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The types of defect encountered in adhesive joints and the non-destructive testing
techniques available to detect them are reviewed. Three types of defect: complete
voids or dis-bonds, poor cohesive strength of the adhesive layer and poor adhesion
between the adhesive layer and adherend are commonly present. It is shown that a
variety of techniques is available for dis-bond and void detection, ultrasonics and
sonic vibration being the most commonly used. The detection of poor cohesive and
adhesive properties, however, is much more difficult than void and dis-bond
detection and is the subject of current research. At present there is only one
commercially available instrument which claims to predict cohesive strength. There is
no reliable non-destructive test to detect poor adhesion.

KEY WORDS Adhesively bonded structures; bond defects; dis-bonds; flaw detec-
tion; non-destructive testing (NDT); voids; adhesion; cohesion.

INTRODUCTION

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. It is
attractive because it distributes stress over the entire bond area and
thus avoids the stress concentrations which can occur with mechani-
cal fasteners. Also, the high temperatures of welding and brazing
are avoided and improved appearance, together with reduced
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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-destructive testing proce-
dures: without such procedures, the reliability of a structure cannot
be guaranteed. Such testing will usually be performed after manu-
facture 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. This is very difficult to achieve, partly because a direct
measurement of strength cannot be non-destructive, so it is neces-
sary to correlate strength with other properties such as bond area,
stiffness, damping, etc. Also, the stress distribution in a typical
adhesive joint is far from uniform (see, for example, Adams and
Peppiatt’) so the strength is muck more sensitive to the integrity of
some areas of the joint than to others. Measurement of bond area,
stiffness, and so on do not necessarily give good correlations with
strength. Changes in these properties do, however, give an indica-
tion that a joint may be defective.

There are three main types of defect which occur in practice;
these are:

i) Complete voids, dis-bonds 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. 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.

Dis-bonds, or zero volume unbonds (areas where no void exists
but also no adhesion is present), can occur during manufacture due
to the presence of a contaminant, such as grease, on an adherend.
The surfaces of a dis-bond are generally in close proximity, or are
touching, but are incapable of transterring load from the adherend
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to the adhesive. Dis-bonds also occur as a result of impact or
environmental degradation after manufacture. Environmental de-
gradation 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.”

No reliable non-destructive test for the adhesion strength of a
bond has been developed. Standard practice in the aerospace
industry is to test the adherend surface prior to bonding>* on the
grounds that failures due to poor adhesion are always a result of
inadequate surface preparation. Great care must therefore be taken
to ensure that surface contamination does not occur between the
time of this test and the bonding operation.

Provided 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 is more predict-
able than adhesion strength and hence can be used in design
calculations. Variations in the physical properties, such as modulus
and density, of a particular adhesive are primarily due to changes in
the cure cycle. If, for example, the cure temperature is too low then
insufficient cross-linking of the polymer takes place and an adhesive
of incorrect modulus results. However, the non-destructive measu-
rement of cohesive properties is much less reliable than the
detection of dis-bonds 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.

TIME DOMAIN ULTRASONICS

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 for
bonded joints and composites. The method is commonly used for
the detection of dis-bonds, bond line voids and porosity in adhesive
joints.>*” Time domain methods are also being investigated as a
method of predicting the cohesive properties of the adhesive.® This
is discussed below.
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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 trans-
mitted pulses are dependent on the reflection coefficient of the
interface, which may be calculated from

Ru=(Z-Z)(Zi+ Z) (1)
Also
I,=1+Ry (2)
where
R,; = Reflection coefficient
Ty, = Transmission coefficient
Z = cp = Acoustic impedance
where

¢ = Velocity of sound in medium

p = Denisty of medium

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. At a boundary between either an
adherend or the adhesive and a defect, the reflection coefficient
therefore approaches unity. An incident pulse at the defect is then
practically totally reflected leaving negligible energy to be trans-
mitted through the defect. Measurement of the reflected or trans-
mitted 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 coupling agent between the transducer and test piece.
This is often achieved by immersing the test piece and transducer in
a water bath. The ultrasound 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
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technique is often impractical for large components and buoyant
honeycombs. The contact technique is slow when large areas need
to be examined, and can be sensitive to contact pressure.’ 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.

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 coupling agent, 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

WATER SUPPLY

INPUT/ OUTPUT TO
TRANSMITTER AND

RECEIVER
[ | ULTRASONIC
/ TRANSDUCER
/
/1
"

ANNULAR GAP FOR  —mmeef

WATER 2
A

WATER JET

ADHESIVE JOINT

FIGURE 1 Typical water jet ultrasonic probe.
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FIGURE 2 Typical A-Scan from a carbon fibre composite lap joint (from Clarke et
al.”).

joints with an unknown history are examined, the results need to be
interpreted with care.

Several methods of displaying the ultrasonic refiections 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 reflections as
a function of time (or distance, if a value for the velocity of sound in
the medium is known), as shown in Figure 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 present.

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
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

Front Face Echo

Bond Echoes

Back Face Echo

Sound Bond  Porous Bond

FIS}URE 3 Typical B-Scan from a carbon fibre composite lap joint (from Clarke et
al.”).
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Sound Bond | Porous Bond

FIS}URE 4 Typical C-Scan from a carbon fibre composite lap joint (from Clarke et
al.”).

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

If the amplitude of a particular echo is monitored at each point
on the surface of the work, a C-Scan can be produced. Measure-
ments 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 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.

Ultrasonic transducer and equipment requirements

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. The pulse length obtained from a given transducer
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FIGURE 5 Transducer output voltage—Reflection off a flat surface separated from
a 10 MHz transducer by approximately 25 mm of water. (a) 450V excitation pulse
and 2.25MHz “narrow band” reciever (b) 200V excitation pulse and 10.0 MHz
“narrow band receiver”.

is dependent on the excitation pulse and on the characteristics of
the receiving amplifier. Figure 5 shows two ultrasonic pulses from
the same transducer used with different excitation pulses and
receiver ranges.

Transducers are often characterised by their frequency response.
The frequency response (or spectrum) gives an indication of the
energy available at particular frequencies when the transducer is
used under certain conditions. The frequency at which the maxi-
mum energy occurs for a particular transducer and test set is often
quoted and is typically in the range 1-25MHz. It should be
emphasised, however, that the pulse length produced by a transdu-
cer, 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 there-
fore 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 6. The resolution of indivicual
echoes is important if the depths of defects in a multilayered
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FIGURE 6 Resolution of ultrasonic pulses, from a 10.0 MHz probe, with varying
separation (a) reflections 1.0 us apart, from a 3.2 mm aluminium plate in water, (b)
reflections 0.46 us apart, from a 1.5 mm aluminium plate in water.

structure or the position of a defect within a thick bond line is
required. Clarke, er al.,” showed that it is possible to distinguish
between dis-bonds 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
dis-bonds, whose position in the bond line is unimportant, are to be
detected. The more commonly used transducers, giving pulse
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lengths of approximately 0.5 us, are adequate for detecting clis-
bonds in bond lines thicker than 0.2 mm. Although the front and
back bond line echoes are typically only 0.16 us apart, the dis-bond
causes multiple echoes or ringing of the ultrasonic signal.> The
multiple echoes are caused by repeated reflections from the
dis-bond within the top adherend. These echoes can readily be
distinguished from the rapidly decaying echoes produced by a sound
joint; see Figure 7. It is also possible to use echoes from features

@

e
—1 Reflections from top adherend / disbond
§ interface e
1; Transdycer €
o~
- £ l > l
- 7\
g - ? N — ﬁf
3 X
Adherends Disbond
\ .
Top surface reflection Adhesive
0 i ) 3 i S Time/uS
(b Reflections from top adherend

adhesive interface

w1
)
2
EL Reflections from boftom
= adhesive /adherend interface
n
c
K=y
w
\ -
Top surface reflection
0 1 2 3 A 5 Time/us

FIGURE 7 A-Scans of (a) disbonded and (b) sound adhesive joints showing
transducer output voltage against time.
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below the bond line for dis-bond location, since they will disappear
in the presence of a dis-bond. However, in practice, it is difficult to
distinguish such echoes from those produced within the top ad-
herend, unless very short pulses are used. A number of transducer
configurations are used with ultrasonic time domain analysis, the
commonly used one being described below.

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 8. Alignment of one transducer above
the other is important and can present difficulties when large
components are tested. Alignment of the transducer axis perpen-
dicular 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 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 of
honeycomb structures. Using a pulse-echo technique (see below),
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.” The
techniques can also be used with hand-held transducers for rapid
production line inspection. The transducers are held against the

TRANSMITTING

PROBE
GEL

PATH OF UPL

uLTRASOUND L |/COUPEANT 7

~ I ; ! TRANSMITTER AND

JOINT GEL RECEIVER
COUPLANT

RECEIVING PROBE

FIGURE 8 Configuration of transducers for the ultrasonic through-transmission
technique. (Immersion or water jet coupling can also be used)
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ULTRASONIC
TRANSDUCER
GEL COUPLANT TRANSMITTER AND
RECEIVER
{ [
JOINT T [} 1

FIGURE 9 Configuration of transducers for the ultrasonic pulse-echo technique.
(Immersion or water jet coupling can also be used)

specimen and are manually adjusted to give a signal of maximum
amplitude. The amplitude of the signal is diminished in the presence
of a defect.

Pulse-echo

The pulse-echo technique generally uses a single transducer capable
of sending and receiving a pulse of ultrasound; see Figure 9. The
delay between pulses and the geometry of the transducer ensure
that reverberations from the transmitting crystal have died away
before the echoes are received. Provided the pulses are short
enough 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. Echoes from features behind
the defect will also be reduced or disappear. This technique can use

TRANSMITTING AND
RECEIVING PROBE

PATH OF WATER /

ULTRASOUND COUPLANT  TRANSMITTER AND
— — RECEIVER

JOINT/[ —!

WATER COUPLANT
V7777777777777 777 Qb LecToR pLATE

FIGURE 10 Configuration of transducers for the ultrasonic reflection technique.
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Groups of Echoes from the
Bonded Joint

Acoustic Length of Water Path
Between Joint and Reflector

Reflection Amplitude

Time
FIGURE 11 A-Scan from a sound joint using the reflection technique.

all types of coupling and forms the basis of most currently available
ultrasonic test-sets. A minor variation is obtained by using a
reflector plate beneath the structure; see Figure 10. 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
would consist of groups of echoes from the structure separated by
the time taken for the ultrasound to traverse the water path
between the structure and reflector plate; see Figure 11. 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 dis-bond; see Figure 12. The
reflection technique can only be used with immersion coupling

Slowly Decaying Echoes from
Disbonded Joint

/

B

Time

Reflection Amplitude

FIGURE 12 A-Scan from a dis-bond using the reflection technique.
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owing to the need for a coupling agent between the reflector plate
and rear face of the structure.

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

Ultrasonic echo ratio

The methods described above are aimed at detecting defects with a
high reflection coefficient, i.e., dis-bonds and porosity. However, by
measuring the relative amplitude of particular echoes it has been
suggested®' that the modulus and loss factor of the materials on
either side of the interface can be found. Resolution of the
individual echoes from the bond is essential, so very short puises
need to be used." The resulting echo pattern is complex, the
magnitude of individual echoes being dependent on the adhesive
and adherend thickness in addition to the individual reflection
coefficients.'* Consequently it is very difficult to evaluate reflection
coefficients and adhesive properties. As yet the correlation betwzen
predicted and measured adhesive properties has not been reliabie.

ULTRASONIC IMPEDANCE AND SPECTROSCOPY

Principle of operation

Measurement of the through-thickness vibration characteristics of a
bonded structure can be used to detect defects. Instruments
working on this principle use transducers which operate in the
frequency range 0.1-10MHz. The transducers 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. Membrane resonance involves
flexure of the layer above a dis-bond, the strain in the direciion
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 is equal to an
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integer multiple of half wavelengths so,

t=niAl2 3)
or
t=cn/2f, 4)
where t = Thickness, A = Acoustic wavelength
n=1,2,..., ¢ = Velocity of sound in medium

f. = Resonant frequency of nth mode

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 type of ultrasonic thickness gauge
used this principle’’ and was the forerunner 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 excitation frequencies, in
which resonant frequency and amplitude changes are detected.

Single frequency instruments

Bond testers which operate at a single frequency are limited to the
detection of dis-bonds or gross voiding in an adhesive joint, and are
essentially ultrasonic impedance measuring instruments. The instru-
ment measures the response of the system comprising the transdu-
cer 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)'* or response and the phase between excitation and
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response (such as the Bondascope 2100 also manufactured by NDT
Instruments).”” 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.'® The response then
decreases as the probe moves from a good to a dis-bonded area. If
the instrument operates above the first through-thickness resonance
of the good structure, for example at the through-thickness re-
sonance of a dis-bond, it can become difficult to distinguish between
dis-bonds at different depths in a multilayer structure. More
importantly, distinguishing dis-bonds and undamaged structure can
also become difficult.

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 above. 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., 1-20 MHz. Difficulties, however, have been experienced in
correlating the complex spectra obtained with cohesive properties,
but current research is aimed at overcoming these.

Fokker Bond Tester Type Il

The widely used Fokker Bond Tester, Type II'** also uses a
spectroscopic approach. It monitors frequency and amplitude
changes in the first two modes of through-thicknesses vibration of a
system comprising a transducer coupled to the joint. These para-
meters are dependent on bhoth adherend and bond line thickness
and the material properties, such as the adhesive and adherend
moduli and damping (loss-factor). The range of frequencies over
which the instrument operates depends on the transducer, but it is
typically between 0.3 and 1.0 MHz. The bond tester is set-up by
tuning to a resonance over a single adherend; the response of a
single adherend is similar to that of a disbond. When the probe is
then positioned over a good bond, the resonant frequencies of all
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FIGURE 13 Example of a correlation curve, between resonant frequency changes
and failure stress, for a Fokker Bond Tester MK Il. A “right shift” is a decrease in
frequency and a “left shift” is an increase in frequency (after Schliekelmann®),

the modes decrease. The instrument uses the frequency of the first
mode of through-thickness vibration over a single adherend as a
reference. It measures the difference between this frequency and
that of the first two modes for the joint under test in addition to the
amplitude of response. These differences in frequency can then be
used in conjunction with a correlation curve to predict cohesive
strength.

The instrument can be used reliably to locate dis-bonds and large
voids, where the frequency shifts between a good bond and a defect
are quite large. It can also be used to find the depth of dis-bonds in
multi-layered structures by comparing the measured frequency
shifts with those of a bond containing known defects. However, it is
more difficult to predict cohesive properties and strengths?? since
the frequency shifts resulting from a change in cohesive properties
or bond line thickness are much smaller and of a similar magnitude
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to each other. Hence an apparent change in modulus could be
caused by a change in bond line thickness.

SONIC VIBRATION

Scope of the techniques

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 (up to 25 MHz). Sonic vibration techniques
will generally only detect dis-bonds 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 coupling agent
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.

Coin tap test

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.?® Until recently, however, the technique
has remained largely subjective and there has been considerable
uncertainty about the physical principles behind it. The scund
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.
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Therefore, if the same impulse is applied to a good area and to an
adjacent defective 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. Typical force-time
histories from taps on sound and dis-bonded areas of an adhesively
bonded structure are shown in Figure 14. 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.
The differences between the force pulses are more readily quan-
tified 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 14 are

tension

force 2 4 6 8 10 12 u
[linear scale) \/ time (m sec)
compression

a) Defective area

tension

force 2 4 6 8 10 12

(linear scale) \/ time (m sac)

compression

b) Sound area

FIGURE 14 Force time records for imzpacts on dis-bonded and sound areas of an
adhesive joint (from Adams and Cawley™),
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FIGURE 15 Spectra of the time records shown in Figure 14 (from Adams and
Cawley™).

shown in Figure 15. 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 impact 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 known 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.”* 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.

A similar device, the Acoustic Spectral Flaw Detector,” uses the
measurement of vibration response rather than input force. The
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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. >

Mechanical impedance

The impedance method has been used for many years in the Soviet
Union.”® 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

Z=Flv 5)

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

Commercially available instruments generally take measurements
at a single pre-set frequency, typically between 1 and 10kHz. As

MECHANICAL
IMPEDANCE
(dB) 100 I
GOQQ0 JOINT
80
20
60 mm QISBOND
40
4O0mm DISBOND
20 1 ]
0 IA 8
FREQUENCY/KH:

FIGURE 16 Mechanical impedance against frequency for a thick beam with an
adhesively bonded skin 3.3 mm thick (from Cawley®’).
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the probe is moved from a good to a defective area, the impedance
decreases. Figure 16 shows the impedance as a function of
frequency for dis-bonds under a 3.3mm 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.”’

Instead of using a coupling agent, a dry point contact is used
between the transducer and structure. This contact has a finite

200
defect
diameter
{mm}
50 CFRP
‘w -
Aluminium
S0t
0

2 & 6
defect depth (mm)

FIGURE 17 Minimum detectable defect diameter against depth in aluminium and
carbon fibre composite assuming a 3 dB reliability in impedance measurements (from
Cawley®’).
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stiffness®® which must be kept as high as possible, otherwise the
sensitivity of the technique will be reduced.

Figure 17 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 3 dB 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.

Membrane resonance

A planar dis-bond 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 of such a disc is given by:

0.47h E 0.5
fo=—m" — 2

a p(1—v%)
where h = defect depth; a = defect radius

E = Young’s modulus; p = density
v = Poisson’s ratio

(6)

In practice, this frequency would represent an upper limit, since the
actual edge conditions fall somewhere between fixed and simply
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supported. The typical maximum operating frequency of instru-
ments 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 Fokker Bond Tester Type I, (the more commonly used Mk I1
or Type II, model 70 operates at a much higher frequency and on a
different principle, see a previous section), uses white noise
excitation in the range 0.5-10kHz*. A transmitting and receiving
transducer are housed in the same probe which requires no coupling
agent. 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® and was developed by Boeing
from the Eddy Sonic Test System.? The excitation is via induced
eddy-currents which require no coupling agent. 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.®® 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.* 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.

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 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
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Adams® 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. Russell and Henneke® located
dis-bonds in composites by exciting them at their membrane
resonances. At frequencies of up to 26 kHz, the dis-bonds 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® 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 temperature of typically 0.1°C which
probably limits them to the detection of dis-bonds 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® enables the very small discontinuities in surface
displacement, which occur at a defect when a component is
stressed, to be measured. Although rapid inspection is possible, the
technique is still under development and equipment costs are high.

PASSIVE THERMOGRAPHY

Passive thermography uses the same techniques as vibrothermo-
graphy 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 dis-bonds
and voids in bonded panels. Heating transients can be induced by
heating the back surface of the structure and measuring tempera-
ture changes at the front. Defective areas are cooler owing to the
lower conduction through voids. Heating transients can also be
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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.*® 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 to render it matt black. The technique can be used to
detect delamination and voids in composites® and has also been
used successfully with aluminium adherends. Schliekelmann® re-
ports 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.

X-RADIOGRAPHY

X-Radiography is commonly used for locating defects in manufac-
tured components and materials. Radiography has also been used to
locate bond-line porosity in carbon composite joints.” However, if
porosity is to be reliably detected, the absorption of radiation in the
adhesive has to be increased by incorporating a filler, such as
aluminium powder, in it. 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, alumi-
nium would mask small changes resulting from voids in the adhesive
and thus make them undetectable.
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The location of dis-bonds in joints is more difficult because the
thickness of a defect parallel to the beam is substantially less than
for porosity. Dis-bond 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® and
requires a point of entry for the penetrant at the surface and this is
not always present.

DISCUSSION

A variety of methods is available for the detection of complete
dis-bonds in adhesive joints. However, techniques which attempt to
predict cohesive strength, such as ultrasonic spectroscopy and the
Fokker Bond Tester Type Il are not yet generally regarded as
reliable. Research is, however, continuing in this area and shows
considerable promise. Also, the non-destructive measurement of
adhesion strength is currently not possible. 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®’ and Hill*® suggests that acoustic
emission counts can be used to detect adhesion failure prior to
fracture, as a joint is loaded. Another approach® classifies weak
adhesion strength by attempting to debond a joint with high energy
ultrasound. Weak bonds would fail and could be detected as
dis-bonds whereas bonds with a high adhesion strength would be
unaffected. It is likely that such a test would only be able to
separate very low from high adhesion strengths.

In practice, adhesion failure and poor cohesive properties are
generally prevented by careful surface preparation and process
control. This leaves the bond inspector to monitor the presence of
voids and dis-bonds in the glue line. Of the many techniques used
for void and dis-bond detection, some are more suitable for use in
particular circumstances than others. The high frequencies used
with ultrasonic attenuation are especially suited to the detection of
small defects such as bond line porosity. Consequently, the tech-
nique 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 com-
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ponents, although capable of detecting small defects, can be time
consuming and expensive. 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 nsed with a gel
couplant or a water jet probe and can be useful when a component
cannot be immersed.

Larger defects than porosity, such as voids and dis-bonds, 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 presenta-
tion. 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
muiti-layered joint.

Since a complex C-Scanning rig and immersion tank are likely 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. The
widely used Fokker Bond Tester Type II and other instruments can,
however, be used to monitor defect depth.

Ultrasonic impedance instruments also require a couplant be-
tween the transducer and the test structure, and as with all
techniques which need a coupling agent, 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 detect dis-bonds or gross voiding of the adhesive layer, although
they do offer some potential advantages over the ultrasonic tech-
niques. Methods which use single point excitation and a non-
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contacting, scanning measurement system, such as vibrothermog-
raphy and holography, have the particular advantage that large
areas can be inspected rapidly. Unfortunately, the equipment
required tends to very expensive. It is very probable that the
thermographic system used in 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 will 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 computa-
tional 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 10 positions per second. However, the reliability is
improved by looking at more than one frequency. Since the tapping
head only makes instantaneous contact with the structure, problems
of alignment and clamping force, which can arise with the im-
pedance 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.
However, unlike vibrothermography, passive thermography does
not require any attachment to the structure to be tested or that it
should be excited over a broad range of frequencies.
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X-Radiography is well established in other areas of nondestruc-
tive testing, particularly in the quality control of welds and castings.
Unfortunately, its 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 penctrant but this is not
generally practical for voids and dis-bonds. However, the technique
can be useful in research to size defects accurately.

CONCLUSIONS

No reliable nondestructive technique currently exists for measuring
the adhesive and cohesive strength of a bonded joint, so it is often
assumed that a joint is serviceable provided it is free from voids and
dis-bonds. Poor adhesion and cohesive properties are generally
avoided by careful surface preparation and process control, but
joint design has to be conservative to allow for variation in these
properties.

No single method of detecting dis-bonds 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 cir-
cumstances 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 particu-
larly suited. Ultrasonic 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 tech-
nique can offer substantial advantages.

References

1. R. D. Adams and N. A. Peppiatt, J. Strain Anal. 9, 185-196 (1974).

2. A. J. Kinloch, Durability of Structural Adhesives (Appl. Sci. Publ., London,
1983), Chap. 1, pp. 1-39.

. R. I. Schliekelmann, Non-Destr. Test. 5, 79-86 (1972).

. D. M. Kim and E. F. Sutliff, SAMPE Quar:. %(4), 59-63 (1978).

. D. J. Hagemaier, Non-Destr. Test. 4, 401-406 (1971).

[ B -]



15: 53 22 January 2011

Downl oaded At:

~o

12.
13.

14.
15.

16.
17.
18.

19.
20.

21.
22.

23.
24,

25.
26.

27.
28.

29.
30.

31.
. S. S. Russell and E. G. Henneke, NDT Int. 17, 19-25 (1984).

33.

34,
. P. V. McLaughlin, E. V. McAssey and R. C. Deitrich, NDT Int. 13, 56—62

36.
37.

38.
39.

REVIEW OF NON-DESTRUCTIVE TESTING 159

D. J. Hagemaier, Non-Destr. Test. §, 38-48 (1972).

. Personal communication with B. Clarke et al, Royal Aircraft Establishment,

Farnborough, Hants, UK.

. J. L. Rose, M. 1. Avioli and R. Bilgram, Br. J. Non-Destr. Test. 25, 67-71

(1983).

. G. Canella, Mater. Eval. 31, 61-66 (1973).
10.
11.

G. P. Alers, P. L. Flynn and M. J. Buckley, Mater. Eval. 35, 77-84 (1977).

E. A. Lloyd and A. F. Brown, Adhesion, 2, Edit., K. W. Allen (Appl. Sci.
Publ., London 1978), Chap. 9, pp. 133-144.

J. L. Rose and P. A. Meyer, Mater. Eval. 31, 109-115 (1973).

J. Szilard, Ultrasonic Testing—Non-conventional Testing Techmques Edit.,
Szilard (Wiley, Chichester, 1983), Chap. 2, pp. 25-52.

D. J. Hagemaier, Mater. Eval. 40, 572-578 (1982).

B. B. Djordjevic and J. D. Vanables, Proc. 13th Symp. Non-Destructive
Evaluation of Bonded Metal and Composite Structures, San Antonio (1981).

M. X. Li, W. Z. Ding and J. M. Chen, NDT Int. 15, 137-142 (1982).

E. A. Lloyd, D. S. Wadhwani and A. F. Brown, Proc. %th World Conference on
NDT, Melbourne (1979) (Australian Inst. for Non-Destr. Testing, Melbourne
1979).

E. A. Lloyd, Aspects of Adhesion, 8, Edit., K. W. Allen (Transcripta Books,
London, 1976}, Chap. 17, pp. 345-360.

R. J. Schliekelmann, Non Destr. Test. 8, 100-—110 (1975).

R. 1. Schhekelmann Bonded Joints and Preparation for Bonding, AGARD
Lecture Series 102, ISBN 92-835-1313-4, Chap. 8 (1979).

G. J. Curtis, Ultrasonic Testing—Non-conventional Testing Techniques, Edit., J.
Szilard (Wiley, Chichester, 1982), Chap. 13, pp. 495-554.

C. T. Wilkinson, Final Report MOD Contract A93{/65, British Aerospace
Aircraft Group, Hatfield (1982).

D. J. Hagemaier and R. Fassbender, SAMPE Quarterly 9, 36—58 (1978).

R. D. Adams and P. Cawley, Research Techniques in Non-Destructive Testing,
8, Edit., R. S. Sharpe (Academic Press, London, 1985), Chap. 7, pp. 303-360.
Yu. V. Lange, Soviet J. Nondestr. Test. (Eng. Trans.) 12, 5-11 (1976).

Yu. V. Lange and I. B. Moskovenko, Soviet J. Nondestr-Test. (Eng. Trans.) 14,
788-797 (1978).

P. Cawley, NDT Int. 17, 59-65 (1984).

Yu. V. Lange and 1. I. Teumin, Soviet J. Nondestr. Test. (Engl. Trans.) 7,
157-165 (1971).

R. J. Botsco, Mater. Eval. 26, 21-26 (1968).

C. S. Phelan, Processing for Adhesives Bonded Structures, Edit., M. J. Bodnar,
Appl. Polym. Symp. 19 (Wiley, New York, 1972), pp. 423-439.

C. J. Pye and R. D. Adams, NDT Int. 14, 111-118 (1981).

R. J. Querido, Proc. 11th World Conference on NDT, Las Vegas, 461-468
(1985) Lib. Congr. Cat. Card No. 0-931403-07-3.
W. N. Reynolds and G. M. Wells, Br. J. Non-Destr. Test. 26, 40-43 (1984).

(1980).

G. P. Sendeckyj, Characterization, Analysis and Significance of Defects in
Composite Materials, AGARD-CP-355, Chap. 2 (1983), ISBN 92-835-0333-3.
G. J. Curtis, NDT Int. 8, 249-257 (1975).

R. Hill, NDT Int. 10, 63-72 (1977).

G. C. Knollman, J. L. Bellin and J. J. Hartog, Mater. Eval. 40, 1057-1063
(1982).



