(£/2/) 

cosh(ty) + 2v/2sinh(t/2/) 
(A.9) 

k' = ^ k (A.10) 

M — bending moment 

E — Young's modulus of the adherends 

\i — Poisson's ratio of the adherends 

Ea = Young's modulus of the adhesive 

Ga = Shear modulus of the adhesive. 

Making some slight modifications of the Goland Reissner's theoretical analysis, Cooper 

and Sawyer [13] obtained the following shear and peel stress distributions : 

and 

a t2 k 
—Iv- - {(i22(Ai)2-^ + A^i cosh Aj cos A1)cosh(A1x//)cos(A1x//) + <rapv l2R. 

k 
(-Ri(Ax)

2-^- + Xik[ sinh A! sin Xx) sinh(Aix//) sin(Aix/7)} (A. 14) 
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T0 = internal axial force resultant 

(A.15) 

(A.16) 

(A.17) 

(A.18) 

(A.19) 

D = *% ,x (A.20) 

2M ki = it (A-21) 
K = £ f (A.22) 

= Tcos<f> (A.23) 

M0 = internal bending moment 

_ r ( < + V ^ ^ c o s h ( ^ ) s i n h ( ^ L ) 
V 2 7 ^ ^ s i n h ( ^ I ) c o s h ( ^ / ) + C/1cosh(C/1'i:)sinh(^/) V ' ; 

V0 = internal shear force resultant 
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y 2 ' 9U2
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95 



L + l 
s<fi = , 

96 



APPENDIX B 

Computer Program for the Theoretical Strength Prediction of Bonded 
Joints 

The computer program is obtained from the work of Hart-Smith [98]. 
Some modifications on the form of the output have been made to suit 
the needs for the present study. The computer program is listed as 
follows: 

C HART-SMITH PROGRAM 
C SINGLE-LAP ADHESIVE BONDED JOINTS 
C JOINT EFFICIENCY COMPUTATIONS 
C DIMENSIONAL SOLUTION FOR BALANCED ADHERENDS 
C PLASTIC HINGE FORMATION (OR FRACTURE) OF ADHERENDS INCLUDED 
C POTENTIAL BOND SHEAR STRENGTH ACCOUNTED FOR SHORT OVERLAPS 
C SHEAR STRENGTH USUALLY EXCEEDS PEEL STRENGTH FOR LONG OVERLAPS 
C PEEL STRESS (OR INTERLAMINAR TENSION) FAILURES INCLUDED 

IMPLICIT REAL*8(A-H,0-Z) 
IMPLICIT INTEGER*4(I-N) 
DIMENSION THICKN(20),OLOVTH(20),STRGTH(20,20),STRBND(20,20), 
1 STRGPL(20,20);EFFNCY(20),EFFBND(20,20),EFFPL(20,20), 
2 STORE(20),TOVTH(20),BNDSTR(20,20),BNDEFF(20,20),EKBNDG(20) 
DOUBLE PRECISION XIL2,V28 

C READ IN DATA 
C READ IN ADHEREND AND ADHESIVE PROPERTIES 
C NN .LE. 17 AND MM .LE. 11 

READ (5,10) N1CNT,NN,MM 
10 FORMAT (313) 

WRITE (6,11) N1CNT 
11 FORMAT (1H ,• MATERIALS COMBINATION = ', 12,/) 

C N1CNT= NUMBER OF INPUT DATA SETS TO BE READ IN 
DO 660 N2CNT = 1,N1CNT 
READ (5,20) AKB,EYOUNG,SIGMAX,POISSN,ETRNSV 

20 FORMAT (5E12.4) 
WRITE (6,21) AKB,EYOUNG,SIGMAX,POISSN,ETRNSV 

21 FORMAT (1H ,• ADHEREND PROPERTIES : ',//,' Kb = ',F10.4,/, 
1 ' Ell = l,E12.4,/,1 SIGMA MAX.= •fE12.4f/f• POISSON RATIO = 
2 ,F10.4,/,' E22 = ',£12.4,//) 
READ (5,30) G,GAMMAR,ETA,TAUMAX,PEELSG,EPEEL 

30 FORMAT (5E12.4) 
WRITE (6,31) G,GAMMAR,ETA,TAUMAX,PEELSG,EPEEL 

31 FORMAT (1H ,' ADHESIVE PROPERTIES : ',//,' G = ',E12.4,/, 
1 • GAMMAR = »,F10.4,/,' THICKNESS = '^10.4,/, • TAUMAX = ', 
2 E12.4,/,' PEEL STRENGTH = ',E12.4,/,' E = ',E12.4,//) 
IF (N2CNT .GT. 1) GO TO 70 

C READ IN ADHEREND THICKNESS ARRAY 
READ (5,40) (THICKN(I),I=1,NN) 

40 FORMAT (10F6.3) 
C READ IN OVERLAP TO THICKNESS RATIO ARRAY 

READ (5,50) (OLOVTH(J),J=1,MM) 
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50 FORMAT (11F6.1) 
C PRESET BOND SHEAR STRENGTH AND EFFCIENCY ARRAYS 

DO 60 1=1,NN 
DO 60 J=1,MM 
BNDSTR(I,J) = 10000000. 
BNDEFF(I,J) = 100. 

60 CONTINUE 
C 
C START COMPUTATIONS OF JOINT STRENGTHS 
C SET CONSTANTS 
70 V2 = 1. - POISSN**2 

NFLAG = 0 
N3CNT = 0 
V23 = 2 * GAMMAR 
PROPNL = 3. * SIGMAX * V2 / (EYOUNG * AKB) 

C ADHEREND BENDING EFFICIENCY DEPENDS UPON L/T ONLY AND NOT 
C T SEPARATELY 
C SET INITIAL ESTIMATE (LOWER BOUND) ON JOINT EFFICIENCY 

V3 = .25 
DO 100 J = 1,MM 
TOVTH(J) = OLOVTH(J) 
OLOVT2 = OLOVTH(J)**2 
DO 80 N = 1, 500 
XIL2 = V3 * OLOVT2 * PROPNL 

C EVALUATE ECCENTRICITY PARAMETER 
EK = 1. / (1. +DSQRT(XIL2)+XIL2/6.) 
V4 = 1. / (1. + 3. * EK) 
R = V3/V4 
IF ((1.0001 .GT. R) .AND. (0.9999 .LT. R)) GO TO 90 
V3 = V4 

80 CONTINUE 
C STOP IF NLOOP FAILS TO CONVERGE 

GO TO 690 
C STORE JOINT EFFICIENCY IN BENDING PLUS TENSION OF ADHEREND 
90 EFFNCY(J) = V3 

EKBNDG(J) = EK 
100 CONTINUE 
C SELECT JOINT GEOMETRY BY NESTED DO LOOPS 

DO 320 I = 1, NN 
T = THICKN(I) 
STR = SIGMAX * T 

C ESTABLISH OVERLAP NON-DIMENSIONALIZING PARAMETER FOR 
C ADHESIVE SHEAR 

ALAMDA = SQRT (2. * G / (EYOUNG * T* ETA) ) 
C COMPUTE EFFECTIVE TRANSVERSE TENSION MODULUS OF ADHESIVE IN 
C JOINT 
C THE CONSTANT 6 IN THE FOLLOWING INSTRUCTION CORRESPONDS 
C WITH PEEL STRESSES AFFECTING THE ADHERENDS TO A DEPTH OF 
C THREE TIMES BONDLINE THICKNESS. OR ONE TIME USE 2, ETC. 

ECPRM = 1 . / ( (1. /EPEEL) + (6. / ETRNSV) ) 
VI = SQRT(3. * ECPRM * V2 * T / (2.*AKB*EYOUNG*ETA) ) 
DO 320 J = 1,MM 
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0L0VT2 = 0L0VTH(J)**2 
OLAP = T * OLOVTH(J) 

C COMPUTE ADHEREND TENSION PLUS BENDING STRENGTH 
V5 = EFFNCY(J) * STR 
STRGTH(I,J) = V5 
EK = EKBNDG(J) 

C COMPUTE ADHESIVE SHEAR STRESS CUT-OFF FOR SHORT OVERLAPS 
OLAPND = SQRT (8. * GAMMAR / (1. + 3 . * E K * V 2 / AKB) ) 
OLREF = OLAPND / ALAMDA 
VI1 = OLREF 
IF (OLREF .GE. OLAP) OLREF = OLAP 
STRBND(I,J) = TAUMAX * OLREF 
EFFBND(I,J) = STRBND(I,J)/STR 

C COMPUTE PEEL STRESS CUT-OFF 
V7 = T * PEELSG / VI 
V8 = V7 / EK 
IF (V8 .GT. V5) GO TO 120 

C REDUCE LOAD DUE TO LIMITING PEEL STRENGTH 
V9 = PROPNL /V5 
V3 = V8 / STR 
DO 110 N = 1, 500 
V10 = V8 * V9 
XIL2 = V3 * OLOVT2 *V10 
EK = 1. / (1. + DSQRT(XIL2) + XIL2/6.) 
V4 = 1. / (1. + 3. * EK) 
R = V3 / V4 
IF ((1.0001 .GT. R) .AND. (0.9999 .LT. R)) GO TO 120 
V3 = V4 
V8 = V7 / EK 

110 CONTINUE 
C STOP IF NLOOP FAILS TO CONVERGE 

GO TO 690 
C STORE COMPUTED PEEL STRENGTH AND EFFICIENCY LIMITED BY PEEL 
120 STRGPL(I,J) = V8 

EFFPL(I,J) = V8 / STR 
CI = STRBND(I,J) 
C2 = 1.5 * STRGTH(I,J) 
C3 = 1.5 * STRGPL(I,J) 
IF (CI .GT. C2) GO TO 320 
IF (CI .GT. C3) GO TO 320 

C IF NOT , BOND STRENGTH MAY LIMIT LOAD CAPACITY 
STI = STRBND(I,J) 
IF (Vll .GE. OLAP) GO TO 320 

C IF SO, BOND STRENGTH LIMITED BY SHORT OVERLAP 
C CONVERGENCE PROBLEMS IN ITERATION LOOPS BELOW 
C IF Vll ONLY JUST .LT. OLAP 

C4 = 0.99 * OLAP 
IF (Vll .GE. C4) GO TO 320 
IF (GAMMAR) 710,130,170 

C IDENTIFY THAT PRECISE COMPUTATIONS OF SHEAR STRENGTH ARE 
C TO BE DONE 
130 NFLAG = 1 
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C SPECIAL PROCEDURE FOR PURELY ELASTIC ADHESIVE 
C SET INITIAL ESTIMATE ON ECCENTRICITY FACTOR 
C EK MAY HAVE TO BE INCREASED AS LOAD IS REDUCED 

V12 = EK 
C NON-DIMENSIONALIZE JOINT PARAMETERS 

OLSC = ALAMDA * OLAP 
V21 = (OLSC / TANH (OLSC) - 1.)/ (1. + 3.*V2/AKB) 
ECCNTY = TAUMAX / ((AKB*EYOUNG*(T**3)/(12.*V2))*4. 
1 *(ALAMDA**3)) 
V22 = OLSC * OLSC * ECCNTY 

C START ITERATING, USING N AS COUNTER 
DO 150 N = 1, 500 

C COMPUTE NON-DIMENSIONALIZED STRENGTH 
STF =OLSC / (1. + (1.+3. *V12/AKB)*V21) 

C BYPASS CONVERGENCE CHECK FOR FIRST TEN ITERATIONS 
IF (N .LT. 10) GO TO 140 

C CHECK FOR CONVERGENCE 
R = STF / STI 
IF ((1.0001 .GT. R) .AND. (0.9999 .LT. R)) GO TO 160 

140 XIL2 = STF * V22 
V12 = 1. / (1. + DSQRT(XIL2) + XIL2/6.) 
STI = STF 

150 CONTINUE 
C STOP IF NLOOP FAILS TO CONVERGE 

GO TO 690 
C RE-DIMENSIONALIZE COMPUTATIONS 
160 V14 = STF * TAUMAX / ALAMDA 

BNDSTR(I,J) = V14 
BNDEFF(I,J) = V14 / STR 

C END OF COMPUTATIONS FOR THIS VARIABLE SET 
GO TO 320 

C IDENTIFY THAT PRECISE COMPUTATIONS OF SHEAR STRENGTH ARE TO 
C BE DONE 
170 NFLAG = 1 
C GENERAL PROCEDURE FOR ELASTIC-PLASTIC ADHESIVE 
C NOTE THAT AKB IS SET EQUAL TO UNITY HERE, SINCE PROBLEM IS 
C CONFINED TO THICKER LAMINATES OF MANY PLIES UNIFORMLY 
C INTERSPERSED 
C SET INITIAL ESTIMATE ON ECCENTRICITY FACTOR 
C EK MAY HAVE TO BE INCREASED AS LOAD IS REDUCED 

V12 = EK 
C NON-DIMENSIONALIZE JOINT PARAMETERS 

OLSC = ALAMDA * OLAP 
ECCNTY= TAUMAX / ( (EYOUNG*(T**3)/(3.*V2))*(ALAMDA**3) ) 
V22= OLSC * OLSC * ECCNTY 
DO 300 Nl = 1, 500 
N3CNT= 1 
V26= (1. + 3. * V2 * V12) 
VKL= V26 / 4. 
VKU= 1. 

C SET INTIAL ESTIMATES ON EXTENT OF ELASTIC TROUGH 
DDSC = OLSC + 1 - SQRT(1. + V23) 
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N3CNT = 2 
DO 190 N2 = 1, 500 
V24 = TANH(DDSC) 
V28 = V24 * V24 + V23 
V25 = OLSC + V24 - DSQRT(V28) 

C BYPASS CONVERGENCE CHECK FOR FIRST TEN ITERATIONS 
IF (N2 .LT. 10) GO TO 180 

C CHECK ON CONVERGENCE 
R = V25 / DDSC 
IF ((1.0001 .GT. R) .AND. (0.9999 .LT. R)) GO TO 200 

180 DDSC = V25 
190 CONTINUE 
C STOP IF N2LOOP FAILS TO CONVERGE 

GO TO 690 
C EVALUATE DDSC AND VK THROUGH ITERATION OF TWO SIMULTANEOUS 
C EQUATIONS 
200 N3CNT = 3 
C UPPER LIMIT ESTABLISHED FOR EXTENT ELASTIC TROUGH 

DDSCU = DDSC 
DDSC = OLSC + 1 - SQRT(1. + V23 / VKL) 
DO 220 N3 = 1, 500 
V24 = TANH(DDSC) 
V28 = V24 * V24 +V23 / VKL 
V25 = OLSC + V24 - DSQRT (V28) 

C BYPASS CONVERGENCE CHECK FOR FIRST TEN ITERATIONS 
IF (N3 .LT. 10) GO TO 210 

C CHECK ON CONVERGENCE 
R = V25 / DDSC 
IF (( 1.0001 .GT. R) .AND. (0.9999 .LT. R)) GO TO 230 

210 DDSC = V25 
220 CONTINUE 
C STOP IF N3LOOP FAILS TO CONVERGE 

GO TO 690 
230 N3CNT = 4 
C LOWER LIMIT ESTABLISHED FOR EXTENT OF ELASTIC TROUGH 

DDSCL = DDSC 
DO 270 N4 = 1, 5000 

C NOTE THAT 5000 ITERATIONS MAY BE NECESSARY IN THIS LOOP 
C TO OBTAIN FOUR-FIGURE ACCURACY 

DDSCI = DDSCU - (DDSCU - DDSCL) / 10. 
V24 = TANH(DDSCI) 
VK = V23 / ( ((OLSC - DDSCI + V24)**2) - (V24*V24) ) 
DDSCF = V24 + SQRT(V24 * V24 + V23 /VK) * 
1 ((4. * VK / V26) - 1.) / (1. - VK) 

C BYPASS CONVERGENCE CHECK FOR FIRST TEN ITERATIONS 
IF (N4 .LT. 10) GO TO 240 

C CHECK ON CONVERGENCE 
R = DDSCF / DDSCI 
IF ( (1.001 .GT. R) .AND. (0.999 .LT. R) ) GO TO 280 

C NOTE THAT WITH NESTED ITERATION LOOPS, FIVE-FIGURE 
C ACCURACY IS NOT OBTAINABLE WITHIN A REALISTIC NUMBER 
C OF ITERATIONS 
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C RE-ESTIMATE DDSCU AND DDSCL 
240 V27 = DDSCF - DDSCI 

IF (V27) 250,280,260 
250 DDSCL = DDSCI 

GO TO 270 
260 DDSCU = DDSCI 
270 CONTINUE 
C STOP IF N4LOOP FAILS TO CONVERGE 

GO TO 690 
C CONVERGENCE ESTABLISHED FOR DDSC AND VK 
C COMPUTE ASSOCIATED JOINT STRENGTH 
280 V28 = V24 * V24 + V23 / VK 

STF = (4. * VK / V26) * DSQRT(V28) 
C BYPASS CONVERGENCE CHECK FOR FIRST TEN ITERATIONS 

IF (Nl .LT. 10) GO TO 290 
C CHECK FOR CONVERGENCE OF JOINT STRENGTHS 

R = STF / STI 
IF ((1.001 .GT. R) .AND. (0.999 .LT. R)) GO TO 310 

C IF NOT, RECOMPUTE EK AND ITERATE 
290 XIL2 = STF * V22 

V12 = 1. / (1. + DSQRT(XIL2) + XIL2/ 6.) 
STI = (STI + STF )/2. 

300 CONTINUE 
C STOP IF N1LOOP FAILS TO CONVERGE 

GO TO 690 
C STORE COMPUTED STRENGTH AND EFFCIENCY AFTER CONVERGENCE 
C ESTABLISHED 
310 V33 = STF * TAUMAX / ALAMDA 

BNDSTR(I,J) = V33 
BNDEFF(I,J) = V33 / STR 

320 CONTINUE 
C 
C PRINT OUT TABULATIONS OF COMPUTATIONS IN SETS OF SIX OR 
C EIGHT PAGES 

WRITE (6,330) (TOVTH(J), J= 1, MM) 
330 FORMAT (IHl, 10(/),39X,33HSINGLE-LAP ADHESIVE-BONDED JOINTS// 

1 46X, 18HBALANCED ADHERENDS// 
2 32X, 47HADHEREND STRENGTH IN BENDING AT EDGE OF OVERLAP/// 
3 41X, 38HJOINT STRENGTH (POUNDS PER INCH WIDTH)/ 
4 IX ,9HTHICKNESS/,IX,8H(INCHES), 
5 37X, 26HOVERLAP TO THICKNESS RATIO//, 9X,11(F7.1,2X)//) 
DO 360 I = 1, NN 
DO 340 J = 1, MM 

340 STORE(J) = STRGTH(I,J) 
WRITE (6,350) THICKN(I), (STORE(J), J=l, MM) 

350 FORMAT (1H , F5.3, 4X, 11(F8.1, IX) ) 
360 CONTINUE 

WRITE (6,370) (TOVTH(J) , J = 1, MM) 
370 FORMAT (IHl, 10(/),39X,33HSINGLE-LAP ADHESIVE-BONDED JOINTS// 

1 46X, 18HBALANCED ADHERENDS// 
2 39X, 33HPOTENTIAL ADHESIVE SHEAR STRENGTH/// 
3 41X, 38HJOINT STRENGTH (POUNDS PER INCH WIDTH)/ 
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4 IX , 9HTHICKNESS/, IX, 8H(INCHES), 
5 37X, 26HOVERLAP TO THICKNESS RATIO//,9X ,11(F7.1,2X)//) 
DO 400 I = 1,NN 
DO 380 J = 1,MM 

380 STORE(J) = STRBND(I,J) 
WRITE (6,390) THICKN(I), (STORE(J), J = 1, MM) 

390 FORMAT (1H , F5.3, 4X, 11(F8.1, IX) ) 
400 CONTINUE 

IF (NFLAG .EQ. 0) GO TO 450 
WRITE (6,410) (TOVTH(J) , J = 1, MM) 

410 FORMAT (IHl, 10(/),39X,33HSINGLE-LAP ADHESIVE-BONDED JOINTS// 
1 46X, 18HBALANCED ADHERENDS// 
2 39X, 33HPOTENTIAL ADHESIVE SHEAR STRENGTH/// 
3 41X, 38HJOINT STRENGTH (POUNDS PER INCH WIDTH)/ 
4 IX , 9HTHICKNESS/, IX, 8H(INCHES), 
5 37X, 26HOVERLAP TO THICKNESS RATIO//, 9X,11(F7.1,2X)//) 
DO 440 I = 1, NN 
DO 420 J = 1,MM 

420 STORE(J) = BNDSTR(I,J) 
WRITE (6,430) THICKN(I), (STORE(J), J = 1, MM) 

430 FORMAT (1H , F5.3, 4X, 11(F8.1, IX) ) 
440 CONTINUE 
450 WRITE (6,460) (TOVTH(J) , J = 1, MM) 
460 FORMAT (IHl, 10(/),39X,33HSINGLE-LAP ADHESIVE-BONDED JOINTS// 

1 46X, 18HBALANCED ADHERENDS// 
2 44X, 22HLIMITING PEEL STRENGTH/// 
3 41X, 38HJOINT STRENGTH (POUNDS PER INCH WIDTH)/ 
4 IX , 9HTHICKNESS/, IX, 8H(INCHES), 
5 37X, 26HOVERLAP TO THICKNESS RATIO//, 9X,11(F7.1,2X)//) 
DO 490 I = 1,NN 
DO 470 J = 1,MM 

470 STORE(J) = STRGPL(I,J) 
WRITE (6,480) THICKN(I), (STORE(J), J = 1, MM) 

480 FORMAT (1H , F5.3, 4X, 11(F8.1, IX) ) 
49 0 CONTINUE 

WRITE (6,500) (TOVTH(J) , J = 1, MM) 
500 FORMAT (IHl, 10(/),39X,33HSINGLE-LAP ADHESIVE-BONDED JOINTS// 

1 46X, 18HBALANCED ADHERENDS// 
2 32X, 47HADHEREND STRENGTH IN BENDING AT EDGE OF OVERLAP/// 
3 52X, 16HJOINT EFFICIENCY/ 
4 IX , 9HTHICKNESS/, IX, 8H(INCHES), 
5 37X, 26HOVERLAP TO THICKNESS RATIO//, 9X,11(F7.1,2X)//) 
DO 520 I = 1,NN 
WRITE (6,510) THICKN(I), (EFFNCY(J), J = 1, MM) 

510 FORMAT (1H , F5.3, 4X, 11(F8.5, IX) ) 
520 CONTINUE 

WRITE (6,530) (TOVTH(J) , J = 1, MM) 
530 FORMAT (IHl, 10(/),39X,33HSINGLE-LAP ADHESIVE-BONDED JOINTS// 

1 46X, 18HBALANCED ADHERENDS// 
2 39X, 33HPOTENTIAL ADHESIVE SHEAR STRENGTH/// 
3 52X, 16HJOINT EFFICIENCY/ 
4 IX , 9HTHICKNESS/, IX, 8H(INCHES), 
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5 37X, 26HOVERLAP TO THICKNESS RATIO//, 9X,11(F7.1,2X)//) 
DO 560 I = 1,NN 
DO 540 J = 1,MM 

540 STORE(J) = EFFBND(I,J) 
WRITE (6,550) THICKN(I), (STORE(J), J = 1, MM) 

550 FORMAT (1H , F5.3, 4X, 11(F8.5, IX) ) 
560 CONTINUE 

IF (NFLAG .EQ. 0) GO TO 610 
WRITE (6,570) (TOVTH(J) , J = 1, MM) 

570 FORMAT (IHl, 10(/),39X,33HSINGLE-LAP ADHESIVE-BONDED JOINTS// 
1 46X, 18HBALANCED ADHERENDS// 
2 39X, 3 3HPOTENTIAL ADHESIVE SHEAR STRENGTH/// 
3 52X, 16HJOINT EFFICIENCY/ 
4 IX , 9HTHICKNESS/, IX, 8H(INCHES), 
5 37X, 26HOVERLAP TO THICKNESS RATIO//, 9X,11(F7.1,2X)//) 
DO 600 I = 1,NN 
DO 580 J = 1,MM 

580 STORE(J) = BNDEFF(I,J) 
WRITE (6,590) THICKN(I), (STORE(J), J = 1, MM) 

590 FORMAT (1H , F5.3, 4X, 11(F8.5, IX) ) 
600 CONTINUE 
610 WRITE (6,620) (TOVTH(J) , J = 1, MM) 
620 FORMAT (IHl, 10(/),39X,33HSINGLE-LAP ADHESIVE-BONDED JOINTS// 

1 46X, 18HBALANCED ADHERENDS// 
2 44X, 22HLIMITING PEEL STRENGTH/// 
3 52X, 16HJOINT EFFICIENCY/ 
4 IX , 9HTHICKNESS/, IX, 8H(INCHES), 
5 37X, 26HOVERLAP TO THICKNESS RATIO//, 9X,11(F7.1,2X)//) 
DO 650 I = 1,NN 
DO 630 J = 1,MM 

630 STORE(J) = EFFPL(I,J) 
WRITE (6,640) THICKN(I), (STORE(J), J = 1, MM) 

640 FORMAT (1H , F5.3, 4X, 11(F8.5, IX) ) 
650 CONTINUE 
C 
C READ IN NEW MATERIAL ALLOWABLES AND REPEAT COMPUTATIONS 
660 CONTINUE 
670 WRITE (6,680) 
680 FORMAT (IHl, 17HPROGRAM COMPLETED/) 

STOP 
C PRINT OUT DIAGNOSTICS 
690 WRITE (6,700) N3CNT, I, J 
700 FORMAT (IHl, 19HDIVERGENT ITERATION, 3110/) 

STOP 
710 WRITE (6,720) 
720 FORMAT (IHl, 'NEGATIVE GAMMAR VALUE IN INPUT DATA -

1 PHYSICALLY IMPOSSIBLE1,/) 
STOP 
END 

104 



Table 3.1 Reproducibility of acousto-ultrasonic data in terms 
ring-down count (RDC) and peak amplitude ( 
measurements 

Trial No. 

1 

2 

3 

4 

5 

6 

7 

8 

Mean 

Standard 
Deviation 

RDC 

39.0 

37.0 

40.0 

39.6 

36.5 

42.9 

36.0 

38.0 

38.625 

2.26 

PA (dB) 

85.1 

85.0 

85.5 

85.9 

86.0 

86.0 

85.0 

85.1 

85.450 

0.46 
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Table 4.1 Material properties used in theoretical analysis of 
stress distributions and strength predictions 

Steel Adherend (Plain Carbon 

Bending stiffness parameter, 

Young's modulus, E 

Poisson's ratio, y, 

Shear modulus, G 

Steel 

kb 

Ultimate tensile strength, crmax 

AISI-SAE 1020) [95] : 

1.0 

210.0 GPa 

0.29 

81.0 GPa 

380.0 MPa 

Unidirectional Carbon Fibre Reinforced Plastic(CFRP) Adherend 
(NARMCO-IM6/5245C) [96] : 

Bending stiffness parameter, 

Young's modulus : 
Longitudinal, E ^ 
Transverse, E22 

Poisson's ratio, n^.2 

Shear modulus, G12 

kb 

Ultimate tensile strength, o"max 

Transverse tensile strength, 

1.0 

173.0 GPa 
8.5 GPa 

0.311 

5.5 GPa 

2.6 GPa 

ay(max) 60-° MPa 

Modified Epoxv Adhesive (American 

Young's modulus, E a 

Shear modulus, Ga 

Poisson's ratio, /ia 

Ratio of plastic to elastic 
shear strain, £p/ee 

Maximum shear strength, T m a x 

Maximum peel strength, o"v/max\ 

Cynamid FM 300) [97] : 

2.0 GPa 

0.7 GPa 

0.4 

2.03 

48.3 MPa 

70.0 MPa 
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Table 5.1 Summary of the destructive testing results for specimens 
with voids 

Specimen 
No. 

Al 

A2 

A3 

A4 

A5 

Bl 

B2 

B3 

Void* 
size 
(%) 

2.50 

9.35 

9.37 

0.00 

0.00 

0.00 

15.60 

23.20 

Type* 
of 
bond 

edge 

cross 

cross 

edge 

cross 

Average 
shear 

strength"1" 
(MPa) 

16.17 

16.74 

17.12 

17.87 

17.83 

12.21 

4.29 

9.73 

Failure Mode 

Predominantly cohesive failure 
with some interfacial failure 
around the small void area and 
at the free edges. High 
concentration of porosity 
around the void area. 

Equally predominantly cohesive 
and interfacial failure. 
Interfacial failure occurring 
at the free edges and around 
the void area.High 
concentration of porosity 
around the void area. 

Same as A2 (above). 

Equally predominantly cohesive 
and interfacial failure. 
Interfacial failure occurring 
at the free edges and in the 
middle of the overlap length. 

Predominantly cohesive failure 
with some interfacial failure 
at the free edges and at one 
side of the joint area. 

Predominantly fibre pull-off of 
the surfaces of the adherends 
with some cohesive failure in 
the adhesive, and interfacial 
failure at the free edges. 

Adherend cracked before the 
adhesive. 

Same as A2 except with less 
porosity. 
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Table 5.1 (Cont'd) 

Specimen 
No. 

B4 

B5 

B6 

B7 

B8 

B9 

BIO 

Bll 

Void* 
size 
(%) 

15.30 

12.10 

10.50 

1.20 

0.00 

16.90 

35.40 

0.80 

Type* 
of 
bond 

across 

across 

across 

edge 

™ 

edge 

across 

edge 

Average 
shear 

strength"*" 
(MPa) 

15.32 

16.13 

17.48 

17.50 

17.90 

12.51 

10.77 

15.31 

Failure Mode 

Same as A2 except with less 
porosity and with significant 
fibre pull-off of the adherend 
surfaces. 

Same as B4. 

Same as B4. 

Same as B4. 

Same as A5 except with some 
minor fibre pull-off of the 
adherend surfaces. 

Same as A2 except with less 
porosity and with minor fibre 
pull-off of the adherend 
surfaces. 

Same as B3. 

Same as B8 except with small 
void area. 

* The ratio between the void area and the total overlap 
area. 

* For the location of the void areas, refer to the C-scan 
results in Figures 5.1 and 5.2 

+ Fracture load divided by the total overlap area. 
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Table 5.2 Summary of the destructive testing results for 
specimens with unbonds 

Specimen 
No. 

Fl 

F2 

F3 

F4 

F5 

F6 

F7 

F8 

F9 

F10 

Unbond 
size 
(cm2 ) 

0.40 

0.91 

1.61 

2.42 

1.61 

2.42 

0.91 

0.40 

0.00 

0.00 

Adherend 
thickness 

(cm) 

0.320 

0.325 

0.351 

0.338 

0.351 

0.348 

0.343 

0.302 

0.353 

0.353 

Average 
shear 

strength"*" 
(MPa) 

24.76 

24.00 

29.78 

29.16 

25.43 

27.11 

24.22 

22.87 

33.33 

28.27 

Failure mode 

Predominantly cohesive 
failure with some 
interfacial failure at 
the free edges and with 
fibre pull-off. 

Predominantly 
interlaminar failure 
with some cohesive 
failure and interfacial 
failure at the free 
edges. 

Similar to Fl (above) 
except with some inter­
laminar failure. 

Similar to Fl. 

Similar to F3 except 
with more interlaminar 
failure. 

Similar to F3. 

Similar to F5. 

Similar to F2. 

Similar to Fl except 
without unbond area. 

Similar to F3 except 
without unbond area. 

Fracture load divided by the total overlap area. 
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Table 6.1 Effect of cyclic thermal exposure on acousto-
ultrasonic parameter and average shear strength. 

Spe­
cimen 
no. 

T2 

T3 

T4 

UO 

Ul 

U2 

Specimen 
condition 

Cyclic 
Thermal 
Exposure 

Cyclic 
Thermal 
Exposure 

Cyclic 
Thermal 
Exposure 

As-
fabricated 

As-
fabricated 

As-
fabricated 

Normal­
ized 
AUP 
(std. 
dev.) 

0.755 
(0.031) 

0.830 
(0.040) 

0.740 
(0.099) 

0.790 
(0.028) 

0.860 
(0.055) 

1.000 
(0.087) 

Average shear 
strength(test­
ed at room 
temperature) 

(MPa) 

16.34 

19.38 

16.72 

20.14 

20.90 

24.70 

Failure mode 

Predominantly interfa­
cial failure with some 
cohesive failure and 
thermal degradation 
observed on some por­
tion of the adhesive. 

Equally predominant 
cohesive and interfa­
cial failure and small 
amount of thermal de­
gradation of the adhe­
sive observed at the 
edges. 

Same as T2. 

Predominantly coh 
failure with smal 
amount of interfacial 
failure. 

Same as above. 

Same as above. 
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Table 7.1 Flaw types and description of flaw sites 

Specimen 
No. 

Fo/Al-1 

Fo/Al-2 
(11) 

Fo/Al-3 
(8705) 

Fo/Al-4 
(8752) 

Flaw 
Type 

A circular void (25 
mm in diameter) in 
the adhesive layer. 

i) A 20 mm diameter 
teflon tape on 
one side. 

ii) A large area of 
fatigue damage 
on the opposite 
side. 

Using a 12.5 mm 
diameter semi-
spherical head 
indentor. 
Three impact damage 
sites on one side at: 
i) 1.5 joules 

ii) 2.9 joules 

ii) 14 joules 

Using a 22.5 mm 
diameter nearly 
flat head indentor. 
Three impact damage 
sites on one side at: 
i) 1.4 joules 

ii) 2.8 joules 

ii) 13.9 joules 

Description of the 
flaw site 

Not visible at the surface 

Not visible at the surface 

Not visible at the surface, but 
partly visible from the side 

A 1.5 mm deep dent, visible at 
the surface 
A 2.25 mm deep dent, visible 
at the surface 
A 5.15 mm deep dent, quite 
visible at the surface. 

A 0.3 mm deep dent, not visible 
at the surface 
A 0.65 mm deep dent, barely 
visible at the surface 
A 2.32 mm deep dent, visible 
at the surface. 
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Table 7.2 The AUP data and the destructive test results of the 
foam core aluminium panels 

Specimen 
Code 

(surface 
preparation 
techniques) 

AR+ 

OR 

NR 

NR2 

ARP 

ORP 

NR2P 

NRP 

Normalized 
AUP 

(standard 
deviation) 

1.00 
(0.072) 

0.72 
(0.074) 

0.63 
(0.055) 

0.32 
(0.005) 

0.48 
(0.105) 

0.43 
(0.087) 

0.29 
(0.028) 

0.18 
(0.036) 

Peel Torque 
per unit width, 

mm kg/mm 
(standard 
deviation) 

0.259 
(0.011) 

0.407 
(0.030) 

0.438 
(0.020) 

0.901 
(0.079) 

1.037 
(0.133) 

0.971 
(0.060) 

1.139 
(0.023) 

1.328 
(0.075) 

Failure Mode 

Completely interfacial 
failure 

Predominantly inter­
facial failure with 
some cohesive failure 
in the adhesive 

Similar to OR except 
with more cohesive 
failure in the adhesive 

Similar to NR except 
with even more cohesive 
failure in the adhesive 

Predominantly inter­
facial failure with 
some cohesive failure 
in the adhesive and 
minor cohesive failure 
in the foam 

Similar to NR2 

Similar to NR2 

Predominantly cohesive 
failure in the adhesive 
with some interfacial 
failure 

+ AR = As-received; OR = Old roller; NR = New roller; NR2 = 
New roller with 2 layers of adhesive; ARP = As-received with 
priming; ORP = Old roller with priming; NR2P = New roller 
with 2 layers of adhesive and priming; NRP = New roller with 
priming. 
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Table 8.1 Fracture loads of the composite and steel specimens 

Specimen 
No. 

CI 
C2 
C3 
C4 
C5 
C6 
C7 

Single lap bonded joint specimen in 
Graphite/epoxy composites 

Fracture 
Load 
(kN) 

12.74 
16.17 
16.66 
13.23 
16.24 
16.91 
15.44 

Single lap bonded joint specimen in steel 

Specimen 
No. 

SI 
S2 
S3 
S4 
S5 

Fracture 
Load 
(kN) 

13.48 
15.93 
13.86 
12.94 
12.99 
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Figure 1.1 : Physical discontinuities that may occur in an 
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Figure 2.1 : Ultrasonic pulse echo technique 
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Figure 2.3 : Ultrasonic resonance method 
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RINGDOWN COUNTS (RDC) = NUMBER OF COUNTS 
EXCEEDING THE THRESHOLD LEVEL (6 COUNTS IN 
THIS SIGNAL). 

RMS AMPLITUDE = SQUARE ROOT OF THE AVERAGE 
VALUE OF THE SQUARES OF THE AMPLITUDES 
WITH RESPECT TO THE THRESHOLD LEVEL. 

Figure 3.2 Parameters measurable from an acousto-ultrasonic 
waveform 
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Equation A.13 with L = 76.2 mm; /= 12.7 mm; 
h = 0.178 mm and t = 2.667 mm 
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Figure 4.4 Adhesive peel stress distribution of a steel 
lap joint for different loads obtained using 
Equation A.14 with L = 76.2 mm; / = 12.7 mm; 
h = 0.178 mm and t = 2.667 mm 
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Figure 4.7 : Adhesive shear s t r e s s d i s t r i b u t i o n of 
unidi rect ional CFRP lap j o i n t s for various 
adhesive thicknesses obtained using Equation 
A.13 with L = 76.2 mm; / = 12.7 mm; T = 174.8 
kN/m and t = 2.667 mm 
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Figure 4.9 : Adhesive shear stress distribution of 
unidirectional CFRP lap joints for several 
adherend thicknesses obtained using Equation 
A.13 with L = 76.2 mm; / = 12.7 mm; T = 174.8 
kN/m and h = 0.178 mm 
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Figure 4.10 Adhes ive p e e l s t r e s s d i s t r i b u t i o n of 
unidi rec t ional CFRP lap j o i n t s for several 
adherend thicknesses obtained using Equation 
A.14 with L = 76.2 mm; / = 12.7 mm; T = 174.8 
kN/m and h = 0.178 mm 
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Figure 4.11 Adhesive shear stress distribution of 
unidirectional CFRP lap joints for various 
overlap lengths obtained using Equation A.13 
with L = 76.2 mm; t = 2.667 mm; T = 174 kN/m 
and h = 0.178 mm 
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Figure 4.12 Adhes ive p e e l s t r e s s d i s t r i b u t i o n of 
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Figure 5.6 : The frequency spectrum of the transmitting transducer (AET- FC500) 
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Figure 5.9(a): A typical acousto-ultrasonic waveform for a relatively good 
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Figure 5.9(b): Frequency spectrum of the acousto-ultrasonic waveform shown in 
Figure 5.9(a) 
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Figure 5.10(a): A typical acousto-ultrasonic waveform for a specimen with 
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Figure 5.10(b): Frequency spectrum of the acousto-ultrasonic waveform shown 
in Figure 5.10(a) 
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single lap composite joint specimens 
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<c> (d) 
Figure 5.14 : A typical fracture surface of a specimen without 

void area; (b) cohesive failure in the adhesive,* 
(c) interfacial failure; (d) fibre pull-off 
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(c) 

Figure 5.15 : 
<d) 

A typical fracture surface of a specimen with void 
area across the joint; (b) cohesive failure in the 
adhesive; (c) interfacial failure; (d) fibre pull-
off ^ 
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(c) (d) 
Figure 5.16 : A typical fracture surface of a specimen with void 

area at_ the edge of the joint; (b) cohesive 
failure in the adhesive; (c) interfacial failure; 
(d) fibre pull-off 
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An acousto-ultrasonic waveform for a typical specimen without 
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An acousto-ultrasonic waveform for a typical specimen with unbonded 
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Figure 5.19 The correlation between the normalized 
acousto-ultrasonic parameter (AUP) and the 
average shear strength of the specimens with 
unbonds 
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Figure 5.20 The change in normalized AUP with respect to 
the variation in the adherend thickness 
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Figure 5.21 The change in the frequency spectra of the 
acousto-ultrasonic signals from bonded joint 
specimens with increasing unbonded area 
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Figure 5.22 The average shear strength vs the unbonded 
area for single lap composite joint specimens 
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Figure 5.2 3 : 
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Photographs of typical fracture surfaces for 
specimens with unbonds showing the different 
failure modes 
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5.25 : Adhesive thicknesses of specimens measured 
with ultrasonic pulse-echo method vs those 
measured with an optical microscope 
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Figure 5.26 : 
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The effect of adhesive thickness on the AUP 
for specimens with (a) 3 weeks of aged 
adhesive; (b) 5 weeks of aged adhesive 
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Figure 5.27 : The change in normalized AUP (Equation 5.1) 
as a funct ion of aging t ime 
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Figure 5.28 : The change in normalized joint strength 
(Equation 5.2) as a function of aging time 
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Photographs of fracture surfaces for 
specimens with aged adhesive showing 
different failure modes 
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Figure 6.2 : The change in normalized acousto-ultrasonic 
parameter (AUP) with increasing temperature. The 
normalized AUP is the ratio of AUP at a given 
temperature to the value of AUP at 30°C. The solid 
line represents the best fit to the data points 
using a regression polynomial of order 2 
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Figure 6.3 : The change in frequency spectra of the 
acousto-ul t rasonic s ignal from an adhesively 
bonded s t e e l specimen with i n c r e a s i n g 
temperature 
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Figure 6.5 : The change in average shear strength of the 
adhesively bonded steel specimens with increasing 
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fit to the data points using a regression 
polynomial of order 2 
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(f) 
Fracture surfaces of the specimens tested at (a) 30°C, 
(b) 90"C, (c) 120'C and (d) 150"C. The fracture 
surfaces generally consist of interfacial and cohesive 
failures as shown at higher magnification in (e) for 
150°C and in (f) for 30°C, respectively 
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Figure 6.7 : Correlation of the acousto-ultrasonic parameter 
with the average shear strength at different 
temperatures. The solid line represents the best 
fit to the data points using the least squares 
method 
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Figure 6.8 : Correlation of the acousto-ultrasonic parameter 
with average shear strength of two groups of 
specimens; as-fabricated specimens and specimens 
subjected to cyclic thermal exposure. The solid 
line indicates the best fit to the data points 
using the least squares method. 
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(a) 

(b) 

Figure 6.9 : Typical f rac ture surfaces of (a) an a s -
fabricated specimen as compared with (b) a 
specimen s u b j e c t e d t o c y c l i c thermal 
exposure. In both cases , specimens fa i led 
predominantly in the cohesive mode but the 
specimen r e p e a t e d l y sub jec t ed t o high 
temperature showed increased evidence of 
i n t e r f a c i a l f a i l u r e 
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Figure 7.1: A foam core aluminium test specimen 
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Figure 7.2 : Photographs of test panels after impact at three 
energy levels using two different impact heads 
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Figure 7.3: A schematic diagram of the acousto-ultrasonic test 
set-up for evaluating foam core aluminium panels 
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Figure 7.4 : The acousto-ul t rasonic t e s t r e s u l t s for the 
panel Fo/Al-2 containing fat igue damage 

191 



I I 
1 • 

I 

Figure 7.5 : The acousto-ultrasonic test results for the 
panel Fo/Al-3 containing three visible impact 
damage sites introduced at 1.5, 2.9 and 14 
joules using a 12.5 mm diameter semi-
spherical impact head 
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Figure 7.6 The acousto-ultrasonic test results for the 
panel Fo/Al-4 containing two invisible and 
one visible impact damage sites introduced at 
1.4, 2.8 and 13.9 joules using a nearly flat 
indentor 
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A typical acousto-ultrasonic waveform for the as-received (AR) pane] 
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Figure 7.8 : A typical acousto-ultrasonic waveform for the as-received panel with 
priming (ARP) 



W 

O 
> 

u 

3 

a. 0005 

Figure 7.9 A typical acousto-ultrasonic waveform for the panel with surface 
preparation technique of NRP (new roller with priming) 
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Figure 7.10 Correlation of acousto-ultrasonic parameter 
(AUP) with peel torque of foam core aluminium 
panels. The AUP is normalized relative to the 
maximum value of AUP in the given data. The 
solid line represents the best fit to the 
data points using the least squares method. 
The specimen code (see Table 7.2) indicates 
the surface preparation technique. 
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Figure 7.11 : A representative fracture surface for the as-
received (AR) panel. The failure mode was 
completely by interfacial failure 
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Figure 7.12 : A representative fracture surface for the panel 
with old roller (OR) surface preparation 
technique. The dots on the foam core indicate the 
holes where cohesive failure in the adhesive 
occurred 
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Figure 7.13 : A representative fracture surface for the panel 
with new roller (NR) surface preparation 
technique. The dots on the foam core indicate the 
holes where cohesive failure in the adhesive 
occurred 
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Figure 7.14: A representative fracture surface for the panel 
with new roller surface preparation technique and 
with two layers of adhesive (NR2). The dots on the 
foam core indicate the holes where cohesive 
failure in the adhesive occurred 
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Figure 7.15 : A representative fracture surface for the as-
received panel with priming (ARP). The predominant 
failure mode was interfacial failure with some 
cohesive failure in the adhesive and in the foam 
core 
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Figure 7.16 : A representative fracture surface for the panel 
with surface preparation technique of ORP (old 
roller with priming) . The dots on the foam core 
indicate the holes where cohesive failure in the 
adhesive occurred 
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Figure 7.17 : A representative fracture surface for the panel 
with surface preparation technique of NR2P (new 
roller with 2 layers of adhesive and with 
priming) . The dots on the foam core indicate the 
holes where cohesive failure in the adhesive 
occurred 
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Figure 7.18 : A representative fracture surface for the panel 
with surface preparation technique of NRP (new 
roller with priming) . The failure mode was 
predominantly cohesive failure in the adhesive 
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Figure 8.1 A schematic diagram of the acousto-ultrasonic 
monitoring a joint specimen under tensile loading 
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Figure 8.2 : Apparatus for measuring acousto-ultrasonic 
parameter (AUP) during the tensile loadinq of 
a joint specimen 

207 



Figure 8.3 Constant force clamps are used to hold the 
transducers to the specimen with Ultragel II 
as the coupling fluid 
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Figure 8.5 : Typical AU waveforms with frequency content in the range of (a) 0.0 
to 1.7 MHz (b) 0.0 to 0.275 MHz (c) 0.275 to 0.550 MHz and (d) 0.550 
to 0.875 MHz for a representative bonded joint in composites 
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8.6 : The normalized AUP of the waveforms with four 
different ranges of frequency content vs the 
normalized load for a representative 
composite specimen 
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Figure 8.7 : The normalized AUP of the waveforms with 
frequency content in the range 0.550 to 0.875 
MHz vs the normalized load for composite 
specimens. The solid line represents the best 
fit to the data points using the least 
squares method 
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gure 8.9 : Typical acousto-ultrasonic waveforms with frequency content in the 
range of (a) 0.0 to 1.7 MHz (b) 0.0 to 0.4 MHz (c) 0.4 to 0.8 MHz 
and (d) 0.8 to 1.2 MHz for a representative steel bonded joint specimen 
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Figure 8.10 The normalized AUP of the waveforms with four 
different ranges of frequency content vs the 
normalized load for a representative steel 
specimen 
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Figure 8.11 The normalized AUP of the waveforms with 
frequency content in the range of 0.4 to 0.8 
MHz vs the normalized load for steel 
specimens. The solid line represents the best 
fit to the data points using the least 
squares method 
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