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Abstract

In spite of its potential advantages, the use of adhesive bonding in primary
structure has been limited by the lack of non-destructive testing procedures
to guarantee the reliablity of the joint. The three main types of defect that are
commonly found in adhesive joints have been identified, the first type being
complete voids, porosity and disbonds in the adhesive layer, the second type of
defect being poor cohesive strength i.e. a weak adhesive layer, whilst the final
type is low adhesion strength or a weak bond between the adhesive and the

adherends.

At present there is only one commercially available instrument, the Fokker
Bond Tester Mk llI, that attempts to predict the cohesive strength of a joint.
However, an investigation into the sensitivity of the instrument has shown
that it is not able to detect changes in adhesive modulus and thickness, and
hence cohesive sirength, unless the adhesive layer has either much lower
modulus or a significantly higher thickness than is commonly employed in high
stength applications. There is therefore a need for the development of

improved testing techniques.

The technique of ultrasonic spectroscopy has been thoroughly investigated and
used to measure the resonant frequencies of plain plates and joints. A model
was developed to predict the resonant frequencies and mode shapes of plain
plates and joints, the predicted values showing excellent agreement with the

measured resonant frequencies over a wide range of adhesive properties.

The tests reported here also show that measurements of the resonant
frequencies of adhesive joints obtained using ultrasonic spectroscopy can be
used to detect changes in adhesive thickness and modulus, accuracies :of
approximately 10% in thickness and 20% in modulus being obtained in joints
typical of those used in primary structure. Consequently, it has been
demonstrated that ultrasonic spectroscopy can be used to monitor the
cohesive properties of a joint, a change from the normal values indicating a
fault in the process control and a likely reduction in the cohesive strength of

the joint.
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Since there is no method suitable for the non-destructive detection of poor
adhesion strength this problem is currently overcome by careful control of the
surface preparation procedures. Further work is now required to develop a
satisfactory method of testing for poor adhesion strength once the joint has

been manufactured.
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CHAPTER 1
Review of Existing Non-destructive Testing Techniques for
Adhesively Bonded Structures

1 Intr ion

Adhesive bonding has been used extensively for many years in aerospace and
other high-technology industries and has great potential for application to
other areas of manufacturing. Adhesive bonding is attractive because it
distributes stress over the entire bond area compared with the stress
concentrations which can occur with mechanical fasteners, such as bolts and
rivets. Also, the high temperatures of welding and brazing are avoided and
improved appearance, together with reduced weight, can frequently be

obtained.

In spite of its potential advantages, the use of adhesive bonding in primary
structure has been limited by a lack of adequate non—destructiye testing
procedures: without such procedures, the reliability of a structure cannot be
guaranteed. Such testing will usually be performed at the post-manufacture
stage or at stages during manufacture; however, in more stringent

applications, inspection during service may also be required.

Ideally, the non-destructive test would predict the strength of the bond.
However this is very difficult to achieve, partly because a direct measurement
of strength cannot be non-destructive, so it is necessary to correlate strength
with other properties such as bond area, stiffness, damping etc. Also, the
stress distribution in a typical adhesive joint is highly non-uniform (see for
example, Adams and Peppiatt, 1974) so the strength is much more sensitive -to
the integrity of some areas of the joint than to others. Therefore
measurement of bond area, for example and stiffness, do not necessarily give
good correlations with strength. Changes in the properties do, however, give

an indication that a joint may be defective.

There are three main types of defect which occur in practice; these are:-
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(i) complete voids, disbonds or porosity
(ii) poor adhesion i.e. a weak bond between the adhesive and one or both
adherends.

(iii)  poor cohesive strength i.e. a weak adhesive layer.

Voids or large gas bubbles in the adhesive are caused either by a lack of
adhesive or by the presence of foreign matter on (or even in) the adherends.
Porosity of the adhesive is similar to voiding except that the size of the
bubbles can be much smaller; typically having an area, in the plane of the

adherends, of less than 1-2 x 10°¢ m2.

It is usually caused by volatiles or
gases trapped in the adhesive. A major problem can occur with composite
adherends if these are not adequately dried before bonding as absorbed
moisture can vapourise during the cure cycle to produce bubbles in the

adhesive.

Disbonds or zero-volume unbonds can occur during manufacture due to the
presence of a contaminant, such as grease, on an adherend. The surfaces of a
disbond are generally in close proximity, or are touching, but are incapable or
transferring load from the adherend to the adhesive. Disbonds also occur as a
result of impact or environmental degradation after manufacture.
Environmental degradation generally takes place at an interface between the
adhesive and an adherend, causing the bond to fail. Resistance to this mode of
failure can be improved by use of the correct surface treatment prior to
bonding (Kinloch, 1983).

No reliable non-destructive test for the adhesion strength of a bond has been
developed. In the aerospace industry this problem is overcome by strict
control of the adherend surface preparation procedures or possibly by testing
the adherend surface prior to bonding (Schliekelmann, 1972; Kim and Sutliff,
1978). This is done on the grounds that failures due to poor adhesion are
always a result of inadequate surface preparation. Great care must then be
taken to ensure that surface contamination does not occur between the time of

the surface preparation or the test and the bonding operation.

Provided that the adherend preparation has been satisfactory, the adhesion
strength of a joint is always greater than its cohesive strength. This is

desirable since cohesive strength of a joint is more predictable than adhesion
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strength and hence can be used in design calculations.

Poor cohesive strength of the joint is generally caused by the adhesive having
the incorrect modulus or thickness. The extent :of molecular cross linking in
the adhesive and hence its modulus is mainly dependent on the correct mixing
of the base resin and hardener and on the cure cycle that the adhesive
receives. When large jigs are used to hold components during bonding,
differences in temperature of the adhesive can easily occur and it is therefore
possible that the adhesive will not be uniformly cured, resulting in areas of

incorrect modulus.

Similarly, when jigs are used to hold the large and relatively thin adherends
which are commonly used in the aerospace industry (Evans, 1985), it is
difficult to ensure that a uniform pressure is applied to the joint during
bonding. Areas where the applied pressure is too low will tend to have an
adhesive thickness higher than the specification , while regions of high

pressure will tend to produce bondlines thinner than desired.

The non-destructive measurement of cohesive properties is much less reliable
than the detection of disbonds and voids. Consequently, in practice, if the
cohesive properties are to be checked, destructive tests are often performed

on specimens manufactured under the same conditions as the actual structure.

Since there are many widely available non-destructive techniques it is useful
to examine each of them to determine their suitability for the detection of the
three main catagories of defect described above. Although the majority of
techniques are only suitable for the detection of complete voids and disbonds
it is still important to show which are more suitable in particular

circumstances than others.

2 Time Domain Ultrasonics
2.1 Basis of the Technique

The monitoring of ultrasonic echoes in the time domain forms one of the most
widely used methods of non-destructive testing. It is commonly used for the
detection of disbonds and voids in composites. The method is also used for the

detection of disbonds, bond line voids and porosity in adhesive joints
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(Hagemaier, 1971; 1972). Furthermore time domain methods are being
investigated as a method of predicting the cohesive properites of the adhesive

(Rose et al., 1983), which is discussed in Section 2.5.

An incident pulse of ultrasound will be reflected and transmitted, (assuming
normal incidence, and hence no refraction), at each interface of the joint. The
amplitudes of the reflected and transmitted pulses are dependent on the
reflection and transmission coefficients of the interface, which may be

calculated from (Brekhovskikh, 1960) :-

press = (Z"-2)/(Z2'+2Z") (1.1)
press = 27" (Z2'+2Z") (1.2)
where F{press and Tpress are the reflection and transmission coefficients for the

acoustic pressure, Z' is the acoustic impedance of the medium in which the
incident and reflected pulse propagate and Z" is the acoustic impedance of the

medium in which the transmitted pulse propagates, which are given by :-
Z = c'p' and Z" = c"p" (1.3)

where ¢', ¢" and p', p" are the longitudinal wave velocities and densities of the

respective media.

If a defect is assumed to contain air or any other low density substance then
it will have a very low acoustic impedance relative to the adhesive or
adherend. The reflection coefficient then approaches unity at a boundary
between either an adherend or the adhesive and a defect, since ‘Z"<< Z'. An
incident pulse over the defect is then practically totally reflected leaving
negligible energy to be transmitted through the defect. Measurement of the
reflected or transmitted energy may therefore be used to indicate the

presence of a defect.

Due to the severe impedance mis-match between solid materials and air, it is
difficult to propagate ultrasound from a transducer through air to the test
structure. It is therefore vital that there is a satisfactory couplant between

the transducer and the test piece. This is often achieved by immersing the
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test piece and transducer in a water bath. The uitrasound then propagates
across the water filled gap (typically 25-100 mm depending on the transducer)
into the test piece. Alternatively, the transducer can be held in contact with

the test structure, coupling being provided by a thin layer of gel or grease.

Both methods tend to have problems since the immersion technique is often
impractical for large components and buoyant honeycombs. The contact
technique is slow when large areas need 10 be examined, and can be sensitive
to contact pressure (Ganella, 1973). A further alternative is that of a water
jet transducer or "squirter" in which the ultrasound propagates along a water
jet which surrounds the transducer, as shown in figure 1.1. However, care
must be taken in the design of the squirter nozzle to ensure that spurious
echoes are not generated from reflections within the water jet (Tretout et al,
1985).

Techniques which monitor ultrasonic echoes can detect very small defects
such as bond line porosity with a high degree of reliability. However, a major
limitation arises if the couplant or some other liquid such as water or fuel is
allowed to penetrate the defect. The presence of the liquid reduces the
reflection coefficient and the defect becomes much more difficult to detect.
When the technique is used in production control, liquid ingress can usually be
prevented. However, when joints with an unknown history are examined, the

results need to be interpreted with care.

Several methods of displaying the ultrasonic reflections are available, the
most common being A,B and C-Scans, which can be chosen to show the defect
as required. The simplest presentation is an A-Scan which shows the
amplitude of the echoes or refections as a function of time (or distance, if a
value for the veloctiy of sound in the medium is known), as shown in figure
1.2. An A-Scan can be obtained at each point of the work surface, the relative

amplitude of the echoes being used to establish whether defects are presentl

The information can also be presented as a B-Scan. The time axis of the
A-Scan becomes the vertical axis in the B-Scan (see figure 1.3). Hence an
image of the cross section of a component is built up. The horizontal lines in
the B-Scan show areas where the echo from a feature at a particular depth

exceeds a pre-set level. Information on the depth of features is therefore
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produced. In the case of an adhesive disbond, echoes from interfaces below
the defect are very small so gaps appear in the horizontal lines from features

below the disbond.

If the amplitude of a particular echo is monitored at each point on the surface
of the work, a C-Scan can be produced. Measurements at each point are taken
using a scanning mechanism, which produces a plan of the defect positions but

gives no information on their depth (see figure 1.4).

The automatic scanning mechanisms required to produce B and C-Scans usually
employ immersion or water jet coupling whereas A-Scan devices often use the
contact technique. A number of transducer configurations are used with
ultrasonic time domain analysis, the commonly used ones being described

below.

22 Through Transmission

The through-transmission technique uses separate transmitting and receiving
transducers positioned either side of the structure to be tested, as shown in
figure 1.5. Alignment of one transducer above the other is important and can
present difficulties when large components are tested. Alignment of the
transducer axis perpendicular to the surface to be tested, however, is not as
critical as with other techniques. Instead of monitoring the reflections from
each interface, the magnitude of the transmitted signal is often used to detect
defects. The signal at the receiving transducer either reduces or disappears

when a defect is present.

Through-transmission is particularly suited to the inspection o‘f honeycomb
structures. Using a pulse-echo technique (see Section 2.3), only the bonding of
the top face to the core can be tested reliably, whereas using through
transmission, both top and bottom bonds between skins and core can "be

inspected in a single test (Hagemaier, 1971).
The technique can also be used with hand held transducers for rapid production

line inspection, the transducers being held against the specimens and

manually adjusted to give a signal of maximum amplitude.
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2.3 Pulse-Echo

The pulse-echo technique generally uses a single transducer capable of sending
and receiving a pulse of ultrasound (see figure 1.6). The delay between pulses
and the geometry of the transducer and water path ensure that reverberations
from the transmitting crystal have died away before the echoes are received.
Provided that pulses are short enough (see Section 2.4) the individual echoes
from each interface can be resolved, their position and amplitude being used to
detect the presence of a defect. A large proportion of ultrasound will be
reflected at a defect owing to its large reflection coefficient, so echoes from
features behind the defect will be reduced or disappear. The technique can use
all types of coupling and is a commonly used non-destructive technique for

adhesive joints.

A minor variant of the technique is obtained by using a reflector plate beneath
the structure, see figure 1.7. In the absence of defects, the ultrasound passes
through the structure and into the water to be reflected back up through the
structure. The A-Scan then consists of groups of echoes from the structure
separated by the timé taken for the ultrasound to traverse the water path
between the structure and reflector plate, see figure 1.8. In the presence of a
defect the incident pulse is practically totally reflected at the defect, so that
no ultrasound is transmitted into the water behind the structure.
Consequently, the A-Scan only consists of the slowly decaying echoes from the
disbond, see figure 1.9. This reflection technique can only be used with
immersion coupling owing to the need for a couplant between the reflector

plate and rear face of the structure.

In all pulse echo testing, alignment of the transducer axis perpendicular to the
surface of the structure or reflector plate is important if off-axis reflections

are to be minimised.
2.4 Itr nic_Transducer and_ Equipment Requiremenis

Many types of ultrasonic transducer are commonly available for use with
non-destructive testing equipment. For time domain analysis it is desirable to
use a transducer which produces short ultrasonic pulses so that echoes from

the features of a joint may be more easily resolved.
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The pulse length obtained from a given transducer is dependent on the
excitation pulse and on the characteristics of the receiving amplifier. Figure
1.10 shows two ultrasonic pulses from the same transducer used with

different excitation pulses and receiver ranges.

Transducers are often characterised by their frequency response (or spectrum)
which gives an indication of the energy available at particular frequencies
when the transducer is used under certain conditions. The frequency at which
the maximum energy occurs, for a particular transducer and test set, is often
quoted and is typically in the range 1 - 25 MHz. It should be emphasised,
however, that the pulse length produced by a transducer, and hence its
performance, is not only dependent on the frequency response of the
transducer but also on the pulser and amplifier used. The quoted "frequency"
of the transducer is therefore not a reliable measure of performance on its

own.

The exact limit of resolution of two pulses or echoes depends on both their
length and shape. As a rough guide, however, resolution becomes difficult
when the separation between pulses is reduced to less than the pulse length,

see figure 1.11.

The resolution of individual echoes is important if the depths of defects in a
multilayered structure or the position of a defect within a thick bondline is
required. Clarke et al. (1983) showed that it is possible to distinguish
between disbonds at either the top or bottom adherend/adhesive interface
with a bond line thickness of approximately 0.1 mm provided pulse lengths of

0.05 us or less are used.

The problem of resolution is less critical if large adhesive disbonds, whd_se
position in the bond line is unimportant, are to be detected. The more
commonly used transducers, giving pulse lengths of approximately 0.5 us, are
adequate for detecting disbonds in bond lines thicker than 0.2 mm. In this
instance the echoes from the top and bottom of the adhesive are generally not
resolved but the dishond causes multiple echoes or ringing of the ultrasonic
signal (Hagemaier, 1971). The multiple echoes are caused by repeated

reflections from the disbond within the top adherend, the disbond preventing
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the energy of the pulse from being transmitted to the adhesive. The echoes
from a disbond can readily be distinguished from the more rapidly decaying

echoes produced by a sound joint, see figure 1.12.

The amplitude of the echoes from the top of the adhesive (labélled 2,3,4 efc in
figure 1.12b) are often monitored when joints are C-Scanned since there
maghitudes increase in the presence of a disbond as described above. For
example, by assuming that the impedance of the defect is negligible, it can be

shown that the ratio, R,, of the magnitude of the second echo from the bottom

of the top adherend (labelled 3 in figure 1.12b) in the presence of a disbond to

that obtained from a sound joint is given by :-

2
RA= 1/(Rpress)
= [(Z,+2,)/(Z,-2) ]2 (1.4)
where R/ ... is the reflection coefficient at the interface between the

adherend and the adhesive and Z, and Z, are the acoustic impedances of the

adhesive and the adherends respectively, see eqgn. (1.3).

As the adhesive thickness (l,) increases, the first echo from the bottom of the

adhesive (labelled 2a in figure 1.12b), although it may not be resolved, occurs
closer to the second echo from the top of the adhesive (labelled 3).

Consequently, when
l, = l.c/e, (1.5)

where |, is the thickness of the top adherend, and ¢, and ¢, are the velocities

in the adhesive and adherends respectively, the second echo from the top' of
the adhesive is coincident with the first echo from the bottom of the adhesive.
When this occurs, it has the effect of reducing the amplitude of the second

echo from the top of the adhesive, since the two echoes are in anti-phase.

The problem is made worse if the ultrasonic pulse shape is more complex than
the simple pulse shown in figure 1.12." For example, if a pulse shape similar to

that shown in figure 1.10b is used, the second echo from the top of the
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adhesive (3) can increase or decrease in magnitude as the adhesive thickness
is increased and the first echo from the bottom of the adhesive (2a)
approaches it, the direction of the change in magnitude being dependent on the
phasing of the echoes. Whilst a decrease in the magnitude of the second echo
from the top of the adhesive is the opposite effect to that which occurs in the
presence of a disbond or void, an increase in its magnitude due to a change in
adhesive thickness can easily be mistaken for a defect. Consequently, C-scans
of joints with varying adhesive thickness that are produced by monitoring the
amplitude of the echoes from the top of the adhesive will show varations
resulting from thickness changes and the presence of voids (Martin et al,
1979).

Figure 1.13 shows the C-scans of five single lap joints with 1.6 mm thick
adherends and adhesive thickness varying between 0.5 and 0.7 mm. In this
instance the echo from the bottom of the adhesive and the second echo from
the top of the adhesive are coincident when the adhesive thickness is
approximately 0.6 mm. Destructive examination of the joints showed that
there were no voids or disbonds, the variation in the C-scans being caused

solely by small changes in the adhesive thickness.

It can be seen from eqgn. (1.4) that problems also arise if the acoustic

impedance of the adhesive (Z,) is too low relative to that of the adherend (Z,),

2)
i.e. R, approaches unity when Z,<< Z, andit becomes difficult to distinguish

the defects from the good structure. For example, with aluminium adherends,
the increase in amplitude of the second echo from the top face of the adhesive
is under 3dB when the impedance of the adhesive is less than approximately
1.7 x 108 Kg/s.m2, With steel adherends, the increase is less than 2dB even
when high modulus epoxies (having typical impedances of 2.6-3.0 x 10°

Kg/s.m?) are used.

It is also possible t0 use echoes from features below the bond line for disbond
location, since they will disappear in the presence of a disbond. However, in
practice, it is difficult to distinguish such echoes from those produced within

the top adherend, unless very short pulses are used.
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2.5 1tr nic Echo Rati

The methods described in Sections 2.1-2.4 are aimed at detecting defects with
a high reflection coefficient i.e. disbonds, voids and porosity. However, by
measuring the relative amplitude of particular echoes it has been suggested
(Rose et al., 1983; Alers et al,, 1977), that the modulus and loss factor of the

materials on either side of the interface can be found.

Although limited to use on joints with thick bondlines, where the reflections
from individual interfaces could be resolved, Rose and Meyer (1973) found that
the time history could be used to predict bond quality. They showed that there
was a relationship between the cohesive strength of the joint and the ratio of
the echo from the top face of the joint to that of the echo or echoes from the
adhesive. However, they also observed considerable scatter and a dependence

of the ratio on the adhesive thickness.

Techniques based on the ratio between the amplitudes of the top face echo and
that of the echoes from the adhesive appear to have severe limitations when
the bond line thickness is variable, as it would be in practice. This limitation
arises because adhesive thicknesses of approximately 0.1-0.2 mm are at the
limit of resolution obtainable with most ultrasonic transducers, see Section
2.4. Consequently the echoes from the adhesive layer are a complex function
of the pulse shape, the adhesive thickness and the reflection coefficientis of

the interfaces.

Even when the echoes from the top and bottom of the adhesive are resolved by
using probes with a shorter pulse length, the magnitude of the individual
echoes remains a complex function of their pulse shape, the adhesive
thickness and the reflection coefficients of the interfaces. This therefore
tends to make the measurement of the cohesive strength of the joint very

unreliable (Rose and Meyer, 1973).

3 Itr nic _Im n nd r
3.1 Principl! f ration

Measurement of the through thickness vibration characteristics of a bonded

structure can be used to detect defects. Instruments working on this principle
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use transducers which operate in the frequency range 0.1 - 10 MHz and excite

through thickness modes of vibration of the structure via a suitable couplant.

It should be noted that through thickness resonance is quite different from
membrane resonance (see Section 4.4). Membrane resonance involves flexure
of the layer above a disbond, the strain in the direction perpendicular to the
surface of the structure being negligible. However, the strain in through

thickness modes of vibration is primarily perpendicular to the surface.

Through thickness vibration is often explained using a wavelength approach,

resonance occuring when the thickness of the layer above the disbond, 1,, is

equal to an integer multiple of half wavelengths. For example this occurs when

la, = N2 = nc/2F (1.6)

where A is the acoustic wavelength, ¢ is the longitudinal wave velocity in the

layer above the disbond, and F, is the resonant frequency of n'" mode of the

layer.

For a solid plate, a series of equally spaced harmonics or resonances occur,
each having a different deformed (mode) shape. For a given mode, the
frequency of through thickness resonance increases as the thickness
decreases. The early types of ultrasonic thickness gauge used this principle

(Szilard, 1982) and it formed the basis of several "bond testers".

The response of a bonded joint is considerably more complex than that for a
single plate, the resonances no longer being equally spaced. The natural
frequencies of the joint depend on the material properties and thickness of the

adherends and adhesive layer(s).

Instruments for the non-destructive testing of adhesive joints based on the
measurement of the through thickness vibration properties fall into two
groups: those operating at a single frequency which monitor the amplitude
and/or phase of the response at this frequency and those using a range of
excitiation frequencies, in which resonant frequency and amplitude changes

are detected.
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3.2 ingle Frequ Instrumen

Bond testers which operate at a single frequency are limited to the detection
of disbonds or gross voiding in an adhesive joint, and are essentially

ultrasonic impedance measuring instruments.

The instrument measures the response of the system comprising the
transducer and the joint. By coupling the transducer to the joint, the modes
occur at lower frequencies, the range in which the resonances occur being
primarily governed by the transducer or probe. Different probes are used for

different applications but they typically operate in the range 0.1-5 MHz.

Bond testers of this type either measure response alone, such as the 210
Bondtester manufactured by NDT Instruments - (Hagemaier, 1982), or response
together wi‘th the phase between excitation and response such as the
Bondscope 2100 also manufactured by NDT Instruments - (Djordjevic and
Venables, 1981). In both cases, however, it is important that the instrument
operates at a frequency below or at the first through thickness resonance of
the good structure (Li et al., 1982). The response then decreases as the probe

moves from a good to a disbonded area.

If the instrument operates above the first through thickness resonance of the
good structure, for example at the through thickness resonance of a disbond, it
can become difficult to distinguish between disbonds at different depths in a
multilayer structure. More importantly, distinguishing between disbonds and

undamaged structure can also become difficult.
3.3 Fokker Bond T Mk 1l

Currently, the widely used Fokker Bond Tester Mk [l is the only commercially
available instrument which claims to measure the cohesive strength of a joi“nt.
It does not monitor strength directly but relies on a correlation between
strength and a measured natural frequency of a probe coupled to the joint the
value of which depends on the stiffness of the adhesive layer (see figure 1.14).
It is important to note that the Fokker Bond Tester Mk | (Schiiekeimann, 1979),
which operates at a much lower frequency, is only suitable for the location of

large voids and disbonds.
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The Fokker Bond Tester Mk Il is also commonly used to detect disbonds and
voids in adhesive joints (Lord, 1985). A disbond or void in the adhesive
substantially reduces the stiffness which the instrument monitors, and hence
produces a significant change in the measured natural frequency. It can also
give a more reliable measure of the depth of disbonds in a multi-layer
structure than that obtained using the ultrasonic impedance method described

in Section 3.2.

It is more difficult to predict the cohesive strengths of the joint (Curtis,
1982; Wilkinson, 1982) than to detect disbonds since the frequency shifts
resuliing from a change in cohesive properties such as adhesive modulus or
bond line thickness are much smaller than those obtained in the presence of a
disbond. Although the instrument is widely used, it remains unclear how
sensitive it is to the changes in modulus and adhesive thickness encountered
in practice. The instrument does not claim to detect poor adhesion between the

adhesive layer and the adherends.

3.4 Ultrasonic Spectroscopy

Spectroscopic techniques give information on resonant frequency and
amplitude of response over a wide range of frequencies rather than at a single
frequency as described in Section 3.2. As the frequency range increases, more
modes of vibration can be examined and the potential for extracting

information about the bond increases.

The technique of broad band ultrasonic spectroscopy can be used to measure
frequency response over a wide frequency range e.g. 1-30 MHz. For example,
Haines (1976) showed that the measurement of spectra in this fréquency range
could be used to measure oxide thickness on the insides of pipes. Broad band
ultrasonic spectroscopy has also been used to predict the cohesive properfies
of a joint, (Lloyd and Wadhawani, 1978; Lloyd et al, 1979; Rivenez, 1984).
However to date the correlation between the complex spectra and the cohesion

properties has been unreliable.
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4 hic_Vibration

4.1 Principle of Operation

A family of sonic vibration techniques is used :for non-destructive testing of
adhesive bonded structures. Most of these depend on a defect causing a local
change in stiffness and hence a change in vibrational properties of the
structure. The testing methods can be split into two types, those requiring
excitation and response measurement at each point tested, and those using

excitation at a single point and measuring response over the whole structure.

The size of defect which can be detected is related to the wavelength
employed. As the frequency increases, the wavelength decreases, and the
minimum detectable size reduces. Instruments using sonic vibrations operate
typically at frequencies up to 20-30 kHz, so they will not be able to find
defects as small as those detectable at ultrasonic frequencies (typically up to
20 MHz).

Sonic vibration techniques will generally only detect disbonds or gross voids,
their exact size depending on the depth or thickness of adherends. Although the
minimum detectable size is larger, the tests are often faster than the
ultrasonic techniques and they do not require a couplant between the
transducer and test structure. The techniques are most sensitive to defects
close to the surface of a stiff structure and are therefore well suited to the

inspection of honeycomb constructions.
4.2 in T

The coin tap test is one of the oldest methods of non-destructive inspection.
It is regularly used in the inspection of laminates and‘ honeycomb
constructions (Hagemaier and Fassbender, 1978). Until recently, however, the
technique has remained largely subjective and there has been considerable

uncertainty about the physical principles behind it.

The sound produced when a structure is tapped is mainly at the frequencies of
the major structural modes of vibration. These modes are structural
properties which are independent of the position of excitation. Consequently,

if the same impulse is applied to a good area and to an adjacent defective
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area, the sound produced must be very similar. Therefore the difference in
sound when good and defective areas are tapped must be due to a change in the

force input.

When a structure is struck with a hammer, the characteristics of the impact
are dependent on the local impedance of the structure and the hammer used.
The local change in structural stiffness produced by a defect changes the
nature of the impact. The time history of the force applied by the hammer
during the impact may be measured by incorporating a force transducer in the
hammer and typical force-time histories from taps on sound and disbonded
areas of an adhesively bonded structure are shown in figure 1.15. The impact
on the sound structure is more intense and of a shorter duration than that on
the damaged area, the impact duration on the sound structure being
approximately 1 ms compared with 1.7 ms on the defective zone (Adams and
Cawley, 1985).

The differences between the force pulses are more readily quantified if the
frequency content of the force pulse is determined. This is achieved by
carrying out a Fourier transform of the force-time records. The spectra of the
force-time records in figure 1.15 are shown in figure 1.16. The impact on the
damaged area has more energy at low frequencies, but the energy content falls
off rapidly with increasing frequency. The impact on the sound area has a
much lower rate of decrease of energy with frequency. This means that the
impact on the defective area will not excite the higher structural modes as
strongly as the imapct on the good zone. The sound produced will therefore be

at a lower frequency and the structure will sound "dead".

The testing technique therefore involves tapping the area to be tested with an
automatic, instrumented hammer designed to give a single, reproducible
impact. The frequency spectrum of the impulse is then compared with that of
an impulse, with the same hammer, on an area of the structure that is knde
to be sound. Data from a sound structure is stored in the testing instrument
so that it can carry out the comparison and give an immediate indication of the
integrity of the area under test (Adams and Cawley, 1985). Measurements are
only based on the impact force; consequently, no transducers need be attached
to the structure which avoids the coupling and alignment problems which arise

with, for example, ultrasonic techniques. However, since the technique is only
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sensitive to changes in local stiffness of the structure, measured
perpendicular to the plane of the surface, it will only detect defects that lie

parallel to the plane of the surface e.g. voids and disbonds.

A similar device, the "Acoustic Spectral Flaw Detector" (Lange,1978), uses
the measurement of vibration response rather than input force. The response
is measured using a transducer attached to the structure or by a microphone.
However, the use of response measurements at frequencies up to membrane

resonance can lead to contradictory results (Adams and Cawley, 1985).
4.3 Mechanical Im n

The impedance method has been used for many years in the Soviet Union (Lange
and Moskovenko, 1978). More recently the Acoustic Flaw Detector and the MIA
3000, developed by Inspection Instruments Limited and based on the original
Soviet design, have been available in the West. The technique uses the
principle of local impedance measurement to detect flaws in the plane parallel

to the test surface. The point impedance, z;, of a structure, can be defined as

(Cawley, 1984) :-

(1.7)

where Fj(m) is the harmonic force input to structure and Vi is the resultant

velocity of the structure, both measured at point j.

Commercially available instruments generally take measurements at a single
pre-set frequency, typically between 1 and 10 kHz. As the probe is moved
from a good to a defective area, the impedance decreases. Figur‘e 1.17 shows
the impedance as a function of frequency for disbonds under a 3.3 mm thick
aluminium skin adhesively bonded to a thick steel beam. As the base structure
becomes more flexible, the impedance of a defective zone can be higher or
lower than that of a good zone, depending on the frequency, so the test

becomes less reliable (Cawley, 1984).

Instead of using a couplant, a dry point contact is used between the transducer

and structure. This contact has a finite stifiness (Lange and Teumin, 1971)
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which must be kept as high as possible, otherwise the sensitivity of the

technique will be reduced.

Figure 1.18 gives an estimate of the minimum detectable defect diameter
versus depth in aluminium and carbon fibre reinforced plastic structures.
These curves assume a stiff base structure and that the impedance of the
defective zone must be at least 3dB lower than that of the sound zone for the
defect to be reliably detected. The technique is less sensitive with the

composite owing to the reduced contact stiffness obtained with this material.
4.4 Membrane R nan

A planar disbond can be modelled as a plate restrained around the edges by the
surrounding structure. As the frequency of excitation increases, this plate
resonates, the first mode being the membrane resonance and having a
deflected shape similar to that of a diaphragm. At resonance the impedance
measured over the defect reduces to a minimum and the response for a given
force input increases substantially. Hence, at or close to membrane
resonance, the response amplitude of a defective zone will be much higher
than that of the surrounding structure. Since this resonant amplification is
high, typically greater than a factor of 10 (20 dB), resonance can be detected
by measurement of response alone. This can lead to inaccuracies since it
assumes that the input force is roughly constant but it can simplify the
measurement technique and apparatus. Although less accurate measurements
are required than for the impedance method, it is important that the operating
frequency is at or close to the resonant frequency of the layer(s) above the
defect. The layer(s) above a defect may be modelled as a disc clamped around

its edges. The resonant frequency, f,, of such a disc is given by (Cawley,

1984) :-

fy = (0471/RA.[E/p,(1-v®)]"? (1.8)

where |, is the thickness of the layer above the defect, R, is the defect radius,
E,is Young's modulus, p, is the density and v is Poisson's ratio of the layer
above the defect. In practice, this frequency, f,, would represent an upper

limit, since the actual edge conditions fall somewhere between fixed and
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simply supported.

The typical maximum operating frequency of instruments of this type is 20-30
kHz. If 1.6 mm aluminium adherends are assumed then the minimum detectable
defect diameter (i.e. at 30 kHz) would be approximately 23 mm. At 10 kHz,

this size would increase to 40 mm.

The original Fokker Bond Tester (Type 1), described by Schliekelmann (1972},
operates on this principle and uses white noise excitation in the range 0.5-10
kHz. The more commonly used Mk I, or model 70 operates at a much higher
frequency and on a different principle, see Section 3.3. In the original version
of the instrument the transmitting and receiving transducers are housed in the
same probe which requires no couplant. The ratio between the transmitted and

received energy is displayed on a meter and is used to identify defects.

The Harmonic Bond Tester manufactured by the Shurtronics Corp. operates at a
single frequency (Hagemaier,1972) and was developed by Boeing from the Eddy
Sonic Test System (Botsco, 1968). The excitation is via induced eddy-currents
which require no couplant. However, part of the structure under test must be
electrically conducting to support the eddy-currents. The response is
measured by a microphone in the eddy-current coil (Phelan, 1972). The
interaction between the original and induced fields produces vibration at
double the frequency applied to the coil, giving an excitation frequency of 28
kHz. A single excitation frequency is also used in the "acoustic amplitude"

method developed by Lange (1976).

To be sure that defects are detected, it is important that they are excited at
or close to their membrane resonance. If the excitation is at frequencies over
a broad range, (white noise), then this can be achieved. However, if the
excitation is at a single frequency, there is a high probability of missing

defects.

4.5 Vibrothermography

The technique of vibrothermography (or active thermography} monitors the
surface temperature of a component as it is cyclically stressed. A defect will

cause a local rise in temperature due to either frictional heating at its
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internal surfaces or hysteretic energy dissipation. An infra-red thermal
imaging camera is usually used to measure the temperature of the component

by representing the isotherms on its surface as a series of colours or tones.

Heating can occur during low frequency fatigue testing i.e. at 1-2 Hz. Pye and
Adams (1981) showed, however, that if a component is excited at a resonant
frequency the input forces required are much smaller than in fatigue testing

and the method becomes feasible for non-destructive testing in the field.

Henneke and Reifsnider (1982) located disbonds in composites by exciting
them at their membrane resonances (see Section 4.4). At frequencies of up to
13 kHz, the disbonds could be made to show up as hot spots. As the frequency
was increased further, the membrane resonance was passed, heating ceased,

and the damage was not detectable.

Vibrothermography has the potential advantage of being able to monitor the
response of large areas when exciting at only one location. The method
depends on a local temperature rise for damage location. Since this is
controlled by the thermal conductivity of the component, the sensitivity of the
technique will be reduced as the conductivity rises. Pye and Adams (1981)
found that damage was more difficult to detect in carbon fibre composites

than in glass fibre constructions for this reason.

Current infra-red cameras are able to resolve differences in surface
temperatures of typically 0.1°C which probably limits them to the detection of

disbonds in composite adherends, rather than metal ones.

Holographic techniques can also be used to locate defects over large areas in a
similar way to vibrothermography. Holographic interferometry (Fagot et al.,
1980) enables the very small discontinuities in surface displacement, which
occur at a defect when a component is stressed, to be measured. AIthou"-gh
rapid inspection is possible, the technique is still under development and

equipment costs are high.

5 Passive Thermography

Passive thermography uses the same technique as vibrothermography, see
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Section 4.5, to measure the surface temperature of a component. However
passive thermography monitors the response of the structure to thermal

transients created by an external heat source.

Either heating or cooling transients can be used to detect disbonds and voids in
bonded panels. Heating transients can be induced by heating the back surface
of the structure and measuring temperature changes at the front. Defective
areas are cooler owing to the lower conduction through voids. Heating
transients can also be created by heating on the same side as the camera; the
defects then appear as hotter areas. Cooling transients can be used in a
similar manner by applying an aerosol freezer spray to the surface to be

tested.

There are significant differences between one and two sided examination;
heating the back face and monitoring the temperature at the front enables
deeper defects to be detected. Heating and monitoring the temperature at the
same surface however, can produce better results with near surface defects.
It is important to note that thermal transients must be used because a defect
would have a negligible effect on steady state heat transfer. In practice these
thermal transients have to be recorded since a temperature difference
sufficiently large for detection may only exist for a brief period. The use of
video recording techniques has greatly simplified this process (Reynolds and
Wells, 1984).

The sensitivity of the method is reduced, like vibrothermography, as
conductivity increases. Difficulties can also arise if the surface to be tested
has areas of different emissivity though this effect can be reduced by spraying

the surface under examination matt black.

The technique can be used to detect delaminations and voids in composites
{McLaughlin et al., 1980) and has also been used successfully with aluminium
adherends. Schliekelmann (1979) reports that voids of 25 x 25 mm can be

detected below 0.5 mm thick aluminium adherends.

Although the cost of thermographic equipment is high, such techniques have

the potential advantage of testing large areas rapidly.
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6 X-Radiography

X-Radiography is commonly used for locating defects in welded and cast
components. Radiography has also been used to locate bond-line porosity in
carbon composite joints (Clarke et al, 1983). However, if porosity is to be
reliably detected, the absorption of radiation in the adhesive has to be

increased by incorporating a filler in it, such as aluminium powder.

The technique cannot be used effectively when a material with high absorption
is used as either of the adherends. The much greater absorption in, for
example aluminium, would mask small changes resulting from voids in the

adhesive and thus make them undetectabie.

The location of disbonds in joints is more difficult because the thickness of a
defect parallel to the beam is substantially less than for porosity. Disbond
location can be improved, however, by using a radio-opaque penetrant such as
zinc iodide. The technique is more commonly used to locate impact damage in
composites (Sendeckyj, 1983) and requires a surface point of entry for the

penetrant, which is not always present in adhesive joints.
7 Di ion

A variety of methods is available for the detection of complete disbonds in
adhesive joints, some of which are more suitable in particular circumstances
than others. The high frequencies used with ultrasonic time domain techniques
are especially suited to the detection of small defects such as bond line
porosity. Consequently, the technique is commonly used in conjunction with
immersion coupling or a water jet probe and a C-Scan display to produce a

defect map of a component.

The ultrasonic C-Scanning of relatively large components, although capable"of
detecting small defects, can be time consuming and expensive and the method
is more commonly used for post-manufacture than for in-service testing.
Ultrasonic C-Scan frames are also available for use on small areas of
in-service components. They are commonly used with a gel couplant or a

water jet probe and can be useful when a component cannot be immersed.
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Larger defects than porosity, such as voids and disbonds, do not require the
accurate scanning facility of a C-Scan rig and can often be detected by hand
scanning. Again a gel couplant or jet probe is often used, the defects being
detected using an A-Scan presentation. Such techniques are relatively
adaptable and can be used either after manufacture or in service. A similar
set-up, used with a B-Scan display can be valuable for showing defect depth in

a multi-layered joint.

Since a complex rig and immersion tank are fikely to be a major capital
expense, it is important to decide whether its accurate scanning facility is
necessary. If bond line porosity can be eliminated reliably, by experience and
process control, then larger defects may be more economically located by an

ultrasonic hand scanning technique.

The applications of the ultrasonic impedance technique are very similar to
those of time domain ultrasonics mentioned above. Ultrasonic impedance
devices have been used with both C-Scan rigs and hand scanning; however,
since most operate at low ultrasonic frequencies (0.1 - 2 MHz), they will not
be able to detect such small defects as bond line porosity. Also instruments
of this type can give misleading results if defects at other depths are
encountered. However, the widely used Fokker Bond Tester Mk Il which
measures the natural frequency of the probe coupled to the joint, rather than
the amplitude and phase of the impedance at a single frequency, can be used to

monitor defect depth.

Ultrasonic impedance instruments also require a couplant between the
transducer and the test structure, and as with all techniques which need a
couplant, it is important to prevent the ingress of any liquid into a defect, or

it can become very difficult to detect.

Techniques based on the use of sonic vibrations will only be able to detéct
disbonds or gross voiding of the adhesive layer, although they do offer some
potential advantages over the ultrasonic techniques. Methods which use single
point excitation and a non-contacting, scanning measurement system, such as
vibrothermography and holography, have the particular advantage that large
areas can be inspected rapidly. Unfortunately, the equipment required tends to

be very expensive. It is very probable that the thermographic system used in
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vibrothermography will be more expensive than an ultrasonic C-Scan rig.
Nevertheless, in large scale applications where the techniques have the

required sensitivity, the costs are likely to be justified.

The other sonic vibration techniques, which require excitation at each test
point, are slower than those requiring excitation at a single point. However,
they have the advantage over the high frequency ultrasonic methods that a dry
point contact between the probe and the structure is satisfactory, so no
coupling fluid is required. They are therefore easier to apply, particularly in
situ, for example on an aircraft wing. The techniques are also particularly
suited to the inspection of honeycomb constructions. The mechanical
impedance method operates at a single excitation frequency so the
computational requirements are small. This means the probe can be moved
over the surface of the structure giving a continuous reading. Unfortunately
there are dangers in using only one frequency. The techniques based on the
membrane resonance of the layer above the defect are quick, but problems
arise with defects whose natural frequencies are above the frequency range
of the instrument. The probability of missing defects is greatly increased if

excitation is confined to a single frequency or a narrow band.

The automated coin-tap method requires a spectrum to be computed at each
point. This means that the inspection rate is of the order of ten positions per
second. However, the reliability is improved by looking at more than one
frequency and, since the tapping head only makes instantaneous contact with
the structure, problems of alignment and clamping force, which can arise with
the impedance technique, do not occur. Most of the vibration methods described
can be used with a hand held probe or with a scanning frame to produce a

C-Scan presentation.

Passive thermography offers similar advantages to those  of
vibrothermography and is likely to cost approximately the same. Howev"er,
unlike vibrothermography, passive thermography does not require any
attachment to the structure to be tested nor that it should be excited over a

broad range of frequencies.

X-Radiography is well established in other areas of non-destructive testing,

particularly in the quality control of welds and castings. Unfortunately, its

page 43



application to the non-destructive testing of joints is limited to cases where
the absorption in the adherends is low, such as when composite adherends are
used. Results can be enhanced by using a radio-opaque penetrant but this is
not generally practical for voids and disbonds. However, the technique can be

useful in research to determine the size and position of defects accurately.

No reliable non-destructive test for the adhesion strength of a joint has been
developed. In the aerospace industry, this is overcome by strict control of the
adherend surface preparation procedures and by testing the adherend surface
prior to bonding. This is done on the grounds that failures due to poor adhesion
are always the result of inadequate surface preparation. Great care must then
be exercised to ensure that the surfaces are not contaminated between such a

test and the bonding operation.

Two techniques being examined for quantifying adhesion strength, although not
truly non-destructive, are those of acoustic emission and the debonding of
weak joints. Work by Curtis (1875) and Hill (1977) suggests that acoustic
emission counts can be used to detect adhesion failure prior to fracture, as a
joint is loaded. Another approach (Knollman et al, 1982) classifies weak
adhesion strength by attempting to debond a joint with high energy ultrasound.
Weak bonds would fail and could be detected as disbonds whereas bonds with a
high adhesion strength would be unaffected. It is probable that such a test
would only be able to separate very low from high adhesion strengths but in

practice it is likely that this is all that is required.

The non-destructive evaluation of cohesive strength is also extremely
unreliable at present. Currently, the Fokker Bond Tester MK Il is the only
commercially available instrument which claims to measure cohesive
strength. However, it is not clear how sensitive the instrument is to typical

changes in adhesive modulus and thickness.

The technique. of broad band ultrasonic spectroscopy uses a similar basic
principle to the Fokker Bond Tester in that it measures the through thickness
resonant frequencies and amplitudes of a joint. However, unlike the Fokker
Bond Tester, which only monitors the resonant frequencies of at most two
modes of the joint, ultrasonic spectroscopy gives information on many modes

(typically 10 to 20) of the joint. Since each of these modes is dependent on the
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cohesive properties it is likely that a better correlation with cohesive
strength would be obtained with ultrasonic spectroscopy than with the Fokker

Bond Tester.

No single method of detecting disbonds and voids is universally applicable.
Since it is likely to take longer and cost more to find smaller defects, it is
important to know the size of the smallest defect which must be detected.
This size, together with the type of testing environment, i.e. post-manufacture
or in-service, and the structure to be tested, will help to determine which

type of technique is the most applicable.

The sonic vibration techniques are particularly useful in circumstances where
the use of the coupling fluids required for ultrasonic testing is undesirable.
They are frequently used for the inspection of honeycomb constructions to
which they are particularly suited. Ulirasonic techniques, however, are
generally able to detect smaller defects than those using sonic vibrations. If
rapid inspection of large areas is required, then a thermographic technique can

offer substantial advantages.

No reliable non-destructive technique currently exists for measuring the
adhesion and cohesive strength of a bonded joint, so it is often assumed that a
joint is serviceable provided it is free from voids and disbonds. Poor cohesive
properties and low adhesion strength are generally avoided by careful surface
preparation and process control, but joint design has to be conservative to
allow for variation in these properties. Consequently, to enable the potential
advantages of adhesive joints to be fully utilised it is important that
techniques for the non-destructive evaluation of both cohesive and adhesion

strength are developed.
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PART TWO

THE FOKKER BOND TESTER Mk IT



CHAPTER 2
Operation of the Fokker Bond Tester Mk II and the Vibration

Properties of its Transducer

1 Introductijon

It was shown in Chapter 1 that the Fokker Bond Tester Mk Il is the only
commercially available instrument that attempts to non-destructively
measure the cohesive strength of a joint. Ying and Li (1979) conducted an
investigaton into the working principle of the Fokker Bond Tester Mk lI. They
modelled the probe as a cylinder in axial resonance to which was attached the
joint, modelied as a mass-spring-mass system. However the suitablity of the
Fokker Bond Tester for measuring the cohesive strength of joints with

different thicknesses and types of adhesive remains unclear.

Since the instrument is commonly used in industry to test adhesive joints, it
was decided to carry out an investigation of the physical principles behind it,
and to assess the sensitivity of the instrument when used on metal to metal
joints bonded with different thicknesses and types of adhesive. This chapter
describes the instrument and reports an investigation of the vibration
characteristics of the transducer used. The operation of the instrument is

discussed in Chapter 3.
2 D ription of the Fokker Bond T r Mk 1l

The Fokker Bond Testyer Mk Il uses a probe, see figure 2.1, which is coupled by a
thin layer of liquid or gel to the component being tested. The probe consists of
a cylindrical polarised piezoelectric (barium titanate) crystal, With
electrodes on its top and bottom faces. The crystal is lightly supported by
three hooked springs which also act as contacts for the electrodes. A number
of crystals are available with different overall sizes and diameter to length
ratios. Thicker adherends, and hence greater overall joint thicknesses, require
larger crystals. Crystals with a diameter to length ratio of 1.5 or less, such as
the 3412 and 3814, are used for testing sheet to sheet joints, whereas
crystals for use on honeycomb to skin bonds, such as the 3414, have a larger

diameter to length ratio. Table 2.1 gives the dimensions and diameter to length
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ratio of three commonly used crystals (3412, 3814 and 3414).

When a voltage is applied across the electrodes on the crystal, the
piezoelectric material is strained. Thus, when an alternating voltage is
applied, the crystal vibrates at the same frequency as the applied voltage. The
impedance of the crystal varies with frequency and decreases to a minimum at
its resonant frequencies. In the electrical circuit used in the Fokker Bond
Tester, the crystal is in series with a resistance, the voltage supplied to the
resistance and crystal being roughly constant. Hence, the voltage across the
resistance reaches a maximum at the resonant frequency of the crystal since

the impedance of the crystal reaches a minimum.

Similarly, when the probe is placed on a specimen, the voltage across the
resistance reaches a maximum at the resonant frequency of the system
comprising the crystal and specimen. This is because the effective impedance
of the crystal now reaches a minimum at the resonant frequency of the system

comprising the crystal and component.

It is not clear exactly how the crystal deforms when it is repeatedly polarised
over its top and bottom faces using continuous wave excitation; however it is
likely that the most strongly excited modes will be those where there is
axisymmetric axial deformation of the crystal. The modes of the crystal with
non-axisymmetric axial deformation will be less strongly excited, and modes

with relatively small axial deformation are only likely to be weakly excited.

[n the operation manual of the instrument, Rienks (1972) states that there are
two main resonant frequencies of the crystal, the deformation of the crystal
in one mode being primarily radial and in the other largely axial, as shown in
figure 2.2. The deformation in these modes cannot be either purely radial. or
purely axial since the Poisson's ratio effect ensures that deformation in one
axis is accompanied by deformation in the others. Rienks refers to these fWo

modes as the radial and axial modes of the crystal.

The Fokker Bond Tester has two displays, the A and B-Scales (Rienks, 1972).
The A-Scale displays the frequency response of the probe (or the probe with
the specimen coupled to it) over the pre-set frequency range, with frequency

increasing from right to left, see figure 2.3. The change in resonant frequency
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can be obtained from this display. The B-Scale gives an indication of resonant
amplitude. The older versions of the instrument used a cathode ray tube for the
A-Scale and an anologue meter for the B-Scale. However, a new version uses a

digital display for both the A and B Scales.

The Fokker Bond Tester sweeps the voltage applied to the crystal over a
frequency range which can be pre-set between approximately 10 and 80 kHz
depending on the crystal used. The centre of the range depends primarily on the
resonant frequencies of the crystal, and typically falls between 50kHz and
0.5MHz. The operation manual (Rienks, 1972) says that the centre frequency
should be chosen so that the mode shape of the crystal corresponds with the
radial mode when sheet to sheet joints are inspected and with the axial mode
when honeycomb to skin joints are inspected. However, it is the axial motion
of either the radial or axial mode that would be most strongly coupled, via the

thin layer of liquid or gel, to the joint being inspected.

Since it is likely that the frequency response of the crystal is more complex
than Rienks (1972) suggests, it was decided to clarify which mode or modes of
the probe are used to excite the joint under examination. This was done by
measuring the response of typical crystals and comparing the resulis with

values predicted using finite element analysis.

3 Predicted Resonant Frequencies and Mode Shapes of the
Crystal

Finite element analysis was used to predict the resonant frequencies and mode
shapes of the crystals in the operating frequency range of the Fokker Bond
Tester. The element used in the analysis was an axisymmetric version of the
8-node isoparametric element described by, for example, Zienkiewicz (1971).
This element allows quadratic displacement variations along both its major
dimensions. A 4x4 mesh was employed which was considered to be sufficieﬁtly
fine to represent the modest curvatures seen in the lower modes of vibration.
The analysis was run using the FINEL finite element package developed at
Imperial College (Hitchins, 1984) and was run on a CDC Cyber 170/855

machine.

As is standard in analyses using axisymmetric elements, the displacements
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were assumed to vary as Cos N, 6 around the circumference of the crystal.

Hence, N,=0 gives axisymmetric modes while N,=1,2,3... gives modes in which

the shape of the circumference is distorted.

The predicted resonant frequencies for probe 3814, with a diameter to length

ratio of 1.5 are given in table 2.2. The results shown are for the four analyses
with N,=0,1,2,3. The frequencies of the modes with N,=4 were predicted to be

above the frequency range of interest.

The absolute values of the natural frequencies are dependent on the modulus
and Poisson's ratio of the piezoelectric material. These properties were
obtained by measuring the transit time of an ultrasonic pulse from a 10 MHz
probe through a crystal. Knowing the thickness of the crystal, it was possible
to calculate the longitudinal (c,) and shear (cg) wave velocity, which were
found to be 5795 and 2937 m/s respectively. The Poisson's ratio was
calculated to be 0.320 from the ratio of shear to longitudinal wave velocity

(Kolsky, 1963). The Young's modulus (E) is given by (Kolsky, 1963) :

E=pcg? (3¢ 2- 4cg?) / (¢ 2- cg?) (2.1)

where p is the density of the crystal. This gave a value of 122 GN/m? for the

Young's modulus.

The predicted mode shapes of probe 3814 corresponding to the resonances at
264.2kHz, 292.5kHz, 296.9kHz, 323.1kHz and 351.6kHz, are shown in figure 2.4.
Each of these modes has significant axial deformation and they are all likely

to be excited when the crysta!l is polarised over its top and bottom faces.

The other modes in the range 200-400kHz predicted by finite element analysis

have negligble axial deformation compared to the modes shown in figure 2.4.
For example, the axisymmetric (N,=0) mode predicted at 229.9kHz consists

primarily of torsional deformation and is unlikely to be significantly excited

when the crystal is polarised over its top and bottom faces.
The predicted resonant frequencies of the larger crystal, also with a diameter
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to length ratio of 1.5, (3412) are given in table 2.3, the predicted mode shapes

of probe 3412 being similar to the corresponding mode shapes of crystal 3814.

The resonant frequencies and corresponding mode shapes of probe 3414, which

has a diameter to length ratio of 3.0, were also predicted using finite element

analysis. In this instance there are many modes with N,=0,1,2,3 and 4 in the

frequency range of interest, the resonant frequencies of the axisymmetric

modes (N, =0) with significant axial deformation being given in table 2.4.

The predicted mode shapes of probe 3414 corresponding to the resonances at
160.8kHz, 337.1kHz, 415.5kHz and 456.1kHz, are shown in figure 2.5. Each of

these modes is axisymmetric (N,=0) and has significant axial deformation;

consequently they are all likely to be excited when the crystal is polarised

over its top and bottom faces.

As can be seen from the predicted resonant frequencies in tables 2.2-2.4,
there are many more modes of vibration of each crystal in the operating range
in the Fokker Bond Tester than the two suggested by Rienks (1972). In addition
all the mode shapes predicted by finite element analysis are more complex
than those suggested by Rienks (1972).

4 The M r Fr n R n f th r ]

The frequency response of the probe was measured independently by varying
the frequency of an alternating voltage applied to the crystal, in series with a
330Q resisitor, as shown in figure 2.6. A micro-computer was used to control
both the function generator, which supplied a harmonic voltage to the crystal,
and the voltmeter, which measured the voltage across the resistor. The
resonant frequencies of the crystal occurred when the voltage across the

resistor reached a maximum.

The frequency response of each of the crystals was also obtained from the
A-Scale of a Fokker Bond Tester Model 70 and was found to be similar to that
obtained from the system shown in figure 2.6. However, since the Fokker Bond
Tester does not give a direct measure of frequency, but only the change in
frequency, it was more difficult to measure the resonant frequencies of the
crystal using the Fokker Bond Tester. Difficulties were also encountered in

page 65



obtaining an accurate frequency calibration of the cathode ray tube A-Scale
display. This error, together with the difficulty of using the display
introduced further errors (up to approximately 5%) in the measurement of
frequency response using the Fokker Bond Tester. A later version of the
instrument (Model 80L) use a digital display for the A-Scale which helps to

reduce this error.

The measured frequency response of probe 3814, which has a diameter to
length ratio of 1.5, is shown in figure 2.7. The values of the resonant
frequencies, defined as maxima in the voltage across the resistor, obtained
from this curve are given in table 2.2. The strongly excited mode shown in

figure 2.7, which occurs at 277.8kHz corresponds to the axisymmetric (N,=0)

mode predicted at 292.5kHz. As can be seen from its predicted mode shape
shown in figure 2.4b, there is both axial and radial deformation of the crystal
with the top and bottom faces moving in opposite phase. The amplitude of the
radial motion is slightly greater than that of the axial motion so the mode
shape is fairly similar to that of the radial mode described by Rienks (1972).
There are also a number of smaller resonances in the range 200-400kHz which

correspond to other predicted modes of the crystal.

The frequency response for the larger probe (3412) with the same diameter to
length ratio as probe 3814 was also measured, the resonant frequencies being
given in table 2.3. The frequency response was similar in form to that of the

smaller probe, but with the resonances occurring at lower frequencies. In this

case the strongly excited axisymmetric (N,=0) mode occurred at 148.8kHz.

It was anticipated that there would be some discrepancy between the
predicted and measured natural frequencies due to a variation (up to 5%) in the
dimensions of nominally identical crystals and inaccuracies in the measured
Young's modulus of the crystal. The Young's modulus used in the analysis was
measured at 10 MHz whereas the modes of interest of the crystal were in the
range 200-400 kHz. However, although the absolute values of the measured and
predicted resonant frequencies vary by as much as 10% the relative values

should be correct. Therefore, the predicted and measured frequencies for all
the modes are compared with those of the axisymmetric (N,=0) mode described
above. Table 2.2 shows that there is good agreement between theory and
experiment on the relative positions of the modes.
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The measured change in resonant frequency due to variation in the dimensions
of the crystals depends on the mode of the crystal. However, a variation of
approximately 1.5% in the major axisymmetric mode was found between

nominally identical 3412 crystals.

The frequency response for probe 3414, which has a diameter to length ratio
of 3.0, is shown in figure 2.8 and the measured resonant fregencies of the
major modes are given in table 2.4. The frequency response has a different
form to that of probe 3814 with many resonant frequencies in the range
100-500kHz and a major resonance at 403.2kHz. The predicted mode shapes
corresponding to the main resonances seen in figure 2.8 are shown in figure
2.5 The predicted and measured resonant frequencies relative to those of the

axisymmetric (N,=0) mode predicted at 160.8kHz are also shown in table 2.4.

This shows that there is good agreement between theory and experiment on the

relative position of the strongly excited modes shown in figure 2.5.
5 Investigation n_Large ale_Model of Crystal

It is very difficult to measure the mode shapes of a small object such as the
crystal and, since there are discrepancies between the mode shapes predicted
using finite element analysis and those suggested by Rienks (1972), it was
decided to test a large model of the crystal on which the mode shapes could be
measured. The model of the crystal consisted of an aluminium cylinder having
a diameter of 216 mm and a [ength of 144 mm, giving it a similar geometry to
that of crystals 3412 and 3814.

5.1 Predi M h

The finite element analysis was repeated four times, to give the modes with

N, =0,1,2,3, for the aluminium cylinder using a similar element to that

employed for the analysis of the crystal. Standard values for Young's modulus
of 68.9 GN/m? and Poisson's ratio of 0.355 were used. Table 2.5 gives the
predicted resonant frequencies of the aluminium cylinder. The predicted mode
shapes were similar to those predicted for the corresponding modes of
crystals 3412 and 3814. However, the modes of the aluminium cylinder do not

neccessarily occur in the same frequency order as those of the crystal since
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the Poisson's ratios of the materials are different.
5.2 Me r Resonant Fr nci and M hape

The natural frequencies of a structure correspond to the maxima in the

frequency response function, Hij(“’)f which is defined by :-

Hj(@) = Xj(@)/F(w) (2.2)

where o is the frequency, Fj is the force applied at position j and X, is the

corresponding response at position i.

The deflected shape (mode shape) at a particular resonant frequency may be
obtained by measuring the frequency response (transfer) function, at the
appropiate frequency, between a reference position and a series of points on
different parts of the structure. The relative values of the frequency response
function at the different points then gives the deflected (mode) shape of the

structure.

The redquired frequency response functions may be measured either by applying
a force at the reference position and measuring the response due to this force
at a series of positions, or by measuring the response at the reference point
due to a force applied at a series of different points. The method which is

most convenient depends on the measuring system empioyed.

In this case, impact excitation via a hammer with a force gauge in its head
was used, the response being measured by an accelerometer attached to the
model. It was therefore convenient to measure the response at ‘the reference
point and to apply the force, via the impact, at different points. The frequency
response function was obtained by passing the force and acceleration sign'als
into a two channel spectrum analyser (Bruel and Kjaer type 2032) via two
charge amplifiers. The measurement system is shown in figure 2.9 and the

technique is described in more detail by, for example, Ewins (1984).

The measured resonant frequencies of the aluminium cylinder are given in

table 2.5. There is a small discrepancy between the predicted and measured
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natural frequencies which is assumed to be due to errors in the values of the
material properties used in the theoretical analysis. The predicted and
measured natural frequencies of all modes relative to those of the major

axisymmetric N,=0 mode are also shown in table 2.5 and it can be seen that

there is excellent agreement between the relative values.

The predicted N,=0 mode at 10.62kHz was not detected in practice since this

mode consisted primarily of torsional deformation, with negligble axial or

radial deformation, and hence could not easily be excited.

The mode shapes of the aluminium cylinder at 12.685kHz, 13.925kHz,
14.120kHz, 15.650kHz and 16.510kHz were determined using the technique
outlined above and agreed very closely with the corresponding predicted mode

shapes shown in figure 2.4 for a crystal of similar geometry to the model.
6 Di ion

The excellent agreement obtained between the predicted and measured mode
shapes of the aluminium model strongly indicates that the predicted mode
shapes for the crystal are accurate. Rienks (1872) states that there are two
main modes of the crystal which he terms the radial and axial modes. However
the measured frequency responses, see figures 2.7 and 2.8, show that there are
many modes in the operating frequency range. Similarly, the mode shapes
predicted and measured in this investigation are more complex than the simple

shapes given by Rienks (1972).

In the frequency range used to inspect sheet to sheet joints, the major mode of
crystals 3412 and 3814 which is excited has the deflected shape shown in

figure 2.4b. This is the major axisymmetric (N, =0) mode of the crystal and

there is deformation in both the radial and axial directions. However, when the
probe is coupled to the joint by a thin layer of liquid or gel, little of the radial
motion will be transmitted to the joint. Instead, the joint will be primarily
excited by axial motion of the crystal and the area below the probe will

vibrate in the through thickness direction.

The most strongly excited mode of probe 3414, used in inspection of skin to
honeycomb core bonds, is that shown in figure 2.5¢, which has predominantly
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axial motion and is analogous to the axial mode described by Rienks (1872).
This is different from the mode shape of the most strongly excited mode of
crystals 3412 and 3814 which is shown in figure 2.4b. However, the mode of
crystal 3414 which occurs at 160.4kHz has the ‘mode shape shown in figure

2.5a which is similar to the major mode of crystals 3412 and 3814.

It has been shown that there is good agreement between the measured and
predicted resonant frequencies for the crystals and the model of the crystal.
In addition the measured and predicted mode shapes for the model of the

crystal also showed exceilent agreement.

There is therefore strong evidence to show that the frequency response of
Fokker Bond Tester probes is quite complex, there being a number of modes in
the frequency range of interest, which have more complex mode shapes than

those suggested by Rienks (1972).
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Crystal Crystal Crystal Diameter/
Type Diameter/mm Length/mm Length ratio
3412 19.05 12.75 1.5
3814 9.50 6.40 1 -.5
3414 19.05 6.40 3.0

Table 2.1 Dimensions of Typical Crystals
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Predicted % Change from " Measured % Change from

Frequency the mode at N, Frequency the mode at
kHz 292.5 kHz kHz 277.8 kHz
175.7 -39.9 2 not detected -
229.9 -21.4 0 -n- -
2311 -21.0 2 -n- -
260.4 -11.0 1 2444 -12.0
261.1 -10.7 1 not detected -
264.2 -9.7 0 252.8 -9.0
292.5 0.0 0 277.8 0.0
296.9 +1.5 3 283.0 +1.8
323.1 +10.5 2 306.0 +10.2
342.9 +17.2 1 not detected -
348.5 +19.1 1 -w- -
351.6 +20.2 3 334.1 +20.3

Table 2.2 Predicted and Measured Resonant

Frequencies for Probe 3814 with a

Diameter-to-Length Ratio of 1.5
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Predicted % Change from Measured % Change from

Frequency the mode at Frequency the mode at
kHz 146.3 kHz kHz 148.8 kHz

87.4 -40.3 not detected -

115.3 -21.2 -n- -
1156.3 -21.2 -~ -
130.3 -10.9 130.6 -12.2
130.3 -10.9 not detected -
131.5 | -10.1 132.3 -11.1
146.3 0.0 148.8 0.0
147.9 +1.1 152.0 +2.2
161.9 +10.7 not detected -
172.0 +17.6 -n- -
174.2 +19.1 -n- -
175.4 +19.9 176.5 +18.6

Table 2.3 Predicted and Measured Resonant

Frequencies for Probe 3412 with a

Diameter-to-Length Ratio of 1.5




Predicted % Change from Measured % Change from
Frequency the mode at Ny, Frequency the mode at
kHz 160.8 kHz kHz 160.4 kHz
160.8 0.0 0 160.4 0.0
337.1 +109.6 0 346.8 +116.2
415.5 +158.4 0 403.2 +151.4
456.1 +183.6 0 457 1 +185.0
Table 24 Predicted and Measured Resonant

Frequencies for Probe 3414 with a
Diameter-to-Length Ratio of 3.0
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Predicted % Change from - Measured % Changefrom
Frequency the mode at Ny Frequency the mode at
kHz 13.48 kHz kHz 14.120 kHz
8.01 -40.6 2 8.245 -41.6
10.57 -21.6 2 10.925 -22.6
10.62 -21.2 0 not detected -
12.00 -11.0 1 12.285 -13.0
12.01 -10.9 1 12.530 -11.3
12.35 -8.4 0 12.685 -10.2
13.48 0.0 0 14.120 0.0
13.56 +0.6 3 13.925 -1.4
14.94 +10.8 2 15.650 +10.8
16.08 +19.3 3 16.510 +16.9
Table 2.5 Predicted and Measured Resonant

Frequencies for the Crystal Model

with a Diameter-to-Length Ratio of

1.5
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Figure 2.2 Deformed Shapes of Crystal after
Rienks (1972) |
upper view - plan view of top of crystal
lower view - diametral cross-section of
crystal |
chain line - undeformed shape of crystal -
solid line - deformed shape of crystal
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Figure 2.5 Predicted Deformed Shapes of Crystal
3414 with a Diameter to Length Ratio -
of 3.0
upper view - plan view of top of crystal
lower view - diametral cross-section of
crystal
chain line - undeformed shape of crystal
solid line - deformed shape of crystal
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CHAPTER 3
Use of the Fokker Bond Tester Mk 11

1 Intr ion

When the Fokker Bond Tester Mk Il is used to predict the cohesive strength of a
sheet to sheet joint the instrument is initially adjusted so that the resonance
of the probe coupled to a single adherend lies at the centre of the A-Scale.
The amplitude is also adjusted to give a B-Scale reading of 100. When the
probe is coupled to the joint, the resonant frequency changes and the
amplitude decreases; a decrease in frequency is called a "Right-Shift" and an
increase a "Left-Shift", see figure 2.3. The Fokker Bond Tester uses the
resonant frequency changes on the A-Scale to predict the cohesive strength of

the joint.

When the probe is coupled to a honeycomb panel, the change in resonant
frequency, and hence A-Scale reading, between that obtained with the probe
coupled to the skin alone and that with the skin bonded to the honeycomb is
negligible. However, the resonant amplitude, or B-Scale reading, for a good
bond between the skin and the core is lower than that obtained when the probe

is coupled to the skin alone (Curtis, 1982).

The measured resonant frequency of a sheet to sheet joint can either be above
or below that of the single adherend. This frequency will depend both on the
modulus and on the thickness of the adhesive layer . However, the cohesive
strength of a joint does not correlate with adhesive modulus and thickness in
the same way. Consequently, a test for cbhesive strength musi be able to

distinguish between adhesive thickness and modulus chanhges.

In order to determine the sensitivity of the Fokker Bond Tester to typi¢a|
changes in adhesive modulus and thickness it was decided to measure the
resonant frequencies of the probe coupled to various joints and to compare
these results with those predicted using a simple model. However, before the
response of the probe coupled to the joints was determined, it was useful to
examine the response of the probe coupled a plain plate which is a much

simpler system than an adhesive joint.
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2 R nant Frequen f_the Pro on Plain_Plate

The measured frequency response of a type 3814 probe is shown in figure 2.7.
In addition to a large resonance at 277.8kHz, which is the major axisymmetric
mode of the crystal, there are a number of smaller resonances in the range
200-400kHz, see Chapter 2 for details.

The frequency response for the larger probe (3412) was measured in a similar
way to that used for probe 3814. The frequency response was similar in form
to that of the smaller probe, but with the resonances occurring at lower

frequencies. In this case, the major axisymmetric mode occurred at 148.8kHz.

When the probe is coupled to a flat plate, the probe no longer vibrates
independently, so the modes of the complete system must be considered. Only
axial motion is coupled efficiently to the plate by the couplant: very little
radial motion will be transmitted. The vibration of the plate is therefore
primarily in the through thickness direction. At the high frequencies under
consideration, the motion is mainly in the region directly below the probe. The
plate may therefore conveniently be modelled as a solid cylinder in axial
vibration whose diameter, D, equals that of the probe and whose length, |,, is

the thickness of the plate. The apparent modulus, E'., of the plate at a

l1,
frequency of around 5MHz was measured as 111 GN/m? by obtaining the transit
time of an ultrasonic pulse from a 5MHz probe. Knowing the thickness of the
plate, the wave velocity can readily be calculated and the apparent modulus is

given by -
E, = 012 Py (3.1)

where c, is the ultrasonic longitudinal wave velocity in the plate or adherend

and p, is the density of the plate.

It was shown in Chapter 2 that the modes of the crystal are fairly
complicated, and it would be difficult to model the coupling of these modes to
the plate via the gel. It was therefore decided to use a very simple model of

the probe.
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Since the major mode of the probe involves a significant amount of axial
vibration which is axisymmetric, and as it is chiefly axial motion which is

transmitted to the plate, the probe was also modelled as a solid cylinder in
axial vibration. The diameter, D, and density, pP,” of the cylinder were taken as
the values measured on the probe itself and the apparent modulus, E';, of 178
GN/m? was measured using a similar technique to that used for the ‘plate. The
length of the cylinder, I,, was then chosen so that the first axial resonant

frequency of the cylinder coincided with the major axisymmetric mode of the

probe as discussed earlier.

It should be emphasised that this model is only approximate and cannot take
account of the modes of the crystal other than the axisymmetric one. The
model therefore breaks down at frequencies close to the resonant frequencies

of these other modes.

Since the models of the plate and the probe were similar, the properties of the
system comprising the probe attached to the plate could readily be predicted

by adding the two models together using receptance analysis, (see figure 3.1).

The receptance, Oy of a structure is defined (Bishop and Johnson, 1960) as :-

(x,ij = ui/Fj (32)

where u; is the displacement at position i resulting from an harmonic force FJ.

applied to the structure at position . Consequently, the receptance of a

‘structure reaches a maximum at the resonant frequencies of the structure. The

direct or point receptance of the probe at the point of coupling to the plate, |,
is s and that of the the plate, Bjj. These are given (Bishop and Johnson,
1960) as follows :- |

o= -1/(AEpAptan (Apl)) (3.3)

and B, = -1/(AE', A, tan (4,),)) (3.4)
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where the area A = n D%/4, A, = @ (pp/E'p) 2 and A, = & (p,/E';) V2. It can

readily be shown (Bishop and Johnson, 1960) that the resonant frequencies of

the combined system of the probe coupled to the plate are given by :-
o5+ Bjj =0 (3.5)

The effect of coupling the probe to a plate is similar to that of increasing the
length of the cylinder used to model the probe. Consequently, the resonant
frequency of the system comprising the probe coupled to the plate is lower

than that for the probe on its own.

The resonant frequency for a probe on plates of different thicknesses was
predicted, using eqn. (3.5), for probes 3412 and 3814. Figures 3.2 and 3.3 show
the predicted frequencies together with the corresponding values measured

using the system described in Chapter 2 and shown in figure 2.6.

When the plate thickness, and hence resonant frequency reduction, is small it
is easy to locate a resonant peak, see figure 3.4. Consequently, there is good

agreement between the predicted and measured frequencies.

However, as the plate thickness increases, the resonant frequency of the probe
coupled to the plate decreases further and it approaches the frequency of other
modes of the crystal. Coupling of the modes then occurs and the measured
frequency response becomes very complicated, making the location of a
resonant peak difficult, as shown in figure 3.5. When mode coupling occurs, the
simple mode! used to predict the frequency reduction becomes invalid and the

measured frequencies show some deviation from the predicted values.

The resonant amplitude of the probe coupled to a plain plate was found to be
sensitive to the thickness of the couplant layer, and hence to the load appl{ied
to the probe. Although the couplant thickness did not appear to change the
resonant frequency, it became difficult to locate a resonant peak when the
amplitude diminished. Similarly, a poor finish on the surface to which the
probe was coupled caused by, for example, heavy scratching, also caused the

resonant amplitude to decrease.
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3 Predicted Resonant Frequency of the Probe on _a Joint

Since a simple model of the probe and a plain plate gave very satisfactory
results, it was decided to ado>pt a similar model to predict the behaviour of
the probe on an adhesive joint. The joint was modelled as three solid cylinders
in axial vibration joined end-on, the diameter of the cylinders (D) being that

of the probe, see figure 3.1. The lengths of the first and third cylinders, |, and

l.,, were the thicknesses of the top and bottom adherends respectively, while

3,

the length of the second cylinder, |,, was the thickness of the adhesive. The

2!
apparent moduli and densities of the cylinders were those of the adherends or
adhesive, see the Appendix for details. The model of the probe was the same as

that used to predict its response when coupled to a plain plate.

The response of the complete system comprising the probe coupled to the joint
was again found by receptance analysis in a similar way to that used for the
probe and plate, (Bishop and Johnson, 1960). Since the model of the probe was
the same as that used in the earlier work, this analysis again becomes invalid
at frequencies close to the modes of the probe which are not modelled by a

cylinder in axial vibration.

When the stiffness of the adhesive layer was high, the predicted behaviour of
the probe on the joint was similar to that of the probe on a plain plate of
thickness equal to that of the whole joint. At high adhesive stiffnesses, only
the first mode of vibration of the probe and the joint was predicted to be

within the frequency range of interest.

However, as the adhesive stiffness was reduced, the adhesive layer became
the major flexibility in the system and vibration could occur with the probe
and adherends acting effectively as rigid bodies. The first mode of vibration
therefore tended towards that of a simple mass-spring-mass system, with the
mass of the bottom adherend coupled by a spring, the adhesive, to the mass of
the probe plus the top adherend. At low adhesive stiffnesses, this mode fell
below the frequency range of interest, but the second mode of vibration came
into the operating frequency range. In this second mode of vibration, the probe
and the top adherend no longer moved as a rigid body and, as the stiffness of

the adhesive layer was reduced, the bottom adherend was effectively
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decoupled from the system. The frequency of this mode was then asymptotic to
that predicted earlier for the probe on a plain plate of thickness equal to that

of the top adherend alone.

Hence, depending on the adhesive stiffness, the mode of vibration of the probe
on the joint which falls in the operating frequency range may either be the
first or second mode of the model described above. At some intermediate
stiffnesses, both modes are found. In the subsequent discussion, these modes
are referred to as the first and second modes. They should not be confused
with the different modes of the probe itself. Indeed, the effective operating
range of the instrument is centred on the major axisymmetric mode of the

probe and the model is only valid close to this frequency.

The frequency of the second mode is always above or equal to that of the probe
on a plain plate of the same thickness as the top adherend. Since the Fokker
Bond Tester uses the frequency of the probe on an adherend as a reference, the
second mode appears as an increase in frequency or a "Left-Shift" on the
Fokker Bond Tester A-Scale. At higher adhesive stifinesses, where the second
mode is above the operating range and the first mode is monitored, the
measured resonant frequency is below that of the probe on a plate of the same
thickness as the joint and, as the stiffness increases, it becomes asymptotic
to this value. As the reference frequency is taken as the probe on a single
adherend, all these frequencies are seen as "Right-Shifts" (decreases in

frequency) on the A-Scale.

The resonant frequencies of the first two modes for both the smaller (3814)
and larger (3412) probe coupled to a joint with 1.6 mm adherends were
predicted for different adhesive moduli and thicknesses. It was found that the
resonant frequencies are essentially functions of the specific adhesive
stiffness, which is defined as the ratio of apparent adhesive modulus  to
adhesive thickness. The relationship between the natural frequencies and fhe
specific stiffness for both probes is shown in figures 3.6 and 3.7. The resonant
frequency is also a function of the adhesive density; however it was predicted
that a 10% increase in density typically produces less than 0.5% change in

frequency.
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4 M I Resonant Fr nci f the Pro n in

The resonant frequencies for both probes 3412 and 3814 coupled to a joint
were measured over a wide range of adhesive stiffnesses. The specimens used
were single lap joints with 1.6 mm thick aluminium adherends which were
prepared by grit blasting and degreasing. The range of specific, adhesive
stiffness, between 1.5 x 10°% and 5 x 10° GN/m®, was achieved by varying both
the adhesive modulus and thickness. Two of the three adhesive types described
in the Appendix were used for the joints, one was a typical epoxy (Type B) and
the other was a "rubbery" gap filling adhesive (Type C). The epoxy is a typical
high modulus adhesive (Young's modulus = 4.6 GN/m?) whereas the gap filling
adhesive represents the opposite extreme of adhesive moduius likely to be
encountered in practice (Young's modulus = 0.7 GN/m?). The adhesive thickness
variation of 0.05 to 0.75 mm was obtained by shimming the joint while it

cured.

The measured and predicted resonant frequencies of the joints coupled to
probes 3814 and 3412 are shown as a function of specific adhesive stiffness
in figures 3.6 and 3.7, the independently measured adhesive modulus and
thickness being used to calCuI’ate the specific adhesive stiffness for each

joint.

The adhesive modulus was independently measured at two frequencies above
and below the operating frequency range of the Fokker Bond Tester, see the
Appendix for details. Unfortunately neither measurement technique could be
used in the operating frequency range of the Fokker Bond Tester, i.e. between
100 and 300 kHz. However, the results show that the apparent modulus of the
high modulus adhesive (Type B) is practically independent of frequency
between 5 kHz and 5 MHz.

The apparent modulus of the low modulus adhesive (Type C) shows a greéter
dependence on frequency than the Type B adhesive, but the results suggest that
the modulus is also fairly constant between 300 kHz and 3 MHz. The values of
apparent modulus used to calculate the specific stiffness are shown in table
3.1, it being assumed that the apparent modulus of the Type C adhesive was
equal to the value measured at between 300 kHz and 5 MHz.
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5 f the Fokker Bond T r M re Cohesiv
Strength

Figures 3.6 and 3.7 show that there is good agreement between the general
trend of the experimental resulits and the frequencies predicted using the
receptance model. The discrepancy between the predicted frequencies and the
measured results is most probably caused by the over simplified model of the
probe used in the analysis since the error appears to increase when the

frequency of the mode is further away from that of the probe in air.

When the main resonance approaches one of the other modes of the crystal
mode coupling occurs and the frequency changes predicted by the model are
then incorrect. Also, it becomes more difficult to locate the main resonant
peak and the measured resulis show more scatter, in a similar way to that
found when the probe was coupled to a plain plate, see figure 3.5. However,
once the other modes have been passed, mode coupling is reduced and the

predicted frequencies show fairly good agreement with the measured results.

It was difficult to locate a resonance if its amplitude was reduced by changes
in probe contact pressure or surface finish in a similar way to that

experienced with the probe on a plain plate.

However, the experimental results show that as the specific adhesive
stiffness increases, the resonant frequency of the first mode tends towards
that obtained with a plain plate of twice the adherend thickness. Indeed, the
resonant frequency of the first mode is practically independent of adhesive
stiffness above specific stiffnesses of around 1.5 x 10* GN/m® with the larger

probe (3412) and above 5.0 x 10* GN/m® with the smaller probe (3814).

When the large probe (3412) was coupled to joints with 1.6 mm adherends, and
the adhesive thickness was less than 0.2 mm, the first mode was found to be
independent of the values of adhesive modulus tested. The specific adhesive
stiffness of such joints was 1.8 x 10* GN/m? or greater. Joints made with film
adhesive and cured under pressure, a technique which is commonly used in the
aerospace industry (Evans, 1985), typically have adhesive thicknesses less
than 0.2 mm and hence specific adhesive stiffnesses greater than 1.8 x 10*
GN/m3.
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When the specific adhesive stiffness is less than 1.5 x 10* GN/m3 for the large
probe (3412) and less than 5.0 x10* GN/m?® for the smaller probe (3814) the
frequencies of both modes show more dependence on adhesive stiffness.
However, it is not possible to distinguish changes in adhesive thickness from

variations in modulus.

The strength of an adhesive joint is dependent on many variables which include
the adhesive thickness, modulus and toughness. Typically, the modulus
obtained with a particular adhesive (and therefore ultrasonic velocity in the
adhesive), is dependent on the cure cycle and on the correct mixing of hardener
and resin and correlates strongly with cohesive strength (Alers, et al.,, 1977).
The dependence of joint strength on adhesive thickness is less certain;
however, very thin or thick bondlines can cause a reduction in strength
(Ciba-Geigy, 1982). Consequently, joints which have the same specific
adhesive stiffness but different adhesive moduli and thicknesses will not have
the same strength. Therefore a non-destructive test for joint strength cannot

simply rely on a measurement of the ratio of adhesive modulus to thickness.

The Fokker Bond Tester uses a different correlation curve, between cohesive
strength and frequency, for each type of adhesive to be tested and it is based
on the assumption that the adhesive modulus is constant and the thickness
varies (Rienks, 1972). Therefore, although the adhesive stiffness changes it
does not give a true correlation with cohesive strength in the presence of
modulus variations. Moreover, whatever correlation there is between adhesive
thickness and cohesive strength, the Fokker Bond Tester will only be able to
apply it when the adhesive stiffness is less than 1.5 x 10* GN/m? for probe
3412 and less than 5.0 x 10* GN/m? for probe 3814. Above these values, the
measured frequency is independent of adhesive stiffness and no correlation

can be applied.

6 f the Fokker Bond T r_for Di nd L ion

The Fokker Bond Tester is frequently used to locate disbonds in multi-layer
joints (Lord, 1985). In the absence of disbonds, the response of a joint is
similar to that of a flat plate of thickness equal to the overall joint thickness.

When the probe is placed over a disbond, it is effectively coupled to a plate
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whose thickness is that of the layers above the disbond, provided the disbond
is at least as large as the probe. Hence, the resonant frequency depends on the

depth of the disbond and the location of the disbond may be determined.

The maximum thickness of joint that can be tested is limited by the maximum
decrease in frequency that can be reliably measured before mode coupling
occurs. For the small probe (3814) the maximum thickness is approximately
1.5 mm of aluminium before mode coupling occurs and the results show
significant scatter, see figure 3.3. This thickness increases to approximately

3.5 mm for the larger probe (3412).

Coupling probe 3814 to a 1.0 mm plate causes a 4.7% decrease in frequency
whereas coupling probe 3412 to a similar plate produces a 2.7% decrease in
frequency. Consequently, although the maximum thickness of the joint that can
be examined is less with the smaller probe (3814) its sensitivity is greater

than that of the larger probe (3412).

Some instruments used to find disbonds in a multilayer joint, such as the 210
Bondtester manufactured by NDT Instruments, only measure the magnitude of
response of a probe similar to the Fokker probe coupled to the joint rather
than the resonant frequncies. Using this method, rather than measuring the
change in frequency, it can become difficult to distinguish between disbonds
and the undamaged structure (Li et al., 1982). The Fokker Bond Tester Mk Il

therefore tends to be more reliable than these instruments.

The frequencies of the first two modes of through thickness vibration for two
Fokker Bond Tester probes (3412 and 3814) coupled to joints having a large
range of adhesive stiffnesses have been predicted and measured, good

agreement being obtained between the two sets of values.

Over a wide range of typical adhesive stiffnesses, the frequency of the first
mode is independent of stiffness, and hence of adhesive modulus and
thickness, and is equal to that of the probe on a plate of twice the adherend
thickness. Consequently, no correlation can be made between cohesive strength

and measured frequency.
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At lower adhesive stiffnesses, the measured and predicted frequencies are
dependent on adhesive stiffness but it is not possible to distinguish between
changes in modulus and thickness. At very low adhesive stiffnesses the
frequency of the second mode tends towards that of the probe on a plate of the

same thickness as the adherends.

Although the investigation reported here has concentrated on the operation of
the Fokker Bond Tester, the results and conclusions are equally valid for any
test based on monitoring the lower natural frequencies of a transducer coupled

to a joint.

Adhesive thickness and moduius have different effects on joint strength, so
joints with the same adhesive stiffness may not have the same cohesive
strength. Therefore, even when the resonant frequencies are dependent on
adhesive stiffness, since the stiffness change may be caused by changes in
either adhesive modulus or thickness or both, it is not possible to obtain a
unique correlation between the measured frequencies and cohesive strength.
Hence, unless adhesive thickness is carefully controlled, or is measured

independently, erroneous cohesive strength predictions will result.

It has been shown that unless the adhesive in a metal to metal joint has a low
specific stiffness, and the bond line thickness is monitored independently, the
Fokker Bond Tester is unlikely to give an accurate measure of the cohesive
strength of a joint. Consequently, since many commonly used adhesives have
moderately high specific stiffness, the Fokker Bond Tester cannot reliably be
used to monitor the cohesive strength of joints made with these adhesives. In
the absence of any other testing instrument which claims to detect poor
cohesive properties, this means that the potential advantages‘ of adhesive
bonding cannot be fully realised. There is therefore a need for the development

of alternative testing techniques such as ultrasonic spectroscopy.

The Fokker Bond Tester can, however, be used successfully to locate and
determine the depths of disbonds in multi-layer joints, the minimum
detectable disbond diameter being approximately equal to the diameter of the
probe used. The technique is limited by the maximum thickness of the joint

that can be examined. For aluminium adherends this was found to be around 2.0
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mm when using the smaller probe (3814) and around 3.5 mm when using the
larger probe (3412). However, even larger probes are available (Rienks, 1972)

which would enable thicker joints to be examined.
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Adhesive Type Measured Apparent
(see Appendix Modulus (E'))
for details) GN/m?
B 7.2
C 3.6

Table 3.1 Measured Apparent Moduli of the
Adhesives

page 97



Bottom
Adherend

:Ha E;? El3i Z 0
Adhesive

| 5 2
< = o
g.&.’ aLl
= 0 o O
<o — <C
Q. Q.
— — \
Q
N S \g
N 2 o
/T U

Figure 3.1 Schematic Representation of Models
Used for the Receptance Analysis

upper view - model of probe on a plate
lower view - model of probe on a joint

page 98



)
30} )
o Measured
Values
£
E
<201 e
[ -Predicted
o
= > Frequency
?
Q
% 1 O O\Oo
E i
o
0 . o
130 140 150 160
Frequency / kHz
Figure 3.2 Predicted and Measured Resonant

Frequency of Probe 3412 on a Fiat
Plate

page 99



n
(dJ]
=
o
>
©
a
'l
3
)
@
Le]
2
(o]
>
U
c
a
3
o
a
'
L
©
a
- -
—
©
ol
—
Q.
< o o
m N —

wuw / (1) @181d JO SSauUNOIY L

Figure 3.3 Predicted and Measured Resonant

Frequency of Probe 3814 on a Flat
Plate

page 100

280

270

260

250

240

230

Frequency / kHz



300

N
o
X
S~
>
(8]
[ =
)
=3
o
]
L
L
ﬂ
o
. . , # S
LN o ¥p! o Ty o
o~ ~ ~— —

AW gL 3l Gb / 101SISaH TOEE SS040Y abeljoA

Figure 3.4 Measured Frequency Response oi Frobe
814 on 0.59 mm Plate

page 101



B
300

N
u
L4
S—
-3
1)
c
o
5
o
@
|
1l
'] 3 k) 2 o
LN o LN o ) o S
N N o

AW G| a1 gp / 10isISaY BOEE SS0I0Y abeloA

Figure 3.5 Measured Frequency Response of Probe
3814 on 2.5 mm Plate

page 102



00¢

! 1-91bul

Luovyl id } u 1

g9'¢ ainbi4

ZHY / Aduanbaig | |
052 | 002

PO pU029S

o

ZW/ND 2'L = sninpojy juateddy

ZW/ND 9'¢ = sninpojy juateddy _

o o 8°°

A

- 0 adA] anisaypy ¢

L.

apo 1s114

(o)
o
o

%

- g adA) anisaypy - °

i
o

S0
0L

0'g
0oL

0°0S

W/ND ,01X/ (°3) ssauyns ou1oads

page 103



L ]
L ]
L

()

t 3
[4]] [4]]

E E =

= = 'g

O O o

N © o

~ o S
] 1]
1 0 | ;]
m =2 032
= 3
28 8o
> O > O
=S =2
QE ¢t
a? 92
O ® O ®
£ Q9 £ a
T aQa T QA
< < < <

N

50.0

o
o
(&)
[ o
Q
|
- o . g
0000 GAT 52 £
) o
& Q
Py
o
®
Q s
o
b4 o
=
b
(1]
o=
(18
Q Q Q 0 -
o T ™ o o
- ‘

<W/ND ;01X / (°3) ssauyns ayoads

Figure 3.7 Predicted and Measured Hesonant
Frequency of Probe 3412 on 1.6 mm
Single-Lap Joints with Different
Adhesives
page 104

190

150
Frequency / kHz

110



PART THREE

ULTRASONIC SPECTROSCOPY



CHAPTER 4
Theoretical Model for the Propagation of a Pulse Through a Plain
Plate at Small Angles of Incidence

1 Introduction

In Chapters 2 and 3 the operation of the Fokker Bond Tester Mk Il has been
examined and its sensitivity to changes in adhesive modulus and thickness has
been determined. It has been shown that the instrument is insensitive to
changes in the adhesive modulus and thickness of typical sheet to sheet joints
unless the adhesive has a very low specific stiffness (i.e. less than 1-2x10*
GN/m?).

It has also been shown that even when the instrument is used on joints of very
low specific stiffness, it is only sensitive to the ratio of adhesive modulus to
thickness i.e. the specific stiffness of the adhesive; consequently it is
unlikely to give an adequate prediction of cohesive strength. Since most joints
commonly used in engineering primary structure have specific stiffnesses of
2-3x10% GN/m2 or greater, there is a need for the development of alternative

testing techniques.

The most promising area for development is that of ultrasonic spectroscopy,
see Chapter 1. This technique uses the same basic principle as the Fokker Bond
Tester, in that it measures the through thickness resonant frequencies and
amplitudes of resonant response of the joint, but it is able to monitor many
more modes than the Fokker Bond Tester. Since each of these modes is
dependent on adhesive thickness and modulus it is probable that the ovefall
sensitivity would be better than the Fokker Bond Tester and that changes “.in
modulus can be distinguished from those in thickness. However, to date,
difficulties have been experienced in correlating the complex spectra with the

cohesive properties of the joint (Lloyd et al.,, 1979; Rivenez, 1984).

Before investigating the use of ultrasonic spectroscopy for the
non-destructive evaluation of the cohesive properties of adhesive joints, it

was decided to ensure that the ultrasonic vibration of a plain plate could be
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measured and predicted satisfactorily. This required the development of a
model to predict the behaviour of a pulse as it propagates through a plate, thus

enabling the theoretical spectrum for the plate to be calculated.

2 Description of Pulse Propagation Model

The propagation of a pulse with a plane wave front through a flat plate
immersed in liquid can be conveniently modelled by considering the
propagation of a ray in a similar way to that done with optics (Bond and
Saffari, 1984). it is assumed that a plane, longitudinal wave front in the liquid

is incident at some small angle, 6, on the entire area of an infinitely wide

plate of finite thickness, |,, which lies parallel to the x=0 plane, see figure

A’
4.1.

In practice, the structure of the ultrasonic pulse produced by a probe is likely
to be more compliex than the plane wave front (Weight and Hayman, 1978;
Weight, 1984) assumed by the model. However, it will be seen (see Chapter 5)
that this simple analysis provides an adequate model of the propagation of a

pulse through a plate.

Following the interaction of the longitudinal wave front with the top boundary,
and at an infinitesimal time 3t after the arrival of the incident wave frant, at
time t, three new wave fronts will have been generated (see for example
Brekhovskikh, 1960; Graff, 1975), as shown in figure 4.2a. To calculate the
amplitudes of the three new wave fronts relative to that of the incident wave
it is convenient to consider the potential of the wave (Brekhovskikh, 1960).
The potential, @), of a wave is given by the product of the acoustic pressure
and the density of the medium in which the wave propagates, conéequently the
pressure amplitude of a wave is proportional to its potential amplitude. The
subscript of the potential, i, refers to the direction of propagation of the wave
i.e. i=1 for waves propagating downwards and i=2 for waves propagating

upwards, see figure 4.1.

The potential of the wave front incident on the top face of the plate, @, (1), can

be written as a function of time as follows :-
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o) = A,exp.i[x(y.sin6-x.cos6)- ot] 4.1)

where A, is the amplitude of the wave, x and y are the cartesian coordinates

perpendicular and parallel to the plane of the plate respectively, i = V-1, and «

is the wave number defined as x = o/c where o is the angular frequency and ¢

is the wave velocity in the liquid.

One of the three new wave fronts generated following the interaction of the
longitudinal wave with the top face of the plate will be a reflected

longitudinal wave in the liquid having an amplitude B, and propagating at the
same angle (6) to the normal as the incident wave. The wave potential, @,

(t+31), of this reflected wave is given by :-
@, (t+3t) = B, exp.i[«(y.sin 6 +x.cos 6) - wt] (4.2)

The other two wave fronts propagate in the plate, one will be the transmitted

longitudinal wave having an amplitude C, and propagating at an angle 6, to the

normal. The wave potential, ®,(1+8t), of the transmitted longitudinal wave is

given by :-
O, (t+3t) = C,exp.i[x(y.sing -x.cos8)- wt] (4.3)

where x, is the wave number defined as k, = o/c where ¢ _is the longitudinal

wave velocity in the plate.

The other wave front in the plate will be a shear wave, generated by mode

conversion, having an amplitude D, and propagating at an angle 64to the

normal. The wave potential, \P1(t+8t), of the transmitted shear wave is given

by :-
W, (t+8t) = D, exp.i[ kg(y.sin 6 - x.c0S 6g) - ot ] (4.4)

where Kg is the wave number defined as Kg = co/cS where Cg is the shear wave
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velocity in the plate.

The directions of propagation of the longitudinal and shear waves, ¢ and 0g,

are given by Snell's Law as follows :-

sin8/c = sing/c, = sinbg/cg (4.5)

It can be shown that the amplitudes of the wave potential of the three new

wave fronts (B,, C,, and D,), relative to that of the incident wave (A;) are

equal to the reflection, Rij, transmission, Tij, and mode conversion

efficiencies, T'ij, for the interface and are given as follows (Brekhovskikh,

1960) :-

Ry = By/A, = (Z,c08%204+Z5iN204-2)/(Z, c0s”204+ZSIN"204+2) (4.6)
T,y = C/A; = (plpy) . [2Z c08264/ (Z COS?204+ZSIN"205+Z)] (4.7)
T,y = DJ/A, = -(plp,) .12Z 8in204 / (Z, cOs%205+ZgSiN*204+Z)] (4.8)

where R,, and T,, are the reflection and transmission coefficients of the
longitudinal wave respectively and T',, is the transmission mode conversion
efficiency for longitudinal to shear waves. Z, Z, and Zg are the acoustic

impedances for the liquid, and the longitudinal and shear waves in the plate

respectively, and are given by :-

Z = pc/cos 6, Z = p,c/cos 0, Zgy= p,Cg/COS Og (4.9)

where p is the density of the liquid, and p, is the density of the plate. The

subscripts, i and j, of the reflection, and transmission coefficients and mode
conversion efficiencies refer to the direction of propagation and the interface
respectively. For example, i=1 for waves propagating downwards and i=2 for
waves propagating upwards and j=1 at the top surface of the plate and j=2 at

the bottom surface, see figure 4.1.
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At normal incidence when 6=0 eqgns. (4.6-4.8) simplify to give :-

Ry = (Z-2)/(Z+2) (4.10)
T, = (plpy)-[22,/(Z+2)] O (a11)
Ty = 0 (4.12)

From eqgn. (4.12) it can be seen that no shear waves are generated in the plate

at normal incidence.

When a longitudinal wave front within the plate, of amplitude A,, is incident,

at an angle 6, on the lower interface between the plate and the liquid (j=2),
there are there are three further wave fronts generated, see figure 4.2b. One is

the transmitted longitudinal wave in the liquid having an amplitude C,, and

propagating at an angle 6 to the normal. The other two wave fronts are in the

plate, one being the reflected longitudinal wave having an amplitude B,, and
propagating at an angle 8, to the normal, and the other being the reflected
shear wave having an amplitude D,, generated by mode conversion, and

propagating at an angle 64 to the normal.

In a similar way to that shown above, the amplitude of the wave potential of

the three new wave fronts (B,, C,, and D,), relative to that of the incident

longitudinal wave in the plate (A,), are given by :-

R,y = BJA, = (Z+ZgSin°264-Z c0s°20,)/(Z, C0s?205+ZSin*204+2) (4.13)
T,, = C,/A, = (ccos 6 /c cos & cos26) . (1-R,,) (4.14)
Ry, = DA, = (cg/c )% (sin 26 /cos 28y) . (1- R,,) (4.15)

where R22 and T,, are the reflection and transmission coefficients of the

longitudinal wave respectively and R',, is the reflection mode conversion

efficiency for longitudinal waves to shear waves.
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When a shear wave front within the plate of amplitude A, is incident, at an

angle 65, on the interface between the plate and the liquid there are three

further wave fronts generated, see figure 4.2c. One is the transmitted

longitudinal wave in the liquid having an amplitude C,, generated by mode

conversion and propagating at an angle 6 to the normal. The other two wave
fronts are in the plate, one being the reflected shear wave with an amplitude

B,, and propagating at an angle 64 to the normal. The other wave front in the
plate is a reflected longitudinal wave having an amplitude D,, generated by

mode conversion, and propagating at an angle 6, to the normal.

Similarly, the amplitude of the wave potential of the three new wave fronts

(B, CS, and D3), relative to that of the incident shear wave (A3) in the plate,
are given as follows :-

R*,, = By/A, =- (Z,005%204-ZsiN?204+Z)/(Z, COS*204+ZSiN“204+Z) (4.16)

T",, = C/A; = (tan o/ 2sin®6g) . (1+ R*,,) (4.17)

R",, = DJA, =- (¢ /cg)% (coS 26¢/sin 26)) . (1 + R*,,) (4.18)

where R*22 is the reflection coefficient for shear waves, and T"12 and R"22 are

the transmission and reflection mode conversion efficiencies for shear to

longitudinal waves respectively.

At normal incidence 6=0 and egns. (4.13-4.18) simplify in a similar way to
eqgns. (4.6-4.8) and they show that there is no mode conversion between shear
and longitudinal waves, or vice versa. Hence, at normal incidence, the

reflection and transmission coefficients and the mode conversion efficiencies

become:-
R, = (£Z-2)/(Z+2 (4.19)
Ty, = (clc)-[2Z,/ (Z,+2)] (4.20)
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Ry, = 0 (4.21)

R*, = -1 (4.22)
T, = 0 ‘ (4.23)
R, = 0 (4.24)

From consideration of the symmetry of the plate it can readily be shown that

the reflection coefficient, R for a longitudinal wave incident on the lower

127
face of the plate from the liquid (i.e. i=1 and j=2) is equal to the reflection
coefficient (R,,) for a similar wave at the upper face (i.e. with i=2 and j=1). A
similar argument produces equalities for the other reflection and
transmission coefficients and the mode conversion effciencies, thus giving the

following expressions :-

Ri1 = Ra Ty = To Ty = Ty (4.25)
Ry, = Ry, Tip = Ty Ry = Ry

* * " 11} " "
R = Rp To= Ty R = Ry

In practice it is useful to be able to determine the amplitude of the
longitudinal waves or their acoustic pressure, in the liquid above and below
the plate, as a function of time since this is what would be received by a
transducer placed above or below the plate. As the acoustic pressure is
proportional to the wave potential in the liquid, the response of a transducer

placed above the plate is proportional to the wave potential in the liquid at the
top face of the plate i.e. @ (t+3t). Simarly, at the bottom face the response of
the transducer is proportional to the wave potential in the liquid at the bottom

face of the plate i.e. @ (t+5t).

At the top face of the plate the wave potentials of the emitted wave fronits,
. (1+31), ©,(t+31), ¥, (t+3t), and ¥, (t+3t), can be written (Brekhovskikh, 1960)
as functions of the longitudinal and shear wave potentials incident on the

interface (@ (), ®,(t), and ‘¥,(t)) as follows :-

O (t+3) = ©,(M).T,, + O,0.R,, + F,).R", (4.26)



D (t43t) = @(1) Ryy  + D). oy + Woll). Ty (4.27)
P (8t) = @ (). Ty, + @,1). Ry, - 1. R, (4.28)
P,(t+3t) = 0 (4.29)

Similarly, at the bottom face of the plate the potential of the emmited wave

fronts, @,(t+3t), @,(t+3t), ¥, (t+31), and ¥,(t+5t), can be written as follows -

@ (t+3) = @1).T, + @,.R;, + ¥ 0. T, (4.30)
D(t43) = ©(1). Ry 4+ O1). T, + F(D. Ry (4.31)
P(t+8) = 0 (4.32)
P(tdt) = @,(1). Ry, + @,(1). T, - ¥,(h).R*,, (4.33)

The respective reflection and transmission coefficients and the mode
conversion efficiencies for each interface are given by eqns. (4.6-4.8),
(4.13-4.15) and (4.16-4.18). Note that since the shear modulus and hence shear
velocity in a liquid is zero, the potentials of the shear wave front in the liquid

above and below the plate, is also zero, see egn. (4.29) and (4.32).

At normal incidence egns (4.26-4.29) and (4.30-4.33) simplify since the mode
conversion efficiencies, given by eqns. (4.12), (4.21), (4.23), (4.24) are zero. In

this case the wave potentials at the top face of the plate are given by :-

O, (t+3) = @) T, + D). R, (4.34)
O,3) = @) R, + D). T, (4.35) -
¥ (t+8) = 0 (4.36)

and at the bottom face of the plate :-

O (t+3) = @,(1). T, + Dyt). Ry (4.37)
OLt+3) = (). Ry + Dy). Ty (4.38)
P (t+8) = O (4.39)

Figure 4.3a shows schematically how an incident longitudinal pulse at normal
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incidence propagates through a 2.2 mm thick glass plate immersed in water.
This shows the incident and emmited ray paths drawn at non-normal incidence
for clarity. The magnitude of the longitudinal wave potential above and below
the plate was calculated as a function of time by adding the incident wave
potentials, using eqns. (4.34-4.35) and (4.37-4.38), at each instant that a wave
front reached an interface of the plate. The material properties used to
calculate the transmission and reflection coefficients and the mode

conversion efficiencies are given in table 4.1.

The incident plane wave was modelled as pulse of unit magnitude and duration,

Tp. The amplitude of the pulse, Ay, as a function of time, is given by :-

Pl
for 0<t<T,, A, =sin?(nt/Tp) and for t>T,, A, =0 (4.40)

This shape of pulse has less energy at higher frequencies than a similar
duration square pulse, consequently the problem of aliasing (Newland, 1984)
could be avoided when the spectra of the echoes from the plate were

calculated, see Section 3.

The calculated magnitude of the longitudinal wave potential above a 2.2 mm
glass plate, as a function of time, and resulting from an incident pulse of 0.1
ms duration, is plotted in figure 4.3b. The magnitude of the potential is
proportional to that of the echoes received by a transducer in pulse echo mode
(see Chapter 1). Similarly, the magnitude of the longitudinal wave potential
below the plate, see figure 4.3c, is proportional to that of the echoes received

by the receiving transducer in through transmission mode (see Chapter 1).

In the pulse echo case, the first echo from a plate is only dependent on R,
whereas subsequent echoes are dependent on R,,, R,,, T, and T,, (note that
R,4=R,, as explained above). When Z is less than Z , as it is in the case fort‘a
glass plate immersed in water, R,, is positive and R,, (= R,,) is negative, see
eqns (4.10) and (4.19). Since T,, and T,, are always positive, all the echoes,

except the first one, are in negative phase. Hence, the first echo is opposite in

phése to the subsequent ones in pulse echo mode.
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In the through transmission case, the echoes are only dependent on T,, and T,,,

which are always positive, and (R where n=2,4,6 etc which is again

22)rl !

always positive; consequently the phase of the echoes is the same.

Figure 4.4a shows a schematic representation of how a longitudinal wave
pulse incident on a 2.2 mm glass plate at an angle of 2° generates longitudinal
and shear waves within the plate. The magnitude of the longitudinal wave
potential above and below the plate is shown in figures 4.4b and 4.4c and was
calculated as a function of time by adding the incident wave potentials using
eqgns. (4.26-4.28), (4.30-4.31) and (4.33) in a similar way to that done at

normal incidence.

When the angle of incidence is only 2°, the echoes received from the plate are
still dominated by the reflection of the longitudinal wave within the plate and
are similar to those obtained at normal incidence, see figure 4.3. However,
even at these small angles of incidence, shear waves are generated by mode
conversion of the longitudinal waves. Subsequently, the shear waves undergo
another mode conversion back to longitudinal waves to form the additional

echoes, 2a,2b eic and la, lla etc, shown in figure 4.4.

The arrival times of the calculated echoes are dependent on the times, T, and

Tg, taken for the longitudinal and shear waves to traverse the plate. These

times are given by :-

|,/ ¢ . cos 8 (4.41)

l_
1

|, / Cg. COS Bg (4.42)

(4]
I

For example the second main longitudinal echo, labelled 2 on figure 4.4b,
occurs at a time 2T, after the first echo (labelled 1) since it results from: a

pulse that makes two traverses of the plate as a longitudinal wave. Figure 4.4a
shows that the first echo received at the top of the plate resulting from mode
conversion (labelied 2a), consists of the superposition of two pulses. One
pulse is the result of mode conversion of the incident longitudinal wave to a
shear wave at the top face followed by mode conversion back to give a

reflected longitudinal wave at the bottom face. The second pulse is the result
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of mode conversion of the longitudinal wave at the bottom face to give a
reflected shear wave followed by mode conversion at the top face to give the
transmitted longitudinal wave. In both cases the pulse makes one traverse of

the plate as a shear wave and one as a longitudinal wave, consequently they

arrive at the top face of the plate at the same instant, at a time (T +Tg) after

the first main echo, when they are superimposed on each other to form a single

echo.

The second echo (2b) resulting from mode conversion to be received at the top
of the plate makes both traverses of the plate as a shear wave, see figure

4.4b, and arrives at a time 2T after the first main echo (1). The echo is the

result of mode conversion of the incident longitudinal wave at the top face of
the plate to give a shear wave. The shear wave is reflected off the bottom of
the plate and is then converted back to longitudinal wave at the top of the

plate.

The predicted time history, in pulse echo mode, from a 1.6 mm thick aluminium
plate immersed in water, caused by an incident plane wave at 2°, is shown in
figure 4.5. The ratio between the longitudinal and shear velocities for
aluminium is approximately 2:1, see table 4.1, compared with approximately
1.7:1 for the glass plate shown in figure 4.4. Consequently, the transit time of

a shear wave in aluminium, Tg, is approximately twice that of the longitudinal

wave, T, at small angles of incidence (i.e. Tg=2T)).

The first mode converted echo (2a), received at the top face of the plate, now

occurs approximately 3T, after the first echo (1) since it makes one traverse

of the plate as a shear wave and one as a longitudinal wave. Therefore the
mode converted echo (2a) occurs approximately mid way between the second
(2) and third (3) main reflections which have made two and four traverses of

the plate as longitudinal waves respectively.

The second mode converted echo, received at the top face of the plate, which
makes two traverses of the plate as a shear wave is not seen in aluminium and
other materials where the longitudinal wave velocity is approximately twice
the shear wave velocity. This is because the mode converted echo arrives at

the same time as the much larger main reflection (3).
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3 r f _the Predi Longi inal _Wave P niial

Figures 4.6a and 4.6b show the spectra produced from the Fourier Transform of
the calculated time histories, shown in figures 4.3b and ¢, for a 2.2 mm glass
plate at normal incidence, in pulse echo and through transmission modes
respectively. The frequencies of the maxima and minima are identical, and are
controlled by the the spacing between subsequent echoes in the time series.

These frequencies, F are those of the longitudinal or through thickness

Ln:
resonances of the plate i.e. the deformation is predominantly perpendicular to

the plane of the plate and are given by :-
FLn = ncL/2I A with n=1,2,3... etc. (4.43)

where n is the number of the through thicknesss mode of the plate.

The resonances occur as maxima or minima depending on the phase
relationship between the echoes in the time domain. When the echoes are of
the same phase, as they are in the case of through transmission (figure 4.3c),
the resonances occur as maxima in the frequency domain. When the first, much
larger, echo (1) is in the opposite phase to the subsequent echoes, as it is in
the case of pulse echo (see figure 4.3b), the resonances occur as minima in the

frequency domain.

Figures 4.7a and b show the spectra of the calculated time histories, shown in
figure 4.4, for the 2.2 mm glass plate at an angle of incidence of 2°. In this
instance, in addition to the longitudinal, or through thickness modes, of the
plate discussed above, and occuring at frequencies given by eqn. (4.43), there

are also some shear modes of the plate which are excited by mode conversion.

The shear modes of the plate also involve through thickness deformation of the
plate except that in this instance the deformation is parallel to the plane of
the plate, rather than perpendicular to it as in the case of the longitudinal
modes. However, since the deformation perpendicular to the plane of the plate
is greater in the longitudinal modes than the shear modes the longitudinal
modes are commonly refered to as simply through thickness modes. The
deformed shapes of the plates (mode shapes) will be discussed in more detalil

in Section 4.
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The frequencies of the shear modes of the plate at normal incidence can be

predicted, in a similar way to that used for the through thickness modes, and

they occur at frequencies, Fgp,, given by:-
Fsm = mcg/21, with m=1,2,3... efc. (4.44)

where m is the number of the shear mode of the plate. lt is important ic note,
however, that in this instance the shear modes of the plate are not excited at

normal incidence since there is no mode conversion.

The frequencies given by eqns. (4.43) and (4.44) are also the frequencies of the
asymptotes of the dispersion curves of a plate (see for example Fiorito et al,
1979; Pitts et al., 1976 and Schoch, 1953), which occur at normal incidence

(infinite phase velocity). Figure 4.8 shows the symmetric (eg. s,, s, etc.) and
asymmetric (eg. a,, a, etc.) dispersion curves for a 1.6 mm thick aluminium

plate for angles of incidence up to 8°. The classification of the curves as
symmetric and asymmetric refers to the deformation of the plate and is

explained in greater detail in Section 4.

At small angles of incidence (6=2°), the spectra obtained from the predicted
longitudinal wave potentials show that not all the shear modes of the plate,
obtained from eqn. (4.44) or from the dispersion curves, are excited. For
example, the spectra of the glass plate, see figures 4.7a and b, show that the
shear modes of the plate given by eqgn. (4.44) with m=5,10 etc. do not appear to
be excited. Also, the shear modes with m=1,4,6,9,11 etc. are only weakly
excited compared to the modes with m=2,3,7,8. It is possible that the shear
modes with m=5,10 etc. are not seen in the spectra because they occur close
to the longitudinal modes of the plate given by eqgn. (4.43) with n=3,6, etc., see
figure 4.7. However, the more strongly excited shear modes, that occur at
frequencies given by eqn. (4.44) with m=2,3,7,8 etc., also occur close to tﬁe
longitudinal modes of the plate i.e. those given by eqn. (4.43) with n=1,2,4,5

etc.

The spectrum of the aluminium plate, see figure 4.9, also shows that some of
the shear modes are not excited. In this instance the shear modes that occur at

frequencies, given by eqn. (4.44) with m=4,8 do not appear to be excited and
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that the modes with m=1,3,5,7,9 are only weakly excited.

The longitudinal and shear modes of a plate that occur at non-normal angles of
incidence can also be predicted by using the equations for the ratio of
transmitted to incident energy given by Schoch, (1952) and Fiorito et al.,
(1979). These equations show (lzbicki et al, 1984 and Rothe, 1986) that the
modes given by the dispersion curves are not all excited at small angles of
incidence, in a similar way to that found with the predicted spectra shown in
figures 4.7 and 4.9.

The shear modes of the plate described above are only excited because there is
some mode conversion of the incident longitudinal wave to shear waves at
non-normal incidence. If it were possible to excite the plate with a shear
wave directly then it would be expected that all the shear modes of the plate

would be excited.
4 M h f_the PI

Figures 4.10a and 4.10b show the mode (deformed) shapes of an element from
the cross section of the plate at the frequencies of the first longitudinal mode
and first shear mode, given by egns (4.43) and (4.44) with n and m=1
(calculated using the technique described by Bishop and Johnson, 1960) . Here,

u, represents the displacement perpendicular to the plane of the plate, or in a
through thickness direction, and u, represents the displacement parallel to the

plane of the piate or shear deformation. In both cases, the strain is given by

the rate of change of displacement with distance (see for example Benham and

Warnock, 1978); consequently the longitudinal strain is given by du,/ox and the
shear strain is given by [(auy/ax) + (du,/ay)]; however, in this instance odu, /dy

=0.

In the first longitudinal or through thickness mode of the plate, see figure
4.10a, there is a node (point of zero motion) on the mid-plane of the plate, the
displacement above this point being in anti-phase to that below it;
consequently the deformation of the plate is symmetrical about its mid-plane

in this mode.
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In the first shear mode of the plate see figure 4.10b, the node also lies on its
mid-plane. However, since the shear displacements are in anti-phase above and
below the mid-plane the deformation of the plate is asymmetric about its

mid-plane in this mode.

The mode shapes of the plate at the frequencies of the second longitudinal and
second shear mode given by eqns. (4.43) and (4.44) with n=2 and m=2, are
shown in figures 4.11a and b respectively. The displacements in the
longitudinal mode, see figure 4.11a, now have the same phase above and below
the mid-plane of the plate, hence the deformation of the plate is asymmetric
about its mid-plane in this mode. Although the displacements of the shear
mode also have the same phase above and below the mid-plane of the plate, see
figure 4.11b, the deformation of the plate is symmetric about its mid-plane in

this mode.

Consequently, longitudinal modes of the plate given by egn. (4.43) with n=1,3,5
etc have deformation of the plate which is symmetric about about its
mid-plane. However, the shear modes given by egn. (4.44) with m=1,3,5 etfc
have deformation of the plate which is asymmetric about its mid-plane.
Similarly, longitudinal modes of the plate given by egn. (4.43) with n=2,4,6 etc
have deformation of the plate which is asymmetric about about its mid-plane
and the shear modes given by eqn. (4.44) with m=2,4,6 etc have deformation

which is symmetric about its mid-plane.

When shown on a dispersion curve the modes of a plate are generally identified
as either symmetric e.g. sy, s, efc or asymmetric modes e.g. a,, a, etc (Fiorito
et al., 1979; Pitts ef al., 1976; Schoch, 1953). These modes of the plate are

normally called Lamb modes. As can be seen in figure 4.8, which shows the

Lamb modes for an 1.6 mm thick aluminium plate in vacuum, the {irst mode io

occur (a,) is asymptotic to the frequency of the shear mode, given by eq:n.

(4.43) with m=1, which has asymmetric deformation about the mid-plane of
the plate. The next two modes occur close together, the lower being the

longitudinal mode (s,) given by eqn. (4.42) with n=1, and the higher mode being
the shear mode (s,) given by eqgn (4.43) with m=2, consequently both modes

have deformation which is symmetric about the mid-plane of the plate.
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The fourth mode (a,) of the plate is a shear mode with m=3 and hence is an
asymmetric mode. The fifth and sixth modes (a, and s,) of the plate occur

close together, see figure 4.8, and are longitudinal and shear modes with n=2
and n=4 respectively. Consequently, the deformation is asymmetric in the fifth

mode and symmetric in the sixth.

A model of the propagation of a pulse through plate at small angles of
incidence has been developed so that the echoes received from a plate can be
predicted, and the spectrum of the echoes calculated. This has shown that at
zero incidence there is no mode conversion of the incident longitudinal wave
to a shear wave, and that only the longitudinal or through thickness modes of
the plate are excited. However, at non-normal incidence new echoes appear in
the time domain, resulting from mode conversion of the longitudinal and shear
waves at the surfaces of the plate. This mode conversion excites shear modes

of the plate, in addition to the longitudinal modes found at normal incidence.

At small angles of incidence (6<2°) it has been shown that the frequencies of
the longitudinal and shear modes of the platé can be approximated by using
egns. (4.43) and (4.44) respectively. These frequencies also represent the
asymptotes of the dispersion curves. However, it was shown that some of the
shear modes, given by eqn. (4.44) and the dispersion curves, were not found in
the spectra predicted using the pulse propagation model. This result has also
been verified by other authors {lzbicki ef al., 1984 and Rothe, 1988) by

evaluating the ratio of incident to transmitted energy for the plate.

For a glass plate, the shear modes that were not excited at small angles of
incidence are those given by egn. (4.44) with m=5,10 etc, which correspond to
the asymmetric Lamb modes a, and a, etc. For an aluminium plate it is the
shear modes with m=4,8 etc which correspond to the symmetric Lamb modeés

S, and sy efc that are not excited at small angles of incidence.
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Longitudinal Shear Density Ratio of
Material Velocity (c,) Velocity (cg) (porp,) Longitudinal
m/s m/s kg/m?3 to Shear
Velocity
glass 5770 3392 2440 1.701
aluminium 6342 3132 2720 2.025
water 1493 - 1000 -
Table 4.1 Material Properties
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CHAPTER 5

Experimental Results for a Plain Plate at Normal Incidence
1 Introduction
Having predicted the echo pattern and corresponding spectrum which would be
obtained in a test on a plain plate, it was then necessary to check the resulis

experimentally.

2 Experimental Set-Up

Figure 5.1 shows a schematic diagram of the apparatus used to digitise the
ultrasonic echoes from the specimen under test and to calculate the
corresponding spectrum. The transducer was excited and the echoes received
and amplified by a Panametrics PR 5052 pulser/receiver. The analogue
bandwidth of the system was governed by that of the amplifier in the PR 5052
which is uniform between 1kHz and 35MHz (-3dB poinis). The received signal
was then monitored using a 60 MHz analogue oscilloscope and digitised using a
LeCroy 9400 125 MHz digital oscilloscope. The number of digitised points
depended on the sampling frequency used and the duration of the transient to

be recorded; however, the digitised record, of length T,, would typically

consist of 1,000 to 2,500 points at a 50MHz sampling rate.

The data was averaged in the time domain, the micro-computer being used to
store and average the digital data the required number of times, typically
between 20-50. The internal trigger of the digital osciloscope was used to
trigger the system from the sharply rising first echo from the specimen, this
precluded the possibilty of adding errors, due to fluctuations in the tirﬁe
between the synchronising pulses from the PR 5052 and the received echoes,
to the averaged data. Errors resulting from ftrigger "jitter" within the digital

osciloscope could not be avoided but were found to negligible.

The spectrum of the time history was carried out by performing ten zoom
transforms (Thrane, 1980) on ten consecutive groups of 1,024 data points
using a Bruel and Kjaer type 2033 digital spectrum analyser. An example of a

complete 10,240 point time history, see figure 5.2, shows that it consists of
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the 1,000-2,500 digitised points (of duration T,) followed by zeroes, which

are added to produce the required data length. It is important to note that the
ultrasonic echoes have diminished to zero well within the digitised record

length (T,), thus making it possible to increasé the number of points with

zeroes without producing errors in the calculated spectrum.

The frequency resolution, &f, of a digital spectrum is only dependent on the
overall duration of the time record (T) that is transformed (Newland, 1984)

and is given by :-
8f = 1/T =fy/N (5.1)

where N is the total number of points in the transform i.e. 10,240 and fg is the

sampling frequency.

This shows that the frequency resolution is increased by increasing the
duration of the time record. This can be achieved either by increasing the
‘number of points in the transform or by decreasing the sampling frequency.
However, if the sampling frequency is less than twice the maximum frequency
at which there is significant energy in the spectrum, aliasing (Newland, 1984)
of the spectrum will occur, giving invalid results. Table 5.1 gives the

frequency resolution and bandwidth available at various sampling frequencies.

Figure 5.3 shows the frequency response of the transducer (10 MHz Nortec,
unfocussed with a 1/4” diameter crystal) used for the experimental work. The
frequency response was found by taking the spectrum of the tdp face echo
from a large flat block at normal incidence, the block being placed
approximately 30 mm from the face of the probe. A maximum occurs in the
spectrum at approximately 7 MHz, but the probe produces significant enefgy
between approximately 2 and 10 MHz (-10 dB points). Above approximately ‘12
MHz there is negligble energy available meaning that the minimum sampling
frequency that could be used with this probe, without aliasing of the spectrum

occuring, was 25 MHz.
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3 Experimental M r ime Hi ry from Plai Pl
Normal Inciden

3.1 Itr nic Beam r r

Figure 5.4a shows the echoes, from a 4.95 mm thick glass plate approximately
100 mm square, measured using the set-up described in Section 2, with the
probe 30 mm away from the plate, in pulse echo mode and at normal incidence.
Each echo is clearly resolved, however, in addition to the main echoes (1,2,3
etc.) expected at normal incidence there are also echoes that correspond to
those predicted by assuming a plane wave incident at a shallow angle of

incidence, see figure 4.4.

In practice an ultrasonic probe consisting of a circular disc of piezo electric
crystal does not only produce a plane longitudinal wave as assumed by the
pulse propagation model described in Chapter 4. Instead, the ultrasonic pulse
structure is complicated by the presence of edge waves (Weight and Hayman,
1978). Figure 5.5 shows the plane and edge waves at two instants as they
propagate away from the transducer. The plane wave propagates into the
cylindrical region directly in front of the probe, whilst the edge wave

propagates as a toroidal shaped wave from the rim of the transducer.

Using a very small diameter (0.1-0.25mm) receiver, it is possible to resolve
the plane and edge waves (Weight, 1984). However, when the pulse is is
received by a second large probe the received sighal is dominated by the effect
of the plane wave (Ueda, 1981) and the edge wave is no longer separately
resolved. Similarly, when the probe is used in puise echo mode and the pulse
is reflected off a flat target which is larger than the probe diameter, the

received signal is also dominated by the effect of the plane wave.

For example, each main echo (1,2,3 etc. on figure 5.4a) from the glass plate,
consists of a large bi-polar pulse followed by a smaller series of pulses. T'he
large bi-polar pulse results from the reflection of the plane wave from the
transducer, whereas the smaller pulses result from the reflected edge wave.
While the plane wave can be normalised to the reflector or target, the edge
wave is always at some angle of incidence to the reflector and hence can

produce shear waves in the plate by mode conversion.
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The effective angle of the edge wave, 6, is approximately equal to the angle

between the plane wave and a line passing through the intersection of the edge
waves on the centre line, point A on figure 5.5, and the intersection of an edge
wave and the plane wave, point B on figure 5.5‘. Using this approximation it
can be shown that the effective angle of incidence of the edge wave is

approximately 7° for this probe at range of 30 mm.

As the probe to plate distance is increased, the effective angle of incidence of
the edge wave is reduced and the wave front produced by the probe becomes a
better approximation to a plane wave. Consequently, when the probe to plate
distance is increased the magnitude of the shear waves in the plate are

reduced, and the echoes, resulting from mode conversion are smaller.

Figure 5.4b shows the echoes from a glass plate using the same probe used for
figure 5.4a but at a range of 120 mm. The calculated angle of the edge wave is
now reduced to approximately 2°. Whilst the echoes resulting from mode
conversion of the edge wave (2a, 2b, 3a etc) can still be seen, they are of a

slightly smaller magnitude than those that occured at a range of 30 mm.

The relative arrival times of the main (e.g. 1, 2, 3 etc. in figure 5.4) and the
mode converted echoes (e.g. 2a, 2b, 3a etc. in figure 5.4) are not particularly
sensitive to changes in the angle of incidence. For example the shear transit

time, Tg, in aluminium increases by approximately 3% when the angle of

incidence increases from 2° to 7°, see eqn. (4.42).

Figure 5.6 shows the echoes from a 3.2 mm thick aluminium plate, with the
probe at a range of 30 mm away from the plate, in pulse echo mode and at
normal incidence. In addition to the main echoes (1,2,3 etc.) predicted at
normal incidence there are also echoes (2a, 3a etc) that occur at times
corresponding to those predicted by assuming a plane wave incident at' a

shallow angle of incidence, see figure 4.5.

4 Experimentally Measured Specira of the Plain _Plate at

Normal Inciden

Figure 5.7 shows the spectrum of a 2.2 mm thick glass plate at normal

incidence, together with the predicted frequencies of the longitudinal and
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shear modes of the plate given by eqgns. (4.43) and (4.44). The probe to plate
distance was approximately 90 mm, hence the effective angle, 8, of the edge

wave was approximately 2°. Below approximately 2 MHz, the minima,
corresponding to resonances of the plate, are not clearly resolved because they
occur at frequencies that fall below the usable bandwidth of the transducer.
However, figure 5.8 shows that in addition to the longitudinal modes of the
plate that would be expected at normal incidence, there are also some shear

modes.

The shear modes of the plate that are clearly excited occur at frequencies
given by eqn. {4.44) with m=3,7,8, and 12 which is in good agreement with the
results predicted by assuming an incident plane wave at an angle of 2°, see
figure 4.7. This suggests that while the plane wave from the ultrasonic probe
is mainly responsible for exciting the longitudinal modes of the plate the edge
wave excites the shear modes, since it is incident at a non-normal angle of

incidence.

Since the relative arrival times of the main and mode converted echoes are not
particularly sensitive to changes in the angle of incidence, at angles close to
normal incidence, the resonant frequencies of the plate are also fairly
insensitive to changes in angie. This is clearly seen in the dispersion curves,
see figure 4.8, there being relatively small changes in frequency (up to 8%) as

the angle increases from 1° to 5°.

Figure 5.8 shows the spectrum of the echoes from a 1.6 mm thick aluminium
plate at normal incidence, together with the predicted frequencies of the
longitudinal and shear modes given by eqns (4.43) and (4.44). Figu're 4.5 shows
that there is good agreement between the positions of the shear modes,
predicted assuming an incident plane wave at an angle of 2° and the

experimental measurements.

Figure 5.8 also shows that the apparent damping of the shear and longitudinal
modes of the aluminium plate is different, the longitudinal modes having
broader resonant peaks, and hence greater apparent damping, than the shear
modes. Whilst the material damping of the aluminium plate will have some
effect on the apparent damping its influence is negligible compared to the

energy of the ultrasonic pulse that is lost when it is transmitted to or "leaks"
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into the water below the plate during its repeated reflections within the
plate. This can be demonstrated by backing the plate with air when, since no
energy will propagate across the bottom interface, most of the energy is
reflected back to the transducer, the remainder being lost due to material
damping. Consequently the echoes from the plate decay more slowly, as was

demonstrated in Chapter 1 (see figure 1.12a).

When a longitudinal wave is incident on a plate the energy is initially all in
the form of a longitudinal wave; however, following mode conversion, some of
the energy is contained within the shear wave. As the longitudinal wave is
repeatedly reflected, its energy decreases since some energy is lost to the

water and some is converted to shear waves.

The energy in the shear waves intially increases, there being no shear waves
present before the incident longitudinal wave and then begins to decrease
slowly following the mode conversion back to longitudinal waves which "leak"
into the water. The overall effect is for the average decay rate of the shear
waves to be lower than that of the longitudinal waves; consequently the
apparent damping of the shear modes is less than that of the longitudinal

modes.

It has been shown that in practice both the longitudinal and shear modes of a
plate are excited by a pulse from a transducer at normal incidence to the
plate, whereas simple theory suggests that only the longitudinal modes are
excited at normal incidence (see Chapter 4). The reason for this is that the
pulse from a typical ultrasonic transducer does not consist of a plane wave
alone, as is assumed by the simple theory, but is complicated by the presence
of the edge wave which is incident on the plate at some small angle 'of

incidence (typically 6,< 7°). Therefore, while the plane wave dominates fhe

echoes in the time domain the effect of the edge wave is also seen.

The position of the echoes in the time domain, resulting from the mode
conversion of the incident edge wave, e.g. echoes labelled 2a, 2b etc in figure
5.4, can be predicted using the pulse propagation model described in Chapter 4.

It has been shown that there is good agreement between the predicted and
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experimentally measured positions of the echoes from the edge wave for both
glass (see figures 4.4 and 5.4) and for aluminium plates (see figures 4.5 and
5.6) using this model. The model can also be used to show that the magnitude
of the echoes from the edge wave decrease when the angle of incidence
decreases which occurs when the transducer to plate distance is increased,

see figures 5.4a and 5.4b.

There is also good agreement between the experimentally measured positions
of the shear modes in the spectra for the glass and aluminium plate, that occur
at normal incidence, and the corresponding spectra predicted by assuming an
incident plane wave at an angle of incidence of 2°. It has also been shown that
good approximations for the frequencies of the longitudinal and shear modes of
the plate, measured at normal incidence, are obtained from eqns. (4.43) and
(4.44). However, the experimentally measured and predicted spectra, (for
example see the results for a glass plate, figures 5.7 and 4.7 respectively),
show that there are some shear modes predicted by eqn (4.44) that are not

excited at small angles of incidence.
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Frequency Sampling Nyquist Bandwidth
Resolution (5f) Frequency (fg) Frequency (fny) (=0.4f;)
kHz MHz MHz MHz
2.5 25 12.5 9
5 50 25 19
10 100 50 39
Table 5.1 Bandwidth and Frequency Resolution

of Fast Fourier Transform at Various

Sampling Frequencies.
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CHAPTER 6
Theoretical Model for the Ultrasonic Viblfation Characteristics of

Adhesive Joints
1 Infroduction

In Chapters 4 and 5 it was shown that there was good agreement between the
experimentally measured spectrum of a plain plate and the predictions using
the pulse propagation model. In order to predict the frequencies of the
longitudinal or through thickness modes of the joint it was decided to develop
a simple receptance model rather than the pulse propagation model. This was
done because the receptance model is computationally more efficient than the
pulse propagation model, especially when propagation through more than one
layer is to be considered, as is the case in a joint. Also, a similar simple
receptance model gave good agreement with the experimentally measured

results in the analysis for the Fokker Bond Tester Mk Il, see Chapter 3.
2 Description of the R nce Model for th in

The joint was modelled as three solid cylinders in axial vibration joined
end-on, see figure 6.1. The lengths of the first and third cylinders, I, and I,
are the thicknesses of the top and bottom adherends respectively, while the

length of the second cylinder, l,, is the thickness of the adhesive. The

densities (p), loss factors (n) and apparent moduli (E') of the cylinders are
those of the adherends or adhesive. The loss (damping) factor of fhe adhesives
used in the predictions was taken as 0.05 (Adams and Coppendale, 1976).
Since this is significantly greater than a typical value for the adherends, the
damping of the system will be dominated by the adhesive and the exact valﬁue
used for adherends is not critical. However, the loss factor for the adherends

was assumed to be that for aluminium i.e. 0.001 (Lazan, 1968).

The effect of the water couplant on the response of the joint was not
modelled. The water has a similar effect on the natural frequencies of the
joint to that obtained by grounding the model shown in figure 6.1 via two very

weak springs attatched to each adherend. It can readily be shown, Bishop and
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Johnson (1960), that this has a negligible effect on the resonant frequencies

of the joint.

The water does increase the apparent vibration damping of the joint. This
occurs because some of the energy from the ultrasonic pulse is lost when it is
transmitted into the water below the plate, in a similar way to that described
in Chapter 5 for a plain plate. However, the increase in apparent damping will

not significantly change the measured resonant frequencies of the joint.

The model uses the same basic assumptions as the impedance model described
by Brekhovskikh (1960) and used by Lloyd and Wadhawani (1978) to predict the
response of the joint. However, in the receptance model the variables are more
easily related to measurable properties and, more importantly, the mode or
deformed shapes of the joint can readily be predicted, thus leading to a better

understanding of the frequency response.

The natural frequencies, mode shapes and damping of the longitudinal modes of
the complete system were found using receptance analysis (Bishop and
Johnson, 1960) in a similar way to that used in the analysis of the Fokker Bond
Tester, see Chapter 3. Figure 6.2 shows the natural frequencies of the first
eleven longitudinal, or through thickness, modes of a system representing a
typical joint used in the aerospace industry with 1.6 mm thick aluminium
adherends and a high modulus (Young's Modulus = 4.6 GN/m?and apparent
modulus (E',) = 7.2 GN/m?) adhesive as a function of adhesive thickness. At low
adhesive thicknesses (approximately 0.1 mm), the modes form pairs, except
for the first mode which occurs on its own. Lloyd and Wadwhani (1978)
referred to the first mode in each pair as the principal peak and the second as

the satellite peak.
2.1 First M f th in

The predicted mode shapes were calculated using the method described by
Bishop and Johnson (1960) and assume a unit displacement at the outer

surface of the top adherend. Figure 6.3a shows the first mode of the joint

with an adhesive thickness of 0.1 mm, the displacement u, being the motion in

the through thickness direction. The mode shape of the first through thickness

mode of a plain plate having the same overall thickness as the joint and also
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assuming a unit displacement at its outer surface, is shown in figure 6.3b. As
can be seen from the figures, the mode shape of the joint is similar to that of
the plain plate except that in the joint, the strain, given by the rate of change

of displacement with distance, du,/ox, is concenirated in the adhesive layer.

As the adhesive thickness is decreased, the discontinuity in the mode shape
becomes less evident. At very low adhesive thicknesses (less than -0.01 mm)
the natural frequency and mode shape of the joint approach those of a plain

plate having the same overall thickness as the joint.

At adhesive thicknesses of less than approximately 0.7 mm with a high
modulus adhesive, the stiffness of the adherends dominates the frequency of
the first mode of the joint. At adhesive thicknesses greater than 0.7 mm the
frequency of the first mode is no longer dominated by the stiffness of the
adherends and it is possible to model the joint as two rigid masses vibrating
in antiphase on a spring as suggested by Schliekelmann (1975). The resonant

frequency, f_, of such a system is given as follows:-

fo= 2n[E(+1)/ (ol 1)1 "2 (6.1)

where |, 1, are the thicknesses of the top and bottom adherends, p is their

3
density, E'2 is the apparent modulus of the adhesive, and |, is the thickness of
the adhesive. S8ince the mass-spring-mass system has only one non-zero
resonant frequency this model cannot be used to predict the resonant

frequencies of the higher modes of the joint.

2.2 Higher Modes of the Joint

The pairing of modes at low adhesive thickness can be explained by examining
the corresponding predicted mode shapes of the joint. The second and third
mode shapes of the joint with an adhesive thickness of 0.1 mm are shown ‘in
figures 6.4a and 6.4b respectively. Even at low adhesive thicknesses, the
adhesive is still the major flexibility in the system since the modulus of the
adherends is at least an order of magnitude higher than that of the adhesive.
The major difference between the two mode shapes is that in the second mode
there is no significant strain in the adhesive while in the third mode there is a

rapid change of displacement, and hence high strain, across the adhesive. In
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this instance, the calculated strain energy in the adhesive is approximately
five hundred times greater in the third mode than in the second. However, the
strain energy in the adherends is at least twice that in the adhesive in both
modes so it is the adherends which primarily govern the resonant frequencies
of the joint. Since the adherends have a similar deformed shape in each of
these modes the natural frequencies of the second and third modes of the joint

occur close together.

At very low adhesive thicknesses (less than 0.01 mm) the adhesive is no
longer the major flexiblity of the system and the modes are no longer paired.
Instead, the frequency of the second mode of the joint approaches that of the
second mode of a plain plate having the same overall thickness as the joint.
Similarly the frequency of the third mode of the joint approaches that of the

third mode of a plain plate having the same overall thickness as the joint.

As the adhesive thickness is increased (to above 0.1 mm) the frequencies of
all the modes of the joint decrease and the mode pairing ceases to occur, as
shown in figure 6.2. The reason for this can also be explained by examining the
corresponding mode shapes of the joint. Figure 6.5a and 6.5b show the fourth
and fifth mode shapes of the joint with an adhesive thickness of 0.1 mm which
occur as a pair (see figure 6.2). Except for the increased strain in the adhesive
in the fifth mode compared with the fourth mode the two shapes are similar,
the deformed shape of the adherends in both modes corresponding to that of

the second mode of a single adherend.

Figures 6.6a and 6.6b show the fourth and fifth mode shapes with an adhesive
thickness of 0.4 mm, however, note that there is a significant difference in
the scales of the two figures. In the fifth mode the deformed shape of the
adherend, which largely determines the frequency of the mode, remains the
same as the adhesive thickness is increased. Hence, the resonant frequency of
the fifth mode is practically independent of adhesive thickness between 01
and 0.4 mm. In the fourth mode, however, the deformed shape of the adherend
changes significantly as the adhesive thickness is increased. There is also a
substantial increase in strain in the adhesive, the calculated total strain
energy in the adhesive increasing by a factor of approximately 400 as the
adhesive thickness increases from 0.1 to 0.4 mm.. The deformed shape of the

adhesive now becomes a significant factor in determining the resonant
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frequency of the joint, (the strain energy in the adhesive now being
approximately three times that in the adherend), and the fourth and fifth mode

of the joint are no longer paired, see figure 6.2.

Figure 6.7a, b and ¢ show respectively the predicted mode shapes for the
second, third and fourth modes of the joint with an adhesive thickness of 0.69
mm. As can be seen from figures 6.7¢ and 6.6a, the fourth mode shape of the
joint changes significantly as the adhesive thickness is increased from 0.4 to
0.69 mm. The calculated strain energy in the adhesive decreases by a factor of
approximately 5 and the deformed shape of the adherend now approaches that
of the mode shape of the first mode of a single adherend alone. The frequency
of the fourth mode, which is again largely determined by deformed shape of
the adherends, now approaches that of the second and third modes of the joint

which share a similar adherend deformed shape, see figure 6.7a and b.

3 Predicted Changes in Damping of the Joint

The damping of a particular mode was calculated from the width of the
resonance peak at the half power points. A convenient method of expressing
the damping, in moderately damped systems such as this, is to use the Q factor

which is defined as, see Ewins, (1985) :-
Q= f/(f,f) (6-2)

where f is the resonant frequency of the joint, and f , and f , are the

frequencies of the half power points i.e. the points with an amplitude 6 dB
below the resonant peak. Therefore as the damping, and hence resonant
bandwidth increases, the Q factor decreases. The frequency interval between
calculated points on the receptance curve was approximately 2 KHz and t“he
bandwidth at the half power points was typically greater than 30 KHz.
Therefore there were at least fifteen calculated points around the resonant

peak.

The calculated Q factor of the fourth mode is shown as a function of adhesive
thickness in Table 6.1. This shows that the damping increases as the adhesive
thickness is increased to 0.4 mm and that it then decreases slightly as the

thickness is increased further to 0.69 mm. This change in damping is due to a
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change in energy dissipated in the adhesive and can be explained by examining

the corresponding mode shapes of the joint.

The calculated mode shape of the fourth mode, ‘with an adhesive thickness of
0.1 mm, see figure 6.5a, shows that there is very little strain in the adhesive,
the calculated strain energy in the adherends being approximately 200 times
greater than that in the adhesive. Consequently there is very little energy
dissipated in the adhesive and the damping of the mode is low (the Q factor is
530).

There is a significant increase in the strain in the adhesive of this mode as
the adhesive thickness is increased to 0.4 mm, see figure 6.6a. This is
accompanied by a large increase in damping, the Q factor for this mode
reducing to 20. As the adhesive thickness is increased further to 0.69 mm the
strain in the adhesive reduces, see figure 6.7¢c, and the Q factor increases
slightly to 25.

4 D nden iR nant Fr nei n ifi iffn

So far, only the effect of changes in the thickness of a particular adhesive on
the resonant frequencies of the joint have been considered; it is now
important to examine the effect of adhesive modulus changes. Figure 6.8

shows the resonant frequency of the first five modes of an adhesive joint with
1.6 mm thick adherends as a function of specific adhesive stiffness, Eg, which

is defined as :-
Es = El, (6.3)

where E', and |, are the apparent modulus and the thickness of the adhesi“ve
respectively. In figure 6.8 two sets of curves are shown, one representing the
typical high modulus adhesive used for the predictions in Section 2 and the
other curve a typical low modulus (Young's modulus = 0.7 GN/m? apparent
modulus (E',) = 3.6 GN/m?) gap filling adhesive. Figure 6.8 shows that, apart
from the first mode of the joint, the resonant frequencies are not purely

dependent on specific stiffness, but are dependent on adhesive modulus and

adhesive thickness separately. However, reducing the modulus at constant
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adhesive thickness, or increasing adhesive thickness at constant modulus both

cause a decrease in the resonant frequencies of all the modes.

Over the ranges of adhesive modulus and thickness considered here, the first
mode is dependent on specific stiffness alone since the two curves
representing the different adhesive moduli are coincident, see figure 6.8. In
this instance, increasing adhesive thickness has exactly the same effect as

decreasing the modulus by the same percentage.

Since the higher resonant frequencies of the joint are dependent on adhesive
modulus and thickness separately, provided the resonant frequencies of at
least two modes (apart from the first mode) are measured, it should be
possible to distinguish a change in adhesive modulus from a change in adhesive

thickness.

In contrast, the Fokker Bond Tester, which was discussed in Chapters 2 and 3,
monitors the resonant frequencies of the first two modes of a probe coupled to
the joint. 1t was shown that the frequencies of both these modes are
practically independent of either modulus or thickness, except when the
specific stiffness of is very low. At such low specific adhesive stiffnesses
the Fokker Bond Tester is not sensitive to modulus and thickness separately,
but to the ratio of adhesive modulus to thickness i.e. to the specific stiffness.
Consequently, the instrument is not able to distinguish a change in adhesive

thickness from a change in modulus.

5 Qther Factors which Influence the Resonant Frequency of
a_Joint ‘

The resonant frequency of a joint is also dependent on the thickness of the
adherends, an increase in their thickness causing a decrease in the resonant
frequencies of all the modes. However, the resonant frequencies have a simi:lar
general dependence on specific adhesive stiffness to that shown in Figure 6.8

for a joint with 1.6 mm adherends.

The change in frequency of a particular mode produced by a change in thickness
of the adherends also depends on the adhesive stiffness. When the specific

adhesive stiffness is high (greater than approximately 5x10* GN/m?3) the
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frequency response of the joint is dominated by the thickness of the
adherends, and resonant frequencies approach the asymptotes given by egn.
(4.48) and described in Section 2. Consequently, when the adherend thickness
is doubled the overall joint thickness is also approximately doubled and the

frequency of each mode is roughly halved.

As the specific adhesive stiffness reduces (less than approximately 2x10*
GN/m?3) the resonant frequencies of the joint are no longer dominated by the
adherends and the dependence of the resonant frequencies of the joint on the

adherend thickness becomes more complex.

The above analysis has also assumed that the top and bottom adherends are the
same thickness; if the adherend thicknesses are not equal the frequency
response of the joint is more complex. The mode pairing described in Section
2.2, which occurs at low adhesive thicknesses, does not occur in the same
regular pattern. However, mode pairing will occur when the deformed shapes

of the adherends in consecutive modes are similar.

In practice the thickness of the adherends are likely to be known, and to be
uniform over the area to be tested. Consequently changes in the measured

spectrum will only result from changes in the properties of the adhesive layer.

Changes in the density of the adhesive layer have a negligble effect on the
resonant frequencies of the joint compared with the variations produced by
changes in adhesive modulus and thickness. This occurs because the mass of
the adhesive layer does not have major effect in determining the resonant
frequency of the joint. However, the actual change in resonant frequency due
to a variation in adhesive density depends on the adhesive thickness and the
mode of the joint. For example larger changes in frequency occur at greater
adhesive thicknesses and when there is more deformation in the adhesive. A
10% increase in adhesive density causes a negligble decrease in the frequeﬁcy

of the first mode of less than 0.1%.
The frequency of the higher modes of the joint can be more sensitive to

changes in adhesive density, however a 10% change causes less than a 3%

change in any of the modes below 10 MHz.
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A simple receptance model has been used to show how the first eleven through
thickness modes a typical joint, with 1.6 mm thick aluminium adherends and a
high modulus adhesive, are dependent upon the adhesive thickness. The
frequency of each mode was predicted to decrease when the adhesive
thickness is increased. Similarly, it has been shown that a reduction in

adhesive modulus also reduces the frequency of each mode.

Apart from the first mode, the resonant frequencies of joint are not dependent
on the specific stiffness of the adhesive alone, but on the modulus and
thickness of the adhesive separately. Consequently, by measuring the
frequency of at least two modes (apart from the first mode) it should be
possible to distinguish changes in adhesive modulus from variations in
adhesive thickness. This is important if the method is to be used to monitor

the cohesive properties of adhesive joints.
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Adhesive Calculated Total Strain
Thickness (1,) Q Energy in the Adhesive
mm Factor (relative to that at an
Adhesive thickness of 0.1 mm)
0.1 530 1
0.4 20 390
0.7 25 84

Table 6.1 Predicted Q Factor of the Fourth
Mode for Various Thicknesses of

Adhesive
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Figure 6.1 Schematic Representation of Model
used for the Reception Analysis
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CHAPTER 7
Experimentally Measured Spectra of Adhesive Joints

1 Introduction

The resonant frequencies of two sets of joints were measured over a wide
range of adhesive thicknesses using ultrasonic spectroscopy. The specimens
used were single lap joints with nominally 1.6 mm thick aluminium adherends
which were prepared by grit blasting and degreasing, making them similar to
the joints used in the investigétion of the Fokker Bond Tester; details of the
adhesives used are given in the Appendix. A typical high modulus epoxy, which
would be specified for joints designed to carry high stresses, was used for one
set of joints, a rubbery gap filling adhesive being used for the other set.
Variations in adhesive thickness were obtained by shimming the joint while it

cured.

wa ultrasonic probes were used to test the joints because the bandwidth of
the probe described in Chapter 5 (10 MHz Nortec), and used for the work on the
plain plate, was insufficient to excite the first mode of the joint which occurs
at a frequency of 0.3 to 0.75 MHz. The second probe (a Wells Krautkramer H1N)
had a centre frequency of approximately 1 MHz and a useable bandwidth (20 dB
below the maximum) of approximately 0.3 to 1.75 MHz, see figure 7.1. It could
therefore be used to excite modes of the joint below the useable bandwidth of

the higher frequency probe.

Both probes were used in pulse echo mode with the same set-up described in
Chapter 5, the probe to joint distance being approximately 90 mm. Figures 7.2
and 7.3 show the measured time histories from a typical! joint with 1.6 mm
thick aluminium adherends using the low frequency probe (H1N) and the hig“h
frequency probe (10 MHz Nortec) respectively. Even when the higher frequency
probe was used it was not possible to resolve the echoes from the top of the

joint and the top adhesive.

Some authors (Lloyd and Wadhawani, 1978) suggest editing the digitised data
from the joint by removing the large echo from the top of the joint that is in

anti-phase to the other main echoes. The resonant frequencies of the joint
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then appear as maxima in the spectrum since the main echoes then have the

same phase.

However, as there was no clear distinction in the time domain between the
echo from the top face and the subsequent echoes, the top face echo could not
be edited accurately from the remaining echoes. Consequently, the spectrum
was calculated without editing the digitised data and the resonant frequencies

of the joint occured as minima in the spectira, see Chapter 4.

hr h_Thickn M f th In
2.1 n f th nant_Fr ncl f in n_th
hesive Thickn

Figure 7.4 shows the predicted and measured frequencies of the first eleven
through thickness modes of the single lap joints as a function of adhesive
thickness. The joints were made with 1.6 mm thick adherends and a high
modulus adhesive (Type B, apparent modulus = 7.2 GN/m2, see the Appendix).
The adhesive thickness of each joint was determined from the overall joint

thickness in the area where the test was carried out.

The resonant frequencies of the first mode were determined using the lower
frequency probe (HIN) whereas the frequencies of the second mode and above
were obtained using the higher frequency probe (10 MHz Nortec). Figure 7.4
shows that there is very good agreement between the predicted and measured
values of the through thickness resonant frequencies of the joint. There are
less points shown for the first mode than for the higher modes because
measurements were only taken at one position in the overlap of the joint.
Measurements for the higher modes were typically taken at three positions

within the overlap.

Figure 7.5a shows the spectrum, using the high frequency probe, of a typidal
joint with an adhesive thickness of 0.43 mm. Figure 7.5b shows the spectrum
of a similar joint but with an adhesive thickness of 0.53 mm. The frequency of
each mode shown in figure 7.5b is less than that of the corresponding mode
shown in figure 7.5a owing to the increase in thickness of the adhesive. For
example the tenth mode occurs at a frequency of 7.85 MHz in figure 7.5a this

then decreases to 7.17 MHz when the adhesive thickness is increased to 0.53
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mm (see figure 7.5b). As the adhesive thickness is increased further, to 0.62

mm, the frequency of the tenth mode decreases to 6.55 MHz, see figure 7.5c¢.

Figure 7.6 shows the predicted and measured frequencies of the first eleven
through thickness modes of the joints made with the low modulus adhesive
(Type C, apparent modulus = 3.6 GN/m?, see the Appendix) as a function of
adhesive thickness. This shows that for a given adhesive thickness, the
resonant frequency of each mode is lower than that made with the high
modulus adhesive, see figure 7.4. For example, when the adhesive thickness is
0.43 mm the tenth mode occurs at 6.38 MHz in the case of the low modulus

adhesive, and at 7.85 MHz in the case of the high modulus adhesive.

To demonstrate the effect of a change in adherend thickness, figure 7.7 shows
the predicted and experimentally measured through thickness resonant
frequencies of single lap joints made with the high modulus adhesive and 1.55
mm thick adherends in the range of adhesive thickness of 0.1 to 0.2 mm. The
solid curve represents the predicted frequencies for the joints with 1.55 mm
thick adherends while the dashed line shows the frequencies for the 1.6 mm
thick adherends. Figure 7.7 shows that there is good agreement between the
predicted and measured values of the resonant frequencies for both
thicknesses of adherend. In addition, figure 7.7 shows that the approximately
3% decrease in thickness of the adherends causes a similar increase in the

resonant frequency of all the modes of the joint in this thickness range.

2.2 Damping

In addition to showing how the frequency of the modes change adhesive
thickness, figure 7.5 also shows how the apparent damping or widths of the
resonant peaks change with adhesive thickness. For example, there is a large
increase in the resonant width, and hence damping, of the tenth mode, when
the thickness is increased from 0.43 to 0.53 mm, see figure 7.5a and 7.5_b.
However, when the thickness is increased further to 0.62 mm, see figure 7.5¢,

the resonant width of the tenth mode does not change significantly.

The spectra shown in figure 7.5 were produced using a sampling frequency of
50 MHz, hence the spacing between the speciral lines is approximately 5 KHz,

see table 5.1. Therefore, there are at least ten measured points between the
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half power points of each minima seen in figure 7.5, so the observed changes
in resonant width are not simply due to inadequate frequency resolution being

employed.

The change in damping with thickness is due to a change in the strain energy in
the adhesive and can be explained by examining the corresponding mode shapes
of the joint, see figure 7.8. In the case of the tenth mode the calcula{ted strain
energy in the adhesive increases by a factor of approximately 15 when the
adhesive thickness increases from 0.43 to 0.53 mm. When the adhesive
thickness is increased further to 0.62 mm the strain energy in the adhesive is

approximately halved.

Table 7.1 shows how the predicted damping (Q factor) of the tenth mode,
calculated using the method described in Chapter 6, changes as the adhesive
thickness is increased. This shows that there is good agreement between the
observed changes in damping of the tenth mode and the predicted values, e.g.
the predicted Q factor decreases from 256 to 62 when the adhesive thickness

is increased from 0.43 to 0.53 mm.

Other modes of the joint, for example the twelfth (see figure 7.5), show a
decrease in apparent damping as the adhesive thickness decreases. This is
also explained by a change in the strain energy in the adhesive, the strain
energy in the twelth mode decreasing as the adhesive thickness increases
from 0.43 to 0.62 mm.

2.3 Dependence of the Resonant Frequencies of the Joint on its
i r rti
2.3.1 First Mode of the Joint

Figure 7.9 shows the predicted and measured resonant frequency of the first
mode of the joint as a function of specific adhesive stiffness, the
experimental results representing data from joints made with both a high and
low modulus adhesive. The specific stiffness, Eg, of the joint was calculated
from the independently measured apparent modulus and the thickness; the
adhesive thickness was determined by measuring the overall joint thickness

and subtracting the adherend thicknesses.
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It was shown in Chapter 6 that the first through thickness resonant frequency
of the joint is not dependent on the adhesive thickness and modulus separately
but on the specific adhesive stiffness, defined as the ratio of the apparent
adhesive modulus to its thickness. Figure 7.9 shows that there is good
agreement between the measured frequencies of the first mode and the
frequencies predicted using the receptance model described in Chapter 6. In
particular, the measured resonant frequencies of the joints made with the

different adhesive moduli fall on the same curve.

The chain line seen in figure 7.9 represents the resonant frequency of the
mass-spring-mass model for the first mode of the joint given by eqn. (6.1).
This shows that at low specific stiffnesses (less than 10* GN/m3) there is
good agreement between the two models: the mass-spring-mass model gives
frequencies that are less than 5% higher than those given by the receptance
model. However, at higher adhesive stiffnesses, (greater than 10* GN/m?), the
mass-spring-mass model gives frequencies that are significantly higher than
the receptance model. This occurs because the adherends do not behave as
rigid masses at specific adhesive stiffness greater than 10* GN/m3, and the
adherend stiffness influences thé resonant frequency of the mode. Indeed, at
very high adhesive stiffness (greater than approximately 108 GN/m?®) the
resonant frequency of the first mode approaches that of the first mode of a
plain plate having the same overall thickness as the joint (approximately 1

MHz in this case).

2.3.2 Higher Modes of the Joint

Figure 7.10 shows the results, for the sixth and seventh modes, seen in figure
7.4 and 7.6 plotted as a function of specific stiffness instead of thickness.
The specific stiffness of each joint was calculated from the measured
apparent adhesive modulus and thickness in a similar way to that described

above for the first mode of the joint.

As can be seen from figure 7.10, there is good agreement between the
measured resonant frequencies of the joint and those predicted using the
receptance model described in Chapter 6 for both values of modulus. The other
measured modes of the joint also show good agreement with predicted

frequencies, (see figure 6.8) but for clarity have not been shown in figure 7.10.
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Figure 7.10 also shows that the resonant frequencies of joints having the same
specific stiffness, but having different adhesive moduli and thicknesses, are
not the same. Consequently it should be possible to distinguish changes in
adhesive thickness from those in adhesive modulus by measuring the

frequencies of the higher modes of the joint.
3 hear M h

Although the experimental work was done with the probe at normal incidence,
the probes used generated edge waves which have been shown to excite shear
modes of the component under test even at normal incidence, see Chapter 5.

Consequently, in addition to the through thickness modes of the joint seen in

figures 7.5a-c there are also some shear modes of the joint, marked S,, Sg.

The frequencies of the shear modes of the joint can be predicted using the
same model as that used to predict the longitudinal or through thickness
modes of the joint described in Chapter 6, the apparent shear moduli of the
adhesive and adherend being used instead of the apparent longitudinali moduli.
However, in practice, only two of the predicted shear modes are clearly seen
in the measured spectra, and it is likely that these appear because they
involve a neglible amount of shear deformation in the adhesive, and hence are
relatively lightly damped. The shear modes of the joint that involve larger
amounts of shear deformation are likely to be heavily damped since the
material damping is greater for the shear modes than the longitudinal modes
(Madigosky and Fiorito, 1979).

4 Conclusions

It has been shown that there is good agreement between the measured
resonant frequencies of the through thickness modes of a joint and the
predicted values obtained from the receptance model described in Chapter 6
The model has also been used to explain qualitatively the changes in apparent

damping of the resonances that occur as the adhesive stiffness changes.

The results in the first mode show that its resonant frequency is only
dependent on the specific stiffness of the adhesive i.e. a given percentage

increase in adhesive thickness has exactly the same effect as a given
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percentage decrease in modulus (see Chapter 6). It has been demonstrated that,
apart from the first mode, the measured resonant frequencies of the joint are
dependent on the adhesive modulus and stiffness separately. Therefore, the
results confirm that ultrasonic spectroscopy should be able to distinguish
changes in adhesive thickness from those in modulus whereas the Fokker Bond

Tester cannot, see Chapters 2 and 3.
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Adhesive Calculated Total Strain
Thickness (1,) Q Energy in the Adhesive

mm Factor (relative to that at an
Adhesive thickness of 0.43 mm)

0.43 256 1
0.53 62 15.5
0.62 92 6.7

Table 7.1 Predicted Q Factor of the Tenth Mode
for Various Thicknesses of the
Adhesive
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Figure 7.1 Frequency Response of 1 MHz
Krautkramer Transducer
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Figure 7.2 Measured Time History from a Joint
having =0.2 mm Thick Adhesive using
the 1 MHz Probe (1.6 mm thick adherends)
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Figure 7.3 Measured Time History from a Joint
having =0.2 mm Thick Adhesive using
the 10 MHz Probe (1.6 mm thick
adherends)
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Figure 7.5 Examples of Measured Spectra (1.6mm
thick aluminium adherends and apparent
adhesive modulus of 7.9 GN/m?)
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Measured Frequency of First Eleven
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Through Thickness Modes of a Joint as

a Function of Adhesive Thickness
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CHAPTER 8
Estimation of the Adhesive Modulus and Thickness from the

Measured Resonant Frequencies

1 Introduction

In Chapter 7 it has been shown that there is a good correlation between the
predicted spectra, calculated using the independenily measured apparent
adhesive modulus and thickness, and the experimentally measured spectra. In
particular, it was shown that, apart from the first mode, the through
thickness resonant frequencies of the joint depend on adhesive modulus and
thickness separately. Therefore, by measuring the frequency of at least two
modes of the joint it should be possible to determine both the adhesive

modulus and thickness.

In order to use ultrasonic spectroscopy for the non-destructive tesing of
adhesive joints it is necessary to obtain values for the adhesive modulus and
thickness from the experimentally measured spectrum. Therefore, to evaluate
the sensitivity of ultrasonic spectroscopy for measuring adhesive modulus and
thickness, it was decided that the independently measured values of these
properties should be compared with those determined from the measured
spectra. No attempt will be made to correlate the changes in the measured

spectra with the failure strength of the joint at this stage.

2 Determination of Cohesive Properties from the Measured
Specira

A unique solution for the adhesive modulus and thickness can theoretically be
achieved by measuring the frequency of only two modes of the joint. Howevér,
the equations for adhesive modulus and thickness are ill conditioned, so ahy
scatter in the experimental results would produce inaccuracies in the

calculated values of adhesive modulus and thickness.

Consequently, to increase the accuracy of the calculated adhesive modulus and
thickness, the frequencies of more than two modes (apart from the first) are

measured. If the frequencies of n (where n is greater than 2) modes are
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measured there will be n equations in two variables, the adhesive thickness
and modulus. Since there is no solution to the set of n equations, the adhesive
modulus and thickness are determined by calculating the square of the error

between the predicted and measured values over a range of adhesive

thicknesses (l,) and moduli (E')). The values of adhesive modulus and thickness
are then taken as those which give the minimum error. The error function,

E (E',.l,) is defined as follows :-

n=q

E(El) = 2 [(f(Epl)—1%)2/1 (Epl,)] (8.1)
n=p

where f (E',,l,) is the predicted resonant frequency of the n'" jongitudinal
mode of the joint, fn* is the measured frequency of the n' mode and, p and q

are the start and finish modes for the summation procedure. However the

modes used in the summation procedure need not be consecutive.

The resonant frequency of some modes of the joint are more dependent on
changes in adhesive thickness and modulus than others, which influences the
choice of start and finish modes used in eqn. (8.1). For example, figure 7.7
shows that at adhesive thickness of between 0.1-0.2 mm and an apparent
modulus of approximately 7.2 GN/m? the lowest seven modes are practically
independent of adhesive thickness. Consequently, the frequencies of these
modes cannot be used successfully to determine the adhesive thickness.
However, the eighth and tenth modes show a stronger dependence on adhesive
thickness and can be used to determine the adhesive thickness more

accurately.

The predicted frequencies, f (E',,l,), used in equation (8.1) were calculated for
a wide range of adhesive thickness (I, = 0.1-0.7 mm) and apparent modulus (E"'2

= 2.8-8 GN/m?), thus covering the entire range of cohesive properties of the
joints used for the results seen in Chapter 7. The interval in adhesive
thickness used in the calculations was 0.01 mm and that in the apparent
modulus was approximately equal to 0.7 GN/m? i.e. 10% of the apparent

modulus of the high modulus adhesive.
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Table 8.1 shows an example of part of the error matrix, calculated using eqn.
(8.1), from the predicted and experimental resonant frequencies for a typical
joint. In this instance the experimental values are taken from a joint
manufactured using a high modulus adhesive (apparent modulus = 7.2 GN/m?)

and having a bond line thickness of approximately 0.38 mm.

The frequencies of the fourth to the eleventh modes of the joints were used to
produce the matrix shown in table 8.1 (i.e. p=4 and g=11 in eqgn. (8.1) ), since
these modes occured at frequencies that were strongly excited by the high
frequency (10 MHz Nortec) transducer and hence could be accurately measured.
The second and third modes of the joint were also excited by this transducer;
however, figure 6.8 shows that the frequencies of these two modes are
relatively independent of the adhesive thickness and modulus over a wide

range of these properties.

Table 8.1 shows that there is a value of the adhesive thickness which produces
a minimum in the error function at each value of modulus, thus forming a
"trough” of minima across the error matrix. The adhesive modulus and
thickness are taken to be the combination which produces the smallest error
throughout the whole matrix. In this instance the minimum error occurs at an

apparent modulus of 7.2 GN/m? and an adhesive thickness of 0.38 mm.

This procedure was used to determine vaiues of the adhesive modulus and
thickness from the experimental resuits presented in Chapter 7. The
calcutated values of modulus and thickness were then plotted as functions of

the independently measured values.

Figure 8.1 shows the calculated adhesive thicknesses of the joints,
manufactured from all the adhesive types (see the Appendix for details), as a
function of the independently measured adhesive thicknesses. This shows that
the fesu!ts from all the adhesive types lie closevto a line of unit slope passin"g

through the origin.

The lines having gradients of 0.9 and 1.1, seen in figure 8.1, show that the
maximum error between the calculated and independently measured bondline
thickness is approximately 10%. However, it is important to note that the

error involved in the independent measurement of adhesive thickness can equal
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or exceed 10%, particularly, when the adhesive thickness is low. For example,
although the adhesive thickness was independently determined to an accuracy
of greater than 0.02 mm by measuring the overall thickness of the joint, this
would result in an error of greater than 10% at bond line thicknesses of below

0.2 mm.

Also, the thicknesses of the joints were found to be non-uniform, there being a
difference between the maximum and minimum values of up to 0.1 mm. Since it
was difficult to ensure that the spectrum was obtained at exactly the same
point at which the thickness was measured, further errors (up to 5%) could be

introduced in the independently measured adhesive thickness.

Figure 8.2 shows the calculated adhesive modulus as a function of the value
measured independently on a bulk specimen manufactured under the same
conditions as the joint (see the Appendix). Since it is more difficult to vary
the modulus of the adhesive experimentally than to vary its thickness, the
measured values of modulus seen in figure 8.2, form three groups
corresponding to the three adhesive moduli detailed in the Appendix. However,
figure 8.2 shows that the results from joints having a wide range of adhesive
thickness and modulus lie close to the line of unit slope passing through the

origin.

In this instance, the maximum error between the calculated apparent modulus
and the independently measured value is approximately 20%; the error in the
independently measured value of the apparent adhesive moduli is typically less

than 3 - 5%, see the Appendix for details.
3 r ion Adhesiv I rom

The results presented so far have only considered changes in the cohesive
properties of the adhesive i.e. a change in apparent modulus or thickness of the
adhesive, the joints having no other types of defect. It is also important to
detect porosity in a joint since it is likely to indicate a fault in the
manufacturing process control. Under many circumstances conventional
ultrasonic time domain techniques can be used to find porosity; however, when

either the impedance of the adhesive is low, or when the adhesive is thin (less
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than approximately 0.2 mm), porosity, like disbonds and voids, becomes

difficult to detect, see Chapter 1.

Porosity of the adhesive in joints with metallic adherends is typically caused
by inadequate degassing of the adhesive, or by air trapped between the
adherends when the joint is made. Consequently, the volume of the adhesive in
the adhesive layer is reduced. Figure 8.3 shows a typical example of porosity
(approximately 25% reduction in area) caused by air trapped between the

adherends.

Since the volume of the adhesive is reduced by porosity, the apparent modulus
of the adhesive layer, measured over an area which is significantly greater
than that of a single bubble, will also be reduced. Similarly, the apparent
density of the adhesive layer will also be reduced. For example, 20% porosity
of the adhesive causes 20% reduction in apparent modulus and density of the

adhesive layer.

Since the frequency response of the joint is relatively insensitive to changes
in density of the adhesive (see Chapter 8), small amounts of porosity
producing less than a 10% change in density, have a similar effect on the
resonant frequencies of the joint to that of a reduction in apparent modulus.
Larger amounts of porosity (>10%) have a more complex effect on the resonant
frequencies of the joint, and it is no longer possible to model the effect
simply by assuming a change in apparent modulus. However, in practice it was
found that it was very difficult to distinguish quite large degrees of porosity
(approximately 20%) from similar changes in apparent modulus using the

resonant frequencies of the joint.

The apparent damping or widths of the resonances (see Chapter 7) were found
to be a more reliable indication of porosity than the change in frequency.
Figures 8.4a and 8.5b show the spectra from two similar joints, manufacturéd
with the same adhesive, and having similar adhesive thickness. Figure 8.4a
shows the spectrum of the joint having no porosity and figure 8.5b shows the
spectrum of the joint having approximately 20% porosity. The spectra show
that, for example, the apparent damping of the eighth and tenth modes has
increased significantly in the presence of porosity. It is also difficult to

locate the resonant frequencies of some modes, for example the fourth, where
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there is porosity.

This increase in damping appears to effect the modes at higher frequencies
more than the lower ones, and is due to an increase in the apparent material
damping of the adhesive. This occurs because the ultrasonic pulses are
scattered by the air bubbles, thus reducing the amplitude of the echoes

received from the joint.
4 Discussion

Figure 8.5 shows the specific stiffness of the joint calculated from the
adhesive modulus and thickness, determined using the method described in
Section 2, as a function of the adhesive thickness, also determined using the
method described in Section 2, for all the joints tested. The curves on figure
8.5 are lines of constant modulus, and represent the values of apparent moduli
used to evaluate the error matrix. This shows that joints having similar
adhesive stiffness, but manufactured from adhesives with different moduli,
and hence having different strengths, can be distinguished clearly using

ultrasonic spectroscopy.

In practice, a plot of specific stiffness against adhesive thickness could be
used to specify pass and fail limits in a non-destructive test. For example
joints which had adhesive thicknesses outside of a predetermined range,
regardless of their modulus, could be distinguished and rejected. Similarly,
joints with the correct specific stiffness but having a low modulus, perhaps

resulting from an incorrect cure cycle, could also be distinguished.

It is important to note that, since it is not possible to resoive echoes from
the top and bottom of the adhesive using commonly available ultrasonic
transducers, when the adhesive thickness is less than approximately 0.5 mm
(see Chapter 1), a similar result cannot be achieved using time domain baséd
techniques. In addition, when the impedance of the adhesive is low relative to
the adherends the echoes from the bottom of the adhesive become very small
and are difficult to monitor. Changes in the magnitude of echoes from the
bottom of the adhesive, due to variations in the cohesive properties, are then

easily masked by echoes from other parts of the joint.
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It can be readily shown however, that ultrasonic spectroscopy can be used to
increase the effective resolution of a typical ultrasonic probe. For example,
the maximum useable frequency of the higher frequency probe, used in the
experimental work described in Chapter 5 was found to be approximately 10
MHz. From eqn. (4.43) it can be shown that the minimum thickness of an
aluminium plate to have its first through thickness resonance at or below 10
MHz is approximately 0.3 mm. However, in the time domain it was found that
resolution of the separate echoes from an aluminium plate, using the same
probe, became difficult at approximately 1.5 mm (see figure 7.3).
Consequently, the minimum thickness of plate that can be distinguished is
approximately five times less when the frequency domain is used than when

the time domain is used.

Using conventional techniques, it is also difficult to distinguish porosity when
the adhesive is thin (<0.5mm) or its impedance is very low. Whilst initial
work has shown that it is difficult to quantify the extent of the porosity using
ultrasonic spectroscopy, it has been shown that changes in the apparent
damping can be used as an indication of its presence. For example, the
impedance of the Type C adhesive was low (=1.9x10°% Kg/s.m?) relative to that
of the adherends (=17.3x10% Kg/s.m?) and this prevented the joints from being
C-Scanned in the conventional manner, see Chapter 1. However, by obtaining
the spectrum of the echoes the adhesive modulus and thickness could be
determined and porosity could be identified using the apparent damping of the

resonances.

To test adhesive thicknesses below the minimum examined here (0.1 mm) the
frequencies of modes above 10 MHz need to be measured. This i necessary
because the modes in the range 1-10 MHz are practically independent of
adhesive thickness at bond line thicknesses less than 0.1 mm, and hence
cannot be used to determine the adhesive thickness. However, the modes above
10 MHz are more dependent on changes in adhesive thickness at thin bond Iineé,

and so can be used to determine the adhesive thickness.
5 Conclusions

It has been shown that the cohesive properties of a joint (i.e. the adhesive

modulus and thickness) can be independently determined using ultrasonic
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spectroscopy. This enables joints which have the same specific adhesive
stiffness yet have different adhesive moduli and hence strengths to be

distinguished.

Current work has shown that changes in adhesive thickness of approximately
10% and of adhesive modulus of approximately 20% can be detected separately
in joints having specific stiffnesses upto 8x10* GN/m3. However it is likely
that these limits could be reduced by using a more sophisticated error
function than that employed here (eqn. 8.1). Further work needs to be carried

out in this topic.

At present ultrasonic spectroscopy can be used to give a check on the cohesive
properties of the adhesive, a change in its modulus or thickness from the
"normal” values indicating a fault in the curing process. No attempt has been
made to correlate the changes of the spectra with the failure strengths of the
joint at this stage. It is therefore esssentially a check on the process control
rather than a direct prediction of joint strength. Nevertheléss, such a test is
valuable since there is at present no means of determining the cohesive

properties of a joint non-destructively.
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Adheslve Thickness (1,) / mm

0.30
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.40
0.41
0.42

Table

7.9

1
6.22E-02

5.01E-02
3.21E-02
2.95E-02
2.18E-02
1.49E-02
9.25E-03
S5.17E-03
2.2ZE-03

S5.635E-04

--1.15E-04-} 2.21E-03

7.29E-04

2.34E-03
1

8.1

Apparent Modulus (E',) / GN/m?

7.2 6.5

4.53E-02 2.99E-02

3.46E-02 2.09E-02
2.S3E-02 1.34E-02
1.76E-02 7.69E-03
1.13E-02 3.5SE-03
6.33E-03  1.08E-03

2.80E-03

8.06E~-04 55.215-04
:5 2.20E-03
36.105-04 4.94E-03
8. 63E-03
4.84E-03 | 1.29E-02

8.05E~-03 |1.80E-02
I |
} )
1 1
i 1

+9. 19E-0S-

5.7

i
1.64E-02

9.5S0E-03
4,.52E-03

1.46E-03

1. 73E-04-

4.90E-04
2.2ZE-03
S5.18E-03
9.11E-03
1.40E-02
1.96E-02
2.61E-02

3.34E-02

5.0

¢
S5.76E~-03

2.03E-03

4.90E-04
2.31E-03
S5.S54E-03
?.83E-03
1.52E-02
2.14E-02
2.85E-02
3.67E-02
4.57E-02

5.56E-02

Position of minimum

in error function (E)

Example of Calculated Error Matrix

Minimum
"Trough”

-2.77:-:—04;--//|

(apparent adhesive modulus of 7.2 GN/m? and
adhesive thickness of 0.38 mm)
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PART FOUR

CONCLUSIONS AND FURTHER WORK



CHAPTER 9
The Non-destructive Evaluation of Adhesion Strength

1 Intr ion

It has been shown (see Chapter 8) that the basis of a technique to
non-destructively evaluate the cohesive strength of a joint has been
developed. However, there is still no reliable non-destructive test for the
adhesion strength of a bond. Standard practice in the aerospace industry is to
exercise great care on the surface preparation of the adherends, or possibly to
test the adherend surface prior to bonding (Schliekelmann, 1972; Sutliff,
1978). Whilst this approach has been shown to produce satisfactory results it
is widely acknowledged (see, for example, Stone, 1985) that the use of
adhesive joints, in more critical areas of a structure, requires a

non-destructive test for adhesion strength which can be used after bonding.

It has been shown (Kinloch, 1983) that both surface contamination and the
incorrect surface pre-treatment of the adherends are likely to result in poor
resistance to environmental attack. Consequently, it is important that a test
for adhesion strength should detect both faults after manufacture. Once the
joint is in service it is then important to be able to monitor the progress of

any environmental degradation which weakens the adhesion layer.

The problems of developing a test for the adhesion strength of the joint are
severe since the strength is highly dependent on the properties of the very thin
layer (up to 5 um) between the bulk adhesive and adherends. Whilst no new
experimental results are presented here, the model used to examine changes in
the cohesive properties of the joint (see Chapter 6) has been modified so that
the suitability of methods for the detection of poor adhesion properties can be

assessed.
2 revi work on hesion

Previous attempts at developing a test for adhesion strength have

concentrated on measuring the stiffness of the adhesion zone and relating this
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to the failure strength. This was done on the grounds that a defective adhesion
layer e.g. resuiting from environmental degradation or surface contamination

will be more compliant than a correct adhesion [ayer.

in order to determine the influence of the stiffness of the adhesion layer on
the resonant frequencies and amplitudes of the joint, the model described in
Chapter 6 was adapted in a similar way to that used by Tattersall (1973) and
Lloyd and Wadhwani (1978). Figure 9.1 shows the new model, the adhesion
layer being modelled by a spring-damper element between the top adherend and

the adhesive. The damping factor for the adhesion layer, n,, was assumed to be

relatively light and to be equal to that of the adherend i.e. 0.001.

It is very difficult to determine a value of adhesion stiffness to use in the
model since it is almost impossible to measure it independently. However, the
stiffness of a sound adhesion layer can be estimated by assuming that it can

be modelled as a plain layer of finite thickness, t,, having a modulus, E,, and

an area, A, between the adherend and adhesive. The stiffness K, of such a

layer would be given as follows :-
Ky = AEM, (9.1)

The area A, over.which the deformation of the joint and the adhesion layer
occurs, has been assumed to be equal to that of the ultrasonic probe (Worlton,
1962). The modulus, E,, of a sound adhesion layer can be estimated as being at
least that of the surface oxide, which, if aluminium adherends are assumed, is
of the order of 100 GN/m2. The thickness of the adhesion Iayer will be
approximately equal to that of the oxide (or oxide and primer if a primer is
employed). However, the oxide thickness can vary over a large range (0.04 to 2
pm) and is dependent on the type of surface preparation used (Stone,1985;
Kinloch, 1983). Consequently, to establish a lower bound of the adhesibn

stiffness, it has been assumed that the thickness of the layer is no greater
than 2 um. Using these values in egn. (9.1) gives a value of adhesion layer

stiffness between 10'2 and 10'3 N/m.

Although it is assumed that a weak adhesion layer will have a lower stiffness,
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it is very difficult to determine a typical value of K, for a defective adhesion

zone. In practice it is likely that contamination or incorrect surface
preparation will cause only a marginal decrease in the stiffness of the
adhesion layer. However, environmental degradation, which causes hydration
of the oxide layer and the rupture of secondary bonds at the adhesive/adherend
interface (Kinloch, 1983), is likely to cause a greater reduction in the

adhesion stiffness.

The lower bound of the adhesion stiffness of a defective adhesion layer can be

estimated in a similar way to that used for the sound adhesion layer. In this

instance the modulus of the adhesion zone, E,, is assumed to be equal to that

of the adhesive i.e. of the order of 10 GN/m? and the thickness of the layer is
assumed to be no greater than 0.02 mm (20um). Using these values in egn (9.1)
and assuming the area (A) is the same as that previously used, produces an
estimate of the lower limit for the adhesion stiffness of a defective adhesion

zone equal to 5 x 10" N/m.

The predictions reported in Chapter 6 were made with the assumption that the
adhesion stiffness was infinite. Analysis of the model shown in figure 9.1
shows that reducing this stiffness to the value of its estimated lower bound
for a good adhesion zone (10'2 N/m) has a negligible effect on the resonant

frequencies of any mode below 10 MHz.

It can be shown that reducing the stiffness to 10" N/m causes small
reductions (up to 1%) in the resonant frequencies of some modes. However, no
significant change was seen in the first two modes. Therefore, it seems likely
that the results of Alers et al. (1977), who used changes in frequency of the
first mode to predict adhesion quality, were marred by inadequate correction

for bond line thickness variations.

The resonant frequencies of the higher modes are more sensitive to changes .in
adhesion stiffness; however the extent of the change in frequency depends on
the particular mode. Figure 9.2 shows how the resonant frequenicies of the
eighth and ninth modes varies as a function of adhesion stiffness. This shows
that the frequency of the ninth mode is practically independent of adhesion
stiffness over a very wide range (10' -10'® N/m), whereas the frequency of

the eighth mode is more sensitive to stiffness since it decreases by
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approximately 1% when the stiffness is reduced to 10'' N/m, and by
approximately 3% when the stiffness is reduced further to 5 x 10'® N/m.
However, even when the stiffness is at the lower limit of a defective adhesion
zone (5 x 10" N/m) the change in resonant frequency is small, and in practice

would easily be masked by changes in the cohesive properties.

The different dependence of the resonant frequencies of the two modes is
explained by examining their mode shapes. Figure 9.3 shows the predicted
modes shapes of the eighth and ninth modes of the joint assuming that the

adhesion stiffness is infinite. Figure 9.3a shows that the strain in the region
of the adhesion zone in the eighth mode, given by du,/ox,is considerably

greater than that in the ninth mode (see figure 9.3b); in this instance the
strain across the adhesion zone in the ninth mode is negligble. Consequently,
the eighth mode is more sensitive to changes in stiffness of the adesion layer

than the ninth mode.

The resonant amplitudes, see Chapter 6, show a more pronounced dependence
on adhesion stiffness than the resonant frequencies. As the adhesion stiffness
changes from 10'" N/m to 10'® N/m, the predicted amplitudes of particular
modes change by up to approximately 8%. However, there is no obvious pattern
to the changes in amplitude, both increases and decreases being predicted.
Consequently, in a practical test such changes in amplitude could easily be
mistaken for changes in cohesive properties or porosity (see Chapter 8) of the

adhesive.

2.1 Environmental Degradation

So far only the effect of changes in the stiffness of the adhesion layer on the
frequency response of the joint has been considered. As mentioned earlier, an
important mechanism in the degradation of the adhesion strength of a joint; is
the hydration of the oxide layer. In addition to reducing the modulus of the
oxide layer, water also reduces the adhesive modulus, an effect commonly
called plasticisation (Kinloch, 1983). In joints with metallic adherends this
initiafly occurs along the adhesion layer owing to the high surface free
energies of metals {Kinloch, 1983), and resulis in a zone of adhesive with a

reduced modulus along both interfaces of the adhesive with the adherends.
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Since the thickness of such a zone of reduced adhesive modulus is likely to be
considerably greater than that of the adhesion layer, the overall change in
joint stiffness when the adhesive is exposed to moisture will also be greater
than that due to the adhesion layer alone. Indeed, after prolonged exposure to
moisture it is likely that the whole of the adhesive layer will have a reduced

modulus (Comyn, 1983).

As the size of the zone of reduced adhesive modulus increases it can be
modelled as a change in the cohesive properties of the adhesive, in a similar
way to that described in Chapters 6, 7 and 8 for bulk changes in adhesive
modulus and thickness. Consequently, it is possible that the reduced adhesion
strength of a joint due to hydro-thermal degradation or exposure to moisture
could be identified more easily as a result of the changes in the cohesive
properties of the joint rather than the adhesion properties. However, such a
test would only be suitable for use in-service since there would be no
significant change in joint stiffness due to moisture immediately after

manufacture.

Lloyd and Wadhawani (1978) showed that joints which had been
hydro-thermally degraded and failed in the adhesion layer could be identified
if the spectra of different groups of echoes were compared. This was achieved
by editing the time domain into small groups of echoes and calculating the
spectrum of each individual group. The amplitude of the spectra at particular

frequencies was then used to distinguish joints with with poor adhesion.

The change in spectra appears to be due to variations in the reflection and
transmission coefficients at the adhesive/adherend interface which occur
when the joint is subjected to environmental degradation. However, in practice
such a technique is only likely to be suitable for joints with very thick
adherends and adhesives since otherwise it is very difficult to edit the

individual echoes (see Chapters 1 and 7 ).

3 Areas for Future Work on Adhesion

Although it appears that changes in adhesive stiffness, resulting from
contamination or the incorrect surface pretreatment of the adherends, are

unlikely to be large enough to affect the modes below 10 MHz, intial work by
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other authors suggests that the modes at higher frequencies are more
sensitive. For example Nestleroth ef al. (1985) suggest that the response of
the joint between 25-30 MHz can be used to detect more subtle changes in
adhesion stiffness. Consequently, this is an area that needs to be investigated

further.

Further work is also required for the development of a more detailed model of
the adhesion layer. For example, it has been shown that surface contamination
permits local slipping, parallel to the plane of the interface, between the
adhesive and adherend. This results in a change of the reflection and
transmission coefficients (see Chapter 4) for the adhesive/adherend interface
(Kuhn and Lutsch, 1961; Graff, 1975). The different reflection and
transmission coefficients would then be detected (Rohklin and Marom, 1986)

gither from the time domain or, more probably, from the frequency domain.

Pilarski (1985) has also shown that the use of interface (Stonely) waves, (see,
for example, Graff, 1975), can be used to detect a contaminant between two
solids in contact. However, further work needs to be done to determine their
sensitivity to contamination in joints, and to find methods for exciting and

receiving them in practice.

At present there are no non-destructive methods for evaluating the adhesion
strength of a joint. The problem is currently overcome by careful control of
the surface preparation procedures and possible also by testing the surface of

the adherends prior to bonding.

It is possible that the reduction in adhesion strength resulting from
hydro-thermal degradation or the ingress of moisture can be detected more
easily by the associated reduction in the modulus of the adhesive. Howevér,
other work would be required to determine the extent of the change in the

modulus of the adhesive and to evaluate the resulting changes in the spectrum.

The detection of surface contamination or incorrect pre-treatment of the
adherend surface after bonding is likely to require considerable research

effort, though a number of promising areas have been identified. These involve
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examining the sensitivity of the through thickness modes of the joint to small
changes in adhesive stiffness at frequencies between 25-30 MHz. Also, further
work is required to examine the effects of small changes in the reflection and
transmission coefficients for the adherend/adhesive interface, and to
investigate the use of interface waves for detecting changes in the adhesion

layer.
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CHAPTER 10

Conclusions

Three main types of defect that are commonly found in adhesive joints have
been identified. The first type is complete voids, porosity and disboﬁds in the
adhesive layer. The second type of defect is poor cohesive strength i.e. a weak
adhesive layer whilst the final type is low adhesion strength, or a weak bond

between the adhesive and the adherends.

A full review of currently available non-destructive testing techniques has
shown that there are many methods available for locating voids and disbonds.
However, it is important to determine the minimum size of defect to be
detected since it is likely to be more difficult and expensive to find small
defects, such as adhesive porosity, than it is to find gross voiding of the
adhesive. Also, difficulties can be encountered in practice when the adhesive

is very thin (<0.1-0.2 mm), or when it changes in thickness across a joint.

The detection of poor cohesive strength is much more difficult than the
detection of voids and disbonds in the adhesive. The cohesive strength of an
adhesive joint is dependent on many variables such as the adhesive thickness
and its modulus and toughness. For example, the modulus of a particular
adhesive is typically dependent on the cure cycle and on the correct mixing of
hardener and resin yet it can correlate strongly with the cohesive strength of
the joint (Alers et al, 1977). The dependence of joint strength on adhesive
thickness is less clear; however, very thin or thick bondlines can both cause a
reduction in strength (Ciba-Geigy, 1982). Consequently, joints which have the
same specific adhesive stiffness but different adhesive moduli and

thicknesses are likely not to have the same strength.

The review has shown that there is only one commercially available
instrument, the Fokker Bond Tester Mk I, that attempts to measure the
cohesive strength of a joint. However, an investigation into the sensitivity of
the instrument has shown that it is not able to detect typical changes in
adhesive modulus and thickness, and hence cohesive strength, unless the

specific stiffness, defined as the ratio of apparent adhesive modulus to its
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thickness, is less than 1-2 x 10* GN/m3. It has also been shown that even
when the instrument is used on joints of very low specific stiffness, it is only
sensitive to the ratio of adhesive modulus to thickness, not modulus and
thickness spearately. Consequently it is unlikely to give an adequate
prediction of cohesive strength. In practice most joints commonly used in
engineering primary structure which are made from the higher modulus epoxy
adhesives will have specific stiffnesses of 2-3 x 10* GN/m3 or greater.
Consequently there is the need for the development of alternative techniques

to give a non-destructive prediction the cohesive strength of a joint.

The review identified ultrasonic spectroscopy as a promising technique for
the non-destructive evaluation of the cohesive properties of a joint. This
technique uses the same basic principle as the Fokker Bond Tester, in that it
measures the through thickness resonant frequencies and amplitudes of
resonant response of the joint, but it is able to monitor many more modes than

the Fokker Bond Tester.

A thorough investigation of ultrasonic spectroscopy has shown that although
the first mode of the joint is only sensitive to the ratio of adhesive modulus
to thickness i.e. specific stiffness, the higher modes are dependent on the
modulus and thickness separately. It has been demonstrated that
measurements of the resonant frequencies of a number (eight in the results
presented here) of modes of the joint (except the first) can be used to
determine the adhesive modulus and thickness separately. Consequently, it is
possible to distinguish joints which have a satisfactory specific stiffness but
have a low adhesive modulus, perhaps resulting from an incorrect cure cycle,

from those which are correctly cured.

The work reported here has shown that changes in adhesive ‘thickness -of
approximately 10%, and of adhesive modulus of approximately 20%, can be
detected separately in joints with specific stiffness of up to 8 x 10% GN/m3.
This sensitivity could be increased by measuring the frequencies of more
modes of the joint and by refining the calculation procedure. At present,
therefore, ultrasonic spectroscopy can be used to give a check on the cohesive
properties of the adhesive, a change in its modulus or thickness from the

"normal” value indicating a fault in the production process.
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It is theoretically possible to obtain similar results to those obtained here
using the frequency domain by employing measurements in the time domain.
However, changes in the time domain can be very subtle, and to date it has not
been possible to distinguish changes in adhesive thickness from those in
modulus. One of the main reasons for this is that typical adhesive thicknesses
(0.05-0.2 mm) are beyond the resolution of most commercially available
ultrasonic probes. This means that the changes in magnitude of the echoes
from the top and bottom interface of the adhesive, that could be used to
determine its cohesive properties, are masked by the echoes from other parts

of the joint which overiap those from the interfaces.

It has also been shown that ultrasonic spectroscopy can be useful for
determining the presence of defects such as disbonds, voids and porosity when
their detection is difficult using time domain methods i.e. when the adhesive
is thin (less than approximately 0.2 mm). Similarly, when the impedance of
the adhesive is low, and either the echoes from the bottom of the adhesive are
small, or there is a negligible change in the amplitude of echoes in the time
domain between a voided and a sound joint, ultrasonic spectroscopy can be

used to detect the defect.
At present there are no techniques available to detect poor adhesion strength

non-destructively, however, a number of promising areas have been identified

which merit further research.
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APPENDIX

Details of Adhesives and Modulus Determination

1 Description of the Adhesiv

In order achieve a range of adhesive modulus it was decided to add an ATBN
rubber (HYCAR 1300X16 manufactured by BF Goodrich Chemical UK) in different
proportions to typical epoxy resins. Three different adhesive mixes, refered to
here as adhesive Types A, B and C, were used to represent the range of

adhesive modulus likely to be encountered in practice.

The Type A adhesive was a typical epoxy resin, MY750 (manufactured by
Ciba-Geigy), with no added rubber. This represented an adhesive with the
highest modulus likely to be used in practice, the Young's Modulus being
approximately 5 GN/m2. The Type B adhesive comprised the same epoxy resin,
MY750, mixed with a small proportion of the rubber (13% by mass). This was
used to represent an adhesive having a 10% reduction in modulus compared to
Type A. It had a moderately high modulus but was typical of the modulus that
might be expected if a high modulus adhesive had been slightly mis-cured. The
Type C adhesive was made by mixing a large proportion of rubber (62% by
mass) with a different epoxy resin, GY292 (Ciba-Geigy), which had a lower
modulus than MY750. This then represented either a rubbery, gap filling
adhesive, or an adhesive having the modulus that might be expected if an epoxy

adhesive had been very poorly cured.

In each instance a hardener, HY932 (Ciba-Geigy), was added to the base resin,
or mixture of resin and rubber. Although other hardeners could be used, it was
found that HY932 gave the most satisfactory working viscosity, usable life
and cure cycle for the adhesives. The proportion of hardener used was 30%, by
mass, of the base resin. The adhesive mixes were then thoroughly degassed ‘;in

a vacuum chamber before being cured at 120°C for 3 hours.

2 M rement of Adhesive M I
2.1 Basic Method

It was decided to determine the modulus of the adhesive by measuring the

longitudinal wave velocity in the bulk specimen. This was done, using a pulse
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from an ultrasonic probe, so that the stress state in the bulk specimen was
similar to that in the adhesive of the joint during its through thickness

vibration. The modulus (E', ) can then be calculated from the longitudinal wave

velocity, Cy, and the density of the adhesive, Pos és follows :-

E, =C,2p, (A1)
However, in this instance eqn. (A.1) gives an effective or apparent modulus
rather than a true Young's Modulus of the adhesive. This occurs because the
wavelength in the adhesive (=2 mm at 1MHz) is less than the dimensions of the
bulk specimen perpendicular to the path of the incident wave (Kolsky, 1963).
Therefore, the deformation of the adhesive is likely to be confined to a small
area compared to the area of the bulk specimen. Consequently, there will be a
constraining effect from the surrounding undeformed material and the modulus

will appear higher than the true Young's modulus.

The Young's (E) and apparent (E') moduli are related via the Poisson's ratio (v)

as follows (Koisky, 1963) :-
E = E(@1-v)/[(1-2v)(v+1)] (A.2)

For example, the Young's modulus and Poisson's Ratio of aluminium are 68.9
GN/m? and 0.355 respectively; therefore using eqn. (A.2), the apparent modulus
can be calculated as 113 GN/m2. This is in good agreement with the value of
apparent modulus of 111 GN/m? which was calculated, using eqn. (A.1), from
wave velocity (6400 m/s), measured on a bulk specimen, and the density (2720
kg/m3).

The apparent modulus can also differ from the true Young's modulus because
the apparent modulus is measured dynamically rather than statical'ly.
Consequently, viscoelastic materials, such as many polymers and adhesives,

appear to become more rigid as the measurement frequency increases.

2.2 Measurement of the Wave Velocity in the Adhesive

The wave velocity in the adhesive was measured from bulk specimens
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(approximately 3 x 30 x 100 mm) of the adhesive which were manufactured at

the same time as the joints. The longitudinal velocity in the adhesive, c,, can

be conveniently determined from the through thickness resonant frequencies

Ly Occur when the thickness, 12, is

of the bulk specimen. These frequencies, F
equal to an integer number of half wavelengths (see egn. (1.6)). By rearranging
eqn. (1.8) it can readily be shown that the product of resonant frequency and
thickness is a simple linear function of the mode number, n, i.e. :-

F

, = n.c,/2 (A.3)

Ln -
Consequently, by plotting the mode number against the product of measured
frequency and thickness the longitudinal velocity, over a considerable

frequency range, can be determined from the gradient of the graph.

Figure A.1 shows a typical example of a spectrum between 0-6 MHz from a
bulk specimen of adhesive Type A, obtained using the technique described in
Chapter 5. Figure A.2 shows the product of resonant frequency, obtained from
figure A.1, and thickness plotted as a function of mode number. This shows
that the points lie very close to the line representing a longitudinal velocity
of 2610 m/s. Since the experimental points do not significantly deviate from
the line as the frequency is increased, it can be assumed that the longitudinal
velocity is practically independent of frequency in the range of measurement
of 0.5-5 MHz.

Figure A.2 also shows the results for the Type B and C adhesives, the
longitudinal velocities corresponding to 2520 m/s and 1850 m/s.respectively.
Whilst the longitudinal velocity for the Type B adhesive appears to be
independent of frequency, the results for the Type C adhesive show some
deviation from the line representing a longitudinal velocity of 1850 m/s. This
apparent increase in longitudinal velocity with frequency (approximately 3%
over the frequency range 300 kHz to 3 MHz) is probably due to the viscoelastic

nature of the Type C adhesive.

The accuracy of the measured longitudinal velocity is controlled by the
measurement errors in the resonant frequency and the thickness. The error in
the resonant frequency, provided the damping is not too great and it becomes
difficult to determine the position of the minimum, is equal to the spacing
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between spectral lines in the spectrum (2.5 kHz in this instance).
Consequently, the percentage error in the measured resonant frequency is less
than 0.3%.

The thickness of the bulk specimen (approximately 3 mm) was determined to
an accuracy of greater than 0.02 mm, thus giving an error of approximately
0.7%. However, the thickness of the specimens was found to be non-uniform,
there being a taper of up to 0.1 mm in 60 mm. Consequently, since it was
difficult ensure that the spectrum was obtained at exactly the same point at
which the measurement was taken, further errors of up to 0.3% could be
introduced. Therefore, the maximum error in longitudinal velocity was 1.3%.
The density of the adhesive was determined from the mass and volume of the
bulk specimen after having machined its edges to obtain a regular shape. The
errors in the measured mass and volume of the bulk specimen were
approximately 0.2% and 0.8% respectively; the overall error in the density was

therefore approximately 1%.

The apparent modulus of the adhesive could therefore be determined, using eqn.
(A.1), to an .accuracy of approximately 3-4% from the measured adhesive
properties. The measured adhesive properties and the apparent moduli,
determined using the above method, for all three adhesive types are shown in
table A.1. The variation of the adhesive properties between different batches
of the same adhesive type were found to be within the experimental

measurement error.

3 Determination of Adhesive M 1 Low_ Fr ncies

Table A.1 also shows the adhesive modulus (E measured using the resonant

res)
bar technique at frequencies of approximately 5 kHz (Adams and Coppendale,
1976) on 3 mm thick sections of adhesive cut from the bulk specimens. Adams

and Coppendale showed that provided the adhesive thickness used was great‘er

than approximately 1 mm, the measured modulus (E approached the true

res)
Young's modulus for the adhesive. If, however the modulus was frequency
dependent over the frequency range 0-5 kHz the measured modulus would not

be the same as the static modulus.

For adhesive Types A and B the ratio between the apparent (measured between
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500 kHz and 5 MHz) and resonant bar modulus {measured at around 5 kHz) is
approximately 1.5, which corresponds to a typical Poisson's ratio for such
adhesives of approximately 0.34 (Adams et al., 1978), see eqn. (A.2). Therefore
the modulus of the Type A and B adhesives appears to be effectively

independent of frequency over a wide frequency range {from 5 kHz to 5 MHz).

The modulus of the Type C adhesive is more dependent on frequency there being
a significant increase in the ratio of the apparent to the resonant bar modulus,
to approximately 5, compared to the Type A and B adhesives. This indicates
that there is a large increase in the stiffness of the adhesive as the frequency
rises from 5 kHz to 300 kHz. This frequency dependent behaviour results from
the large proportion of rubber {62% by mass) used in this adhesive. Figure A.2
shows that while there is a small (approximately 3%) increase in longitudinal
velocity between 300 kHz and 3 MHz the frequency dependent behaviour of the
adhesive is less pronounced than at lower frequencies and therefore it is not

significant in the spectroscopy predictions.
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