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Abstract

Destructive and Ultrasonic Characterization of Adhesive Joint Durability Using
Open-faced Specimens

Doctor of Philosophy 1998
Abduljaleel Kadiri Moidu
Department of Mechanical and Industrial Engineering
University of Toronto

A major concern in the use of adhesive joints is their durability when exposed to a moist
environment. This thesis investigated the durability of two typical commercial adhesives,
Permabond EU4 and Hysol EA9346, using the peel test and ultrasonic reflection
measurements, employing a novel open-faced specimen. The new specimen geometry
overcame the drawbacks of the conventional closed adhesive sandwich, resulting in
accelerated degradation in a uniform manner. In addition, it facilitated the testing of the joint
in a wet (along with the absorbed water) and dry (after drying out the absorbed water)

condition.
An analytical approach was developed and experimentally verified, to predict the
adherend plastic dissipation in the peel test, allowing the determination of the critical fracture

energy, G, from peel data. The model was used to calculate G, values for the two adhesive

systems as a function of the duration of exposure to water at 67°C. The durability studies
showed that for the E04 adhesive, the peeling should be performed in a dry state to assess
interfacial weakening, whereas for the EA9346 adhesive, both wet and dry tests revealed
interfacial weakening. Failure analysis showed that the degradation for the EO4 adhesive was

associated with the formation of micro-defects at the interface.

Durability of the two adhesive systems was characterized ultrasonically using open-faced



specimens. It was found that ultrasound can detect the interfacial degradation of the E04
adhesive, but did not show any significant change in response with degradation of the EA9346
adhesive. Measured values of normal-incidence, longitudinal and shear reflection coefficients
were in good agreement with a spring model of the interfacial region for the E0O4 adhesive,
enabling the determination of the spring constants as a function of degradation. An oblique-
incidence shear-wave measurement system was developed for the inspection of the interfacial
region, and implemented using a novel transducer. An efficient angular spectrum approach
was developed to model the oblique measurement system, and the experiments were in good

agreement with theory.
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CHAPTER 1 Introduction

Structural adhesive joining is becoming increasingly popular as an alternative to
traditional methods of fastening materials such as welding and riveting. Adhesive joints
reduce stress concentrations, transmitting loads more uniformly from one member to another,
thereby reducing the weight and improving the fatigue resistance of the finished component.
Adhesives can be used to join a wide variety of materials such as metals, plastics and
composites, and are suitable to join dissimilar materials. Recent developments in adhesive
formulations have resulted in adhesives with excellent strength and stiffness properties,
providing further impetus to the use of structural adhesives in high-strength applications. In
particular, adhesive bonding of aluminum structures has received considerable attention in the

aerospace industry and, more recently, in the automotive sector.

A major concern in the use of the adhesives is durability. It is well established that
adhesive joints may undergo a progressive, permanent degradation in strength when exposed
to certain service environments. Moisture has been found to be one of the most harmful
substances which affect the joint strength, and unfortunately the most commonly encountered.
A well-prepared, fresh joint fails by fracture within the adhesive layer, a phenomenon termed
a cohesive failure. However, on prolonged exposure to moist environment, it is found that the
locus of failure often shifts to the interface between the adhesive and adherend, and the failure

load is significantly lower. This is termed an adhesive failure, implying interfacial weakening.

Moisture may enter a joint by diffusion through the adhesive layer (for metal-metal
joints). Generally, moisture affects the cohesive as well as adhesive (interfacial) properties,
and may be reversible or irreversible. It is the permanent effects of the moisture on the

stability of the interfacial region of an adhesive joint which can reduce the strength drastically.



Motivation

1.1 Motivation

An understanding of the interfacial degradation of adhesive joints, exposed to a moist
environment, is of great practical importance in order to utilize the full potential of adhesive
Joining technology. The present work is motivated by the following three issues in the

interfacial characterization of adhesive joints exposed to a moist environment:

i) Experimental assessment of durability: In order to assess the durability of adhesive
joints, it is standard practice to expose the joint to a specified environment (typically an
elevated humidity/temperature), and record the strength drop as a function of the time of
exposure. Although there have been numerous such durability studies, they have suffered
from the drawback that the moisture uptake is relatively slow, and the moisture concentration
and the level of degradation are spatially nonuniform within the joint. This makes it difficult
to study the variables affecting the time-dependant degradation of the joint corresponding to a
specific exposure condition. It is also very difficult to isolate the permanent and reversible
effects of moisture on the joint. There is a need to develop an alternative durability

experimental method.

ii) Destructive testing: After exposure to a given environment for a specified duration, the
joint strength may be assessed destructively using the peel test for adhesive joints. In a typical
peel test, a flexible adherend, which is bonded to a rigid adherend by means of an adhesive, is
peeled at a specified angle at constant rate. Compared to other test methods for adhesive
joints, the peel test has the advantage that the crack path is very close to the interface between
the flexible adherend and the adhesive, which makes it attractive for interfacial

characterization.

The steady-state peel force obtained is a measure of the adhesion strength between the
adhesive and the adherend. However, there is a great deal of uncertainty regarding the fraction
of the work of peeling that is expended in the plastic deformation of the flexible adherend,
which undergoes severe bending at the peel front. It is of interest to develop a model for the
peel test in order to predict the plastic dissipation in the flexible adherend, thereby enabling
the determination of the critical fracture energy from the overall peel energy.
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iti) Nondestructive Testing: The nondestructive testing of in-service adhesive joints is of
great practical importance. Ultrasonic methods have long been identified as the most suitable
means for this purpose. They have been successfully implemented to evaluate cohesive
properties, and to detect voids, disbonds etc. However, at the present time there does not exist
any method to nondestructively assess the interfacial properties of an adhesive joint. It is well
known that this is an extremely difficult task because it involves the detection of subtle
changes in a very thin region which lies beneath a relatively thick adherend.

Ultrasonic reflection measurements from the adhesive/adherend interfacial region is one
of the techniques which has the potential to evaluate the integrity of the interfacial region.
However, to date there has been no conclusive evidence for correlations between ultrasonic
reflection measurements and level of interfacial degradation in adhesive joints subjected to a

moist environment.

1.2 Thesis objectives

This thesis investigated the durability of aluminum-epoxy structural adhesive joints, both
destructively and nondestructively, using the peel test and ultrasonic reflection measurements
from the adhesive/adherend interfacial region. An important aspect of the present work was
the use of an open-faced specimen geometry, thereby overcoming the difficulties associated

with traditional geometries. The specific objectives of the thesis were:

e To conduct durability experiments using open-faced specimens, both destructively and
nondestructively. Attention was given to both the permanent and reversible effects of
moisture.

e To develop an analytical model for predicting the plastic work within the flexible adherend
in the peel test, thereby allowing the determination of the critical fracture energy from peel
test data. The model was used to analyze the peel durability data.

o To investigate, both theoretically and experimentally, the potential of ultrasonic reflection

measurements from the adhesive/adherend interfacial region to detect interfacial

weakening.

o To analyze of the peel failure surfaces in order to understand the nature of degradation.

3
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1.3 Thesis organization
The thesis is divided into seven chapters. Chapter 2 discusses the necessary background

information and the relevant literature.

In Chapter 3, a theoretical model for the analysis of the peel test is developed. Numerical
results are presented to understand the effects of various material properties on the adherend
plastic dissipation. Experimental verification of the model is also given.

The theoretical investigation of ultrasonic reflection from the adhesive/adherend
interfacial region is the subject of Chapter 4. The reflection characteristics of normal-
incidence longitudinal and shear waves are analyzed, using a spring model to describe the
interfacial region. An angular spectrum approach is developed to model an oblique-incidence,
shear wave measurement system for the examination of the interfacial region of adhesive

joints. Numerical simulations are carried out using the model.

Chapter 5 outlines the details of the various experimental methods and procedures
employed in the work. The open-faced specimen is introduced, and the various destructive test
methods are described. Methods for the measurement of normal shear and longitudinal
reflection coefficients of the interfacial region are given. The design and construction of a

novel transducer for oblique-incidence measurements is described.

Chapter 6 gives the results and analysis of the destructive and nondestructive evaluation of
the durability of two commercial adhesive systems. The critical fracture energies are
determined as a function of degradation, from the peel durability data and the model
developed in Chapter 3. The interfacial spring constants are determined as a function of
degradation, from the normal-incidence ultrasonic measurements. The oblique-incidence

ultrasonic measurements are compared with the angular spectrum model developed in Chapter

4.

Finally, Chapter 7 summarizes the conclusions and the major contributions of the present

work. Possible topics for future work are also identified.



CHAPTER 2 Backgr ound

This chapter gives the necessary background information and reviews the relevant
literature. First, a brief review of the fundamentals of adhesive joints will be given,
followed by a discussion of their durability. The peel test for adhesive joints will be
discussed next. Finally, the various ultrasonic methods and associated theoretical tools for

the interfacial characterization of adhesive joints will be reviewed in detail.

2.1 Fundamentals of adhesive joints

2.1.1 Adhesion

The first step in the formation of a strong adhesive joint is the establishment of

intimate molecular contact at the interface between the adhesive and the adherends. This

requirement is usually referred to as wetting [1]. Good wetting requires that the adhesive be
able to flow and spread over the adherend surfaces and be able to displace the air and any
contamination. The wetting phenomenon is strongly influenced by the surface
thermodynamics of the adherend and adhesive [1]. It is also recognized that adhesion depends

on the kinetics of the wetting, which in turn is largely determined by the viscosity of the

adhesive during bond formation, and the topography of the adherend surface [1].

Once proper wetting has been achieved between the adhesive and the adherends, then
the adhesive is cured, or hardened, so that it can transmit load from one adherend to the

other. The mechanisms of adhesion between the adhesive and the adherend are still not fully

understood, and many theories are to be found in the literature [1]. Two of these mechanisms
are presently believed to be operative in the case of metal-to-metal adhesive joints. First is the

adsorption theory, which is the most widely accepted theory of adhesion. According to this
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theory, materials adhere together because of the interatomic forces acting between the two
surfaces; the most common forces are Van Der Waals forces (referred to as secondary bonds).
In addition, chemisorption may occur in the form of ionic, covalent and metallic bonds
operating across the interface (referred to as primary bonds). A second mechanism, namely,
mechanical interlocking is also considered to contribute to the measured strength. According
to this theory, the adhesive interlocks into the irregularities on the adherend surface, thereby

resisting separation.

2.1.2 Adherend surface preparation

The nature of an adherend surface prior to bonding is one of the most important factors
which determines the adhesion strength of a joint. The adherend surface should be free
from any contamination such as oil, grease etc. For general engineering applications,

simple degreasing and roughening of the adherend surface, for example by grit-blasting, may
be sufficient [1, 2]. However, for critical situations such as aerospace applications, chemical

pretreatment of the adherend surface is required [1, 2] for good initial joint strength as well as

durability. Such pretreatment methods produce adherend surfaces which are rough on a micro-
scale [1-3]. It is thought that the chemical pretreatments improve the mechanical interlocking

and the kinetics of wetting, thereby improving the adhesion [1]. It is also postulated that
pretreated joints show higher strength because of the increased energy dissipation effects

during fracture [1, 2]

For aluminum adherends, there are three major pretreatment methods available, namely,
sulfuric acid etching (also known as the FPL etch procedure, after Forest Products
Laboratory), Phosphoric Acid Anodization (PAA) and Chromic Acid Anodization (CAA) [1,
2]. These techniques produce an oxide-layer on the adherend surface, which has varying

degrees of rough microscopic features, depending on the specific method of pretreatment [4].

2.1.3 The interfacial region

It is now well accepted that the adhesive/adherend interface is not a plane boundary, but a
three dimensional, multilayered structure (Fig. 2.1), that may be denoted as the interfacial
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Figure 2.1: Schematic of the adhesive/adherend interfacial region
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region. For aluminum-to-aluminum joints, the interfacial region includes an oxide layer,
which is 0.1 - 4 pm in thickness, depending on the pretreatment method {4]. Recently, there

has been evidence [5-8] of an adhesive interphase in the vicinity of the oxide layer (Fig. 2.1),
with possibly different physical and chemical properties compared to the bulk adherend. This

subject is not well understood, and is a subject of active research [8].

2.2 Durability of adhesive joints

A key requirement of a structural adhesive joint is to retain a significant proportion of
its initial strength upon exposure to its service environment. Unfortunately, it is well
documented that adhesive joints may undergo significant weakening. Water, in liquid or

vapor form, has been found to be the most hostile environment for adhesive joints,

particularly those featuring metal adherends [1, 2].

2.2.1 Water uptake

Water may enter a joint by diffusion through the exposed edges of the adhesive,
transportation along the adhesive/adherend interface, diffusion through the adherend if it is
permeable, and by capillary action through cracks and crazes in the adhesive [9]. For most
metal-to-metal adhesive joints, it is established that diffusion through the exposed edges of the
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adhesive is the major mechanism of water uptake. Several authors, e.g. [9-14], have studied
the diffusion characteristic of common adhesives by measuring the mass increase of a thin

film of adhesive, exposed to a specified humidity and temperature, as a function of time. In

most cases, the water uptake curves showed the characteristics of Fickian diffusion [15], and
the diffusion coefficient could be found by fitting a Fickian model to the measured absorption

curve. The diffusion coefficient thus measured may be used to predict the water distribution in

practical adhesive joints operating in the same environment [11].

2.2.2 Effects of water
Water may affect both cohesive and interfacial properties of a joint, as described

below:

(i) Plasticization and swelling of the adhesive: As a result of the water absorption, the

glass transition temperature of the adhesive drops, reducing its modulus and strength [2]. This

is termed plasticization, and is a reversible phenomenon. One study [16] found that

plasticization is a major factor in degradation for certain types of adhesives. It was also found

that the plasticization causes the fracture toughness of adhesive joints to increase [1]. The

higher glass transition temperature of heat-cured, one-part adhesives makes them less

susceptible to plasticization than room-temperature cured two-part adhesives [2].

Another reversible effect of water is the swelling of the adhesive, a phenomenon which

introduces stresses into the joint. There have been some investigations of the swelling stresses
[9], which concluded that they are unlikely to be a major factor affecting the long-term
durability of joints. It was also suggested that adhesive swelling may help to relieve the

residual stresses set up in the adhesive layer due to shrinkage while curing [3].

(ii) Hydrolysis, cracks and crazes: The chemical reaction between water and the adhesive

(hydrolysis) may alter the mechanical properties of the adhesive. Another permanent effect of

water on adhesives is the leaching of unreacted components [9]. The water uptake plot of an

adhesive fails to reach equilibrium in the presence of such permanent effects.
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Cracking or crazing of the adhesive as a result of prolonged exposure to water is

another factor which must be considered when assessing the durability of adhesive joints. This

is particularly important for service at elevated or widely fluctuating temperatures [17].

(iii)_Interfacial weakening: Although water may affect the cohesive properties of an
adhesive, there is a consensus that it is the effects of water on the interfacial properties of the

joint which are responsible for its decrease in strength on exposure to water [1]. A well-
prepared fresh joint invariably fails cohesively, while the locus of failure of an aged joint is
observed to shift to the interfacial region. This suggests that any study aimed at characterizing
the environmental degradation of adhesive joints should concentrate on the interfacial region.

The mechanism(s) by which water attacks the interfacial region is not well understood.

Several theories have been advanced, but none of them are universally accepted [1-3]. One

such theory is that water causes the rupture of secondary bonds across the adhesive/adherend
interfacial region, thereby displacing the adhesive [3]. The rupture of the secondary bonds in

the presence of water can be predicted from surface thermodynamics [I, 3]. A second theory

is that the adhesive interphase (Fig. 2.1) may be more susceptible to hydrolysis than the bulk
adhesive [3]. A third proposition is the weakening of the oxide layer in a metallic joint, due to
hydration [4]. However, more recent evidence suggests that such hydration may be a post-

failure phenomenon [5].

For a given adhesive/adherend system, the rate and extent of interfacial weakening depend

on various parameters such as humidity, temperature, duration of exposure, adherend surface
preparation and the applied stress. There have been numerous experimental studies, e.g. [16-

23], to understand the effects of various parameters on degradation using closed adhesive
sandwiches (Fig. 2.2). In such a geometry, the water enters the joint by diffusion through the
exposed edges of the adhesive, and hence the water concentration within the joint is
nonuniform. This causes the degradation of the interfacial region to proceed in a slow and
nonuniform manner, making it difficult to study the interfacial weakening corresponding to a
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Figure 2.2: Moisture diffusion in a closed adhesive sandwich

specific exposure condition, i.e., humidity and temperature. It is also difficult to isolate the
permanent (as opposed to reversible) interfacial effects of water by using this traditional joint
geometry. The present work addressed these important issues in the experimental assessment
of durability by the use of a specimen geometry that promoted uniform and accelerated
degradation. Very recently, after this work began, others [24, 25] have reported similar
specimen geometry; however they did not address the time-dependent degradation
corresponding to a specific exposure condition, and the effects of wet and dry testing; i.e.
testing the joint along with the water absorbed during the environmental conditioning (a “wet”

test) or testing it after drying out the absorbed water.

2.3 Destructive testing: the peel test

After exposure to a specific environment for a fixed duration, the durability of a joint is
usually assessed by common destructive test methods such as the single or double lap shear
test, peel test etc. The peel test (Fig. 2.3) was chosen as the destructive test method for the
present work, because the crack path in a peel test is close to the interfacial region and hence it
is attractive to characterize the adhesion strength. In fact, for the same reason, the peel test is

used widely for the mechanical characterization of adhesion phenomenon in a variety of
adhesion applications {2].

There are a variety of peel tests, and the American Society of Testing Materials (ASTM)
has issued four different standards [2]. Essentially, they all consist of a flexible adherend,
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Figure 2.3: Configuration of a typical peel test

which is peeled at a constant angle and rate, from a rigid adherend to which it is bonded using
an adhesive (Fig. 2.3). The test reaches a steady-state condition after the initial crack
extension, and the steady-state peel force is a measure of the adhesion between the flexible
acherend and the adhesive. However, there is a great deal of uncertainty regarding the fraction
of the work of peeling that is expended in the plastic deformation of the flexible adherend
which undergoes severe bending at the peel front. Without adequate models to account for

such plastic dissipation effects, the peel test is at best qualitative.

The classical model for peel analysis attempts to predict the transverse tensile stresses

set up in the adhesive layer in terms of the measured peel force and material properties.

Following this approach, Spies [26] analyzed elastic peeling by considering the still-attached
part of the flexible adherend as an elastic beam on an elastic (Winkler) foundation, and the
detached part of the flexible adherend as an elastic beam under large displacement. Several

such elastic models have been derived by others [27-33]. A finite element analysis of elastic

peeling was presented by Crocombe and Adams [34].

Alternatively, there has been an energy approach to elastic peeling [2, 35], which equates
the work done by the test machine (external work) to the work done on the sample, and

expresses the peel energy as the difference between the external work and the stored elastic

11
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energy in the flexible adherend. The peel energy includes plastic dissipation in the flexible
adherend, the plastic and viscoelastic dissipation in the adhesive, and a surface energy term
(work of adhesion or work of cohesion, depending on whether failure is interfacial or
cohesive) [2]. The latter two terms (surface energy and adhesive dissipation) constitute the
critical fracture energy, which is a measure of the strength of the joint, while the flexible
adherend plastic dissipation is an artifact of the test method. The evaluation of the adherend
plastic dissipation is not a trivial task because it depends on several parameters such as the
material (adhesive/adherend) properties, peel angle and the fracture energy itself. A useful
peel model should estimate the adherend plastic dissipation from knowledge of the peel force,
the peel angle and the adhesive/adherend properties.

Early attempts to account for the effects of adherend plasticity, which used elementary

beam theory [36, 37], are inadequate to predict the adherend plastic dissipation from peel test
data. A finite-element analysis of elasto-plastic peeling was given by Crocombe and Adams
[38]. Significant progress in peel analysis was achieved with the development of a large
displacement, elastic-plastic pure bending theory for the flexible adherend advanced by Kim
and co-workers [39, 40]. They gave an expression for the plastic dissipation in terms of the
peel force, the adherend properties, peel angle and the rotation at the root of the flexible
adherend. It was shown that the plastic dissipation is strongly influenced by the root rotation;

however, it could not be determined from their analysis. Subsequently, Williams [41]

analyzed the root rotation in the peel test, following Kanninen’s [42] approach to crack-tip

rotation in double cantilever beam (DCB) specimens.

Williams [41] assumed the flexible adherend to be elastic at the root, although the elastic-
plastic nature of the adherend was taken into account for the detached portion of the adherend

using Kim’s approach [39]. Also, the effect of adhesive properties on root rotation was
neglected. This thesis addresses these two important issues in the prediction of adherend
plastic dissipation in the peel test, by developing a theory for an elastic-plastic beam on an
elastic foundation. Further, the present work considers an extension of the elastic-plastic pure

bending theory [40, 43] to model a bilinear stress-strain behavior of the flexible adherend.

12
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Once the adherend plastic dissipation is evaluated, the determination of the critical
fracture energy from the peel energy is straightforward. The peel test is essentially a mixed-

mode (mode I and mode II) fracture test [35]. Although the mode-mix effects in elastic

peeling have been analyzed [35], there exists no analytical method to estimate the mode ratio
for elastic-plastic peeling. The present work addresses this issue as well.

2.4 Ultrasonic NDE of adhesive joints
2.4.1 Introduction

Nondestructive evaluation (NDE) methods for adhesively-bonded structures are of
great practical importance. Although many NDE methods have been investigated in the
past to inspect adhesively bonded structures, ultrasonic methods have the greatest potential

[2]. This is because ultrasonic waves are sensitive not only to defects such as voids, disbonds

etc., but also to elastic and viscoelastic properties of the materials involved.

There are three aspects to the nondestructive evaluation (NDE) of adhesive joints;
namely, (a) detection of defects such as voids, disbonds (b) evaluation of the cohesive
properties of the adhesive, and (c) evaluation of interfacial properties [2]. The first is
relatively straightforward, and conventional ultrasonic methods may be readily employed for
that purpose [2]. Considerable progress has been made also in the characterization of the

cohesive properties of the adhesive [44-46]. Strong correlations have been found between
ultrasonic parameters, such as through-thickness resonance frequencies of the joint, and shear
strength of the joint. A number of commercial bond testers based on resonance methods are
available, such as the Fokker bond tester [2, 44-46]. Such bond testers can also be used to
detect defects such as disbonds.

Currently, there exists no reliable method to characterize the interfacial strength of

adhesive joints nondestructively [2, 45-47]. This has been acknowledged to be a very
challenging problem, since the task here is to detect subtle changes in a very thin
interfacial region (of the order of 1 pm) which lies beneath a relatively thick adherend (of
the order of 1 mm, Fig. 2.1). The current practice in industry is to guard against interfacial

13
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failure by strict quality control of the surface preparation of the adherend. However, as
discussed earlier, adhesive joints are susceptible to interfacial weakening upon exposure to
a moist service environment. Lack of NDE techniques to evaluate such degradation limits

the potential applications of adhesive joints, despite their many advantages.

It should be mentioned that strength is a destructive parameter; hence, the ultrasonic
NDE of strength is based on the hypothesis that a decrease in strength is accompanied by
physical changes in the interfacial region, such as a change in the local stiffness. The
dependance of these changes in the material properties on ultrasonic wave propagation may
be analyzed, thus providing a way tc evaluate the interfacial strength nondestructively. The
correlations between ultrasonically determined interfacial parameters and the destructive

strength must necessarily be empirical.

2.4.2 Ultrasonic Methods for the NDE of the interfacial region
There have been many ultrasonic techniques which have been investigated for the

characterization of the interface of an adhesive joint. Cawley [47] gave an excellent review of

the major techniques. These fall into three basic categories:

(a) Methods involving the adherend-adhesive-adherend sandwich: This category is based

on the interaction of ultrasonic waves with the whole adherend-adhesive-adherend sandwich
structure (Fig. 2.4a), and involve relatively low frequencies, of the order of 1 MHz. Since the
wavelength at these low frequencies are comparable to the total thickness of a typical joint
(Fig. 2.1), the reflected longitudinal and shear waves from the various interfaces superimpose

each other to generate the various modes of vibration of the sandwich structure.

Lamb (plate) wave techniques fall into this category. When the sandwich structure is
obliquely insonified, the Lamb modes, which propagate along the joint, may be generated.
The Lamb waves leak energy into the coupling medium as they propagate, allowing the wave
propagation characteristics to be measured. Several research groups investigated the
variations in the Lamb wave dispersion (phase velocity of the various Lamb modes vs.
frequency) curves with changes in the interfacial properties. Guy et al. [48] showed that the
dispersion curves are not highly sensitive to pertubations in interfacial properties. Cawley and
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Figure 2.4: Ultrasonic methods for interfacial characterization, involving, (a) the
entire adherend-adhesive-adherend sandwich, (b) the adhesive layer, (c) the
interfacial region. The multiple echoes are not shown for the sake of clarity.

co-workers [47] have shown that the dispersion curves are primarily sensitive to adherend

properties, implying that Lamb waves can not be readily used for interfacial characterization.

Dickstein et al. [49] have investigated the thickness resonances of the sandwich structure
along with novel signal processing and pattern recognition methods to evaluate the interfacial
region. They were able to classify joints empirically according to their methods of surface
preparation using ultrasonic features obtained from signal processing. Levesque et al. [51]
have presented a similar technique, which they call as wltrasonic interferometry, and report
strong sensitivity of the reflection spectra of the sandwich structure to interfacial properties of
the joint, both theoretically and experimentally. Thompson and Thompson [50] also reported
on the sensitivity of certain thickness vibration modes to the interfacial condition. These

results are somewhat surprising since it is widely held that the resonance techniques can

indicate only the cohesive properties and gross defects [46].

(b) Guided modes of the adhesive layer: This category of ultrasonic NDE of the interface

is based on wave propagation within the adhesive layer, and hence reduces the sensitivity of
the results to the adherend properties (Fig. 2.4b). When the adhesive layer is insonified

obliquely, the guided modes are formed, for suitable combinations of frequency and adhesive
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thickness, due to the superposition of the longitudinal and shear waves reverberating within
the adhesive layer. The dispersion characteristics of the guided modes of the adhesive layer
depend on the boundary conditions between the adhesive and the adherends. There are two
classes in this category, namely, (i) true guided modes of the adhesive layer, i.e., those modes
which do not leak back into the adherends, and (ii) leaky guided modes propagating in the

adhesive layer.

The true guided modes have been investigated, mostly theoretically, by many authors [52-
54], and it has been shown that such modes are sensitive to interfacial properties, in addition
to the cohesive properties of the adhesive. However, there are practical difficulties in
generating true guided modes of the adhesive layer, since they can not be excited by waves
launched from the top adherend. In most engineering structures, ultrasonic waves must be
introduced to the bondline via the top adherend from a transducer in contact with the surface

or in a liquid medium above the surface.

In contrast, the leaky guided modes of the adhesive layer can be generated readily by
waves launched obliquely through the top adherend (Fig. 2.4b). This method requires
relatively higher frequency (5-10 MHz) in order to resolve the adhesive echoes from the
echoes originating from the outer surfaces of the adherends. Rokhlin and co-workers [55]
analyzed this method extensively using theoretical and experimental tools. They found that

certain features in the reflection spectrum of the adhesive layer are sensitive to the interfacial

condition. Other researchers [56, 57] also investigated this technique. However, the leaky

guided modes were shown to be substantially sensitive to the cohesive properties of the

adhesive as well [47].

(c) Ultrasonic reflection coefficient of the adhesive/adherend interfacial region: The third
major technique for the ultrasonic characterization of the interfacial region is the
measurement of its reflection coefficient (Fig. 2.4c). The major advantage of this
technique is that the reflection coefficient is primarily sensitive to pertubations in
interfacial properties, such as those due to environmental degradation from moisture

uptake. Since the echo from the upper surface of the adhesive needs to be resolved from
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that originating from the bottom surface, the ultrasonic frequency needs to be much higher
for this method than those described earlier; of the order of 25 MHz for a typical adhesive
thickness of 0.4 mm. This method was also the natural choice for the present study

because it is compatible with the novel specimen geometry selected for the investigation.

Many researchers have investigated the use of reilection coefficient measurements from
the interfacial region to characterize its properties. Early investigations used normal-incidence
longitudinal waves [58]. However, it was shown that inspection methods which use waves
incident obliquely at the interface may be more sensitive to adhesion weakness [59-61]. In

particular, it has been theoretically demonstrated that, the reflection mode that is most

sensitive to the interfacial condition is the oblique, shear-shear reflection from the interfacial

region [59, 60].

2.4.3 Characterization of interfacial weakening due to water

Many of the experiments reported in the literature were carried out on specimens with
artificially weakened interface, such as one contaminated with a release agent prior to bonding

to create “poor” adhesion. Some authors attempted to discriminate adhesive joints

nondestructively according to their different surface pretreatments [49, 51]. There have been
few attempts to characterize interfacial weakening as a function of exposure to a moist
environment. One of the major objectives of the present work was to ultrasonically

characterize the interfacial weakening of adhesive joints on exposure to water.

Early work in the NDE of the interfacial weakening due to moisture attempted to use

normally incident ultrasonic compression waves [62]. Dickstein et al. [63] used advanced
signal processing techniques to classify joints nondestructively for various levels of
moisture content. This work was primarily empirical in nature. Recently Rokhlin and co-
workers [64, 66] have investigated environmental degradation of adhesive joints using the
leaky guided modes of the adhesive layer. They found correlations between certain

features in the frequency spectrum and joint strength as measured by the lap shear test.
They also attempted to characterize interfacial degradation by a model of an adhesive joint
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with a nonhomogeneous interphase structure [65].

The above works used the traditional joint geometry (Fig. 2.2), which suffers from the
drawbacks described in Section 2.2.2, making it impossible to associate nondestructive
parameters to a particular level of degradation or water concentration. Also, the research
employed ultrasonic methods which have substantial sensitivity to small pertubations in the
bulk adhesive properties as well as the interfacial region (methods (a) and (b)). It was noted
earlier that water in general affects both cohesive and interfacial properties of a joint.
Therefore, there is a degree of uncertainty as to the respective contributions of cohesive and
interfacial changes to the pertubations in ultrasonic features; an additional set of experiments
may be required to isolate the interfacial effects [66]. The present work tackles these issues by
using ultrasonic reflection measurements from the interfacial region, a method of type (c)
that is primarily sensitive to interfacial properties, and a new specimen geometry which

overcame the difficulties associated with the traditional geometry.

2.4.4 Theory of wave propagation in adhesive joints
2.4.4.1 Plane-harmonic wave theory

The theoretical modelling of ultrasonic plane wave interactions with adhesive joints has

received wide attention in the last two decades. General purpose multi-layer modelling tools

have been developed using a number of matrix formulations [67]. The matrix methods are

quite general, and may be used to model all three major methods for the NDE of adhesive

joints described earlier.

The starting point for the modelling of wave propagation in a homogeneous isotropic solid

is Navier’s equation of motion [69,70] given by, in the absence of body forces,

3.
——=U

2.1)
a:" (

uV2;+ (A+p) VVeu = p

where A and [ are the Lame constants, p is the density and u is the displacement vector. The

displacement field may be decomposed into dilatational and rotational fields by expressing it
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as the sum of the gradient of a scalar field, ¢, and the curl of a vector field \T! ,Le.,

B=Vo+Vxy 22)

Combining equations (2.1) and (2.2), the following scalar and vector wave equations

describing compression (longitudinal or dilatational) waves and shear (transverse or

rotational) waves may be obtained [70]:

2
)
v = —2——9 (2.3a)
clat
2
Vy = 5— (2.3b)
¢, ot

where ¢, = J(A+21)/p and c, = Ju/p are the bulk longitudinal and shear wave

velocities in the medium, respectively.

In multi-layered plate problems such as an adhesively-bonded structure, it is usually

assumed that the width of the structure is much larger than the ultrasonic wavelength involves,

and therefore a two-dimensional (plane strain) analysis is valid [67]. For the plane strain case,
the vector wave equation becomes a scalar one, with only the out-of-plane component of the

vector potential, y,, being relevant (Fig. 2.5). The plane-harmonic solutions of Eq. 2.3, for

compression and shear waves, are:

] l?-}-mt) i(lE;o}—mt)
o = Ae 1 v, = Be 2.4)
where k, and k_ are the longitudinal and shear wave numbers, respectively, and ® is the

circular frequency. The solution for the wave motion in a multi-layered structure is achieved
by the superposition of longitudinal and shear bulk waves (Eq. 2.4) in each layer, and the

imposition of proper boundary conditions. It is sufficient to consider four waves in each of the
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Figure 2.5: Schematic of plane-wave interaction with an adhesive joint

layers, two shear and two longitudinal waves, corresponding to the incident and reflected

fields [67].

The most common method to solve the multi-layered problem is the transfer matrix
method [67]. The major advantage of the transfer matrix method is relatively small
computational effort. However, the method suffers from numerical instability when the ratio
of thickness of a layer to the wavelength is much greater than unity. Unfortunately, this

situation holds for typical adherend thicknesses and frequencies involved in commercial
adhesive joints [67]. Recently Levesque et al. [68] addressed this issue and derived a robust
version of the transfer matrix method. An alternative is to use the global matrix method [67],

which has been shown to be extremely robust, to calculate the plane wave reflection

coefficient from a layered structure. This results in slower computation than the transfer

matrix method.

Many of the ultrasonic models [47-60] for adhesive joints used the plane wave theory. For
method (a) (Lamb wave and resonance technique) and method (b) (guided modes of adhesive

layer), which involve frequency or velocity measurements, the plane wave approximation is
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valid provided that the specimens are kept in the far field of the ultrasonic transducers.
However, for method (c) (reflection coefficient) this simplification is valid only if the
measured reflection spectrum is de-convolved with respect to a reference spectrum to correct
for beam divergence and attenuation in the propagating medium [47]. Although this may be
achieved in laboratory conditions, such a reference spectrum would not be available for the
inspection of industrial adhesive joints. It would be desirable to model the complete
measurement system taking into account the detailed structure of the wave field generated by
the transmitter, the characteristics of the receiver and the propagation effects in the various

media including the coupling medium.

2.4.4.2 Finite-beam theory
In order to model an ultrasonic measurement system, a finite or bounded beam approach

based on the angular spectrum or plane-wave decomposition method [71] may be employed.
According to the angular spectrum method, a bounded ultrasonic beam may be decomposed
into an infinite number of plane waves or angular components centered about the incident

angle. This is a powerful tool to deal with bounded beams since the analytical framework for

plane waves is well established.

Pialucha and Cawley [61] modelled the diffraction effects originating from the finite size
of flat transducers used in the NDE of the interfacial region, using the angular spectrum
method. They concluded that a finite beam model is essential to predict the full response of
the transducer, and that under certain circumstances the plane wave approximation may be
used. In their work, it was necessary to perform an experimental correction on measured

signal by means of a reference spectrum.

Most of the commercially available transducers in the higher frequency range
(typically > 15 MHz), which is required for the examination of the interfacial region using
method (c) (see Section 2.4.2), are manufactured with a focussing lens in order to shorten the
near field length. In addition, focused beams make it possible to generate various wave types
over a wide range of angles simultaneously inside the adherend. There exists no theoretical

studies of the interaction of focused waves with the adhesive/adherend interfacial region in
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the literature. The present work models an oblique-incidence immersion measurement system

with a focused transmitter and receiver.

2.4.4.3 Models for the interfacial region

It may be recalled that water attacks primarily the interfacial region of an adhesive
joint; therefore a physical model of the interfacial region is required, and many approaches
have been proposed in the literature for this purpose. These models for the interfacial
region may be readily incorporated into the above wave propagation models for adhesive

joints.

Wang and Rokhlin [55] modelled the interfacial region as a two-layered structure,
consisting of the oxide layer and a weak-boundary layer. The oxide layer was modelled as
elastically anisotropic because of its porous structure. They used a weak-boundary layer
concept to simulate interfacial weakening, either as a result of degradation or due to improper

surface preparation of the adherends. Such layered models of the interfacial region have been
used by other investigators as well [47, 60, 74]. A simple isotropic, visco-elastic interlayer

with complex dynamic moduli was also considered to model the interfacial region [S1, 72].

The major disadvantage of the interlayer model is that very little is known about the
nature of the adhesive interphase (or weak boundary layer), and the changes to the
adhesive interphase and the oxide layer as a result of environmental degradation. A simple
isotropic, elastic interlayer model to describe the adhesive interphase needs four
parameters, namely the two elastic constants, density and the thickness. If the oxide layer

is also to be included, seven more additional properties are required, namely five elastic

constants (for transverse isotropy), the thickness of the oxide and its density [73, 74].

Other researchers have modelled the interfacial region using normal and tangential springs
[51, 58, 59, 75]. Very strong springs correspond to perfect interfacial adhesion, while a
weakening in adhesion is represented by weak springs. Mathematically, the spring model
requires only a minor modification in the boundary conditions. At a perfect interface between

two half spaces, the boundary conditions consist of the continuity of normal and shear stresses
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and displacements across the interface. In the spring model case (imperfect interface) the
boundary conditions are the continuity of the stresses and a discontinuity in the displacements
which depends on the spring constants. For the plane strain case:

(6,0, = (6,), =K, (wy=w)), (1), = (i), = K, (up—u))  (25)

where w and c,, are the normal displacement and stress, respectively, « and T,, are the
tangential displacement and stress, respectively, and, K, and K, are the normal and the

tangential spring constants at the interface, respectively. The subscripts 1 and 2 refer to the

adherend and the adhesive respectively.

Wang and Rokhlin [72] have described the physical basis for the spring model. They
showed that it is a special case of the layer model, in which the elastic responses of the
interlayer are considered and their inertia is neglected. The spring constants are equivalent to
the elastic properties of the layer normalized by its thickness, and sometimes are referred to as
the specific stiffnesses [S51]. It was shown [72] that the spring model is valid in the long
wavelength limit, i.e., when the thickness of the interfacial region is much smaller than the
wavelength involved. When the oxide layer thickness is negligible (which is the case, for
instance, with the FPL surface pretreatment of the adherend) the above condition is usually
satisfied because the adhesive interphase is of the order of 1 - 5 um thick and the typical
wavelength is at least one order of magnitude greater in the commercially feasible frequency

range of 5 - 30 MHz.

Another situation where the spring model is applicable is the case of a distribution of
sub-wavelength defects (defect size, a << A) at the interface between two solids. Because of
the presence of the sub-wavelength defects, the local stiffness at the interface is lowered
relative to the bulk solids, a situation which can be described by a spring model. Such a model
has been applied to fusion welding and diffusion bonding [76-78], where there is only a partial

(intermittent) contact between the materials on a micro-structural level.
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The spring model is attractive because it needs only two parameters to characterize the
interfacial region. However, there has been no experimental evidence of the validity of the
spring model in the case of adhesive joints. The present work investigates the applicability of
the spring model to describe the environmental degradation of the interfacial region in

adhesive joints.
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CHAPTER 3 Analyszs Of the Peel Test

This chapter presents a theoretical approach to the analysis of the peel test. First, the large
displacement, elastic-plastic pure bending theory of the flexible adherend is extended to a
bilinear stress-strain response. Second, a new model is developed for the still-attached part of
the flexible adherend, treating it as an elastic-plastic beam on an elastic foundation. The
prediction of the adherend plastic dissipation is made possible by combining the above two
solutions, thereby allowing the determination of the critical fracture energy and mode-ratio
from the peel test data. Numerical simulation is carried out to understand the effects of various
material parameters on the adherend plastic dissipation. Finally, the model is validated

experimentally. The material presented in this chapter has already been published by the
author [79, 80].

3.1 Energy balance in steady-state peeling

In a peel test (Fig. 3.1), after the debond begins to propagate, the peel force approaches a
steady value for constant peel angle. Under steady-state conditions, the following energy

balance may be formulated [43]:

G, =W, -W,-W, ~-W, (3.1)

c ex

where G, is the critical fracture energy, W, , is the external work per unit area, W, is the

Xt

stored elastic energy per unit area in tension of the flexible adherend (hereafter referred to as

the “adherend”), Wp . is the energy per unit area dissipated plastically due to tensile

deformation of the adherend, and Wp » is the energy per unit area dissipated plastically due to
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bending of the adherend. The external work per unit area may be calculated from [2]:

w

W _ = 3 (1+¢g,—cos¢) (3.2)

ext

where P is the peel force, b is the width of the adherend, ¢ is the peel angle, and €, is the
tensile strain in the detached part of the adherend. In most cases of adhesive bonds, W, and

Wp , are negligible compared to Wp p- Lhe calculation of W b is not a trivial task because it

depends on many variables such as the material (adhesive/adherend) properties, peel angle
and the critical fracture energy itself. The prediction of the plastic dissipation due to bending
in the adherend (hereafter referred to as the adherend plastic dissipation or simply, the plastic

dissipation) is the major objective of the present analysis.

The critical fracture energy, G, includes the surface energy term (work of adhesion or

work of cohesion, depending on whether the failure locus is interfacial or cohesive) and the

local dissipation ahead of the crack tip due to the plastic and visco-elastic effects. It should

also be noted that the peel test constitutes a mixed-mode fracture, and hence G, may be

partitioned into its opening mode (mode I) and sliding mode (mode II) components.

3.2 Adherend plastic dissipation in steady-state peeling
Figures 3.1a and 3.1b show the configuration of the adherend, and the corresponding

moment-curvature (M-K) diagram, respectively, in a steady-state peel test [39, 40]. The
adherend ceases to be elastic at point A, where it attains the elastic-limit curvature and yield
moment. From point A to point B, the adherend is plastically deformed and reaches the
maximum curvature at the root, B. It undergoes elastic unloading during B-C, and reverse
plastic loading during C-D to straighten the adherend. It is convenient to normalize the

moment and curvature with respect to the collapse moment and elastic limit curvature,

respectively [39, 81]:

m=M/M,; k=K/K, (3.3)
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Figure 3.1 (a) Steady-state peel configuration, (b) Corresponding moment-curvature diagram

where M and K are the moment per unit width and the curvature of the centroidal axis of the

adherend cross-section, respectively, at any position along the adherend, and, MP and K, are

the collapse moment per unit width and elastic limit curvature, respectively, given by:
2

Mp = O'yh /4; Ke = 20‘y/Eh 3.4)
where 0'}, is the adherend yield stress, # is the adherend thickness, and E is the Young’s
modulus of the adherend.

The adherend plastic dissipation is given by the area enclosed by the M-K diagram (Fig.

3.1b), i.e., the area enclosed by O-A-B-C-D-O, given by:

Wo=MEK, | m@a (3.5)

OABCDO

It should be noted that the above equation includes the residual elastic bending energy
also. To evaluate the above expression, the m-k relations for the various stages of deformation

(Fig. 3.1b) are derived below for a linear strain-hardening (bilinear) material.
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Figure 3.2 Bi-linear stress-strain diagram

3.3 Moment-curvature relations for a bi-linear material
In this section the moment-curvature relationships for a bilinear stress-strain behaviour of

the flexible adherend is newly derived. It may be noted that, Kinloch et al [43] considered the

bilinear case; however, their derivation led to some misleading restrictions on the solution.

The uniaxial stress-strain relation for a bilinear material (Fig. 3.2) may be expressed as:

o = Ee e<ey

=f(e) =0, +E (e~€) E>E, (3.62)

where 6 and €, are the yield stress and yield strain of the adherend, respectively, E is the
Young’s modulus of the adherend, and E » is the slope of the strain-hardening part of the

stress-strain diagram (Fig. 3.2). It is convenient to normalize Eq. 3.6a as follows:

é<l

|
™M

g

f(£)=(1—8)+8é £>1 (3.6b)

]

where ¢ = c/c;y, £ = e/ey and § = Ep/E.
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With the usual assumption of beam theory that plane sections remain plane and normal to

the centroidal axis, the axial strain at any point on the adherend cross-section is given by:

£ =k (3.7)

where y = y/ (h/2), y being the distance of a point from the neutral axis.

The normalized moment-curvature relationship may be obtained from the following
equation, in conjunction with Eq. 3.6b and Eq. 3.7 and by knowing the stress distribution of
the adherend cross-section (Fig. 3.3):

m = 2[Gydy (3.8)

Elastic loading (Fig. 3.3a): During segment O-A (Fig. 3.1), elastic loading of the
adherend takes place, and the well-known moment-curvature relation for elastic bending may

be obtained from Eq. 3.8 as:
2
mp, (k) = 3k 3.9

Plastic loading (Fig. 3.3b): During segment A-B, plastic loading of the adherend occurs,
and the stress distribution is given by:

E=k— 0<}-’<5’1

c

= f(€) = f(kY) yi<y<l (3.10)

where f is given by Eq. 3.6b, and y, is the elastic-plastic interface (Fig. 3.3b), which can be
obtained from Eq. 3.10, using the condition that G = 1 atthe elastic-plastic interface, giving

y; = 1/k. Therefore, using Eq. 3.8, we get:

1) 28
m, g (k) = (1-8)(1—;}7" (3.11)
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Figure 3.3 Stress distribution of the adherend cross-section, (a) elastic loading, (b) plastic
loading, (c) elastic unloading, (d) reverse plastic loading

Elastic unloading (Fig. 3.4c): During segment B-C, elastic unloading of the adherend
occurs and the stress distribution is given by:
G =¢=ky O<y<1/k,

= y) — (k —k)y /k <y<1
flky) = (k,-k)y 1/k,<y< 3.12)

where k_ is the normalized root curvature. Using Eq. 3.8, the following moment-curvature

relation for the elastic unloading stage may be obtained:
2 a
mg. (k) = mo~§(ka-k) (3-13)
where m  is the normalized moment at the root of the adherend, given by (see Eq. 3.11):

25k
m = (1-8)| 1- L1, (3.14)
° k2| 3

o

Reverse plastic loading (Fig. 3.3d): The stress distribution during the reverse plastic
bending stage, C-D in Fig. 3.1, can be shown to be.
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G =ky 0<y<1/k,
= f(k,y) ~ (k,—k)y 1/k,<y<y,

where y, is the new elastic-plastic interface in reverse plastic bending (Fig. 3.3d), which may

be found from the condition that the stress at y, is equal to the yield stress, i.e., from Eq. 3.15:

fk,y;) = (k,~k)y, = -1 (3.16)
For a bilinear material, using Eq. 3.6b, we get:

2-9

Finally, from Eq. 3.8, we get the moment-curvature relation for the reverse plastic bending

stage as:

-2 1 2 _3| 2. 2 3
mep (k) = (1-8){ 2y, -1-$-§k0y2 ~ 38k +3 (1+8)ky, (3.18)
[]

The curvature at point C, needed to calculate the area under the M-K diagram (Fig. 3.1b),

can be found from Eq. 3.16 using the condition that the stress on the outer fiber (y = 1) atC

is equal to the yield stress, i.e.,
flky) = (k,—kp) = ~1 (3.19)
For a bilinear material, using Eq. 3.6b, we get
ke = k,-2-6(k,—1) (3.20)

It is also noteworthy, that under certain conditions the points C and D coincide, i.e., the
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Analysis of the detached part of the flexible adherend

reverse plastic bending stage is absent. The value of the root curvature, k , at which this

happens may be found from Eq. 3.20 with k. = 0, i.e,,

1
k S1+1_—8 3.21)

o

By substituting the m-k relations (Egs. 3.9, 3.11, 3.13 and 3.18) into Eq. 3.5, the following
expression for the adherend plastic dissipation may be obtained:

2
w k 1
b 2 —_—
M,;'( = (1-8)(—334-3?—1) for 1<k, <1+7—5
pe o (3.22a)
w k-—k
pb ( c 0)
MpKe = (1 8)(k +3k )+(kC-ko) m,+—3—
1 oc(kc+k) k,
—ke(B-D| 1+—5 |+ —5—-(2-8) (1- 8)(2—?)
3k
o

k 4-§° 1+8) 2
_?C(I-f-&) (2-5)—(2—5)2(3150(1_23)—( ; )—l?

for k>1+—l—

1-8  (320p)

3.4 Analysis of the detached part of the flexible adherend

Using the large-displacement, elastic-plastic theory [39, 43], the following expression
may be derived for the detached part of the flexible adherend:

kc 0
P 1= cos (0-8)) = M K,|m jc + [my k) die+ [mp () di (3.23)
b p

kﬂ kc

where 8  is the rotation at the root, B, of the adherend (Fig. 3.1a). Substitution of the new m-

k relations for a bilinear material (Egs. 3.9, 3.11 3.13 and 3.18) into the above equation yields:
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P (l1-cos(v-6)) ki fori<k <1 L
bM K\~ - =3 orl<k,sl+71—5
ple or 3 °T 1= (3.242)
P (k(:_ka)2 1 Ski'
Eﬁp?e(l—cos(q)-ea)) = kcmo+—3-—-—-kc(8—1) 1+3—k§ +3
k) ke °
—(2—8)(1—8)(2—?)——3-(1+8) (2-9)
ol (4=8) (148 2
~C=0 AR, (1-0) " 3 "k
for k& 21+—18-
0 1- (3.24b)

In the equations 3.22 and 3.24, the unknowns are the adherend plastic dissipation in

bending, Wp b the root curvature, k ,» and the root rotation, 60 . The additional information

needed to calculate the plastic dissipation energy, Wp p» may be obtained by analyzing the

attached part of the adherend as an elastic-plastic beam on an elastic foundation.

3.5 Analysis of the attached part of the adherend

In this section, a new theory is developed for the deformation of an elastic-plastic beam on
an elastic foundation in order to analyze the attached part of the flexible adherend. For this

analysis, two simplifying approximations are made:

(i) Long-beam assumption: At point A on the attached beam, the deformation ceases to be
elastic, and at the root B it reaches the highest degree of plastic deformation (Figs. 3.1).
Generally, both the elastic and the elastic-plastic sections of the attached part of the adherend
have to be analyzed. However, the problem is greatly simplified by making the assumption of
a semi-infinite elastic-plastic beam on an elastic foundation. This approximation is equivalent

to the long beam assumption in the theory of a beam on elastic foundation [84]. It may be
shown that for the long beam assumption to be valid, the extent of the elastic-plastic section
(A-B in Fig. 3.1) need only be greater than a few millimeters for typical peel tests.
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A(K M,

Figure 3.4 Linear approximation to the M-K relation for elastic-plastic loading

(i1) Approximate m-k relation for elastic-plastic section: The actual moment curvature
relationship for the elastic-plastic section of the attached part of the adherend is given by Eq.
3.11. However, due to the non-linear nature of the m-k relation, an analytical treatment of the
deformation of the attached part of the adherend becomes impossible. To overcome this
difficulty, a linear approximation to the moment-curvature relation during the elastic-plastic
bending is used, as shown in Fig. 3.4. A rational way to linearize the elastic-plastic section of
the M-K diagram is to equate the area (i.e., the energy dissipated) under the actual M-K
diagram (O-A-B) to that under the approximated M-K diagram (O-A;-B). Finally an

approximate, normalized moment-curvature relation for plastic-loading section (A[-B) may

be obtained as:
mA,B(k) = ml+g(k—kl) (3.25)
where
(mo_ml)
G = ———0 (3.26)
(ko—kl)
k +2 3m) (k+2 3m)2 ( mk)
o o (4] (4] o 0
k1 =( 2 "7 ‘J 7B A (3.27)
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2
m, = 3k, (3.28)

1 ok,
Y = (1"0')(,(0_1'!'3?)"’7 (3.29)
o

This linearization procedure is a reasonably accurate description of common peel tests for

adhesive joints. It may be readily shown that when &k » 1, the actual m-k relation (Eq. 3.11)

for stage A-B is in fact nearly linear.

Beam-on-elastic-foundation: According to the theory of beam on an elastic foundation,

the beam displacements and the foundation stresses are related as follows [33]:

Oy = lcv; Ty = ltu (3.30)

where v and « are the vertical and horizontal beam displacements, and A _and A_ are the

effective normal and tangential foundation constants (or foundation moduli), respectively. In
the case of adhesive joints, it is important to consider the compliances of both the adhesive
and the adherend. The adherend compliance is due to the fact that the adherend does not act as
a built-in cantilever, and undergoes scme rotation at the root even in the extreme case of a

perfectly rigid adhesive [41, 42]. The effective foundation constant may be calculated by

assuming that the adhesive and adherend compliances act in series [82, 83]:

1 1 1 1 1 1
= = + — = + (3.31)
Y ads adn’ ) ads adn

s A - A o T AL A

where the superscripts ads and adn represent the adhesive and the adherend, respectively. The

adhesive is considered to be elastic, giving the following relations [83]:

S|

[H
lads - a xads - "a (3.32)

o FEE T
ta ta
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Analysis of the attached part of the adherend

where E and p are the adhesive Young’s modulus and shear modulus respectively, and ¢,

is the adhesive thickness.

Adherend foundation constant under elastic-plastic loading: In the presence of plastic
deformation, the adherend foundation constants depend on the degree of plasticity.

Expressions are sought for the normal and shear foundation constants of the adherend under

elastic-plastic loading.

First, consider the normal foundation constant, 7\.‘:'" , of the adherend. According to the

deformation theory of plasticity (or total strain theory), the generalized Hooke’s law may be
used to relate the stress and total strain, provided that E and v (Poisson ratio) are replaced by

the secant modulus E ;. (Fig. 3.2) and 0.5, respectively [84]. By using these relations, and

Kanninen’s approach for the elastic case [42], the normal foundation constant of the adherend

may be shown to be:
yS— (3.33)
The secant modulus, E > may be obtained from the bilinear stress-strain relations (Eq.
3.6b), provided that the effective total strain, g,, (Fig. 3.2) is known, i.e.,

E =

s

(1-9) +dE (3.34)

N o

For the purpose of deriving an analytical expression for E_, the effective strain g, Is

assumed to be equal to the maximum bending strain at the root:

1
g, = 5K h (3.35)
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V|- dx -
M+(dMdx)dx
T
T+(dT/dx)dx
-
T.
4 l V+(dV/dx)dx
Oy

Figure 3.5 Free body diagram of a differential element on the
attached part of the flexible adherend

The foundation constant for the shear deformation (k:dh) may be obtained in a similar

manner as:
2F
x‘;‘”‘ = 5 h‘ (3.36)

Governing equation: Figure 3.5 shows a differential element of the attached part of the

adherend. By applying the equilibrium equations to this element [33], together with the linear
m-k relation (Eq. 3.25), and Eq. 3.30, the following differential equation may be obtained
governing the foundation shear stress (Appendix A):

7 5 3
dt d~ dz dt
xy xy xy 5y _
7 —Q 75 tQ83 -Qsz; =0 (:37)
dx dx dx

The foundation normal stress may be found from the following equation (Appendix A):

3
Qldtxy 1 d 'cxy

Oy T Qudx T0,,3

(3.38)
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where
A 4 8A
T 2 T (o]
9, = —(l+-); Q,=—3; @3=—3; (3.39)
1 Eh o 2 gEh2 3 gEh3
47\.0
Q4 = gEhz; Q5 = Q1Q3-Q2Q4 (340)

The general solution to Eq. 3.37 is:

- n .
T, = C+Ce T4 Cie re " [C c0s (M%) + Cysin (10,5) ] (3.41)
" [C4cos (%) + Cysin (%) ]

where K, —K, 1, £1; and -1+, are the roots of the characteristic equation of Eq. 3.37.

Because of the long beam assumption, four of the seven constants (C I C2 , C 6 and C5)
are zero, by virtue of the boundary condition that Ty = 0, as x — —oo. Equation 3.41 may be

re-written as:
= Ce¥re(C Csi 3.42
Ty (¥) = Cye” +e " (Cycos (Mx) + Cssin (M%) (3.42)

The following boundary conditions are valid at the root (x = 0):

P Eh dtxy Ehz
[T],20= 5°0¢ = 7 |dx J=0" 2 %o’ (3.43)
P ERC i QlEh3C dt,, h
[VI_ _a= Tsing = Xy - — +5[7..] (3 44)
¥=0"b ¢ 8Q2A'c 6 8Q2l0' dx4 x=0 27 5y x
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2 — 2
(K] =K. = [.‘_i_v - il:d_o'yy} .
x=0 0 dxz_x=0 lc dxz x:O,

"dv 1 dcyy
[[ane].t:O:taneO: E]x:():l—[z; x=0

(3.45)

(3.46)

where T and V are the axial and shear forces respectively. From Eq. 3.42 and Egs. 3.43-3.46,

the following simultaneous algebraic equations may be obtained:

hk K
_ o' e Pcosd))
kG +1,C, +0,C5 = lr( 2t Ebh

[Q1K4—1<6 ] g _Psing
=L 0, |C.+a,C,+a.C. = ——"
g, a)C3tasCytasCs e

le3-1<5
3, Ca+b4Ca*b5Cs = kK,
lez—x4
—5—C, +d,C,+d,C, = @n@,
QA T2

where

1 4 22 4 6 4 2 24 6
% =0, [@,(M,-6n7; +n;) -, +15n.n, -15nm; +n;]1 -0,
1 3 3 5 33 5

2 5 3 2 4
= Q—[Q (> -30,1)) -n, +100°n; - 51 ;]
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(3.49)

(3.50)

(3.51)

(3.52)
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1 3 .2 5 23 _ 4
b5 = g, 121 (m; +3n,n)-m; + 10m,m; -5n, ;] (3.54)
1 2 2. 4 _4& 2 2
dy = xcgz(Ql(ﬂr-ﬂg) -1, -1, +6n.1;) (3.55)
1 3 3
ds = 3-g e+, —4n.n)) (3.56)
2

Equations 3.47-3.50 along with Egs. 3.1, 3.22 and 3.24 are sufficient to calculate the
adherend plastic dissipation during the peeling process.

Fracture energy from local stresses: The peel test may be considered as a mixed-mode
fracture of some combination of mode I (opening mode) and mode II (sliding mode). Since

the adhesive is considered to be elastic, the mode I and mode II components of the fracture

energy may be expressed in terms of the foundation stresses (Eq. 3.42 and 3.39) as [83]:

s, (0) T, (0)
GI = 2;\.0, ; = _ﬁt— (3.57)
GII
Gc = C-’I+G”; ¢ = atan EI- (3.58)

where @ is the phase angle, which is a measure of the amount of mode-II component of G_

relative to its mode-I component. The fracture energy of many adhesives is a function of @;
see, for example ref. [83].
Numerical implementation: The numerical solution for the critical fracture energy consists

of solving the seven simuitaneous equations, (3.1), (3.22), (3.24) and (3.47)-(3.50) for seven
unknowns namely, C3, C 4 CS, Ico, 60, Wp b and Gc. The mode ratio may be calculated from

Egs. 3.57-3.58. A Matlab program was written using the Newton-Raphson method to achieve

the solution.
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3.6 Numerical results

In this section, numerical simulation is carried out to study the variation in the magnitudes
of adherend plastic dissipation with changes in material (adhesive/adherend) properties and
peel angle. The adherend is assumed to be an elastic-perfectly plastic material (§ = 0), and
the foundation shear stress is neglected in the numerical studies. It was verified that, in most
cases, the exclusion of the shear stress introduces an error less than 15% in the adherend
plastic dissipation. Since the primary objective at this point is to seek general trends in the
plastic dissipation, it is justified to simplify the calculations by neglecting the effect of the

shear stress.
Figure 3.6 shows the ratio of external energy to the critical fracture energy (W,.,/G.)

plotted against G, calculated for various values of adherend thickness and yield stress at

¢ = 90°. The range for G_ was chosen to reflect typical structural adhesive joints, which

have G_ ranging from 200 - 3000 J/m® . Itis noted from Fig. 3.6 that, for a given G_, the

external energy, W

x> and hence the adherend plastic dissipation (W, o =0.* W‘p p ) can

be very sensitive to the adherend properties. Therefore, it is important to choose the adherend
properties such that the adherend plastic dissipation is kept small. It is observed from Fig. 3.6
that for high-fracture energy systems, the use of low values of adherend thickness and yield
stress keeps the effects of adherend plastic dissipation small. On the other hand for low
fracture energy systems, the use of relatively high values of the thickness and yield stress
would be desirable to keep the plastic dissipation effects low. It is also noted from Fig. 3.6 that

for given adherend properties and peel angle, there is a particular value of G, at which the

plastic dissipation effects are the maximum.

Previous investigators [36, 41] have pointed out the existence of a critical adherend

thickness at which the plastic dissipation is a maximum for a given G, . Figure 3.7 shows the
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Figure 3.6 Effect of adherend properties on plastic dissipation: W_/G. versus G, for

adherends of different thickness and yield stress; the joint parameters used are: ¢ = 90°,
E;=25GPaand ¢, =04 mm.

variation of W,/ G, with adherend thickness 4, for several values of the yield stress cy , and

for two extreme values of G, (250 and 2500 J/ m2 ). The range of thickness was chosen to

reflect common peel tests for metallic adhesive joints. The figure does indeed predict the
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S
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Figure 3.7 Existence of a critical adherend thickness: W, /G versus k for various values of G
and oy, ; the joint parameters used are: ¢ = 90°, E,=2.5GPaand,=0.4 mm.

existence of a critical adherend thickness, although not all the maxima fall within the useful
thickness range.

A closer examination of Fig. 3.7 reveals that for a low fracture system, the use of a high
yield strength material with a thickness much larger than the critical thickness keeps the
adherend plastic dissipation low. This is consistent with the conclusions drawn from Fig. 3.6.
The alternative solution of choosing an adherend thickness much smaller than the critical
thickness would not be feasible in this case since the thickness would be too small, and the
adherend might yield in tension. For medium to high fracture energy systems (most structural
adhesive systems fall in this category), the use of a low yield-strength adherend with a
thickness much smaller than the critical thickness is the preferred solution for minimizing the

effects of plastic dissipation.
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Figure 3.8 Effect of adhesive properties on plastic dissipation: W, /G versus G, for various values

of the normal adhesive foundation constant (11,“”); the joint parameters used are: ¢ = 90°, oy =
300 MPa and £ = 0.3 mm.

Figure 3.8 shows the variation of W, /G, vs. G_ for various values of the ratio of

adhesive modulus to thickness (i.e., the normal foundation constant of the adhesive). It is
observed that the plastic dissipation increases with increasing foundation constant. This is
expected intuitively, since the root curvature becomes sharper with increasing adhesive

stiffness for a given adhesive thickness.

Figure 3.9 shows the ratio W oxt’! Gc vs. the peel angle, ¢, for fixed values of GC and
adherend properties. It is observed that W,/ G, , and hence the adherend plastic dissipation,

increases steadily with peel angle, a trend which has been reported elsewhere [85]. The result
is expect on physical grounds, since an increase in peel angle would cause the root radius of
the adherend to become sharper, thereby leading to an increase in plastic dissipation. It should
be realized that for very low values of peel angle, the predominant deformation of the
adherend is tensile. The present model, which assumes pure bending for the detached part of

the adherend, may not be applicable in this case.
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Figure 3.9 Effect of peel angle on plastic dissipation: W,,/G, versus ¢ ; the joint parameters used
are: G, =250 MPa, /4 =0.5 mm, E, =2.5 GPa and #, = 0.4 mm and G, = 1000 J/m?.

3.7 Experimental validation of the model

For a given adhesive system (adherend material, surface treatment and adhesive), the
critical fracture energy should be independent of the peel angle, adherend thickness and
adherend yield stress, provided that the mode ratio and the contribution of the crack-tip

dissipation to G, do not vary with the test geometry. Therefore, the strategy for the

experimental validation of the model was to predict G . and mode ratio by applying the

model to experimental peel data obtained from specimens prepared using the same metal,
surface pretreatment and adhesive; the only variables were the peel angle, the adherend

thickness and the adherend yield stress.

3.7.1 The peel data

Two sets of experimental peel data were analyzed. The data set [ is from ref. [38], and the
data set II corresponds to the peel tests carried out in the present work. Data set I includes two
aluminum alloys as the flexible adherend; namely, a relatively high yield-strength AA2024-
T3 alloy and a relatively low yield-strength BS 3L61 alloy. The peel specimens were prepared
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Figure 3.10 Stress-Strain diagrams; (a) AA1100-O alloy, (b) AA3004-HI9 alloy, (c) AA1100-H16
alloy, (d) Hysol EA9346 adhesive

with a rubber-modified epoxy as the adhesive. Peel tests were conducted for angles of 30°,
60° and 90° with each alloy. The adherend properties, obtained from the bilinear
approximation to the uniaxial stress-strain curves reported in [38] are shown in Table 3.1.

Young’s modulus for this adhesive was reported to be 2.0 GPa [38].
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Data set II was obtained experimentally using three aluminum alloys (AA1100-0O, 3004-
H19 and 1100-H16) as the flexible adherends, varying in thickness and yield characteristics.
Uniaxial tension tests were carried out to determine the yield stress and strain hardening
characteristics of the alloys; the results are shown in Figs. 10a to 10c. Table 3.2 contains the
adherend properties from a bilinear fit to the stress-strain curves. The adhesive used was
Hysol EA 9346, an unfilled single-part epoxy adhesive. Tension tests were conducted on 0.4
mm thick cast specimens of the adhesive (Fig. 3.10d) giving a Young’s modulus of about 2.5
GPa.

The flexible adherends were pretreated using the FPL etch (ASTM 2162) procedure, and

the joints were cured according to the manufacturer’s instructions. The peel tests were
conducted at a rate of 5 mm per minute, for three peel angles (45°, 90° and 135°) for the
'AA1100-O and AA1100-H16 alloys, and for two peel angles (45° and 90° ) for AA3004-H19
alloy. Six to seven specimens, from different batches, were tested for each peel angle with the

AA1100-O and AA3004-H19 alloys, and three to four specimens from two batches were used
for each peel angle with the AA1100-H16 alloy.

3.7.2 Results and discussion

Table 3.1 gives the results of an analysis of data set I. The external energy was calculated
using Eq. 3.2. The critical fracture energy, G, was determined using Eq. 3.1 together with
Egs. 3.47-3.50, Eq. 3.22 and Eq. 3.25. The mode-ratio was obtained using Eqgs. 3.57-3.58. A

finite-element analysis of these peel tests may be found in ref. [38]. Table 3.2 gives a
corresponding analysis of the data set II

Effects of peel angle and adherend properties: It may be observed from both Tables 3.1

and 3.2 that the external work increases greatly with increase in peel angle, as predicted by the

model for a given G, (Fig. 3.9). For a given peel angle and G_, the numerical predictions

showed that the plastic dissipation is very sensitive to the adherend thickness and yield stress
(Fig. 3.6). It may be observed from Tables 3.1 and 3.2 that, for a given peel angle the external

energy is very sensitive to the adherend properties. It was found from the numerical results
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(see Fig. 3.6 and 3.7) that for medium to high-strength adhesives, such as the adhesives used
in both data sets [ and II, the effects of plastic dissipation may be kept relatively by employing
arelatively thin adherend with low yield stress. Referring to Table 3.2, it may be noted that the

AA1100-O (which has a relatively low yield stress and thickness), with a 45° peel angle gave

the lowest value of external energy compared to other combinations of alloy and peel angle.

Table 3.1 Analysis of data set [

G
Alloy ¢ p Wext g 1 ¢ adh ads
Type (Deg.) | (N/mm) | (J/m?) (f;;nz') ) (Deg) | & &
2024 - T3 30 23.2 3121 930 313 | 0.041 | 0.066
h=0.64 mm
5, = 330 MPa 60 7.3 3651 769 31.9 | 0.036 | 0.058
§=0.02 90 4.3 4300 730 33.6 | 0.034 | 0.054
BS 3L61 30 22.5 3027 970 379 | 0.070 | 0.100
h=0.57 mm
5, = 65 MPa 60 9.4 4702 1060 38.1 | 0.083 | 0.118
8 =0.003 90 6 6001 1060 39.9 | 0.086 | 0.123

Critical fracture energy (G, ): Table 3.1 gives the critical fracture energy determined for
data set I. It is noted that for the relatively high yield strength aluminum alloy (AA 2024 - T3),
the phase angle remains approximately constant with increase in peel angle, and thus it is

expected that G, should be largely independent of the peel angle. However, it is observed

that G for the 30° case is somewhat higher than the other two peel angles. This is possibly

because the calculated fracture energy includes the energy dissipation due to local adhesive
plastic and visco-elastic effects. The finite element analysis of the peel tests, carried out by
Crocombe and Adams [38], showed that the adhesive plastic zone sizes are greater for lower
peel angles. Therefore, the increased crack-tip dissipation for low peel angles may explain the
higher fracture energy calculated for low peel angles in the case of the AA2024-T3 alloy. This
is further confirmed by the trends in the calculated values of the average transverse or
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thorough-thickness strain at the root, both in the adherend, stadh, and the adhesive, etads,

(Table 3.1). It may be observed that G, increases with the transverse strains; implying an

increase in fracture energy due to enhanced plastic and visco-elastic effects in the vicinity of

the crack tip.
Table 3.2 Analysis of data set I1
W Gc adh ads
Alloy q) P ext (Eq- 3. 1) (p et £t
Type (Deg.) | (N/mm) | (J/m?) /m?) (Deg.)
1100- 0O 45 52+028 | 1526 890 27.1 | 0319 | 0.048
h=0.12 mm
Gy =48 MPa 90 2.3+0.06 2301 913 303 0.309 | 0.046
§=0.0065 | 135 | 1g1+0.1 | 3051 932 34.1 |0.294 | 0.044
3004 - H19 45 14.1+082 | 4140 1195 283 |0.122 ] 0.046
h=0.3 mm
o, = 300 MPa
Y
5= 0.003 90 62+043 | 6201 935 322 10.103 | 0.039
1100 - H16 45 369+32 | 10824 2284 40.0 | 0.060 | 0.094
h=1.25mm
Cy=120MPa | o9 | 164+0.16 | 16403 1822 423 |0.097 | 0.152
5 =0.0005
135 | 142+055 | 24243 1558 462 |0.147 | 0.230

For the lower yield strength alloy (BS 3L61), the predicted G is higher than that of the

AA 2024-T3 alloy system, consistent with an appreciably higher overall phase angle, ¢ . The

crack-tip dissipation effects may play a role as described above, as confirmed by the similar

trends in G o9 and the adhesive and adherend transverse strains (Table 3.1).

Given that the two aluminum alloys (AA2024-T3 and BS 3L61) had the same

pretreatment, and that the same adhesive was used to make the peel specimens of both the
alloys, the fracture energy should be equal for the two systems at a particular phase angle, ¢.

The G . values determined using the model bear this out well, and the differences in the
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estimates of G_ between the two alloys can be explained by the mode of loading (i.e., an

overall change in the phase angle) and the crack-tip dissipation effects.

Table 3.2 gives the critical fracture energy determined for data set II. For AA1100-O alloy,
the phase angles do not change greatly with change in peel angle, and accordingly G_ values

are about the same for all peel angles. For AA3004-H19, the phase angles for both peel angles

remain about the same as that for AA1100-O; however, G_ for the 45° case is appreciably

higher than that for the 90° case. This may be again due to an increase in crack-tip dissipation
effects as explained above, as revealed by the higher transverse strains at 45° angle compared

to 90° (Table 3.2).

For the relatively thick AA1100-H16 alloy, the phase angle is appreciably higher than for
the other two alloys, and the fracture energy values are accordingly higher. However, it should
be noted that the adherend plastic dissipation is so high for this case (80 to 94% of the external
energy) that the approximations used in the analysis may significantly affect the estimates of
the fracture energy.
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CHAPTER 4 Ultrasonic Nondestructive
Evaluation: Theoretical Aspects

In this chapter, theoretical aspects of the characterization of the adhesive/adherend
interfacial region using ultrasound are investigated. First, the plane wave reflection
coefficients from the interfacial region, for both normal and oblique incidence, are studied
using the spring model (Section 2.4.4.3). Next, a new angular spectrum approach is developed
to model an oblique-incidence, focused wave measurement system for the interfacial
characterization of adhesive joints [86, 87]. Numerical simulation results are given for typical

adhesive joints, using the spring model to describe the interfacial region.

4.1 Plane-wave reflection coefficients of the interfacial region

This section considers the plane-wave ultrasonic reflection coefficients (ratio of the
amplitude of the reflected wave to that of the incident wave) of the adhesive/adherend
interfacial region, which might be used as indicators of the interfacial strength. First, normally

incident waves are considered.

4.1.1 Normal incidence

In the study of ultrasonic wave reflection from planar interfaces, the case of normally

incident waves is the simplest to analyze since it deals with the one-dimensional form of the

wave equation [70]. It is of interest to derive expressions for the normal-incidence reflection
coefficient of longitudinal and shear waves incorporating the spring boundary condition,

given by:
(GZZ) l= (GZZ)Z = Kn (Wz'—wl) s (TXZ) l= (sz)z = K[(uz_u[) (4'1)
where 0,, and w are the normal stress and displacement respectively, O, and u are the
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Adherend (1)
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L (S)

Figure 4.1: Schematic of a plane wave normalily incident at the interfacial region;
‘L” represents longitudinal wave and ‘S’ represents shear wave.

tangential stress and displacement respectively, and X, and X, are the normal and tangential

spring constants respectively. The subscripts 1 and 2 represent the top and bottom half-spaces
respectively (Fig. 4.1). Seeking a plane harmonic wave solution to the one-dimensional form

of the wave equation, the following expressions for the normal-incidence plane wave

reflection coefficient of longitudinal (R,) and shear (R ) waves, respectively, may be

derived [58]:

W= Z,+Z,,-i0Z,Z,/K,

R (4.22)

_ Z, -2, ,+i0Z, Z, /K,

ss T Z, +Z,,-inZ, Z, /K,

R (4.2b)

where Z = pc is the specific acoustic impedance, p and ¢ being the density and wave

velocity, respectively, and ® is the circular frequency. In Eq. 4.2, the subscripts / and s

denotes longitudinal and shear waves, respectively.

52



Plane-wave reflection coefficients of the interfacial region

Table 4.4 Material properties used in the simulations

¢ (m/s) | ¢ (m/s) | p (kg/m?)
Aluminum 6435 3160 2690
Epoxy 2530 | 1175 1360

Figure 4.2 reveals the essential features of the spring model. It shows the normal-

incidence, shear-wave reflection coefficient (R ) from an aluminum-epoxy interface, plotted

against frequency for various values of the spring constant ranging from a perfect bond

(K, — =) to a complete debond (K, — 0). The material properties used in the calculations are

given in Table 4.1. It is seen that for a given frequency, the spring model predicts a gradually

increasing reflection coefficient with a decrease in the spring constant. The reflection

coefficient approaches the usual values of (Z,.-Z, )/ (Z,, +Z, ,) for a perfect bond, and

unity for a debond. For the two extreme cases of a perfect bond and a debond, the reflection
coefficient is independent of frequency. It is observed that for intermediate values of the
spring constant, the reflection coefficient shows a frequency dependance. The normal

longitudinal-wave reflection coefficient shows a similar behavior as the shear wave reflection
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Figure 4.2: Normal-incidence shear-wave reflection coefficient spectra for various values of
the tangential spring constant, K.
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Figure 4.3: Normal-incidence reflection coefficient versus spring constant; (a) shear wave,
(b) longitudinal wave.

coefficients. In principle, the normal and tangential spring constants may be determined by
measuring the plane wave reflection coefficient spectra of normally incident longitudinal and

shear waves, respectively.

Figure 4.3(a) and 4.3(b) gives the normal-incidence shear and longitudinal reflection
coefficient at 15 MHz plotted against the relevant spring constant. The reflection coefficient

decreases from unity, corresponding to a free bond, and approaches a limiting value,
corresponding to a perfect bond. In practice, the measurement of the reflection coefficient, R,
can be used to determine the spring constant, K, if they fall in the range where R changes

with K. By comparing Fig. 4.3(a) and 4.3(b), it may be observed that the increase in R__ with
a change in K, is greater than the increase in R, with a proportional change in K, especially

for small changes in the spring constants from the limiting case of a perfect bond. Therefore,
generally speaking, it may be said that shear waves are more sensitive to interfacial properties.
This is expected on physical grounds, since shear waves have shorter wavelengths than

longitudinal waves.
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Figure 4.4: Schematic of the oblique-incidence, shear wave reflection from the
interfacial region.

4.1.2 Oblique incidence

In practice, normal-incidence shear wave inspection of the interfacial region is difficult to
perform reliably due to the variabilities associated with coupling. On the other hand, vertically
polarized, oblique shear waves may be readily generated within the adherend by mode-
conversion of oblique longitudinal waves at the adherend top surface. The analysis of the
reflection of obliquely incident plane waves from the adhesive/adherend interfacial region
(Fig. 4.4) is relatively complicated because of mode-conversion, and the involvement of both
the normal and the tangential spring constants simultaneously. The solution may be achieved
by the wave-potential theory (Section 2.4.4), and the following relations may be derived for

the reflection and transmission coefficients of incident longitudinal and shear waves

respectively (Appendix B):
Rls Rss
Rll R:l
[0] = [ql, [C] D= [q], (4.3)
is 5S
Dy Dsy

where R and D are the reflection and transmission coefficients of the interfacial region,

respectively, and the subscripts / and s represent longitudinal and shear waves, respectively.
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Figure 4.5: Oblique shear reflection coefficient versus angle of incidence for
various values of the spring constants. The ratio of normal to tangential spring
constant, K, /K,, is fixed at 4.

The elements of Q@ and ¢, which are given in Appendix B, depend on the bulk material

properties, the spring constants, and the ultrasonic parameters such as frequency and incident

angle.

The oblique incident reflection coefficient shows the spectral properties described earlier

for the normal-incidence case. An important feature of oblique incidence is the angular

dependance of the plane wave reflection coefficients [59], which is due to the energy partition

associated with reflection, refraction and mode-conversion at the interface. Figure 4.4 gives

the angular characteristics of the shear-to-shear reflection coefficient (Rg), for various
values of the spring constants ranging from a perfect bond (K, = K, — ) to a debond
(K, = K, — 0). For the intermediate values of the spring constants, it has been assumed that

K, /K, =4, based on normal incidence longitudinal and shear wave measurements on a

freshly prepared adhesive joint. The frequency is 15 MHz, and the material properties used in
the calculations are given in Table 4.1. It is observed from Fig. 4.5 that the angular response of

R¢¢ is quite sensitive to change in spring constants. The incident angle most sensitive to
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change in the spring constants is about 30°, which represents a critical angle at which the
reflected longitudinal wave (Fig. 4.4) becomes an inhomogeneous plane wave parallel to the

interface.

4.2 Oblique-incidence, focused wave measurement system

The plane-wave theory of ultrasonic reflection from the interfacial region assumes a
transducer with infinite diameter; however in practice measurements must be carried out
using finite-sized transducers. There is a need to account for the diffraction of the wave field
caused by the finite size of the transmitter. Also, the ultrasonic model should account for the

effects of the receiver characteristics on the measured signal.

Most commercial ultrasonic transducers in the high frequency range (> 15 MHz) are
manufactured with a focussing lens. Focused transducers generate ultrasonic waves at a
relatively wide range of angles simultaneously; it may be recalled that the sensitivity of the
reflection coefficients to the spring constants is strongly angular dependant (Fig. 4.5). In this
section, a theoretical framework for an oblique-incidence, focused ultrasonic measurement

system for the interfacial characterization of adhesive joints is developed.

4.2.1 Measurement system

Figure 4.6 shows the schematic of a focused wave measurement system for oblique
incidence inspection of the adhesive/adherend interfacial region. A focused source located in
the coupling medium (water) launches waves over a wide range of angles depending on its
aperture and focal length. These waves produce both longitudinal and shear waves over a
range of angles inside the adherend by refraction/mode-conversion at the top surface of the
adherend; these waves in turn are reflected at the interfacial region (Fig. 4.6b), thereby
carrying information regarding the interfacial properties.

For a symmetrically placed, transmitter-receiver pair shown in Fig. 4.6, the signal at the

receiver depends on the distance of the probe pair with respect to the specimen surface (L, in
Fig. 4.6). As the transmitter-receiver pair is moved towards the specimen from a front-wall

focused position (L, = Fcos@ where F is the focal length and 6 is the nominal incident

57



Oblique-incidence, focused wave measurement system

1

g

9

water

X X
adherend
esive
.

interfacial region

(a) (b)

Figure 4.6: Oblique incidence, focused ultrasonic measurement system; (a) Front-wall focused
configuration, (b) A configuration where the probe-pair is moved down to receive interfacial
reflections.

angle), the various wave types reflected from the interfacial region are received successively.
The three primary types of reflection from the interfacial region are referred to as SS, LS+SL
and LL, where S denotes shear waves and L denotes longitudinal waves. It should be noted
that each of the reflected wave types contains a range of angular components due to the use of
a focused system. It is of interest develop a model to predict the signal corresponding to a

specified type of reflection, as a function of the vertical distance, L,, of the probe pair from the

specimen, and frequency, ®.

4.2.2 Angular spectrum model for the measurement system

The angular spectrum or the plane wave decomposition method (Section 2.4.4.2) is a

powerful tool to model radiation from a finite source [71, 88]. The present work developed an

angular spectrum approach to model the measurement system shown in Fig. 4.6.
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4.2.2.1 Emitted field
It is convenient to define the coordinate systems X,yZ,, X.yZ., and xyz, attached to the

emitter, the receiver and the specimen, respectively, as shown in Fig. 4.6a. The ultrasonic

waves generated by the focused transducer can be described by a scalar potential, ¢, , which

may be expressed as a superposition of plane waves by the following Fourier integral, in the

emitter co-ordinates:
k, k,
0, (12,0 = | [ A, Co)expliGr, +iy+oz)1dEdl (44
-k,,-k,,
where A, (§,, {, @) is the angular spectrum of plane waves (i.e. the amplitude distribution of
the various plane wave or angular components), &, is the wave number in water (the coupling
medium), and {§,{, o} is the wave vector. The angular spectrum may be obtained by the

inverse Fourier transform of Eq. 4.4 at the plane z, = 0:

oo oo

1
[ J6,(x,9.0 0 exp~i(Ex, +Cy)1dx,dy  (45)

2m)’

A8, a) =

where ¢, (x,, y, 0) is the excitation at the source. To model a focused source, the thin lens

approximation [71] is employed, by which the focused source is replaced by a plane source
with appropriate phase term to account for focussing. The field at the source may then be

written as:

¢, (x,y0,0) =P, (x,y)exp|—ikF, | 1~ (4.6)

where P, (x,, y) is the pupil or aperture function of the transmitter, and F, is the focal length

of the emitter in water. In the present work, the aperture function is assumed to be uniform
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across the transducer aperture and zero outside. Using Eq. 4.6, the angular spectrum of the
emitter (Eq. 4.5) may be readily evaluated, and the field emitted by the transmitter may be
calculated by Eq. 4.4.

4.2.2.2 Reflected field

The multi-layered adhesive joint is insonified by the emitted wave field represented by Eq.
4.4 (see Fig. 4.6). To calculate the reflected field, it is convenient to work in the specimen

coordinates, xyz. The following transformation equations from the emitter to the specimen

coordinates may be obtained:
€, = Ecos® —asin®, o, = o.cosO + Esin® (4.7)
x, = (x+L,)cos®~ (z+L))sin6, z, = (z+L)) cosO + (x+L,) sin6 (4.8)

Transforming Eq. 4.4 by using Eq. 4.7-4.8, the wave field incident on the adhesive joint

may be re-written, in the specimen co-ordinates, as:

k k
0, (x3.2,0) = [ [4,Ecose-asing, @) exp [i (B (x+L,) +a(z+L,) +Ly)]
—k—k (0.cos® + Esin0)

d
o Aot (4.9)

To obtain the reflected field, each angular or plane wave component of the incident field
(Eq. 4.9) is multiplied by the corresponding plane wave reflection coefficient from the multi-
layered structure (Section 2.4.4); the expression is then integrated over all £ and {. The
resulting field is a combination of all the possible reflected waves, including multiple

reflections, within each of the layers involved.

There are two disadvantages to the multi-layered approach. First, the calculation of the
plane wave reflection coefficient from the layered structure poses some numerical challenges
(Section 2.4.4). The transfer matrix algorithin becomes unstable for typical combinations of

adherend thickness and frequency range of interest. Therefore, computationally expensive
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global matrix methods [67] must be used for the calculation of the plane wave reflection
coefficient from the multi-layered structure.

Second, only the reflections from the upper interface (Fig. 4.6b) are of interest for the
interfacial characterization of adhesive joints. If the multi-layered approach is used to
calculate the entire reflection spectrum, the extraction of the spectrum due to a specific echo
reflected from the top interfacial region is tedious: an inverse temporal Fourier transform must
be performed on the entire (multi-layered) reflected spectrum. The echo of interest may then
be singled out in the time domain and a forward temporal Fourier transform must then be

performed on the specific echo to obtain its frequency spectrum.

To overcome the above drawbacks, a new formulation, termed the resolved approach, is
now presented that concentrates on a specific wave type as it travels through the joint. Each of
the plane wave components of a specified wave type, say the SS reflection, is weighted by the
appropriate reflection and transmission coefficients as it crosses various interfaces. In
addition, each plane wave component has an associated phase due to travel within the top
adherend before re-emerging back into the coupling medium. Incorporating these ideas into
Eq. 4.9, the following expression has been newly derived for the potential associated with

each of the three primary reflected waves:

kw kW
¢',"" (x,y,2,0) = I IAB(E_,cose—asine, o) I (& e
~k, -k, '
exp[i (E(x+L,) +a(L,—2) +§y)] (Oﬁcosegﬁsme) .

(4.10)

where mn denotes /], Is and ss, corresponding to the three primary reflections, LL, L.S+SL, and

SS, respectively. The function I', , is defined by, for the SS case

T, (&G w0) = T, (& R, (&L )T, (& §) exp [i2kB,] 4.11)
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for the LS+SL case,

T (&L = {T,(E DR, (L 0)T,EL)

+ Ty (& QO R, (&, G @) T 51 (E,§) } exp ik (, +B)) ]
(4.12)

and for the LL case,

F[[ (&! C! (D) = T[[ (E:w C) R[[ (&7 Cr (D) T’ll (59 C) exp [i2ha[] (4'13)

In Eqs. 4.10-4.13, the exponentials correspond to the phase terms due to travel in the

adherend, o, is the vertical wave number of longitudinal wave in the adherend, [, is the

vertical wave number of shear wave in the adherend, & is the adherend thickness, T and T'
represent the transmission coefficients at the water-aluminum and aluminum-water interfaces,
respectively (Appendix B), and R represents the oblique-incidence plane-wave reflection
coefficient at the interfacial region (Section 4.1.2), which carries the information regarding

the integrity of the interfacial region.

The field due to any combination of the three types of reflection or multiple reflections
may be found by simple superposition. The present approach involves the calculation of the
plane wave reflection and transmission coefficients at various interfaces, which are
numerically well behaved and amenable to very fast computation. In addition, the frequency
domain representation of any specific wave type, or a combination of the wave types may be

calculated directly.

The multi-layered model is the best choice if the spectrum due to all the wave modes,
including muitiple reflections, is sought. In this case, the function I in Eq. 4.10 is the plane

wave reflection spectrum of the multi-layered structure.

4.2.2.3 Signal spectrum at the receiver

In order to predict the signal captured by the receiver, the effect of the receiver
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characteristics on the signal must be modelled. The receiver voltage may be found by
integrating the reflected wave potential (Eq. 4.10) over the receiver aperture, after multiplying
by the appropriate phase transformation term in accordance with the thin lens model for

focused receivers. The signal at the receiver is given by, in the receiver coordinates:

S, (0,0,0) = | f¢’,"" (x,..0, ®) P, (x,,y)

-0 —O0

(4.14)

where P_(x,,y) is the aperture function for the receiver, F, is the focal length of the receiver

in water. The final expression for the signal, in the specimen co-ordinates, may be obtained
by substituting Eq. 4.10 into Eq. 4.14, yielding:

kw kw

Son(Lyp—L,0) = I I A, (Ecos® - asin®, {, o) A, (EcosB-asin®, §, 0)

ke -k, |
I (& o) exp[2i(EL,+aL)] (0“:059; Esin0) dEdt

(4.15)

where A is the angular spectrum of the receiver. For two identical transducers positioned

symmetrically, the angular spectrums A, and A _ are identical. For a cylindrically focused

system, the two-dimensional version of the above should be employed, i.e.:

k

w

S (Lp—L,, ®) = j A, (EcosB - asind, @) A (Ecos6-asind, w)
-k

w

T (& o) exp [2i (EL, +aL,) ] 2 9; Esind) o

(4.16)

4.2.2 4 Normalization spectrum

In experimental work, the signal spectrum of interest is commonly normalized with
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respect to a reference spectrum in order to de-convolve the inherent frequency response of the
transducers. The obvious choice for the normalization spectrum is the front-wall signal (Fig.
4.6a), since it is independent of the adhesive/adherend interfacial properties and can be readily
measured for the same specimen on which the interfacial echoes are measured. Since the

front-wall signal and the interfacial signals undergo different amounts of diffraction, it is

important to calculate the normalized theoretical spectrum, S, /S, , when comparing theory

and experiments, where S o is the spectrum of the front-wall signal, given by:

kw kw
wa (Fsin®, —Fcos0, ) = I _[ A, (€cosO — asin®, §) A_(&cosO-asind, £)
_'kw-kw

Ry, (&, 0) exp [2i [EL, + ar,]] {2002 55100) 4p

(4.17)

where R, is the plane-wave reflection coefficient at the front wall.

4.2.2.5 Time domain echoes
If the time domain echoes, S, A (L,,-L ,t) , were to be calculated, the signal spectrum

(Eq. 4.15) may be multiplied by the measured frequency response of the probe-pair, 4 (®) ,

and then an inverse temporal Fourier transform may be performed:
1 J’ —iot
Sun (Lps =L, 1) = 321 S, (L, -L, @) H(®)e " do (4.18)

4.2.2.6 Attenuation

The frequency dependant attenuation in the propagating media may influence the
measured signals appreciably. In the present case, the interfacial echoes travel in water and the
metallic adherend. The attenuation within the adherend may be safely neglected because of
the relatively low attenuation in metals, and the smaller travel path. However, the attenuation

in the water can be substantial, especially at higher frequencies, since the water path is

64



Oblique-incidence, focused wave measurement system

relatively long. A simple method to account for the attenuation is to make the wave number

complex [69]:

k =k, +ik, (4.19)

where k= ®/c, ¢ being the wave velocity in the propagation medium, and k; is the
attenuation coefficient in the medium in Nepers per meter. The attenuation coefficient in water

as a function of frequency, £, and temperature, 7, is well known [89], and is given by:
k; = 0.025[1-0.031(T-20)] f2 Np/m (4.20)

4.2.3 Numerical implementation

The calculation of the signal spectrum is numerically intensive, although the present
formulation of the problem resulted in significant numerical advantages compared to the
conventional multi-layered approach. The major step in the numerical implementation is the
calculation of the angular spectrum (Eq. 4.6) for each frequency. Spherically focused systems
require the evaluation of double integrals (three dimensional problem), which is numerically
demanding. Spatial Fast Fourier Transforms (FFT) are the best way to calculate the angular
spectrums in such a situation. In the two-dimensional case (cylindrically focused transducers),
the calculation of the angular spectrum involves the evaluation of a single integral, and
standard numerical integration procedures are quite sufficient. Additional simplification is
achieved if the transmitter and the receiver have identical characteristics, in which case only

one angular spectrum needs to be evaluated.

Calculation of the function G (Eq. 4.11-4.13) is numerically straightforward. The final
step is to evaluate the integral Eq. 4.15 for each frequency and L,, which involves a double
integration for a spherically focused system or a single integration for a cylindrically focused
system. Again, a spatial FFT algorithm is preferred for 3-D problems, while numerical
integration procedures are satisfactory for 2-D problems. A Matlab code was written to

implement the numerical solution scheme for a cylindrically focused system.
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4.2.4 Numerical simulations

In this section, a theoretical simulation of the response of the focused wave measurement
system from a typical adhesive joint is given. The transmitter and the receiver are assumed to
have identical characteristics with a cylindrical focus. The material properties used are given
in Table 4.1, and the thickness of the aluminum was 1.6 mm, typical of aluminum sheets used

in the aerospace industry. The wave velocity and attenuation of water were determined from

the temperature [89], which was assumed to be 23°C.

4.2 4.1 Comparison of resolved and multi-layered approaches

In this subsection, the new resolved formulation for predicting the interfacial signals
received by the system is compared with the conventional multi-layered approach. For this
purpose, a nominal incident angle of 16° and an aperture angle of 24° were chosen.
Although the nominal incident angle of the transmitter is greater than the first critical angle of
the water-aluminum interface (14°), both longitudinal and shear waves will be generated

inside the adherend because of the relatively large aperture angle.

Figure 4.7a and 4.7b show the predicted time domain signals from the joint, using Eq. 4.15
along with Eq. 4.17, for the resolved and multi-layered, respectively. These signals

correspond to the case where the shear wave is focused (d = 4.5 mm, where

d = Fcos@-L , is the distance by which the probe-pair is moved downwards to the

specimen from a front-wall focused position, see Fig. 4.6) at the interfacial region. For case
(a), the superposition principle was employed to calculate the combined spectrum of the three
primary back-wall wave types: SS, LS+SL and LL (Eq. 4.11-4.13). For case (b), the reflection
spectrum of the entire plate was calculated using the global matrix approach (Section 2.4.4).

By comparing the three pairs of primary interfacial echoes (LL, LS+SL and SS) in Fig.
4.7a and 4.7b, it may be observed that there is excellent agreement between the resolved and
the multi-layered approaches. The computational time for case (a) was less than 10% of that
for case (b). If only one of the echoes, such as SS, is required, as is the case in most practical

applications, the computational effort for the resolved formulation is further reduced.
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Figure 4.7: Predicted time domain echoes when the shear-shear (SS) reflection is focused at the
interfacial region, using, (a) the new resolved approach, and (b) the conventional muiti-
layered approach. A perfect interface was assumed in the calculations.
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4.2.4.2 Focused-beam interaction with the interfacial region

As the transducer-pair is moved towards the specimen from the front-wall focused
position, the first echo to be focused at the interfacial region is the shear-shear (SS) echo,
because of the lower velocity of the shear waves as compared to longitudinal waves, followed
by the LS+SL echo and then the LL echo. It may be recalled that the SS reflection is the most
suitable type for the inspection of the interfacial region. In this subsection, the shear-shear
reflection from the adhesive/adherend interfacial region received by the focused wave

measurement system is analyzed, using the spring model to describe the interfacial region.

It is preferred to have the nominal incident angle of the transmitter in water above the first

critical angle, 8, (14° for water-aluminum interface) of the front-wall of the adherend. This

is because, (i) the mode-conversion of the longitudinal wave in water into a shear wave in the

aluminum is very efficient at angles greater than 6__, and, (ii) at angles above 6__, only shear

waves are generated inside the adherend, thereby simplifying echo identification. A nominal

incident angle in water of 18°, and an aperture angle of 12° were chosen for the simulation.

Figures 4.8a and 4.8b give the magnitude spectrum of the SS reflection from the
interfacial region for various values of the spring constants at two positions of the probe-pair
relative to the specimen; namely, where the shear wave is focused (d = 4.5 mm) and a de-
focused position (d = 6.0 mm). The frequency range was chosen to reflect practical situations.
The results are shown for spring constants ranging from a perfect bond (K, = K, =) to a
debond (K, = K,— 0). For the intermediate values of the spring constants, it has been

assumed that X /K , = 4, based on measurements on a fresh bond.

It is observed from Fig. 4.8 that under the de-focused condition (4 = 6.0 mm), the
frequency spectrum shows an interference pattern. This phenomenon may be explained by the
interaction of the various angular components of the focused beam. For a given probe-pair and
material properties, the signal amplitude depends on the relative phases of the angular
components. The phase depends on the frequency and the time of flight of the angular
components (in other words the path lengths of the angular components, determined by the
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Figure 4.8: Normalized amplitude spectra of shear-shear (SS) reflection from the interfacial
region for various values of the spring constants, at, (a) focused position, d = 4.5 mm, (b) de-
focused position, d = 6.0 mm. It has been assumed that the ratio, K, /K, is fixed at 4.0.

relative distance of the probe-pair with respect to a given specimen; Fig. 4.6). When the
displacement d (Fig. 4.6) is such that the phases of the various angular components are
approximately equal, the amplitudes of the angular components add constructively for all

frequencies, and the interaction of the angular components is largely independent of

69



Oblique-incidence, focused wave measurement system

frequency. The signal attains maximum strength at this position; this situation was found to
occur at about d = 4.5 mm for the present case. However, when d is such that the path
length differences, and hence the relative phases, of the angular components are substantial,
the interaction of the angular components becomes frequency dependent. This gives rise to an

interference pattern in the magnitude spectrum of the signal (Fig. 4.8b).

It is observed from Fig. 4.8 that the sensitivity of the shear waves to the spring constants
(i.e. change in amplitude with change in the spring constants) generally increases under the
de-focused condition (Fig. 4.8b) compared to the focused position (Fig. 4.8a), especially for
relatively small values of the spring constants. This increased sensitivity may be explained by
the interaction of the angular components of the focused beam depending on d, explained

above.

4.2.4.3 Sensitivity to adhesive and adherend properties

It should be emphasized that the interfacial characterization of adhesive joints involves the
detection of rather subtle changes in a thin region embedded between the adhesive and the
adherend. The inspection of the interfacial region must be performed via the top adherend;
hence even small changes in the adherend properties may significantly alter the amplitude
spectrum of waves reflected from the interfacial region. The amplitude spectrum depends to
some extent on adhesive properties as well. It may be recalled (Section 2.2.2) that, as a result
of environmental degradation, the bulk adhesive may undergo changes, in addition to the

interfacial region.

The sensitivity of the SS reflection to typical pertubations in the bulk adhesive properties
is assessed in Fig. 4.9, which shows the change in the amplitude spectrum at the focused
condition when the bulk adhesive longitudinal wave velocity increased by 10%. It was
assumed that the interface is a perfect bond. The amplitude is observed to drop as a result of
increased velocity. Such changes in the amplitude spectrum can not be ignored when small
changes in the spring constants are being evaluated (Fig. 4.8). Similar results were obtained
for the de-focused position, except that the dips in the amplitude spectrum show relatively
higher sensitivity to adhesive properties.

70



Oblique-incidence, focused wave measurement system

Figures 4.10a and 4.10b give the change in the amplitude spectrum when the adherend
shear wave velocity was increased by 1% for the focused and de-focused cases respectively.
For the focused position (Fig. 4.10a), the spectrum is practically insensitive to adherend
properties at low frequencies, while at high frequencies, the specttum does show a slight
change. Under the de-focused condition (Fig. 4.10b), the amplitude spectrum is observed to
undergo substantial changes, especially the position of the peaks and dips. Therefore, in
practice, the focused position is preferable for the interfacial characterization, although it
shows smaller sensitivity to the spring constants compared to the de-focused position (Fig.
4.8).
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Figure 4.9: Effect of 2 10% change in the adhesive longitudinal wave velocity
on the amplitude spectrum of SS reflection at focused position.
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Figure 4.10: Effect of a 1% change in the adherend shear wave velocity on the amplitude
spectrum of the SS reflection, at (a) focused position (d = 4.5 mm) and (b) De-focused

position (d = 6.0 mm).
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CHAPTER 5 E)qoerimental Methods

This chapter gives the various experimental methods employed in this work. First, an
open-faced specimen geometry for durability experiments is introduced, followed by the
details of the specimen preparation. The peel test procedure for the new specimen geometry is
given next. Methods for measuring the normal-incidence, longitudinal and shear wave
reflection coefficients from the adhesive/adherend interfacial region are described. Finally, the

design and construction of a novel oblique incidence, cylindrically focused transducer for the

inspection of the adhesive/adherend interfacial region is given [87].

5.1 Durability experiments

S.1.1 The open-faced specimen

It may be recalled (Section 2.2.2), that the existing specimen geometry is inadequate to
study the time-dependant degradation of structural adhesive joints corresponding to a specific
exposure condition. In order to overcome the drawbacks of the traditional geometry (Fig.
5.1a), an open-faced specimen (Fig. 5.1b) is proposed. In an open-faced joint, the adhesive is

bonded to only one adherend, leaving the other face exposed. Since the adhesive thickness

(a) (b)

Figure 5.1: Schematic of moisture diffusion into, (a) the traditional geometry,
and (b) the open-faced geometry.
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offers a much shorter water diffusion path, the time for water uptake is greatly decreased in
the case of the open-faced joint, and equilibrium with a controlled environment can be
achieved in a relatively short time. An added advantage of the open-faced specimen is that it
allows wet (as conditioned) and dry (after drying out the absorbed water) testing of joint

strength.

5.1.2 Materials and specimen preparation

5.1.2.1 Materials

It may be recalled that the plastic dissipation effects are kept small in the peel test if the
adherend material is of relatively low yield strength and thickness (Chapter 3). For this
reason, the AA1100 series, which has a relatively low yield strength, was chosen as the
aluminum alloy for the present work. The thin adherend has the added advantage that the peel
failure path is close to the interfacial region, making it suitable for interfacial characterization.

Peel specimens were made using 0.12 mm thick AA1100-O alloy (yield strength of about
50 MPa) as the flexible adherend. The aluminum thickness for the ultrasonic specimens was
1.6 mm (Fig. 5.2b); typical of aerospace applications. For adherends much thinner than 1.6
mm, prohibitively high frequencies (> 25 MHz central frequency) would be required to
resolve the interfacial signals from the front-wall signal. The aluminium alloy chosen for
ultrasonic experiments was AA1100-H14, which differs from AA1100-O only in the temper.

Two commercial adhesives, representing two different classes of epoxy adhesive, were
studied; Permabond E04 epoxy adhesive, which is a two-part, room temperature-curing
system, and Hysol EA9346 epoxy adhesive, which is a one-part heat-curing system.

() ®) (c)

Figure 5.2: Schematic of the specimens for, (a) peel tests, (b) ultrasonic tests,
and, (c) tensile tests and moisture diffusion studies
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5.1.2.2 Specimen preparation

The adherend surface preparation (pretreatment) for both the peel and ultrasonic
specimens was the Forest Products Laboratory (FPL) etch procedure (ASTM D-2651), which
produces a very thin oxide layer (< 100 nm) on the adherend surface.

Open-faced peel specimens (Fig. 5.2a) were prepared using pretreated flexible adherends
(0.12 mm thick, AA1100-O alloy) of size, 100 mm by 80 mm. The adhesive was applied to

the adherend, and the uncured joint was clamped between Teflon-coated, 12.7 mm thick steel
plates. Teflon shims were used to control the adhesive thickness at 0.60+0.05 mm. The
Permabond E04 adhesive was cured at room temperature (25°C) for at least 24 hours. The
Hysol EA9346 was cured for 90 minutes in an oven preheated to 120°C, ensuring that the
bondline was at 120°C for at least one hour. The specimens were then allowed to cool to
room temperature. The open-faced ultrasonic specimens (Fig. 5.2b) were prepared in an

identical manner using the 1.6 mm thick AA1100-H14 aluminum alloy.

Cast bulk adhesive specimens (Fig. 5.2c) for tensile tests and moisture diffusion studies

were prepared by curing the adhesive between two Teflon-coated steel plates. Teflon shims

were used to control the thickness of the cast specimens at 0.60+0.05 mm.

5.1.3 Aging: wet and dry specimens

The open-faced peel and ultrasonic specimens were immersed in de-ionized water at
67 £3°C, and periodically removed in order to investigate various levels of degradation. An
important aspect of the present work was to investigate the wet (as conditioned) and dry (after
drying out the absorbed water) tests in order to distinguish between the reversible and

permanent effects of water on the joint. The specimens for dry testing were kept under
vacuum at 70°C for 3 days after removal from the water, in order to dry out the absorbed

water.

The cast adhesive specimens for the tensile tests were subjected to the same environment

at 67 £3°C, and tested for various levels of exposure for both the dry and wet cases. Water

diffusion studies were also conducted by measuring the mass uptake of water by the cast
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adhesive specimens as a function of duration of immersion in water at 67 £3°C.

5.2 Destructive testing
5.2.1 Peei tests

In order to facilitate the peel testing of the open-faced specimens after degradation, the
exposed face of the adhesive was bonded to a 1.6 mm thick, rigid plate by means of the room
temperature-curing, Permabond EQ4 adhesive (Fig. 5.3). The secondary bondline thickness
was kept to less than 0.1 mm. It should be mentioned that the use of thin adherend (0.12 mm
thick) ensured that the secondary bond had practically no effect on the measured peel force.

The open adhesive faces of the specimens that were selected for wet testing were
secondary-bonded immediately after removal from the water bath. Similar secondary bonding
was done on the dry specimens, after drying out the absorbed water. The final step was to cut
these wet and dry specimens into strips, at least 15 mm wide, for peel testing.

Figure 5.4 shows the test apparatus for peel testing at an angle of 45° . The peel specimen

was clamped on the 45° angle block, and the flexible adherend was held using a friction grip.
The grip was connected to a long (about 60 cm) flexible steel wire, which was attached to the

crosshead of an Instron-1000 machine at the other end. The long steel cable ensured that the

peel angle was kept to 45+3° when the flexible adherend was peeled from the adhesive.

The peel testing was conducted at a rate of 5 mm per minute, and the flexible adherend

was peeled from the adhesive for a length of at least 50 mm. The peel force data was collected

exible adherend
(AA1100-0 alloy)
- primary (degraded)
secondary bond rigid plate adhesive

(E04 adhesive)

Figure §.3: Secondary bonding of the open-faced peel specimen
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Steel wire (0.6 m long)
to cross-head

Angle block

Figure 5.4: Peel test apparatus

by a computerized data acquisition system as the flexible strip was peeled. The final result
was in the form of the peel force vs. the cross-head movement (the peel trace). Figure 5.5
shows a typical peel trace from a fresh, Permabond E-04 adhesive joint, after the peel force
had reached a steady value. The slight increase in peel force is due the slight change in the
peel angle (within 3°) as a function of the cross-head movement. The peel force is usually

expressed as the average value of the peel trace per unit width of the specimen.

5.2.2 Failure surface analysis

The peel failure surfaces of fresh and degraded specimens were analyzed using the
Scanning Electron Microscope (SEM) operating in the secondary electron (SE) mode, to
study the effects of water on the interfacial regions of the joint. In addition, elemental analysis

of the surfaces was carried out using energy dispersive spectroscopy (EDS).

5.2.3 Tensile tests

It was described in Chapter 2 (section 2.2.2) that the adhesive may undergo reversible or
permanent changes as a result of water absorption. In order to assess the effect of water on the
Young’s modulus of the adhesive, tensile tests were conducted on fresh and degraded (wet and

dry) cast adhesive specimens (Fig. 5.2c). The tensile tests were performed at the same rate as
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Figure 5.5: Typical peel trace for a fresh specimen

the peel tests, i.e., 5 mm per minute.

5.3 Ultrasonic experiments
5.3.1 Normal-incidence shear reflection coefficient

The measurement of the normal incidence shear wave reflection coefficient from the
interfacial region is a relatively difficult task, since a contact method should be used to couple
the ultrasound to the sample. Amplitude measurement using a contact method, with the
transducer placed directly on the sample, is unreliable, especially for detecting the subtle
changes in the reflection coefficient associated with the environmental degradation of
adhesive joints. In this section, a new reliable method for the measurement of the plane, shear

wave reflection coefficient from the adhesive/adherend interfacial region is described.

5.3.1.1 Principle
The method is based on the use of a buffer rod (or delay line) between the specimen and

the transducer (Fig. 5.6a) [90]. Two echoes, one each from the front-wall and the back-wall of
the adherend were measured, and the back-wall echo was normalized to the front-wall echo.

This normalization procedure is the key to achieving reliable measurements. Most of the

78



Ultrasonic experiments

probe probe

buff d
erro buffer rod

adherend - i ‘_,,...-free plate
adhesive

(@) (b)

Figure 5.6: Measurement of the plane wave reflection coefficient of normal shear
waves: configuration for (a) open-faced specimen, and (b) free plate

variabilities in contact measurements are due to the fact that the electro-mechanical efficiency
of the transducer is very sensitive to coupling. Since, both the front and back-wall echoes go
through the interface between the probe and the buffer rod, the variabilities associated with
the transducer coupling are cancelled in the normalization process. Referring to Fig. 5.6a, the

following expressions may be derived for the front and back-wall signals:

[ (0) = H(®) (1-R, (w) 9 R, (0) X, (o) (.1)

J.(@) = H(w) (1-R, (@)% (1-R, (0) )R, (0) X, () (5.2)

where H is the transducer excitation, R,, R, and R__ are the reflection coefficients at the
transducer-buffer rod interface, buffer rod-specimen interface, and the back-wall (interfacial
region) of the adherend respectively, X, and X, are terms which account for diffraction and

attenuation in the buffer rod, and the buffer rod/adherend combination, respectively. The

normalization of the back-wall echo with respect to the front-wall echo gives:

J (@)
N (o) = I_(®) = Rss(a))Nf(m) (5.3)

where
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Panametrics HP 54503a
probe___ | | 5601A/ST Digitizing
buffer rod— | *1 Pulser/Receiver Oscilloscope

specimen —{.
i
. . Personnel
clamping device Computer

Figure 5.7: Experimental set-up for the measurement of plane-wave
reflection coefficient of normal shear waves

X,(®) (1-R, (0)?)

X, (@) R, (0) (>4)

Nf(a)) =

It is obvious from Eq. 5.3 that for determining R__, the function N ¢ is required. In order to

s

evaluate N,, a similar set of measurements were performed on a free plate (Fig. 5.6b), which

f ]
was identical to the adherend in the open-faced specimen. The free plate has a reflection

coefficient, R__, of unity at the back-wall, and hence Nf is directly obtained (Eq. 5.3) by the
normalization of the back-wall signal with the front-wall signal for the free plate. This

assumes that the buffer rod-specimen reflection coefficient ( R, ) is the same in both the open-

faced specimen and the free plate measurements. It will be shown in the next section that this

can be achieved in practice by careful measurements.

5.3.1.2 Implementation

Figure 5.7 shows the schematic of the experimental implementation of the method
described in the previous section. The most important requirement is to obtain a repeatable
contact between the buffer rod (3 mm thick plexi-glass disc) and the specimen. This was
achieved by using Salol (pheny! salicylate) to temporarily bond the buffer rod to the specimen
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[90]. Salol is a crystalline material with a melting point of 42°C, which solidifies on cooling
to room temperature. The Salol was first melted between the buffer rod and the specimen, and
between the probe and the buffer rod, which were then held together with the transducer using
a clamping device (Fig. 5.7). After the device was cooled to the room temperature, the liquid

Salol layers were solidified by seeding them with a tiny Salol crystallite. The resulting
bonding layer were verified to be repeatedly less than 5 um thick.

The transducer used in the measurements was a contact shear probe with a diameter of 6.3
mm (Krautkraemer: 2914847). It was excited by a high frequency pulser (Panametrics 5601A/
ST) which generated a short pulse with a central frequency of 15 MHz, and a bandwidth (6
dB) of 7 - 22 MHz. The reflected pulses (/ and J, Fig. 5.6) were received and amplified, sent
to a digitizing oscilloscope (HP 54503a), and then to a computer for signal processing. Fast
fourier transform algorithm was used to transform the echoes to the frequency domain before

processing them using Eq. 5.3-5.4.

The repeatability of experimental procedure was assessed by measuring the function

Hf(co) (Eq. 5.4) for a 1.6 mm thick, aluminum free-plate. The repeatability of the spectrum

was found to within 1.5%.

5.3.2 Normal-incidence longitudinal reflection coefficient

The measurement of the plane-wave reflection coefficient of normally incident
longitudinal waves is a relatively easy task since water can be readily used as the coupling
medium. The principle of measurement is the same as that of the shear waves except that
water column acted as the buffer rod (Fig. 5.8). First, the echo from the interfacial region of
the open-faced joint was normalized with respect to the front-wall echo (Fig. 5.8a). In order to
measure the plane wave reflection coefficients, the wave diffraction and attenuation effects
must be eliminated from the normalized signal of the open-faced specimen. This was done by

the free-plate measurement shown in Fig. 5.8b, as in the case of shear waves.
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water

adherend—| ' —— free plate
M el
adhesive —]

@) ()

Figure 5.8: Measurement of the plane-wave reflection coefficient of normal longitudinal waves;
(a) open-faced joint, (b) free-plate.

The data acquisition system was the same as that for the shear waves (Fig. 5.7). Accurate
positioning of the transducer was very important to achieve repeatable results. This was done
by using a tilt table to precisely align the transducer normal to the sample surface, and a

micrometer for vertical movement.

As in the case of shear waves, the plane-wave reflection coefficient of normal-incidence

longitudinal waves, R,;, may be obtained from;

waNS (w)

__——Nf ) (5.5)

R (w) =

where wa is the known reflection coefficient at the aluminum-water interface. The signals

were processed in the frequency domain using an FFT algorithm.

5.3.3 Oblique incidence measurements

5.3.3.1 Transducer design and construction

A novel transducer for oblique-incidence measurements was developed in the present
work. The transducer was made out of polyvinylidene fluoride (PVDF), a polymer
piezoelectric material which has become widely popular [91, 92]. The PVDF film used was
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metallization (300 nm)
PVDF film (28 um)

metallization (300 nm)

T
8

Figure 5.9: Pattern etched on the PVDF film

28 um thick, with a very thin (300 nm) sputtered metallization (electrodes) covering both
sides. A dual-element, oblique incidence, cylindrically focused transducer was manufactured

as follows:

The pattern shown in Fig. 5.9 was made on the film by etching away part of the
metallization using ferric chloride solution. Two symmetrical active elements were thus
formed by the overlapping areas of the metallizations on the two sides of the film (length a in
Fig. 5.9). The length [ represents the distance from the center of the entire film to the center of
each active element. The patterned film was then positioned on a steel half-cylinder such that

the two elements were symmetric with respect to a vertical line passing through the center of
the half-cylinder. The radius of the half-cylinder was equal to the desired focal length, F.

The active connection was made by bonding a thin wire to the top metallization, in
between the two active elements (Fig. 5.10), using a conductive epoxy. A stainless steel case
was then placed over the film, and a two-part epoxy resin was poured on top of the film as the
backing material. Epoxy was chosen as the backing because it is acoustically well-matched to
the PVDF film. The backing was allowed to cure for at least twenty-four hours. Once cured,
the half-cylinder was removed, and the active wire attached to a UHF connector as shown in
Fig. 5.10. The case acted as the ground, by electrically connecting it to the front face of the
film.
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UHF connector

Epoxy backing

metallization PVDF Film

Figure 5.10: Construction of the oblique-incidence transducer

The nominal incident angle and aperture angle of the probe are determined by the focal
length, F, and the dimensions of the pattern. The nominal incident angle may be calculated

as, 8 = I/F and the aperture angle is given by 8, = a/F . Here a is the width of each

active element, and [ is the distance between the center of the entire pattern and the center of
each active element (Fig. 5.7). The present probe had the nominal parameters of 6 = 17.9°,

Ga = 143° and F = 24.0 mm.

Figure 5.11 shows the echo recorded by the probe when focused on an aluminum reflector.
The probe gives rise to a very broad-band signal with a center frequency of the pulse is about
18 MHz and its 6 dB bandwidth ranges from 7 MHz to 25 MHz. Satisfactory results may be
obtained from 7 to 28 MHz.

5.3.3.2 Experimental set up

Figure 5.12 shows the experimental set-up used for oblique incidence measurements. It

consisted of a tilt table, that could rotate about two horizontal axes, to precisely align the
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Figure 5.11: Typical signal recorded by the oblique-incidence transducer when focused on
an aluminum reflector; (a) time-domain echo, and (b) corresponding frequency spectrum.

transducer normal to the sample. A micrometer was used to move the transducer/tilt table
assembly in the vertical (z) direction. The transducer was excited by a Panametrics 5601 A/ST
high frequency pulser, which also acted as the receiver/amplifier. The amplified echo was
digitized by an HP 54503a oscilloscope and then fed to a personal computer for further

analysis.

The transducer was focused at the front-wall first, and the corresponding echo was

digitized. The probe was then moved towards the specimen to collect the shear-shear (SS)

echo from the interfacial region as a function of d (Fig. 4.6). The echoes were transformed to
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the frequency domain by a Fast Fourier Transform (FFT) algorithm. The SS echoes were
normalized with respect to the front-wall echo in the frequency domain, in order to
deconvolve the frequency response of the transducer from the measured spectrum, and to

cancel out any variabilities in the electronics.

micrometer for z movement

Panametrics HP 54503a
tilt table 5601A/ST |—e=t Digitizing
Pulser/Receiver Oscilloscope

[}
oblique incidence :
transducer Personnel

Computer

specimen

Figure 5.12: Schematic of the experimental set-up for oblique-incidence measurements
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CHAPTER 6 R&S’UZZ'S and DiYCLLSSiOH

This chapter contains the analysis and discussion of the results of the experiments
described in Chapter S. First, the results of the moisture diffusion studies in the adhesive are
given, and compared with theory. Next, the destructive test results, comprising the peel tests,
tensile tests and surface analysis are given for the two adhesive systems described in Chapter
5. The peel durability data are analyzed using the model developed in Chapter 3. The above
destructive results and analysis is based on the author’s paper [93]. Finally, the results of the
ultrasonic nondestructive measurements are given for both normal and oblique incidence. The
nondestructive experimental results are compared with the theoretical models developed in
Chapter 4, enabling the determination of the interfacial spring constants as a function of
degradation of the joint.

6.1 Water diffusion studies

It may be recalled that water enters a joint mainly by diffusion through the bulk adhesive.
This section focuses on the water diffusion characteristics of the adhesives exposed to a
specific environment, namely 100% relative humidity at 67°C . It is of interest to predict the

time taken by the open-faced joints (Fig. 5.1a) to reach equilibrium with the given conditions.

Figure 6.1 shows the fractional mass uptake by the cast specimens of the two-part

adhesive (Permabond E04). It is seen that these specimens do not follow Fick’s law [15],
according to which the uptake curve should reach the equilibrium after an initial linear stage.
Figure 6.1 reveals a relatively slower secondary uptake stage after an initial linear part. After
an apparent maximum was reached (at about 240 hours), the weight of the specimens was

observed to decrease. The drop in weight may be attributed to the leaching of the adhesive.
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Figure 6.1: Moisture diffusion curve for the two-part (Permabond E04) system; 7 is the time

of exposure, and & = 0.518 mm is the adhesive thickness. Each data point corresponds to the
average of ten specimens.
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Figure 6.2: Moisture diffusion curve for the one-part (Hysol EA9346) system; 7 is the time of
exposure, and 4 =0.578 mm, is the adhesive thickness. Diffusion coefficient, D, is determined
from Fick’s model. Each data point corresponds to the average of six points.
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Figure 6.3: Calculated moisture diffusion curve for open-faced joint of the
Hysol EA 9346 system. The adhesive thickness was 0.6 mm.

Figure 6.2 shows the diffusion curve of the one-part adhesive (Hysol EA 9346). The
theoretical curve was obtained by fitting Fick’s model (Appendix C) to the experimental curve
using a least-squares method. It may be observed that there is excellent agreement between

the theory and the experiments with a diffusion coefficient of 2.92 x 10_13m2/ s. The cast

adhesive samples reached equilibrium in about 140 hours, and the equilibrium water content

was about 5.4% by mass.

From the measured diffusion coefficient for the one-part system, the water diffusion into
the open-faced specimen may be predicted using Fick’s model. Figure 6.3 shows the
calculated fractional moisture content as a function of duration of exposure for a typical open-
faced joint. It may be readily observed that the joint reaches equilibrium in about 700 hours
(approximately 30 days). In contrast, a typical traditional joint geometry (Fig. 5.1b) would

need many years to achieve saturation under the same conditions.
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6.2 Destructive test results
6.2.1 Two-part adhesive system (AA1100-O - Permabond E04)

Figures 6.4 and 6.5 respectively, show the measured wet and dry peel force vs. time of
exposure for the two-part system (AA1100-O bonded with Permabond E04). Each data point
represents the mean of the average peel forces, obtained from the peel traces (Section 5.2.1),
of specimens from at least three batches. Figure 6.6 gives the tensile test results for cast
Permabond E04 as cured, and in both the wet and dry states after 100 days immersion.

The wet and dry peel results show markedly different behavior, mainly due to the adhesive
plasticization in the wet samples. This is evident from Fig. 6.6 where the Young’s modulus
(defined at 0.5% strain) of the wet adhesive is observed to decrease to 0.22 GPa from an initial
value of 0.48 GPa. As a result of plasticization, the fracture mechanism for the wet specimens
was primarily cohesive, with large chunks of adhesive present on the flexible strip. For
severely degraded wet samples (> 300 days exposure), the amount of residual adhesive on the
peel strip was observed to decrease, presumably as the interface became weaker. The peel
forces were much higher for the wet case (Fig. 6.4), compared to the dry case (Fig. 6.5),
because of the increased crack-tip dissipation due to the cohesive nature of the fracture and

the relatively high compliance of the adhesive.

It was therefore apparent that, for the two-part system, after exposure to a moist
environment, the peel tests must be carried out in a dry state in order to characterize
permanent, interfacial strength degradation. In contrast to the wet case, the failure loci for the
fresh and dry cases were close to the interfacial region with a very thin residual adhesive layer
on the peel strip. The dry peel force data (Fig. 6.5) indicated considerable degradation only
after a long exposure time ( > 300 days). However, it is noted from Fig. 6.6 that the adhesive
in a dried, degraded condition had become relatively rigid and brittle. Tensile tests were
conducted on bulk dry adhesive after 30, 100 and 210 days exposure, and the Young’s
modulus (defined at 0.5% strain) was found to increase as shown in Table 6.1. The increase in
stiffness with degradation may be due to permanent chemical and physical changes in the
adhesive associated with exposure to warm water, such as hydrolysis and leaching of some

components.
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Figure 6.4: Peel force vs. exposure time for two-part (Permabond E04) wet case. The
error bars represent one standard deviation each on both sides of the mean

value. The curve is a quadratic fit (% = 0.81).
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Figure 6.5: Peel force vs. exposure time for two-part (Permabond E04) dry case. The
error bars represent one standard deviation each on both sides of the mean value.

The curve is a quadratic fit (r? = 0.76).
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Figure 6.6: Tensile test results for cast two-part adhesive (Permabond E04) tested in three
conditions: (i) freshly cured (ii) immersed for 100 days and then tested wet, (iii) immersed
for 100 days and then tested dry.

Table 6.1 Tensile test results for the two-part (Permabond E04) system in dry state

Time of exposure Equivalent time of
of bulk specimen exposure for open-faced E
(Days) specimen (days) (GPa)
0 0 0.48
30 60 2.34
100 130 2.50
210 240 2.68

Noting that the plastic dissipation in the flexible adherend increases with an increase in

adhesive stiffness (Fig. 3.9), the calculation of the fracture energy must account for the

changing adhesive modulus. It should be noted that the adhesive modulus was measured using

cast bulk specimens, which saturate more quickly than open-faced specimens with the same

adhesive thickness - four times faster according to Fick’s model (Appendix C). Therefore,

before using the modulus values measured using the cast adhesive specimens to analyze the

peel data, the above difference in the rate of moisture uptake has to be taken into account by

using an “equivalent” open-faced exposure time. The equivalent open-faced exposure time
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Figure 6.7: Critical fracture energy vs. exposure time for the two-part dry case
(peel data of Fig. 6.5). The error bars represent one standard deviation each on

both sides of the mean value. The curve is a quadratic fit (r* = 0.72)

using an “equivalent” open-faced exposure time. The equivalent open-faced exposure time
may be obtained by adding the difference between the saturation time of the open-faced and
cast specimens (about 30 days in the present case), to the cast-specimen exposure time (Table
6.1). For example, for a cast specimen exposed for 30 days, the equivalent open-faced
exposure time is 60 days, while for a cast specimen exposed for 210 days, the equivalent

open-faced exposure is 240 days.

Figure 6.7 shows the fracture energy corresponding to the dry peel force data of Fig. 6.5,
calculated with the adhesive modulus equal to 0.48 GPa for fresh specimens and 2.50 GPa for
all specimens degraded for 2 months or more. The adhesive modulus was assumed to vary
linearly for exposure times ranging between 0 to 2 months. In contrast to the trend of Fig. 6.5,

the fracture energy is seen to decrease continuously with exposure time.
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(@
Figure 6.8: SEM micrographs of a fresh specimen of the two-part adhesive at
magnifications; (a) 35 times, (b) 500 times

Figure 6.9: SEM micrographs of a degraded specimen (376 days) of the two-
part adhesive at magnifications; (a) 35 times, (b) S00 times
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(b)

1.179 KeV 2.5 >

Figure 6.10: X-ray spectrum at, (a) a micro-defect site, and (b) a defect-
free site of the specimen in Fig. 6.9.

Analysis of the failure surfaces of the fresh and degraded (dry) specimens was carried out
using the SEM. An interesting observation was the formation of micro-defects on the flexible
adherend surfaces of the degraded specimens. Figures 6.8a and 6.8b show the SEM
micrographs of the adherend surface of a fresh specimen of the two-part system, and Figs.
6.9a and 6.9b show the corresponding micrographs of a dry specimen after 376 days exposure.
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The micro-defect formation is visible on the degraded sample. Energy Dispersion
Spectroscopy (EDX) showed (Fig. 6.10) only a strong aluminum peak at the defect sites,
indicating a complete debond, while the defect-free sites showed mainly the presence of
carbon, oxygen, magnesium and silicon. The micro-debonds were found to be between 30 -
150 um in size, and were consistently evident on specimens after about 300 days exposure.
They were also evident to a lesser degree on some specimens degraded for less than 300 days.

The distribution of micro-debonds was nonuniform in all cases.

It is noted that there is appreciable scatter in the peel data for degraded specimens as
shown by the standard deviation bars. The wet data (Fig. 6.4) showed considerably more
scatter within the peel trace than did the dry data (Fig. 6.5), a phenomenon which can be
attributed to the cohesive fracture mechanism. The dry data showed relatively greater
variability for samples degraded for a long time. The micro-defect distribution also showed
appreciable variability. These observations indicate that there was a considerable degree of

inhomogenity in the degradation process.

6.2.2 One-part adhesive system (AA1100-O - Hysol EA9346)
Figure 6.11 shows the peel force data for the Hysol EA 9346 one-part adhesive for wet

and dry cases as a function of exposure time. Each data point represents the mean of the
average peel forces of specimens from at least three batches. Figure 6.12 gives the tensile test
results for a freshly-cured cast adhesive specimen, and 100-day old wet and dry cast

specimens.

The wet and dry tests show similar behavior because this adhesive undergoes very little
plasticization. This can be seen from Fig. 6.12, where the Young’s modulus of a fresh sample
is about 2.3 GPa, and for degraded samples, both wet and dry, is about 2 GPa. The crack paths
for both wet and dry specimens were essentially interfacial, again showing the absence of
significant adhesive plasticization for the wet samples. Therefore, for this one-part adhesive,
both wet and dry results were affected primarily by interfacial weakening. It is noteworthy
that some of the interfacial strength was regained upon drying, indicating that for this system

there was some reversible degradation superimposed on a larger permanent degradation.
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Figure 6.11: Peel force vs. exposure time for the one-part (Hysol EA9346) adhesive, both
in wet and dry conditions. The error bars represent one standard deviation each on
both sides of the mean value. The curves are quadratic fits (r? = 0.95 for dry and r? =
0.99 for wet).
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Figure 6.12: Tensile test resuits for cast one-part adhesive (Hysol EA9346) tested in
three conditions: i) freshly cured, ii) imnmersed for 100 days and then tested wet,
iif) immersed for 100 days and then tested dry.
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Figure 6.13: Fracture energy vs. exposure time for one-part wet and dry cases (peel data of
Fig. 6.11). The error bars represent one standard deviation each on both sides of the mean

value. The curves are quadratic fit (? = 0.97 for dry and r*> =0.99 for wet).

Figure 6.13 shows the fracture energy corresponding to the peel force data in Fig. 6.11. In
this case, since the cohesive properties do not vary greatly with degradation (Fig. 6.12), the
change in the adherend plastic dissipation due to change in adhesive modulus was negligible.
The failure loci for fresh, degraded-wet and degraded-dry specimens were very close to the
interfacial region with no residual adhesive visible on the flexible aluminum strip. However,
the aluminum surfaces of the degraded samples appeared shiny compared to that of fresh
samples, suggesting cohesive failure for the fresh samples and interfacial failure for the
degraded samples. There were no significant differences visible between the surfaces of fresh
and degraded (wet or dry) specimens in SEM micrographs (Fig. 6.14). The X-ray analysis of
the aluminum surface also did not show any appreciable differences between fresh and
degraded fracture surfaces. The adhesive side of the failure surface was also examined using
the SEM, and again no differences were found between fresh and degraded samples on a
microscopic level. However, the X-ray analysis of the adhesive side of the failed specimen did
show some traces of aluminum, although this was inconclusive due to a lack of consistency.
More surface-sensitive analytical techniques, such as X-ray Photoelectron Spectroscopy
(XPS), may be required to reveal appreciable differences between fresh and degraded
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surfaces.

As with the two-part system, there was considerable scatter in the peel force data, with the

degraded samples (wet and dry) showing more scatter as the exposure time increased.

(@

(b)

Figure 6.14: SEM micrographs of (a) a fresh specimen, and (b) a degraded
(60 days) specimen of the one-part adhesive system (Hysol EA9346).
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6.3 Ultrasonic Test Results
6.3.1 Two-part system (AA1100-O alloy - Permabond E04 adhesive)
6.3.1.1 Normal-incidence measurements

This section deals with the results of the plane wave reflection measurements of shear and
compression waves incident normally at the interfacial region of the two-part (AA1100 -
Permabond E04) system. The major objective of these measurements was to determine the
interfacial spring constants as a function of degradation. It should be noted that all the
ultrasonic experiments were conducted in a dry state, i.e., only permanent degradation of the

joint was assessed ultrasonically.

Figure 6.15 gives the experimental reflection coefficient spectra of normally incident
shear waves for different exposure levels ranging from the fresh condition to 15.5 months of
exposure. Each curve represents the average of at least eight measurements. Figure 6.16 gives
the shear reflection coefficient at 15 MHz as a function of duration of exposure. Figures 6.17
and 6.18 gives the results of similar measurements for normally incident compression
(longitudinal) waves. In the longitudinal case, the reflection spectra (Fig. 6.17) represent the

average of at least twenty four measurements.

Before comparing the experimental results with theory in detail, some general
observations may be made. First, for all cases, the reflection coefficient increases with
frequency, consistent with the spring model of the interfacial region (Chapter 4, Fig. 4.2). It
may be observed that initially (until 8 months of exposure) the reflection coefficient shows a
slight drop in the amplitude with exposure, although this is more clearly evident for shear
waves (Fig. 6.16) compared to longitudinal waves (Fig. 6.18). The decrease in the reflection
coefficient 1s due primarily to the increase in the wave velocities of the adhesive in a dried,
degraded state as given in Table 6.2; shear waves showing a relatively large increase in
velocity compared to longitudinal waves. This increase in the wave velocities is consistent
with the increase in Young’s modulus (Fig. 6.6) for the two-part system in a dried state after
degradation. After the 8-month exposure level, the reflection coefficient is observed to

increase (Fig. 6.16 and 6.18) with exposure, indicating interfacial degradation.
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Figure 6.15: Measured normal shear-wave reflection coefficient spectra of the interfacial region,
corresponding to various levels of degradation of the two-part (Permabond E(04) system; ‘M’
indicates months of degradation.
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Figure 6.16: Measured reflection coefficients at 15 MHz of normal-incidence shear waves, as
a function of duration of exposure for the two-part (Permabond E04) system. The error
bars correspond to one standard deviation each on both sides of the mean value.
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Figure 6.17: Measured normal longitudinal-wave reflection coefficient spectra of the
interfacial region, corresponding to various levels of degradation of the two-part
(Permabond E04) system; ‘M’ indicates months of degradation.
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Figure 6.18: Measured reflection coefficients at 20 MHz of normal-incidence longitudinal
waves, as a function of duration of exposure for the two-part (Permabond E04) system. The
error bars correspond to one standard deviation each on both sides of the mean value.
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Table 6.2 Material properties used in the calculations

c(mv/s) ¢i(m/s) p (kg/m’)
Aluminum 3160 6435 2690
E04 adhesive 1175 (fresh) 2530 (fresh) 1360
1296 (degraded) 2600 (degraded)

The tangential and normal spring constants, K, and K, , were determined from the shear

and longitudinal measurements respectively, by a least-square optimization procedure which

minimizes the objective function G, given by:

2
0= [ (R, (@) -R, (&) do 6.1)

where Ry, is the theoretical spectrum (Eq. 4.1) and R, is the experimental spectrum. It should
be noted that the integrand in Eq. 6.1 is discrete. Table 6.2 gives the material properties used
in the calculations. Figure 6.19 compares the experimental reflection coefficient spectra with
the theoretical spectra for normally incidents shear waves. Figure 6.20 gives a similar
comparison for normally incident longitudinal waves. It may be observed from Figs. 6.19 and
6.20 that there is very good agreement between theory and experiments except for relatively

large degradation.

Table 6.3 gives the values of the spring constants determined by minimizing the parameter
G in Eq. 6.1. An error analysis of the spring constants was carried out based on the reflection
coefficient data at the central frequency (15 MHz for shear and 20 MHz for longitudinal wave
respectively). The results are given in Table 6.4, showing the 95% confidence intervals of the

reflection coefficients at the central frequencies, and the spring constants.

Table 6.3 Spring constants for various levels of degradation for the two-part (Permabond E04)

adhesive system
Exposure Level || 0 2 8 10 12 15.5
(Months)
K.(GPa/um) |[|0.50 | 0.53 | 0.54 | 034 |029 |O0.18
K, (GPa/um) 198 [2.09 [221 |[1.38 |[0.99 |0.58
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Figure 6.19: Comparison of theoretical and experimental reflection coefficient spectra of
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Figure 6.20: Comparison of theoretical and experimental reflection coefficient spectra of normal-
incidence longitudinal waves for the two-part (Permabond E04) system; (a) fresh, (b) 2-month, (c)
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Table 6.4 95% confidence intervals for the spring constants for the two-part (Permabond E04)

adhesive system

Exposure Level Shear wave incidence Longitudinal wave incidence
(Months)

Res (15 MHz) | K, (GPa/um) |Ry (20MHZ)| K, (GPa/um)

0 0.709+0.0072 | 0.42 <K;<0.58 |0.682+0.0032 | 1.76 < Kn<-2.28

2 0.684+0.0057 | 0.48 <K,;<0.60 |0.674+0.0038 | 1.79 <K, <2.41

8 0.682+0.008 | 0.47 <K;<0.66 |0.672+0.0045 | 1.77 <K, <2.57

10 0.716+0.0175 | 0.29 <K;<0.41 |0.68940.0052 | 1.25 <K,<1.54

12 0.733+0.0275 | 0.23 <K;<0.38 [0.711+0.0067 | 0.92 <K, < 1.07

15.5 0.955+0.0483 | 0.14 <K,;<0.26 |0.774+0.0078 | 0.55 <K, <0.62

[t may be observed that the spring constants remain approximately the same (K, = 2.0

GPa/um and K,=0.5 GPa/um) until the 8-month exposure level, although the critical

fracture energy shows a considerable drop during the same period (Fig. 6.7). The small
variabilities in the spring constants during this period (i.e., 0-8 months exposure) are within

the experimental uncertainties (Table 6.4).

It should be noted that the reflection coefficient spectra from a perfect interface between
two solids is independent of frequency. The sloping reflection coefficient spectra for the fresh
joint (Fig. 6.19 and 6.20) is evidence of the presence of a very thin interfacial region with
lower mechanical properties compared to the bulk adhesive (Section 2.1.3); this layer is

represented by the normal and tangential springs.

After 10 months of exposure, the spring constants are observed to reduce substantially
(Table 6.3), and there is excellent agreement between theory and experiment in the reflection

spectrum (Fig. 6.19d and 6.20d). From Fig. 6.7, it may be seen that the critical fracture energy
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drops by about 30% after ten months of exposure. It should be noted that the formation of
micro-defects (Fig. 6.8) was observed consistently at the interface after about 10 months.
Since most of these defects were sub-wavelength, they would in effect decrease the local

stiffness, resulting in reduced spring constants.

At the 12-month exposure level, the spring model is observed to be approximately valid
(Fig. 6.19¢ and 6.20e), while the 15.5-month data (Fig. 6.19f and 6.20f) shows relatively more
discrepancy between theory and experiments. One possible reason for the discrepancy
between the theoretical and experimental spectra may be the reduction in the density of the
bulk adhesive as a result of sigzificant adhesive leaching at large exposure levels (Fig. 6.1).
The theoretical curves in Figs. 6.19 and 6.20 were all calculated assuming the density to be
unchanged. Figure 6.21 shows a revised calculation for the 15.5-month, shear-wave data with
a reduced density value of 1100 kg/m?. It is seen that the theory becomes closer to
experiments when the density is reduced. It was not possible to determine the density of the

degraded adhesive layer on an aluminum substrate experimentally.

It is also possible that for relatively large degradation levels, the micro-defects grow to
become comparable in size to the ultrasonic wavelength. This would cause the defects to act
as scatterers of ultrasound. This may contribute to the large spread in the data observed for

relatively severe degradation (Fig. 6.16 and Fig. 6.18).

The normal incidence measurements generally showed increased sensitivity of shear
waves to degradation compared to longitudinal waves at a given frequency (see Fig. 6.15 and

6.17). For example, the longitudinal-wave reflection coefficient (R,,) at 25 MHz for the 10-

month exposure level (Fig. 6.20d) showed an increase of 3% compared to the 2-month

exposure level (Fig. 6.20b). The corresponding increase in shear-wave reflection coefficient

(R,,) at 25 MHz for the 10-month case was 7% (Fig. 6.19). At 15.5 months of exposure, the

increase in R, was 21% compared to 15% for R, (Fig. 6.19 and 6.20). This higher sensitivity

is due to the shorter wavelength of shear waves compared to longitudinal waves, as explained

in Section 4.1.1.
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Figure 6.21: Comparison of theory and experiments for the 15.5-month data of the two-part
system (Permabond E04). The dashed lines are calculated spectra corresponding to two

different values of adhesive density (1360 and 1100 kg/m3), and the solid line is the
experimental spectrum.

Although normal-incidence shear wave measurements may be performed under ideal
laboratory conditions, they are very difficult to perform in a field environment. This is
because normal-incidence shear waves can not be generated via mode conversion at a water/
sample interface. However, oblique shear waves may be readily generated in the adherend by

this method.

6.3.1.2 Oblique-incidence shear wave measurements

This section deals with the oblique-incidence shear wave reflection measurements from
the interfacial region of the two-part adhesive. The measurement system described in Chapter
5 (Section 5.3.3) was used for the experiments. In the case of oblique incidence, both the
normal and tangential spring constants (K, and K,, respectively) are relevant, and were
available from the normal-incidence experiments (Table 6.3). The experimental reflection
spectra of obliquely incident shear waves will be compared with those obtained from the

angular spectrum model developed for the measurement system (Section 4.2.2).
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Figure 6.22: Measured oblique-incidence shear-shear (SS) reflection spectra for the
two-part (Permabond E04) system at various levels of degradation. The shear wave
was focused (d = 4.5 mm) at the interfacial region, and normalized with respect to
the front-wall signal; ‘M’ indicates months of exposure.

Faocused position: It may be re-called (Section 4.2.4) that the configuration best suited for

examining the interfacial region is where the shear wave is focused at the interfacial region.

Figure 6.22 shows the measured reflection spectra corresponding to the focused position, for

fresh and 2, 10, 12 and 15.5 months exposure levels. The obliquely incident shear waves

showed a higher sensitivity to degradation compared to normally incident shear waves,

particularly for relatively large exposure levels. For example, the normalized amplitude at 25
MHz for the 12-month exposure level is 12% greater than that for the 2-month exposure level
(Fig. 6.22); this compares to a 10% increase in the reflection coefficient at 25 MHz (Fig. 6.19)

for normally incident shear waves. For the 15.5-month case the corresponding increase in

normalized amplitude was 30%, compared to a 21% increase for normally incident shear

waves. This increased sensitivity of obliquely incident shear waves may be attributed to the

angular dependency of the plane wave reflection coefficients (Section 4.1.2).
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Figure 6.23: Comparison of theory and experiments for obliquely incident shear waves (SS)
under focused condition, for different levels of degradation of the two-part (Permabond E04)
system; (a) Fresh, (b) 10 months, (c) 12 months, (d) 15.5 months. The solid line is experimental
and the dashed line is theoretical.
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The geometrical tolerances in the manufacturing of the focused, oblique-incidence
transducer (Section 5.3.3) were relatively large; approximately 5-10% of the nominal

dimensions. Therefore, in order to compare the theory and experiments, the actual values of

the transducer parameters (namely, the nominal incident angle, 8;, and the aperture angle 6))

must be determined. This was achieved by matching the experimental shear-shear reflection
spectrum of a fresh specimen to that predicted by the angular spectrum theory, using the
spring constant values given in Table 6.3 and the material properties given in Table 6.2. The
longitudinal wave velocity and attenuation factor of water, required for the predictions, were
calculated from the measured temperature [89]. The actual probe parameters were determined

to be: 8, = 17.1° and 6, = 15.3°, compared to the nominal values of 0, = 17.9° and

B, = 14.3°.

The measured reflection spectra were compared with the predictions of the angular
spectrum theory as shown in Fig. 23, from the known values of the spring constants (Table
6.3) and probe parameters. As in the case of normal-incidence measurements, there is good
agreement between the theoretical and experimental spectra for the fresh and 10-month cases.
For the 12-month case, the agreement is somewhat inferior, while for the 15.5-month case, the
agreement between theory and experiment is relatively poor. The significant reduction in the
adhesive density at large degradation and the possible scattering of the waves by relatively

large micro-defects may account for some of the discrepancy.

De-focused position: As was described in Chapter 4 (Section 4.2.4), by de-focussing the
probe towards the specimen, interference effects are produced that can be displayed in the
frequency domain. These interference effects for shear waves were shown to be highly
sensitive to the spring constants, although it was also found that slight changes in the adherend
properties and transducer alignment affect the interference pattern substantially.

Figure 6.24 shows the measured spectra for different levels of degradation when the probe
was de-focused to d = 6.0 mm (as opposed to d = 4.5 mm for focused configuration,

Section 4.2.4). For relatively large exposure levels, such as the 15.5-month data, the increase
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Figure 6.24: Oblique-incidence SS reflection spectra for various levels of degradation under the
de-focused (d = 6.0 mm) condition; the solid lines are measured spectra and the line with symbol is

the predicted spectrum for the fresh case.

in sensitivity of the amplitude spectrum to degradation under the de-focused condition was
confirmed experimentally. For example, it may be seen from Fig. 6.24 that the peak amplitude
at 15 MHz of the 15.5-month data increases by about 34% relative to the 2-month exposure
level, while at the focused position (Fig. 6.19), the increase in amplitude is about 24%. For
exposure levels lower than 15.5 months, the increase in sensitivity was ambiguous, possibly

due to the generally higher scatter under the de-focused condition.

Figure 6.24 includes the theoretical spectrum for freshly bonded specimens using the
material properties in Tables 6.2 and 6.3. It is noted that the positions of the dips and peaks in
the theoretical and experimental amplitude spectra do not match. The peak heights of the fresh
specimen match well between theory and experiments. It may be re-called (Fig. 4.10) that the
peaks and dips are quite sensitive to adherend properties. Therefore, slight errors in the

adherend properties or small misalignments during the experiments might be responsible for
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the discrepancy between the theoretical and experimental spectra.

6.3.2 One-part system
6.3.2.1 Normal-incidence shear wave measurements

In this section, the results of normal-incidence shear wave reflection coefficient
measurements for the one-part adhesive system (Hysol, EA9346) are presented. Figure 6.26
shows the reflection coefficient at 15 MHz as a function of degradation. There is no
significant change in the amplitude of the reflection coefficient, although the scatter in the
data increases with the duration of exposure. It may be noted that the critical fracture energy

decreased by about 70% after 3 months of exposure (Fig. 6.13).

It should be noted that the failure surface analysis of the one-part system did not reveal
any significant physical changes in the vicinity of the interfacial region as a result of
degradation (Fig. 6.14), unlike the two-part system which showed the formation of micro-
defects. The fact that the reflection coefficient remained constant with degradation indicates

that the adhesive interphase did not change its properties significantly.
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Figure 6.25: Normal-incidence shear wave reflection coefficients at 15 MHz for
the one-part (Hysol EA9346) adhesive system as a function of duration of
exposure. The error bars correspond to one standard deviation on each side of
the mean value.
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It is likely that most of the decrease in the critical fracture energy with exposure was due
to the rupture inter molecular forces operating across the interface (Section 2.1.2). The
potential of using ultrasound in the 5-25 MHz range to monitor environmental degradation of
this one-part adhesive system appears to be very low.
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CHAPTER 7 Conclusions and
Recommendations

7.1 Conclusions
7.1.1 Peel analysis

The present work developed an analytical approach to predict the adherend plastic

dissipation in the peel test, allowing the determination of the critical fracture energy, G_, and

the mode ratio from experimental peel] data.

It was shown, both theoretically and experimentally, that plastic dissipation can be very
sensitive to the adherend yield stress, thickness and peel angle. This has important
implications in the design of a peel test in order to minimize the effects of adherend plastic
dissipation, thereby maximizing the accuracy in the calculation of G,. It was demonstrated
that for medium to high strength adhesives, the effects of plastic dissipation may be kept
relatively small by the use of a low peel angle, and a low yield strength alloy with a thickness
much less than a critical thickness at which the plastic dissipation is a maximum. At the other
extreme, for relatively low fracture energy systems, the plastic dissipation may be reduced by
the use of a relatively low peel angle and a high yield-strength alloy with a thickness much
larger than the critical thickness.

The model was employed to determine the critical fracture energy, G, and the mode ratio

from experimental peel data for several combinations of peel angle and adherend properties,

but with the same adhesive and adherend-pretreatment. It was shown that the extracted G,

reduced to about the same value regardless of the peel angle and adherend properties. The

relatively small differences in the estimates of G, were explained by the mode of loading, and

possible crack-tip adhesive dissipation effects.
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7.1.2 Open-faced specimen for the assessment of durability

A novel, open-faced peel specimen was developed to investigate adhesive joint durability.
It was shown that for adhesives which plasticize to a great extent, such as the two-part system
Permabond E04, peel testing should be carried out in the dry state to assess interfacial
weakening, since the failure was mostly cohesive in the wet condition. For moisture-resistant
adhesives, such as the one-part Hysol EA 9346 adhesive, both wet and dry tests revealed

interfacial weakening.

The two-part adhesive in the dry state after degradation was found to become relatively
stiff and brittle compared to the fresh state. Since the plastic dissipation in the flexible
adherend is dependant on the adhesive stiffness, it is necessary to account for this change in

the adhesive stiffness when calculating the critical fracture energy.

The peel failure surfaces were analyzed using Scanning Electron Microscopy (SEM) and
Energy Dispersive Spectroscopy (EDS). For the two-part system, the fresh specimens failed
cohesively, while degraded (dry) specimens revealed micro-defect formation at the interface.
For the one-part system, the above analyses did not show any significant difference between
fresh and degraded surfaces, although visual evidence suggested cohesive failure for fresh

specimens and interfacial failure for degraded specimens.

7.1.3 Ultrasonic NDE of interfacial degradation

Durability of the two adhesive systems was characterized ultrasonically using open-faced
specimens. It was found that ultrasound can detect the interfacial degradation of the two-part
epoxy system, but did not show any significant change in response with degradation of the
one-part system. It should be emphasized that the ultrasonic NDE of interfacial strength
degradation is based on the hypothesis that degradation is accompanied by physical changes
in the interfacial region, which result in changes in the interfacial spring constants. Destructive
studies showed physical changes in the form of micro-defects in the case of the two-part

system, but it did not reveal any such physical changes at the interface for the one-part system.

Measured values of normal-incidence longitudinal and shear wave reflection coefficients

were in good agreement with the interfacial spring model for the two-part system, except for
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relatively large degradation. It was found that both tangential and normal spring constants
decrease with degradation for the present two-part system. The normal-incidence
measurements showed that shear waves were more sensitive to interfacial properties than were

longitudinal waves.

Oblique shear-wave reflection measurements were performed on the two-part adhesive
system using a novel transducer. An angular spectrum approach was developed to model the
measurement system. It was found that the best practical configuration for the inspection of
the interfacial region features a shear wave focused at the interfacial region. The oblique-
incidence measurements were in good agreement with the angular spectrum theory except for
relatively large degradation values. Oblique shear waves generally showed higher sensitivity

to degradation, compared to normal shear waves.

It should be emphasized that the present work confirmed ealier reports of the inherent

difficulties in the NDE of the interfacial region [47]. The use of open-faced specimens enabled
the nondestructive evaluation of degradation for the two-part system. In the ideal laboratory
setting, it was possible to detect the interfacial degradation after 10 months of exposure to
water at 67°C, corresponding to a decrease in G_ of about 30%. The corresponding increase in
the normalized amplitude of reflected oblique shear waves was about 6% at 15 MHz. It is
unlikely that in a rugged industrial environment, such a small change in amplitude could be
measured reliably. After 15.5 months of exposure, the increase in amplitude was about 24%,
corresponding to a decrease in G, of about 45%. Therefore, it is reasonable to conclude that,

in practice, a drop in G, of approximately half the initial value may be detected

nondestructively for the two-part system by an oblique shear wave reflection technique.
7.2 Contributions
The major contributions of the present work may be summarized as follows:

= An analytical model was developed and experimentally verified [79, 80], to predict the
adherend plastic dissipation in the peel test, enabling the determination of the critical

fracture energy and mode ratio.
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e A novel open-faced peel specimen was developed for the study of the durability of

adhesive joints [93]. The use of such a specimen was demonstrated for two typical

commercial adhesives, with emphasis on the wet and dry behavior.

e The formation of micro-defects at the interface, as a result of degradation, was

discovered for the two-part system [93].

e [t was shown that ultrasonic reflection measurements may be used to detect interfacial
degradation for the two-part adhesive system. The interfacial spring model was shown to be
a good description of the interfacial region for the two-part system. This is the first work
which has shown the validity of the spring model for the interfacial region of an adhesive
joint.

¢ An efficient angular spectrum model was developed for an oblique-incidence, focused

wave measurement system [86].

e A novel PVDF transducer was developed for oblique-incidence measurements [87]. A
reliable method was developed for the measurement of the normal shear-wave reflection

coefficient from the adhesive/adherend interfacial region.

7.3 Recommendations for future work

It is recommended that the peel model be generalized to include the effects of plasticity in
a general adhesive sandwich. This will be useful in modelling plastic deformation in situations
such as the lap shear test with a relatively thin adherend. It is also suggested that the accuracy
of the assumptions made in the present analysis be determined by using a finite-element

model.

It is recommended that highly sensitive surface analysis methods such as X-ray
Photoelectron Spectroscopy (XPS) or high resolution SEM be used to determine the actual
mechanism of micro-debonding for the two-part adhesive system. It would be useful to know
whether any hydration of the aluminum oxide occurs at the micro-defect sites observed with
the two-part system. It is suggested to investigate whether micro-debonding occurs for other

high-strength two-part systems. It is also recommended that the actual failure mechanism of
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the one-part system be determined using XPS.

It is recommended to investigate the perturbations in the ultrasonic guided modes of the
adhesive layer as a result of the observed interfacial changes for the two-part system. The
guided-mode technique involves frequency measurements; which tend to be more repeatable
than amplitude measurements. It is advised to investigate the use of high frequency ultrasound

to detect interfacial degradation for the one-part system.
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APPENDIX A Governing Equations for
the Attached Adherend

By applying the equilibrium equations [84] to the free-body diagram shown in Fig. A.1,
the following equations may be obtained:

dv
&x = % @.1)
dT
dx = o (4-2)
dM
E = Txyh/2— %4 (A.3)

where V is the shear force, T is the axial force, M is the bending moment, 4 is the adherend

thickness, and Oy, and T,y are the foundation normal and shear stresses, respectively.

Vi dx —-
“+(dM/dx)dx
T
T+(dT/dx)dx
-
T
4 l V+(dV/dx)dx
Oy

Figure A.1 Free body diagram of a differential element on
the attached part of the flexible adherend

130



According to the theory of beam on elastic foundation, the foundation stresses and

displacements may be related as (Section 3.5):

G,y = Agv (A4)
Ty = Au (A.5)

Assuming that the displacements are small for the attached part of the adherend, the

following equation relates the curvature, K, and the vertical deflection, v:

2
dv
K=— (A.6)
dx
The approximate M-K relation for the attached part is given by (Section 3.5):
cM
M =M+ ?f (K-K,) (A7)
The axial strain at the interface between the adhesive and the adherend is given by:
du T
el Kh/2 + Eh (A.8)

Combining Eqs A2 - A.8, the following equation may be derived relating the foundation

normal and shear stresses:

3
2y 1d,

Oyy = g, dx -E; (A.9)

where

A, 2 4\,
Q, = 1_27:(1 +E_,); Q, = CER (A.10)

From Egs. A.1, A3, A.4, A.6 and A.7, the following expression may be obtained:
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do dt

700, 0 e
where
8A 4
Qy=—%; O =—5 (A.12)
CEh CEh

Combining Eq. A.9 and A.10, we get the following equation governing the foundation

shear stress:

7 5 3
drt d= dr dt
Xy xy Xy Xy
-0 +0.—~5 -0-5- =0 A.13)
7 lde Q3dx3 Qde (

dx

where O; = 0,0,-0,0, - The foundation normal stress may be found from Eq. A.9.
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APPENDIX B Oblzque Reﬂection and
Transmission Coefficients

B.1 Reflection and transmission coefficients of the interfacial region

In this section expressions are derived for the oblique reflection coefficients from an
adhesive/adherend interfacial region using the wave potential theory (Section 2.4.1) and the
spring boundary conditions. Considering obliquely incident shear waves (Fig. B.1), the

following expressions may be derived for the wave potentials in the top and bottom haif

spaces [69]:

raeon _ o
T A AT R P ®.1)

i(Ex+0yz-wr) i(Ex+Pyz—ar)
¢ = Dye , Yy =Dye ®2)

where ¢ and y are the wave potentials, R, is the shear-longitudinal reflection coefficient,
R__ is the shear-shear reflection coefficient, D, is the shear-longitudinal transmission

coefficient, D is the shear-shear transmission coefficient, € is the horizontal wave number,

@ is the circular frequency, and o and [ are the vertical wave numbers of longitudinal and

shear waves respectively, given by:

= Jk'-E, B=Jk - ®3)
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Reflection and transmission coefficients of the interfacial region

Adherend (1)

Interfacial
region

e e i X

Adhesive (2)

Figure B.2: Schematic of oblique-incidence shear wave reflection from the
interfacial region.

where k, = @/c; and k, = @/c_ are the longitudinal and shear wave numbers respectively,
¢; and c_ being the longitudinal and shear wave velocities. In the above equations, subscripts
‘1’ and *2’ denote the top and bottom half spaces, respectively (Fig. B.1).

The following expressions may be derived for the displacements and stresses in terms of

the wave potentials, ¢ and v, [69]:

oy 2
w=ito-57, w=rity, ®4)
3 i
c,, = —2u€ [xw,,—ia—ﬂ, o, = 2pE [x¢+ia—zy] (B.5)

where # and G, are the tangential displacement and stress respectively, w and G,, are the

normal displacement and stress respectively, | is the modulus of rigidity, and ¥ is given by:

Y = E~ (B.6)

B

The four boundary conditions are, using the spring model:
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Transmission coefficlents at the front-wall

®B.7)

(te), = (1), (6,), = (5,),

(B.8)

(), = K, (uy—u)), (5), = K, (wy—w))

By combining Eqs. B.1, B.3 and B.5, and rearranging the terms, the following matrix

relation may be obtained for the reflection and transmission coefficients for incident shear

waves:

X, —#0q —HaX2 —H, 0,
KBy mX, K,B, —H,X5 R,
ZiMZXZE) ( 2“"’2“2&] R-’l

+——| | -E+——= = (B.9)

B ! E.' (ﬁz Kt g K Dss B]

t

2in,B,8 2im%8 || [Psy] | €
& oy | S|k )
N n n
For incident longitudinal wave, the following matrix equation may be derived in a similar
manner:
KX —H% ~KoX, K0, . A
”v[Bl HiXy uzﬁz —H,X2 R B ad Bl
2ipyx,8 2ip,08 ) | | Ry ~HiXy
B,+—— | | €+ (B.10)
Bl g [ 2 Kr & Kt Ds _E.o
2ip,B,€ 2ip,%,8 || Dy | Oy |
oo (42 [

B.2 Transmission coefficients at the front-wall

The new formulation for the angular spectrum model requires the transmission

coefficients at the water/aluminum and aluminum/water interfaces. For the water/aluminum

interface the following expressions for the longitudinal-longitudinal (T},) and longitudinal-
shear (7, ) transmission coefficients may be derived by using the above wave-potential

approach:
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Transmission coefficients at the front-wall

2
T -2p,, 0 0wX, B.1D)
in= 2 2 .
211[50!“, [Xl +a1f’|] +a[pwm (‘E-xl)
prcozocWOLl
Tls = (B.12)

2 2
2p 8o [x) + o, B,] +op 0 (E-%))
where p _ is the water density and @, is the vertical wave number in water.

For the aluminum/water interface the following expressions may be derived for the

transmission coefficients of incident longitudinal and shear waves:

4u1a1xlé (X] "'E..)
2u,€aw[xf+alﬁ,] +a.pwm2(€-xl)

(B.13)

’ —
Tll -

_ 41110%315 (x,—&)
ZHIEaW[xf+alB,l +alpwm2(§—x|)

’
sl

(B.14)
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APPENDIX C Water Diffusion
Equations

This appendix deals with the diffusion equations used for predicting water diffusion into
cast adhesive films and the open-faced specimens. Consider the cast adhesive sheet of Fig.

C.la. The water diffusion is governed by the one-dimensional form of Fick’s second law given

by [15]:
= = D— (C.1
where C is the concentration of water and D is the diffusion coefficient. The above equation

may be readily solved for a plane sheet with zero initial concentration and equal surface

concentrations of C, on both faces. The solution is given by [15]:

2 2
c_, =" [-D(2n+1) n t}cos[(2n+1)1tz] C2)

Co,  m&~2n+1%% 2 h
n-O

If M, denotes the total amount of water which has entered the sheet at time t and M the

corresponding quantity after infinite time (i.e. equilibrium water content), then the following

expression for the fractional mass uptake by the sheet may be derived from Eq. C.2:

-D(2n+ 1)2n2t]
(C.3)

M, - [
v 2€X
M, " ; (2n+l) 22 K’
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Figure C.3: Schematic of water diffusion into, (a) cast
adhesive sample, (b) open-faced specimen.

For small values of time ¢, the above may be approximated by:

M, 38 [D:
M- z'u/; €4

It should be noted that diffusion into an open-faced geometry (Fig. C.1b) of a given
adhesive thickness is equivalent to diffusion into a cast adhesive sheet of twice the thickness.
This can be seen by noting that in Fig. C.1b, the interface between the adhesive and the
adherend is impermeable and the concentration gradient is zero. This condition holds at the
central plane of a cast sheet provided that the initial and boundary conditions are symmetrical
about that plane. It follows therefore, that the solutions for the plane sheet occupying the
region -h/2 < z < h/2 also apply to the sheet 0 < z < A/2 when the face z =0 is impermeable.
Therefore, to predict water diffusion into an open-faced joint with an adhesive thickness A,
Egs. C.2-C.4 may be used by replacing & with 2A. From Eq. C.4, it may be readily seen that
the saturation time of an open-faced joint is approximately four times that of a cast sheet with

the same adhesive thickness.
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